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Preface 

Two  of  the  three  main  goals  of  ergonomics  are  ‘comfort’  and  ‘health  and  safety’  of 
workers.  These  two  goals  are  mutually  complimentary  and  represent  a  progression  of 
potential  undesirable  consequences  of  hazards.  If  health  and  safety  are  in  jeopardy  the 
feeling,  in  most  cases,  will  pass  through  a  zone  of  discomfort.  In  a  large  number  of  occu- 
pational  settings  such  progression  is  commonplace.  Work  is  unavoidable  as  it  is  essential 
to  maintain  the  socioeconomic  fabric.  With  the  advent,  permeation,  and  proliferation  of 
technology  in  ever  increasing  complexity  of  sociological  structures  the  magnitude  and 
duration  of  work  related  activities  and  hence  stresses  have  progressively  increased. In order 
to  meet  the  increasing  needs  and  demands  of  people  the  work  activities  need  to  be  in- 
creasingly  repeated  for  enhanced  productivity.  This  hybrid  evolutionary  context  (biological 
and  socioeconomic)  poses  hazards  of  overexertion  and  injury by stressing  the  same  struc- 
tures  repeatedly.  The  precipitation  of  all  injuries,  in  final  analysis,  is  a  biomechanical 
perturbation  of  the  tissue or the  organ  involved.  Therefore for physical  ergonomics, 
biomechanics  is  an  essential  and  integral  part  of  the  discipline.  Application  of  biomechanics 
in  ergonomics  has  been  commonly  at  the  entire  organ  or  whole  body  level.  Less  com- 
monly  it  has  been  applied  at  the  tissue  level.  Therefore,  this  book  has  taken  the  approach 
of progressing  from  tissue  to  orgadstructure,  and  finally  to  the  whole  body  aspects. 

In  the  introductory  chapter,  Kumar  presents  some  of  his  thinking  with  respect  to 
theories of injury  causation.  It is hoped  that  Chapter 1 will  put  the  forthcoming  material 
in  perspective by discussing  various  variables  which  may  have  a  role  to  play  in  injury 
causation.  He  distinguishes  between ‘injuries’  and  ‘disorders’, indicating  how  genetic  pre- 
disposition,  morphological  vulnerability  and  psychosocial  susceptibility  may  facilitate  the 
causation  of  injury  but  only  the  biomechanical  hazards  help  precipitate it. Following  on 
from  this  theme,  he  proposes  a  methodology  to  assess  quantitatively  the  biomechanical 
factors  and  their  impact  on  risk  of  injury.  The  same  methodology  can  be  used  as  a  tool  for 
control  of  these  occupational  injuries.  Such  an initial conceptual  perspective will help  the 
reader  to  piece  together  information  in  subsequent  chapters  for  an  integrated  understanding. 

Part I deals  with  tissue  biomechanics.  Woo et al., in  their  chapter  on  tissue  mechanics 
of  ligaments  and  tendons,  describe  their  structure  and  mechanics.  These  are  the  most 
commonly  injured  connective  tissues.  While  they  mostly  deal  with  complete  injuries  to 
these  tissues  they  also  mention  the  significance  of  partial injuries. Timmermann et aZ., on 
the  other  hand, in describing  and  discussing  ligament  sprains,  deal  with  partial  injuries 
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in greater  detail  along  with  the  mechanical  behaviour  of  partially  injured  tissues.  A  valu- 
able  component  of  this  chapter  is  clinical  management  options.  The  next  chapter  by  Judex 
et al. describes  the  structure  and  mechanical  properties  of  bones  and  reviews  biomech- 
anical  concepts  and  testing  procedures.  Finally, in this  section,  Bobet  discusses  muscle 
mechanics in the  ergonomic  context. He reviews  and  explains  the  properties  of  muscles 
and  their  implications in solving  workplace  problems. 

Part I1 is  dedicated  to  the  upper  extremity.  In  the first chapter  Feldman  describes  the 
functional  anatomy  of  the  upper  extremity,  starting  with  the  hand  and  progressing  proxim- 
ally  to  the  elbow.  lmrhan  provides  a  more  detailed  function  of  the  hand  and  focuses  on 
grasping,  pinching  and  squeezing.  Mital  and  Pennathur  further  extend  the  discussion  of 
the  use  of  hands  with  hand  tools in industrial  applications.  They  describe  their  association 
with  the  musculoskeletal  injuries  of  upper  extremities.  More  importantly  they  provide 
guidelines  and  recommendations  for  design,  selection  and  use  of  hand  tools  based  on 
ergonomic  considerations.  Wells  and  Keir  discuss  work  and activity-related musculoskeletal 
disorders  of  the  upper  extremity.  In  the last chapter,  Hughes  and An describe  biomechanical 
models  of the  hand,  wrist  and  elbow.  They  include  optimisation,  electromyography  and 
belt-pulley  models  as  well  as  strength  prediction  models.  They  also  deal  with  multiple 
segment  arm  models  and  hand-arm  vibration  models.  Clearly  models  do  have  a  special 
use in ergonomic  application. 

Part 111 deals  with  the  shoulder  and  neck  complex.  Jensen et al. present  the  anatomy 
and  mechanics  of  the  shoulder  and  neck  from  a  physiological  and  ergonomic  perspective. 
In  their  chapter  they  also  deal  with  muscle  activity,  posture,  biomechanical  modelling  and 
motor  control.  The  next  chapter, by  Panjabi et al., deals  with  whiplash  injuries  to  the 
neck.  They  describe  the  biomechanical  background,  current  perspective  and  understand- 
ing of whiplash  and its ergonomic  significance. It is fair  to  say  that  understanding  of 
whiplash is still  relatively  incomplete  and  several  efforts  to  understand it are  underway. 

Part IV is concerned  with  problems  of  the  low  back.  Pope et al. consider  the  impact 
of  whole body  vibration  on  low  back  pain. They  describe  physiological  measures,  elec- 
tromyographic  measures,  creep  and  unexpected  loads.  Goel et al. consider in detail  the 
impact of workplace  factors  on  disc  degeneration,  which  has  been  linked  to  many  low- 
back  problems.  Most  of  the  jobs  requiring  strength  and  use  of  the  human  trunk,  such  as 
manual  materials  handling,  have  been  thought  to  be  the  biggest  contributing  factor in 
low-back  pain  problems. Ayoub  and  Woldstad  describe  several  models  which  have been 
developed  to  understand  and  control  low-back  pain  problems  due  to  manual  materials 
handling  including  biomechanical,  physiological  and  psychophysical  models. 

In  Part V the  whole  body  biomechanics  are  discussed in some  of  the  most  common 
activities  involved in occupational  settings.  Konz  considers  the  pervasive  role  of  posture 
and its impact  on  the  health  and  safety  of  workers. He describes  static  and  dynamic 
postures  of  the  human  body,  measuring  of  posture,  and  the  external  factors  affecting  it. 
Sitting is the  most  common  posture  employed  at  work.  Eklund  presents  a  biomechanical 
perspective  of  sitting  postures  and  their  analysis.  Based on the  literature  he  proposes  a 
generic  seat  design.  Bloswick  discusses  climbing,  which  is  a  common  activity  requiring 
the  whole  body.  He  describes  the  epidemiology,  biomechanics  and  ergonomic  signific- 
ance  of  climbing  activities.  In  the  last  chapter,  Gronqvist  deals  with  a  common  hazardous 
event in many  workplaces - slip  and  fall.  He  focuses  on  the  biomechanics  and  prevention 
of falls initiated by  foot  slip-ups.  He  also  discusses  the  criteria  for  safe  friction,  and 
assessment of slip  resistance  of  shoes  and  floors. 

SHRAWAN KUMAR 
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CHAPTER ONE 

Selected  theories of 
musculoskeletal  injury  causation 

SHRAWAN KUMAR 

INTRODUCTION 

According  to  the  World  Health  Organisation (WHO) (1995) about 58 per  cent  of  the 
world’s  population  over  the  age  of 10 years  spend  one-third of their  time  at  work.  This 
collective  work  generates US $21.6 trillion  as gross domestic  product  which  sustains 
the  socioeconomic  fabric  worldwide.  While  there  are  many  beneficial  aspects  of  work 
approximately 30-50 per  cent  of  workers  are  exposed  to  significant  physical  occupational 
hazards,  and  an  equal  number  of  working  people  report  psychological  overload  resulting 
in  stress  symptoms (WHO, 1995). Globally  about 120 million  occupational  accidents  and 
200 000 fatalities  were  estimated  to  occur  annually in addition  to 68-157 million  new 
cases  of  occupational  diseases  due  to  various  exposures (WHO, 1995). Only 5-10 per 
cent of workers  in  developing  countries  and 20-50 per  cent of workers  in  industrialised 
countries  (with  very  few  exceptions)  have  access  to  occupational  health  services.  Where 
present,  they  may  assist  workers  and  organisations  in  remediation  and  management  of 
manifested  problems. An approach  of  primary  prevention  will  be  more  appropriate  to 
attack  the  root  of  the  problem.  Given  that  work  is  essential  to our society  and  the  nature 
of  work  is  largely  predetermined,  it  may  appear  that  little  can  be  done  to  change  the 
situation.  However,  an  understanding of the  mechanism  of  causation of occupational 
injuries  and  accidents  will  put us in  a  better  position  to  design  effective  strategies  of 
control  and  prevention. All work  is  designed  for  productivity  with  efficiency;  accidents 
and  injuries  are  unplanned  events,  and  are  hence  avoidable  in  some  measure  with  appro- 
priate  planning  and  design  of  the  work. 

A large  majority  of  the  Workers’  Compensation  Board  (WCB)  compensated  cases  are 
regional  musculoskeletal  problems.  Workers  in  different  economic  sectors  generally  have 
injuries  which  are  characteristic  of  those  sectors.  People  in  forestry,  construction,  and 
manufacturing  have  a  higher  proportion  of  back injuries. Those  working  in  office  type 
jobs  involving  keyboarding  have  cumulative  trauma  disorders  (also  called  repetitive  strain 
injuries). Since it does not happen  the  other  way  round, i.e. the  heavy  physical  workers 
developing  cumulative  trauma  disorder  and  the  office  workers  injuring  their  backs,  this 
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offers  credence  to  the  argument  that  the  nature  of  the  physical  stress  and  the  region 
enduring  the  load  largely  determine  the  affected  area  and  probably  the  nature  of  injury.  If, 
therefore, one is  able  to  delineate  the  mechanism  of  injuries  and  the  quantitative  details  of 
the  relevant  variables one may  be  able to  develop  a  more  effective intervention.  An 
effective  intervention  will  result  in  a  better  control of  injuries which  clearly  has  a  signific- 
ant  pay-off.  Thus,  the  long  term  success in controlling  these  injuries  depends  on  under- 
standing  their  causation.  A  clear  understanding  and  establishment  of  the  mechanism  of 
injury  causation  has  been  somewhat  elusive.  Therefore,  an  appropriate  starting  point  is  to 
examine and  construct  theories of musculoskeletal  injury  causation. 

I N J U R Y :   N A T U R E ,   B A S I S   A N D   R I S K   F A C T O R S  

Nature of injury 

An  injury,  by  definition, means  mechanical  disruption  of  tissues.  Thus, it is  a  traumatic 
event in which  the  integrity of  the tissue in question  is  violated  and  its  mechanical  order 
has  been  perturbed. The latter  leads  to  pain in addition  to  inflammation  and  other  bio- 
chemical  responses, hence  the difficulty in deploying  these  structures in any activity 
including  occupational. The  term  ‘injury’ is distinguished from that  of  ‘disorder’  which  is 
frequently  used  in any  malfunctioning  of an organ or an  organism.  Contrary  to  injury,  a 
disorder  can  result  without  a  mechanical  perturbation  of  the  tissues  involved.  Examples 
of  disorders can  be  myopathies,  neuropathies or several  central  nervous  system problems 
resulting in improper  functioning  of  the  musculoskeletal  system.  Whereas  an  injury  may 
result  in  a  functional  disorder  which  can be remedied  by  healing  the  injury, the injury in 
itself is not  a  disorder. 

Another  difference  between  injury  and  disorder  is  that  while  the  onset  of  a  disorder 
may  be  gradual  and  mediated  by  a  pathogen or prepathological  progression,  the  onset of 
an  injury is sudden and  does  not  involve  prepathogenesis. It may, however,  involve 
mechanical  degradation of the  tissue  due  to  overuse.  Subsequent  to  injury  inflammation 
and  pathology  of  healing  sets  in.  In  the  case  of  occupational  musculoskeletal  injuries the 
organs  or  tissues  are  invariably  exposed  to  factors  which  place  mechanical  stresses  on  the 
tissues.  Most  frequently  such  exposure  is  repetitive  and  prolonged  and  hence  is  con- 
sidered  a  hazard or risk  factor.  The  exposure  to  risk  factors  and  subsequent  injury  pre- 
cipitation  does  not  follow  a  known  dose  response  relationship,  at  least in the  short  term. 
In the  long  term,  however,  numerous  studies  have  reported  a  strong  association  between 
exposure  to  risk  factors  and  precipitation  of  injury (for neck  and  shoulder  region - Fine 
et al., 1986;  Hagberg,  1984;  Herberts et ul., 1984;  Silverstein et ul., 1986;  Westgaard 
et a[., 1986;  for  low  back  region - Anderssen,  1981;  Chaffin,  1974;  Heliovaara,  1987; 
Hult,  1954; Kumar, 1990a;  Magora,  1970,  1972,  1973;  and  others). 

A  clear  and  undisputable  causal  relationship  between  any  of  the  risk  factors  and 
precipitation of  injuries has  not  been  demonstrated  for  any  risk  factor.  Factors  which  are 
likely  to confound  this situation  are  the  tissue’s  ability to undergo  adaptation  to  stress  and 
recover  from  the  stress  exposure.  Repeated  exposure  over  a  prolonged  period  may impede 
complete  recovery,  causing  residual  strain.  This  is  most  likely  to  occur  when  the  balance 
between  adaptive  changes  is  insufficient  to  offset  the  adverse  biomechanical  effects of 
stress  exposure.  An  accumulation  of  residual  strain  over  years  may  set  the  stage  for  injury 
even if  the  stress  does  not  rise  extraordinarily.  The  latter  is  due  to  progressive  reduction 
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Figure 1.1 Injury  precipitation in relation  to load-time  history. 

in stress  tolerance  capacity  due  to  steadily  increasing  residual  strain  (Figure 1.1). Kumar 
(1990a)  reported  this  concept  of  threshold  level of cumulative  exposure  prior  to  injury 
precipitation.  He  demonstrated in an  age,  height,  weight,  recreation  and  occupational 
activity  matched  sample  that  the  workers  with  injury  and  pain  had  to  reach  a  threshold 
range  of  cumulative  load  exposure  not  reached by the  sample  without injury  and  pain. 

The  tissues  which  frequently  get  injured  as a result  of  exposure  to  occupational  bio- 
mechanical  hazards  are  ligaments,  tendons,  muscles,  and  nerves.  Other  structures  which 
are  affected  less  frequently  are  cartilage  and  bones.  All  biological  tissues  are  viscoelastic 
in nature,  hence  their  mechanical  properties  are  time  and  strain  rate  dependent.  The  tissue 
viscoelastic  property  determines  the  duration  required  for  complete  mechanical  recovery. 
Any  deformation or residual  deformation  alters  the  mechanical  response  characteristics  of 
the  tissue in question,  most  frequently  lowering its stress  bearing  capacity  and  raising  the 
injury  potential.  On  the  contrary  muscles  are  active  organs  and  undergo  voluntary  con- 
traction  and  relaxation  rapidly  to  generate  force.  Therefore,  muscles  are  rarely  affected 
by  unrecovered  deformation. It is  the  passive  structures  of  muscles,  e.g.  the  sarcolemma, 
which  can  tear  due  to very  rapid  contraction or excessive  force  generation. 

Biomechanical basis of injury 

The  most  frequently  injured  connective  tissues  are  ligaments  and  tendons.  Both  these 
tissues  are  made  of  the  same  protein - collagen.  The  difference  between  them  lies largely 
in the  arrangement  of  the  collagen fibres. In  ligaments  the  arrangement  of  collagen fibres 
is largely in the  form  of  a flat sheet,  generally  well  supplied  with  blood  vessels  and  nerve 
fibres. The  tendons  on  the  other  hand  are  densely  packed  collagen fibres in the  form  of  a 
rope.  Tendons  are  proportionately less vascular.  Due  to  the  common  building  block  they 
have  similar  mechanical  properties  with  a  difference in magnitude.  A  brief  description  of 
their  mechanical  properties  is  given  here  to  emphasise  the  aspects  needed  for  integrating 
the  hypotheses  of  injury. 

Collagenous  tissues  are  viscoelastic in nature  and  they  transmit  and  endure  forces in 
tensile  mode.  Tendons  provide rigid attachment  of  muscles  to  bones.  Therefore,  they 
must  transmit  the  muscle  force  with  a  minimum loss. For  this  reason  they  have  a  high 
modulus  of  elasticity  and  high  tensile  strength.  Ligaments  on  the  other  hand  provide  joint 
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support and stability, and  hence  have a sheet like arrangement  of fibres. They  are  de- 
signed  to  accommodate the normal range of  joint  motion  and bear  considerable  load. 
High  density collagen tissues such  as  tendons  and many  ligaments have a  physiological 
and reversible range  of  deformation up to 4  per  cent. Deformations  beyond this  value, 
even upon  full  recovery, show residual deformation. Rupture of these  tissues occurs at 
around 8 per cent to 10  per cent  of deformation. These collagenous  tissues also have an 
ultimate  tensile  strength  at which  the tissues  fail.  Being  viscoelastic,  their mechanical 
properties are strain  rate  dependent. Thus  for  the  same load if applied slowly  one  obtains 
significantly  greater deformation.  Conversely if the  load  is applied  rapidly the tissue 
behaves  as a much stiffer  structure allowing significantly  smaller deformation. Finally, 
another immediately  relevant  property of collagen is that under  prolonged  loading it 
continues  to deform allowing  creep  to set in. Combination  of the foregoing basic  prop- 
erties  of collagen serves  to explain  most of  the  common occupational  injuries to the 
musculoskeletal system.  Uncommonly,  the  magnitude  of  one  time  load  is so high that it 
exceeds the  ultimate  tensile  strength of  collagenous structure and  causes failure of  the 
rested tissue. More  commonly  repetitive  exertions  set  the  scene for  occupational  injuries. 
With repeated exertions  and  inadequate time for recovery of the deformation there  will  be 
reduction in the cross  sectional area  of the connective tissue  stressed,  thereby  increasing 
the stress  concentration. The latter will lower  the  stress  tolerance of the  tissue and heighten 
the  chances  of injury.  Prolonged static loading  resulting in creep will also render  these 
tissues  vulnerable  in  a similar  way. 

Occupational activities  are generally  kinesiologically complex  and involve  a  large 
number  of muscles. Not all muscles may share load  proportional to  their  capacity by the 
nature of activity and  the  job  demand.  Such situations  will  require  differential  loading. 
This frequently occurs in asymmetric  activities  (Kumar  and Narayan, 1998).  With re- 
peated or prolonged  activity  there will be differential  fatigue of  the muscles  involved 
(Kumar  and Narayan,  1998; Kumar et d., 1998)  and differential straining  of  the  connect- 
ive tissue. More fatigued muscle may become incoordinated  before less  fatigued  ones, 
causing  variable and  jerky forces to be  generated. The  connective tissue of these  muscles, 
due  to prior  strain and reduced cross sectional  area, is therefore  likely to  suffer variable 
and  jerky  stress concentration. Such a  situation  would  clearly  set  the stage  for injury 
precipitation. It is probably for these  reasons  that over 60 per cent of all  injuries to the 
back involve  rotation of the trunk  (Manning et ul., 1984).  Other  authors  have also  re- 
ported  trunk  rotation to be the predominant  mechanical  factor in low-back  pain (Duncan 
and  Ahmed, 1991 ; Frymoyer et al., 1980,  1983;  Ralston et al., 1974; Schaffer,  1982; 
Snook et al., 1978,  1980; and others). 

Evidence  for  the  foregoing  theory  can be seen  from a couple  of  studies  conducted by 
the  author. Kumar  and Narayan ( 1  998)  studied upright  axial  rotation of  the  human trunk 
in young and healthy  subjects in fatiguing  contraction. These  subjects were  seated in an 
axial  rotation  tester (Kumar,  1996) in an upright  posture, stabilising  their lower  body hip 
down.  Their  shoulders were  coupled  with the  shoulder harness of the device which 
allowed  only  axial  rotation  and  coupled  lateral  flexion,  preventing  any  motion in the 
sagittal  plane. These subjects were required to  attempt axial  rotation  at the 60 Per cent 
level of their  maximal  voluntary  contraction (MVC)  for a  period of  two minutes. The 
electromyogram (EMG) was recorded from their erector  spinae at  the tenth  thoracic  and 
third  lumbar  vertebral  levels,  latissimus  dorsi,  external and internal obliques, rectus 
abdominis,  and pectoralis  major  muscles  bilaterally.  Spectral analysis  of EMG sigl1als 
was  carried out  at every ten  percentile points  of  the task  cycle. The median  frequency 
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Figure 1.2 Median frequencies of t r u n k  muscles during a fatiguing axial rotation contrac- 
tion. RLD, right latissimus dorsi; LLD, left latissimus dorsi; RTl 0, right erector  spinae at 10th  
thoracic vertebra; LT10, left erector  spinae at l o t h  thoracic vertebra; RL3, right erector 
spinae at 3rd lumber vertebra; LL3, left erector  spinae at 3rd lumbar vertebra; REO, right 
external oblique; LEO, left external oblique; RIO, right internal oblique; LIO, left internal 
oblique; RRA, right rectus abdominis; LRA, left rectus abdominis; RP, right pectoralis major; 
LP, left pectoralis major. 

plots through  the task cycle revealed  that  the  overall slopes  of decline of the  median 
frequency  (an  index of physiological  fatigue) of different  muscles  were  significantly  dif- 
ferent (p < 0.01)  (Figure 1.2). The latter  clearly  indicates  a  differential fatiguing rate. The 
decline in median  frequency however  cannot be  quantitatively  equated to force fatigue  but 
a  qualitative  implication is obvious. In another  experiment  Kumar et ul. (1998)  studied 
the  complex  motion of simultaneous flexion and rotation among 18 young  and  normal  sub- 
jects.  The subjects  were  required to perform an isometric flexion-rotation or extension- 
rotation from 40" flexed and 40" right  rotated  postures. The  subjects maintained 80  per 
cent of their MVC. EMGs from  the  same  muscles  were similarly  processed. A differential 
decline in median  frequencies of these muscles  was  also  obvious  (Figure 1.3). 

Risk factors and  back  injuries 

Hildebrandt ( 1  987) identified from  published literature 73 individual  factors and 25 work- 
related  factors  which  were  considered as risk or potential  risk  factors for low-back  pain 
(LBP). Taking the degree  of  agreement between sources  as a measure  of significance of 
the cited  factors only 11  per cent of the  individual  factors (six)  and 25 per cent of  the 
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Figure 1.3 Median frequencies of trunk muscles during a fatiguing contraction in flexion- 
rotation. REO, right external oblique; LEO, left external oblique; RLD, right latissimus  dorsi; 
LLD, left latissimus  dorsi; RL3, right erector  spinae  at 3rd  lumbar vertebra; LL3, left erector 
spinae  at 3rd lumbar vertebra; RTI 0, right erector  spinae  at lo th  thoracic vertebra;  LT10, left 
erector  spinae  at lo th  thoracic vertebra. 

work  related  factors  (six)  emerged as important  factors.  Therefore, it appears  that  the 
epidemiological  literature  can  be  quite  diverse in its  factor  selection  and  conclusions 
drawn  therefrom.  Millard  (1988)  reported fall as  a  cause  of  back  injury.  Kumar  (1990a) 
reported  cumulative  load  or  life-time  exposure  to  biomechanical  loads  as  an  important 
risk  factor  for  low  back  pain.  Most  epidemiological  studies  are  cross-sectional  and  do  not 
allow  a  conclusive  assessment  of  cause  and  effect;  hence  they  do  not  have  predictive 
value.  Low-back  pain is under  multifactorial  control.  Whereas  most  risk  factors  identified 
may  influence its causation  (some  directly  and  others  indirectly),  the  one  which  pre- 
cipitates  the  problem  must  reach  its  threshold level for  the  given  individual.  Since  the 
life style  occupation,  leisure  activity,  nutrition,  and  anthropometry  all  vary  for  different 
people  an  array  of  results  have  been  reported  with  a  variety  of  conclusions. 

All risk factors  can  be  placed in one  of  four  categories:  genetic;  morphological; 
psychosocial;  and  biomechanical.  While  not  much  can  be  done  about  genetic  and  mor- 
phological factors, knowledge  of  their  role in causation  or  association  with LBP, combined 
with  the  management  strategies  of  biomechanical  and  psychosocial  factors,  could  allow  a 
significant  and  effective  control  strategy.  Unfortunately,  however,  a  comprehensive  study 
of  these  factors  with  a view  to  controlling  the LBP problem  has  not  been  undertaken.  The 
genetic  and  morphological  factors  (as  non-manipulatable  factors)  and  psychosocial  and 
biomechanical  factors  (as  manipulatable  factors)  can  be  used  for  prediction.  Such  a 
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combined  approach  is  necessary,  especially  when  no  single  test or a  small  battery  of  tests 
can  be  used  to  identify  the  potential LBP  patient. 

Disc  herniation  has  been  shown  to  have  a  genetic  association  (Lawrence,  1977;  Varlotta 
and  Brown,  1988).  Varlotta  and  Brown  found  evidence  to  support  the  Mendelian  pattern of 
inheritance  in  disc  herniation  cases. Annular fissure  and  disc  protrusion was  also  reported 
to have  a  genetic  association  (Porter,  1987). Some  of  the many common morphological 
factors  are  age, body  size  and  spinal  canal  size. An increasing  risk of low-back  pain  with 
age  has  been  reported in numerous  epidemiological  studies  (Biering-Sorenson,  1982; 
Burton et al . ,  1989; Frymoyer et al . ,  1980).  Similarly  several workers  have reported  a 
disproportionate  amount  of  back  pain  among  taller  men  (Gyntelberg,  1974;  Hrubec  and 
Nashbold,  1975;  Tauber,  1970;  Weir,  1979;  and  others).  However, it has  been  refuted 
by  Pope et al .  (1985)  and  Heliovaara  (1988).  A  reduced  vertebral  canal  size  has  been 
attributed as an  important  predictor of low back  pain  (Ehni,  1969;  Heliovaara et al . ,  1988; 
Porter et  al.,  1980;  Rothman  and Simone, 1982;  Verbiest,  1954;  and  others). 

Job  dissatisfaction  has  been  reported  as  an  important  psychosocial  factor  which  has  a 
strong  association  with  low-back  pain (Anderson et  al.,  1983;  Vallfors,  1985).  Lloyd 
et al. ( 1979)  and  Frymoyer et al. (1  985)  have  reported  increased  anxiety,  neurosis,  depres- 
sion  and  heightened  somatic  awareness among low-back  pain  patients.  Biering-Sorenson 
( 1  984)  found  previous hospitalisation,  surgery,  restlessness,  frequent  headaches,  living 
alone,  stomach  ache, and  fatigue were  among  the  factors of psychosocial  stress found 
among low-back  pain  patients. Whether these  multiple  psychosocial  factors are  causes  or 
symptoms  of low-back  pain  remains  largely  speculative. However, Bigos et  al. (1988) 
indicate  that  a  significant  portion  of  the  problem  antedates  the  actual  disability. 

A large  array of  variables  constitute biomechanical  factors.  Strength  relative  to job 
demand has  been  reported  to  be  a  risk  factor  for  low back pain  (Chaffin  and  Park,  1973; 
Keyserling et al . ,  1980).  Biering-Sorenson  (1984)  reported  the  protective  effect of  good 
isometric  endurance for back  problems.  Porter  (1987)  stated  that  strength  protects  an 
individual  from  disc  protrusion. However, heavy  manual  work  has  been  widely  reported 
to  be  associated with  low-back  pain (Ayoub and  Mital,  1989;  Frymoyer et a / . ,  1983; 
Gyntelberg,  1974;  Heliovaara,  1987;  Kumar,  1990a;  Snook,  1978;  and  others).  Bending 
and  twisting  have  also  been  linked  to  low  back  pain  (Frymoyer et al., 1980,  1983; 
Manning et al . ,  1984;  Schaffer,  1982;  Snook et al . ,  1978;  and  others). Exposure  to 
vibration  is  reported to  be  contributory to  low  back  pain problems  (Frymoyer et al . ,  1983, 
Svensson  and Anderson, 1983.) 

T H E O R Y  OF I N J U R Y   P R E C I P I T A T I O N  

From  the  foregoing  consideration of  the  nature  of injury,  the  biomechanical  basis of 
injury,  and  the  risk  factors  one  may  state  that  a  precipitation  of  low-back  injury  is  an 
interactive  process  between  genetic,  morphological,  psychosocial  and  biomechanical  fac- 
tors  (Figure  1.4).  Within  each  of  these  categories  are  numerous  variables  which  potentiate 
and  may  effect  precipitation  of  the  low-back  pain.  Since  the  permutation  and  combination 
of so many  variables  is  extensive  there  are numerous  ways in  which  such  an  undesirable 
event  may  happen.  However, it is  speculated  that an interaction  between  the  relative 
weighting  of  the  variables  and  the  extent  to  which  they  have  been  stressed  in  any  given 
individual  determines  the  final outcome  as  depicted in Figure  1.4. 
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Figure 1.4 A global theory of musculoskeletal injury  precipitation  (modified  from 
Kumar, 1991 1. 

OVEREXERTION  THEORY OF INJURY 

A generic  concept of overexertion 

By  definition  exertion is an activity in which  physical efforts  are  made.  Therefore, 
overexertion will be  a  physical  activity in which the level of effort  would exceed  the 
normal  physiological and physical  tolerance  limits. It is however,  unclear  as to what  may 
be  considered  normal  physical and physiological  standards.  Should it be  peak  maximal 
voluntary  contraction (MVC)  or  average strength over a  five-second  period, or 40 per 
cent of  MVC,  or 15 per cent of MVC'? The  answer  to this  question is further complicated 
when  the activity concerned is either  performed  over  some  time  or repeated  periodically/ 
frequently.  Such  a scenario  adds  another dimension of frequency and duration in addition 
to the  magnitude.  Lastly, the  range  of the  available  inventory of motion in which the 



activity takes  place  is an important  variable. Thus,  overexertion  can  be  created by ex- 
ceeding  the normal  physical  and  physiological  limits in any one  of  the  foregoing criteria. 
Furthermore, a  weighting of  their function also  remains  obscure.  Conceptually,  however, 
overexertion  can  be symbolically represented as follows: 

where, 

OE = overexertion 
F, = weight  adjusted force magnitude 
D, = weight  adjusted effective  exposure 
M, = weight  adjusted  motion  for  the job. 

All of these  variables  entered in determination of overexertion are  complex in themselves 
and  deserve further  discussion in order  to understand their impact  and obtain a  mean- 
ingful grasp  of  overexertion.  This in turn may  enable  the development  of a  valid and 
manageable preventative  strategy.  However,  prior to  dealing with  these  variables an 
account  of  the association between exertion and injuries  will be presented. 

Overexertion  injuries 

A  plethora of epidemiological studies reported in the literature  reveal beyond doubt 
a strong association  between  exertion and injuries to  the various regions  of  the  human 
body.  Statistics Canada  (1991) reported  that  the  largest  portion of all  occupational injur- 
ies  (48  per  cent)  were overexertion  injuries.  A number  of cross-sectional  and case  studies 
have  shown that  various disorders were caused in the neck and  shoulder regions by 
increased  muscle  contraction.  Onishi et a/ .  (1976) reported shoulder  muscle tenderness, 
and Bjelle et al. (1979, 1981)  and  Hagberg (1984)  showed  degenerative tendinitis of  the 
rotator cuff tendons  and  chronic  myalgia due  to  such exertions. Similarly, neck  and 
shoulder pain and  tense  necks were  reported due  to exertion (Herberts  and Kadefors, 
1976; Hunting et a[., 1981;  Kukkonen et al., 1983; Kumar  and  Scaife, 1979). Other 
conditions  have  also  been reported associated with exertion, such as supraspinatus tendinitis, 
myofascial syndrome  and cervicobrachial  disorders (Hagberg  and  Kvamstrom, 1984; 
Herberts et a]., 1984; Sallstrom and  Schmidt, 1984), and neck and  shoulder regional 
muscle  disorders  (Blader et al., 1987; Fine et a[., 1986;  Westgaard et al., 1986). The 
argument  of association is supported by the  observation  that  when muscle  and  joint loads 
were  reduced  or eliminated the incidence  and  severity of neck and  shoulder  disorders  also 
decreased  (Hagberg, 1984;  Westgaard  and  Aaras,  1984;  Westgaard et al., 1986). 

The rapid  increase of upper limb repetitive  strain  injury (RSI) or  cumulative  trauma 
disorders  (CTD)  has been  largely  attributed to the loads  of posture (Amlstrong, 1986), 
force  levels (Armstrong et a/., 1982;  Silverstein et a[., 1986),  and repetition of posture 
and/or force application  (Hymovich  and  Lyndholm, 1966; Kaplan, 1983;  Silverstein 
et al., 1986). All three  factors  which  have  been  reported to be  causally  associated, cause 
exertion of the structures. Awkward, fixed, constrained or  deviated postures  can overload 
the muscles,  ligaments, and  tendons  and  also load the  joints in an  asymmetrical manner. 
Smith et al. (1 977)  and Armstrong et al. ( 1  982)  have reported extreme flexion or exten- 
sion  associated  with CTD  of  the wrist. In a  cross-sectional  study,  Silverstein et d .  (1986) 
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reported  that  industrial jobs  involving low  force  and  little  repetition  had  the  fewest CTD 
cases  and  that  those  involving  high  force  and  frequent  repetition  had  approximately  30 
times  greater  morbidity,  indicating  an  interactive  behaviour  of  the  risk  factors.  Jobs 
requiring  high  force and little  repetition or low  force  and  frequent  repetition  had  morbid- 
ity  rates  in  between  the  extremes. 

The  magnitude  of  the mechanical  load  has  been  associated  with  low-back  pain  incid- 
ence  by  numerous  authors (Anderson, 198 1 ; Chaffin,  1974;  Chaffin  and  Park,  1973; 
Heliovaara et al., 1987;  Huh,  1954; Kumar,  1990a; Magora, 1970,  1972,  1973; NIOSH, 
1981;  Statistics  Canada,  1991;  and  others). In the  United  States  overexertion was  claimed 
to have  caused  low-back  pain  in  more  than  60  per  cent  of  low-back  pain  patients  (Jensen, 
1988).  Forty-five per cent  of  all heavy  load  handlers were  reported to have  sought  med- 
ical  help  for  low-back  pain in a  ten  year  study  by Rowe (1  969). 

Forceful  static or repetitive  contraction  of  muscles  causes  their  corresponding  tendons 
to  stretch,  thereby  compressing  their  vascular  epitenon,  peritenon  and  endotenon  micro- 
structures.  This  in  turn  causes  ischaemia,  fibrillar  tearing,  and  inflammation  (Rathburn 
and MacNab, 1970).  Frictional damage to  the  sheaths  can  occur  with  repetitive  motion 
(Lamphier et al., 1965).  Awkward  postures  contribute  to  muscle  tendon  inflammation by 
compression of  the  microstructure  and  by  increasing  the  force  requirements  of  the  tasks 
(Tichauer,  1973).  Tissue  injuries  are  known  to  occur in maximal  exertions;  tissue  toler- 
ance  characteristics  are  therefore  considered  to  be  factors  of  paramount  importance. 
Evans and  Lissner  (1959)  and Sonoda  (1962)  reported  that  mean  ultimate  compressive 
strengths  of human  spinal  units  are  age  dependent  (3400  N  for  those  60  years  and  older, 
and 6700  N  for  those  40  years or  younger). On  this basis  the  National  Institute  for 
Occupational  Safety  and  Health  developed  its Work Practices Guide for Manual Lifting 
(1981)  which  was  updated  by  Waters et al. (1993).  Brinckmann et al. (1988)  demon- 
strated an interaction  between  the magnitude and  repetition  of  loading  on  tissue  failure of 
spinal  structures.  They  also  reported  mechanical  fatigue  fractures  of  spinal  units  due  to 
repetitive  loading.  Thus,  an  association  of  injuries  with  exertion  is  supported by many 
reports in the  literature. 

Components of the  overexertion  theory 

Force of exertion 

A reliable measure of strength is a  single  maximal  voluntary  contraction  exerted  over  a 
period of up to five  seconds  (Chaffin,  1975).  The  value  of  strength  varies in different 
activities  (Ayoub et al., 1978;  Chaffin et al., 1978; Kumar, 1990b,  1991; Kumar and 
Garand,  1992;  Kumar et al., 1988,  1991 ; Snook,  1978;  and  others).  Different  levels  of 
strength  exertion  have  different  levels  of  physiological  demand.  Rohmert, as early as 1973, 
demonstrated  that  the  duration  for  which  a  muscular  contraction  can  be  sustained  depends 
on  the  level  of  contraction.  Contractions  of  the  levels  of 15 to 20 per  cent  only  can  be 
held  indefinitely as  a  continuous  hold.  Higher  levels  of  contraction  impede  the  blood 
supply  and  thereby  availability of nutrients  and oxygen to  the  muscles  doing  the  work. 
Furthermore,  such  an  occlusion  of  the blood  supply  also  interferes  with  the  removal  of 
metabolites,  which  results  in  a  sensation of pain.  Industrial jobs  are not  prolonged  static 
holds;  rather  they  generally  require  short  time  repetitive  exertions. These  exertions  remain 
constant  for the  task in  hand  (constant  work  level,  CWL)  though  they  may  represent 
a  different  proportion  of  the  MVC  for  different  workers.  Ayoub et al. (1 978)  and  Chaffin 
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Figure 1.5 Relationship between  exertion and risk of overexertion injuries. 

et al. (1  978)  have  reported  that  as  the  strength  required  on  the job increases  the  injury 
incidence  also  increases. It is, however,  unclear  as  to what  level of strength  requirement 
may be  considered  risk  neutral. It has  been  suggested  that due  to an  integrative  capacity, 
the  human  perception of  a preferred  level of work  may  optimise  the  balance  of  physical 
and  physiological  factors  in  favour of system safety (Kumar and  Mital,  1992). Kumar and 
Simmonds  (1992)  have  also  reported that  people  underestimate  precision  and  power  as 
well as  gross motor  efforts  under 40 per  cent  of  MVC and  overestimate  efforts  greater 
than  that  value. The pattern  of  perception was  repeatable  and  reliable. It may, therefore, 
follow  that  an  assessment  of  a  preferred  work  level  (PWL)  based  on  the  perceptual  sense 
may  provide  a  level  of  exertion  which  may  be  risk  neutral.  An  exertion above  PWL will 
increase  and  below PWL will  maintain  the job mediated  risk (JMR) for  overexertion 
injuries  at  risk  neutral  level  (Figure 1 S). Though  the  quantitative  nature  of  this  relation- 
ship  is  unclear  a  logarithmic  association  is  assumed.  Thus  according  to  this  conceptual 
model any  exertion  above  the  PWL  would  be  considered  overexertion.  Taking  MVC  as 
maximal  capability  and  PWL  as  risk  neutral,  the  range  can  be  considered  to  represent  100 
to 0 per  cent  of  the  strength component  of  the  JMR. For  scoring  the  margin  of  safety 
(MOS),  a  scale from 0 (to  represent  maximum  risk) to 1 (to  represent  no  risk)  can be 
used.  Thus,  the  risk  neutral  level  of  exertion  will  have  an MOS  of 1 and  an  exertion  at  the 
level of  MVC will have an MOS of 0. The  range will be  proportionally  divided  between 
0 and 1. 

Duration of exertion 

The significance  of  the  time  variable of  exertion is  dependent  upon  the  type  of  contrac- 
tion,  the  magnitude  of  contraction,  the  recovery  period  and  the  repetition  of  the  activity  in 
question.  With  any  activity  there  will  be  phosphagen  and  glycogen  depletion  from  the 
intrinsic  muscular  sources  before  the  aerobic  glycolysis  ensues, depending on  the  circum- 
stances.  Such  metabolic  response  will  also  result  in  accumulation  of  lactate.  Following 
high  intensity  activity,  although  up to  70 per  cent  replenishment  of phosphagen on the 
one hand  and  removal  of  lactate  on  the  other  may  take  place  in 30 seconds  (Hultman 
et al., 1967)  near  complete  replenishing  may  take  up to five  minutes  (Astrand  and  Rodahl, 
1977). Though  the  endurance  times  of  submaximal  contractions  as  a  percentage  of  MVC 
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Figure 1.6 Relationship between the duration of exposure and the job mediated risk of 
overexertion injuries. 
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Figure 1.7 Relationship between the frequency of job activity and the job mediated risk of 
overexertion injuries. 

are widely  reported (Rohmert,  1973) the  exact time required  for  near full  recovery is  un- 
clear. What is also unclear is the duration of  submaximal contractions  at  different  levels 
of  MVC and the  corresponding  time  durations by  which  time no significant adverse 
physiological and metabolic change  has  taken place. However, in an occupationally less 
relevant  study Molbech  (1963) reported  that the strength of isometric exertions  (MVC) 
declined  from 85 to  60 per  cent of  MVC  as  the frequency of exertion was increased from 
five to 30  per  minute. 

In the absence  of  clear quantitative  data,  a subjective estimation of  the preferred 
duration  and  frequency of  the activity  at the level of contraction  required  by the  job may 
be  the  most appropriate design  variable to  consider.  Thus, the  duration and frequency  risk 
of activity can be  represented as in  Figures 1.6 and  1.7. 
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Figure 1.8 Empirical relationship between the inter-cycle rest and the job mediated risk of 
overexertion injuries. 

Taking the endurance  time  and  maximum possible  frequency  for  the  level of contrac- 
tion as  maximal duration and frequency achievable with  maximal  risk  and 0 MOS and 
preferred  duration and frequency  levels of  the activity as the risk neutral  duration  with an 
MOS of 1, various  levels of  safety  and risk can  be  calculated on a  logarthmic  scale. 
However, the exact  quantitative  relationship may be different  and is currently  unknown. 

The period of recovery following  an activity is an important  variable  which  may 
determine  the  pacing  of  the task without  accumulation  of  stress  which eventually leads  to 
overexertion  injuries. Though there are  data  available regarding  recovery of the  central 
system following maximal exercise (at VO, max),  similar information is unavailable for 
submaximal activity and  for local factors. Due  to the  paucity of  such information  a 
subjective  assessment of  an  optimum rest period for the  combination of  the individual 
and  the task  may be an appropriate methodology to  adopt. Therefore,  the  preferred rest 
period  may  be assumed  to  be the same  as  the required rest period.  Based on these 
presuppositions and  the rationale  used for other  variables the recovery from stress (RS) 
may  be  depicted as in Figure 1.8. 

Even  though  the magnitude  and duration of contractions are at or below  the  preferred 
level, if sufficient  recovery time is unavailable  there will  be  a  residual  effect from  each 
contraction.  These  may then accumulate  over  the work  period  and  predispose the  worker 
to  an occupational  overexertion  injury. The risk of injury  will tend  to grow  with the 
residual  stress. Thus,  the MOS at risk neutral rest duration and  above will be 1, and 
below this  value  continue  to  decrease.  With  continuous activity, i.e. no rest, it will be 
zero. Due  to a  lack of quantitative  information the relationship between lack of rest and 
job mediated risk is presumed  logarithmic. 

In cases  where rest and  recovery is not a  factor, either  due  to a  very short  duration a n d  
or low grade contraction  the frequency  of  operation may  be an important  variable to 
constitute  a risk factor of  the  job. For this variable as well,  a  preferred  frequency of the 
job  or  job simulated  activity and the  frequencies below  may be considered  as the risk 
neutral  frequency  with an MOS of I .  The frequencies above this  level  will  increase the 
JMR. With activities being  performed at  a continuous  pace the MOS will be zero. 
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Figure 1.9 Empirical relationship  between  the job range of motion and the job  mediated 
risk of overexertion injuries. 

Job range of motion 

The  geometric  relationships  of the  muscle,  tendon,  and  bones  with  respect  to  the  joint 
vary  with  the degree  of  motion  at  the  joint. At  the extremes  of  their  ranges  the  joints  are 
at  the  greatest  mechanical  and  physiological  disadvantage.  Though  the  exact  angle  at 
which  the  best  mechanical  and  physiological  advantage  is  available  may  vary  somewhat 
from  joint  to  joint,  generally the  mid  position  of  the  range  is  perceived to  require  low 
effort  for  performance.  This  will be designated  the  risk  neutral  position.  Deviations  from 
the  mid  range  position  to  either  side  will  represent  increasing  hazard. The  range  around 
the  mid  position  which  may  either be  subjectively  considered  as  the  comfortable  zone  or 
which  increases  the  effort  required  (by  virtue  of  the  position)  by  20  per  cent  may  be 
designated  the  risk  neutral  zone.  Deviations  from  this  or  motion in excess  of  the  mid 
range  may  constitute  a job mediated  motion  risk,  rising  from  0  to 1 on  either  side  of  the 
range as  shown in Figure 1.9. Deviation  to  either  side  of  the  mid  range  beyond  the risk 
neutral  zone  will be  considered  hazardous  independently  on  a  0  to 1 scale.  Deviations  on 
both  sides in a  given job are  expected  to  have  a  multiplicative  effect,  but  are finally rep- 
resented by one  value  on  a  0  to 1 scale  as  the  product  of  the  proximal  and distal scores. 

A global  model of safety and hazard 

All  musculoskeletal  injuries  have  a  biomechanical  basis,  which  is  affected  by  three  vari- 
ables:  force  application;  effective  exposure  to  the  force  exertion;  and  the  extent  and  range 
of  motion in these  activities. It is, therefore,  important  to  integrate  these  three  ingredients 
of injury  causation in order  to  arrive  at  a  meaningful  composite  index. It is  also  proposed 
here  that  the  sum  of  the MOS and  the JMR will always be unity.  Such  a  relationship  is 
based  on  the  logic  that if the MOS is  100 per  cent,  there is no risk of  injury.  Conversely, 
if  the risk is  100  per  cent,  there can  be  no  safety. If, however,  the MOS is 40 per  cent  then 
the risk will  be 60  per  cent.  Therefore, 

MOS + JMR = 1 (1.2) 
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Thus, it follows  that, 

MOS = 1 - JMR. (1.3) 

The  composite index (CI) of  JMR can  be  obtained  by subtracting  the total  safety from 1. 
Thus,  if there are three  risk  factors, R,, R,, and R,, their  corresponding  safety, S,, S,, and 
S, can be expressed as follows: 

S, = (1 - R,) 
Sz = (1 - RJ 
s3 = (1 - R,) 

The MOS of  the  system will be proportional to  the product of  the individual  safety 
components. Such a multiplicative  model accounts  for interaction among  the variables in 
question,  which is the  case in life. When force is applied, it is  done so for varying 
periods.  Furthermore, it could  be  applied  through  a  varying range  of motion. Also, the 
multiplicative  model  will ensure that as  the  number  of risk  factors  increases,  even  with 
smaller risks, the safety margin will  decline. Such is the  case in any phenomenon affected 
by many variables, as reported  by Kumar  (1990a)  for low back  pain. Therefore, 

MOS 0~ SI . S 2 .  S3. 

However,  different  safety factors  may  have different  weight because  of  the structure, 
geometry,  size, strength,  material property,  strength,  or any other relevant  factor. There- 
fore,  a more reliable  relationship  can  be  obtained  by  multiplying the individual  safety 
components by  their  respective  weighting  factors as  shown below: 

MOS 0~ S1, . S2, . S3,, 

where, 

a = weighting factor for S 1 
b = weighting factor for S2, and 
c = weighting  factor  for S3. 

Inserting the proportionality constant,  the  exact quantitative  relationship  can be expressed 
as: 

MOS = K . S1,. S2,. S3,, 

where, 

K = proportionality constant for  safety  factors. 

These  weighting factors and proportionality constants  are unknown and will  have to be 
obtained through various in vivo and in vitro experimentations  and  epidemiological stud- 
ies  carried out  to specifically deduce these  values.  Furthermore, because each of these 
individual  variables of stress, duration  and  motion  is a complex  entity, they may poten- 
tially  be  affected  by more than one variable. Therefore, they  will  need  a  specific  internal 
proportionality  constant.  Rewriting the  above equation in terms  of risk factors  and in  its 
expanded  form  we get: 

MOS = K ( 1  - a,Rl,)( 1 - a2R2,)(1 - a3R3,) (1.5) 

where, 
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Figure 1.10 Depiction of job mediated risk indices of four  different jobs - A, B, C, and D. 
Jobs A, B, and C have predominantly load, motion and duration risks. Job D has a similar 
magnitude of risk all around. 

K = proportionality  constant  for MOS 
a, = proportionality constant  for R l  
x =weighting  factor for RI 
a, = proportionality  constant for  R2 
y = weighting  factor for  R2 
a3 = proportionality  constant  for R3 
z = weighting factor  for  R3 

Therefore, the C1 of  JMR can  be  expressed as follows: 

CI = [ l  - K (1 - a,Rl,)( 1 - a&!,)( 1 - a,R3,)] (1.6) 

Bringing  the  foregoing  concept  into  the  context of overexertion  injuries, the  overall  job- 
mediated risk can be obtained through  the risks  posed by the  indices for stress,  effect- 
ive  exposure, and  motion. The higher the  composite index score,  the greater the risk. 
Although  a composite index of  the  JMR may not provide an indication of  the variable 
most  at  risk, it does indicate the  extent  of  the potential problem. In order  to  quantify  the 
risk, one should list the stress, effective  exposure,  and motion  indices  separately as  shown 
below  and in Figure  1.10 for a  hypothetical example: 

CI of  JMR = 0.957 (SI - 0.87, E1 - 0.2, MI - 0.25) (1.7) 

where, 

SI is stress  index 
El is  exposure index,  and 
MI is motion index. 

Using the relationship depicted in  Equation 1.1 and integrating the  job  mediated risks, 
one can express  the  margin  of  safety as  follows: 

MOS = K (1 - a,SI,)( 1 - a, El,)( 1 - a,MI,) ( 1  .X )  

where x,  y,  and z are weighting factors  for SI, E1 and  MI respectively. 



Expanding Equation 1.2 by substituting for SI, E1 and MI, one will  get the following: 

MOS = K[l - a, ( CWL - PWL 
MVC - PWL 

MRQ, - MDR, MRQ, - M D K J ) ] ~ ] ~  
PE - MDR, )(I- DE-MDRd 

where, 

K = proportionality  constant for margin of safety 
a, = a  constant for  stress  index 
MOS = margin of safety 
CWL = constant  work level 
PWL = preferred  work  level 
MVC = maximum voluntary  contraction 
x = weighting  factor of the stress index 
a2 = constant for  the duration index 
CWD = constant  work  duration 
PDL = preferred  duration level 
ET = endurance  time 
CF = constant job  frequency 
PF = preferred job frequency 
MF = maximum frequency  possible  for the  job activity 
AR = allowed  recovery  period 
RR = required  recovery  period 
y = weighting factor of  the duration  index 
a, = constant  for the motion  index 
MRQ, = motion  required in proximal  direction 
MDR, = mid range in proximal  direction 
PE = proximal extreme  motion 
MRQ,I = motion  required in distal  direction 
MDRC1 = mid range in distal  motion 
DE = distal extreme motion 
z = weighting factor  of  the motion  index (Kumar, 1994; quoted with permission). 

Thus  the ovcrexertion  theory of musculoskeletal  injury  causation  incorporates  different 
variables  which  affect the load on  the system  by means  of force,  duration or posture. All 
three  factors  may be operative at  the same  time in varying  degrees.  Any of these  variables 
or  their  combination,  when they exceed the  natural  margin of  safety will  potentiate in- 
jury. Musculoskeletal  injuries are multivariate phenomena and  they  can  be explained and 
thus controlled  only  through  multivariate  approaches. The overexertion  theory addresses 
only  the  internal  physical  factors and their  role in injury causation. Direct trauma  to the 
tissues  through  external agents  and  devices is excluded  from  this approach. Furthermore, 
the role of psychosocial  factors, if any,  has not been explored  and  explained in this 
theory. Are psychosocial  factors  causal in musculoskeletal  injury  precipitation?  Although 



many opinions  are floating in scientific  circles,  the  literature  has only reported an asso- 
ciation. Questions  have been asked as to whether  the  psychosocial  traits are  the result 
of musculoskeletal  injuries or whether  they have been instrumental in their  causation. 
It would appear that certain  psychosocial traits may facilitate  physical  overexertion, 
causing injury. In  this sense  their role may be an important onc. Nonetheless,  injuries 
have biomechanical bases and their  occurrence under  most  circumstances, if not all, will 
require overexertion. 

S U M M A R Y  

Occupational  activities result in occupational  musculoskelctal  injuries.  Injuries have a 
biomechanical  basis  and occur  as a result of mechanical  disruption of tissues. Tissues 
have  material  properties  and exceeding their  limits  results in  tissue  failure. Tissue load 
bearing  capacity changes in time or  due to its loading  history as all biological  materials 
are viscoelastic.  Almost all identified risk factors  affect the material  properties of the 
tissues determining their  vulnerability. Genetic predisposition and psychosocial susceptib- 
ility contribute to the  innate  characteristics,  physical  preparedness  and mental alertness 
to negotiate  biomechanical  hazards. An intcraction of these  factors may determine safety 
or injury  precipitation. The biomechanical hazards  comprising force,  effective exposure 
and postural load interact to create a composite  job mediated risk of injury. When the 
magnitude of this risk cxcccds the tissue  tolerance capacity, an injury is prccipitatcd. 
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CHAPTER TWO 

Tissue  mechanics of 
ligaments  and  tendons 

SAVIO L.-Y. WOO, MARIA  APRELEVA  AND  JfjRGEN  HoHER 

INTRODUCTION 

The  motion  of  the  musculoskeletal  system  is  stabilised  and  guided by ligaments  and 
tendons,  bands  of  tough  connective  tissue  that  traverse  the  joints  of  the  body  and  bind  the 
skeleton.  Once  thought  to  be  relatively  inert  and  static  structures  designed  solely  to 
maintain  proper  skeletal  alignment,  ligaments  and  tendons  are  now  known  to  have  many 
functions.  The  major  functions  of  ligaments  include:  to attach articulating  bones  to  one 
another  across  a  joint;  to guide joint  movements;  to  maintain  joint congruency; and  to  act 
as  a strain  sensor. In  addition,  laboratory  experiments  have  shown  that  ligaments  display 
complex  biomechanical  behaviour,  providing  primary  stabilisation  to  the  joints  as  well  as 
maintaining  normal  joint  kinematics.  Tendons,  on  the  other  hand,  attach  the  muscle  to  the 
bone  and  their  major  function  is  to transfer forces  between  muscle  and bone. Tendons 
may  be  constrained as they  cross  joints  with  the  purpose  of  maintaining  their  orientation 
during  joint  motion.  These  constraints  may  be  formed  by  body  prominences  around or 
through  which  the  tendon  passes (e.g.  biceptal  groove  in  the  humerus) or by  specialised 
connective  tissue  sheaths.  The  sheaths  are  particularly  important in the  hand  and  feet,  as 
tendons  passing  towards  the  fingers or toes  over  the  numerous  small  joints  would  be 
susceptible  to  injury  if  displaced  during  finger or toe  motion. 

Recent  advances  in  technology  have  permitted  development of new  methodologies 
which  permit  a  careful  examination of the  properties  of  ligaments  and  tendons,  and  have 
identified  these  tissues  to  have  viscoelastic  and  temperature-dependent  properties.  Also, 
the  effects  of  freezing,  strain  rate,  skeletal  maturity,  and  aging  on  these  tissues  have  been 
studied  (Frank et  al., 1985; Woo et al., 1986a,  1986b,  1987a, 1990b). This  chapter  briefly 
describes  the  morphological,  anatomical,  biochemical,  and  biomechanical  properties  of 
ligaments  and  tendons  and  the  relationship  between  these  properties  and  the  stiffness  and 
strength,  function,  susceptibility  to  injury  and  subsequent  healing  and  repair. 
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TENDON HIERARCHY 
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Figure 2.1 Tendon architectural hierarchy (adapted from  Kastelic et a/., 1978). 

STRUCTURE OF LIGAMENTS AND TENDONS 

In  ligaments,  the  extracellular  matrix  is  predominant  and  consists  of  fibrillar  structures 
that  are  embedded  into  a  ground  substance.  The  cells  of  ligaments  and  tendons  are  called 
fibrocytes.  The fibrillar structures  of  ligaments  follow  a  typical  architectural  hierarchy 
including  tropocollagen as the  basic  molecular  component,  and  a  systematic  arrangement 
in microfibrils, subfibrils, fibrils  and fibres (see  Figure 2.1). Type I collagen is the  major 
component  of all fibres (Frank et al., 1994;  Viidik,  1994).  Other  collagen  types  such as 
type 111, V, VI, X, and XI1 appear  only in minor  amounts,  and  their  functional  role  is  not 
completely  understood.  Small  amounts  of  glycoproteins (e.g. fibronectin)  and  proteoglycans 
also  exist  as  ground  substances.  While fibrillar structures  are  responsible  for  the  liga- 
ment’s  stiffness  and  strength,  fibrocytes  and  other  components  are  important  for its in 
vivo remodelling,  biological  adaptation,  and  healing  response  (Frank et al., 1994). 

The  insertions  of  ligaments/tendons  into  bone  (also  called osteoligamentous/tendinous 
junction)  are  of  particular  importance  since  the  transfer  of  loads from soft to  hard  tissues 
can  create  large  stress  concentration,  and  therefore,  make  this  area  susceptible  to  injury. 
In  those  cases  when  the  fibrous  structures  directly  connect  to  bone,  there  are  layers  of 
uncalcified  and  calcified  fibrocartilage in the  insertion  area  to  minimise  stress  concentra- 
tion (Woo et al., 1988).  In  other  areas  such  as  the  tibial  insertion  of  the  medial  collateral 
ligament (MCL), the  connection  is  complex  and  the  surface  of  the  ligament is connected 
with  the  periosteum,  while  the  deeper  portions  of  the fibres obliquely insert into  the  bone. 
In  these  insertions  not  cartilaginous  layers but perpendicular  oriented  collagen fibres are 
present  which  connect  the  tendons  to  the  periosteum  of  the  bone  (Woo et al., 1988). 
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Table 2.1 Components of ligaments  and  tendons. 

Water  (up to 60%) 
Collagen (7040% of fat-free dry weight) 

Type I (predominant) 
Types III, V, VI, X, XI1 (minor) 

Proteoglycans,  glucoproteins  (fibronectin),  elastin 
Cells  (fibrocytes) 

Figure 2.2 Light  micrograph of longitudinal  section  through  several  frog  semitendinosus 
muscle  cells (M) attached  to  their  tendon of insertion 0 at  myotendinous  junctions  (arrow- 
heads) (x250) (adapted  from Woo and  Buckwalter, 1998). 

Tendons  differ  from  ligaments  in  that  they  not  only  connect  to  bone  but  also to 
muscle.  The  musculotendinous  junction  is  of  equal  importance  as  the tendon-bone junc- 
tion  since  high  local stress can  occur  and  cause  injury.  Frequently,  the  tendons  have  an 
internal  portion  within  the  muscle  fascia,  called  the  aponeurosis  (Zajac,  1989).  The 
aponeurosis  provides  a  large  surface  area for the  load  transfer  from  muscle  to  tendon  and 
the  orientation  of  this  junction  enhances  its  strength  because  cell  membranes of muscle 
are known to  be  more  resistant  to  shear  stress  than  to  tensile  stress  (see  Figure 2.2). 

A thin  layer  of  tissue,  called  the  epiligament or paratenon,  usually  covers  ligaments 
and  tendons  (Frank et al., 1994).  This  layer  is  abundant  in  cells  and  blood  vessels  and  it 
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is the  major  source  for  remodelling  and  healing  responses. The  midsubstance  of  liga- 
ments and  tendons  usually  contains  small  vessels  mainly  in  the  transverse  orientation  of 
the  collagen  fibres.  However,  compared  to  other  connective  tissues  such as  bone and  skin, 
ligaments  and  tendons  are  poorly  vascularised  and  have  a  reduced  metabolism  (Frank 
et  al.,  1994).  At  locations  where  tendons  sustain  large  deflections around  joints (mainly 
at  the  hand and  foot)  they  are  frequently  surrounded  by  fibrous  sheaths/retinacula.  An 
additional  synovial  layer  can  reduce  friction  between  the  tendon  and  the  fibrous  sheath 
and  thus  prevent  injury  (Herzog  and  Loitz,  1994). 

Recently,  free  nerve  endings were  found  in ligaments and  tendons,  mainly  functioning 
by  reporting  tension  to  the  central  nervous system  (Johannsson  and  Sjolander,  1993). It 
was  found  that  activation  of  the  nerves  (with  quick  increase of tension  in  the  structure) 
could  lead  to  inhibition  of  muscular  function,  thus  preventing  possible  injury  of  the 
musculoskeletal  system. Due to  these  findings,  tendons  and  ligaments  are  believed  to  play 
an  important  role  in  proprioception. 

It is  well known that  tendons  and  ligaments  have  different  characteristics  at  various 
age levels.  Before  puberty  the weakest link  in  the  bone-ligament-bone  unit  is the devel- 
oping  bone. For  the  MCL  of  the  knee,  we  have  shown  that  injuries  occur  with  bony 
avulsions  of  the  ligament,  rather  than  midsubstance  failures (Woo et aZ., 1986a).  Once 
skeletal  maturity  is  reached,  midsubstance  failure is usually predominant  because  the 
strength of the  insertion  site is superior  to  that  of  the  ligament.  Studies  comparing  structural 
properties  of  ligament-bone complexes in the  anterior  cruciate  ligament  (ACL)  of  the 
knee between young and  old  donors found a  substantial  age  related  reduction in these 
properties.  Since  the  cross-sectional  area  remained  relatively  constant,  a  large  decrease  in 
structural  properties  suggests  that  with  increasing  age  the  mechanical  properties  of  the 
ACL  also  diminish  (Noyes  and  Grood,  1976; Woo et a/., 1991). However,  studies on  the 
MCL  of  the  knee  revealed  only  minor  changes  in  mechanical  properties  as  an  effect  of 
age (Woo et al., 1990a). In hamstring  tendons,  no  age-related  differences in stiffness  and 
ultimate  loads  were  reported (Hecker et al., 1997). 

S T R U C T U R A L   A N D   M E C H A N I C A L   P R O P E R T I E S  

Knowledge  of  material and structural  properties  of  ligaments  and  tendons  is  of  clinical 
importance  because  these  properties  are  essential  to soft tissue  function. The biomechanical 
behaviour  of  ligaments  and  tendons  demonstrates  that  they  are  well  suited to  the  physical 
functions  they  perform. The fibrillar components  of ligaments  and  tendons  are  arranged 
in  an  undulating  path between origin and insertion  in  their  physiologically  relaxed  state. 
During  normal movements in which  tensile  stretch is applied,  progressive  straightening 
and  stretching  of  an  increasing  number  of  fibres  occurs  (recruitment).  Different  com- 
ponents  of  the  tissue  take up  loads  at  different  stress  levels,  thus  contributing  to  a  non- 
linear,  concave,  upward  stress-strain  curve.  This  mechanical  behaviour  is  designed 
generally to  guide  the  joint  into  appropriate  motion.  Due  to  the parallel-fibred  organisa- 
tion of these  tissues,  uniaxial  tension  tests  are done with  bone-ligament-bone or muscle- 
tendon-bone complexes to  determine  the structural properties  represented  by  a  non-linear 
load-elongation  curve.  This  curve  involves  the  contribution from  the  substance  of  the 
ligament  and  the  bony  insertion.  Figure  2.3  (A) shows a  typical  non-linear  load-elongation 
curve  for  bone-ligament-bone complex.  The  two regions of  this  curve  must  be  distin- 
guished.  As  tensile  load  is  first  applied  to  a  ligament  the  relationship  between  load  and 
elongation  is  non-linear  and  referred  to  as  the  ‘toe’  region.  With  increasing  applied  loads, 
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Figure 2.3 (A) Load-elongation  curve  obtained from a test of a femur-MCL-tibia complex 
(FMTC). (B) Stress-strain curve of ligament  midsubstance  obtained from a test of an FMTC. 

increases in stiffness are  seen  following  a  more linear load-elongation  relationship,  referred 
to  as  the  ‘linear’  region  of  the  curve.  Structural  properties  are  represented  by  parameters 
such  as  stiffness,  ultimate  load,  ultimate  deformation,  and  energy  absorbed  to  failure.  The 
stiffness is defined as a  change  of  load  with  elongation in the  linear  portion  of  the  curve. 
This  non-linear  behaviour  allows  ligaments  working  at  this  range  to  guide  the  joint 
through  movements  with  minimal  resistance.  At  higher  load,  ligaments  become  stiffer, 
thus  acting as a  ‘checkrein’  to  prevent  excessive  displacement  between  the  two  bones, 
and  maintain  joint  position  to  accommodate  for  large  muscle  forces. 

Thc  mechanical  properties of  the  ligament  and  tendon  substance,  on  the  other  hand, 
describe  the  material  irrespective  of  geometry.  They  should  be  determined  from  the 
stress-strain  relationship  of  the  midsubstance  of  the  ligament  or  tendon  itself  to  avoid  the 
contribution  from  the  insertion  sites.  These  properties reflect collagen fibre organisation 
and  orientation,  as  well as  the  microstructure.  Strain, E, can  be  described  as  the  relative 
change in length  of  the  tissue  specimen  with  respect  to its original  length,  while  stress, 6, 
is  defined as  a  force  applied  per  unit  area.  Thus,  the  ultimate  tensile  strength  or  ultimate 
stress,  for  example,  is  the  highest  stress  experienced  by  the  tissue  before  complete  failure. 
Mechanical  properties  of  the  ligament  or  tendon  are  represented  by  parameters  such  as 
the  modulus,  ultimate  tensile  strength,  ultimate  strain,  and  strain  energy  density. A typical 
stress-strain  curve for  a  ligament  midsubstance is shown in Figure 2.3 (B). 

Ligaments  and  tendons  also  exhibit  complex  time-  and  history-dependent  (rheological) 
behaviour  similar  to  that  of  other  viscoelastic  materials.  These  behaviours  are  the  con- 
sequence  of  complex  interactions  between  proteoglycan  molecules,  water,  collagen,  and 
other  structural  components  of soft tissues.  When  a  ligament  or  tendon  is  pulled  to  a 
particular  elongation,  either  once  or  repeatedly in cycles,  the  stress in the  tissue  decreases 
with  time.  Specifically,  this  means  that  when  soft  tissue is elongated  to  a  given  length, 
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Constant Strain 

Constant Stress 

Figure 2.4 (A) Schematic  representation of stress-relaxation  (decreasing stress over time 
under  a  constant  strain). (B) Schematic  representation of creep  (increasing deformation over 
time under  a  constant  stress). 

and  remains  at  this  same  length  over  time,  the  actual  load  supported  by  the  tissue  pro- 
gressively  declines.  This  behaviour  is  referred  to as stress relaxation (Figure  2.4 (A)). 
During cyclic  loading, an elastic  material  follows  the same stress-strain  curve, whereas  a 
viscoelastic  material,  like  tendon or  ligament,  displays  a  hysteresis  loop,  a  phenomenon 
in  which  the  load-elongation  curve  differs  during  loading  and  unloading  and  results  in 
net  internal  energy loss (Figure  2.5 (A)). Cyclic  stress-relaxation has  important  implica- 
tions  regarding  ligament  and  tendon  behaviour  during  joint  motion.  Ligaments  normally 
undergo  cyclic  loading  during  walking,  running,  and  other  activities. Many  materials  are 
subject  to  fatigue  failure under  these  conditions -that is, repetitive  stress  causes  failure  at 
a  much  lower  load  than  that  required  to  cause  failure  from  a  single  application  of  stress. 
As a  ligament or tendon  undergoes  many  cycles  of  loading  and  unloading in vivo, its 
relaxation  behaviour  results  in  a  continuously  decreasing  stress,  protecting  the  ligaments 
from  failure  by  fatigue.  Conversely,  there is a  time  dependent  increase in elongation 
when  a  viscoelastic  material is subjected  to  a  repetitive  constant  strcss.  This  behaviour  is 
called  cyclic creep (Figure  2.5 (B) ). 

ROLE OF LIGAMENTS AND TENDONS IN HUMAN  MOTION 

The knee  is  a good  example to  illustrate  ligament  and  tendon  biomechanics,  because,  like 
all  weight  bearing joints, it  needs  mobility  but  is  concerned  with  stability.  Knee  ligaments 
are  also  frequently  injured  during  various  sports  activities  such as  football,  soccer,  or 
skiing.  These  injuries  often  result  in  knee  instability  with  serious  pathological  sequelae. 
Knowledge  of  the  properties of  knee  ligaments  is not  only  important  in  contributing to 
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Figure 2.5 (A) Hysteresis during  cyclic  loading of a knee ligament (From Woo et a/., 1993). 
(B) Schematic  representation of cyclic  creep in the MCL of the knee. 

the  basic  understanding  of  the  functional  behaviour of these  ligaments;  it  is  also  essential 
for ligament  repair  and  replacement gmfts to  match  the  properties of the graft material 
with  those of the  native  ligaments.  Figure 2.6 is  an  anterior  view of the  right  knee 
showing  the  four  major  ligaments of the  knee:  anterior  cruciate  ligament  (ACL),  posterior 
cruciate  ligament  (PCL),  medial  collateral  ligament  (MCL),  and lateral collateral  liga- 
ment  (LCL).  These  ligaments  act  together  with  the  joint  capsule  and  articular  surfaces of 
the  knee  to  maintain  stability  as  well  as  to  guide  the  joint  through  the  passive  range of 
motion.  The  functional  role of the  ACL, for example,  is  mainly  to  limit  excessive  knee 
motions  in  the  anterior  tibial  direction,  while  the  PCL  is  important  to  limit  posterior  tibial 
translations  (Butler et al., 1980; Livesay et al., 1997). 

Another  example of a  structure  that  plays  major  role  in  human  motion  is  the  calcaneal 
(Achilles)  tendon of the  leg  (Figure 2.7). It is  one of the  strongest  tendons in the  human 
body  and  is  important  during  running  and  jumping.  It  was  estimated  that  the  load  sup- 
ported  by  this  tendon  during  sport  activities  could  be  as  high  as 1800 Newtons  (400 
pounds).  Experimental  measurements  showed  that  failure  loads  for  the  Achilles  tendon 
exceed  4500  Newtons  (Viidik,  1994).  Injuries  to  this  tendon  are  common.  Tendinitis,  an 
injury or symptomatic  degeneration of the  tendon,  with  resultant  inflammatory  reaction of 
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Figure 2.6 Anterior view of a  right  knee  joint  (adapted  from  McGinty, 1991). 

Gastrocnemlus 

Figure 2.7 Achilles  tendon  (adapted  from McGinty,  1991 1. 
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the  surrounding  structures, is frequently seen in  the  Achilles tendon  and  accounts  for  as 
much as 11 per  cent  of  all  running  injuries  (Friedman,  1986;  James et af., 1978).  It  is 
important to understand  the  properties  and  function  of  the  Achilles  tendon  in  order  to 
prescribe  proper  treatment  and  rehabilitation  regimens. 

R E S P O N S E  T O  IMMOBILISATION AND EXERCISE 

Immobilisation  of joints with  casting is frequently used in clinical  settings  for  various 
purposes  such as fracture  healing. It has been  shown that  immobilisation of joints leads  to 
significant impairment  of ligament  properties  and to stiffening of  the  joints (WOO et a/., 
1975). In rabbits  and  rats  stiffness  and  ultimate  load  were  reduced  by 25-33 per  cent  after 
4-9  weeks  of immobilisation  (Larson et al., 1987;  Noyes, 1977; Woo et af., 1982). The 
reduction of structural  properties  appears to be  a  result  of  a  combination  of  changes of the 
insertion  sites  and  the  ligament  itself. 

Remobilisation  can  reverse  the  effects  of  immobilisation  on  the  structural  properties  in 
a  bone-ligament-bone complex, but  requires  much  longer  time  periods  to  restore  the 
basic  function of the  ligaments.  Experimentally,  18  weeks  of  remobilisation  were  neces- 
sary  to  reverse  the  detrimental  effects  of  a  six-week  immobilisation  period  on  the  struc- 
tural  properties  of  ligaments  (Laros et al., 1971).  Studies  from  our  institution on the 
effects  of  a  nine-week  immobilisation  period  of  rabbit  knees  revealed  that  histologically, 
the  tibial  insertion  of  the  MCL  was  not  reestablished  until  after 52 weeks of remobilisation 
(Woo et af., 1987b).  More  importantly  the  failure  mode  was  consistently  shifted  to  the 
tibial  insertion. 

Overall  the  decline in structural  properties  of  bone-ligament-bone complexes  due  to 
immobilisation  is  reversible,  but  the  process is slow.  Clinically,  this  implies  that  after  any 
period  of  immobilisation  caution  is  required  to  limit  the  risk  of  subsequent  injury.  Ideally, 
the  remobilisation  period  would  include  a  gradual  increase  in  activity  over  a  many-fold 
longer  time  period  than  the  immobilisation  to  allow  the  tissue  to  restore  its  original 
function. 

In  recent  years  the  awareness of health  related  benefits from  physical  activity  and 
exercise  has  increased  tremendously.  These  benefits  are  mainly  related  to  the  prevention 
and  treatment  of  cardiovascular  disease  (NIH,  1996).  Regarding  the  musculoskeletal 
system  it  should be  noted  that  positive  effects  of  exercise on  tendons and  ligaments  exist, 
although  to  a  much  lesser  degree.  Experimental  findings  suggest  that  moderate  exercise 
may  enhance  structural  properties  (stiffness  and  ultimate load)  of  ligaments  by  about 1 s  
20 per  cent  (Tipton et al., 1975; Woo et af., 1979).  Figure  2.8  represents  a  summary  of 
the  literature on  the  effects of immobilisation and  exercise  and  their  relationship  to 
ligament mass and  properties.  For  any  ligament a physiological  level  of  stress and  strain 
duration  exists,  ensuring  a  certain  level of mechanical  properties.  Any  reduction in stress/ 
strain  duration,  such  as  immobilisation,  will  reduce  the  structural  properties  enormously. 
On  the  othcr hand,  an  increase in stredstrain duration  (or  exercise)  will enhance these 
properties,  but  only  moderately. However,  excessive  increase  in  stresdstrain  as well as 
duration  will  result  in  structural damage  and,  eventually lead to failure. 

R E S P O N S E  TO I N J U R Y  (HEALING O F  LICAMENTS/TENDONS) 

The  term ‘healing’  refers  to  tissue  repair  after  sustained  injury. The potential of  healing 
varies  largely  and depends mainly  on  the  blood  supply  and  the  metabolic  rate of the 
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Figure 2.8 Schematic diagram illustrating the effect of exercise and immobilisation on 
ligament properties. 

involved  tissue.  While  skin  and  bone,  with  some  limitations,  heal  fairly  quickly  and 
predictively,  ligaments  and  tendons  are  believed  to  have  a  slow  and  limited  healing 
response  (Frank et al., 1994).  Ideally,  healing  should  lead to  a  complete  restoration of the 
original  tissue  with  identical  morphological  and  functional  characterstics (restitutio ad 
integrum). Unfortunately,  ligaments  are  known  to  heal  with  a  qualitatively  inferior  tissue 
from  the  original  tissue. 

Healing  of  ligamentdtendons  follows  phases that can be  described  as  follows  (Frank 
et al., 1985): 

(1) Haemorrhage/in~ammafo~ phase: This  phase  is  characterised by  formation of a 
blood  clot  within  the  damaged  region  and  the  invasion  of  polymorphonuclear  cells 
and  monocytes/macrophages.  The  monocytes  remove  debris  and  attract  granulation 
tissue-producing  reparative  cells. 

(2) Prol[ferativephase: In  this  phase  new  blood  vessels  are  formed  while  fibroblasts  are 
recruited  from the local  environment  or  circulation  to  produce  new  matrix  material 
(mainly  collagen). 

(3) Remodelingphase: This  phase  starts  within  weeks  after  the  injury  and  can last up to 
several  years. It is  characterised  by  a  progressive  maturation  of  collagen fibres that 
align in a  longitudinal  orientation in response  to  loads  experienced  by  the  ligament. 

Some  ligamentdtendons  can heal  and  their  structural  properties  can  reach  normal or 
nearly  normal  stiffness  and  strength  values,  thus  providing  the  needed  function to  the 
involved  joint  (Indelicato,  1995;  Woo et al., 1987~).  Some  other  ligaments,  such as the 
cruciate  ligaments of the  knee,  heal  with  increased laxity and  diminished  strength or do 
not  heal  at  all. The  medial  collateral  ligament  (MCL)  of the  knee  has  been  an  ideal  model 
to  study  ligament  healing in the  laboratory  due  to its distinct  shape  and  easy  accessibility 
(Weiss et al., 1991).  In  an  isolated  rupture  of  the  MCL  the  ligament  healed  macroscopic- 
ally without  any  treatment  within  six  weeks  (Gomez  and  Woo,  1989;  Weiss et al., 1991). 
The  cross-sectional  area  of  the  healed  ligament  increases  at 6-12 weeks  and  returns 
slowly  back  to  normal  with  increasing  time  (Inoue et al., 1987).  While  the  structural 
properties  of the  femur-MCL-tibia  complex  may  return to nearly  normal,  the  mechanical 
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properties  of  the  healing  MCL  always  remain  inferior  when  compared  to  the  normal 
tissue.  This  is  possible  because  healing  tissues  have accumulated its mass to compensate 
for  its  inferior  tissue  quality.  In some  cases  the  cross-sectional  area  of  the  healed  MCL 
was up to 2.5 times  larger  than  that  of  controls  after 52 weeks (Ohland el al., 1991). 
When  severe  joint laxity is associated  with  the  ligament  injury  such  as  in  a  combined 
MCL/ACL injury  of  the  knee,  similar  characteristics  of  healing are  seen. However,  the 
decrease  in  mechanical  properties  and  increase  in  cross-sectional  area  is  more  pronounced 
(Engle et al., 1994;  Ohno et al., 1995a)  (see  Figure  2.9). 

Histologically,  healed  ligament  tissue  differs from normal  tissue  mainly  in  three 
regards:  the  collagen  is more disorganised and less-oriented;  there  are more  defects 
between  collagen  fibres;  and  the  number  of  collagen  fibres  of  larger  diameter  is  reduced 
(Frank et al., 1992;  Mathew et al., 1987).  Additionally,  there  is  an  increased  cell  density 
and vascularity of  the  tissue,  suggesting  that  metabolic  rates  are  higher  than  normal 
(Frank,  1996).  With  the  time  of  remodelling  increased  vascularity  can  diminish  and  the 
newly formed fibres become  more parallel  oriented  in  the  course  of  its  mechanical  action. 
However, the number  of large  fibre  diameters  will  remain  reduced.  This  aspect is import- 
ant  since  large  diameter  collagen  fibres  were  shown  to  correlate  with  greater  strength  and 
stiffness  of  the  tissue  (Parry et al., 1978). 

Biochemical  analysis  of  healing  tissues  revealed  that  although  the  collagen  content  of 
the  tissue  returns  to  nearly  normal  within  14  weeks  collagen  crosslinks  remain  below 50 
per  cent of normal up to one  year  after injury  (Inoue et al., 1987; Weiss et al., 1991; Woo 
et al., 1997).  Further,  the  amount of type I collagen  is  reduced in favour  of  minor 
collagen  types,  and  the  size  of  proteoglycans is increased  (Frank,  1996). 

In summary,  experimental  data  indicate  that  ligaments  and  tendons  heal  with  the 
formation of new  tissue  of  inferior  quality  following  sequential and time-dependent  phases 
and,  even  under  optimal  conditions,  the  quality  of  normal  ligament  tissue  will  not  be 
matched  for  up  to  two years. 

EFFECTS OF VARIOUS TREATMENTS ON THE HEALING 

RESPONSE  OF LIGAMENTS AND  TENDONS 

The  clinical literature  has  provided numerous  studies focusing  on  treatment  regimens  for 
ligament  and  tendon  injuries.  However, it has  to  be  kept in  mind  that  several  ligament/ 
tendon  injuries  heal  without  any  specific  treatment  and  that  a  number  of  injuries  do  not 
lead to  any functional  impairment,  even  without  any  evidence  of  efficient  healing  re- 
sponse.  Valuable  information  on  the  effect  of  various  treatment  regimens  for  ligament 
and  tendon  injuries  can  be  derived  from  experimental  studies  where  variables  can  more 
easily  be  controlled  than  in  clinical  settings.  There  are  three  major  variables  that  affect 
the  healing  response  of  ligaments  and  tendons:  non-repair  versus  surgical  repair;  immob- 
ilisation  versus  early  motion;  and  biological  manipulations  such as the  use  of  growth 
factors. 

Using  the  rabbit  MCL as  a model,  the  effect  of  surgical  repair  of  ligaments  was 
compared to  conservative  treatment.  A  long-term  study  failed  to  demonstrate  a  benefit 
from  suture  repair  when  compared  to  conservative  treatment  (Inoue et al., 1987; Weiss 
et al., 1991). In both  groups  ligaments  were  macroscopically  well  healed  after  12  weeks, 
ligament  laxity  was  slightly  increased  initially  and  returned  to normal at one year,  and 
structural  properties  such  as  stiffness  and  ultimate  load  were  slightly  diminished  even at 
one year.  Mechanical  properties  remained  about 50 per  cent  of  normal,  indicating  the 
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Figure 2.9 Healed medial  collateral ligament exhibits inferior mechanical properties when 
compared to the intact state. (A) Load-elongation curve for MCL. (B) Stress-strain curve for 
femur-MCL-tibia complex. 

decreased  tissue  quality  (Weiss et ul., 1991).  On  the  other  hand, in a  combined injury 
model  (MCL  and ACL  combined) surgical  repair  of  the  MCL  improved  structural  prop- 
erties in the  early  phase  (Ohno et al., 1995b;  Yamaji et ul., 1996).  Other  ligaments  such 
as the  cruciate  ligaments  of  the  knee,  do  not  heal  sufficiently  with  or  without  surgical 
repair  (Feagin  and  Curl,  1976; Sommerlath et ul., 1991). In these  cases  reconstructive 
procedures  are  necessary  in  an  attempt to restore  normal  ligament  function. 

Tendons  are  more frequently  repaired  surgically  since it is  believed  that  muscle  pull 
can  increase  the gap between  rupture  ends  and  thus  prevent  healing. However, recent 
results  show  that in partial  flexor  tendon  ruptures  up to  60  per cent  can  heal  sufficiently 
without  surgery  (Morifusa et ul., 1995)  and  that  complete  Achilles  tendon  ruptures  do  not 
necessarily  benefit  from  surgical  repair (Thermann et ul., 1995). 
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As described  earlier,  mechanical  stimuli  as  well  as  stress  deprivation in the  form  of 
immobilisation  have  a  profound  effect  on  intact  tendons  and  ligaments.  For  the  healing 
tissue  mechanical  stimuli  appear  to  be  equally  important.  Studies  from  our  research 
centre  as well as  others  revealed that  tendons  and  ligaments  regain  a  higher  strength  after 
sustained  rupture  when  treated  with  passive  motion  compared  to  immobilisation  (Gelberman 
and Woo,  1989; Woo et al., 1981, 1990~) .  Clinical  studies  also  suggested  that  early 
mobilisation  and  aggressive  rehabilitation  protocols  may  be  effective in restoring  joint 
motion  without compromising stability  (Kannus,  1988;  Shelbourne  and  Nitz,  1990).  HOW- 
ever,  in  severely  unstable  joints  early  motion  may  be  not  beneficial  to  the  healing  tissue 
(Woo et al., 1990~) .  

Since  restoration  of normal tissue  quality  in  ligament  healing  has  yet to be accom- 
plished under normal  circumstances,  different  biological  approaches,  such  as  cell  mani- 
pulations  by  cytokines  to  enhance  the  quality  of  the  healing  tissue  have  recently  been 
discussed.  Cell  migration  and  proliferation, as well as protein  and  collagen  synthesis, are 
essential  characteristics  of  the  tissue's  healing  response.  Endogenous  growth  factors  that 
are released  by  inflammatory  cells  can  act as mediators of the  healing  response. In the 
past  many growth  factors  have  been  evaluated  both in  vitro and in vivo on  their  effect  of 
ligament  healing  with  variable  results  (Batten et al., 1996;  Letson  and  Dahners,  1994; 
Scherping et al., 1997;  Schmidt et al., 1995;  Weiss et al., 1995).  In our laboratory,  we 
havc found that  epidermal  growth  factor (EGF)  and platelet  derived  growth  factor (PDGF) 
increase  fibroblast  proliferation in  vitro, while  transforming growth factor-beta 1 (TGF- 
Dl)  increases protein  synthesis  (Hildebrand  and  Frank,  1997).  When  these  growth  factors 
are  combined and  tested  in an in-vivo model,  the  structural  properties  of  the  healing 
rabbit bone-MCL-bone complex and  the  mechanical  properties of  the healing MCL 
appeared  to  be  enhanced  (Hildebrand  and  Frank,  1997).  Longer-term  results  are  needed 
to  put  this  concept  on  a more definitive  basis. 

CLINICAL  SIGNIFICANCE  AND FUTURE DIRECTIONS 

In this  chapter  we  have  given an overview  of structural  and  functional  characteristics of 
ligaments  and  tendons  and  their  response  to  injury. In the  future  the  effects  of  biological 
stimulation  of  ligament  healing  using  various  cytokines  needs  to  be  further  evaluated. 
Although  little  is known about  the  tissue's  sensitivity  to  growth  factors  over  time  within 
the  healing  period,  it  is  currently  believed  that  application  at  an  early  stage  is  better  than 
at  a  later  stage of healing  (Batten et al., 1996).  Further,  since  the  half-life of  growth 
factors is only  minutes  to  hours,  there  is  a  debate  about  whether  or  not  continuous  or 
intermittent  application  of  growth  factors  is  better  than  single  shot  application.  As  a 
delivery  vehicle  fibrin  sealant  can be used  for  single  shot  application  with  a  short-term 
effect,  whereas  gene  therapy  might  be  a  vehicle  for  long-term  delivery  of  growth  factors 
to  the  tissue  in  the  future. 

In  this  chapter  we  have  mainly  focused  on  complete  injuries  of  tendon  and  ligaments. 
However, it is known  that  at 50-70 per  cent of  the ultimate  load of tendons  and  ligaments 
partial  failure  may  occur  (single  fibril  tears).  This  includes  fragmentation,  thinning  and 
separation  of  collagen.  As  a  biological  response,  oedema,  proliferation  of  capillaries  and 
finally  calcification of the  tendon  may  occur.  Frequently,  this  is  associated  with  pain 
experienced  during  activity  of  the  tendon  or  ligament.  Since  the  chronic  biological  changes 
seen  in  tendodligament  tissue  do not meet  the criteria  of  a  true  inflammation,  they  are 
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referred  to as tendinosis,  rather  than tendinitis. An  example  for this is the patellar tendinosis, 
also  called jumper's  knee,  which  consists  of  chronic  intratendinous  changes  at the  tendon- 
bone  junction  at  the  tip  of the  patella.  On  the  other  hand,  peritendinosus  tissue  such  as 
tendon  sheath  may  develop  an  acute  inflammation,  as  a  response  to  acute  overuse.  This 
is  accompanied  by  pain  and  swelling  and  is  referred  to as peritendinitis.  Examples  of 
possible  areas  affected  by  peritendinitis  include  the  flexor  tendon  sheath  of  the  forearm 
and  the  Achilles  tendon.  In  addition  to  partial  failures  microscopic  changes  such  as  loss 
of  physiological  crimp  pattern  may  be  seen  under  loads  as low as  one  third  of  the 
maximum  load.  Overall,  workplace  related  injuries  of  the  musculoskeletal  system  might 
more  frequently  include  prefailure  injuries,  presented  as  overuse  syndromes  with  acute  or 
chronic  onset.  Although  basic  science  has  characterised  the  morphological  changes  of 
these  injuries  well,  future  research  should  focus  on  the  prevention  and  treatment  of  these 
injuries. 
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CHAPTER  THREE 

Ligament  sprains 
S.A.  TIMMERMANN, S.P. TIMMERMANN, 

R. BOORMAN  AND C.B. FRANK 

NORMAL LIGAMENT STRUCTURE AND FUNCTION 

Definition 

The  term  ligament  is  derived  from  the  Latin  term ‘Zigare’, meaning ‘to  bind’ or ‘to  tie’ 
(Webster, 1970). Skeletal  ligaments  have  since  been  defined  as  dense  bands  of  connective 
tissue  that  function  not  only  to  guide  joint  motion  (Bray et  al., 1991), but  also  act  as  joint 
stabilisers  (Solomonow et  al., 1987) and  as  proprioceptive  monitors  of  joint  kinematics 
(Abbott et  al., 1944; Barrach  and  Skinner, 1990; Schultz et  al., 1984; Zimney et al., 1986). 

There  are  several  hundred  skeletal  ligaments  in  the  human  body  which  are  named  by 
a  variety of gross, structural,  and  functional  features  (Basmajian  and  Slonecher, 1989). 
Most  commonly,  these  ligaments  are  named by their  points  of  bony  attachment (i.e. 
glenohumeral,  scapholunate);  however,  other  anatomic  adjectives  such  as  shape (i.e. del- 
toid),  function (i.e. capsular),  relation  to  a  joint  (i.e.  collateral),  relation  to  a  surface  (i.e. 
superficial or deep) or simply  their  relation  to  one  another (i.e. cruciates)  can  also  be  used 
to  describe  them.  Yet  as  simple  and  similar  as  ligaments  appear  grossly,  they  are  very 
complex  heterogeneous  structures  that  differ in many  respects,  including  their  response 
to  injury. 

Gross appearance 

Skeletal  ligaments  have  a  wide  variety of gross appearances  and  locations.  The  majority 
of  them  are  anatomically  distinct,  homogeneous-appearing,  dense,  white  structures  that 
appear  to  be  stretched  between  their  points  of  bony  attachment  (Figure 3.1). Next in the 
spectrum  of  ligament  forms  are  the  somewhat  less  distinct  sheetlike  ligaments  which are, 
nonetheless,  still  fairly  discrete  and  well  oriented  for  their  functions.  The  last type of 
ligament,  termed  ‘capsular  ligaments’,  is  nearly  impossible  to  distinguish  without  delicate 
dissection.  These  broad  complex  fibrous forms have  been  the  last  to  be  defined  as  discrete 
anatomic  entites  because  of  their  deep  periarticular  location  and  interdigitation  with  other 
structures  (Loitz  and  Frank, 1993). 

45 
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1 
Figure 3.1 Gross appearance of a very distinct  ligament - the  rabbit  medial  collateral 
ligament (MCL). 

Upon  closer  inspection,  even  with  the  naked  eye, all ligaments  can  be  seen  to  be 
composed  of  roughly  parallel  fibres  that  tighten or loosen in different  joint  positions  as 
different  forces  are  applied  across  a  joint.  In  some  cases  fibres  appear  bundled or grouped, 
suggestive  of  subtle  fbnctional  differences  in  fibres  within  the  same  structure  (Frank 
et al., 1985).  In  others,  fibres  remain  separate  and  distinct. 

Ultrastructure/histological appearance 

At  a microscopic  level  all  ligaments  have  been  shown  to  be  made up of  multiple  parallel 
collagen  fibres  spanning  between two bony  insertions.  Collagen  appears to be  oriented 
roughly in line  to  the  long  axis  of  the  ligament,  providing  maximum  resistance  to  tensile 
loads in that  direction.  Specific  ultrastructural  organisation,  however,  differs  within  and 
among  ligaments,  and  distinguishes  ligaments  from  tendons  (Amiel et  al., 1983;  Kennedy 
et  al., 1974;  Yahia  and  Drovin,  1989). 

Using  polarised  light,  another  subtlety  of  ligament  substance  can  be  observed.  A 
regular  wavy  undulation  of  cells  and  matrix  can  be  seen,  known  as  collagen  ‘crimp’ 
(Figure  3.2)  (Diamant et  al.,  1972; Frank et  al., 1988;  Viidik,  1972).  Although  its  func- 
tional  significance  continues  to  be  investigated,  it  appears  that  this  accordion-like  pattern 
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Figure 3.2 The microscopic appearance of ligament ‘crimp’. This is one  of 
normal fibre recruitment (H&E, X 60). 

the keys to 

of  crimp  creates  a  loading  ‘buffer’ or ‘shock  absorbing’  phenomenon  that  plays  a  protect- 
ive  role  during  rapid  loading  (Amiel et al., 1990). 

Ligament  insertions  are  even  more  complex,  heterogeneous  and  dynamic  than  liga- 
ment  substance (Woo et al., 1988).  Contrary  to  popular  belief,  ligaments  are  not  simply 
riveted  to  their  bony  insertions  by  Sharpey’s fibres. These  fibres  do  act  as  anchors  but 
only  as  part of a  transition  continuum  of  collagen  fibres  and  cells  from  ligament  sub- 
stance  into  bone.  The  transition  of  midsubstance  cells  from  fibroblasts  through  to 
fibrochondrocytes  very  near  the  insertion,  into  mineralised  fibrocartilage  and  finally  into 
bone  creates  a  progressive  stiffening  of  matrix  at  the  normal  ligament  insertion,  thus 
normally  preventing  the  presence of a  sharp  stress  interface  between  the  ligament  and  the 
bone.  This  is  a  clever  means by which  nature  has  likely  created  a  configuration  and  a 
transition  of  tissue  properties  which  can  help  minimise  injuries  at  insertion  sites. 

Biochemical  composition 

Normal  skeletal  ligaments  are  composed  of  a  number of substances  that  can  be  chem- 
ically  isolated  and  characterised  (Amiel et al., 1990).  In  general,  ligaments  consist of 
several  biochemical  parts  (Figure 3.3). Most  contain  approximately  two-thirds  water  by 
weight,  while  roughly  three-quarters  of  their dry mass  is  made up of  collagen.  More  than 
90  per  cent  of  this  collagen  is  type I, with  a  few  percent  being  made  up  of  type 111 plus 
other  minor  collagens.  Smaller  proportions  of  the  normal  ligament  matrix  are  composed 
of  elastin,  glycosaminoglycans  (GAGS),  and  other  substances. 
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Figure 3.3 Pie graph showing the normal biochemical  composition of a typical ligament 
(used with permission from Frank et a/., 1994). 

Biomechanical  properties 

Ligament  properties  in  response  to  loads  can  be  described  in  three  different  ways:  struc- 
tural  behaviour  (load-deformation),  material  behaviour  (stress-strain),  and  viscoelastic 
behaviour  (relaxation  and  creep)  (Butler et al., 1978;  Frank,  1996; Woo and  Adams, 
1990; Woo and  Young,  1991; Woo et al., 1982). 

Structural  behaviour  refers  to  a  ligament’s  response  to  a  mechanical  load  regardless  of 
its  size  or  shape.  Under  load,  ligaments  resist  displacement  with  increasing  stiffness  until 
eventually  some  part  of  the bone-ligament-bone complex  fails.  This  increasing  tensile 
resistance  of  ligaments  as  they  are  distracted  has  been  characterised  and  described  as 
non-linear  (Figure 3.4). 

The  reasons  for  this  non-linear  behaviour  are  multifactorial.  During  the  stretching  of 
a  complex,  an  increasing  number  of  ligament  fibres  are  recruited  under  tension.  Under 
relatively  small  tensile  loads,  crimped fibrils  begin to  straighten.  Initially,  there  is  little 
resistance  to  tension  as  the  fibres  lengthen,  but  as  elongation  progresses,  an  increasing 
number of fibrils  become  taut  and  carry  load.  This  process  of  straightening  and  fibre 
recruitment  results  in  the  non-linear  characteristic  of  the  load-deformation  curve  of  a 
ligament  referred  to  as  its ‘toe’ region. As elongation  continues  at  higher  loads,  all 
remaining  fibrils  become taut, and  ligaments  display  a  more  linear ‘stiffer’  response. 
Ultimately,  as  elongation  exceeds  the  capacity  of  the  fibres,  yield  and  failure  of  the 
ligament  then  results  from  progressive fibril failure. 
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Elongation 

Figure 3.4 Schematic rcpresrntation o f  a typical ligament load-elongation curve as the 
ligamcwt  is locded In tension (used with permission from Woo et nl., 1994b). 

I n  order to compare properties  between  ligaments of different  size,  the  concept of 
material  properties is used.  Normalising load with respect to tissue  cross-sectional  area 
(strcss) and  elongation  relative to initial tissue length (strain)  eliminates  some  of  the influ- 
ences  of tissue  geometry, thus  expressing the  bchaviour of  the tissue in terms  of a standard 
amount  of tissue  itself. Material properties thus allow all ligament  tissues to be compared 
with  each other and  with  many other materials  as well (tendons,  ctc.).  This  comparison 
shows that ligaments,  likc  tendons, are highly  adapted to resist tcnsilc stress and strain. 

The third bchaviour  which is important to recognise is referred to  as ligament 
viscoclasticity.  Viscoclasticity  refers to the  ability of tissues to adapt or adjust to rcpctit- 
ivc loading by altering  either their length or their load over time. I n  a  tissue  which is 
viscous,  sustained  load,  for example, results in tissue ‘flow’, known as  creep  (dcforma- 
tion that changes with time). A more  elastic  tissue would return to its original shape or 
length after load is removed  and its stress--strain bchaviour  would remain unchanged 
with rcpcatcd or cycled loads. Interestingly,  ligamcnts  normally  maintain  the  capacity for 
both viscous  and  clastic  responses: at low loads  viscous  behaviours dominate, whereas at 
higher loads, elastic  bchaviours dominatc.  This balance likely allows normal  ligaments to 
function within a fairly wide  range o f  loads  without their fibres or other  components 
bcing  damagcd.  The  mechanisms  of these  bchaviours are currently being investigated, 
but clearly  involvc  a dynamic reorganisation of several  tissue components  during loading 
(water,  collagen, ctc.). 

LIGAMENT INjURY AND HEALING 

Mechanisms of injury 

Based on these  biomechanical  properties of normal  ligaments, an understanding of the 
mechanisms  of ligament  injury can be gained. tiowever, it must again be emphasised that 
all ligaments arc not identical. and  various  ligaments are biomechanically  adapted to their 
own unique cnvironmcnt. For instance,  the ligamentum nuchae of  the neck must  be able 
t o  allow  repetitive cyclcs  of elongation, but still be able t o  return to its original length 
(Davidson 0 1  u/., 1992) This ligamcnt has much greater  quantities of elastic fibres than most 
skeletal  ligaments. which arc apparently able to protect it against  permanent elongation. 



On the  other  hand,  as  noted in the  previous  section,  many  ligaments,  if  loaded  repetitively 
will  either  deform  permanently  or  fail. At higher  loads, all ligaments  will  either partially 
or  completely  fail.  Interestingly, it has  been shown  that  the failure strength  of  ligaments 
increases  slightly  with  exercise  and  decreases  quite  dramatically  with  immobilisation 
(Cabaud et al., 1980; Woo et al., 1982). 

Ligament  injuries  can  be  classified  into  two  main  categories:  the first is ‘repetitive 
micro-trauma’  and  the  second  can  be  called  ‘macro-trauma’.  Repetitive  micro-trauma 
causes  the  failure  of  a  soft-tissue  structure  secondary  to  multiple  exposures  to  forces 
which  are  actually  well  below  the  normal  ultimate  tensile  strength  of  that  structure  when 
exposed  to  a  single  load.  Wilson (1 996) for  example,  has  suggested that the  ultimate 
tensile  stress  of  the  rabbit  patellar  tendon  decreases  with  increasing  cycle  number in vitro, 
supporting  the  concept  that  fatigue  failures  of  these  structures  can  occur.  Fatigue  failure 
has  been shown  to result from  the  propagation  of  micro-tears in materials,  causing  this 
type  of  structural  failure  at  a  lower  than  normal  load.  Importantly,  a  chronic  state  of 
inflammation  and  repair  may  be  established in an  attempt  to  heal  micro-tears in living 
tissues,  potentially  leading  to  pain  and  disability  for  the  patient  (Safran,  1995). It has 
been  hypothesised that if the  rate  of  micro-tear  production  and  propagation is more  rapid 
than  the  rate  of  repair in vivo, then  persisting  symptoms  and  signs  of  an  injury  will  be 
manifested.  This  type  of  injury is common  and  well  documented in tendons,  since  these 
structures  tend  to  carry  higher  loads in vivo than  ligaments  (Beynnon et al., 1995;  Safran, 
1995;  Woo et al., 1994a).  However, it has  also  been  speculated that ligaments  can  also  be 
injured  by  this  mechanism.  For  instance,  the  medial  collateral  ligament  of  the  elbow  has 
been  diagnosed  as  one  structure  which  may be damaged  as  a result of  repetitive  loading 
in throwing  athletes  (Safran,  1995). 

By far  the  most  clinically  recognisable  ligament  injuries  result  from  acute  macro- 
trauma, in which  forces  are sufficient within  a  ligament  to  cause  partial  or  complete 
rupture  of its fibres. These  injuries,  which  are  generally  known  as  ‘ligament  sprains’,  tend 
to  occur in skeletally  mature  individuals  with  strong  bone  (Hurov,  1986;  Lam,  1988; 
Matyas et al., 1990).  Most  tend  to  have well  documented  mechanisms  of  injury  and  each 
is based  on  loads  which  must be  resisted by a  specific  ligament.  For  instance  the lateral 
collateral  ligament  of  any  joint is injured  through  a  varus  producing  force,  while  the 
medial  collateral  ligament  will be injured  through  a  valgus  producing  force.  The  anterior 
cruciate  ligament  of  the  knee is tom  commonly  during  a  quick,  turning  (twisting)  decel- 
eration,  producing  anterior tibial translation  and  tibial  external  rotation  (Dehaven,  1986). 

Ligament  sprains  have  historically  been  graded  according  to  the  severity  of  a  tear: 
grade 1 is an  incomplete  tear  with  no,  or  minimal  clinical  laxity;  grade  2 is an  incomplete 
tear  with  obvious  joint  laxity,  but  an  attainable  ‘end-point’  on  physical  examination;  and 
grade  3 is a  complete  ligament  tear  resulting in significant  joint  laxity.  Grade  2,  and 
especially  grade  3  tears,  often  involve  more  than  one  ligamentous  structure,  since  the 
forces  often  progress  through  other  ligamentous  restraints.  Ligaments  normally  work in 
concert  with  each  other  and  with  other  joint  stabilisers  to  maintain  stability  throughout 
the  range  of  motion  of  a  joint.  Therefore,  after  a  particular  ligament  is  injured,  other  joint 
stabilisers  must  adapt  and  assume  the  increased  load  (Frank et a/., 1985). 

Healing response 

Just as the  morphology  and  biomechanical  properties  of  skeletal  ligaments  differ signific- 
antly, so do  their  responses  to  injury  (Frank et al., 1983).  The  ligaments  of  the  knee  have 
been  studied  most  extensively,  and it has  been  well  documented  that  the  functional 
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healing  potential of the  medial  collateral  ligament exceeds that of  the anterior cruciate 
ligament  (Frank et al., 1983; Inoue et ul., 1987; O’Donoghue et al., 1971).  Many  hypo- 
theses  have been  postulated to explain these different  healing  potentials. These include 
differences in: intrinsic  ligament  fibroblastic  response to injury,  mechanical environment, 
intra-articular versus extra-articular environment (synovial fluid effects),  blood  supply, 
and inflammatory  response. 

The actual phases  of ligament  healing are  analogous  to healing in other  connective 
tissues,  such as the  skin (Frank et al., 1983). Specifically,  ligaments  generally appear 
to attempt to heal through  scar tissue  production; scar formation is best explained by 
examining it in three  specific  phases:  bleeding  and  inflammation,  proliferation, and 
remodelling. 

Bleeding  and  inflammation 

When  ligaments tear, there is immediate local  pain (due  to pain  fibres  within the ligament) 
and bleeding (due  to tearing  blood  vessels in and  around  the  ligament). As  with bleeding 
in any  other injured  structure,  a  rapid  inflammatory  response is initiated. A platelet and 
fibrin clot is produced,  and a complex  cascade of cytokines  and  growth factors are 
released which  promote  and direct the inflammatory  response.  Local  blood vessels  dilate, 
acute inflammatory cells infiltrate, and fibroblastic scar cells  begin to appear. This first 
phase of ligament healing lasts for hours to a  few days. 

Scar proliferation 

The  second  phase of ligament healing  involves the  production of  scar matrix  by  prolifer- 
ating scar fibroblasts (Akeson et ul., 1984).  The  source  of  these  cells is controversial; 
however,  they are likely to be a combination of local fibroblasts and differentiating 
mesenchymal cells from  the  vasculature. Macrophages  and  other inflammatory cells 
simultaneously remove  damaged ligament, clot,  and  other cellular debris in an attempt to 
leave  only the  dense  scar matrix. While  gaps may not be filled by scar in some  cases  (e.g. 
anterior cruciate ligament (ACL)  of  knee) the gap injury in most  extra-articular  ligaments 
probably does  become filled with  a disorganised  scar  matrix within days  (Figure 3 . 5 ) .  
Neovascular in-growth is then seen.  This new  matrix  then  increases in mass,  and be- 
comes less  viscous and  more elastic as the  inflammation decreases  over the next few 
weeks of healing. 

Scar remodelling 

The third and final phase of ligament  healing is matrix  remodelling. Once  bridging  has 
occurred,  the  scar matrix  begins to contract, becomes less  viscous, and becomes  both 
more  dense  and  better  organised. Electron microscopic  evidence  reveals that biomechanical 
flaws  within  the scar matrix (debris, fat cells, loose  matrix,  hypercellular areas, and areas 
without matrix)  are gradually filled in with collagenous  matrix.  This  has been  shown to 
correlate with  increased  biomechanical  strength (Shrive et ul., 1995).  Collagen  fibres are 
also reorganised to  become  less  random,  and  more aligned to resist  tensile forces  (Fig- 
ure 3.6).  Interestingly,  however,  normal crimp is never  restored. In fact, it has  also been 
shown that even  after years of remodelling,  ligament scar matrix remains different to 
normal  ligament. The specifics of these  differences  have  been well documented else- 
where  (Chimich et al., 1991; Frank et ul., 1983).  Importantly, it has  been shown in 
animal  models  of collateral  ligament  injury  that even  after  one  year  of healing,  the 
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SCAR  MCL 

Figure 3.5 Scanning  electron  microscopic appearance of a normal medial collateral liga- 
ment (MCL) versus a disorganised  three-week MCL scar. 

ligament is  not  normal  histologically,  biochemically,  or  mechanically  (Frank et al., 1983). 
The  ultimate  tensile  strength  of  a  rabbit  or  canine  medial  collateral  ligament (MCL) at 
one  year,  for  example,  is  only  about 50-70 per  cent  of  that  of  a  normal  ligament  (Chimich 
et al., 1991; Woo et al., 1987). 

TREATMENT OPTIONS 

Goals  of  treatment  for  ligament  injuries  include  eliminating  symptoms and impairments 
with  the  aim  of  returning  the  employee  to  work  in  a  safe  and  healthy  work  environment. 
Initial  treatment  of  an  acute  injury  involves  providing  possible  anti-inflammatory  medica- 
tion,  rest,  patient  education,  and  therapeutic  modalities. 
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Figure 3.6 A composite of scanning  electron  micrographs of ligament  scars  at 00 weeks 
(A), 6 weeks (B) and  14  weeks (C) of healing  showing  reorganisation  and  realignment of 
matrix  along  the  axis of the  ligament  (the  ligament is horizontal  in  each  case)  (used  with 
permission  from  Frank et a/., 1994). 

Mobilisation versus immobilisation 

Controlled  movement of a  joint in which  stresses  on injured ligaments are low appears 
to  have  several  beneficial  effects  on  healing.  Controlled  motion  may  provide  improved 
scar  strength and stiffness  without  compromising scar  length (Frank et al., 1984;  Gomez 
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Figure 3.7 Flow chart of ligament injury, showing the effects of movement  and  immobilisa- 
tion on ligament healing  (used with permission from  Frank, 1996). 

et al., 1989;  Hart  and  Dahners,  1987).  Mobilisation of a  joint  stimulates  fibroblast syn- 
thesis  of  collagen  and  proteoglycans  within  the  sprained  ligament. In addition,  motion 
may  promote  return of proper  collagen  fibre  orientation  (Muneta et al., 1993).  Collect- 
ively,  a  stronger  scar  is  produced.  On  the  other  hand,  excessive  motion  or  high  loading of 
ligament  scar  may  cause  ligament  stretching  or  creep.  What  load  or  amount  of  motion 
that  are too great,  however,  are  unknown  at  present  (Figure 3.7). 

Contrary  to  motion,  immobilisation  of  ligament  scar  tissue  appears  to  inhibit  its  mass 
and  decrease  its  mechanical  quality  (Bray et al., 1992;  Gomez et al., 1989;  Newton et al., 
1995;  Padgett  and  Dahners,  1992).  Immobilised  ligament  scars  are  smaller,  weaker  and 
less  viscous  than  non-immobilised  scars.  However,  immobilisation  also  causes  changes  to 
the  whole  joint,  including:  fibro-fatty  connective  tissue  proliferation,  increased  collagen 
cross  links,  loss of water  and GAGS, articular  cartilage  degeneration  and  the  development 
of  a  haphazard  arrangement of collagen  fibres  (Enneking,  1972),  making  the  joint  stiffer 
than  normal. 

Therapeutic  modalities 

A plethora of therapeutic  modalities  have  been  advocated  for  use  in  the  attempt  to 
improve  joint  fbnction  after  ligament  sprains.  These  include: ice, heat,  electromodalities, 
proprioception,  and  bracing.  While  these  treatments  are  based  on  sound  scientific  prin- 
ciples,  their  actual  efficacy  has  yet  to  be  documented.  The  current  understanding of some 
commonly  used  clinical  modalities  will  be  discussed  briefly  below. 

The  use of ice  during  the  inflammatory  stage of ligament  healing  is  thought to: reduce 
bleeding by arteriolar  vasoconstriction,  reduce  inflammation  and  swelling by decreasing 
metabolism  and  inflammatory  mediators,  and  decrease  sensory  nerve  conduction  thereby 
reducing  pain  sensation  (Michlovitz,  1990).  On  the  other  hand,  the  application of heat  to 
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an injured joint theoretically  increases blood flow by  arterial  vasodilatation  while  reduc- 
ing  the  viscosity of  connective tissue.  Collectively these  effects  have the  potential of 
reducing pain and stiffness;  however, their  actual  effects  on ligament healing have not 
been documented specifically. 

Many  studies in the literature  have attempted  to  determine the  effectiveness of thera- 
peutic ultrasound  in soft tissue healing. While ultrasound can  elevate tissue  temperature 
to  depths  of 5 cm  or  more  (Michlovitz, 1990), thus theoretically  increasing collagen 
extensibility,  increasing  blood flow, altering nerve conduction velocity  with  increasing 
pain  thresholds,  and changing contractile  activity of muscle  tissue  and permeability along 
cell membranes,  the  speculation that  ultrasound  may  increase  ligament scar tissue syn- 
thesis  still requires proof. 

Transverse friction massage is a  type of  deep  massage used on  tendons  and ligaments 
for  the  purpose  of facilitating  their  healing.  Potential effects  of transverse  frictions in- 
clude  hyperaemia,  stimulation  of  type 1 and I1 mechanoreceptors  to reduce  pain  percep- 
tion,  and prevention of  adhesion formation between neighbouring tissues. In addition, it 
is postulated  that deep friction massage may  assist  orientation of collagen along  the 
appropriate lines of stress  and also help synthesise  new collagen (Cyriax, 1982). As with 
other modalities,  this  speculation  requires  validation. 

Prophylactic  use of  bracing  and  taping  for  ligamentous injury also  remains controver- 
sial.  Recent  biomechanical studies indicate  that although braces  may  provide  protection 
to  the  knee  during low  loads,  they probably  do not have  as great an effect during high 
loads  (Beynnon and Johnson, 1996). In another recent  study, ankle  lace up  stabilisers 
were  found to be  effective in preventing  ankle injury and reinjury (Rovere et al., 1988). 
Further  work in this  area is required. 

ERGONOMIC CONSIDERATIONS 

As noted above,  the  knowledge  of ligament structure, function,  injury and rehabilitation 
can be  used in ergonomic planning.  Specifically, measures can be taken which will help 
prevent ligamentous injuries and aid in the recovery of  workers  who  have already suf- 
fered  a sprain.  This may  entail  a job  analysis and work  place revisions in order  to identify 
hazardous  exposures  and  to  eliminate  excessive biomechanical stresses associated  with 
the  job. Ergonomic  factors such  as constrained or static  postures,  repetitive  motions,  and 
poor ergonomic  or  equipment design can  be found to  be responsible for  ligamentous 
injuries. With  the  aim  of  minimising  ligamentous  overload  and  subsequent reinjury, 
ergonomic assessment  must address both the high  load  stress and  the low  load  repetitive 
mechanisms in the  workplace. 

The key to  both  the  prevention  and treatment of ligament  injuries is  the minimisation 
of excessive forces  on  the  joint(s) in question.  Prevention and treatment of ligament 
macrotrauma  involve  attention to  the  details  of a  person’s job description  and to  the 
workplace in an effort to  minimise  the  chances  that  the  worker  may  suffer a sudden, 
forceful  loading of any joint.  Uneven  surfaces, wet or slippery surfaces,  and  stairdladders 
are  the most common sites of a  sudden  load on  the  lower  extremities. Falls, due  to any 
cause,  are  the  reasons  for most upper  limb ligament  sprains.  Attention to  the  details  of  the 
work  environment, in an effort to prevent such falls or slips, is obviously  critical. Also as 
noted above, ligament  microtrauma is  caused by joint overloading; but in the  case  of 
these  injuries, the  cause is most commonly ‘repetitive joint  overloading’ at  sub-failure 
stresses. Ergonomic  measures  which can either modify the task to  decrease  the  joint 
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stresses, or alternatively,  decrease  the  number  of  repetitions that must be  performed 
sequentially  can  keep  a  ligament  within its viscoelastic  adaptive  range,  and  prevent its 
injury.  Similarly,  once  injured,  the  same  stress-minimisation  measures  need  to  be  con- 
sidered in order  to  optimise  ligament  healing.  The  design of the  workplace is central  to 
keeping all joints  within  their  physiological,  comfortable  ‘safety limits’. 

As with all areas  of  medicine,  attention  to  prevention  of  ligament  injuries by paying 
attention  to  measures  which  can  be  taken  to  prevent  them  is  preferable  to  trying  to 
implement  these  measures  after  an  injury  has  occurred. A ligament  sprain, if serious,  can 
have  permanent  consequences  to  the  worker.  Ligament  injuries,  ideally,  therefore  should 
be  prevented if at  all  possible. 
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CHAPTER FOUR 

Bone  biomechanics  and fractures 
STEFAN  JUDEX,  WILLIAM  WHITING AND  RONALD  ZERNICKE 

U 

COMPOSITION  AND  FUNCTION OF BONE 

Bone  is  a  specialised  connective  tissue  and  one  of  the  hardest  and  strongest  tissues  in  the 
human  body.  Although,  macroscopically,  it  appears  to  be  inert,  it  is  a  dynamic  structure 
undergoing  continuous  remodelling  throughout  life.  These  dynamics  are  highlighted by 
bone’s  ability  to  adjust  its  mass  and  morphology  in  response  to  changes  in  endogenous 
(e.g. hormones) or exogenous (e.g.  mechanical  loading)  factors. 

The  function  of  bone  is  multifaceted,  including  serving  as  levers  to  facilitate  muscle 
controlled  movements,  protection  of  vital  organs,  storehouse of minerals,  and  produc- 
tion  of  hematopoietic  cells.  These  factors  are  synergistically  interrelated  and,  on  a  larger 
scale,  may  represent  mutually  antagonistic  objectives. For instance,  bones  have  to  be 
strong  enough  to  withstand  forces  generated  during  daily  activities  but,  at  the  same  time, 
should  minimise  their  mass  as  maintaining  bone  tissue  is  metabolically  very  costly. 

Grossly,  bone  tissue  can  be  classified  as  cortical  (also  called  compact) or trabecular 
(spongy or cancellous)  (Figure 4.1). The  middiaphysis  of  long  bones  typically  consists  of 
cortical  bone  whereas  vertebrae  comprise  trabecular  bone  covered  with  a  cortical  shell. 
The  distinct  morphology  of  trabecular  bone  can  be  attributed  to  the  arrangement  of 
interconnecting  trabeculae  which  may  be  of  rod-to-rod,  rod-to-plate, or plate-to-plate 
structure.  The  lattice-work  organisation  of  trabecular  bone  can  vary  substantially  among 
bones  and  among  individuals.  With  its  high  surface-to-volume  ratio,  trabecular  bone 
plays  a  central  role  in  mineral  homoeostasis  as  calcium  stores  can  be  mobilised  quickly  in 
response  to  decreased  serum  calcium  levels. 

At the  tissue  level,  bone  can  be  divided  into  woven,  primary,  and  secondary  bone. 
Woven  bone  can  be  deposited de novo (without  a  pre-existing  bony or cartilaginous 
model).  It  is  laid  down  as  a  disorganised  structure of collagen  fibres  and  osteocytes  in 
situations in which  temporary,  rapid  mechanical  support is  required,  such as  after  trau- 
matic injuries.  Primary  bone comprises  several  types  of  bone  tissue,  each  with  unique 
morphology  and  function. For instance,  trabecular  bone  of  vertebral  bodies  and in epiphyses 
of  long  bones  consists  mostly  of  primary  lamellar  bone.  Other  types of primary  bone  are 
plexiform  bone,  as  found in rapidly  growing  animals,  and  primary  osteons  that  are  formed 
during  growth.  Secondary  bone  is  generated  when  pre-existing  primary (or secondary) 
bone  is  replaced  during  remodelling. 
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Figure 4.1 (a) Organisation  of  Haversian  cortical  bone  in  the  middiaphysis  of  a  long  bone 
(from  Nordin and  Frankel, 1989 with  permission). (b) Micro-photograph  of  the  rod-to-rod 
lattice  arrangement of human  trabecular  bone  in  the  femoral  head  (from  Gibson, 1985 with 
permission). 

Bone is richly  innervated  and  vascularised. An estimated 11 per  cent of the  cardiac 
output  is  sent  to  the  skeleton  (Gross et al., 1979). Within  cortical  bone,  primary  arteries 
and  veins  travel  within  the  Haversian  canals  that  are  aligned  with  bone's  longitudinal  axis 
(Figure  4.la).  Volkman  canals  interconnect  Haversian  canals  and  are  oriented trans- 
versely  to  them.  Trabecular  bone  is  void of Haversian  and  Volkman  canals,  however, 
individual  trabeculae  are  in  intimate  contact  with  a  rich  vascular  supply  via  bone  marrow. 
Osteocytes  are  the  housekeeping  cells  in  bone  and  are  located  in  small  caves,  called 
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lacunae. Small bone canals  (cannaliculi) connect  the  lacunae. An osteocytic cellular  net- 
work  exists within the lacunae-cannaliculi system,  creating  the potential for  communica- 
tion among osteocytes via gap  junctions.  Other major  bone cell populations are osteoblasts 
(bone  forming cells) and  osteoclasts  (bone resorbing  cells).  Despite obvious structural 
differences  between cortical and trabecular bone, they share the same  types  of cells. 

The extracellular  matrix of  bone  comprises inorganic, organic,  and fluid components. 
Calcium hydroxyapatite crystals (inorganic)  constitute  about half  of total  bone volume 
and  account for 99 per  cent of total  body  calcium. Another  39  per cent of  bone  volume 
consists  of organic components, primarily  type I collagen  (95 per cent)  and proteoglycans 
(5 per cent).  The remaining volume is taken  up  by fluid in lacunea and  cannaliculi, within 
the hydroxyapatite  matrix, and in vascular  channels. 

M E C H A N I C A L   P R O P E R T I E S  O F  BONE 

Stress and  strain 

The  concepts  of stress and strain are central to bone  biomechanics.  Mechanical  stress (0) 
in  a structure can  be  considered as  the internal  resistance  developed in response to  an 
externally applied  load. Stress is defined as a  force (F) per  unit area  (A), (0 = F . A-I), 
and is expressed in Pascals ( 1  Pa = 1 N . m-'). Mechanical  strain ( E )  is a change in length 
(AL)  normalised to the original  length (L)  of  any  given specimen ( E  = AL . L"). Thus, 
strain is a dimensionless  measure  and is commonly  expressed in microstrain ( 1 O-' strain); 
1 per  cent deformation = 0.01 E (or  strain) = I O  000 p~ (or  pstrain). Strains are closely 
related to stress  through  material  properties. In its simplest  form, E = 0 . E", where E is a 
material constant  (elastic modulus). 

Mechanical testing of bone tissue 

Material  testing of tissue is essential in order  to understand  both  its  function  and  its 
response to mechanical  load. The mechanical  properties of cortical  bone  can  be  investig- 
ated  with  a  variety of  methods  such  as  testing in uniaxial compressiodtension, in three- 
point or four-point  bending, in torsion,  by  accoustic  microscopy, or non-invasively  by 
ultrasound.  Mechanical  tests generate simplified  stress  configurations as bones are loaded 
multiaxially during functional  activities. Consequently,  each test reveals different details 
about  bone's  mechanical  behaviour, and different  tests are necessary  for  a complete 
description of bone's mechanical  response. 

The basic  output  from  a  mechanical  test is a  load-deformation curve  (Figure 4.2). 
Initially, the load-deformation curve  increases  in a  relatively  linear fashion with  increas- 
ing loads (Hooke's Law). The  slope  of  this linear  region is related to  bone's structural 
stiffness  or rigidity  which is refered to  as flexural  rigidity in bending tests or  as torsional 
rigidity in torsional  tests. The yield  region marks the  transition from  the elastic to  the 
plastic  region. Once  the yield point (region)  is passed, the bone sample  does not return to 
its  original  configuration after load release. In the plastic  region,  further load increments 
produce  over-proportional  increases  in deformation.  Catastrophic  failure  occurs at the 
failure  point. The  area under the load  deformation curve is the  amount  of  energy that the 
specimen  has absorbed at a  given  load or  deformation. Load  behaviour,  stiffness,  and 
energy absorbed  are strzrctwul  properties of a  tested  bone sample  as they provide infor- 
mation on bone  as  a  structural element within the body. Thus,  parameters obtained from 
the load deformation  curve  depend highly on  geometry and  bone  quantity of  the sample. 
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Figure 4.2 Load-deformation curve derived  from a cortical  bone specimen  tested in uniaxial 
tension. The ultimate and failure  load are typically  similar  for  cortical  bone. 

If  the  geometry  (shape)  of  the  sample is known,  the material  properties of  the  bone 
can  be  determined  to  provide  information  on  the  mechanical  quality  of  bone.  For  this 
purpose,  the  applied  force  is  normalised  to  unit  area  (stress),  and  deformation is trans- 
formed  into  strain. In the  resulting  stress-strain  diagram,  the  slope  of  the  linear  portion of 
the  curve  refers  to  the  elastic  modulus  (also  called  Young’s  modulus)  of  the  material.  The 
elastic  modulus is a  measure  of  the  stiffness  of  the material. The  strength  of  the  material 
can  be  referred  to  as  the  stress  at  yield  (yield  strength)  or  as  the  maximum  stress  sus- 
tained  (ultimate  strength).  The  area  under  the  stress-strain  curve  is  a  measure  of  tough- 
ness of the  material. 

Bone  stress  cannot  be  measured  directly  but  can  be  calculated  indirectly.  For  instance 
in a  uniaxial  test,  the  generated  axial  stress (sufficiently far  away  from  the  clamps)  is 
equal  to  the  applied  force  divided  by  the  cross-sectional  area  of  the  specimen.  Bone 
strain,  on  the  other  hand,  can be  measured  directly  by  using  a  clip-on  extensometer  or  by 
bonding  strain  gauges  onto  the  surface  of  the  bone.  Strain  values  can  also be  derived  from 
the  machine  displacement  and  the  measured  length  of  the  sample,  however,  this  method 
may  be  inaccurate  due  to  inhomogeneous  strain fields. 

Mechanical  behaviour of bone tissue 

The  mechanical  behaviour  of  bone  often  is  compared  to  steel-reinforced  concrete,  with 
the  collagen fibres of  bone  providing  tensile  strength  (analogous  to steel rods) and the 
mineral  phase  (concrete)  contributing  stiffness.  This  composite  material  analogy,  how- 
ever,  does  not  account  for  the fluid phase  of  bone  that,  largely,  is  responsible  for  bone’s 
viscoelastic  behaviour. 

Viscoelastic  materials  are  sensitive  to  the  applied  strain rate. Strain  rate is defined as 
change in strain  (deformation)  per  unit  time.  Many  mechanical  properties  of  bone  are 
highly  strain  rate  dependent.  Ultimate  strength,  for  instance,  increases  significantly  when 
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Number of Cycles (Log) 

Figure 4.3 Fatigue plotted as a function of loading cycles. Microcracks have been  associ- 
ated with decreased  strength and stiffness of the bone  matrix. These microcracks are initiated 
in region I, then accumulate and  grow until failure (adapted from Martin and Burr, 1989). 

a  bone is  loaded more  rapidly.  For  instance,  the  ultimate  compressive  strength  of  a  bovine 
bone  sample at  a  strain  rate  of 0.001 sec" is  176  MPa compared  to  365  MPa  at  a  strain 
rate of 1500 sec" (McElhaney,  1966). 

Most  materials  can  be  characterised  as  brittle ( e g  glass)  or  ductile  (e.g.  gold).  Bone  is 
relatively  ductile.  Although bone  is not as  strong  as  most  engineering materials,  it  is  very 
tough  (i.e.,  a  great  deal  of  energy  can  be  absorbed  before it fractures  or  yields).  With 
increasing  age, bone  becomes  more  brittle and  its  toughness  decreases  significantly. 

Fatigue in bone  is characterised  by  a  loss  of  strength  and  stiffness  when  subjected  to 
cyclic  loading  and  is  associated  with  microcracks  in  the  bone  matrix. In general,  fatigue 
life  of  a  material  is  dependent  on  its  ability to  prevent microcrack  initiation and to  resist 
subsequent  crack  propagation.  The  latter  quality is more important for  a  fatigue  resistant 
material,  and  bone  displays  this  characteristic  (Martin  and  Burr,  1989).  The  fatigue  be- 
haviour  of  bone  (and  many  other  composite  materials)  can  be  subdivided  into  three 
regions  (Figure 4.3).  The first  region  is  associated  with  the  initiation of microcracks  and 
a  rapid loss of  stiffness.  Stiffness  is  stabilised in  the  second  region. In the  third  region, 
stiffness  decreases  rapidly  and  leads  to  catastrophic  failure  of  the  bone  that  is  related  to 
the  accumulation  and  growth  of  microcracks  (Martin  and  Burr,  1989). 

Bone  is an anisotropic  material,  and  as  such,  its  mechanical  properties  depend  on  the 
loading  direction.  Bone  is  much  stiffer  longitudinally  (along  a  bone's  long  axis)  than  it is 
in  any  other  direction.  In human  femoral  bone,  the  modulus  of  elasticity  may  vary  from 
about  17 GPa in the  longitudinal  direction  to  about 12 GPa in a  circumferential  direction 
(Reilly and Burstein,  1975).  Nonetheless,  in  simplified  models,  Haversian bone  can  be 
considered  an  orthotropic  material  possessing  three  axes  of  material  symmetry.  This 
model is analogous  to  wood  which  exhibits  material  symmetry  longitudinally  along  the 
stem,  radially  from  the  centre,  and  circumferentially  along  the  rings  formed  during  growth. 
In extensively  remodelled  bone,  there  is  no  significant  difference  between  material  prop- 
erties  in  the  radial  and  circumferential  direction  and,  hence,  older  secondary  Haversian 
bone  can be  modelled as transversely  isotropic  (Katz et al., 1984). 

Mechanical  properties  of  bone  are  also  affected by  the  applied  strain  mode.  Bone  is 
the  strongest in compression,  moderately  strong  in  tension,  and  weakest in shear.  For  human 
femora (1 9-80 years  old)  tested  longitudinally,  the  ultimate  compressive  stress is about 
193  MPa,  the  ultimate  tensile  stress  is  about  133  MPa,  while  the  ultimate  shear  strength 
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is  less  than 30  per  cent  of  the  ultimate  compressive  strength  (68  MPa)  (Reilly  and 
Burstein,  1975).  Relatively  low  ultimate  shear  stresses  are  typical  of  ductile  materials. 

While  mechanical  properties  of  bones  across  a  variety  of  species  are  similar  for  func- 
tionally  equivalent  bones,  they  may  differ  dramatically  for  bones  with  different  functions 
(Currey,  1979). Comparative  osteological  studies  reveal  that  calcium  content  and  porosity 
in  the  bone  matrix  accounts  for  approximately 80 per  cent  of  the  variation  seen  in  a 
bone’s  elastic  modulus  (Currey,  1988).  The  reader is referred  to Keaveny and Hayes 
(1  993)  or  Martin  and  Burr  (1  989)  for  excellent  and  more  comprehensive  reviews  of  the 
mechanical  properties and  mechanical  behaviour  of  cortical  and  trabecular  bone. 

Influence  of  structural  and  material  properties  on  bone strength 

Structural  and  material  properties  of  bone  both  can  be  affected  significantly  by  age, 
hormonal  variations  (e.g.  oestrogen),  diet  (e.g.  high  fat),  diseases  (e.g.  diabetes),  drugs 
(e.g.  corticosteroids),  genetics  (e.g.  osteogenesis  imperfecta),  or  its  physical  environment 
(e.g.  exercise). While  changes in  structural  properties  (e.g.  increased  cross-sectional  area) 
may  lead  to  a  stronger  bone,  the  positive  effect  may  be  offset  by  concomitant  changes  in 
material  properties.  For  instance,  fluoride  treatment  may  induce new  bone  formation 
leading  to  increases  in  bone  mass.  However,  biomechanical  studies  have  demonstrated 
that, depending  on fluoride  dosage,  this  structural enhancement  may be accompanied  by 
a  deterioration  of bone quality,  possibly  leading  to  a bone that  is more  prone  to  fracture. 
(Riggs et al., 1990;  Sogaard et LIZ., 1995;  Turner et al., 1992). 

True  bone mineral  density is commonly  considered  as  a  good  measure  of  bone  qual- 
ity  (material  property).  In  general,  factors  that  increase bone mineral  density,  also 
enhance  the strength  of  the  tissue  and,  consequently,  decrease  the  risk  of bone frac- 
ture.  Osteomalacia,  which  may  be  caused by diets  insufficient in calcium  and  phosphorus, 
represents  a  condition  in  which  a  poorly  mineralised  matrix  dramatically  increases  frac- 
ture  risk. Extremely high bone mineral  densities,  however,  are  not  desirable as the  bone 
becomes increasingly  brittle  and  susceptible to  fracture  at  higher  loading  rates.  Theoret- 
ically,  the  optimum  percentage of mineral  (by  weight)  in  the  bone  matrix  is  around 67  per 
cent  (Currey,  1969).  Interestingly,  bones  from  people  afflicted  with  osteoporosis  are  often 
referred  to as brittle  although  there  is  little  evidence  that  osteoporotic  bones  are  more 
highly  mineralised  than  normal  bones. In fact,  osteoporosis is a  clinical  condition com- 
monly  defined as  a  bone fracture  subsequent  to  a  loss  in  bone  mass.  The  decline  in  mech- 
anical  integrity  may  be  attributed  to  a  deterioration  in  structural and/or material  propertics. 

Particular  considerations  for  trabecular  bone 

Trabecular  bone  can  be  tested  either as an  isolated  structure  or  in whole  bone preparation, 
such as with  a  femoral  neck or a  vertebra.  While  the  first  approach  is  necessary  to 
determine  the  mechanical  behaviour  of  trabecular  bone,  the  latter  approach is ergonom- 
ically  (clinically)  relevant  because  the  integrated  behaviour  of  the  composite  structure 
can be  determined. 

Most  studies  on  mechanical  properties  of  trabecular  bone  focus  on  its  structural  prop- 
erties,  because  the  material  properties  of  separate  trabeculae  are  difficult  to  measure. 
Even  when measuring  structural  properties,  results  have  to be interpreted  with  great  care 
due to  the  following  reasons.  Firstly,  mechanical  properties of trabecular bone  are highly 
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dependent  on its apparent  density.  Apparent  density  is  the  ratio  of  mineral  mass  of  a 
given  bone  specimen  to its total  volume  (trabeculae  and  spaces  between  trabeculae).  The 
typical  apparent  density  of  tibial  trabecular  bone  is  about 0.3 gm . cc”  (Carter  and  Hayes, 
1977)  compared  to 1.9 gm . cc” in femoral  cortical  bone  (Snyder  and  Schneider,  1991). 
However,  variations in apparent  density  are  very  large  for  trabecular  bone,  and  local 
changes  in  apparent  density  within  the  human  proximal tibia can  influence  mechanical 
trabecular  bone  properties  by  up  to  two  orders  of  magnitude  (Goldstein et al., 1983). 
Secondly,  the  architecture  of  trabecular  bone  dictates  potent  non-linear  effects.  The 
orientations  of  trabeculae  appear  to  be  aligned  with  principal  stresses  generated  during 
loading.  These  trabecular  patterns  add  a  layer of structural  anisotropy  to  bone  tissue’s 
intrinsic  anisotropy,  and  together  make  mechanical  testing of trabecular  bone  specimens 
dependent  on  the  direction  of  load  application.  Finally,  spaces  between  trabeculae  are 
typically filled with  marrow  which  can  contribute  significantly  to  the  mechanical  beha- 
viour  of  trabecular  bone  when  tested  under  high-speed  impact  (Carter  and  Hayes,  1977). 
These  factors  demonstrate  that it is difficult to  make  general  statements  about  values  for 
mechanical  properties of trabecular  bone  but,  typically,  the  strength  of  trabecular  bone  is 
less  than 10 per  cent  of  the  strength of cortical  bone  (Keaveny  and  Hayes,  1993). 

I N  V l V O  MECHANICAL LOADING OF BONES 

The mechanical  environment of bone 

Unlike in vitro mechanical  tests (e.g. uniaxial  tensile test), daily  activities  generate  a  very 
complex in vivo mechanical  environment in bones.  During  functional  loading,  bone  tissue 
is  subjected  to  a  combination  of  bending  moments,  torsional  moments,  axial  loads,  and 
shear  loads  (Figure  4.4a).  The  relative  composition  of  moments  and  forces  acting  on  a 
cross-section  depends  on  the  kind  of  activity,  the  specific  bone,  the  location  of  the 
section,  the  degree  of  eccentric  loading,  the  amount  of  diaphyseal  curvature  of  the  bone, 
and  the  existence  of  diaphyseal  muscular  attachments. 

This  already  complex  loading  environment  is  further  complicated  in  injury  situations 
when  large  additional  forces  act  on  the  bone.  These  forces  may  be  created  directly  (e.g. 
by  an  opponent’s  foot  during  a  soccer  match)  or  indirectly  by  load  transfer  through 
adjacent  tissues (Le., bones,  ligaments,  and  tendons).  At  the  tissue  level,  any  loading 
environment  generates  normal  stresses  and  shearing  stresses in a  given  volume  of  bone. 
Consider  a  cube  of  unit  length  at  an  arbitrary  position  (Figure  4.4b).  Normal  stresses (0) 
act  perpendicular  to  the  faces  of  the  cube  and  can  be  classified  as  tensile  or  compress- 
ive.  Thus,  normal  stresses  either  elongate  or  compress  the  cube,  but  leave  the  angles  of 
the  cube  intact.  Shearing  stresses (2 )  act  tangential  to  the  faces  and  alter  the  angles  of 
the  cube. 

Stresses  produced in the cube  depend  not  only  on  the  location  of  the  cube  within  the 
bone  but  to  a  large  extent  on  the  orientation  of  the  cube.  In  fact,  normal  and  shear  stresses 
in the  cube  change  their  magnitude  with  a  rotation  of  the  cube  about  any of  the  three 
orthogonal  axes. If the cube  is  rotated so that all shear  stresses  become  zero,  then  the 
normal  stresses  are  called  principal  stresses,  and  the  directions  of  these  stresses  are 
defined as  principal  stress  directions.  Principal  stresses  represent  the  maximal  or  minimal 
values  of  normal  stresses  that  can  be  generated in the  cube  for  the  given  loading config- 
uration.  As  noted  earlier,  stress  and  strain  are  closely  interrelated,  but  because  bone is an 
anisotropic  material,  the  principal  directions  for  stress  and  strain  do  not  coincide. 
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a. b. 

Figure 4.4 (a) Load environment  acting on a middiaphyseal section of  a  long  bone consist- 
ing  of  bending moments (Mx, M,,), a  torsional  moment (MJ, shear  forces (Fx, F,,), and an axial 
force (FJ. Many  functional  activities  induce  diaphysial stresses that are  generated primarily 
by moments. Diaphysial moments are  engendered by joint forces and moments as well as by 
muscular attachments to the bone. (b) Depiction of stresses acting on a given unit cube 
within the bone.  Normal stresses (0) act perpendicular to the faces of the cube and  compress 
or elongate the cube. Shear  stresses (z) that are primarily produced  by shear  forces and 
torsional moments cause a change in angles in the cube. 

In vivo strain  data 

One problem  encountered  in  quantifying  the in vivo stress  (strain)  environment  of  bone  is 
that  the  forces and moments  acting on  the  bone  are  unknown,  and  stresses  engendered 
cannot  be  computed  directly.  Bonding  strain  gauges  directly  on  the  periosteal  surface  of 
bone  represents  one  means  of  overcoming  this  deficiency.  The  use of this  method  has 
been  mostly  limited to  animal  experiments,  however, two studies  have  reported in vivo 
strain  data  from  humans  (Burr et al., 1996;  Lanyon et al., 1975).  Information from  strain 
gauges  is limited to  their  sites  of  attachment.  Linear beam  theory  (Rybicki et al., 1974)  or 
finite  elements  (Brown et al., 1992)  can  be  employed  to  calculate  a  more  complete 
description  of  the  mechanical  milieu  of  bone. 

Analysis of in vivo strain gauge data  rcveals  that  peak  strains  induced in limb  bones 
during  functional  loading  (e.g.  running  at maximum  speed)  are  remarkably  similar  across 
a  variety of  species, including humans  (2000-3500 p) (Burr et al., 1996;  Rubin  and 
Lanyon,  1982).  This phenomenon has  been  referred  to as  ‘dynamic strain  similarity’ 
(Rubin and Lanyon, 1984).  For  functionally engendered  strains  during  vigorous activit- 
ies,  bone’s  safety  factor to yield is about 2-3 and the  safety  factor  to  fracture  is  approxim- 
ately  6-7  (Rubin,  1984).  These  safety  factors  were  calculated using 6800 p for  yield 
strain of and  15 700 p for  ultimate  tensile  strain  (Carter et al., 198 1). 

Effect of geometry on bone stresses 

Many  functional  activities,  including  running,  induce  stresses  in  the  middiphysis  of  long 
bones that  are  generated  to  a  large  extent  by  bending  and  torsional moments  (Judex et al., 
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Figure 4.5 Example of the effect of cross-sectional geometry on  bending  induced  maximal 
stresses. Both long bones depicted possess the same cross-sectional area, but  bone A has a 
smaller medullary area.  The  same applied  bending  moment generates 50 per cent larger 
peak stresses in bone A. The moment of inertia ( I )  of  a  given area  (grey  square) about the 
neutral axis is proportional  to the square of the distance (d) from the neutral axis. The 
bending  induced  neutral axis (zero stress) is  represented by the dashed line. Thus, bone B is  
subjected to smaller stresses  because more  bone tissue is distributed further away from the 
neutral axis (dl, > dJ. 

1997;  Rubin,  1984).  Stresses  induced  by moments  are highly  dependent on the  cross- 
sectional  shape  of  the  bone  section.  The  following  example  demonstrates  the  potent 
effect  of  geometry  and  reinforces  the  concepts  of  material  and  structural  properties. 

Consider  two  prismatic  long  bones  that  exhibit  the same material  properties  (Figure  4.5). 
Both bones have  a  cylindrical  cross-section and  the  same cross-sectional  area  (295 mm'), 
but  the second  bone has  a  larger  periosteal  diameter (40 mm  versus  25 mm) and  a 
corresponding  larger  endosteal  diameter (35 mm  versus  15.8  mm).  Pure  axial  loading 
would produce  the  same  stresses in the two bones.  However,  similar bending  moments 
applied  to both bones would  generate  dramatically  different  responses.  The  maximal 
generated  stress  in  the  second  bone  would  be  only 50 per  cent  of  the  maximal  stress 
produced in the  first  bone.  Thus,  not  only bone  mass  and  bone  quality  are  important  for 
the  prevention  of bone  fractures  but  also  bone's  relative  distribution.  This  concept is 
expressed  quantitatively in the second  moment  of inertia (I). Values  of I increase as  the 
square  of  the  distance  between  a  given  area  of  bone  and  the  loading  induced  neutral  axis 
(line  of  zero  stress)  (Figure  4.5).  Consequently,  changing  the  ratio  between  periosteal  and 
endosteal  diameter  provides  a  means  for  bone  to  increase  its  bending  or  torsional  stiffness 
without  adding  additional bone  mass or changing  bone  mineral  density. 

BONE FRACTURES 

Why does bone fracture? 

Currey  and  Alexander  (1985) defined  mechanically  optimised  bone,  requiring  that  it  be: 

(1)  strong  enough not  to  yield,  under  the  greatest  bending moments likely  to  act  on  it; 
(2)  strong  enough not  to  fail by fatigue, under the  greatest  bending  moments  expected 

to  act  repeatedly  on  it; 
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(3) strong  enough  not  to  fracture,  under  the  greatest  bending  moments  likely  to  act 
on it; 

(4) stiff enough in  bending; and 
(5) strong  enough  in  bending  under  impact  loading. 

Obviously,  healthy  bone  tissue  satisfies  these  requirements  during  functional  (but  not 
excessive)  loading  conditions.  The  high  incidence  of  bone  fractures  demonstrates,  how- 
ever,  that  safety  margins  are  not  sufficient  for  all  loading  environments. 

In simplest  terms,  a  bone  fractures  when  it  cannot  withstand  the  applied  load.  Bone 
fracture  mechanics,  however,  is  a complex  combination  of  the  applied  loading  environ- 
ment,  material  and  structural  properties  of  the  bone,  and  type  of bone  involved.  In 
particular,  the  interactions among  complex  loading  conditions, viscoelastic  character- 
istics,  anisotropic  effects,  and bone porosity and  geometry  make  the  analysis  of  fracture 
anything  but  simple.  Different  aspects  of  the  mechanical  loading  environment  determine, 
to  a  large  extent,  the  potential for fracture and  the  type  of  fracture  generated.  Either  large 
magnitude  single  loads  or  smaller repetitive  loads  may  induce  a  fracture. The  predom- 
inant  type  of  load  can  usually  determine  the  fracture  type.  For  instance,  long bones 
subjected  primarily to torsional  loads, produce  a  oblique  (spiral) fracture  line.  This  kind 
of  loading  often  causes  fracture  in  skiing  accidents  when  the  ski  acts  as  an  extended 
moment arm  for  applying  torque.  Axial  loads  tend  to  induce  transverse  fracture  lines. A 
range  of  fracture  types  and  their  corresponding mechanisms  are  depicted in  Figure 4.6. 

Characterisation of bone fractures 

Most bone  fractures  can  be  characterised  as direct  injuries occurring  close  to  the  site  of 
load  application.  In  contrast,  a  fracture  is  labeled  an indirect  injury if  the  fracture  stems 
from  forces  transmitted  through  other  tissues;  an  example  for  an  indirect  injury  is  an 
avulsion  fracture  that  occurs  when  large  tendinous or  ligamentous  forces  are  transferred 
to  their  bony  attachment  site  and  cause  a  piece  of  bone  to  be  pulled  out.  The  viscoelastic 
properties  of  both bone and  tendon  (or  ligament)  play  a  large  role  when  excessive  forces 
act  on  tendons  or  ligaments. In general,  when  the  load  is  applied  slowly,  the  bone  tends 
to  be the weaker  element,  but  if  the  load is applied  rapidly,  then  the  likelihood  of  a 
tendon  or  ligament  rupture  is  increased. 

Once  a  fracture  has  been  diagnosed,  it is commonly characterised  by  (Whiting and 
Zernicke, 1998): 

Injury  site - location,  such as  diaphyseal,  epiphyseal,  or  metaphyseal. 
Extent of injury - complete  or  incomplete,  depending  on  whether  the  fracture  line(s) 
completely or partially  traverse  the  bone. 
Configuration - shape  of  the  fracture.  If  a  single  line  is  present  it  may  be  either 
transversely,  obliquely,  or  spirally  oriented.  In  the case of multiple  fracture  lines, 
the  fracture  may  be  characterised  as  a  comminuted  or  butterfly  fracture. 
Fragment  relations - displaced or  undisplaced.  Fragments  can  be  displaced in many 
ways,  including  angulated  displacement,  rotational  displacement,  distraction,  over- 
riding,  impaction, and  sideway  shifting  (Figure 4.7). 
Environmental  relations - open or  closed  fractures depending on whether  the  skin is 
penetrated  or  not. 
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Figure 4.6 Frequent clinically encountered  bone fractures characterised by their  injury 
mechanism: (a-d) direct force,  (e-j) indirect force. (a) Tapping mechanism producing a 
transverse fracture by  inducing  relatively  small forces over a small area. (b) Crushing from 
large forces distributed over a large  area causing an extensive comminuted fracture. (c-d) 
Comminuted  fracture  from  penetration (large force  acting on  a small area) induced (c) at low 
velocity and (d) at high  velocity. (e) Tensile force  related  traction mechanism producing 
transverse or avulsion fracture. (f) Bending moment  induced  angulation  resulting in angulated 
or  butterfly fracture. (g) Torque induced  rotational mechanism causing spiral fracture. (h) 
Vertical compression resulting in  oblique fracture. (i) Combination  of  axial compression and 
angulation. (j) Combination of angulation with torsion and axial  loading  resulting in com- 
plex  fracture pattern (from Harkess et a/., 1996, with permission). 

(6) Complications - immediate,  early, andor late  complications  may  accompany  a  bone 
fracture.  Visceral,  vascular,  neurological,  and  muscular  injuries  are  examples of imme- 
diate  complications.  Tissue  necrosis,  infection,  and  tetanus  represent  early  complica- 
tions and  osteoarthritis, growth disturbances,  and  re-fracture  are  late  complications. 
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Figure 4.7 Displacement of bone  fragments following  fracture. (a) Bending  induced  angu- 
lar  displacement. (b) Torque  induced  rotational  displacement. (c) Tension  induced  distrac- 
tion. (d) Compression  induced  overriding. (e) Compression  induced  impaction. (f) Shearing 
induced  lateral  shifting. 

(7) Aetiology - predisposing  factors  that  may  influence  progression  to  a  fracture as seen 
in stress fractures  or  pathological  fractures.  Examples  are  bone  diseases  or  inflammat- 
ory disorders. 

High impact  fractures 

Occupational  injuries, vehicle-pedestrian  accidents, and  sports-related  high-energy  im- 
pacts  frequently  lead  to  traumatic  fractures  of  long  bones.  Bone  is  a  viscoelastic  material 
and  increases  its  ultimate  strength  when  loads  are  applied  rapidly.  At  higher  strain  rates, 
it  can  store  much  more  energy  (area  under  the  load-deformation  curve)  before  it  frac- 
tures.  At  the  point  of  fracture,  this  large  quantity  of  energy  creates  multiple  fractures  to 
absorb  the  energy  released  (law  of  conservation  of  energy). 

Stress fractures 

Stress fractures,  common  in  occupational  and  athletic  injuries,  are  related  to  material 
fatigue.  The  fatigue-related  microcracks  seem  to  be  focused  within  specific  areas  of  the 
bone  matrix (Burr et al., 1997) probably  reflecting  the  imposed  non-uniform  mechanical 
environment. If microcrack  damage  is  not  excessive,  bone  has  the  ability  to  repair  these 
microcracks  by  resorbing  material  around  the  cracks  and  depositing  new  tissue  (remodel- 
ling). Whether  increased  remodelling  activity  in  the  area of microcracks  is  initiated by the 
presence  of  microcracks  themselves  or  by  the  mechanical  environment  that  induced  them 
is  unclear. 
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Theoretically,  this  remodelling  repair  process  could  give bone  an indefinite  fatigue 
life.  However, if the  mechanical environment that  induced  the  microcracks  persists,  the 
repair  process  may  also  accelerate  progression  to  a  stress  fracture.  Greater  remodelling 
increases  the number and size  of  porosities in  the  affected  areas  as  osteoclasts  first 
remove  bone before  osteoblasts  follow  to fill the  excavated  cones.  If  these  porosities 
unduly weaken  the  bone  before  new  material  is  deposited, then  stress  fractures  can 
develop.  This  phenomenon  may  explain,  in  part,  the  discrepancy  between in vitro studies 
which  indicate  that  millions  of  loading  cycles  at  physiological  strain magnitude and  strain 
rates  are necessary to induce  a  stress  fracture (SchaMler et al., 1990)  and in vivo data  that 
suggest  that  a  much  smaller  number  of  cycles  can  lead  to  stress  fractures  (e.g.,  stress 
fractures  in  military  recruits  typically  occur  within  the  first  six  weeks  of  training). 

Tibial  stress  fractures  account  for  up  to 50 per  cent  of  all  stress  fractures  observed 
clinically.  The  location of stress  fractures  depends  on  the  activity  that  induced  the  frac- 
ture, emphasising that  different  activities  generate  different  mechanical  environments. 
Tibial  stress  fractures,  for  instance,  occur  most  commonly  between  the  middle  and  distal 
thirds  of  the  diaphysis  in  runners, in  the  proximal  diaphysis  in  basketball and volleyball 
players,  and in the  middiaphysis  in  dancers  (Montelone,  1995). 

RELEVANCE T O  E R G O N O M I C S  

Although work-related  injuries  are commonly  associated  with  damage  to soft tissues  or 
joints (e.g.  repetitive  strain  injuries),  the  prevalence  of bone  fractures  is  still  high. In 
1995, 2.04 million  non-fatal  workplace  injuries  occurred  in  private  industry  in  the  United 
States  (Bureau  of Labor  Statistics,  1997).  Fractures  accounted  for  6.1  per  cent  of  total 
injuries  causing  a  mean  of 18 days  away  from  work  per  person  (Bureau  of  Labor  Stat- 
istics,  1997).  Primary means  for  preventing  fractures  should  consist  of  eliminating  situ- 
ations  that  may  generate  high  risk  mechanical  environments.  The  workplace  related 
mechanical  environment should  be  adjusted to have  a  minimal  impact  on  the  worker. 
Minimisation  of  forces  and  moments  acting  on  bones  may  be  accomplished  by  educating 
employees about  better  techniques  or  by  using  improved  equipment. Secondary preven- 
tion  of  occupational,  bone-related  injuries  should  emphasise  the  enhancement  of  bone 
quantity  and  quality, muscular strength, and  proprioception.  Regular  physical  exercise,  a 
balanced  diet  rich in calcium,  and  ‘normal’  hormonal  levels  are  the  optimal  means  to 
achieve  this  goal. 
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CHAPTER FIVE 

Muscle  mechanics in ergonomics 
JACQUES  BOBET 

I N T R O D U C T I O N  

How  should  an  ergonomist  design  a  task so it  is  safe,  easy,  and  comfortable?  How  should 
he/she  instruct  the  worker  who  must  do  the  task?  There  is  no  simple  answer,  but for many 
tasks  a  good  answer  requires  that  the  ergonomist  understand  the  physics  of  muscle.  The 
ergonomist  who  sets  out  to  design  a  physical  task,  or  instruct  a  worker  in  this  task, 
without  understanding  muscle is like  the  captain  who  sails  without  knowing  the  physics 
of  water, or the  pilot  who  flies  without  knowing  the  physics  of  flight.  Muscle  mechanics, 
the  study  of  muscle  force  and  its  effects,  is  key  to  the  health,  safety,  and  effectiveness  of 
workers.  It  is  central  to  such  questions as: How  to  reduce  the  stresses  on  the  body?  How 
to  optimise  performance  of  a  task?  How  to  prevent  fatigue?  How  to  make  a  task  less 
demanding?  How  to  prevent  pain  and  injury  to  muscle?  What  muscles  are  active  in  a 
given  task,  and  why?  Does  a  worker  have  the  ‘strength’  needed  for  a  task? 

This  chapter  is  a  review  and  tutorial in muscle  mechanics  for  ergonomists.  It  has two 
parts.  The first, ‘Basics  of  muscle  mechanics’,  explains  muscle  force, s t i a e s s ,  and  power. 
The  second,  ‘Workplace  implications of muscle  mechanics’,  discusses  the  implications  of 
muscle  mechanics  for  workplace  problems.  The  chapter  ignores  the  molecular or bio- 
physical  mechanisms  of  muscle  contraction  (see  Geeves,  1991,  for  these). It also  omits 
many  details  of  muscle  mechanics  (see  the  book  edited by Winters  and  Woo,  1990  for 
more  detail). 

BASICS OF M U S C L E   M E C H A N I C S  

Workplace  tasks  require  that  muscles  exert  force,  develop  stiffness,  and  generate power. 
Each of these  will  be  discussed  separately. 

Muscle  force 

Your  muscles  cause  useful  movement  by  exerting  force  on  your  bones.  This  force,  some- 
times  called  ‘tension’,  determines  whether  your  movement  will  be  effective or ineffective, 
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comfortable  or  painful,  easy  or  tiring.  For  example,  writing  with  your right hand is easy, 
restful, and  effective - if  you  are  right-handed. If you  are not, writing  with  your  right 
hand is difficult, tiring,  and  ineffective.  The  difference lies in the  actions of the muscles, 
in the  size  and  timing  of  the  forces  they  exert. 

A  muscle’s  force  depends  on  many  factors.  (These  have  been  studied  extensively,  and 
several  good  reviews  are  already  available.  See  Winter  (1990)  or  Lieber  and  Bodine- 
Fowler  (1993)  for  an  elementary  treatment.  See  reviews  by  Zajac  (1989)  and in Winters 
and  Woo ( I  990)  for  more  detail.)  The  most  important  of  these  are:  muscle  length,  muscle 
velocity,  and  muscle  activation. 

YOU  can  feel  the  effect  of  muscle  length  on  force  when you lift  yourself  from  a  pool 
onto  the  deck. If you  place  your  hands  at  shoulder  width  on  the  poolside,  you  will  easily 
rasie  your  body. If you  place  your  hands  close  together  or  far  apart,  however,  you  will 
struggle.  The  weight  you hoist is the  same  wherever you  put  your  hands,  but  the  force 
available  to do so is  not.  Your  arms  are  strongest  when  the  shoulders  and  elbows  are  at 
certain  angles, i.e. when  the  muscles  of  the  chest  and  arms lie at  certain  lengths.  Placing 
your  hands  incorrectly  puts  the  joints  at  unfavourable  angles,  the  muscles  at  unfavourable 
lengths. 

The  effect  of  length  on  tension is most  obvious in an  isolated  muscle  (Figure  5.1A). 
Muscle is strongest  when its sarcomeres lie at  an  intermediate  length. If the  experimenter 
measures  the  length  and  tension  of  a  single  muscle fibre, taking  care  to  keep its sarcomeres 
even,  the  relation  of  force  to  length  shows  sharp  changes in slope.  Under  these artificial 
conditions,  the  locations  of  these  changes  match  the  lengths  of  the  actin  and  myosin 
filaments  within  the  muscle  (Gordon et ul., 1966)  (Figure  5.1A).  Under natural  condi- 
tions,  the  relation  of  muscle  force  to  length is smoother  and  broader  (Gareis et al., 1992), 
due  to  the  action  of  factors  other than  filament  length (Ettema and  Huijing,  1994b;  Gareis 
et al., 1992;  Huijing et af., 1994)  (Figure 5.1 B). 

In addition  to  varying  with its length,  a  muscle’s  force  also  varies  with its speed.  The 
faster a muscle  shortens,  the  less  force it produces. If you  pedal  a  bicycle in too  low  a 
gear,  for  example,  your  legs  will  whirl  at  great  speed  but  you  will  exert  little  force  on  the 
pedals.  Shifting  to  a  higher  gear  slows  your  legs,  allowing  you  to  push  effectively  on  the 
pedals. By slowing  the  movement,  you  return  the  muscle  to  shortening  speeds  at  which it 
can  exert  force.  Hill  (1938)  referred  to  this  relationship  as  the  muscle fbrce-vclocihj 
churucteristic. 

Of  course,  muscle  can  exert  force  to resist lengthening,  as  well  as  to  produce  shorten- 
ing. For  example,  if  you  lower  a  box  onto  a  table,  you  allow its weight  to  exceed  the 
upward  force  from  your  hands. The box  descends,  lengthening  the  ‘contracting’  muscles 
of the  upper  limb.  These  ‘eccentric’  contractions  are  now  considered  part  of  the  force- 
velocity  properties  of  muscle.  An  isolated  muscle  exerts  more  force  while it is being 
lengthened  than it does  while  shortening.  A  typical  force-velocity  characteristic,  for  cat 
muscle, is shown in Figure 5.2. Note  that  the  characteristic  changes  with  the  rate  of 
stimulation. 

In cats,  measuring  a  single  muscle’s  force  and  velocity is easy. In humans, it is not. 
The force-velocity  relation  of  a  human  muscle can be  estimated  from  the  relation  of 
torque  and  angular  velocity  (speed  of  limb  rotation)  (see  reviews  by  Gulch,  1994;  Kannus, 
1994).  The  torque-velocity  relation in humans  behaves  mostly  as  you  would  expect, 
given  the  force-velocity  characteristic in isolated  muscle.  Human  muscle  torque  falls 
with  increasing  speeds  of  shortening,  and  rises  with  increasing  spceds  of  lengthening 
(Hill,  1922;  Perrine  and  Edgerton,  1978;  Thorstensson et ul., 1976;  Wickiewicz et a[., 
1984;  Wilkie,  1950). There  are  two  surprises,  however.  One  is  that  torque  decreases  with 
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Figure 5.1 Dependence of muscle force on muscle length. (A) In single frog fibres, under 
artificial conditions, the force is highest at mid-lengths. The relation has sharp  changes in 
slope  (letters A-E), which occur at specific sarcomere  lengths (numbers above  x-axis),  and 
which correspond to length-dependent changes in overlap  of the thick and thin filaments 
(numbers 1-6, at top)  (from  Gordon et a/.,  1966, by permission of the journal of Physiology). 
(B) Under more natural  conditions,  force is still  higher at mid-lengths, but the  relation is 
smoother  and  broader,  and  depends on the level of  activation. These  data  are  for cat soleus 
muscle (from Rack and Westbury (1 969), by permission of the journal of Physiology). 

velocity  of  stretch  at  high  stretching  velocities  (Dudley et al., 1990); in other  words,  very 
fast  stretches  generate  less  torque  than  moderately  fast  ones.  The  other is that  torque  rises 
with  velocity  when  muscle  is  shortening  slowly (Pemne and  Edgerton, 1978; Wickiewicz 
et al., 1984). In  other  words,  if  you  contract  slowly,  you  get  more  torque  than  if  you  hold 
a  fixed  angle.  This  'flat  spot'  in  the  human  torque-velocity  curve  arises  because  the 
nervous  system  cannot  fully  activate  the  muscle  at  low  speeds  of  shortening  (Dudley 
et al., 1990; Perrine  and  Edgerton, 1978; Wickiewicz et al., 1984). Other  authors  have 
not  found  this flat spot,  however (e.g. Thorstensson et al., 1976). 
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Figure 5.2 Dependence of steady force on muscle  velocity,  the  ’force-velocity character- 
istic’. Positive velocities  indicate shortening. Cat  soleus muscle  (from  Joyce  and Rack (1 969), 
by permission of  the Journal of Physiology). 

While  length  and  velocity  affect  muscle  force, so does  muscle  activation.  The  human 
nervous  system  uses two mechanisms  to  vary  muscle  force  (Milner-Brown et al., 1973a, 
1973b). It activates  motor  units  within  the  muscle  in  order  of  size,  enlisting  small  units  at 
low  force  levels  and  increasingly  big  ones  at  high  force  levels  (‘recruitment’).  It  also  sets 
the  rate  at  which  motor  units fire, driving  them  slowly  when  they  are first recruited,  then 
faster  as  more  force  is  needed (‘rate coding’)  (see  review  by  Clamann,  1993). 

Developing stiffness 

Many  tasks  require  that  the  muscles  keep  the  limb  in  a  desired position, rather  than 
exerting  a  desired  force.  To  hammer  a nail, for  example,  you  need  both  elbow  and  wrist 
muscles.  The  elbow  muscles  provide force, moving  the  hammer  onto  the nail. The  wrist 
muscles  provide s t z p e s s ,  preventing  the  wrist  from  ‘breaking’  on  impact.  All  of  the 
structures  crossing  a  joint  contribute  to  its  stiffness,  but  the  muscles  at  that  joint  have  the 
largest  effect. 

If  you  push  someone’s  foot,  making  it  rotate  about  the  ankle,  you  will  feel  a resist- 
ance.  The  structures  spanning  the  joint,  and  the  foot  itself,  oppose  your  movement.  If  you 
measure  the  torque  which  resists  you,  you  will  find  that  it  depends  on  the  movement  you 
impose  (Kearney  and  Hunter,  1982a,  1982b): 

T = I d%/dtZ + b dWdt + k0 

Equation 5.1 indicates  that  this  torque (T) depends  on  the  size of the  imposed  angular 
displacement (e), the  angular  velocity (dWdt), and  the  angular  acceleration (d2e/dtZ). The 
effect  of  each  of  these  depends  on  three  constants:  the  inertia  I,  the  viscosity  b,  and  the 
stiffness k. Their  values  differ  from  person  to  person  and  joint  to  joint. Two of  these 
constants (b and  k)  also  vary  with  joint  angle,  and  increase  with  muscle  force  (Kearney 
and  Hunter,  1982a,  1982b).  Note  that  equation 5.1 also  holds  if  the  opposite  experiment 
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Figure 5.3 Factors that affect the worker’s ability to maintain  a position while  doing a task. 
The limb rotates around the joint,  under control of at least one agonist and one antagonist 
muscle. Each muscle  contributes passive elasticity (pe),  crossbridge  force  (cb), elasticity from 
structures in series with the  crossbridges  (se), and viscosity (v). Its activity is controlled by 
reflexes and volition. The  limb  has inertia. The task itself may exert forces on the limb, or 
load the limb with extra mass or elasticity (modified from Winters et a/., 1988). 

is  performed:  applying  a known torque  to  the  joint  and  recording  its  movement  (Agarwal 
and  Gottlieb,  1977; Lake  et al., 1984).  More  detail  can  be  found  in  the  reviews  by 
Kearney  and  Hunter (1 990)  and  Gottlieb  (1996). 

Muscle  stiffness  and  viscosity  arise  mostly  from  its  crossbridges  (Ford et al., 1977; 
Rack  and  Westbury,  1974)  (Figure 5.3). These  crossbridges  are  elastic,  and  any  move- 
ment  that  lengthens  the  muscle  must  stretch  them;  this  gives  an  apparent stiffness.  Also, 
the  crossbridges  detach  and  reattach  in  a  way  that  depends  on  the  speed  of  stretch;  this 
gives an apparent  viscosity.  Some  of  the  stiffness  arises  from  the  presence  of  the  stretch 
reflex,  which  activates  a  muscle  when  it  is  lengthened,  increasing  its  resistance  to  stretch 
(Nichols  and Houk, 1973).  The  stretch  reflex is most  important  at  low  to  intermediate 
values  of  force.  Some  also  arises  from  muscle’s  passive  elasticity.  When  a  muscle  is 
inactive  and  unloaded,  it  assumes  a  certain  length  (its  ‘rest length’). If  you  stretch  the 
muscle  beyond  its  rest  length,  for  example  by  hanging  a  weight  on  it,  the  muscle  exerts  a 
force  opposing  the  stretch.  If  the  muscle  crosses  a  joint,  this  force  causes  a  torque  at  that 
joint.  This  torque  is  familiar  to  you  if  you  have  ever  tried  to  increase  your ‘flexibility’ - 
you  will  have  felt  a  strong  resistance  as  you  tried  to  rotate  the  joint  beyond  its  normal 
range.  The  passive  muscle  torque  around  human  joints  is  different  for  different  joints,  but 
always  tends  to  restore  the  muscle  towards  its  rest  length.  It  increases  sharply  at  the  ends 
of  the  range of motion  (Mansour  and  Audu,  1986;  Yoon  and  Mansour, 1982). Passive 
forces  are  not  constant,  and  the  joint  tends  to  become  less  stiff  if  it  is  stretched  repeatedly 
(Lakie et al., 1984);  this  effect,  called  ‘thixotropy’,  arises  from  the  properties  of  both 
muscle  and  joint  (Wiegner,  1987).  Passive  elasticity  does  not  affect  stiffness  much, 
except  at  the  extremes  of  the  range  of  motion. 
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Generating  power 

Some  tasks  require  the  right  muscle  force.  Others  require  the right muscle  stiffness.  Still 
others,  however,  require  the  right  muscle power. ‘Power’  has  various  meanings in every- 
day  use,  but in physics it has  a  specific  meaning: it is  the  rate  of  doing  work.  Work, in 
physics,  also  has  a  specific  meaning:  the  work  W  done  by  a  force F is defined  as: 

W = ) F d x  (5 .2 )  

where  dx is the  displacement  (in  the  direction  of  the  force)  of  the  point at which  the  force 
is  applied.  Work is larger  for  larger  forces,  or  for  larger  displacements in the  direction  of 
the  force. 

Climbing  a hill is  a  simple  illustration  of  work  and  power. If you  walk  straight  up  a 
steep hill, your  heart  pounds,  you  sweat,  and  your  legs  tire.  But  if  you  crisscross  the hill, 
gaining  a  little  altitude  on  each  pass,  you  reach  the  top  fresh  and  rested.  The  work  done 
is the  same in both  cases:  you  have  raised  your  body  to  the  top  of  the  hill.  But  the 
metabolic  and  fatigue  consequences  are  not.  Climbing  straight  up  a  hill,  you  do  work 
(raising  your  body  from  bottom  to  top  of  the  hill) in a  short  time.  Your  average  power  is 
high.  Crisscrossing  the  hill,  your  average  power is low. In both  cases,  this  power  comes 
from  the  muscle. 

The  major  factor  affecting  muscle  power is the  velocity  of  contraction. A muscle 
generates its greatest  power  when it shortens  at  speeds  around  one-third  of  the  maximum 
speed  at  which it can still generate  force  (Ivy et al., 1981).  Because  muscle  power  depends 
on  the  product  of  muscle  force  and  velocity,  muscle  power  varies  with  muscle  force. 

In theory,  an  ergonomist  can  reduce  the  energy  and  power  demands  of  a  task  by 
exploiting  the  elasticity  of  muscle.  The  idea is simple:  muscle  contains  elastic  structures 
which  are  capable  of  storing  and  releasing  energy.  By  exploiting  this  elasticity,  you  can 
provide  additional  power  or  energy  to  a  movement  (see  review  by  Cavagna,  1977). 
Muscle’s  action is analogous  to  that  of  a  bow.  You  can  impart  a  lot  more  power  to  an 
arrow  by  firing it from  a  bow  than by throwing it from  your  hand.  When  you  draw  the 
bowstring,  you  store  work in the  bow’s  elastic  structures (its  springiness).  When  you 
release  the  bow,  your  work is transferred  from  the  bow  to  the  arrow.  Because  you  do  the 
work  slowly  but  release it quickly,  you  get  a  lot of power.  Because  muscle is elastic,  you 
can  store  and  release  energy in it, in much  the same  way. 

W O R K P L A C E   I M P L I C A T I O N S  OF M U S C L E   M E C H A N I C S  

How  much  force is a muscle  exerting? 

As noted  above,  muscle  force  dictates  whether  a  task is easy  or  hard,  effective  or  ineffect- 
ive,  tiring  or  restful.  How  can it be measured? 

Before  discussing  this, it is important  to  distinguish  between  muscle  force  and  the 
force  exerted by a  limb on an  external  object.  Muscle  does  not  act  directly  on  a  tool; 
rather,  the  muscle  force  turns  the  limb,  pressing it onto  the  tool. In sawing,  for  instance, 
the  muscles of the  shoulder  and  elbow  pull  on  the  bones,  rotating  the  arm;  the  arm’s 
rotation  then  pushes  the saw  onto  the  wood.  The  distinction  is  important:  the  force  of  the 
hand  on  the  saw,  while  easily  measured, is not  the same  as the  force  the  muscles  exert  on 
the  arm. 
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A  researcher can measure  muscle force in several ways. In animals, the  muscle  can  be 
cut  and tied to a  force  transducer,  then  stimulated  with  electric current. Stimulation 
methods that mimic normal  activation  by the  nervous  system  are  now available (Baratta 
et a/., 1989). Cutting the  tendon and  attaching it to a device is helpful for  studying  muscle 
mechanics, but cannot  be  used in humans. 

Other  methods must  be  used  in humans. For muscle  groups  whose  nerve is superficial, 
such  as  the  ankle flexors or extensors,  the  researcher  can  stimulate the  nerve electrically, 
passing  current  through the  skin  to  produce  contraction.  He/she  can then measure  the 
torque  about the ankle, by recording  the force  exerted  by the foot on a force transducer. 
Since this torque is caused by only  one muscle,  he/she  can estimate  the muscle’s force  as 
long as its  moment arm is known.  (Note that this approach  does not work with  a  volunt- 
ary contraction. In voluntary  contractions, the torque  cannot  be  attributed to a single 
muscle’s force.) If the  muscle  has a  long tendon, the  researcher can place  a  force  trans- 
ducer  around it and measure  muscle force  directly  (reviewed in Komi, 1990). This 
approach  requires  surgery. For  superficial  muscles, he/she can estimate a muscle’s  force 
from its  electrical  activity (its  electromyogram,  or  EMG).  To  do this,  he/she  places 
recording  electrodes in or  over the  muscle.  If  the joint  angle  is not changing, and the 
muscle’s  force is steady, the level of  EMG is proportional to  the force. If the joint  angle 
is changing,  or  muscle  force is not constant, then the level of  EMG can still relate to 
force,  once  the influences of  muscle  length, velocity,  and dynamic response have been 
removed. 

Force can also  be estimated  from the fluid pressure  within the  muscle (‘intramuscular 
pressure’). The researcher  inserts  a  small  pressure sensor through  the  skin  and  into the 
muscle.  Intramuscular pressure increases as  muscle force  increases, even  if the muscle 
length or velocity is changing (Ballard et ul., 1992, 1993; Korner et ul., 1984). This 
approach  has  several  disadvantages,  however. The device  must  be  inserted into the  muscle. 
Pressures at different sites within the  muscle  are different.  Also, pressure may not cor- 
relate  with  force if the  muscle lies in tight  bony or fascial compartments  (Sejersted  and 
Hargens, 1995). 

Overall, there is no ideal device  for mcasuring muscle  force in the workplace.  Meas- 
ures  based on electromyography  are  the best choice at  present. The measurement of 
intramuscular  pressure  may  prove  useful in future. 

How can  muscle  force  be  increased? 

Many tasks require  more  force  than  a worker can exert.  Transferring a  heavy  patient from 
bed  to wheelchair,  for  instance,  may  require  more force than the  nurse  can  muster. Can a 
muscle’s  force be increased? 

The  ergonomist can  increase muscle force by exploiting  what is known about muscle 
length,  velocity,  and  activation. Muscles  are strongest  at  certain joint angles,  and  at 
certain joint velocities. The  ergonomist should  therefore  design tasks so that the  worker 
can  position  his joints at the ‘strongest  angles’.  He/she  should ensure that the speeds 
needed are  low,  or even  negative ( i t . ,  eccentric  contractions). He/she  can  also mani- 
pulate  activation by training and  motivation. Highly  trained,  highly  motivated subjects 
can  activate  the  muscle  maximally. 

Of  course, the ergonomist can also increase a worker’s strength by using  exercise. 
This topic is beyond the scope of this  review (see Fitts  and  Widrick, 1996). 
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Note that increasing  the  force  produced by the  muscle,  by  whatever  means,  will 
increase  the  stresses  on  the  body.  This  may  increase  the risk of  injury.  Reducing  the  force 
required  by  the  task  is  preferable. 

How can  muscle  force  demands  of  a task be lessened? 

If muscle  forces  are  large,  the  worker  will  quickly  become  fatigued,  sore,  and  ineffective. 
How  can  the  muscle  forces  required by a  task  be  lessened? 

One  obvious  way  is  to  reduce  the  force  demands  of  the  task  itself.  Digging  weeds  out 
of  a dry  lawn,  for  example,  is  a  slow  process  which  rapidly  becomes  fatiguing  and 
painful. In a  wet  lawn,  however,  much  lower  forces  are  required,  and  the  task  can  be  done 
more  quickly,  more  easily,  and  more  effectively.  Here,  the  muscle  can  get  away  with less 
force,  because  the  forces  needed  for  the  task  itself  are less. Another  obvious  way  is to let 
stronger  muscle  groups  do  the  task.  For  example,  putting  a  long  handle  and  a  footplate  on 
a  weed  digger  allows  the  large  muscles  of  the  lower  limb,  rather  than  the  smaller  muscles 
of  the  upper  limb,  to  drive the digger  into  the  ground.  A  third  way  is  to  exploit what is 
known  about  muscle  length  and  velocity.  Muscles  are  strongest  at  certain  joint  angles. 
Forces  which  are  near  maximal  at  one  joint  angle  may  be  greatly  submaximal  at  another. 
Similarly,  muscles  are  strongest  at  certain  velocities.  Forces  which  are  near-maximal  at 
one velocity  may  be  greatly  submaximal  at  a  slower one. 

It is important  to  remember  that  the  force  required  of  the  muscles  depends  on  the 
torque  required  of  the  joint.  Often,  a  task  can  be  redesigned  to  require  less  torque  from  a 
joint.  For  instance,  a heavy  weight  held  at  arm’s  length  will  produce  a  large  torque  about 
the  shoulder.  The  shoulder  muscles will  have  to  contract  mightily to  counter  this  torque 
and  keep  the  arm up. The  same  weight  held  close  to  the  chest will  produce  less  torque, 
and  spawn  less  muscle  force.  The  force  on  the  weight  is  the  same in both  cases,  but  the 
muscle  force is less  (see  Lieber  and  Bodine-Fowler, 1993, for  more  on  torque). 

How best to  maintain a position against a disturbing  force? 

As noted above, many tasks  require that the  worker  maintain  a  position  despite  a  perturb- 
ing  force.  How  can  muscle  mechanics  be  exploited  to  do so‘? 

A  worker’s  success  at  holding  a  position  against  a  force  depends  on  that  force.  Small, 
brief  forces  perturb least. In jackhammering, for  example,  the  worker’s  muscles  must 
maintain  the  body’s  position  against  the  hammer’s  force.  Reducing  this  force  and its 
duration  will  make  the  task  easier. 

Holding  a  position  can  also  be  made  easier by increasing  the  limb’s  moment  of inertia. 
This  can be  done  by  augmenting  the  amount  of  mass  that  the  force  must  rotate,  or  by 
changing  the  way  this  mass is distributed  around  the  axis  of  rotation. If the  worker  holds 
the jackhammer at arm’s  length,  with  shoulders  relaxed,  the  jackhammer’s  force  will 
move  only  the  arms. It will  easily  move  this  tiny  inertia.  But if the  worker  holds  the 
shoulders stiffly, and  leans  forward,  the  jackhammer’s  force  will  now  have  to  rotate  the 
entire  body  about  the  ankle. It will  produce  much  less  movement  of  this  larger inertia. 
Another  way  to  increase  the  moment  of inertia is to  increase  the  mass  of  the  body 
segments,  by  loading  them  with  weights.  These  weights  should  be  placed  far  from  the 
axis  of  rotation  for  maximum  effect  (see  Winter, 1990, for  a  discussion  of  moment  of 
inertia). 
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In addition to  depending  on inertia,  the  ability of a limb to maintain  its  position 
depends  on  joint stiffness and viscosity. These  two  arise mostly  from muscle,  and the 
worker can set both by contracting the  muscles at a joint.  The stiffnesses and viscosities 
of  muscles  crossing a joint  are additive, so he/she will make  the  joint stiffest and most 
viscous by contracting them all. The higher he/she can make these, the less  displacement, 
since  the  jackhammer must overcomc  joint stiffness and viscosity to produce  movement. 
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CHAPTER SIX  

Functional  anatomy of 
the upper limb 

REUBEN FELDMAN 

THE HAND 

The  hand is the  part  of  the  limb  which  permits  tactile  contact  between  the  individual  and 
the  environment. All the  movements  of  the  shoulder,  elbow  and  wrist  facilitate  this 
contact  allowing  for  a  very  large  area in which  the  hand  can  operate  in  space,  reaching 
not  only  all  parts  of  the  body  with  little  difficulty  but  also  areas  in  space  limited  only by 
the  effect  of  elbow  extension  and  forward  flexion  of  the  body. 

The  movements  of  the  hand  are  governed  structurally by the  presence  of  a  transverse 
metacarpal  arch,  a  line  between  the  heads  of  all  of  the  metacarpophalangeal  joints  with 
the  uppermost  portion  of  the  arch  being  the  metacarpal  head  of  the  third  finger.  It is this 
arch  which  permits  extension  and  abduction  to  occur  on  contraction  of  the  finger  extensor 
muscles  and  permits  grasp  to  occur  with  all  fingers  touching  their  adjacent  neighbours  on 
contraction of the  finger  flexors. 

The  intrinsic  muscles  of  the  hand  are  responsible  for  maintaining  this  arch-like  con- 
figuration.  Lack  of  function  of  the  intrinsic  muscles  results  in  a  flattening  of  the  hand. 
This  can  result  in  severe  disability  and  dysfunction  of  the hand. 

The  transverse  metacarpal  arch  is  an  extension  of  a  similar  arch  proximally  passing 
through  the  distal  wrist.  There  is  also  a  longitudinal  arch  stretching  from  the  proximal 
wrist  and  having  as  its  axis  the  second,  third  and  fourth  fingers. 

The  hand  performs  activities  in  a  most  remarkable  fashion.  With  sensation intact,  it  is 
able  to  differentiate  between  most  environmental  surfaces  and  temperatures  instantan- 
eously  and  allows  for  immediate  motor  response  to  these  sensations. In lengths  of  time 
measured in microseconds,  movement  of  the  muscles  of  the  hand  can  be  initiated  in 
response  to  whatever  need  is  required,  providing  not  only  speed  but  quality  of  effective 
movement  of  all  the  fingers  and  the  thumb.  It  is  an  interesting  observation  to  realise  that 
while  most of the  joints  have  been  effectively  replaced  by  prostheses,  in  the  case of limb 
amputation,  there  has  not  yet  been  any  satisfactory  attempt  at  replacing  the  quality  of 
movement  of  the  hand by prosthetic  devices  despite all attempts  at  computerisation  and 
the  use  of  the  most  recent  technologies. 
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In order  to  achieve  the functions of  power  grip, precision grip and  the  ability  for  the 
hand to  conform  to all surfaces with which it will make  contact, there are three anatom- 
ical arches that  permit  this  versatility to occur. The most  important is the  transverse 
metacarpal  arch  which follows the  dorsal surface  of the  metacarpal heads and  has  as its 
peak, the third  metacarpal  head. This is the distal transverse  arch.  The proximal  arch is 
formed by the  distal  wrist  with the capitate as its  peak. In addition, there is a  longitudinal 
arch  following the  palmar  surface  of  the fingers which is formed by the  contours  of  the 
fingers and the carpus.  These anatomical arches  are held in place  primarily by the intrinsic 
muscles of  the hand.  Paralysis of  these  muscles results in flattening of  the hand,  distortion 
of its contours  and  marked hand dysfunction. 

It is  the  existence  of  the  transverse metacarpal  arch which  permits all the  finger tips to 
meet  their  adjacent  counterparts on flexion of  the metacarpophalangeal  and  interphalangeal 
joints, permitting  function to  occur in any position of flexion. This, then, allows for  a 
very effective  power  grip. 

The  existence  of  the transverse  arch also permits  each  finger to contact the base of  the 
thumb individually,  thereby allowing  for precision grip  to  occur, particularly  between the 
tip  of  the  thumb  and that of the  second  and  third  fingers. 

The function of  the hand is enhanced immeasurably  by  the  ability of the thumb  to 
move  particularly through its carpometacarpal  joint, providing  both  opposition and rota- 
tion of  the  thumb  as it moves  towards the  ulnar side  of  the hand. The ability to perform 
the  movements of adduction,  abduction, flexion and  extension as well as  opposition 
provides the opportunity  for  precision as well as  for increased power  of  grip when  the 
thumb is placed on  the  dorsum  of  the second and third  fingers  after  they have been flexed 
to  achieve a power  grip.  The  existence  of the thumb in that  position  provides  additional 
stability of this grip. 

The extrinsic  muscles of  the hand,  originating as they do from the forearm,  provide  the 
function of flexion and extension of the  fingers. These  are  augmented by  wrist move- 
ments  which have already  been described. Increased power  of flexion of the  fingers can 
be achieved  with the addition of wrist  extension. 

Stability of flexion of the  interphalangeal joints is achieved by a  network of flexor 
tendon sheath  pulley systems  which facilitate and stabilise flexion of these joints. 

The intrinsic  muscles are all anatomically  present  within the hand.  Thcir  function is to 
modify the basic movements  as well as provide  anatomical  stability  within the  hand. It is 
the coordinated movement  of the  intrinsic  and  extrinsic systems which allows  for satis- 
factory  function of  the hand. 

Anatomically, the  extensor  tendons  end by developing into an extensor  assembly  or 
mechanism over  the interphalangeal joints. A  trifurcation occurs at  the end  of the long 
extensor tendon  with one  middle  and  two lateral bands  being  produced.  The  middle band 
runs over  the  dorsum of the proximal  phalanx  and  inserts into the base of  the  middle 
phalanx  while  the  lateral bands  form the  terminal  tendon after  merging  on  the dorsum of 
the  middle phalanx  and  inserting  into the  dorsum  of  thc distal  phalanx.  Additional liga- 
ments  from  the  terminal  tendon link into the proximal  phalanx. This anatomical  conforma- 
tion  permits  precise  movement by release of  the distal  phalanx when the  finger is flexed 
at  the  proximal  interphalangeal joint.  This  allows  for pulp-to-pulp pinch and  intermittent 
changing from pulp-to-pulp to tip-to-tip  pinch  with  precision. 

The flexor  mechanism of  the fingers  with  its  tendon  sheath  pulley  system is composed 
ofthe flexor superficialis  and  flexor  profundus  muscles. The flexor  superficialis  inserts on 
the middle phalanx  while  the  profundus  inserts on  the distal  phalanx. P u k y s  allow  for  a 
smooth  movement  of  the  tendons with  the sheaths providing  protection  for the tendon SO 
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as  to avoid  injury from bony  irregularities during  movement. Pulleys also reduce  the 
stress  which  can occur  otherwise between the  tendons  and  their  sheaths. While  function 
of  the flexor  superficialis is individualised to all the fingers, a common tendon  provides 
profundus movement without  individualised  possibilities. 

The intrinsic  muscles, as mentioned,  provide  moderation of the  forces  between  flexors 
and  extensors.  Of particular  interest is the  lumbrical muscle which counteracts  the claw- 
ing  effect  found in intrinsic muscle palsy. The lumbricals allow  for  the interphalangeal 
joints to function in extension during  opening  of  the hand  at  the same  time as the  meta- 
carpophalangeal joints  are flexed. In addition, they allow  for  closing  of the  hand  with 
interphalangeal joint flexion occurring at the same time or  just behind  metacarpophalangeal 
joint flexion. 

For prehension of  the hand to  occur,  there must be mobility of  the carpometacarpal 
joint  of the thumb  and  of the  fourth  and fifth metacarpophalangeal joints. Rigidity of  the 
second  and third  carpometacarpal joints  is necessary as is stability of the  longitudinal 
arches.  Synergy is established  between  the  antagonistic movements  of the  long  flexors 
and extensors by the presence of  the intrinsic muscles. Over-riding all of these  require- 
ments is an adequate sensory  input  into all portions of  the hand (Napier, 1956). 

The patterns of prehension of  the hand  include power  grip and  precision  grip. In power 
grip, the fingers are flexed at all three of  their  joints  allowing for  prehension to  occur 
between the palmar  surface of  the fingers  and the palm of  the hand and  the  thumb  is then 
positioned along the  palmar  surface of  the object  being  held.  If the object is cylindrical or 
smaller in size, the  thumb  can  achieve a  position in which the pulp  of  the tip of  the  thumb 
is in contact  with the dorsal surface  of the  distal  phalanx of  the index and  the third finger. 
Enhancement of this movement is achieved by ulnar deviation and extension of  the wrist 
so as to increase  the  tension  placed on the object  by  the  flexor tendons. 

Precision grip is achieved by establishing  contact  between the  thumb and the index 
finger. The types of precision grip that can be  established  include  tip-to-tip  pinch in 
which  there is contact  between  the pulp  of  the  thumb  and that of  the index  finger, palmar 
pinch in which  the pulp of the thumb contacts the  palmar  surface  of  the distal  phalanx of 
the  index  finger and lateral pinch in which  the  pulp of  the  thumb  makes contact  with  the 
lateral aspect of  the  middle  and distal phalanges  of  the index finger. Usually  there is an 
object in between the  surfaces  of  the fingers  permitting  this  precision  activity to occur. In 
this  way,  manipulation of small objects requiring  fine  finger movement can  be  achieved. 
The fingers are usually  partially  flexed  while  the thumb is abducted and in opposition. 

Power  grip is usually  achieved  by the production of  two  jaws with one  of them  being 
the  fingers and  the  other the palmar surface  held in place by the thumb wrapped around 
the fingers.  Precision grip is characterised by the so called three-jaw chuck in which  there 
is interaction  between the  thumb, the  tip of  the index and  the  tip  of  the third  finger. 
Increased power  of these grasps  is achieved by an increase  in  wrist  extension. 

By the interaction of extrinsic and intrinsic muscles in the  hand as described, well 
coordinated,  quickly  responsive and very  selective movements  can be achieved, resulting 
in purposeful  and  useful  hand  function. 

THE WRIST 

The wrist  anatomically contains a number  of  bones  and soft  tissue  structures  that  permit 
the  transfer of  loads  between  the forearm and  the hand in both distal and proximal 
directions. In addition, the wrist also  allows  for  changes in orientation of  the hand  relative 
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to the forearm so as  to  allow  the hand to  be placed in positions such that its  function can 
be  assured. It is  as a  result of this  anatomical and kinematic  relationship that the hand  can 
perform activities  of daily  living, grasp  and placement  in space in such a way  as  to permit 
it to  achieve whatever functions  are required of it. 

In addition, the wrist is traversed by long  flexors and  extensors  to the  fingers.  Function 
of  these  structures  is assured by  the relative  stability of  the wrist. 

A  discussion of the  anatomy  of  the wrist can  be found in any textbook on the subject. 
Similarly,  the  complex disposition of the  ligaments  of  the wrist divided,  as they are, 
between  extrinsic  and intrinsic ligaments,  is best  seen in a  treatise of anatomy. However, 
the wrist is surrounded by  ten  wrist tendons  of  which only one,  the flexor  carpi  ulnaris, 
inserts on the  pisiform. All other  tendons  traverse the  wrist and  its carpal bones  to insert 
on  the metacarpal bones  of  the  hand. 

In so doing, these muscles contribute  to  the function of flexion  and  extension of  the 
wrist  with  ulnar and  medial  deviation  of  the hand as well as providing  pronation and 
supination of  the  forearm. 

From the neutral  position of the wrist, flexion can  normally  be achieved  to 85-90" 
while  extension is normal  between 75 and 80". These  values would  be  the average  of 
those that have been  identified  by  various  workers attempting  to  determine  the exact 
normal range of these  movements. 

Pronation and  supination  of  the forearm occurs when the radius  rotates on the  under- 
lying ulna through  the proximal and distal  radioulnar joints.  With the  neutral  position 
placing  the  hand in  a  vertical  position,  normal  pronation is 90" while  supination  would  be 
considered  normal  at 70-80". Finally,  radial  deviation is normal at approximately 15-20" 
while ulnar  deviation  is normal at 35". 

While these  values  are  considered  to be  normal  values, adequate function of  the wrist 
can  be achieved,  allowing  for normal activities  of daily  living, even  with  marked  com- 
promise  of wrist  function. This is because of  the  compensatory  actions  of  the  many  joints 
in the  wrist  which  permit movement  even in the presence of decreased  function of  some 
of these joints.  As  has been shown by Brumfield and  Champoux (1984), it is sufficient 
to  have 10" of flexion and 35" of extension of  the wrist to  allow  for  the  performance  of 
normal activities of daily  living.  A  review of  the  amount  of wrist motion  required for the 
performance  of  selected daily activities is presented in Table 6.1. 

Table 6.1 Amount of wrist motion required for performance of selected daily activities. 

Activity  Mean  extension  (degrees) 

Minimum Maximum Arc 

Lift  glass  to  mouth 
Pour  from  pitcher 
Cut  with  knife 
Lift  fork  to  mouth 
Use  telephone 
Read  newspaper 
Rise  from  chair 

11.2 
8.7 

-3.5 
9.3 

-0.1 
1.7 
0.6 

24.0 
29.7 
20.2 
36.5 
42.6 
34.9 
63.4 

12.8 
21.0 
23.7 
27.2 
42.7 
33.2 
62.8 

~~ 

Negative  values  indicate  flexion. 
Data  from  Brumfield  and  Champoux ( 1  984). 
N = 19: 12 men  and  7  women, age  25  to 60 years  (mean  33  years). 
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Despite its presence  between  the  long  forearm  bones  and  the  hand,  the  wrist  maintains 
its stability by a  balance  of  forces  between  those  created by  the  long  flexors  and  extensors 
which  traverse  the  wrist  and  the  ligamentous  structures  together  with  the  articular  surface 
conformation  which  counterbalance  the  long  tendon  forces.  In  this  way,  a fine balance is 
created  between  extrinsic  and  intrinsic  forces,  allowing  for  dynamic  stability  to  be  present. 
Steindler, in 1955, studied  the  forces  created by the  various  components  of  the  stabilising 
effect  and  noted  the  presence  of  antagonistic  groupings  of  motor  forces  between  exten- 
sors  and  flexors  of  the  fingers. 

The most  important  function  of  the  wrist  is  that  of  providing  proper  positioning so as 
to  facilitate  movement  of  the  fingers  and  the  hand.  In  this  way,  wrist  extension  facilitates 
finger  flexion in prehension  by  shortening  the flexors, thereby  promoting efficient and 
appropriate  grasp.  This is demonstrated  on  viewing  the  functional  position  of  the  hand 
which  includes  wrist  extension,  with  finger  and  thumb  flexion. 

In  the  same  manner,  flexion  of  the  wrist  facilitates  finger  extension  by  providing 
stretch  on  the  extensors  and  resulting in separation  of  the  fingers in extension. 

Electromyographic  studies  have  demonstrated  that  grip  strength  was  at its greatest 
when  wrist  extension was  at 20". Extension  beyond 20" did  not  substantially  change  the 
amount  of  grip  strength  that  was  achieved (Volz et al., 1980). 

Finally,  the  tenodesis  effect is achieved in wrist  extension.  When  the  fingers  are 
relaxed  and  the  wrist is extended  there is passive  movement  and  approximation  between 
the tip of  the  thumb  and the  distal  phalanx  of  the  index finger. With  slight  flexion  of  the 
thumb,  a  three-point  prehension is possible  with  the  thumb  making  contact  with  the  distal 
phalanges  of  the  index  and  third fingers. This  tenodesis  effect  is  used  to  provide  rudi- 
mentary  prehension in individuals  who  are  quadriplegic.  The  force  of  prehension  can  be 
increased  by  a  number  of  orthotic  devices  which  add  force  to  this  type  of  prehension, 
thereby  faciltating  upper  limb  function in the  high  spinal  cord  injured  patient. 

THE ELBOW 

The  elbow  serves  to  augment  the  ability  of  the  shoulder  to  bring  the  hand  and  finger  tips 
into  various  areas  of  a  person's  spatial  environment. It acts  as  a  second link in the 
shoulder-elbow-wrist  complex,  allowing  contact  between  the  person  and  the  environ- 
ment.  More  specifically,  as  a result of  elbow  motion,  the  height  and  length  of  the  upper 
extremity  can  be  adjusted.  In  addition,  with  the  ability  to  pronate  and  supinate  the  fore- 
arm, the  hand  can bc placed in the  most  effective  position so that function  can  occur. 

The  anatomy  of  the  elbow is such that it consists  of  three  joints,  the  humeroulnar, 
humeroradial  and  proximal  radioulnar  joints. 

These three joints permit  two  movements to  occur.  The first is  flexion  and  extension. 
This  movement  occurs  simultaneously  between  the  humeroulnar  and  humeroradial  joints 
with  the  axis  of  flexion  and  extension  being  a  line  through  the  trochlea  of  the distal 
humerus (Volz et a[., 1980).  This  line  forms  the  carrying angle  which in men  is 10-15" 
and in women 20-25". The  normal  range  of  motion in flexion  and  extension of  the  elbow 
is 0-140"  with 0" representing full extension  and  140"  representing full  flexion. 

The  second  of the two  motions  which  the  elbow  can  perform  is  pronation-supination. 
For  this  to  be  performed,  the  radius  must  be  able  to  rotate  around  the  ulna  for  a total of 
140".  This  movement is done in the  proximal  and  distal  radioulnar  joints  simultaneously. 
Stability  for  the  proximal  radioulnar  joint is achieved  by  the  presence  of  the  annular 
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ligament  which allows  for  close association between  the  components  of this joint  and 
good  joint congruity,  present  both  distally  and  proximally, to have  its major  effect. 

Despite  the presence  of three joints in the elbow, excellent  stability  can  be  maintained. 
This stability is achieved  by  mechanisms which  include the interlocking of all bony parts 
by placement  of  the  ligaments in their  maximum  amount  of tension at full  extension 
position. 

The presence of  the radial (lateral) collateral  ligament,  the ulnar  (medial)  collateral 
ligament and  the  annular ligament help to achieve  this stability. In addition, the interosseous 
ligament  between  the  radius and ulna  helps in this  function. 

While  joint congruity is excellent in most areas  of  the  elbow, there is some incongru- 
ity,  particularly  in  flexion  in the area of  the medial condyle of the humerus. This  allows 
for  some instability to  occur and  permits  passive adduction  and  abduction  of  the  elbow. 
This is not achieved  actively. 

The  movements  which  occur in the  elbow  are  dependent upon  a number  of different 
muscle  groups. In flexion, the  major muscle  involved is the brachialis  muscle, which,  on 
active movement,  permits flexion and  on relaxation permits extension  with the help of 
gravity.  The brachialis  functions  irrespective of  the position of the  forearm. This  muscle 
is helped  by  both the brachioradialis muscle and to a  lesser extent the  biceps muscle 
(Basmajian  and Latif, 1957). 

Extension is achieved  by the  use of the triceps  muscle  as well as a  small  triangular 
posterior  placed muscle called the  anconeus which  initiates  extension and when  extension 
is full,  maintains the fully extended position of  the  elbow. 

The  major  supinator  of  the  arm is the  biceps,  and it is this  function  which is a  major 
function of  the biceps  muscle. In addition, the  supinator provides  additional movement in 
that  direction. The biceps  functions  only  when  the elbow is in the flexion  position and 
only if the forearm is supinated or in the neutral  position. 

Pronation is  performed by the use of  two muscles. The pronator teres  is situated 
proximally across  the anterior  portion of  the  elbow  joint  from  the medioproximal to  the 
laterodistal  portion of the joint and is particularly active  during  elbow  extension. During 
elbow flexion it is  much  more relaxed and therefore has a  much  lesser  role in pronation. 

The pronator  quadratus,  situated on  the  anterior distal  forearm  between  the  radius  and 
the ulna is active  in  pronation whether  the  elbow  is in the flexed position or in the 
extended position. This distinction  provides an interesting method by which a  study of 
pronation and supination  could  be done so as  to  determine which muscles  are most 
effective in providing  this movement  (Basmajian and Travil, 1961 ). 

In summary, the elbow, which contains its own sophisticated  inherent  stability, is 
composed  of three  articulations, which  provide  the  opportunity for two  movements with 
the help of a variety of different muscles  acting at different times  during the process  of 
flexion and extension. This permits  placement of  the hand more precisely in space  as Well 
as positioning of the wrist to  allow  for improved  hand function. 
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CHAPTER SEVEN 

Hand  grasping,  finger  pinching 
and  squeezing 

SHEIK N. IMRHAN 

INTRODUCTION 

The  method  of  grasping  an  object,  the  degree  of  manipulation  offered  by  a  particular 
grasp,  and  the  strength  and  endurance  of  grasping  are  of  great  importance  to  ergonomists 
for the  design  of  tasks  and  equipment,  especially  hand  tools  and  other  hand-operated 
devices (Konz, 1990; Kroemer et al., 1994), prosthetic  devices ( A n  et al., 1985), and 
complex  mechanical  devices  such  as  robotic  hands  (Mason  and  Salisbury, 1985). It  is 
also  useful  for  evaluating  hand  disability  (Fiedmann  and  Abbs, 1990; Mai et al., 1988). 
Napier (1956) identified  two  distinct  movements  of  the  hand - prehensile  and  non- 
prehensile - and  Landsmeer (1  962) provides  further  discussions  of  Napier’s  classifica- 
tions.  In  prehensile  movements,  an  object  is  seized  and  held  partly or  wholly  within  the 
compass  of  the  hand;  and in non-prehensile  movements or handling,  seizing  does  not 
occur  but  the  whole  hand or finger  applies  pressure  on  the  object,  as in  pressing  the  flat  of 
the  hand  against  a  door  when  pushing.  Napier (1 956) further  identified  two  main  kinds  of 
prehensile  movements:  power  grip  (grasp)  and  precision  grip  (grasp).  In  the  power  grasp, 
the  object  is held  in the  palm  of  the  hand  with  the  force  from  the  thumb  opposed  by  the 
combined  forces  from  the  other  fingers,  and  muscular  force  application is dominant.  In 
the  precision  grasp,  the  object  is held between  the  flexor  aspects  of  the  fingers  and  the 
opposing  thumb,  and  muscular  force  application  is  limited.  Pinch  is  defined  by  Long et 
al. (1970) as  compression  between  the  thumb  and  index  and  thumb  and  first  two  fingers. 
These  definitions  create  some  confusion  when  distinguishing  between  grasps  that  create 
appreciable  muscular  forces  (or  power)  and  those  that  do  not.  In  many  industrial  tasks, 
the  finger  pinching  is  used  both  for controVprecision and for the  application  of  great 
forces or power  (relative to  the  strength  capacity  of  the  fingers). To avoid  confusion 
in  this  paper,  Napier’s  power  grip  will  be  called  ‘hand  grasping’  to  allow  the  concept 
of  muscular  power  to  be  applied  to  pinching.  Moreover,  tool  design  characteristics, 
especially  for  the  industrial  workplace,  create  such  a  variety  of  grasps  that  further 
subclassification  is  necessary  for  describing  tasks.  The  established  classification  of  pinches 
in section,  ‘Types  of  precision  grasps’  and  the  more  recent  classification by Kroemer 
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(1  986)  fulfil  most  of  these  needs. In this  chapter,  the  biomechanical  aspects  of  hand  grasp- 
ing  and  pinching  will  be  discussed;  personal  and demographic  aspects  are not  addressed. 

G R A S P I N G   O V E R - E X E R T I O N  O F  T H E   H A N D  

The nature  of  industrial  work  often  calls  for  pinching  and  power  grasping  activities  that 
impose tremendous  strain  in  the  hands,  either  through  the  exertion of  great  forces  or from 
highly  repetitive  or  sustained  contractions.  Powerful  or  repetitive hand and  finger  activit- 
ies  have  been  linked  to  the  incidence  of soft tissue  cumulative  trauma  disorders of the 
hand,  such as carpal  tunnel syndrome, trigger  finger, etc.  (Armstrong and  Chaffin,  1979; 
Eastman  Kodak,  1986;  Putz-Anderson,  1988)  and  degeneration of the  distal  interphalangeal 
joint  (DIP)  (Hadler,  1978;  Moran et al., 1985).  One  approach  towards mitigating  cumulat- 
ive  strains  is  to  minimise  grasp  forces  in  tasks.  Therefore  an  understanding  of  the  nature 
of  grasping  and  grasp  forces is necessary. 

Hand  grasp  and  finger  pinch  forces  (compressive,  thrust  or  rotational)  may  be  required 
for  holding  and  stabilising  an  object  or  system,  squeezing  mechanical  parts  together  or 
helping  to  create  torques on handles,  but  the  type  of  hand  grasp  or  pinch  used  by  a  person 
and  the amount of force  applied depend on  several  factors, among  the  most important 
of  which are  the  intended  activity  and  the  size,  weight,  and  shape  of  the  object. In the 
industrial workplace  other factors,  such as frictional  properties  at  the  hand-object  contact 
or  stability  of  the  object  may  also  modify  the  type  of  grasp  and  amount  of muscular  force 
generated  (Bucholz et al., 1988;  Kinoshita et al., 1996a).  The  influential  factors  do  not 
necessarily  act  independently  of  each  other. A short  cylinder  (jar  lid),  for  example,  may 
be grasped  differently from a  long  one  (screwdriver  handle)  for  the  same  activity  (gener- 
ating  torque,  for  example);  and  the  hand  may  change  from  a  power  grasp  to  a  precision 
grasp  according  to  the  force  requirements  (Napier,  1956). 

TYPES OF P R E H E N S I L E   G R A S P S  

Ayoub et al. (1976)  classify some  common task-related  prehensile  grasps  for ergonomic 
use;  Smith  (1985)  lists common  terms for  pinches  used  by  clinicians;  and  Kroemer 
(1  986)  provides  alternative  classifications  for  grasps  that have not  been  properly  described 
in the  literature.  These,  together  with  the  classification  from  Napier  (1  956)  and  Landsmecr 
(1  962)  provide  the  following  practical,  though  not  exhaustive,  classification: 

(1) Hand grasp: The object is held  between  the  flexor  aspects of the  fingers  and  palm  of 
the  hand with  the  flexion  force of the  thumb opposed  by  the  flexion  forces  of  the 
other  fingers.  This  is  also known as  the  power  grasp.  There  are  variations  in  the 
hand grasp: 

the  spherical  grasp - used  on  a  spherical  object  in  the palm  of the  hand  (e.g. 

the  cylindrical  grasp - used on a  cylindrical  object  around  its  circumference 

the  disc  grasp - used  on  a  disc shaped  object  (e.g.  a  jar  lid);  and 
and  the  hook  grasp - the  handle  is  hooked  by  digits 11-V (index,  middle,  ring 
and  little  fingers)  at  the  region  of  the  knuckles or proximal  interphalangeal  joints 
(PIP),  but  the  thumb  does  not  apply  counter  force  to  digits 11-V (e.g.  in  carrying 
a  briefcase). 

door  knob  or  cricket  ball); 

(e.g.  a  hammer  handle); 
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Note that  the  spherical  and  disc  grasps  also  function  for  control  and  manipulation  of 
the  object as in  the  initial  and  terminal  stages  of  screwing  and unscrewing  a disc- 
shaped  or  spherical screw-top jar lid  onto or off  a  jar. 

(2) Pinch grasp: The prevailing  definitions and classifications  of  pinches  described by 
Smith  (1985)  are  based  on  early  work  among  clinicians  and  have  been  adopted  by 
ergonomists. Three most  well-known  pinches  are  the  pulp, chuck and  lateral  pinches. 
In the  pulp  pinch,  the  pad  of  the  distal  phalange  of  thumb  opposes  the  pad  of  the 
distal  phalange of another  finger  in  the  same  hand;  in  the  tip  pinch,  the  tip  of  the 
thumb opposes  the  tip  of  another  finger; in the  lateral  pinch  (key  pinch), the  thumb 
opposes  the  radial  lateral  aspect  of  index  finger  in  the  clenched  fist.  The  chuck  pinch 
is  similar  to  the  pulp  and  tip  pinches  except  that  the  thumb  opposes  both  the  index 
and  middle  fingers  simultaneously.  Furthermore,  there are different  types  of  pulp 
pinches,  as  follows: 

pulp-2  pinch:  the thumb  opposes  the  index  finger; 
pulp-3  pinch:  the thumb  opposes  the  middle finger; 
pulp-4  pinch:  the thumb  opposes  the ring  finger;  and 
pulp-5  pinch:  the  thumb  opposes  the  little  finger. 

This  terminology is not  rigid.  Smith  (1985)  gives  alternative  names  for  pinches  and  their 
frequency  of  use among clinicians. The hand-contact  area  available  or  chosen,  the amount 
of  force  that must be  applied to the  object,  and  the  intended  activity  determine  the  type of 
pinch  a  person  uses;  for  example,  pulp-2  pinch  for  small  areas  and  activities of high 
precision  such as threading  a  needle  or  picking  up  small  coins,  and  the chuck or  lateral 
pinches  for  larger  areas  or  greater  forces.  For  simple  compression  forces,  pulp  pinches 
are preferred  and  for  rotation, as in turning  a  key,  the  lateral  pinch. 

FORCE DEVELOPMENT AND  TRANSMISSION 

The  extrinsic  muscles  of  the  hand  are  responsible  for  forceful  contractions  in  grasping 
and  the  intrinsic  muscles,  for  control  and  manipulation  activities. The major  force- 
producing  muscles  are  the  flexor  digitorum  profundus  (FDP)  and  the  flexor  digitorum 
superficialis  (FPS)  which  run  along  the foream from  the elbow to  the  fingers.  Long et  al. 
(1970)  describe in detail  the  roles  of  the  extrinsic  and  intrinsic muscles in  grasping 
objects in a  variety  of  ways;  and  a few  researchers  (An et  al.,  1979,  1985; Chao et  al.,  
1976)  have  developed  two-  and  three-dimensional  biomechanical models to  explain  and 
predict  individual  muscle  forces  while  grasping,  for  clinical  applications. Armstrong  and 
Chaffin  (1979)  and Armstrong  (1982) have  used model information from  Chao e t   a f .  
(1976)  and  LeVcau  (1977)  to  develop  biomechanical  models  for  explaining  cumulat- 
ive  trauma  disorders  of  the  hand  and  for  influencing ergonomic  designs  of  hand tools 
and  tasks. 

BIOMECHANICAL FACTORS INFLUENCING  PINCH STRENGTH 

Because  of  differences  in  subject  samples  and  measurement  instruments  and  methods, 
pinch  strength  values  in  published  studies  vary  considerably (Imrhan  and  Rahman,  1995). 
For  example,  the  lateral  pinch  using  traditional  clinical  methods  of  measurement  varies 
from  about  6.3  kgf  (Swanson et al . ,  1970)  to  11.6  kgf  (Mathioweitz et a f . ,  1985a)  in 
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males.  The  majority  of  these  studies,  however,  show  a  range  of 8.2-10.1 kgf  for  males 
and  6.4-8.0  kgf  for  females.  The  strengths  of  the  other  pinches  can  be  estimated  from  the 
ratios  stated  below. 

Maximal  voluntary  contraction  (MVC)  pinch  strength  depends  on  a  number  of  bio- 
mechanical  factors  including  the  type  of  pinch,  the  width  of  pinch  (separation  distance 
of  the  thumb  from  the  other fingers),  wrist  angle,  finger joint  angle,  and  finger-object 
contact  area.  Most  published  strength  values  are  based  on  testing  methods  established in 
the  clinical  fields and  the  application  of  their  results  for  ergonomic  designs  have  limita- 
tions  (Imrhan  and  Rahman,  1995).  In  clinical  testing,  the  width  of  pinch  grasp on pinch 
gauges  is  limited  to  about 16-18 mm, the hand-object (pinch  gauge)  contact  area  to 
about  20 X 14  mm,  and  the  finger  joints  are  typically flexed. For  these  restrictive  pinching 
conditions,  the  order  of  strength  magnitudes  fall  into  four  groups:  (1)  chuck  and  lateral; 
(2) pulp-2  and  pulp-3;  (3)  pulp-4;  and  (4)  pulp-5.  The  strength  ratio  of  each  type  com- 
pared  with  the  lateral  pinch  is  approximately  0.7  for pulp-2Aatera1, 0.7  for  pulp-3/lateral, 
0.45  for pulp-4Aatera1, and  0.3  for  pulp-5Aateral.  HandgripAateral  pinch  ratio is approx- 
imately  4.5  (Imrhan  and Loo, 1989).  Imrhan  and  Rahman  (1995),  in  an  investigation  of 
lateral,  chuck and  pulp-2  pinches  over  a  pinch  width  range  of  20-140  mm,  have  shown 
that  for  large  contact areas  for  the  finger  pads  and  when  the  thumb is  allowed  to 
hyperextend,  the  above  stated  ratios  no  longer  hold.  Instead,  the  chuck  pinch is always 
stronger  than  the  lateral  and  pulp-2  pinches;  the  lateral is stronger  than  the  pulp-2  from 
20-56 mm but  weaker  from 68-92 mm.  At 68  mm  people  experience  great difficulty in 
executing  the  lateral  pinch  due  to  the  sharp  abduction  of  the  metacarpal-phalangeal  joint 
of  the  thumb  and  excessive  stretching of its  tendons,  and  beyond  92 mm, most  people 
cannot  execute  this  pinch. In addition,  at  20  mm,  the  lateral  pinch is 1.2  times  as  strong 
as  the  pulp-2  pinch  and  the  chuck  pinch is 1.2  times  as  strong  as  the lateral  pinch.  These 
20 mm ratios,  compared  with  the  above  ones,  emphasise  the  effects  of  the  different  test 
conditions.  Dempsey  and  Ayoub  (1996)  investigated  pinches  over  a  10-70 mm width, 
using  traditional  clinical  methods, and  found  the  50 mm pinch  width  strength  to  be  the 
strongest;  and  Apfel  (1986)  found  an  increase in lateral  pinch  with  the  hyperextended 
versus  the  flexed  thumb. 

Wrist  position 

Putz-Anderson  (1  988)  cites  several  studies  linking  hand  force  and  wrist  position  to  cumu- 
lative  trauma  disorders  of  the  hand.  For  a  sufficient  amount of  bending  of  the  wrist  away 
from  its  natural  position,  pinch  strength  declines.  The  greatest  degrading  effect  occurs  for 
flexion  (palmar  flexion),  followed  by  extension  (dorsiflexion),  ulnar  deviation  and  radial 
deviation.  Decrements  found in various  studies  were:  14  per  cent  (Kraft  and  Detels, 
1972), 3 2 4 3  per  cent  (Imrhan,  1991), 9-38 per  cent  (Fernandez et al., 1991),  6-26  per 
cent  (Hallbeck  and  McMullin,  1993); 15-22 per  cent  (Kamal et al., 1992);  and 9-24 per 
cent  (Dempsey  and  Ayoub,  1996).  Some of this  variation  was  due  to  different  degrees  of 
bending. 

Degradation  of  pinch  strength in deviated  wrist  positions is due  to  a  combination  of 
mechanisms:  leverage ~ the  change in the  angle  between  the  finger  tendon  and  bone at 
the  point  of  attachment  on  the  finger  (Hazleton et al., 1975);  length-tension  properties  of 
the  musculotendinous  finger  flexors - tendon  excursion  and  increase in the  length  of 
musculotendinous  units  beyond  their  optimal  force-producing  length  (Bunnell,  1944;  Gor- 
don et al., 1966;  Hazleton et al., 1975;  Pryce,  1980);  and  compression of the  finger  flexor 



HAND  CKASPINC,  FINGER  PINCHING  AND  SQUEEZING 101 

tendons  against  the  carpal  tunnel  wall  and  intra-wrist  structures  (Armstrong  and  Chaffin, 
1979;  Pryce,  1980;  Smith et al., 1977;  Tichauer,  1966),  leading  to  inefficient  contraction. 

Body posture,  and forearm and hand  configurations 

Tests  on  forearm  orientation  (Hallbeck et al., 1992;  Mathioweitz et al., 1985b;  Palanisami 
et al., 1994;  Woody  and  Mathioweitz,  1988)  have  shown  small  changes  but  their  direction 
(positive or negative) is not  consistent  enough  for  any  firm  generalisation.  Catovic et aZ. 
(1989,  1991)  found  that  right-handed  pinch  strengths  are  slightly  greater  with  the  hand 
just left of  centre in front  of  the  body in the  transverse  plane;  and  Mathioweitz et al. 
(1985b)  found that,  compared to the  180  degree  elbow  angle,  the  90  degree  elbow  angle 
yielded  pinch  strengths  only 3 per  cent  stronger  with  the  right  hand  and  2.5  per  cent 
stronger  with  the  left  hand.  Data  from  Catovic et al. (1 989,  199 l), Swanson et al. (1 970) 
and  Palanisami et al. (1994)  are not in complete  agreement  on  the  the  effects  of  forearm 
support  and  body  posture  (sitting  versus  standing)  on  pinch  strength,  but  most  agree  that 
standing  provides  greater  strength.  Hook  and  Stanley  (1986)  demonstrated  that  pinching 
was  much  stronger  with  the  non-pinching  fingers  flexed  compared  to  extended. 

Hand-handle  contact  area 

Theoretically,  a  small  area  for finger-object contact  should  restrict  pinch  force if the 
pressure  on  the  fingers is at some critical  value. This crictical  value is unknown  and  has 
not  been  tested  systematically.  The  data  from  Imrhan  and  Rahman (1 995)  when  compared 
to  other  data,  such  as  Imrhan  and Loo (1989),  suggest  that  larger hand-object contact 
areas  are  associated  with  greater  pinch  forces.  They  found  that  when  the  whole  pad  of  the 
thumb  contacts  the  object  pinch  forces  were 1.5-1.8 times  those  generated  on  the  limited 
contact  area  on  traditional  pinch  meters  for  lateral,  chuck  and  pulp-2  pinches.  Imrhan  and 
Sundararajan  (1992)  also  showed  that  when  pinching  and  pulling  (as in tearing  open 
plastic  wrappers),  a  slightly  greater  contact  area  for  the  pinching  fingers  increased  pull 
forces by 4,  19  and  18  per  cent  for lateral,  chuck,  and  pulp-2  pinches,  respectively. 

Distribution of forces in  individual fingers and  phalanges 

The relative  contributions  of  the  fingers in a  gripping  action  do  not  seem to be  greatly 
affected  by  factors  such  as  the  level  of  contraction  (maximal  or  submaximal),  or  the 
shape,  size  or  weight  of  the object,  at  least  for  weights from  0.2  to  2.0  kgf  (Kinoshita 
et al., 1995,  1996a;  Radwin et al., 1992).  Most  studies  show  the  index  and  middle  fingers 
sharing  about  60  per  cent  of  the  load,  and  the  ring  and  little  fingers  about  40  per  cent - for 
the  hook  grip  with  digits 11-V (Hazleton et al., 1975;  Ohtsuki et al., 1981a,  1981b), 5- 
finger  prismatic  pinch  grasps  on  a  flat  plate  (Radwin et al., 1992),  hand  (power)  grasp  on 
a  power-tool  handle  (Lee  and  Cheng,  1995),  prismatic  (pinch)  grasp  on  cylinders  (Amiss, 
1987),  and  hand  (power)  grasp  on  cylinders  (Radhaknshnan  and  Ravindra,  1989).  Kinoshita 
et al. (1 995,  1996a,  1996b)  show  a  higher  percentage  (approximately 70 per  cent)  for 
5-finger  prismatic  pinch  on  flat  plates  but  only  about  40  per  cent  for  circular  (disc-type) 
grasp  on  cylinders  above  one  face.  Moreover,  as  the  cylinders  get  larger  and  heavier  and 
the  finger  separation  widens,  the  ring  and  little  fingers  assume  the  extra  load. 
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The  contributions  of  the  individual  phalanges  are  also  uneven - the  distal  phalange 
contributing  less  (about  68  per  cent)  than  the  middle  phalange  in  the  hook  grip  (Hazleton 
et al., 1975). Radhaknshnan and Ravindra  (1989) and  An et al. (1980)  showed  that,  in  the 
power  grip on  cylinders,  the  relative  contributions of the  phalanges  depend  on  the  size of 
the  grasp  (diameter  of  the  cylinder).  The  distal  phalange  contributes  more  than  the  middle 
and  proximal  phalanges  for  smaller  diameters,  and  the  middle  phalange,  the  most  for 
larger  diameters,  at  least  in  the  diameter  range  30-75  mm.  Pinch  forces  required to hold 
an  object  against  shear  forces  at  the finger-object  contact  have  been  investigated  by 
Bucholz et al. (1988)  and  Kinoshita et al. (1996b).  Results  show  that  the  total  pinch  force 
increases  with  the  weight of the  object  and  decreases  with  greater  finger-object  friction, 
as  expected,  but  the  proportional  contributions  of  the  individual  fingers  do  not  depend  on 
these two factors. 

HAND (POWER)  GRASPING 

As mentioned  earlier,  the  hand  (power)  grip  is  preferred  to  the  precision  grip when  great 
muscular  forces  must be  transferred to  the  object  being  held.  The  association  of  handgrip 
force  exertions  with  CTDs  of  the  hand  has  been  discussed  by  Silverstein et al. (1987);  the 
uses  of  handgrip  strength  for ergonomic  designs  have been emphasised by Kroemer et al. 
(1  994),  Konz  (1  990)  and  Eastman  Kodak  (1  986);  and  the  application  of  handgrip  strength 
to disability  rating and pre-placement  evaluations  has  been  stated  by  Kirpatrick (1 956) 
and  Patterson  (1965). The biomechanical  aspects  of  handgrip  strength,  therefore,  warrant 
discussion. 

Traditional  power  grasp  strength  (handgrip  strength)  measurements  (Bechtol,  1954; 
Cotton  and  Bonnell,  1969;  Cotton  and  Johnson,  1970;  Eastman  Kodak,  1986;  Hertzberg, 
1955; Montoye and  Faulkner,  1965;  Petrofsky et al., 1980)  refer  to  MVC  forces  meas- 
ured  on  standard  handgrip dynamometers with two  straight  parallel  or  slightly  curved 
handles.  The  grip  resembles  a  combination  of  the  cylindrical  and  hook  grips.  However, it 
is  recognised that  handgrips  used in the  workplace and the  shape of hand-held  objects 
often  do  not  resemble  those used  for  standardised  testing.  Some  MVC  tests  havc,  there- 
fore,  been  performed  on  cylindrical  handles  (Radhakrishnan  and  Ravindra;  1989)  and 
angulated  handles  (Fellows  and  Freivalds,  1991 ; Fitzhugh,  1973a,  1973b;  Fransson  and 
Winkel,  1991). Other biomechanical  factors,  apart  from  handle  design  and  grip  type, 
influence  handgrip  strength. The most  important  are  the  size  of  the  grasp  (grip),  wrist 
position,  forearm  position  and  body  posture. 

Size of grip 

Strength  magnitudes vary  widely  across  studies,  largely  because  of  subject  samples and 
test  conditions  in  general;  adult  male  handgrip  strength  falls in the  range 400-600 N and 
females,  50-65  per  cent  of  those  values.  Grip  strength  varies  with  handgrip  size  over  a 
sufficiently  large  range of  grip  spans.  The trend  is  typically  increasing-decreasing  with- 
out  a  clearly  defined maximum. Data show an  optimal  range  of  50-65  mm  for  males,  and 
about  5 mm less  for  females, for  MVC  isometric  contractions  on  parallel or slightly 
curved  handles  (Bechtol,  1954;  Cotton  and  Bonnell,  1969;  Cotton  and  Johnson,  1970; 
Hertzberg,  1955;  Montoye  and  Faulkner,  1965;  Petrofsky et al., 1980).  For  the  pistol  grip 



on  a  tool handle,  the  optimal  range  has  been found  to be 50-60  mm  (Lee and Cheng, 
1995; Oh and Radwin, 1993);  for  angulated  handles and  dynamic  contraction,  64-89  mm 
(Fitzhugh,  1973a,  1973b;  Fransson  and  Winkel,  1991;  Greenberg  and  Chaffin,  1997);  and 
for  angulated  handles  and  isometric  contraction,  50-65 mm (Fransson  and  Winkel,  1991). 
At an  optimal  grasp  span,  the  muscle  fibre  sarcomeres  are  stretched  to  the  length  that 
maximises  the  number  of  crossbridges between  actin  and  myosin  filaments  and,  hence, 
maximises the muscle fibres’  contractile  capacities  (Petrofsky et al., 1980);  and  at  small 
and  large  grasp  spans,  the  major  finger  flexors,  the  FDP  and  FDS,  lose  some  of  their 
tension-length  advantage  for  force  production.  For  the power  grasp  on  cylinders,  grasp 
force  data  from Radhakrishnan  and  Ravindra (1  989)  did  not  show  an  optimum  in  the  50- 
70  mm  diameter range,  but  shear  forces  derived from  torque  data by Pheasant  and 
O’Neill  (1976)  suggest  an  optimum in the  range 30-50 mm. Similar  shear  force  data 
from  torques  using  disc  and  lateral  pinch  grasps  on  jar  lids  also  suggest  an  optimum  in 
the  range  55-74 mm  for jar lids  in  the  elderly  (Imrhan  and Loo, 1988). 

Wrist  and  forearm  positions,  and body posture 

Several  studies  have  shown  that  handgrip  strength  is  influenced  by  wrist  position  (Anderson, 
1965;  Hazleton et al., 1975;  Kattel et al., 1996;  Kraft  and  Detels,  1972;  Pryce,  1980; 
Terrell and Purswell,  1976)  and  most of these  studies  give  the  order of strength  magni- 
tude  for  the  various  wrist  positions  as  neutral,  ulnar  and  radial  deviation,  dorsiflexion 
(extension),  and  palmar  flexion  (flexion), in decreasing  order.  For  the  hook  grasp,  Hazleton 
et al. (1975)  reported  that  the 30 degree  ulnar  deviation  position  was  the  strongest. 
However,  for dorsiflexion,  the  degree of wrist bending must  be  appreciable  (more  than  30 
degrees)  for any  sharp  decrease  of  strength  to  occur  as  shown in the  data  of  Kraft and 
Detels  (1972)  and  Pryce  (1980).  This  is  because  the  natural  (resting)  position  of  the  wrist 
is about  35  degrees  in  dorsiflexion  (Taylor  and  Scharwz,  1955)  where  the  biomechanical 
mechanisms  stated below arc most  efficient.  Strength  decrements  are  usually  around 30, 
22,  18  and  15  per  cent,  respectively  for  flexion,  extension,  radial  deviation  and  ulnar 
deviation, though Terrell  and  Purswell  (1  976)  and  Kattel et al. (1996)  found  decrements 
as great as  40  per  cent. 

The losses  of  strength  in  bent  wrist  positions are  due to  a number  of possible mechan- 
isms:  length-tension  properties  of muscles  (Gordon et al., 1966;  Hazleton, et al., 1975) - 
in  the  bent  wrist,  especially  in  flexion - the  powerful  flexor  tendons  shorten  and  lose 
some  of  their  tension  producing  capability;  pressure  of  the  tendons against  the  carpal 
wall, due to  carpal  tunnel  size  reduction  with  a  bent  wrist,  decreases  the  efficiency  of 
tendon  pull;  and  partial loss of  the  buttressing  actions of the  thenar  and  hypothenar 
emininences  offered  with  a  natural  or  undeviated  wrist. 

The  effects  of  forearm orientation  on  handgrip  strength  have  been  investigated by 
Fitzhugh  (1973a,  1973b)  and  Terrell  and  Purswell  (1976).  The  former  found  no  differ- 
ence  between  the  pronated  and  supinated  positions,  but  the  latter  found  a  12  per  cent 
decrease in the  pronated  position compared  to  the  supinated and  mid-oriented  positions 
(which  were  of  about  equal  strength)  for  the neutral  position  of  the  wrist.  Similar  de- 
creases  were  observed  for  most  of  the  other  wrist  positions  tested  by  Terrell  and  Purswell 
(1976).  The data  of  Kattel et al. (1996)  support  Terrell  and  Purswell  (1976).  Body 
posture  has  also been implicated  in  the  loss  of  grip  strength, though to  a  mild  degree. 
Teraoka  (1979)  found that  handgrip  strength  was  6  per  cent  stronger  when  standing 
compared to  sitting  and 4 per  cent  stronger  when  sitting compared to  lying  supine. 
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Types of gasp  strengths 

There is little  data for  comparing  the traditional dynamometric hook  grasp  measurements 
with  others, such  as cylindrical  grasp,  spherical  grasp, or  an  irregular  grasp.  Fransson and 
Winkel  (1991),  however,  found  that  the  normal  ‘forward’  grasp  was  stronger  than  a 
reverse  grasp  for  spans  between  41  and  67 mm on  angulated  handles,  but  there  was  no 
difference  in  strength above  67  mm. 

Cloves 

Grip  strength  is  reduced  by  both  regular  working  gloves  (Cochran  and  Riley,  1986; 
Hertzberg,  1955,  1972;  Lyman  and  Groth,  1958;  Sudhakar et al., 1988),  and  pressurised 
gloves  used  in  extra-vehicular  activity (EVA) in  the  space  environment  (Bishu  and  Kim, 
1995),  the  reduction depending  on  the  type  of  gloves.  The  decrease with working  gloves 
ranges  from  about  7  to 30 per  cent, depending on  test  conditions  while  the  decrease  with 
EVA gloves  is  almost 50 per  cent. 

Hand grasping  for  other  tasks 

In  industrial  activities,  gripping is seldom an  independent  task  but  is  often  a  precursor 
and  requirement for  the  completion  of  other  tasks,  such  as  torquing,  lifting,  pulling, 
pushing,  etc.  via  handles.  Poor  grip  strength  in  people  can  be  offset  by  designs  that 
minimise  grip force,  such as  using an optimum  diameter  cylindrical  handle  for  torquing, 
or a  lever  handle  instead of a  spherical  one  on  water  faucets  for  the  elderly,  etc.  The 
largest  degree  of  hand-handle  contact  with  the power  grip  produces  the  greatest  forces 
but placement  of  the  handle influences  grip  force  (Fothergill et al., 1992). However, if 
handgrip  is  ineffective, placement  makes little  difference  (Fothergill et al., 1992). 

Pheasant  and  O’Neill  (1976) showed that  turning  torque  on  a  cylindrical  handle  is  the 
product of handle  diameter,  coefficient of friction  at  the  hand-handle  contact,  and  grip 
force, and that  loss  in  grip  force  at  large  diameter  handles  leads  to  decreased  torquing 
ability. Imrhan  and Loo (1989)  and  Imrhan  and  Farahmand  (1998)  suggested  that,  for 
small  disc-type  or  cylindrical  handles,  stronger  grip  forces  are  used  on  small  handles to 
compensate  for  loss  in  leverage in  gripping.  Loss of friction on  smooth or slippery 
(grease- or oil-smeared)  handles  may  also  lead  to  stronger  grips  for  compensation. Gloves 
have  been  found  to  decrease  torquing  force  due,  most  likely,  to  decrease  grip  strength, 
especially for stiff  gloves.  It  also seems that  the  disturbance of tactile  feedback  from 
significant padding  on handles  can  lead to  stronger  grip  force,  as  a  compensation,  when 
using  tools, as  found  by  Fellows and  Freivalds (1 99 1). 

CONCLUSIONS 

Confusion on  grasping  terminology  must  be  resolved  because  established  classifications 
and  definitions  may  not  distinguish among  the  myriad  of  grasps  used in  the  workplace. 
While maximal  forces  for  pinching  and hand  grasping  have  been  investigated  over  the 
years, more  data  are still  needed to further  the  understanding of the  effects of several 
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factors  on  grasping  strength,  such  as  hand-contact  areas,  handle  geometry,  and  object 
characteristics.  The  recent  thrust in research on  submaximal  forces  and  grasp  types  for 
real or simulated  tasks  has  improved  our  understanding  on  how  the  hand  works in the 
workplace,  and  the  continuation of such  research is necessary  for  influencing  the  design 
of equipment  and  tasks  and  enhancing  the  understanding  of  cumulative  strains  from  hand 
work.  The  difficulties in applying  three  dimensional  hand  models  to  ergonomic  designs 
should  indicate  the  depth  of  further  research  needed in modelling  but it should  not  be  a 
deterrent  for  further  research in the  less  realistic  two-dimensional  modelling. 
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CHAPTER EIGHT 

Hand tools 
ANIL  MITAL  AND  ARUNKUMAR  PENNATHUR 

INTRODUCTION 

Hand  tools  have  been in existence  for  a  long  time.  Early  human  primates,  some  million 
years  ago,  dug,  pounded,  cut,  and  scraped  objects  using  stone  tools  (Leaky, 1960; 
Washburn, 1960). Hand  tools  evolved  with  evolution  of  the  human  race;  handles  were 
added  to  the  hand  tools  to  facilitate  handling.  The  development, first of  the  screw  system, 
and  later  the  screwdriver,  ten  thousand  years  ago,  were  other  important  milestones in the 
development  of  specialised  hand  tools  (Fraser, 1980). The  variety in hand  tools  during 
those  times  was  necessitated by the  growth  of  specialised  occupations  such  as  agriculture, 
manufacturing,  construction, etc. 

Since  the  time  hand  tools  were first developed  and  refined,  there  have  been  just  a  few 
major  changes  in  the  basic  types  and  designs  of  common  hand  tools (e.g., the  axe  and  the 
hammer  have  still  to  undergo  major  changes  in  their  basic  design).  There  has  how- 
ever  been  a  virtual  proliferation  in  the  variety  of  commercially  available  hand  tools 
among  the  common  types  of  tools.  The  variety  in  the  commercial  forms of these  tools 
indicates,  among  other  things,  that  these  tools  have  yet  to  reach  an  optimal  form.  More 
importantly,  the  health  and  productivity  problems  posed  by  the  use of such  a  variety 
of  tools  indicates  the  lack of sufficient  testing  and  evaluation  of  these  tools  from  an 
ergonomics  perspective. 

The  goals  of  this  chapter  are  to  highlight  the  importance  and  scope  of  the  hand  tool 
design  problem,  review  the  important  factors  affecting  hand  tool  design,  and  recommend 
hand  tool  design  and  usage  guidelines.  This  chapter  is  organised  into  five  major  sections. 
The  remainder  of  this  section  highlights  the  scope  and  importance  of  the  hand  tool  design 
problem.  The  scope  of  the  problem is  presented  through  a  brief  description  of  the  operator- 
hand  tool  system.  The  importance  of  the  problem  is  highlighted  by  presenting  data from 
the  recent  Bureau  of  Labor  Statistics  (BLS)  findings  about  hand  tool  injuries  and  illnesses 
in  the  United  States.  The  second  section  contains  a  brief  description  of  the  anatomy  of  the 
human hand  and  the  forearm.  The  tool-  and  task-related  factors  involved  in  the  operator- 
hand  tool  system  are  discussed  in  the  third  section.  The  operator-related  factors  in  the 
operator-hand  tool  system  are  discussed  in  the  fourth  section.  The  fifth  section  concludes 
the  chapter  with  remarks  regarding  important  activities  in  the  design  and  use  of  hand tools. 

1 1 1  
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Scope of the  problem - the  operator-hand  tool  system 

The operator-hand  tool  system is  conceptualised  to  consist of three  major components: 
the  human  operator,  the  tool, and  the task the  operator  performs  with  the  tool  (Kriefeldt 
and  Hill, 1975). These three components interact  with  each  other, and  involve  several 
factors  which  influence  the  efficiency  of  the  system. The  human operator-related  factors 
include  such  factors as age,  gender,  strength,  body  size,  technique,  experience,  and  pos- 
ture.  The  tool-  and task-related  factors  include  such  factors as the  type  of  tool,  grip/ 
handle  shape and  size,  gloves,  wrist  orientation,  reach  distance,  forceltorque  requirements 
of  the  task, and  duration  of  application  of f o r c e h e .  For  the  operator-hand  tool system  to 
perform  efficiently,  it is essential  that the  effect  of  these different  factors  on system 
performance  be known and  accounted  for  in  design. 

The overall  goal  in  designing hand  tools  is  to  optimise  the  relationship  between  the 
human  worker and  the hand  tool.  This  goal  implies  designing  jobs  and/or  hand  tools  to 
alleviate  common  physiological  and  musculoskeletal  problems  such  as  those  discussed  in 
the  following  section,  associated  with  the  use  of  hand  tools. The selection and use  of 
hand  tools is a  function of  the  workpiece  design,  and  the  forcehorque  requirements  of  the 
job. It  is  desirable  that  the  forcehorque  generated  by  the  equipment,  with  or  without  an 
external  power  source,  be  greater  (but  not  excessive to damage  the  workpiece) than  the 
forceltorque  required  for  the  job.  Therefore,  the  forceltorque  exertion  capabilities  of 
humans  with  various hand  tools  should  be  known,  and  jobs  requiring  the  use  of  hand 
tools  by  human  workers  must  be  designed  to  be  within  these  capabilities. 

Importance of the  problem 

The extent  of  use of hand tools, both  for  common  daily  activities  as  well  as  for  industrial 
activities  makes  the  hand  tool  design  problem  important.  In  addition,  reports  of  musculo- 
skeletal  injuries  and  illnesses due to  poorly  designed  hand  tools,  and  the  need  for  employers 
to  reduce  their  worker  compensation  costs,  have  made  good  hand  tool  design  a  necessity. 

Tables  8.1  and  8.2  present  the  current  BLS  classification  of  different  types  of  non- 
powered  and  powered hand tools in use  in  the USA. Tables  8.3-8.33  (Bureau of Labor 

Table 8.1 Non-powered  hand tools included in the Bureau of Labor  Statistics’  survey of 
occupational  injuries and illnesses in the USA. 

Major  class  of  non-powered  hand  tool  Specific tools 

Boring  hand  tools  Augers,  braces, drills 
Cutting  hand tools Axes,  hatchets,  bolt  cutters,  chisels,  knives,  saws, 

Digging  hand  tools  Hoes,  picks,  shovels,  trowels 
Gripping  hand  tools  Pliers,  tongs,  vises,  clamps 
Measuring  hand tools Calipers,  micrometers,  dividers,  gauges,  levels, 

rulers,  tape  measures,  squares 
Striking  and  nailing  hand tools Hammers,  mallets,  punches,  counter  punches, 

counter  sinks,  sledges 
Surfacing  hand  tools  Files,  planes,  sanders,  sharpening  stones  and  wheels 
Turning  hand  tools  Screwdrivers,  wrenches 
Other  non-powered  hand  tools  Brooms,  mops,  crowbars,  pitchforks,  spading  forks, 

scissors,  snips,  shears 

rakes,  stapling  tools 
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Table 8.2 Powered hand tools  included in the Bureau of Labor  Statistics’  survey of 
occupational  injuries and illnesses in the USA. 

Major  class  of  powered  hand  tool  Specific  tools 

Boring  hand  tools 
Cutting  hand  tools 
Striking  and  nailing  hand  tools 
Surfacing  hand  tools 

Turning  hand  tools 
Welding  and  heating  hand  tools 
Other  powered  hand  tools 

Augers, drills, routers  and  moulders 
Chainsaws,  chisels,  knives,  other  saws 
Hammers,  jackhammers,  punches,  riveters 
Buffers,  polishers,  waxers,  hand  grinders,  sanders, 

Bolt  setters,  impact  wrenches,  screwdrivers 
Blow  torches,  soldering  irons,  welding  torches 
Nail  guns,  scrubbers,  paint  sprayers,  electric or 

sandblasters 

pneumatic  stapling  tools 

Table 8.3 Non-fatal  occupational  injuries due to hand tools in major US 
industry  divisions. 

Industry  1993  1994 

Total  number  Due to hand  tools  Total  number  Due  to  hand  tools 

Private  industry 2 252  591 105  478 2  236  639 99  322 
Agriculture, 44  826 3  274 41 020 3  209 

Mining 21 090 1  463 20  734 1  499 
Construction 204  769 17  399 218  835 17 874 
Manufacturing 583  841 32  166 584  254 32  583 
Transportation  and 232 998 4  560 241  703 3  849 

Wholesale  and 569  524 29  692 560  360 25  207 

Finance,  insurance 60  158 2  233 55  342 1813 

Services 535  386 14  692 5 14 390 13  287 

forestry  and  fishing 

public  utilities 

retail  trade 

and  real  estate 

Statistics,  1995,  1996)  summarise  the  most  recent  and  comprehensive  data  (1993  and 
1994)  on  injuries  and  illnesses in the USA due  to hand  tools.  The  main  highlights of this 
data  are  presented  in  the  remainder of this  section. It is assumed  that  the  injury  trends 
shown  continued  in  year  1995  and  beyond. 

Number  and  incidence of injury due to hand tools 

In 1993,  in  all US private  industry,  nearly 5 per  cent of all  occupational  injuries  and 
illnesses were  due  to  hand  tools. Of this,  approximately  3.2  per  cent of injuries  were  due 
to non-powered  hand  tools,  and  1.2  per  cent due to  powered  hand  tools. These  numbers 
were  4.4  per  cent, 2.9  per  cent  and  1.2  per  cent  respectively  in 1994  (Tables  8.3,  8.5  and 
8.7). The  overall  incidence  rates for  injuries  due  to  hand  tools  in  all  private  industry  fell 
to  12.3 in 1994 from  13.4  in  1993.  Non-powered  hand  tools  had  a  higher  incidence  rate 
than  powered hand tools,  indicating  that  not  only  were  non-powered  hand  tools  in  greater 
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Table 8.4 Incidence rates for  non-fatal  occupational  injuries due to hand tools in major 
US industry divisions. 

Industry  1993  1994 

Total  incidence  Due to hand  tools  Total  incidence  Due  to  hand  tools 

Private  industry 
Agriculture,  forestry 

and  fishing 
Mining 
Construction 
Manufacturing 
Transportation 
Wholesale  and 

retail  trade 
Finance,  insurance 

and  real  estate 
Services 

285.6 
421.3 

334.1 
490.5 
326.1 
425.9 
275.8 

99.1 

233.6 

13.4 
30.8 

23.2 
41.7 
18.0 
8.3 

14.4 

3.7 

6.4 

277.0 
385.1 

329.0 
486.2 
319.7 
423.9 
266.9 

88.7 

220.4 

12.3 
30.1 

23.8 
39.7 
17.8 
6.8 

12.0 

2.9 

5.7 

Incidence  rates  represent  the  number  of  injuries  and  illnesses  per 10 000 full-time  workers  and 
are  computed  as  follows: 
Incidence  rate = (N/EH X 20 000 000), where 

N is  the  number  of  injuries  and  illnesses 
EH is  the  total  hours  worked  by  all  employees  during  the  calendar  year 
20 000 000 is  the  base  for 10 000 equivalent  full-time  workers  (working  40  hours  per  week, 
50 weeks  per  year). 

use  than  powered hand tools,  but  they  also  contributed more to  injuries  than  powered 
hand  tools.  The  incidence  rates  for  non-powered  hand  tools  fell  from  9.0 in 1993  to 8.1 in 
1994.  The  corresponding  numbers  for  powered  hand  tools  were  3.4  and  3.2  (Tables  8.4, 
8.6  and 8.8). 

Industries affected by hand  tool  injuries 

In 1993,  nearly  31  per  cent  of  all  hand  tool  injuries  occurred in the  manufacturing 
industry,  and  nearly 6 per  cent  of  all  injuries in the  manufacturing  industry  were  due  to 
hand  tools.  Wholesale  and  retail  trade  accounted  for  nearly  28  per  cent of all hand tool 
injuries  in  1993,  which  was 5 per  cent  of  all  injuries  in  that  industry.  Seventeen  per  cent 
of  all  hand  tool  injuries  were  in  the  construction  industry,  with  nearly 8.5 per  cent of all 
injuries  in  the  construction  industry due to  hand  tools.  Even  when  only 2.7 per  cent  of  all 
injurics  in  the  service  sector  were due  to hand  tools, among the  different US industries, 
the  service  sector  reported  nearly  14  per  cent  of  all  hand  tool  injuries.  The  same  trend 
continued in all U S  industries  in  1994 as well  (Table  8.3).  The  prevalence  of  hand  tool 
injuries in the  construction  industry  is  further  reinforced  by  the  hand  tool  injury  incidence 
rates  for  that  industry - the  highest among all  other  industry  divisions in 1993  and  1994. 
For 1993  and  1994,  agriculture,  forestry  and  fishing  had  the  second  highest  hand  tool 
injury  incidence  rates,  followed  by  mining,  manufacturing,  and  trade, in that  order.  Since 
incidence  rates  take  into  account  the  actual number  of  cmployees in a  particular  industry, 
they  are  a  better  reflection of the  relativc  severity  of hand tool  injuries among  the differ- 
ent US industries  (Table  8.4). 





Table 8.6 
major industry divisions. 

Incidence of non-fatal occupational injuries in the USA due to different types of non-powered hand tools classified by 

Tool All industry Agriculture, Mining Construction Manufacturing Transportation Wholesale Retail trade Finance, Services 
type forestry and and public trade insurance and 

fishing utilities real estate 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 285.6 277.0 
B 18.0 16.5 
C 9.0 8.1 
D 0.1 0.1 
E 4.9 4.2 
F 0.8 0.8 
G 0.2 0.2 
H 0.1 0.1 
I 0.9 1.0 
J 0.1 0.1 
K 0.8 0.7 
L 1.0 0.8 

421.3 385.1 
36.0 35.0 
20.4 16.8 
0.2 0.1 

10.6 9.7 
3.9 3.4 
0.4 ~ 

0.3 0.1 
2.7 0.7 
0.2 - 

0.5 0.6 
1.5 2.0 

334.1 329.0 490.5 486.2 326.1 319.7 425.9 
28.2 28.3 51.3 51.0 21.1 21.1 16.9 
19.2 18.4 21.3 21.0 10.3 9.8 5.8 

- - 0.7 0.4 0.1 0.1 ~ 

1.3 1.7 4.7 4.5 4.5 4.2 1.4 
0.3 0.1 5.2 6.1 0.8 0.7 1.1 
2.6 0.9 0.4 0.2 0.5 0.7 0.1 
- 0.5 0.2 0.2 0.2 0.2 0.1 

3.1 3.9 4.8 6.1 1.2 1.4 0.9 
- - 0.2 0.4 0.2 0.1 - 

4.4 5.2 2.4 1.3 1.4 1.2 1.0 
6.7 5.8 2.3 1.5 1.2 1.2 1.1 

423.9 
13.2 
4.9 

1 .o 
0.8 
0.1 

0.6 
- 

1.1 
1 .o 

280.0 281.1 274.2 261.4 99.1 88.7 233.6 220.4 
11.9 11.4 20.3 16.0 5.4 4.2 11.9 10.8 
5.9 6.4 14.5 11.5 2.4 2.2 4.5 4.2 
0.1 
3.0 3.6 12.2 9.4 1.1 1.0 2.6 2.5 
0.4 0.2 0.2 0.3 0.3 0.6 0.4 0.3 
0.1 

- - - 0.1 0.1 0.1 - 0.1 
0.8 0.7 0.3 0.5 0.1 0.1 0.3 0.3 
- - 0.2 0.1 0.2 - 0.1 0.1 

0.6 1.0 0.5 0.6 0.2 0.1 0.3 0.2 
0.7 0.6 0.9 0.6 0.5 0.2 0.7 0.7 

- - - - - - - 

- 0.1 - 0.1 0.1 - - 

A refers to total incidence rates due to all sources 
B refers to all tools, instruments, and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-powered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to all other non-powered hand tools such as crowbars, pitchforks, etc. 

Incidence rates represent the number of injuries and illnesses per 10 000 full-time workers and are computed as follows: 

Incidence rate = ( N E H  x 20 000 OOO), where 
N is the number of injuries and illnesses 
EH is the total hours worked by all employees during the calendar year 
20 000 000 is the base for 10 OOO equivalent full-time workers (working 40 hours per week, 50 weeks per year). 
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Overall,  non-powered hand  tools  caused  more  injuries  (nearly  3  1  per  cent)  in  the  retail 
trade  industry  than  in  any  other  industry.  Twenty-six  per  cent of all  injuries  due  to  non- 
powered  hand  tools  occurred  in  the  manufacturing  sector.  This number increased  to 27 
per  cent in 1994,  while  the number  for the  retail  trade  industry  fell to  26  per  cent in  1994. 
The  service  industry  (1 5 per  cent  in  1993  and  1994),  and  the  construction  industry  (1 3 per 
cent  in  1993  and  14.4  per  cent  in  1994)  were  the  other  industries  where  non-powered 
hand  tools  caused  many  injuries  (Table 8.5). In terms  of incidence  rates,  however,  con- 
struction  and  agriculture  had  the  highest  incidences  of  injuries  due  to  non-powered  hand 
tools,  followed  by  mining  and  retail  trade.  Since  the  types  of  hand  tools  used  in  a  par- 
ticular  industry  are  specific  to  that  industry  (for  instance, one  would expect  non-powered 
digging  hand  tools,  such  as  hoes,  shovels,  etc.,  and  non-powered  striking  and  nailing 
hand tools,  such as  hammers, mallets,  etc., to  be  more prevalent in the  construction 
industry),  the  ‘tools  of  the  (respective)  trades’  caused more  injuries  than  any  other  tool 
type  in  a  particular  industry.  Hence,  non-powered  cutting  hand  tools  caused  the  most 
injuries  in  the  agriculture,  forestry  and  fishing  industries;  non-powered  hand  tools  such  as 
pitchforks  and  crowbars,  and  turning  hand  tools  such  as  screwdrivers  and  wrenches 
caused  the  most  injuries in the  mining industry;  non-powered  digging hand  tools  such  as 
hoes,  picks,  and  shovels,  and  non-powered  striking,  nailing,  and  cutting  hand  tools  such 
as hammers,  mallets,  axes,  hatchets,  saws,  and  chisels,  caused  the most  injuries  in  the 
construction  industry;  non-powered  cutting  hand  tools  such as  such  as bolt  cutters,  knives, 
saws,  and  shears,  and  non-powered  turning  hand  tools  such  as  screwdrivers  and  wrenches, 
caused  the  most  injuries in the  manufacturing  sector;  non-powered  cutting  hand  tools 
caused  the  most  injuries  in  the  retail  trade  and  the  service  industries  (Table  8.6). 

Manufacturing  had  the  highest number  of injuries due  to powered  hand  tools  (nearly 
42 per  cent  in  years  1993  and  1994),  followed  by  construction  (25  per  cent)  and  services 
(12  per  cent)  (Table  8.7). In terms  of  injury  incidence  rates,  however,  the  construction 
industry  had  the  highest  incidences  (an  average  of  15.0  for  1993 and  1994  combined), 
followed  by  agriculture,  forestry and fishing  (an  average  of  10.0  for  1993 and 1994 
combined).  Manufacturing had  an  average  incidence  rate  of 6.0  for  1993  and 1994. 
Among  the  different  powered  hand  tools,  powered  cutting  hand  tools  such as chainsaws, 
chisels,  knives,  etc.,  caused  the  most  incidences  of  injuries  in  agriculture,  forestry  and 
fishing;  powered welding and  heating  tools  such as  blow torches,  soldering  irons,  welding 
torches,  etc.,  caused  the most injuries in the  mining industry;  powered  cutting  tools  such 
as  chainsaws,  chisels,  etc.,  and  powered  striking  and  nailing  tools  such  as  jackhammers, 
punches,  riveters,  etc.,  caused  the  most  injuries  in  the  construction  industry;  powered  weld- 
ing  and  heating  tools  such as blow  torches  and  soldering  irons,  and  powered  cutting  tools 
such  as  chainsaws,  chisels,  etc.,  caused  the  most  injuries  in  manufacturing  (Table 8.8). 

Occupations  affected by hand  tool  injuries 

According to  the BLS, in 1993  and  1994,  nearly 8.5 per  cent  of all  injuries  in  the  farming, 
forestry  and  fishing  occupations, and in the  precision  production,  craft  and  repair  occupa- 
tions  were  due  to  hand  tools. In the two years,  nearly  4.5  per  cent of all  injuries  to 
operators,  fabricators  and  labourers  were  the  result of hand  tool  use.  Operators,  fabric- 
ators  and  labourers  accounted  for  nearly  41  per  cent  of  all  hand  tool  injuries.  Workers  in 
the precision  production,  craft  and  repair  occupation  had  nearly  28  per  cent  of  all  hand 
tool  injuries,  and workers in the  service  occupations  accounted  for  about  17  per  cent  of 
all  injuries  due  to  hand  tools  (Table  8.9). 
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Table 8.9 Number of non-fatal  occupational  injuries due to hand tools in major 
US occupations. 

Occupation  1993  1994 

Total  number  Due to hand  tools  Total  number  Due  to  hand  tools 

All  private  industry  2  252  59 1 105 478  2  236  639  99  322 
Managerial  and 123  596 1 423 118 188 1  503 

Technical,  sales  and 344  402 6  206 335  976 7  241 

Services 414  134 20  860 391  297 15 446 
Farming,  forestry 59 050 5 050 52  606 4  520 

Precision  production, 366  112 29  669 372  276 27 993 

Operators,  fabricators 925  515 41 573 950  357 42  041 

professional  specialty 

administrative  support 

and  fishing 

craft,  and  repair 

and  labourers 

Injuries due to  non-powered hand tools were most  prevalent among  operators,  fabric- 
ators  and  labourers  (nearly  36  per  cent  of  all  injuries).  Workers  in  the  precision  produc- 
tion,  craft,  and  repair  occupations  were  the  next  most  affected  by  non-powered  hand 
tools,  followed  by workers in  the  service  occupations.  Among  the  different  types  of  non- 
powered hand  tools,  non-powered  cutting  hand  tools  were  the  cause  for  most  injuries  in 
all  occupations,  especially  among  workers  in  the  service  occupations,  and  among  oper- 
ators,  fabricators  and  labourers. In addition  to  cutting  hand  tools,  striking  and  nailing 
hand  tools, and turning hand  tools  were  among  the  most  injury  causing  non-powered 
hand  tools  in  precision  production,  craft,  and  repair  (Table  8.10). 

Injuries due  to  the  use  of powered hand  tools  were  again  most  prevalent  among 
operators,  fabricators  and  labourers  (nearly 50 per  cent of all  injuries  due  to  powered 
hand  tools  were  caused  to  this  occupational  group).  Workers  in  the  precision  production, 
craft  and  repair  occupations  accounted  for  the  majority of  the rest of  the injuries due to 
powered  hand  tools  (about  33  per  cent). Among  the different  types  of  powered hand 
tools,  welding  and  heating  tools  caused  the  most  injuries  among  operators,  fabricators 
and  labourers  (nearly  33  per  cent  of  all  powered  hand  tool  injuries  among  operators, 
fabricators,  and  labourers  were due to welding and  heating  tools).  Powered  cutting  tools, 
powered  boring  tools,  powered  surfacing  tools, and powered welding  and heating 
tools,  were among the  tools  that  caused  most  injuries  in  the  precision  production,  craft 
and  repair  occupations.  Powered  cutting  hand  tools  were  the  cause  for  most  injuries in the 
farming,  forestry and fishing  occupations  (Table 8.1 1). 

Nature of injuries  due to hand  tools 

In 1993 and 1994,  nearly 5 per  cent  of  all  occupational  traumatic  injuries  and  disorders  in 
the  USA  were  caused  due  to  the  use  of  hand  tools. Two per  cent  of  all  traumatic  injuries 
to  muscles,  tendons,  ligaments,  joints,  etc.,  were  caused  by  hand  tools.  About  2  per  cent 
of the  sprains,  strains,  and  tears  that  occur  in  the  USA  annually  were  due  to  hand  tools. 
Hand  tools  caused  nearly  24  per  cent of all work related  open  wounds,  nearly  27  per  cent 



Table 8.10 Non-fatal occupational injuries in the USA due to different types of non-powered hand tools for select US occupations. 

Operators, 
professional and admin. forestry and production, fabricators and 

specialty support fishing craft and repair labourers 

Farming, Precision Tool type Total number Managerial and Technical, sales Service 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

2 252 591 
141 794 
70 721 

688 
38 462 
6 073 
1787 

819 
6 926 
1010 
6 367 
8 060 

2 236 639 
133 347 
65 300 

511 
34 016 
6 440 
1673 

650 
7 968 

84 1 
5 929 
6 868 

123 596 
6 230 
1096 

779 
32 

38 
28 
31 
42 

127 

- 

- 

118 188 344402 
4841 13370 
1282 5047 

15 47 
856 3 555 
123 268 
- 60 

44 70 
40 208 
25 114 
57 247 
99 46 1 

335 976 
13 617 
5 828 

32 
3 820 

319 
68 
87 

52 1 
81 

520 
35 1 

414 134 
26 813 
18 413 

33 
15 472 

492 
82 
83 
90 

227 
300 

1579 

391 297 
21 732 
13 693 

32 
10 692 

633 
75 
46 

232 
134 
404 

1432 

59 050 
5 891 
3 063 

21 
1447 

706 
10 
25 

29 1 
107 
80 

372 

52 606 
5 215 
2 550 

14 
1410 

632 
13 
12 

139 

48 
269 

- 

366 112 372 276 
38 129 35813 
17432 16607 

252 222 
5679 6053 
1451 1578 

761 688 
238 93 

3 186 3 146 
236 247 

3452 2797 
1975 1607 

925 515 950 357 
50448 51 332 
25 160 25 064 

332 197 
11295 11 103 

3 106 3 147 
865 805 
334 367 

3 061 3 763 
294 354 

2 199 2088 
3432 3078 

~ ~~ ~~ 

A refers to total in all private industry 
B refers to all tools, instruments, and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-powered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to all other non-powered hand tools such as crowbars, pitchforks, etc. 
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Table 8.12 Number of non-fatal occupational injuries due to hand tools classified by 
the nature of injury. 

Nature of injury  1993  1994 
or illness 

Total  number  Due to hand  tools  Total  number  Due to hand  tools 

All private  industry 
Traumatic  injuries 

and  disorders 
Traumatic  injuries  to 

muscles,  tendons, 
ligaments, joints, etc. 

Sprains,  strains,  tears 
Open  wounds 
Cuts,  lacerations 
Bruises,  contusions 
Carpal  tunnel  syndrome 
Bursitis 
Synovitis 
Tendonitis 
Tenosynovitis 
Gangliodcysts 

2  252  591 
2  042  628 

105 478 
98  204 

2  236  639 
2  032 510 

99 322 
91 453 

970  466 

959  163 
223  770 
169 894 
211 179’ 
41  019 

2  790 
341 

25 026 
1  832 
2 667 

20 08 1 

19 875 
55  710 
49 810 

6  159 
15 
64 
0 

727 
64 
54 

971  248 

963  496 
2 14 020 
164 608 
21 1 952 

38  336 
3  092 

342 
25  187 

1  458 
2  538 

19  135 

18 986 
49  816 
44  288 
6  016 

94 
44 
0 

709 
0 

52 

of  the cuts  and  lacerations,  almost  3  per  cent  of  the  bruises  and  contusions,  very  few  (only 
0.2 per  cent)  of  the  carpal  tunnel  syndrome  cases, 1 to 2 per  cent of the  bursitis  cases, 
nearly 3 per  cent  of  the  tendonitis  cases,  and  less  than 2 per  cent  of  the  ganglionlcysts  in 
all US industries  (Table  8.12). Of the  different  types  of  injuries  hand  tools  caused,  open 
wounds,  and  cuts  and  lacerations  had  the  highest  incidence rates (Table  8.13). 

Among  the  different  types  of  injuries,  non-powered  hand  tools  caused most  incidence 
of  cuts,  punctures,  and  lacerations.  Sprains  and  strains  had  the  next  highest  incidence 
rates  among  non-powered  hand  tools.  Bruises  and  fractures  were  the  other  significant 
injuries  due  to  non-powered  hand  tools.  Among  the  different  types  of  non-powered  hand 
tools,  non-powered  digging  hand  tools  caused  most  sprainslstrains,  followed  by  other 
types  of  non-powered  hand  tools  such  as  crowbars  and  pitchforks.  The  vast  majority  of 
the  cuts  and  punctures  were  caused by  non-powered  cutting  hand  tools.  Non-powered 
striking  and  nailing  hand  tools  caused  the  most  bruises  (Tables 8.14 and 8.15). 

Powered  hand  tools  also  caused  cuts,  punctures,  and  lacerations  more  than  any  other 
type  of  injury.  Sprains  and  strains,  and  bruises  were  the  other  significant  types  of  injuries 
caused  by  powered  hand  tools.  The  majority  of  cuts,  punctures  and  lacerations  were 
caused  when  using  powered  cutting  tools.  Powered  surfacing  tools  also  caused  a  signi- 
ficant incidence of cuts,  punctures,  and  lacerations  (Tables  8.16  and  8.17). 

Body  parts  affected due to hand  tool  injuries 

In  1993  and  1994,  approximately  6  per  cent  of  all  injuries  to  the  head  were  due  to  hand 
tools.  Nearly  2  per  cent  of all injuries  to  the  neck  were  due  to  hand  tools.  Hand  tools  also 
caused  nearly 2.2 per  cent  of  all  injuries  to  the  trunk  including  the  shoulder,  back, 
abdomen,  and  pelvic  region,  and  nearly 12  per  cent  of the  upper  extremity  injuries. 
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Table 8.13 Incidence rates  for  non-fatal occupational  injuries  due  to hand  tools  classified 
by the  nature of  injury. 

Nature of injury  1993  1994 
or illness 

Total  incidence  Due  to  hand  tools  Total  incidence  Due  to  hand  tools 

All private  industry 285.6  13.4 277.0  12.3 
Traumatic  injuries 258.9  12.4 251.7  11.3 

Traumatic  injuries  to 123.0  2.6 120.3  2.4 
and  disorders 

muscles,  tendons, 
ligaments,  joints,  etc. 

Sprains,  strains,  tears 121.6  2.5 119.3  2.4 
Open  wounds 28.4  7.1 26.5  6.2 
Cuts,  lacerations 21.5  6.3 20.4 5.5 
Bruises,  contusions 26.8  0.8 26.2  0.8 
Carpal  tunnel 5.2 - 4.8 - 

Bursitis  0.4 - 0.4 - 

Synovitis - - 

Tendonitis  3.2  0.1  3.1 0.1 
Tenosynovitis  0.2 - 0.2 - 

Gangliodcysts  0.3 - 0.3 - 

syndrome 

~ - 

~ 

Incidence  rates  represent  the  number of injuries  and  illnesses  per 10 000 full-time  workers  and  are 
computed  as  follows: 
Incidence  rate = (NEH x 20 000 000), where 

N is  the  number of injuries  and  illnesses 
EH is  the  total  hours  worked  by  all  employees  during  the  calendar  year 
20 000 000 is  the  base for 10 000 equivalent  full-time  workers  (workmg  40  hours  per  week, 
50 weeks  per  year). 

Among  the upper  extremities,  hand  tools  were  responsible  for  about 5 per  cent  of  the 
injuries  to  the  arm,  about  4  per  cent  of  the  injuries  to  the  wrist,  about  14  per  cent  of 
the  injuries to the hands except the fingers, and nearly  21  per  cent  of  the  injuries  to  the 
fingers.  Hand  tools  also  caused  2  per  cent  of  all  injuries to the  lower  extremities. Of all 
the  injuries due to hand  tools,  nearly  8  per  cent  of  the  injuries  occurred  to  the  head, 0.8 
per  cent to the  neck, 18 per  cent  to  the  trunk  including  the  shoulder,  back,  abdomen,  and 
pelvic  region, 62  per  cent  to  the  upper  extremities,  and  9  per  cent  to  the  lower  extremit- 
ies.  Among  the  body  parts  in  the  upper  extremities, 7 per  cent  of  the  hand  tool  injuries 
occurred  in  the arm region, 7 per  cent  in  the  wrist  region, 20  per  cent in the  hands except 
fingers,  and 63  per  cent to  the  fingers  (Tables  8.18 and  8.19). 

Nearly 44 per  cent  of  all  injuries  due  to  the  use  of  non-powered  hand  tools  occurred  to 
the  fingers. The  hand  (about  13  per  cent) and  the  back  (about  12.5  per  cent) were  other 
body  parts  that  were  most  affected  due  to  non-powered  hand  tools.  Among  the  different 
types of non-powered hand  tools,  non-powered  cutting  hand  tools  caused  the  vast  major- 
ity of injuries to  the finger  (nearly  79  per  cent),  followed  by  non-powered  striking  and 
nailing  tools  (about  10.5  per  cent).  The  majority of the  injuries  (nearly 75 per  cent)  to  the 
hand  were  also  caused by non-powered  cutting hand  tools.  Non-powered  digging  hand 
tools  (about  39  per  cent), non-powered hand  tools  such  as  crowbars,  pitchforks,  etc. 



Table 8.14 
the nature of injury. 

Tool Total number Spraindstrains Fractures Cuts, punctures Bruises Carpal tunnel Tendonitis Back pain 
type syndrome 

Number of non-fatal occupational injuries in the USA due to different types of non-powered hand tools classified by 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 2252591 2236639 959163 
B 141 794 133347 33849 
C 70721 65300 13318 
D 688 51 1 165 
E 38462 34016 669 
F 6 073 6440 4030 
G 1787 1673 413 
H 819 650 309 
I 6 926 7968 1339 
J 1010 84 1 144 
K 6 367 5929 2 605 
L 8 060 6868 3357 

963 496 136 478 
33584 7447 
13 094 2 870 

155 I74 
643 99 

4 220 88 
376 I96 
188 59 

1 740 1 152 
I93 28 

2 276 494 
3 125 572 

138 545 
7 294 
2 656 

56 
88 

130 
I34 
94 

1039 
53 

510 
518 

202464 190890 211 179 211952 
57906 51716 11  113 9996 
40653 35955 4 176 3 953 

155 I05 115 90 
35790 31 566 27 1 267 

385 259 203 226 
393 260 226 286 
102 141 156 88 
699 955 1671 1583 
62 I 462 76 33 

1194 1357 545 508 
1185 796 895 847 

41 019 
35 
12 
- 

38336 25026 25187 58385 
155 950 846 1997 
81 520 444 659 

9 
~ 38 68 59 

65 124 71 258 
~ 36 34 - 

17 
- 90 103 53 

15 
- 79 82 51 
~ 139 64 189 

- - - 

- - - 

- - - 

62 228 
2 019 

806 

41 
402 

12 

67 

58 
202 

- 

~~ ~~~ ~ ~ 

A refers to all injuries in private industry 
B refers to all tools, instruments, and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-powered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to other categories of non-powered hand tools such as crowbars, pitchforks, staplers, etc 



I
I

 
m

 

d
 

m
 

2
 

m
 

m
 

2
 



Table 8.16 Non-fatal occupational injuries in the USA due to different types of powered hand tools classified by the nature of injury. 
~~ 

Tool Total number Sprains/strains Fractures Cuts, punctures Bruises Carpal tunnel Tendonitis Back pain 
w e  syndrome 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 2252591 
B 141 794 
C 26 422 
D 3 115 
E 6 826 
F 2 812 
G 4 250 
H 1 066 
I 5 835 
J 2 083 

2 236 639 
133 347 
25 857 
3 724 
6 074 
2 491 
3 684 

876 
6 826 
1729 

959 163 
33 849 
4 813 

62 1 
66 1 

I 106 
1081 

219 
333 
575 

963496 1 
33 584 

4 276 
96 1 
388 
953 
798 
312 
267 
437 

I36 478 
7 447 
I312 

3 04 
196 
412 
150 
89 
36 

118 

38 545 
7 294 
1 406 

536 
67 

315 
174 
92 

I03 
102 

202 464 
57 906 

9 515 
1429 
5 019 

195 
1657 

329 
79 

755 

190890 21 
51 716 I 

8 708 
1351 
4 658 

294 
1339 

I89 
102 
657 

179 211952 41019 38336 25026 25187 58385 62228 
113 9996 35 155 950 846 1997 2019 
270 1194 - 14 119 190 20 202 
126 140 20 37 23 32 
I49 73 15 - 39 17 
433 244 23 60 120 71 
234 404 12 48 34 40 
1 1 1  98 32 10 - 13 
42 42 9 - 13 16 

116 108 20 54 - 

- - 

- - 

- - 

- - 

- - 

- - 

- - - 
- ~ 

A refers to all injuries in private industry 
B refers to all tools, instruments, and equipment 
C refers to all powered hand tools 
D refers to powered boring hand tools 
E refers to powered cutting hand tools 
F refers to powered striking and nailing hand tools 
G refers to powered surfacing hand tools 
H refers to powered turning hand tools 
I refers to powered welding and heating hand tools 
J refers to other powered hand tools such as nail guns, sprayers, etc. 



Table 8.17 Incidence of non-fatal occupational injuries in the USA due to different types of powered hand tools classified by the nature of injury. 

Back pain Tendonitis Tool Total incidence Sprains/strains Fractures cuts, Bruises Carpal tunnel 
type punctures syndrome 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 285.6 
B 18.0 
C 3.4 
D 0.4 
E 0.9 
F 0.4 
G 0.5 
H 0.1 
I 0.7 
J 0.3 

277.0 
16.5 
3.2 
0.5 
0.8 
0.3 
0.5 
0.1 
0.8 
0.2 

121.6 119.3 17.3 17.2 25.7 23.6 26.8 26.2 5.2 4.8 
4.3 4.2 0.9 0.9 7.3 6.4 1.4 1.2 
0.6 0.5 0.2 0.2 1.2 1.1 0.2 0.2 - - 

0.1 0.1 - 0.1 0.2 0.2 
- 0.6 0.6 0.1 

0.1 0.1 
0.1 0.1 

- - 

- - - - 
- - - - - - 

- - - - - - - - 
- - 0.2 0.2 - - - - 

3.2 
0.1 
- 

3.1 
0.1 

7.4 
0.2 

7.7 
0.2 
- 

~~ 

A refers to all injuries in private industry 
B refers to all tools, instruments, and equipment 
C refers to all powered hand tools 
D refers to powered boring hand tools 
E refers to powered cutting hand tools 
F refers to powered striking and nailing hand tools 
G refers to powered surfacing hand tools 
H refers to powered turning hand tools 
I refers to powered welding and heating hand tools 
J refers to other powered hand tools such as nail guns, scrappers, etc. 
Incidence rates represent the number of injuries and illnesses per 10 000 full-time workers and are computed as follows: 
Incidence rate = (NIEH x 20 000 000), where 

N is the number of injuries and illnesses 
EH is the total hours worked by all employees during the calendar year 
20 000 000 is the base for 10 000 equivalent full-time workers (working 40 hours per week, 50 weeks per year). 
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Table 8.18 
the part of body affected. 

Part of body 1993 1994 

Number of non-fatal occupational injuries due to hand tools classified by 

Total number Due to hand tools Total number Due to hand tools 

All private industry 2 252 591 105 478 2 236 639 99 322 
Head 155 504 8 722 151 186 8 880 
Neck 40 704 893 40 178 695 
Trunk, including 869 447 18 820 866 73 1 18 415 

shoulder, back, 
abdomen and 
pelvic region 

Upper extremities 518 703 65 537 506 792 60 428 
Arm 92 209 4 625 94 949 4 637 
wrist 114 540 4 486 110 232 3 946 
Hands except fingers 92 405 13 197 88 123 12 116 
Fingers 192 634 41 376 187 390 38 212 
Hands and fingers 6 907 697 6 777 800 
Hands and wrists 5 325 329 5 553 238 
Hands and arms 3 821 417 4 042 56 
Lower extremities 440 016 9 313 443 751 9 149 

Table 8.19 Incidence rates for non-fatal occupational injuries due to hand tools classified 
by part of body affected. 

~ 

Part of body 1993 1994 

Total incidence Due to hand tools Total incidence Due to hand tools 

All private industry 
Head 
Neck 
Trunk, including 

shoulder, back, 
abdomen and 
pelvic region 

Upper extremities 
Arm 
Wrist 
Hands except fingers 
Fingers 
Hands and fingers 
Hands and wrists 
Hands and arms 
Lower extremities 

285.6 
19.7 
5.2 

110.2 

65.8 
11.7 
14.5 
11.7 
24.4 
0.9 
0.7 
0.5 

55.8 

13.4 
1.1 
0.1 
2.4 

8.3 
0.6 
0.6 
1.7 
5.2 
0.1 

- 

1.2 

277.0 
18.7 
5 .o 

107.3 

62.8 
11.8 
13.6 
10.9 
23.2 
0.8 
0.7 
0.5 

55.0 

12.3 
1.1 
0.1 
2.3 

7.5 
0.6 
0.5 
1.5 
4.7 
0.1 

- 
1.1 

Incidence rates represent the number of injuries and illnesses per 10 000 full-time workers and 
are computed as follows: 
Incidence rate = (N/EH x 20 000 000), where 

N is the number of injuries and illnesses 
EH is the total hours worked by all employees during the calendar year 
20 000 000 is the base for 10 000 equivalent full-time workers (working 40 hours per week, 
50 weeks per year). 



Table 8.20 Non-fatal occupational injuries in the USA due to different types of non-powered hand tools classified by the part of body affected 

Type of tool Total number Back Shoulder Finger Hand Wrist 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

2 252 591 
141 794 
70 721 

688 
38 462 
6 073 
1787 

819 
6 926 
1010 
6 367 
8 060 

2 236 639 
133 347 
65 300 

51 1 
34 016 
6 440 
1673 

650 
7 968 

84 1 
5 929 
6 868 

615 010 
22 687 

8 639 
64 

268 
3 425 

175 
180 
784 
I 1 1  

1166 
2 320 

606 545 105 881 
21 564 5 025 

8 814 1875 
77 19 

352 168 
3 743 278 

245 41 
115 17 
797 254 
82 19 

1115 550 
2 156 48 1 

109 543 
4 795 
2 061 

38 
71 

387 
36 
15 

367 
19 

585 
518 

192 634 
44 978 
31 090 

152 
24 51 1 

171 
625 
101 

2 527 
43 5 

1399 
1134 

187 390 
41 510 
28 581 

87 
21 923 

200 
537 
144 

3 039 
325 

1356 
928 

92 405 
14 786 
9 541 

78 
7 177 

135 
185 
38 

75 1 
108 
518 
454 

88 123 
13 405 
8 442 

50 
6 006 

13 1 
175 
49 

915 
99 

59 1 
407 

1 I4 540 
5 517 
2 766 

82 
1188 

300 
106 
31 

270 
117 
327 
309 

110 232 
5 092 
2 417 

36 
996 
274 
77 
28 

354 
78 

277 
286 

A refers to all injuries in private industry 
B refers to all tools, instruments, and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-powered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to other categories of non-powered hand tools such as crowbars, pitchforks, staplers, etc. 
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Table 8.21 Incidence of non-fatal occupational injuries in the USA due to different types 
of non-powered hand tools classified by the part of body affected. 

Tool  Total  Back  Shoulder  Finger  Hand  Wrist 
type  incidence 

1993  1994  1993  1994  1993  1994  1993  1994  1993  1994  1993  1994 

A 285.6 
B 18.0 
C 9.0 
D 0.1 
E 4.9 
F 0.8 
G 0.2 
H 0.1 
1 0.9 
J 0.1 
K 0.8 
L 1 .o 

~ 

277.0 
16.5 
8.1 
0.1 
4.2 
0.8 
0.2 
0.1 
1 .o 
0.1 
0.7 
0.8 

78.0 75.1 13.4 13.6 24.4 23.2 11.7 10.9 14.5 13.6 
2.9 2.7 0.6 0.6 5.7 5.1 1.9 1.7 0.7 0.6 
1.1 1.1 0.2 0.3 3.9 3.5 1.2 1.0 0.4 0.3 

- - - - 3.1 2.7 0.9 0.7 0.2 0.1 

- - - - 0.1 0.1 - - - - 

~ ~~ 

- - - - - - - - - - 

0.6 0.5 0.4 - - - - - - - 

- - - - - - - - - - 

0.1 0.1 - - 0.3 0.4 0.1 0.1 

0.2 0.1 0.1 0.1 0.2 0.1 0.1 
0.3 0.3 0.1 0.1 0.1 0.1 0.1 

- - 

- - - - - 0.1 - - - - 

- - - 

- - - 

A refers to injury  incidence  in all industries 
B  refers  to  injury  incidence  due  to  all  tools,  Instruments  and  equipment 
C refers to injury  incidence  due to all  non-powered  hand  tools 
D refers to injury  incidence  due to non-powered  boring  hand  tools 
E refers  to  injury  incidence  due  to  non-powered  cutting  hand  tools 
F refers  to  injury  incidence  due  to  non-powered  digging  hand  tools 
G refers to injury  incidence  due  to  non-powered  gripping  hand  tools 
H  refers  to  injury  incidence  due  to  non-powered  measuring  hand  tools 
I refers  to  injury  Incidence  due  to  non-powered  striking  and  nailing  hand  tools 
J refers  to  injury  incidence  due  to  non-powered  surfacing  hand  tools 
K refers  to  injury  incidence  due  to  non-powered  turning  hand  tools 
L refers  to  injury  incidence  due  to  other  non-powered  hand tools such  as  crowbars,  pitchforks 
Incidence  rates  represent  the  number  of  injuries  and  illnesses  per 10 000 full-time  workers  and 
are  computed  as follows: 
Incidence  rate = (N/EH x 20 000 000), where 

N is  the  number  of  injuries  and  illnesses 
EH  is  the total  hours  worked  by  all  employees  during  the  calendar  year 
20 000 000 is  the  base  for 10 000 equivalent  full-time  workers  (working 40 hours  per  week, 
50 weeks  per  year). 

(about  26  per  ccnt),  and  non-powered  turning  hand  tools  (about 13 per  ccnt)  caused  the 
most  incidence  of  injuries to the  back  (Tables  8.20  and 8.21). 

The body  parts  most  significantly  affected  by  the  use  of  powered  hand  tools  include 
the  fingers  (nearly 27 per  cent  of  injuries  due  to  powered  hand  tools  occurred  to  the 
fingers). The  hand  (about 9.3 per  cent)  and  the  back  (about 10 per  cent)  were  the  other 
body  parts  affccted  by  powered  hand  tools.  Among  the  different  types  of  powered  hand 
tools,  powered  striking  and  nailing  hand  tools  caused  the  most  injuries  to  the  back; 
powered  cutting  hand  tools,  and  powered  boring  hand  tools  caused  the  most  injuries  to 
the fingers; powered  cutting  hand  tools  caused  the  most  injuries  to  the  hand  (Tables  8.22 
and 8.23). 



Table 8.22 Non-fatal occupational injuries in the USA due to different types of powered hand tools classified by part of body affected. 

Type of tool Total number Back Shoulder Finger Hand wrist 

1993 I994 I993 1994 I993 1994 1993 1994 1993 1994 1993 1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

2 252 591 2 236 639 
141 794 133 347 
26 422 25 857 
3 115 3 724 
6 826 6 074 
2 812 2 491 
4 250 3 684 
1066 876 
5 835 6 826 
2 083 1729 

615 010 
22 687 
2 760 

163 
484 
916 
616 
61 

173 
298 

606 545 
21 564 
2 325 

378 
296 
714 
408 

92 
214 
177 

105 881 109 543 
5 025 4 795 

578 612 
98 85 
53 100 

112 112 
90 148 
53 60 
44 26 

108 54 

192 634 
44 978 

7 179 
1296 
2 982 

407 
1334 

336 
277 
460 

I87 390 
41 510 
6 183 
1467 
2 308 

410 
903 
293 
350 
369 

92 405 
14 786 
2 466 

49 1 
61 1 
95 

423 
191 
23 1 
362 

88 123 
13 405 
2 630 

462 
886 
I61 
415 
112 
274 
245 

I I4 540 110 232 
5517 5092 
1369 1178 

259 316 
304 287 
132 144 
374 174 
76 100 
63 44 

137 82 

A refers to all injuries in private industry 
B refers to all tools, instruments, and equipment 
C refers to all powered hand tools 
D refers to powered boring hand tools 
E refers to powered cutting hand tools 
F refers to powered striking and nailing hand tools 
G refers to powered surfacing hand tools 
H refers to powered turning hand tools 
I refers to powered welding and heating hand tools 
J refers to other powered hand tools such as nail guns, scrappers, etc. 
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Table 8.23 Incidence of non-fatal  occupational  injuries in the USA due to  different types 
of powered hand tools classified by the part of body affected. 

Tool  Total  Back  Shoulder  Finger  Hand wrist 
type  incidence 

1993  1994  1993  1994  1993  1994  1993  1994  1993  1994  1993  1994 

A 
B 
C 
D 
E 
F 
G 
H 
1 
J 

285.6 
18.0 
3.4 
0.4 
0.4 
0.4 
0.5 
0.1 
0.7 
0.3 

277.0 
16.5 
3.2 
0.5 
0.8 
0.3 
0.5 
0.1 
0.8 
0.2 

78.0 75.1 13.4 
2.9 2.7 0.6 
0.4 0.3 0.1 
- - - 

0.1 
0.1 0.1 - 
0.1 - 

- - 

- 
- - - 

13.6 24.4 23.2 11.7 10.9 14.5 13.6 
0.6 5.9 5.1 1.7 1.7 0.7 0.6 
0.1 0.9 0.8 0.3 0.3 0.2 0.2 
- 0.2 0.2 0.1 0.1 - 
- - 0.3 - 0.1 - - 

- 

~~ 

A refers to total  injury  incidence  for  all  private  industry 
B  refers to injury  incidence  due  to  all  tools,  instruments  and  equipment 
C refers  to  injury  incidence  due to all powered  hand  tools 
D refers to injury  incidence  due to powered  boring  hand  tools 
E refers  to  injury  incidence  due to powered  cutting  hand  tools 
F refers  to  injury  incidence  due to powered  striking  and  nailing  hand  tools 
G refers  to  injury  incidence  due  to  powered  surfacing  hand  tools 
H  refers to injury  incidence  due to powered  turning  hand  tools 
I refers to injury  incidence  due  to  powered  welding  and  heating  hand  tools 
J refers  to  injury  incidence  due  to  all  other  powered  hand  tools  such  as  nail  guns,  scrubbers, 
sprayers,  etc. 
Incidence  rates  represent  the  number  of  injuries  and  illnesses  per 10 000 full-time  workers  and 
are  computed  as  follows: 
Incidence  rate = (N/EH x 20 000 000), where 

N is  the  number  of  injuries 
EH is  the  total  hours  worked  by  all  employees  during  the  calendar  year 
20 000 000 is  the  base  for 10 000 equivalent  full-time  workers  (working 40 hours  per  week, 
50 weeks  per  year). 

Events/exposure leading to hand  tool  injuries 

In  1993  and  1994,  the  most  significant  event  or  exposure  leading to injury due to  the  use 
of  non-powered hand  tools  was  being  struck  by  objects.  Nearly 61 per  cent  of  the  non- 
powered hand tool  injuries happened in this  manner.  Overexertion  was  the  next  leading 
cause of non-powered  hand  tool  injuries  (nearly  23  per  cent). Being  struck  against  objects 
(9 per  cent),  and  being  caught in objects  (2  per  cent)  were  the  other  significant  events 
leading  to  non-powered hand  tool  injuries.  Non-powered  cutting  hand  tools  caused  nearly 
70 per  cent  of  all  cases  of  being  struck  by  objects.  Non-powered  digging  hand  tools,  other 
non-powered  hand  tools  such  as  crowbars, pitchforks,  etc.,  and  non-powered  turning 
hand  tools  caused  the  most  cases  of  overexertion  injuries.  Non-powered  cutting  hand 
tools,  again,  caused  the  most  exposures of being  struck  against  objects,  and  being  caught 
in  objects  (Tables  8.24  and  8.25). 



Table 8.24 
leading to injury 

Non-fatal occupational injuries in the USA due to different types of non-powered hand tools classified by the event/exposure 

~~ ~ ~ ~~ ~ 

Tool type Total number Struck by object Struck against object Caught in object Overexertion 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

2 252 591 
141 794 
70 721 

688 
38 462 
6 073 
1787 

819 
6 926 
1010 
6 367 
8 060 

2 236 639 
133 347 
65 300 

51 1 
34 016 
6 440 
1673 

650 
7 968 

84 1 
5 929 
6 868 

294 177 
64 277 
42 880 

188 
30 042 

658 
630 
283 

4 934 
589 

2 606 
2 794 

292 609 
60 608 
40 629 

149 
27 691 

592 
416 
264 

5 898 
387 

2 931 
2 153 

161 753 
14 670 
6 709 

93 
5 129 

177 
172 
129 
229 
132 
130 
505 

162 269 
12 576 
5 308 

38 
3 918 

193 
264 
101 
112 
163 
97 

41 8 

98 846 96 840 
6 886 6 919 
1690 1305 

134 36 
399 185 
21 

397 398 
32 42 
56 51 
16 31 

278 213 
349 329 

- 

635 802 
37 746 
15 958 

162 
812 

4 920 
510 
308 

1568 
214 

3 172 
4018 

613 251 
35 497 
15 391 

156 
778 

5 432 
485 
172 

1764 
204 

2 542 
3 660 

A refers to all injuries in private industry 
B refers to all tools, instruments, and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-powered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to other categories of non-powered hand tools such as crowbars, pitchforks, staplers, etc. 
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Table 8.25 Incidence  of  non-fatal  occupational  injuries in the USA due to different types 
of  non-powered hand tools classified by the eventlexposure leading  to  injury. 

Tool  Total  Struck  by  Struck  Caught  Overexertion  Repetitive 
type ~ncidence object  against  in  object  motion 

object 

1993  1994  1993  1994  1993  1994  1993  1994  1993  1994  1993  1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

285.6 
18.0 
9.0 
0.1 
4.9 
0.8 
0.2 
0.1 
0.9 
0.1 
0.8 
1 .o 

277.0  37.3  36.2  20.5  20.1 
16.5 8.2 7.5  1.9  1.6 
8.1 5.4 5.0 0.8  0.7 
0.1 - 

4.2  3.8  3.4  0.6 0.5 
0.8 0.1 0.1 - 
0.2  0.1 - 

0.1 - 

1.0 0.6 0.7 - - 
0.1 0.1 - 

0.7 0.3  0.4 - - 

0.8  0.4  0.3 0.1 - 

- - - 

- 
- - 

- - - 

- - 

12.5 12.0 80.6 76.0 12.0 11.5 
0.9 0.9 4.8 4.4 - 

0.2 0.2 2.0 1.9 - - 

- - 0.1 0.1 - - 

- - 0.6 0.7 - - 

- - 0.1 0.1 - - 

- - 0.2 0.2 - - 

- - 0.4 0.3 - - 

- - 0.5 0.4 - - 

~ 

- - - - - - 

- - - - - - 

- - - - - - 

A refers  to  injury  incidence In all  private  industry 
B refers to injury  incidence  due  to  all  tools,  instruments,  and  equipment 
C refers to injury  incidence  due to all  non-powered  hand  tools 
D refers to injury  incidence  due to non-powered  boring  hand  tools 
E  refers  to  injury  incidence  due to non-powered  cutting  hand  tools 
F refers  to  injury  incidence  due  to  non-powered  digging  hand  tools 
G refers  to  injury  incidence  due  to  non-powered  gripping  hand  tools 
H refers  to  injury  incidence  due  to  non-powered  measuring  hand  tools 
I refers  to  injury  incidence  due to non-powered  striking  and  nailing  hand  tools 
J refers  to  injury  incidence  due to non-powered  surfacing  hand  tools 
K refers  to  injury  incidence  due  to  non-powered  turning  hand  tools 
L refers to injury  incidence  due  to all other  non-powered  hand  tools  such  as  crowbars, 
pitchforks,  stapling tools etc. 
Incidence  rates  represent  the  number  of injur~es and  illnesses  per 10 000 full-time  workers  and 
are  computed  as  follows: 
Incidence  rate = (N/EH x 20 000 000), where 

N  is  the  number  of inpries and  illnesses 
EH is the  total  hours  worked  by all employees  during  the  calendar  year 
20 000 000 is  the  base  for I O  000 full-time  workers  (working 40 hours  per  week, 
50 weeks  per  year). 

Being  struck by objects was the  most significant event or exposure leading to  injuries 
due to use of powered  hand  tools.  Nearly 31 per cent of all  hand  tool  injuries  due  to 
powered hand  tools  were  caused  by  being  struck  by objects.  Overexertion was  the next 
major  eventlexposure  leading  to injury (about 20 per cent). Powered cutting hand  tools 
caused most  cases  struck by objects  (nearly 38 per cent),  followed by powered  surfacing 
hand  tools (about 18 per cent). For cases  reporting being struck  against objects, and being 
caught in objects, again, powered cutting hand tools and powered surfacing hand tools 
resulted  in most  injuries.  Powered  striking  and  nailing  hand  tools (21 per cent), and 
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Table 8.27 Incidence of non-fatal  occupational  injuries in the USA due to different types 
of powered hand tools classified by the event/exposure leading to injury. 

Tool Total Struck  by  Struck  Caught  Overexertion  Repetitive 
type  incidence  object  against  in  object  motion 

object 

1993  1994  1993  1994  1993  1994  1993  1994  1993  1994  1993  1994 

A 285.6 
B 18.0 
C 3.4 
D 0.4 
E 0.9 
F 0.4 
G 0.5 
H 0.1 
I 0.7 
J 0.3 

277.0 
16.5 
3.2 
0.5 
0.8 
0.3 
0.5 
0.1 
0.8 
0.2 

37.3  36.2  20.5 
8.2  7.5  1.9 
1.1 1.0 0.3 
0.2  0.1 - 

0.4  0.4  0.2 
0.1  0.1 - 

0.2  0.2  0.1 
0.1 - 

0.1  0.1 - 

- 

- - - 

20.1  12.5  12.0  80.6  76.0  12.0  11.5 
1.6 0.9 0.9 4.8 4.4 - - 
0.3 0.4 0.4 0.7 0.6 - - 
- 0.1 0.1 0.1 0.1 - 

0.2 0.1 0.1 0.1 0.1 
- - - 0.2 0.1 - - 

0.1 0.1 0.1 0.2 0.1 - - 

- 

- - 

- - - - - - - 

- - - - - - - 

- - - 0.1  0.1 - - 

~~ 

A refers to injury  incidence  in  all  private  industry 
B refers to injury  incidence  due to all  tools,  instruments,  and  equipment 
C  refers to injury  incidence  due to all  powered  hand  tools 
D refers to injury  incidence  due to powered  boring  hand  tools 
E refers to injury  incidence  due to powered  cutting  hand  tools 
F refers to injury  incidence  due to powered  striking  and  nailing  hand tools 
G refers  to  injury  incidence  due  to  powered  surfacing  hand  tools 
H refers to injury  incidence  due to powered  turning  hand  tools 
I refers  to  injury  incidence  due to powered  welding  and  heating  hand  tools 
J refers to injury  incidence  due to all  other  powered  hand  tools  such  as  nail  guns,  scrubbers, 
sprayers,  etc. 
Incidence  rates  represent  the  number  of  injuries  and  illnesses  per  10 000 full-time  workers  and 
are  computed  as  follows: 
Incidence  rate = (N/EH X 20 000 000), where 

N is  the  number  of  injuries  and  illnesses 
EH is  the  total  hours  worked  by  all  employees  during  the  calendar  year 
20 000 000 is  the  base  for  10 000 equivalent  full-time  workers  (working 40 hours  per  week, 
50 weeks  per  year). 

powered  surfacing  hand  tools  (20  per  cent)  were  the  leading  categories  of  powered  hand 
tools  causing  overexertion  injuries  (Tables  8.26  and  8.27). 

Age and hand tool injuries 

In 1993  and  1994,  nearly  35  per  cent  of  all  injuries  due  to  non-powered  hand  tools 
happened to workers in  the age  group  25 to 34  years.  Also,  about  22  per  cent of workers 
in  the  age  group  35  to 44 years  were  affected  by  non-powered  hand  tool  injuries.  About 
19  per  cent  of  the  workers in the  20  to  24  years  age  group  were  affected by  non-powered 
hand tool  injuries. For  the most  severely  affected  age  group  (25  to  34  years),  a  majority 
of the  injuries  (nearly  53  per  cent)  were  due  to  non-powered  cutting  tools.  Non-powered 
striking  and  nailing  hand  tools  (about 11 per  cent),  and  non-powered  digging  hand  tools 
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(about 9 per  cent)  also  significantly  contributed  to  injuries in this  age  group.  Non-powered 
cutting  hand  tools  caused  nearly  40  per  cent  of  all  injuries  due  to  non-powered  hand  tools 
in  the  35  to 44 years  worker  age  group. Most of  the  other injuries  in  this  age group  were 
caused  by  other  types  of  non-powered  hand  tools  such  as  crowbars,  pitchforks,  etc.  (about 
15  per  cent),  and  non-powered  turning  hand  tools  (about  12  per  cent)  (Table  8.28). 

Powered hand tools,  again,  affected  mostly  the 25  to  34  years (nearly 37  per  cent  of all 
injuries),  and  the  35  to 44 years  (nearly 24  per  cent  of  all  injuries)  age  groups.  The  age 
group  20  to  24  years  (about  18  per  cent  of all  injuries)  was  also  significantly  affected due 
to  the  use  of  powered  hand  tools.  The  use  of  powered  cutting  hand  tools  caused  the  most 
injuries  in  the  25  to  34  years  age  group  (about  29  per  cent  of  the  injuries).  Powered 
welding and  heating  hand  tools  closely  followed,  causing  nearly  28  per  cent  of  all  injuries 
to  this  age  group.  Among  the  workers in the  35  to 44 years  age  group,  powered  welding 
and  heating  tools,  powered  cutting  hand  tools,  and  powered  surfacing  hand  tools,  all 
caused  equally  significant  numbers  of  injuries  (between  16  and  21  per  cent  of  all  injuries) 
(Table  8.29). 

Gender and hand tool injuries 

Overall,  in  1993  and  1994,  non-powered hand tool  injuries  affected  nearly 80  per  cent 
men and  about 20  per  cent  women in  the  workforce.  Among men, injuries due to  non- 
powered  cutting hand  tools  accounted  for  nearly 50 per  cent of  the  total  number  of 
injuries due  to non-powered  hand  tools.  Non-powered  striking  and  nailing  tools  (about  12 
per  cent),  non-powered  turning hand  tools  (about 11 per  cent),  and  non-powered  hand 
tools  such as crowbars,  pitchforks, etc.  (about  10  per  cent),  accounted  for  the  rest  of  the 
injuries due to  non-powered hand tools. Among  women  also,  most of the  injuries  due  to 
non-powered  hand  tools  (about 69  per  cent) were due to  non-powered  cutting  tools. Other 
types of non-powered  hand  tools  such as  crowbars  and  pitchforks  accounted  for  a  major- 
ity  (about  14  per  cent)  of  the  rest  of  the  injurics  to  women  (Table  8.30).  Powered  hand 
tools  affected  nearly  90  per  cent  of  the  men,  and  nearly  10  per  cent  of  the  women. 
Among men,  powered  cutting  hand  tools  (nearly 26  per cent  of  all  injuries due to  powered 
hand tools),  powered welding and  heating  hand  tools  (about 26  per  cent), powered  sur- 
facing  hand  tools  (about 10 per  cent),  powered  boring  hand  tools  (about 11 per  cent),  and 
powered  striking  and  nailing  hand  tools  (nearly  9  per  cent)  causcd  the  most  injuries. 
Among  women,  the  use  of  powered  surfacing  hand  tools  (nearly  23  per  cent  of  the 
injuries due  to powered  hand  tools),  and  the  use  of  powered  cutting  hand  tools  (about  17 
per  cent)  caused  the  most  occupational  injuries  (Table  8.3 1). 

Days away from  work  due to hand tool injuries 

On an  average, in 1993  and  1994,  due  to  the  use  of  non-powered  hand  tools,  workers 
stayed  away  from  work  for  only  one  day  in  nearly  24  per  cent  of  the  cases. In nearly 21 
per  cent  of  the  cases,  the  days  away  from  work  due  to  non-powered  hand  tool  injury  was 
reported as between  three  and  five  days. In nearly  14  per  cent of the  cases,  workers  stayed 
away  from  work  for  six  to  ten  days due to  non-powered hand tool  injuries.  For  injurics 
due to non-powered boring hand tools,  workers  in  nearly  23  per  cent  of  the  cases  stayed 
away from work  for  a  day,  and  in  nearly  16  per  cent of  the  cases  they  stayed  away  from 
work  for  31  days or more.  About  20  per  cent  of  the  non-powered  boring  hand  tool  injury 
cases  stayed  away  from  work  for  three to five  days.  Workers  injured  due  to  non-powered 
cutting  hand  tools  stayed  away  from  work  for  a  day  in  nearly  27  per  cent  of  the  cases,  and 



Table 8.28 
hand tool user. 

Non-fatal occupational injuries in the USA due to different types of non-powered hand tools classified by the age of the affected 

Tool type A Under 14 14 to I5 16 to I9 years 20 to 24 years 25 to 34 years 35 lo 44 years 45 to S4 years 55 to 64 years 65 years 
years years and older 

I993 I994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 
~ ~~ ~~ 

2252591 2236639 23 55 889 I 181 95790 97262 319708 307775 724354 708047 566429 576932 323503 327911 148249 147474 21604 21050 
R 141 794 133 347 ~ - 61 156 8503 8315 25404 23816 50160 44767 30933 31576 16218 15152 6998 6744 722 670 
C 70 721 6S 300 - 50 130 5895 5138 14280 12457 24838 21790 14206 14849 6923 6559 2978 2851 343 245 
D 688 511 ~ ~ 21 36 103 39 263 190 155 156 I l l  47 12 ~ 17 
E 38462 34016 - ~ 47 65 4680 4273 10320 8265 13211 11072 5593 5933 2663 2384 1119 I060 184 115 
F 6073 6440 ~ ~ ~ ~ 236 I95 764 991 2336 2206 I692 1839 619 787 337 267 10 ~ 

G I787 I673 ~ ~ 34 I4 216 137 594 548 505 597 267 242 120 78 ~ 32 
tf 819 650 ~ 3s 33 I l l  94 314 228 155 I35 I20 103 70 51 
I 6 926 7 968 ~~ ~ - 62 303 182 981 I371 2673 2944 I717 I966 700 868 376 462 43 14 
J 1010 841 ~ ~ 72 217 102 3 5 1  367 249 218 46 73 26 56 
K 6367 5929 ~ ~ 82 77 724 568 2218 2 I42 I773  I733 I005 918 465 433 28 20 
L 8 060 6 868 ~ -. ~ 422 293 779 851 2653 1993 2232 2134 I306  1080 421 381 71 38 

A refers to all injuries in the private industry 
B refers to all tools. instruments and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-pouered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to all other non-powered hand tools such as crowbars. pitchforks. stapling tools. etc. 

~ 

~ 



I x 0' 

2
;

 
&
l 

0' 

v
,

l
l

l
l

i
l

I
I

l
 

v
, 



H A N D  T O O L S  141 

Table 8.30 Non-fatal occupational injuries in the USA due to different types of 
non-powered hand tools  classified by the  gender of the affected hand tool user. 

Tool type Total number  Men  Women 

1993  1994  1993  1994  1993  1994 

A 2252 591 2 236639 1490418 1483 202 735  570 730802 
B 141  794 133  347 113  959 105  506 26  925 27  203 
C 70  721 65  300 57  760 52  806 12  415 12 158 
D 688 511 671 457 16 54 
E 38  462 34 016 29  623 25  202 8 591 8 723 
F 6 073 6 440 5 521 5 952 540 425 
G 1 787 1 673 1 536 1 305 224 363 
H 819 650 618 472 200 172 
I 6 926 7 968 6 514 7 592 309 355 
J 1010 84 1 684 665 325 176 
K 6 367 5 929 6 023 5 646 326 252 
L 8 060 6 868 6 171 5 197 1 806 1 590 

~ 

A refers to all private  industry 
B refers to all  tools,  instruments,  and  equipment 
C refers  to  all  non-powered  hand  tools 
D refers to non-powered  boring  hand  tools 
E refers to non-powered  cutting  hand  tools 
F refers  to  non-powered  digging  hand tools 
G refers to non-powered  gripping  hand tools 
H refers  to  non-powered  measuring  hand  tools 
I refers  to  non-powered  striking  and  nailing  hand  tools 
J refers  to  non-powered  surfacing  hand tools 
K refers  to  non-powered  turning  hand  tools 
L refers to all  other  non-powered  hand tools such  as  crowbars,  pitchforks,  stapling tools, etc. 

for  31  days  or  more  only  in 5 per  cent  of  the  cases.  Workers  injured  due  to  non-powered 
digging hand  tools  stayed  away  from  work  for  a  day  in  13  per  cent  of  the  cases,  and  for 
31  days or  more in  nearly 19 per  cent of  the  cases.  Workers injured due to  non-powered 
gripping  hand  tools  stayed  away  from  work  for  a  day  in  21  per  cent  of  the  cases,  and  for 
31 days or more in  18  per  cent of  the  cases.  Workers injured due to non-powered 
measuring hand  tools  stayed  away  from  work  for  a day in about  24  per cent of  the  cases, 
and  for  3  1  days  or more in  about  12  per  cent  of  the  cases. Workers injured due to  non- 
powered  striking  and  nailing  hand  tools  stayed  away  from  work  for  a  day  in  about  24  per 
cent  of  the  cases,  and  for  31  days  or  more  in  about  11  per  cent  of  the  cases.  Workers 
injured due to  non-powered  surfacing hand  tools  stayed  away  from  work  for  a  day in 
about  28  per  cent  of  the  cases,  and  for  31  days or more  in about 7 per  cent  of  the  cases. 
Workers injured due  to non-powered  turning  hand  tools  stayed  away from  work  for  a  day 
in  nearly 19  per  cent  of  the  cases, and  for  3 1 days  or  more in nearly  16  per  cent  of  the 
cases.  Workers injured due  to all  other  non-powered hand  tools  such  as  crowbars,  pitch- 
forks,  etc.,  stayed  away  from  work  for  a  day in nearly 17  per cent  of  the  cases, and  for 3 1 
days  or  more  in  nearly  16  per  cent  of  the  cases  (Table  8.32). 

Overall,  workers  injured  due  to  powered  hand  tools  missed  work  for  a  day in nearly 25 
per  cent  of  the  cases,  and missed work  for 3 1  days  or  more  in  nearly  13  per  cent of the 
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Table 8.31 Non-fatal  occupational  injuries in the USA due to different types of powered 
hand tools classified by the gender of the affected hand tool user. 

Tool type Total number  Men  Women 

1993  1994  1993  1994  1993  1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

2  252  59 1 
141  794 
26  422 

3 115 
6  826 
2  812 
4  250 
1  066 
5 835 
2  083 

2  236  639 
133 347 
25 857 

3  724 
6  074 
2  491 
3  684 

876 
6  826 
1 729 

1 490  418 1 483  202 
113  959 105 506 
24  299 23  467 
2  897  3  464 
6  445 5 675 
2  649  2  254 
3  761  3  163 

905  694 
5 556  6  458 
1 778 1 438 

735  570 730  802 
26  925 27  203 

2 027 2  307 
207  229 
366  395 
158 220 
468  516 
161  182 
248  345 
304  290 

A refers  to  all  private  industry 
B refers to all  tools,  instruments,  and  equipment 
C refers to all  powered  hand  tools 
D refers  to  powered  boring  hand  tools 
E refers to powered  cutting  hand  tools 
F refers to powered  striking  and  nailing  hand  tools 
G refers to powered  surfacing  hand  tools 
H refers to powered  turning  hand  tools 
I refers to powered  welding  and  heating  hand  tools 
J refers to all  other  powered  hand  tools  such  as  nail  guns,  scrubbers,  etc. 

cases.  These  numbers  were  nearly  14  per  cent  and  12  per  cent,  respectively,  for  powered 
boring hand tools;  15  per  cent and  18 per  cent,  respectively,  for  powered  cutting hand 
tools; 19 per  cent  and  22  per  cent,  respectively,  for  powered  striking  and  nailing  hand 
tools; 24 per  cent  and 10 per  cent,  respectively,  for  powered  gripping  hand  tools;  21  per 
cent  and  15  per  cent,  respectively,  for  powered  turning  hand  tools;  52  per  cent  and 3 per 
cent,  respectively,  for  powered welding and  heating  hand  tools;  and  19  per  cent  and  18 
per  cent,  respectively,  for  other  powered  hand  tools  such as nail  guns,  scrubbers, etc. 
(Table 8.33). 

ANATOMY OF  THE HAND  AND FOREARM 

The  forceltorque  generation  and  exertion  capabilities  of  the  human  hand  depend  upon  the 
structure  of  the  human  hand  and  forearm.  Figure  8.1  shows  the  bones  making  up  the  hand 
and  the  arm. The  forearm  consists  of  two  bones - the  radius  and  the  ulna.  The  radius is 
the  lateral bone  of  the  forearm. It has  a small,  flat,  and  round  head  in  its  proximal  region. 
Its distal  extremity  is  expanded,  and  forms  a  major  portion  of  the  wrist  joint.  The  ulna,  on 
the  other  hand,  is  large  proximally,  and  narrows  into  a  small,  round  head,  at  its  distal  end. 
These  two  bones  are  joined  by  the synovial  joints,  both  proximally  and  distally. The 
proximal  joint  shares an articular  capsule  with  the  elbow  joint;  the  distal  joint  shares  one 
with  the  wrist. The  bones  are parallel  to  each  other in the  supine  position.  The  radius 



Table 8.32 
from work due to the injury. 

Non-fatal occupational injuries in the USA due to different types of non-powered hand tools classified by the extent of days away 

Tool type Total number YO of cases involving 

1 day 2 days 3 to 5 days 6 to 10 days 11 to 20 days 21 to 30 days 31 days 
or more 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

2 252 591 
141 794 
70 721 

688 
38 462 
6 073 
1787 

819 
6 926 
1010 
6 367 
8 060 

2 236 639 
133 347 
65 300 

51 1 
34 016 

6 440 
1673 

650 
7 968 

84 I 
5 929 
6 868 

16.3 16.3 13.0 12.9 20.7 21.0 13.4 
22.5 23.1 15.3 14.7 20.1 21.6 14.4 
23.6 24.7 16.1 14.3 21.2 22.1 15.5 
20.4 24.5 14.8 12.1 18.9 22.7 5.6 
26.8 29.2 18.5 15.2 21.1 24.1 17.4 
13.5 12.8 10.6 9.6 22.2 20.7 15.9 
21.0 25.2 15.0 16.5 19.3 23.3 9.8 
26.2 21.2 15.5 9.5 16.9 27.6 11.5 
23.1 24.6 16.3 15.1 22.4 17.0 11.7 
21.6 28.3 18.1 14.8 24.6 25.5 22.1 
18.8 20.7 12.7 10.4 19.7 20.1 12.1 
22.0 16.8 12.2 17.4 21.4 19.5 13.7 

13.3 11.4 11.2 6.3 6.4 19.0 18.9 
13.4 9.6 9.8 5.0 5.2 13.0 12.2 
14.1 9.3 9.8 4.5 4.9 9.8 10.1 
15.2 11.1 8.2 13.8 1.4 15.5 15.8 
14.1 8.1 8.4 3.4 3.2 4.7 5.8 
15.9 12.9 14.9 5.3 7.5 19.6 18.6 
10.6 10.5 10.2 5.5 5.3 18.9 8.8 
9.7 12.8 6.5 3.5 13.5 13.6 11.9 

13.8 10.3 10.9 5.7 7.0 10.5 11.6 
12.7 2.9 3.4 4.3 8.2 6.4 7.1 
15.5 10.7 11.6 7.8 5.8 18.4 15.9 
13.0 9.5 10.1 4.9 6.8 16.4 16.5 

A refers to total in all private industry 
B refers to all tools, instruments and equipment 
C refers to all non-powered hand tools 
D refers to non-powered boring hand tools 
E refers to non-powered cutting hand tools 
F refers to non-powered digging hand tools 
G refers to non-powered gripping hand tools 
H refers to non-powered measuring hand tools 
I refers to non-powered striking and nailing hand tools 
J refers to non-powered surfacing hand tools 
K refers to non-powered turning hand tools 
L refers to all other non-powered hand tools such as crowbars, pitchforks, stapling tools, etc. 



Table 8.33 
work due to the injury. 

Non-fatal occupational injuries in the USA due to different types of powered hand tools classified by the extent of days away from 

~ - ~ -  

Tool type Total number % of cases involving 

1 day 2 days 3 to 5 days 6 to 10 days 11 to 20 days 21 to 30 days 31 days 
or more 

1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 1993 1994 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

2 252 591 
141 794 
26 422 
3 115 
6 826 
2 812 
4 250 
1 066 
5 835 
2 083 

2 236 639 
133 347 
25 857 

3 724 
6 074 
2 491 
3 684 

876 
6 826 
I 729 

16.3 16.3 13.0 
22.5 23.1 15.3 
24.9 26.8 13.9 
22.0 14.2 12.3 
16.2 15.0 10.1 
19.5 18.7 11.2 
14.4 24.3 13.5 
16.1 21.2 12.7 
51.5 52.3 22.1 
19.5 19.6 11.7 

12.9 20.7 
14.7 20.1 
14.1 18.7 
18.4 20.8 
10.5 17.6 
9.4 16.8 

11.9 23.1 
7.3 18.6 
19.2 14.4 
12.4 23.2 

A refers to total in all private industry 
B refers to all tools, instruments and equipment 
C refers to all powered hand tools 
D refers to powered boring hand tools 
E refers to powered cutting hand tools 
F refers to powered striking and nailing hand tools 
G refers to powered gripping hand tools 
H refers to powered turning hand tools 
I refers to powered welding and heating hand tools 
J refers to all other powered hand tools such as nail guns, scrubbers, sprayers, etc. 

21.0 
21.6 
19.6 
25.0 
17.1 
20.3 
23.9 
27.0 
15.5 
20.6 

13.4 13.3 11.4 11.2 6.3 6.4 19.0 18.9 
14.4 13.4 9.6 9.8 5.0 5.2 13.0 12.2 
11.6 12.4 10.9 9.7 5.4 5.1 14.6 12.3 
14.9 15.4 11.5 7.3 4.7 7.3 13.8 12.4 
14.1 16.8 13.8 16.5 8.6 6.3 19.6 17.9 
12.9 12.4 13.0 9.6 5.6 7.3 21.0 22.2 
12.5 13.1 13.5 12.4 4.7 5.1 18.4 9.2 
13.1 15.1 9.3 11.9 12.9 3.1 17.3 14.4 
4.2 5.1 3.5 3.2 1.3 1.7 3.1 3.0 

13.7 14.8 10.9 10.5 5.8 3.7 15.1 18.4 
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Figure 8.1 Bones of the hand and the arm  (from Putz-Anderson, 1988). 

connects  to  the  thumb  side  of  the  wrist,  while  the  ulna  connects  to  the  little finger  side  of 
the  wrist.  When  the  hand  is  pronated,  the  radius  is  wrapped  around  the  ulna.  The  hand 
also  includes  eight  carpal  bones, five metacarpals,  and 14 phalanges.  The  bones  of  the 
carpus  are  arranged in two  rows.  Each  of  the  digits is composed  of  three  phalanges  except 
the  thumb,  which  has  two.  These  phalanges  are  named  according to their  position  as 
proximal,  middle  or  medial,  and  distal. 

There  are  four  major  nerves in the  forearm  and  the  hand.  They  are  the  median  nerve, 
the  musculocutaneous  nerve,  the  ulnar  nerve,  and  the  radial  nerve.  These  nerves  innervate 
the  skin  and  control  the  muscular  contraction in the  hand  and  the  forearm. 

The  muscles  that  produce  flexion in the  wrist  are  called  the  flexor  carpi  radialis  and 
flexor  carpi  ulnaris.  Extension in the  wrist is produced  by  the  extensor  carpi  radialis 
longus,  the  extensor  carpi  radialis  brevis,  and  the  extensor  carpi  ulnaris.  Abduction  or 
radial deviation  of  the  wrist is made  possible by the  extensor  carpi  radialis  longus,  the 
flexor  carpi  radialis,  and  the  abductor  pollicis  longus. The flexor  carpi  ulnaris  and  the 
extensor  carpi  ulnaris  help in the  adduction  or  ulnar  deviation  of  the  wrist.  The  muscles 
that  make  hand  motion  possible are: lumbricals,  dorsal  and  ventral  interossei,  flexor 
digitorum  profundus,  and  flexor  digitorum superficialis (metacarpophalangeal (MP) flexion 
except  for  the  thumb);  extensor  digitorum (MP extension  except  for  the  thumb);  dorsal 
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Figure 8.2 A cross-section of the wrist showing the carpal tunnel (from Putz-Anderson, 
1988). 

interossei  (digital  abduction);  ventral  interossei  (digital  adduction);  lumbricals, dorsal  and 
ventral  interossei (proximal interphalangeal (IP) extension); lumbrical, dorsal,  and ventral 
interossei (distal 1P extension); flexor digitorum superficialis and flexor digitorum prohndus 
(proximal 1P flexion);  flexor  digitorum  profundus  (distal IP flexion);  flexor  pollicis  longus 
and brevis (thumb flexion); extensor pollicis longus  and brevis (thumb  extension);  abduc- 
tor pollicis  longus and  brevis  (thumb  abduction);  adductor pollicis (thumb  adduction); 
and  opponens pollicis, abductor pollicis  brevis and flexor  pollicis brevis (opposition of 
the  thumb).  These  muscles  are  connected  to  the  bones by tendons. The  tendons that are 
connected  to  the fingers pass through  a channel-like structure in the wrist called  the 
carpal  tunnel. The various  nerves and blood  vessels also  pass  through this channel  (Fig- 
ure 8.2). The wrist joint can move only in two planes. Movement in one plane allows for 
ulnar and radial  deviations. Movement in the  second plane,  perpendicular to  the first 
plane,  allows  for flexion and dorsiflexion. 

T O O L   A N D   T A S K   R E L A T E D   F A C T O R S  IN H A N D   T O O L   D E S I G N  

Grip 

Types of grips 

The  human hand is dexterous  enough  to permit  different grips.  The  two most common 
grips are the power  grip,  and  the precision grip (Napier, 1956). The  power  grip is used 
when  large forces  are  to be  exerted. In a power grip, the tool axis  is perpendicular to  the 
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axis  of  the  forearm,  and  the  hand  is  fisted  with  four  fingers  on  one  side  and  the  thumb  on 
the  other  side.  There  are  three  classes  of  power  grips  depending  on  the  line  of  direction  of 
the  force:  force  parallel  to  the  forearm (e.g. saw);  force at an  angle  to  the  forearm  (e.g. 
hammer);  and torque  about  the  forearm  (e.g.  corkscrew). 

The  precision  grip is  primarily  used  for  work  that  requires  precise  manipulation  and 
control,  rather  than  the  use  of  large  forces. In a  precision  grip,  the  tool is pinched  between 
the  thumb  and fingers. There  are  two  classes  of precision  grips:  the  internal  precision 
grip, where  the  shaft  of the  tool  is  internal  to  the  hand  (e.g.  a  knife);  and  the  external 
precision  grip, where the  shaft  of  the  tool  is  external  to  the  hand  (e.g.  pencil). 

Precision  grips,  on  an  average,  provide  only  about 20  per cent the  strength  of  a  power 
grip  (Swanson et al., 1970).  This  is  because  precision  grips  use  smaller  muscle  groups  for 
force  generation  than  power  grips.  The  implication  is  that  tools  such  as  hammers,  de- 
signed  for  exertion  of  force,  should  carry  a  power  grip;  tools,  such as surgical  knives, 
designed  for minute manipulation,  should  carry  a  precision  grip. 

Angles of forearm, grip, and tool 

The  angles  of  the  forearm,  the  grip,  and  the  tool,  are  possible  causative  factors  for  upper 
extremity  injuries  and  illnesses.  Deviations  of  the  wrist  have  been  shown  to  result in 
productivity  losses  (Tichauer,  1976), and losses  in  grip  strength  of the  individual by as 
much as 14-27  per  cent  (Terrell  and  Purswell,  1976). The  recommended wrist  orientation 
is  a  handshake  (straight) orientation.  If  any bending  is required, the tool,  rather  than  the 
wrist  should  be  bent  (Tichauer  and  Gage,  1977).  Bending  the  tool  handles,  and  increasing 
the  length  of  the  upper  portion  of  the  handle,  has  been  shown  to  result in fewer  com- 
plaints  of  wrist  stress and fatigue  (Konz,  1986; Schoenmarklin and  Marras,  1989a,  1989b; 
Tichauer,  1966a; Yoder et al., 1973). To  avoid  wrist  deviation in the  direction  of  the  ulna 
when  exerting  large  forces  on  a  straight  tool  handle,  the  recommendation  is  to  keep  the 
long  axis of the  forearn1  parallel  to  the  direction of  exertion  of the  force  (Armstrong, 
1983).  Further,  the  tool  handle  axis  should be at 80 degrees  from  the  long  axis of the  tool 
(as in a  pistol  grip) whenever large  forces  are  to  be  exerted  on  a  workpiece  (Fraser, 
1980). The  angle  of bend  does  not  seem to influence  task performance greatly  (Konz, 
1986; Schoenmarklin and  Marras,  1989a),  even  though  tasks  such  as  vertical  hammering 
seem to  be more difficult, less accurate,  and more stressful  and  fatiguing  (Schoenmarklin 
and  Marras,  1989b).  In  designing  hand  tools  to  be  used  by  one  hand,  the  finger  forces 
have  been found  to be influcnced  by the  grip posture  of  the  hand.  For  good  control  and 
minimum fatigue  while  using  the hand tool,  researchers  suggest  using  a  primary  control 
area  of 10 to  13  cm  from  the  wrist  origin,  and  8  to  12  cm from  the wrist  origin as  the 
secondary  control  area  (Kim et al., 1996). Further,  the  hand  postures  of  the  index  and  the 
middle  fingers  at  the  mctacarpophalangeal  joint and at  the  proximal  interphalangeal joints 
become important (Kim et al., 1996). 

Grip thickness 

A range of  grip thicknesses  has  been recommended  for different  types  of  grips  and  hand 
tools. Experiments with  screwdriver  handles  (a  precision  grip)  prompted  Hunt  (1934) 
to  recommend an  8 mm diameter  handle  rather  than  a  16  mm  diameter  handle  due  to 
the  slowing  of  work  done  with  the  thicker  handle.  Kao  (1976)  recommended  a  13  mm 
diameter  handle  for  a  pen  (again,  a  precision  grip);  however,  Sperling  (1  986)  recom- 
mended  a 30  mm  diameter  handle  compared  to  a 10 mm  diameter  handle  for  a  pen  due to 
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observed  lesser  fatigue,  lower  recorded  strain,  and  larger  maximal  force  exertion  with  the 
30 mm diameter  handle.  For  power  grips,  hand  size  influences  the  diameter  of  the  handle 
(Greenberg  and  Chaffin,  1977;  Kilbom  and  Ekholm,  1991).  According  to  Jonsson et al. 
(1  977),  power  grips  around  a  cylinder  should  surround  more  than  half  the  circumference 
of  the  cylinder,  without  the  fingers  and  the  thumb  meeting.  Grip  strength  increases  with 
increase  in  grip  diameter  up  to  a  certain  point,  but  decreases  beyond  a  certain  point  with 
increase in grip  diameter.  Based  on  this  observation,  Hertzberg (1 973)  recommended  an 
optimum  grip  diameter  of  65 mm.  Ayoub  and  LoPresti  (1971)  recommended 5 1 mm, and 
Greenberg  and  Chaffin (1 977)  recommended 50 mm.  Fransson  and  Winkel  (199  1)  recom- 
mended  a  grip  diameter  between 50 mm and  60 mm for  females,  and  between 55 mm  and 
65  mm  for  males  based  on  the  maximum  grip  force  recorded.  In  a  recent  study  with 
Japanese  subjects,  Yakao et al. (1996)  recommended  an  optimum  grasping  diameter  of 
30 to  40  mm  for  males,  and  10  per  cent less  for  females,  for holding  cylindrical  tubes, 
based  on  the  sensory  testing  of  the  dimensions  of  the  length  of  the  hand.  Most  published 
studies  recommend  a  grip  diameter  between 50 and  60  mm.  Also,  while  designing  tools 
with  power  grips, it is  to  be  remembered  that  people  with small  hands  cannot  use  tools 
with  grip  diameters  more  than  60  mm. In designing  cross-action  tools  such  as  plate  shears 
and scissors,  where the  shaftdgrips  of  the  tool  move,  the  recommended  maximum  span is 
100 mm, and  the  recommended  minimum  span is 50 mm  (Greenberg  and  Chaffin,  1977). 
Researchers  also  recommend  the  use of a  spring  to  open  the  handles in cross-action  tools 
as it will  relieve  the  extensor  muscles  during  the  opening  of  the  tool  (Kilbom et al., 1993; 
Radonjic  and  Long,  1971).  Despite  design  efforts  such  as  weight  and  location  compensa- 
tion,  grip  dimensions and  shapes  continue to  cause  muscular  strain  (Boehlemann et al., 
1994). 

Grip length 

Grip  length  of  a  tool is another  grip-related  factor  that  has  been  studied in the  literature. 
Based  on  hand  width  ranges  (which  varies  from  79  mm  for  a 1st percentile  female 
(Garrett,  1969a,  1971) to  99  mm  for  a  99th  percentile  male (Garrett,  1969b, 1971)),  Konz 
(1990)  recommended  a  minimum  grip  length  of 100 mm  and  a  grip  length  of  125 mm for 
the  grip  to  be  comfortable.  Other  recommendations  for  grip  length  include  120  mm 
(Eastman  Kodak  Company,  1983),  and  grip  lengths  of  110 mm for  men  and  100  mm  for 
women  (Lindstrom,  1973). If the  grip is enclosed,  or  if  gloves  are  to  be  worn  when  using 
the  hand  tool,  the  minimum  grip  length  recommended  is 125 mm (Konz,  1990).  The 
general  recommendation is to  have  a  grip  length  that  would not limit  the  tool  head  open- 
ing,  and  at the  same  time  avoid  excessive  compressive  forces  or  stress  concentrations  on 
the  tender  parts  of  the  palm.  For  external  precision  grip,  the  tool  shaft  must  be  at  least 
100 mm in length  and  must  be  long  enough  to  be  supported  at  the  base  of  the  first  finger 
or  the  thumb.  For  internal  precision  grip,  the  tool  should  extend  past  the  tender  palm 
(Konz,  1990),  and  must  not  end  close  to  the  central  part  of  the  palm. 

Grip force 

Literature  recommends  a  maximum  grip  force  of  90 N based  on  the  95th  percentile  value 
(Greenberg  and  Chaffin,  1977).  For  situations  requiring  repeated  force  exertion,  the  re- 
commendation  is  to  use  40-50  per  cent  of  the  maximum  handgrip  strength  of  males  and 
females  while  cutting  with  plate-shears  for  one  minute  without  fatigue. In a  study  of  the 
grip  force  and  fatigue  with  three  types of plate-shears  (one  ordinary  and  two  shears 
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Table 8.34 Relationships between  torque (%) and duration of repeated  exertions (min) 
(from  Mital and  Channaveeraiah, 1988). 

Tool  Regression  equation 

Pipe wrench  Torque = 1.05 - 0.301 (Time) + 0.08 (Time)’ 
Socket,  crescent,  and  spanner  wrenches Torque = 1.056 - 0.304 (Time) + 0.104 (Time)’ 
Screwdrivers Torque = 1.024 - 0.138 (Time) + 0.04 (Time)’ 

modified  with  springs  and  reduced  grip  spans),  and  three  different  types  of  plates  (easy  to 
cut,  moderately  difficult  to  cut,  difficult  to  cut), Kilbom et al. (1993)  found  that  females 
reduced  their  relative  grip  force from 65 per  cent  to 50 per  cent when using  the  spring 
grip  and  the  reduced  grip  span,  and  that  males  used 40 per  cent,  and  females 60 per  cent 
of  their  maximal  grip  force  with  the  plate  that  was  moderately  difficult  to  cut.  Further, 
they found that  the  total  work was not  influenced  by  the  type  of  plate-shear. The product- 
ivity of male and  female  subjects  (in  terms  of  the  cm  cut  per min) was  strongly  related  to 
the  hand  size and  the  relative  grip  force  used.  Table  8.34  provides  relationships  in  the 
form  of  regression  equations,  between  torque  and  the  duration of  repeated  exertions  for 
different  types  of  hand  tools. 

Grip surface characteristics 

The  characteristics  of  the  grip  surface  is  another  factor  that  has  been  extensively  studied 
in  the  literature. The general  recommendation is to  use  a  grip  surface that is slightly 
compressible,  non-conductive,  and  smooth  (Konz,  1990). Compressible  materials  dampen 
vibration and allow  for  better  distribution of  pressure.  Making the  grip  surface  too  soft, 
will,  however,  increase  the  risk  of  sharp  objects,  such as metal  chips,  getting  embedded  in 
the  grip  making  it  unsafe  to  use.  Wood  or  plastic  are  desirable  as  grip  handle  materials  as 
these do not  absorb  oil  or  other  liquids,  and  do  not  conduct  heat  or  electricity  (Wu,  1975). 
The perception  of  hand  fatigue  has  been shown to  decrease  when  foam  rubber  grip  is 
used  (Fellows  and  Freivalds,  1991).  The  recommendation  is  to  avoid  metal  handles,  or 
encase  metal  handles  in  a  rubber  or  plastic  sheath  (Konz,  1990).  When  using  hand  tools, 
the  pressure-pain  threshold  has  been  reported to be around 500 kpa  for  females  and  700 
kpa  for  males  (Mital,  1991).  These  pressures  are  even  greater  when  exerting  maximal 
power  grips.  Thus,  to  ensure  distribution  of  the  grip  pressure,  and  to  avoid  excessive 
localised  pressure  resulting in pain in the  hand,  and  consequent  disruption  of  work, 
researchers  recommend  maximising  the  grip  surface  area.  Another  grip  surface  character- 
istic  that  has  been  studied  includes  the  frictional  characteristics  of  the  grip  surface. It has 
been  shown  that  the  frictional  characteristics  of  the  tool  surface  vary  with  the  pressure 
exerted  by  the  hand,  with  the  smoothness  and  porosity  of  the  surface  and  with  contamin- 
ants  (Bobjer,  1990;  Buchholz et al., 1988). Sweat  increases  the  coefficient of friction, 
while  oil  and  fat  reduce it. Increase in pinch  force  also  decreases  the  coefficient of 
friction.  Adhesive  tape  and  suede  are  recommended  when  moisture  is  present in the 
environment where  the  hand  tools  are  handled (Buchholz et al., 1988). 

Grip shape 

Grip  shape  has  also  been  extensively studied  in  the  literature. The most  important  consid- 
eration  related to  grip  shapes is that  the  shape  should maximise  the area  of  contact 
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between  the palm and  the  grip  in  order to  avoid  pressure  ridges  and  stress  concentration 
points,  especially  in  power  grips.  Grip  pressure  concentration  under  static  and  dynamic 
loading  conditions  has  been  shown  to  be  related  to  vibration  white  finger  syndrome 
(Gurram et al., 1993).  Commercial hand  tools,  in  general,  have  a  cylindrical  grip.  Re- 
search  with  cylindrical  grips shows that  cylindrical  handles  with  rounded  ends maximise 
force  (Rubarth,  1928).  There  are  conflicting  results  regarding  the  relationship  between 
torque  and  handle  diameter.  For  turning  action  with  cylindrical  grips,  Pheasant  and  O’Neill 
(1  975)  and  Grieve  and  Pheasant  (1  982)  reported  that  the  torque  was  proportional  to  the 
diameter  of  the  handle.  Shih and  Wang  (1996) reported  that  the  maximum  volitional 
torque  exertion  capability  of  males  and  females  for  supination  increased  in  direct  propor- 
tion  to  the  size  of  the  handle,  and  that  females  had  more  effective  torque  exertion  capabil- 
ity  than males  for  handle  sizes  less than  44.5 mm.  However, while  Mital  and  Sanghavi 
(1986)  reported an increase in the  torque  with an increase  in  grip  diameter, it was  not  a 
proportional  increase.  Also, when there is no  turning  action  on  the  grip  and  yet  torque  is 
exerted  on  the  workpiece,  torque  varied  with  the  lever  arm  (Mital  and  Channaveeraiah, 
1988).  Pheasant  and  O’Neill  (1975)  reported  that  the  shape  of  the  handle  was  not  relevant 
as long as  the hand  did  not  slip around the  handle.  Since  rectangular  or  triangular  edges 
resist  slippage,  use  of  these  shapes is recommended when  a  non-circular  grip  is  used. 
Mital  and Channaveeraiah (1  988)  compared  cylindrical,  triangular,  and  rectangular 
handles  and  reported  that  the  torque  exertion  capability  of  individuals  with  triangular 
handle  screwdrivers  was  greater  than  with  cylindrical  handle  screwdrivers.  For  wrenches, 
the  torque  exertion  capability  was  maximised  when  cylindrical  handles  were  used.  For 
supination,  triangular  shape was  found  more favourable  than  the  square,  hexagonal and 
circular  handle  shapes  (Shih  and  Wang,  1996). Cochran and  Riley  (1986a), recommended 
a  handle  perimeter of  110  mm  for knives;  further,  the  thrust  forces  exerted  with  straight 
knives  are  about  10  per  cent  greater  with  triangular  handles  than  with  cylindrical  or 
rectangular  handles.  For  screwdrivers,  a  T-shaped  handle  is  preferable  than  a  straight 
handle  as it  prevents  wrist  deviation,  and  increases  torque  exertion  capability  by  as  much 
as  50  per  cent  (Pheasant  and  O’Neill, 1975).  Further,  the  T-handle  should be  25  mm in 
diameter,  and  should  be  slanted  at  an  angle  of  60  degrees  to  allow  the  wrist  to  be  straight 
(Saran,  1973).  For  knives,  a  pistol  grip  at  an  angle  of  78  degrees  to  the  horizontal  (Fraser, 
1980)  is  preferable  to  a  straight  grip (Armstrong et al., 1982;  Karlqvist,  1984).  For 
poultry  cutting  knives,  Fogleman et al. (1993)  found  that  the  traditional  straight  knife 
performed  the  worst.  Further,  a minus  30  degree blade  in  a  dagger  grip  was found to  be 
the  best  for  a  table  cut  (in  terms  of  minimising  the  wrist  extension,  ulnar  deviation and 
their  ranges),  and  a  plus 30 degree  blade,  held  normally,  was  best  for  a  hanging  cut.  The 
diameter  of  the  knife  handle was  found  to  be insignificant. 

Grooves, indentations  and guards in grips 

Commercially  available  hand  tools have  a  variety  of  grooves,  indentations, and  guards. 
The literature  does  not recommend form  fitting  tools  that have  grooves  for  fingers,  etc. 
(Tichauer  and  Gage,  1977).  Grooves, in general,  are  too  big  or  too  small,  and  do  not fit 
the  user.  This  results  in  pressure  ridges,  nerve  compression,  and  circulation  impairment. 
Vertical  grooves  on  the  handle,  provided  by  the  designer to  prevent the  hand  from 
slipping,  cut  into  the  palm  of  the  hand  and  add  to  the  pressure  ridges.  Such  grooves  and 
flutes  should be  avoided.  If  grooves  are  to  be  provided  in  the  tool, it is desirable  to  use 
grooves  that  are  small enough to  avoid  pressure  concentration  but  large enough to  pro- 
vide  good  friction between the hand and  the  grip.  For  small hand  tools  used in precision 
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work,  regular  size  handles  can  be  provided  instead of  grooves,  for better  control.  The 
undesirability  of  grooves, however,  does not  mean  that  grooves  should  never be  used. 
Slight  and  uniform  surface  indentations  have  been  used  and  allow  for  greater  torque 
exertion  capabilities  than smooth handles. A  50  mm  diameter handle  with  knurled  surface 
maximised  torque  exertion (Pheasant and  O’Neill,  1975).  Guards  are  used  in  front  of  the 
grip  to prevent  injuries  from  happening  when  the  hand  slips,  or  when  the  hand  and  tool 
collide  against  a  sharp  or  rigid  surface.  Cochran  and  Riley  (1  986b)  recommend  guards  of 
1.52  cm height  or above to  ensure  maximum  safety  to  worker. 

Effective weight of tool 

The  effective weight  of  a  tool  is  the  tool  weight  supported  by  the  worker.  Manually- 
operated  precision  tools  have  low  effective  weights and  do not  pose  major  health  risks. 
However,  many power  grip  tools  (axes,  hammers,  saws), and power  tools  (especially  with 
externally  supplied  pneumatic  or  electrical  powcr),  which  use  large  muscle  groups  of  the 
forearm,  have  high  effective  weights,  and  pose  a  health  risk. In order  to reduce  fatigue, 
the  recommended  effectivc weight  of  tools is 2.3  kg (Eastman Kodak Company, 1983; 
Greenberg  and Chaffin,  1977).  Further,  this  weight  should be reduced  if  the  centre  of 
gravity  of  the  tool  is  far  away  from  the  wrist.  This  recommendation  is  corroborated  in 
addition  by  Johnson  and  Childress  (1988),  who  observed  that  powered  screwdrivers 
wcighing  1.12  kg or  less  do  not  produce  significantly  different  EMG  activity  magnitudes. 
Workers subjectively  rated  tools weighing between  0.9 kg and  1.75 kg  a ‘feeling just 
right’ (Armstrong et al., 1989).  Grant  and Habes  (1993)  found  that  addition  of  flanges  to 
handles  to provide  an  additional  source  of  coupling  between  the hand and  the  handle  did 
not  significantly  reduce  the  grip  force  required to  perform  tool lifting  tasks. In fact,  they 
found that  the  grip  force  increased  with  increase  in  the  effectiveness  of  the  tool. For fine 
precision  work,  researchers  recommend  using much lighter  tools  than  those  used  for 
work  involving  large muscle  groups. 

Type of tool 

Wrenches  enable  greater  torque  exertion  (about 10 to 20 times  more)  than  screwdrivers 
as they  use  different muscles  and lever arms  (Mital, 1991). The  torque  exertion capability 
for  screwdrivers, in general,  increases  with  increase  in  handle  diameter.  The  torque 
exertion  capability  for  wrenches,  in  general,  varies  linearly  with  the  lever  arm.  Excep- 
tions  include  instances  such as  when  more  torque is exerted  with  a  socket  wrench  than 
with  a  vise  grip  or  a  spanner  wrench or a  crescent  wrench  of  about  the  same  lever  arm. 
The type  of  grip,  and  the  nature  of  coupling  between  the  tool  and  workpiece, sometimes 
create  such  situations. 

Trigger 

Many powered tools are  started  by  a  trigger,  activated  either  by  the  thumb,  or  one or 
several  of  the  other  fingers.  When  triggers have to  be  activated  repeatedly or for  pro- 
longed  periods of time,  musculoskeletal  problems  arise as such  repeated  activities  require 
precision as well as force  exertion  (for  holding  and  guiding  the  tool). In order  to avoid 
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such  musculoskeletal  problems,  researchers  recommend  designing  the  tool  for  activation 
by  either  hand  (one  hand  operates  while  the  other  rests)  (Tichauer,  1966b),  or  through  the 
use  of  additional  help  from  the  middle  finger in addition  to  the  triggering  action  from  the 
index  finger  (Lee  and Cheng, 1995).  According  to Lee and Cheng  (1995),  the  task 
demands  for  tripping  a trigger  should be less  than  2 kg  for single-finger  triggering,  and 
less  than 4 kg  for  double-finger  triggering.  Also,  to  reduce  the  effect  of  continuous  exer- 
tion of muscle  force,  the  recommendation  is  to  provide  a  latch  (or  other  comparable  locking 
mechanism) that can hold  the  trigger  in  place  while the  tool  is in  use.  New  developments 
in  tactile  sensing  technologies  are  now  enabling  designers  to  develop  zero-force  triggers 
for  use in common hand  tools such  as  soldering guns,  where,  normally,  forces in excess 
of  20 Newtons  would  be  needed  to operate  the  tool  (Poeth  and  Freivalds,  1996). 

Special  purpose  tools 

In general,  special  purpose  tools,  even  though  more  expensive  than  general  purpose  tools, 
are faster. The  savings in labour  cost,  due  to  shorter  time  per  use  over  the  life  of  the  tool, 
more than  offset  the  high  initial  cost of  the tool  (Konz,  1990). 

Power  source of tools 

The recommendation is to  use  power  tools  with  external  energy  whenever  possible  (Konz, 
1990). This is due  to  the  cost-effectiveness  of  mechanical  energy  (compared  to  human 
energy),  and  the  fact  that  the  efficiency of  machine power  generation  is  much  higher  than 
the  efficiency  of  human  power  generation.  Besides, humans fatigue  and machines do  not. 
While powered hand  tools  add  to  the  efficiency,  they  have  been  shown  to  cause  adverse 
reaction  forces  and  consequent  operator  discomfort,  especially when  such  power  tools 
have  a  shut-off  mechanism  that  causes  only  a slow  decline in  torque  when  the  tool  is  shut 
off  (Freivalds  and  Eklund,  1993;  Kihlberg et al., 1993). 

Vibration  characteristics 

Using  hand  tools  that  vibrate,  for  short  and  prolonged  periods,  can  cause  vasospastic 
disease  (Raynaud’s  disease)  and  contribute  to  carpal  tunnel  syndrome  (Wasserman  and 
Badger,  1973; NIOSH, 1983). While  some  researchers  have  questioned  the  existence  of  a 
direct  relationship between vibration  and  carpal  tunnel syndrome  (Hammarskjoeld et al., 
1991; Meagher,  1991;  Taylor,  1988a,  1988b), Silverstein ef al. (1987a),  on  the  basis  of 
extensive  epidemiological  evidence,  suggest  that  the  risk  of  cumulative  trauma  disorders 
(CTD)  is increased by five  times  in  jobs inducing  high forcehigh  repetitivenesshibration 
compared  to an increase  by  only  two  times  in  jobs  inducing  only  high forcehigh repetit- 
iveness. The recommendation of  researchers is to avoid  vibrations  in  the  critical  range  of 
40 to  130  Hz  (Wasserman  and  Badger,  1973).  According to the  Technical  Research 
Centre  of  Finland  (1  988),  vibration  levels  for  pneumatic  screwdrivers  and  nut  runners, 
when more than  126  dB,  should  not  exceed  eight  hours  of  exposure  time. Lundstrom  and 
Johansson (1 986)  reported  that  exposure  to  vibration  between  2 and 200 Hz  leads  to  acute 
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impairment  of  tactile  sensibility.  Since  resonances  of  the hand-arm system do  not  occur 
above  1000 Hz  (Iwata et al., 1971), it is important  to  avoid  segmental  vibration  frequen- 
cies  below  1000  Hz. NIOSH (1983)  has  provided  general  recommendations  that  are 
useful in practice: jobs  should  be redesigned  to minimise the  use  of  vibrating  hand  tools; 
powered hand tools  should  be  redesigned  to  minimise  vibration;  and  engineering  con- 
trols,  work  practices, and  administrative  controls  should  be  used  to  minimise  vibration 
where jobs  cannot  be  redesigned.  A  reduction in  the  vibration  driving  force,  and  the  use 
of  damping  materials will  reduce  vibration (Anderson, 1990). Developments  such  as 
using  the  amount  of  energy  absorbed  by  the  hand  and  the  arm  as  a  basis  for  assessing  risk 
to  excessive  vibration  exposure  (Burstrom  and  Lundstrom,  1994),  and  using  an  energy- 
flow  hand-arm  divider to  reduce  the  magnitude  of vibration  transmitted to  the hand 
(Cherian et al., 1996)  augur  well  for  the  future. 

Duration  and repetitiveness of use 

The duration and  repetitiveness  of  use  of  a  hand  tool  have  been  shown  to  increase  the 
potential  for  risk  of  an  occupational  injury,  either  alone  or  in  combination  with some  of 
the  other  factors  discussed  in  the  section  on  ‘Effective  weight  of  tool’  (Cannon et al., 
198 I ;  Hammer,  1934; Kuorinka  and  Koskinen,  1979; Kurppa et al., 1979;  Luopajarvi et 
al., 1979).  Silverstein et al. (1987a,  1987b)  observed  that in highly  repetitive  work  with 
high  manual  force  exertions,  the  risk  and  prevalence  of  carpal  tunnel syndrome  was 15 
times  higher  than in jobs with  low  repetitiveness  and  low  force  exertions. Depending on 
whether  the  demands on  time  are  low,  moderate,  or  high  (see  Sperling et al. (1991)  for 
the  set  of  criteria  that  determine  what  is  low,  moderate  or  high),  high  force  or  precision 
requirements  in  combination  with  high  demands  on  time,  or  high  force  or  precision 
requirements  in  combination  with  moderate  demands  on  time,  should  be  considered 
unacceptable.  Duration  and  repetitiveness  of  work  have  been  extensively  studied  by 
researchers.  Greenberg  and  Chaffin (1 977) reported  that 2.5  kg  held in one hand  led  to 
significant muscle fatigue  within 20 minutes  even  with  a  comfortable  working  posture. 
When  exertions  have  to  be  repeated,  the  duration  of  exertion,  and  the  ensuing  rest  period, 
influence  the  time  it  takes  to  reach  subjective  fatigue.  Thus,  one-minute  exertions  with 
one  minute rest  periods  lead  to  fatigue  within  four  hours  if  5.6  kg  are  held  in  one  hand. 
If the  weight of thc  object  is  1.9 kg,  one-minute  exertions  with 10 second rest  breaks  lead 
to  fatigue in  four  hours  (Greenberg  and  Chaffin,  1977). It has  been  determined  that  if 
repeated  exertions  are  made  at  a  self-determined  pace,  the  maximum  torque  that  can  be 
exerted  with  screwdrivers  and wrenches  declines  by as  much  as  38  per cent  after  240  sec- 
onds  (Mital  and  Channaveeraiah,  1988).  This  decline  limits  the  endurance  time  as  well. 
Recovery  heart  rate  and  recovery  of  endurance have  been used to  determine  optimum 
work-rest regimes  for  intermittent  isometric  activity  (Dul et al., 1990;  Milner,  1985; 
Rohmert,  1973). Using force  response  to  electrical  simulation  of  the  forearm  muscles, 
and  local  blood  flow as the  criterion,  it  was  determined  that  at 25 per  cent  MVC  continu- 
ous  exercise  until  exhaustion,  recovery  did  not  take  place  even  after  24  hours  (Bystrom 
and  Kilbom, 1991).  Several  attempts  have  also  been  made  to  determine  the  maximal 
number  of  exertions per  hour,  or  per  day,  that  can  be  tolerated  without  fatigue  or  muscle- 
tension  disorders  (Luopajarvi et d., 1979;  Obolenskaja  and  Goljanitzki,  1927).  While  it  is 
difficult  to  set  precise  limits  on  the  acceptable number  of  exertions  per work  day,  it  can 
be  concluded that  repetitive  hand-wrist  exertions  distributed  at  a  high  rate  over  the  work 
day  introduces  an  increased  risk  of  musculoskeletal  disorders. 
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Gloves 

Gloves  protect  the  hand  and  forearm  of  the  worker by resisting  sharp  edges,  splinters, 
extreme  temperatures,  sparks,  electricity,  and  chips.  Gloves  are  also  used  to  reduce  trans- 
mission  of  vibration  energy  by  absorbing  or  attenuating  it. Gloves  have  many disadvant- 
ages  as well. Gloves interfere  with  a  person’s  ability  to  grasp  objects;  they  also  affect 
hand movements.  Gloves  change  the  effective  dimensions  of  the  hand. They  increase  the 
hand  thickness  anywhere  from  8  mm  to  40  mm  (Damon et al., 1966).  Manual  dexterity is 
reduced by the  presence  of  the  glove  material Over the  hand  (McGinnis et al., 1973; 
Nolan  and  Cattroll,  1977; Plummer et al., 1985).  However,  gloves  that  provide  good 
dexterity  and  manipulative  capabilities have been  designed  (Andruk et a]., 1976;  Cianola 
and Reins,  1976). Gloves  also  reduce tactile  feedback  and  the  edges  and  seams  of  gloves 
cause  irritation  at  contact  points. 

Human  performance in the  presence  of  gloves  has, in general,  been  found  to  be  mixed. 
Weidman  (1970)  studied  the  influence  of  different  kinds of  gloves on  manual  perform- 
ance  and  observed  that  performance  times  decreased  by  12.5  per  cent  when  the  gloves 
were  made  of  Neoprene.  With terry  cloth,  leather,  and  PVC  gloves,  performance  dc- 
creased by 36 per  cent,  45  per  cent,  and  64  per  cent  respectively.  Jenkins  (1958),  how- 
ever,  reported  superior performance when  operating  small  knobs  while  wearing  gloves. 
Plummer et al. (1985)  found  that  the  assembly  of  a  0.635  cm  diameter  bolt,  nut,  and 
washer  assembly took  significantly  longer  and  resulted  in more  error  than  when  assem- 
bling  larger  sized  bolts  (0.79 and 1.27 cm  diameter  bolts).  Desai  and  Konz  (1983)  found 
no  difference  in  error  rates  in  tactile  inspection of different  sizes  of  hydraulic  hoses. 
There  are  studies that  report  an  actual  increase  in performance  as  a result of  wearing 
gloves.  Bradley  (1  969a,  1969b)  reported  an  increase in speeds  for  control  operations. 
Riley et al. (1 985)  also  reported  an  increase in friction  and  a  reduction  in  task  strength 
requirements  with  gloves. 

The  forceltorque  exertion  capability  when  wearing  gloves  is  another  dimension  of 
interest  to  designers.  When wearing gloves,  a  fraction of the  force  generated by the 
muscular  contraction  may  be  directed in maintaining  the  grip and may  result in reduced 
force  production.  Such  reduction  in  grip  (grasp)  force  has  been  reported  by  several 
studies.  Hertzberg (1 973)  reported  a 20  per  cent  decline in the  grip  strength  when  gloves 
were  used.  Lyman  (1957)  and  Sperling  (1980)  reported  a  30  per  cent  or  more  decrease  in 
strength.  Cochran et al. (1986)  reported  a  reduction  in  grasp  force due to wearing  gloves 
ranging  from  7.3  per  cent  to  16.8  per  cent  when  compared to work  without  gloves. Sud- 
hakar et al. (1988)  reported  that  the  peak  grip  strength  with  rubber and  leather  gloves  was 
10  to  15  per  cent  lower compared to  grip  strength  without  gloves even when  there  was no 
significant  difference  in  muscle  activity  between  glove  and  no-glove  conditions.  Mital 
et al. (1 994),  however, found that  the  peak  torque  exertion  capability  of  individuals  when 
using  hand  tools  such  as  wrenches  and  screwdrivers  generally  increased  with  gloves  even 
though  muscle  activity  did  not  significantly  differ  between  the  glove  and  the  no-glove 
condition. 

While  Goel and  Rim  (1987)  and  Bingham et al. (1992),  observed  a  reduction in the 
transmission of vibration  energy  in  the  presence of gloves, Gurram et al. (1 994)  found 
that wearing  gloves  when using  hand  tools  was  ineffective  in  reducing  the  attenuation  of 
vibration  caused by hand-held  power  tools. 

The  reduction in  grip  or  grasp  force,  however,  has  not  always  been  observed.  Lyman 
and Groth  (1958)  reported  that  workers  exerted  more  force  with  gloves  than  without 
gloves when inserting  pins  in  a  pegboard.  Riley et al. (1985)  also  reported  an  increase in 
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the  maximum  pull  force,  push  force,  wrist  flexion  torque,  and  wrist  extension  torque. 
Shih  and  Wang  (1  996)  reported  a 10 to  30 per  cent  increase in the  maximum volitional 
torque  exertion  capability  when  subjects  wore  gloves  while  using  hand  tools.  Also,  the 
glove  thickness  had  a  positive  correlation  with  the  supination maximum volitional  torque 
exertion. 

Industrial  activitics  such as  maintenance and  repair  require  the  use  of  wrenches  and 
screwdrivers,  where  the  force  exertion  is  mainly  rotary  at  the  periphery  of  the  grip, in 
addition  to  the  compressive  (grasping)  forces.  Mital et al. (1994)  used  seven  different 
hand  tools  and  nine  varieties  of  commercial  gloves  and  measured  peak  volitional  torques 
on  a  simulated  workpiece.  The  peak  torque  and  electromyogram  of  flexor  digitorum 
profundus  and  supinator  brevis  indicated  that  muscle  activity  did  not  differ  significantly 
between  the  glove and no-glove  conditions.  Further,  the  peak  torque  exertion  capability 
of  individuals  increased  with  gloves.  The  magnitude of the  torque  was  different  for 
different  gloves.  Overall,  it  can  be  said  that  gloves are  a mixed  blessing. They provide 
safety  and  comfort  but  occasionally  reduce  manual  performance. 

OPERATOR  RELATED  FACTORS IN HAND TOOL DESIGN 

Worker  characteristics  such  as  leftlright  handedness,  gender,  age,  strength,  technique, 
body  size,  and  posture,  have  an  influence  on  the  risk  of  injury  and  decreased  productivity 
in  work  with hand  tools.  Research  in  each  of  these  factors  is  summarised  below. 

Left/right  handedness 

Approximately  10  per cent of the  population is left-handed  (Konz,  1974).  Yet  most  tools 
are designed  for  right-handed  users.  Since  the  preferred hand is  stronger  by  about 7-20 
pcr  cent  (Millcr,  198 1 ; Shock,  1962), more  dexterous  (Kellor et al., 197 l), and  faster 
(Konz and  Warraich,  1985),  a  left-handed  user  is  at  a  disadvantage  when  using  a  right- 
handed  tool.  Also,  certain  right-handed  tools  require  a  different  action  when  used  by  the 
left  hand  (Capcner,  1956). In many  instances,  tools  designed  for  right-handed  people 
cannot  be  used by left-handed  people (Laveson and Meyer,  1976).  The  solution  to  this 
problem  is  to  design  tools  for  use by either  hand. 

Cenderlage 

Workcr gender  and age  affect  the  strength  and  torque  exertion  capabilities  of  individuals, 
and hence  the  use  of  hand  tools.  The  grip strength  of  females  has  been  determined  to be 
approximately  50-67  per  cent of male  grip  strength  (Chaffin  and Anderson, 1984; Konz, 
1990;  Lindstrom,  1973).  Males,  on  the  average,  can  exert  about 500 N force  while 
females,  on  the  average,  are  able  to  exert  250 N force.  This  difference in force  exertion 
capability  is  primarily  due  to  the  females  having  smaller  grip  size  and  muscles.  The 
implication  is  that  hand  tools  designed  on  thc  basis  of male  strength  and  anthropometry 
will  not  work  for  females.  Mital  (1991)  reported  that  the  torque  exertion  capability  of 
males with  screwdrivers  and  wrenches  is 10-56 per  cent  greater  than  females.  Grip 
strength  is  also  significantly  affected by  age  (Shock, 1962). By  age  65,  the  decline in 
strength  is  about  20-40  per  cent.  Etherton et al. (1996)  report  that  for overhead pulling 
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tasks  in  adjusting  rollover  protective  structures  for  farm  tractors,  the  older  work  group 
(55  years  and  older)  had  a  mean  strength  of  97  per  cent  of  that  of  the  younger  work  group 
(55  years  and  younger).  Further,  when  the  task  was  to  be  done  at  shoulder-height,  the 
older  group’s  strength  was  only  78  per  cent  of  that  of  the  younger  group’s  strength. 

Strength 

A significant  relationship  has  also  been  observed  between  the  isometric  strengths  and 
anthropometry,  and  the  torque  exertion  capability  of  individuals  while  using  hand  tools. 
Mital  and Sanghavi  (1986)  observed that  a  significant  correlation  existed  between  the 
isometric  shoulder  strength  and  torque  exertion  capability.  Their  overall  conclusions  were 
that  heavier  and  stronger  individuals  exerted  more  torque  than  their  weaker  counterparts. 
Shoulder  strength  was  found  to  be  a  limiting  factor  in  torque  exertion  capability.  Etherton 
et al. (1996)  found  that  the  force  applied  at  a  given  wrench  handle  length,  and  the 
strength  needed  to  tighten  threaded  fasteners  became  smaller  as  the  diameter of the 
threaded-fastener  decreased.  This  conclusion was  based  on  the  significant  difference 
observed in the  strength  exertion  capabilities  of  older  and  younger  adults  for  pulling  type 
tasks  at  or  above  shoulder-heights.  Oertengren et al. (1991),  in  their  study of manual 
screw-driving  tasks found that the  shoulder  working height  and  the  type  of screw had an 
effect  on  the  workload  and  torque  exertion.  Mital  and  Sanghavi (1 986)  and  Johnson and 
Childress  (1988)  also  observed  that  body  heights,  and  whether  or  not  the  worker  was 
sitting  or  standing,  were unimportant.  Fransson  and Winkel  (1991)  found  that  the  ability 
of  the hand to produce force depended on  the  grip  type  used.  Further,  they  concluded  that 
35  per  cent  of  the  male-female  difference  in  hand  strengths  was  due  to  the  difference  in 
the  male-female hand  size. 

Posture 

The effect  of  body  posture  on  use of hand  tools  was  studied  in  detail  by Mital(l986) and 
Mital  and Channaveeraiah  (1988). Postures  ranging from  standing  to  lying-on-the-side 
were  studied.  It  was  concluded  that  minor  posture  variations  were  unimportant.  Extreme 
variations,  such as between  standing  and  lying  on  the  stomach  or  leaning  sideways  from 
a  ladder,  however,  were  found  to  cause  large  differences  in  torque  exertion  capabilities. 
Table  8.35  shows  the  distributions  of  torque  exertion profiles  of males  and  females in 
different  postures  with  various wrenches  and  screwdrivers. 

Technique/experience 

Technique and  experience  of  the  worker  are  two  other  factors  that  have  been  shown  to 
have an influence  on  the  torque  exertion  capability  of  the workers when working with 
hand  tools. Marras and  Rockwell  (1986)  reported  that workers  experienced  in  spike  maul 
use  generated  almost  twice  as  much  force  (136  to  846 N) as  the  novice  workers  (64 to 
446 N). This  large  difference  was due to  the  technique  used  by  the  workers  (snapping 
action as opposed to  sustained  application  of  force). 
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Table 8.35 Average minimum and maximum torques (Nm) that  males  and  females 
can exert with  common hand tools for  different postures (from Mital and 
Channaveeraiah, 1988). 

Tool Gender  Torque  Posture(s) 

Short  screwdriver 

Medium  screwdriver 

Long  screwdriver 

Longest  screwdriver 

Crescent  wrench 

Spanner  wrench 

Socket  wrench 

Pipe  wrench 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

2.61 

5.13 
2.02 
3.91 

1.98 
2.64 
1.40 
1.95 
2.82 
3.52 
1.82 
2.85 

3.40 
4.62 

2.46 
3.58 

6.4 1 

34.88 
5.13 

24.71 
5.86 

37.91 

4.76 
25.00 
7.02 

43.66 

5.77 
31.13 
6.58 

46.79 
5.49 

3 1.04 

Leaning  sideways  from  a  ladder,  tool  axis 
horizontal  (outward) or vertical  (upward); 
overhead, tool axis  horizontal  (outward) or 
vertical  (upward);  squatting  in  a  confined  space, 
tool  axis  horizontal  (outward) 
Squatting,  tool  axis  vertical  (upward) 
Same  as for males 
heeling on one or two knees,  tool  axis  vertical 
(upward) 
Lying on the  side,  tool  axis  horizontal  (outward) 
heeling on one  knee,  tool  axis  vertical  (upward) 
Same as for males 
Squatting,  tool  axis  vertical  (downward) 
Same  as for medium  screwdriver 
Same  as for short  screwdriver 
Lying on the  side,  tool  axis  horizontal  (outward) 
Sitting,  tool  horizontal  (outward)  and  at  the 
eye  level 
Same  as for medium  screwdriver 
Standing,  bent  at  the  waist,  tool  axis  vertical 
(upward) 
Same  as for long screwdriver 
Standing,  knees  bent,  back  supported,  tool  axis 
vertical  (upward) 
Leaning  sideways  from  a  ladder,  tool  axis 
vertical  (upward) 
Standing,  tool  axis  horizontal  (outward) 
Same  as  for  males 
Same  as for males 
Same  as for crescent  wrench 
Standing,  bent  at  the  waist, tool axis  horizontal 
(inward  and  outward) 
Same  as for crescent  wrench 
Same  as for males 
Same  as for crescent  wrench 
heeling on one  knee,  tool  axis  horizontal 
(outward);  kneeling on both  knees,  tool  axis 
horizontal  (outward) or vertical  (upward) 
Same  as for crescent  wrench 
Standing,  tool  axis  horizontal  (outward) 
Same  as for crescent  wrench 
Standing,  tool  axis  horizontal  (outward) 
Same  as  for  crescent  wrench 
Same  as for males 
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Reach distance 

Reach  distance  has  been  determined  to  have  an  effect  on  the  torque  exertion  capability  as 
well.  Mital  and  Sanghavi (1986) found  that  the  torque  exertion  capability  with  wrenches 
and  screwdrivers  decreased  linearly  with  reach  distance  (distance  between  the  front  of  the 
ankles  and  the  workpiece)  between 33 cm  to 58 cm in the  standing  posture,  and  between 
46 cm  to 71 cm in the  sitting  posture. 

Wrist orientation 

Mital  and  Channaveeraiah (1988) found  that  the  orientation  of  the  wrist  played  a  signi- 
ficant role in determining  the  maximum  torque  exertion  capability.  They  concluded  that 
the  maximum  torque  with  wrenches  was  exerted  when  the  long  axis  of  the  tool  was  kept 
horizontal.  With  screwdrivers,  they  concluded that the  torque  exertion  was  maximum 
when  the  wrist  was  rotated 90 degrees  counterclockwise  from  the  prone  position. 

CONCLUDING R E M A R K S  

Recommendations  based  on  research  findings in hand  tool  design,  selection,  and  usage 
have  been  presented in this  chapter.  However, it is important  to  realise  that  proper  design 
of  the  hand  tool  alone  may  not  be sufficient to  correct  any  ergonomic  problem.  There  are 
a  number  of  other  important  activities  that  have  to  be  carried  out in conjunction  with 
hand  tool  design,  if  ergonomic  recommendations  for  hand  tool  design  are to  make  any 
impact.  These  activities  include  problem  identification  (based  on  collected  injury  and  risk 
potential  data);  data  collection  using  statistical  techniques,  and  by  using  ergonomic  work, 
tool,  and  equipment  analyses;  and  a  complete  and  thorough  analysis  of  the  collected  data. 
A number  of  techniques  are  available  for  identification  of  musculoskeletal  injury  hazards 
for  the  upper  extremities  (Mital, 1996), and  these  techniques  should  be  used in addition  to 
the  comprehensive  injury  data  collection  devices  instituted  by  the  Bureau  of  Labor  Stat- 
istics,  for  better  overall  injury  prevention  and  control in the  workplace. 

Ergonomic significance of the material  presented in this chapter 

Humans  use  different  types  of  hand  tools not  only in a  variety  of  occupational  settings, 
but  also  in  a  number  of  other  domestic  day-to-day  activitics. USC  of  hand  tools  has  been 
linked  to  musculoskeletal  disorders  of  the  upper  extremities.  Decades  of  research  with 
hand  tools  has  resulted in guidelines  for  the  dcsign,  selection,  and  use  of  hand  tools, 
which,  when  adequately  implemented,  can  provide  effective  engineering  and  ergonomic 
solutions  to  alleviate  injuries  to  the  hand tool user. This  chapter  highlights  the  injury 
problems  due  to  the  use  of  hand  tools  among  the US workforce,  and  presents  an  up  to 
date  summary  of  research in the  various  aspects  of  hand  tool  design. 
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CHAPTER N I N E  

Work  and activity-related 
musculoskeletal  disorders 

of the  upper  extremity 
RICHARD  WELLS  AND PETER  KEIR 

INTRODUCTION 

One of the  goals of the  ergonomic  process  is  to  design or modify  people’s  work  and  other 
activities  to  be  within  their  capabilities  and  limitations.  One  possible  outcome of a  poor 
harmonisation  is  disorders of the  musculoskeletal  system  known  as  repetitive  strain in- 
juries (RSI), cumulative  trauma  disorders  (CTD) or, as they  are  termed  here,  activity  and 
work-related  musculoskeletal  disorders  (WMSD). 

The  relationship  between  human  activity  and  WMSD  can  be  investigated  from  a 
number of disciplines  using  many  methodological  approaches.  Most  evidence  is  available 
from  the  relationship  between  work  and  WMSD;  however  in  this  chapter  other  activities 
will  be  mentioned  where  appropriate.  The  epidemiological  research  addressing  the  rela- 
tionship  between  work  exposure  and WMSD will  not  be  addressed  here  as  it  has  been 
extensively  reviewed in Hagberg et al. (1995) and N O S H  (1997). These  reviews  found 
strong  and  consistent  relationships  between  many  types of WMSD  and  workplace  expos- 
ures.  Modification of these  risk  factors,  both  physical  and  psychosocial,  is  therefore  a 
reasonable  strategy for both  primary  and  secondary  prevention.  Biomechanics  offers  one 
approach  to  analysing  and  understanding  the  mechanical  function of the  musculoskeletal 
system  and  thus  the  relationships  between  work  activity  and  the  loads  on  the  tissues. 
Coupling  this  understanding  with  a  knowledge of the  response of tissues  to  loading  can 
help  support  the  biological  plausibility of epidemiological  investigations  and  suggest 
ways  in  which  the  work  environment  can  be  changed. 

The  distal  arm  will  be  used  in  this  chapter  to  illustrate  the  role of biomechanics  in 
understanding  the  injury  potential  of  manual  activity.  Although  the  anatomy of the  region 
is  unique,  other  regions  can  be  studied  using  similar  approaches.  The  relationships  between 
work  and  WMSD  will  be  described for the  major  types of tissue  involved:  tendon,  nerve 
and  muscle.  It  is  acknowledged  that  clinically,  patients  may  present  with  more  complex 
symptoms.  These  are  the  result of complex  interactions  between  the  many  sub-systems. 
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Biomechanics  can  make its best  contributions  at  the  tissue  load level. Biomechanics  does 
this  by  helping  us  understand  the  effects  of  the  many  interacting  physical  stressors  that 
act  on  the hand,  wrist and  forearm  during  work. 

BIOMECHANICAL APPROACHES AND WMSD POTENTIAL IN TENDON DISORDERS 

Aetiology  of  tendon  disorders  due  to  mechanical  factors 

Aetiologically,  reduced  lubrication  between  tendons  and  tendon  sheaths  due  to  excess 
relative  movement  has  been  suggested in tenosynovitis  (Moore et al., 199 1 ; Rowe,  1987), 
whilst  high  peak  loads  and  cumulative strain have  been  suggested  for tendinitis (Abrahams, 
1967;  Goldstein,  1981).  Mechanical  stresses  due  to  impingement  are  also  of  importance. 

In-vivo animal  experiments  under  high  load,  high  frequency  movement  conditions 
have  created  tendon  damage in rabbits  from  high  frequency  movements  (Backman et al., 
1990).  High  frequency,  low  load  conditions  produced  with  electrical  stimulation  did  not 
however  produce  any  tendon  damage in monkeys’  finger  flexor  tendon  or  sheath  (Smutz 
et al., 1995).  More  recently  Archambault et al. (1997)  have  supported  the  findings  of 
Backhouse  and  colleagues  but  at  more realistic movement  rates.  Damage  was  found in 
the  paratenon,  the  outer  covering  of  the  tendon. It is  suggested  that  this  is  consistent  with 
frictional  damage  due  to  the  long  term  sliding  of  the  tendon  under  load. 

Biomechanical  models of tendon  disorders 

Norman  and  Wells  (1990)  have  proposed  a  model  for  understanding  the  origin  of  hand 
wrist  tenosynovitis in which  the  frictional  work  done  by  the  tendon  sliding  through its 
sheath is proposed  as  an  important risk factor  for  WMSD.  Frictional  work is present  due 
to  a ‘belt-pulley’  interaction when  the wrist  deviates  from  a  straight  position.  Armstrong 
and  Chaffin ( 1  978)  originally  estimated  the  radius  of  curvature  of  the  flexor  tendons in 
the  carpal  tunnel  from  wrist  angle  changes  and  tendon  displacement.  More  recently  Keir 
(1 995)  measured  the  tendon  positions  using  MRI  scanning  techniques  on  living  subjects 
exerting  known  forces in a  variety  of  functional  posture.  Using  mathematical  differcnti- 
ation,  the  instantaneous radii of  curvature  were  calculated  throughout  the  length  of  the 
carpal  tunnel. It was  observed  that  tendon  tension  reduced  the  radius  of  curvature  of  the 
flexor  tendons as they  traversed  the  carpal  tunnel  (Figure 9.1). 

The  magnitude  of  the  transmitted  (normal)  tendon  forces is dependent  on  the  tendon 
axial  load  and  the  radius  of  curvature.  Any  tendon  load  will  create  a  frictional  resistance 
to  sliding  and, if the wrist and/or fingers  move,  frictional  work  will  be  done at the 
tendon-sheath  interface  (Figure 9.2). It is also  suggested  that  a  non-negligible  resistance 
to  movement  be  present  to  move  the  tendons  through  the  carpal  tunnel  even in the 
straight  position.  Estimates  extrapolated  from  the  work  of  Goldstein ( 198 I ) ,  put  this 
resistance  at  around  5N in the  neutral  position in humans;  howevcr  values  of  the  order 
0.5N have been  measured  (Smutz, P., personal  communication).  Recent  efforts  have  been 
made  to  examine  the  friction in the A2  pulley  of the  finger in cadaveric  tendons  (Coert 
et al., 1995;  Uchiyama et al., 1995).  Under  a  4.9N  load  the  frictional  force  was  found  to 
range  from  0.12  to  0.2N  for  angles  of  20-60  degrees  (Uchiyama et al., 1995);  from  this 
the  mean  coefficient  of  friction  was  0.04  to  0.14.  When  the  tendon  was  cut  and  rejoined 
using  a  running  suture  the  friction  increased  to  0.146  to  0.432N  for  angles  from  20  to 
60 degrees. 
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Increasing  tendon  tension 

Figure 9.1 The  effect of tendon  load on tendon radius of curvature  through  the  carpal 
tunnel.  Loading  the  tendon with ION force decreased the  radius of curvature Weir, 1995). 

Tendon  Movement r ! ( . g  

Frictional Work on  TendonlSheath 
7 

Normal Force on Tendon 
Figure 9.2 Combined effect of gripping, with  time varying postures. The gripping requires 
tendon tension. The time varying  wrist posture creates sliding  of the  digital  flexor (and ex- 
tensor)  tendons. The combined effect is  friction and energy input  to the tissues.  Finger motion 
wil l likewise create tendon  sliding. 

Summary and usage 

Excursion  of  the  tendons  at  the  wrist  (caused  by  finger  and  wrist  movement)  in  both 
straight  and  deviated  postures  (especially  when  the  tendons  are  under  tension)  creates  an 
energy  input,  possibly  beyond  the  recovery  capability of the  tissue.  This is in  keeping  with 
injury  and  accident  theory  where  ‘energy’  is  the  source of injury (e.g. Haddon, 1980). 

Moore et al. (1 99 1) calculated  a  wide  range of biomechanical  exposure  measures  dur- 
ing  four  kinds of simulated  manual  work  in  the  laboratory.  These  measures  were  based 
upon  peak  and  cumulative  external  measures  and  estimated  internal  loads. Of these, 
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frictional  work  best  matched  the  injury  risk in a  large  epidemiological  study by Silverstein 
et al. (1986,  1987).  More  recently  tendon  excursion  has been  calculated  to  characterise 
typing  on  different  keyboards  (Flannery et a]., 1995). 

BIOMECHANICAL APPROACHES AND WMSD POTENTIAL IN NERVE DISORDERS 

Aetiology of  nerve disorders  due to  mechanical  factors 

Mechanical  insult to  the nerve  can be  due to  increased  hydrostatic  pressures in the  carpal 
canal,  direct  mechanical  insult  (contact  stresses)  upon  the  nerve  by  overlying  tendon(s) O r  

impingement  (pinched  nerve) and  stretch  (Wall et al., 1992).  All have been  suggested  as 
likely mechanisms  of work-related  nerve  disorders.  Nerve, or  more properly  its  blood 
supply, is sensitive  to  the  hydrostatic  pressure.  Lundborg et al. (1 982) induced  pressures 
in  the  carpal  tunnel  and  concluded  that '. . . there  is  a  critical  pressure  level  between 30 
and 60  mmHg where  nerve  fibre  viability  is  acutely  jeopardised'.  They  also  note  that  the 
effects in their  experiments  were  due  to  ischaemia  rather  than  mechanical  compression. 
Rydevik  and  Lundborg  (1  977)  noted  however  that  mechanical  trauma  increases  susceptib- 
ility to  ischaemia.  Szabo  and  Sharkey  (1993)  developed  a  method  studying  the  response 
of nerve  to  sinusoidally  varying  pressures.  They  reported  that  the  changes  in  conduction 
were related  to  the  mean  pressure  rather  than  the  peak  but  the  choice  of  pressure  wave- 
forms  requires  expanding  to  examine  better  the  impact  of  different  work  conditions 
(Rempel,  1995). 

Direct  mechanical  compression  of  nerves  can  be  seen  at  many  sites:  in  the  wrist 
between  the  flexor  retinaculum  and  the  flexor  tendons  (Smith et al., 1977), in the  lumbar 
spine  between  adjacent  spinal  motion  units  or due  to extruded  nuclear  material (Rydevik 
et al., 1990)  or in the  neck  between  scalene  muscles  or  against  the upper  ribs.  Direct 
compression  inducing pressures of 10-50 mmHg  produce  effects  such  as reduced  blood 
flow,  and  increased  permeability of blood  vessels  with oedema. Direct compression  of  the 
nerve  at  low  levels  of 20-30 mmHg  (Rydevik et a/.,  1981)  affects  local  blood  flow  as 
well as  impairing  axonal  transport  at  30  mmHg  (Dahlin et a]., 1987). It is  noteworthy  that 
compression  does not  cause  pain  in  all  cases;  however  the  presence  of  inflammation  and 
compression  does  appear  to be painful  (Rydevik et al., 1990). 

Stretch  of nerves  has  been  suggested as  a possible  cause  of  non-specific  nerve  disor- 
ders. It has  been shown in  a  rabbit  model  that  stretch of  the  order  6  per cent  gives  rise  to 
changes in conduction  behaviour  (Wall et al., 1992). It has  also  been  demonstrated  that 
nerves  slide  over  their  course  from  the  spinal  cord  to  their  destination  to accommodate 
motion  at  the  intervening joints;  for  example, McLellan  and Swash ( 1976)  demonstrated 
sliding  of nerves  at  the  shoulder  level due  to wrist  movement. Szabo et ul. (1  994) found 
that  the  median  nerve  excursion  with  flexion-extension  of  the  fingers  is  43  per  cent  of  the 
excursion  experienced  by  the  flexor  tendons.  The  differences  between  specimens  was 
significant  but  the  difference  before  and  after  sectioning  the TCL was  not. It has  been 
found  that  there  is  reduced  sliding  of  the  median  nerve in patients  with CTS  (Nakamichi 
and  Tachibana,  1995;  Valls-Soli et al., 1995),  indicating  that  there  may  be  increased 
frictional  forces  or  adhesions in the  diseased  arm. If  sliding  is  restricted at some level, 
perhaps  by  adhesions,  the  excursion  of  the  nerve  due  to  joint  motion  will  increase  the 
stretch  in  the  segments  adjacent  to  the  restriction  with  possible  chronic  effects.  This  is  the 
basis  for  a  provocative  test  such as straight  leg  raising in sciatica. 
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Biomechanical  models of carpal  canal  hydrostatic  pressure 

Hydrostatic  pressure  exists in anatomical  compartments. Compartment  syndromes  demon- 
strating  elevated  pressure  have  been  described in many  parts  of  the  body.  The  elevated 
pressure  may  be due to  processes  after  trauma  when  acute  damage  can  result  or  be  due  to 
processes  occurring  as  a  result  of  activity. A nerve  that  passes  through  a compartment 
under  elevated  pressure is subject  to  possible damage,  depending  on  the pressure  and 
length of  exposure. Despite  the  carpal  canal  having  the  appearance of an  open ended 
tube,  it  behaves  like  a  compartment  (Szabo  and  Chidgey,  1989).  Compartment  (hydro- 
static)  pressures  are  measured  using  invasive  techniques;  however  recent in-vivo and in- 
vitro testing  allows  estimates  of  carpal  tunnel  pressure  from  postural  and  force  data. 

Rempel (1 995)  reported  on  a  series of in-vivo measures  of carpal  tunnel  pressures 
during  a  wide  variety  of  manual  activities  in  many  participants.  It  appears  that  wrist  and 
finger  posture as well as  the  force  exerted  affect  the  carpal  canal  pressure. It  appears  also 
that many work  activities  exceed  the  benchmark 30 mmHg  pressure  and  many  exceed  the 
60 mmHg level.  Rempel et al. (1  997)  found  that  the  effects  of  fingertip  force  on  carpal 
tunnel  pressure  were  independent  of  and  greater  than  those  due  to  wrist  posture  during  a 
finger  pressing  task.  Keir et al. (1 998)  determined  that  at  the  same  fingertip  force  magni- 
tude,  a  pinch  grip  created  twice  the  carpal  tunnel  pressure  than  a  simple  finger  press.  This 
latter  finding  supports  the  epidemiological  evidence  that  pinch  grip  activities are highly 
correlated  to  findings  of  CTS  and  tendinitis in the  forearm.  Full  supination  has  also  been 
shown to increase CTP  (Rempel et al., 1998).  Previously, Rempel et al. (1994)  deter- 
mined  the  effects  of wearing  a flexible  splint on  carpal tunnel  pressure  during  a  simulated 
supermarket  checkerbagger  task and found  that  the  splints  did not  reduce  pressures. 

In order  to  determine  better  the  multiple  effects  of  posture  and  force  exertion,  Keir 
et (11. (1997)  used  a  cadaver  preparation  to  examine  these  same  effects.  Cadaver  arms 
were instrumented  for  wrist  posture in flexion/extension  and  ulnadradial  deviation  and 
the  tendons  for  index  and  middle  finger  flexors  as  well  flexor  pollicis  longus  and  palmaris 
longus were  connected  to  wires so that  known  forces  could  be  applied. A two finger 
pinch  grip was  simulated.  The  responses  to  wrist  angle  changes  are  seen in Figure 9.3 
whilst  Figure  9.4 shows the  effects  of  adding load  to  the  flexor  tendons.  Rempel  (1995), 
who  measured responses in volunteers,  found  very  similar  responses in the  unloaded 
condition. 

Biomechanical  models of direct  nerve  compression 

Mechanical  stress to  the median  nerve  can be predicted  by  modified  belt-pulley models  of 
the  wrist. As was  described  in  the  section  on  tendon  disorders,  when  the  tendon  is  under 
tension  and  must  change  direction,  a  force  at  right  angles  to  the  tendon  (normal  force) 
must be  present.  If  the  wrist is in flexion  this  force  will  be  directed  against the  median 
nerve.  Moore et al. (1991)  used  existing  data  to  predict  loading  of  the  median  nerve 
during  manual  work.  More  recently,  Keir  (1995)  estimated  the  tendon  radius  of  curvature 
from  MRI  (and  thus  the  resulting  contact  pressure)  at  a  range of wrist  angles  (Figure  9.1). 

Measurements, in-vitro, of the  pressure in a  balloon  transducer  which  has  replaced  the 
median  nerve  are  available  (Keir et al., 1997)  (Figure  9.4).  The  belt-pulley  models  pre- 
dict  loading  of  the  median  nerve  only in flexion whereas the  experimental  data  of  Smith 
et al. (1977)  and  Keir et 1.71. (1997)  show  loads in both  flexion  and  extension  wrist 
postures.  Instrumented measures  of local  contact  stress  are  needed  for  clarification. 
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Figure 9.3 The  effect of wrist posture on carpal tunnel pressure  and median nerve contact 
stress. Hydrostatic pressure was measured by catheter and contact stress by a  tubular  rubber 
transducer  replacing  the  excised median nerve (Keir et a/., 1997) 

Summary and  usage 

There  exist  models  of  contact  stress  as  well  hydrostatic  pressure in the  carpal  canal. 
There  are  few  data  on  nerve  stretch  during  work  or  other  activities. Drury (1 987)  calcu- 
lated  an  exposure  parameter  (which  he  termed  daily  damaging  wrist  motions)  when  wrist 
flexion  and  force  exertion  coincided.  Moore et al. (1991)  calculated  median  nerve  contact 
stress  and  its  time  integral  during  four  kinds  of  simulated  manual  work  in  the  laboratory. 
Under  ‘natural’  conditions  participants  elected  to  work  with  the  wrist  in  extension as they 
squeezed  the tool. Even  under  ‘forced’  conditions  where  the  work  was  configured  to 
require  flexed  wrist  postures,  wrist  postures  varied  close  to  straight  and  little  loading  on 
the  median  nerve by the  tendons  was  predicted. 
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Figure 9.4 The  effect of tendon  tension  on  carpal  tunnel  pressure  and  median  nerve  con- 
tact  stress.  Flexor  tendons loaded  with 10N force.  Hydrostatic  pressure  was  measured  by 
catheter  and  contact  stress by  a  tubular  rubber  transducer  replacing  the  excised  median 
nerve  (Keir et a/., 1997) 

B I O M E C H A N I C A L   A P P R O A C H E S   A N D   W M S D   P O T E N T I A L  I N  M U S C L E   D I S O R D E R S  

Aetiology of muscle  disorders  due to mechanical  factors 

Muscular  loading  during  upper  limb  intensive  work  has  been  linked  to  the  development 
of  chronic  muscle  problems in the  shoulder  and  neck  (Veiersted et al., 1993).  Recent 
clinical  findings  have  suggested  that  forearm  muscle  pain  may  be  an  overlooked  problem 
in  studying  work-related  chronic  musculoskeletal  disorders  (Ranney et al., 1995).  While 
work-related  muscle  pain  is  well  accepted  in  the  shoulder  area,  pain  in  the  forearm  is 
usually  attributed to tendinitis  or  epicondylitis.  Suggested  mechanisms  for  muscle  pain 
include  fatigue  induced  hypoxia  leading  to  metabolic  changes  as  a  result  of  low  level 
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continuous  activation,  increased  intracompartmental  pressure  and  physical  disruption  of 
the  muscle  with high  force  (especially  eccentric)  contractions. 

The  major  approaches  to  determining  potential  for  development  of  muscle  work- 
related  disorders  have  been  electromyography  (Jonsson,  1982),  biomechanical  models 
(McGill  and  Norman,  1986)  and  fatiguehecovery  type  curves  (Rohmert,  1973).  This 
review  will  touch on recent  findings  using  electromyography. 

Electromyography has  been  extensively  used in the  trapezius  and  other  shoulder  and 
neck  musculature  although  more  work  is  now  seen in the  distal arm.  Furthermore,  the 
extensors  of  the wrist  and  fingers  appear  to  be  a  critical  area to  consider  (Hagg  and 
Milerad,  1997).  Their  importance  in  manual  activity  is  highlighted by the  relationship of 
gripping  to  high  extensor  activity  (Snijders et al., 1987). 

Appropriate  processing  of  the  electromyographic  signal  can  serve  as  a  link  between 
the  work done  and  the  muscle usage  required.  Jonsson  (1982)  described  a  technique  in 
which  the  frequency of  occurrence  of any  particular  level of  EMG  occurring is calcu- 
lated.  From  this,  an  amplitude  probability  distribution  function (APDF)  curve is  devel- 
oped. The static  level of this  curve  describes  the  ability  of  the  muscle  to  rest  at  least  10 
per  cent of  the  time and  appears  important  in  the  development  of  chronic  work-related 
muscle  problems.  If  the  value  is  greater  than  zero  the  muscle  is  not  given a chance  to 
completely  rest at least  10  per  cent of  the  time  during  a task. 

Static muscle loading, even at  low  levels,  has  been  linked  to  muscle  fatigue,  pain  and 
myalgia  (e.g.  Larsson et al., 1988).  Examination  of  the muscle fibres  has  revealed  that in 
chronically  statically  loaded muscles there  exist  increased numbers  of type I (slow  twitch) 
fibres  and  what are  termed ‘ragged  red’  fibres  (Henriksson,  1988;  Larsson et ai., 1988; 
Lindman et al., 1991).  Ragged  red  fibres  have damaged mitochondria  and  are  likely 
indicative of present  or  past  ischaemia. These findings  and  an  understanding  of  motor 
recruitment  (order of motor  unit  recruitment (Henneman et al., 1965))  have  led  to  the 
hypothesis  termed  the  ‘Cinderella  motor  unit’  (Hagg,  1991). 

While  a knowledge  of  the  APDF is a  useful  method of  quantifying muscle  usage 
throughout  the  duration of  a task,  it  gives no indication of  the duration  of  each  rest  pause, 
i.e.  whether  the rests came  as  numerous  pauses  or  one big  pause.  Veiersted et ul. (1990, 
1993)  addressed  this  by  using  a  ‘gaps’  analysis.  This  analysis  looks  at  the  number  of 
times  the  muscle  is  turned  off  (less  than 0.5 per  cent MVC) and it appeared  that  people 
with  pain  had  fewer numbers  of  gaps. More  recently  Mathiassen  and  Winkel (1991) have 
proposed  a  measure,  exposure  variability  assessment (EVA), which combines  elements  of 
both  these  approaches. 

Summary  and usage 

Veiersted et al. (1  990,  1993)  addressed  the  relationship  between  work  exposure,  quanti- 
fied by trapezius  activation  using  a  ‘gaps’  analysis. It appeared  that  people  with  pain had 
fewer  numbers  of  gaps  and  workers  with  fewer  gaps  were  more  likely to  develop trapezius 
myalgia.  This is in accordance  with  the  notion  that  muscle  fibres  need  a  ‘rest’  for  recov- 
ery.  Figure 9.5  illustrates  the  patterns  of  muscular  activity  currently  believed  to  create 
high  and  low  risk of muscle  pain. 

Keir  and  Wells  (1994)  used  a  biomechanical  model  to  assess  the demands  on  the 
extensors  of  the  wrist  during  typing.  The  biomechanical  model  took  account  of  gravita- 
tional  and  passive  forces  and  related  this  to  the  capacity  of  the  musculature.  This  agreed 
with  the  demand  evidenced  by  electromyography  (Rose,  1991). 
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Figure  9.5 Schematic of muscle activity (electromyograms) associated with low and high 
risk of developing myalgia. Electromyograms are rectified and normalised  to a maximum 
voluntary effort (MVE) and represent a  period  of about a  minute. 

DISCUSSION  AND CONCLUSIONS 

In  the  introduction  we  noted  the  ability  of  biomechanics  to  elucidate  the  relationships 
between  work  activity  and  the  loads  on  the  tissues.  Moving  from  this  understanding  of 
loud to  one  of injury is  not so simple. Our knowledge of acute  tissue  response  is  improv- 
ing,  but  data  on  the  response  of  tissues  to  low  loads  extending  over  time  periods  of  the 
order  of  weeks or months  is  almost  non-existent. 

Work  and  other  activities  are  inherently  dynamic,  albeit  interspersed with  quasi-static 
postures;  a  single  static  analysis  is  usually  not  sufficient for most  jobs  although  the ‘peak’ 
loading  remains  important. As a  result  some  investigators  are  moving  to  continuous 
recording in the field for  periods  counted in  hours,  This  has  two  results: it challenges  data 
collection  but  also  raises  questions  concerning  how  to  analyse  long  records  of  forces or 
posture. To provide  biomechanical  load  estimates  over  industrially  useful  time  periods 
using  most  current  measurement  systems  results in very  tedious  collection  and  analysis. 
Electromyography  has  a  clear  advantage in this  respect. 

However,  once  these  records  have  been  collected  one  must  then  make  decisions  re- 
garding  summarising  the  data.  There  is  a  concern  that  at  least  information  concerning  the 
intensity  of  the  exposure  variable,  its  time  variation  and  the  duration  of  exposure  be 
described  (Winkel  and  Mathiassen, 1994). There  is  no  consensus  on  which  variables to 
record  nor  how to report  them  in  forms  useful  in  understanding  the  development of 
activity  and  work-related  musculoskeletal  disorders  (Marras et al., 1993; Hansson et al., 
1996). Moore et ul. (1991)  proposed  a  possible  framework  utilising  both  peak  and  time 
integrated  measures for upper  limb  risk  assessment  (Table 9.1). 
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Table 9.1 WMSD injury mechanisms and modelled risk factors. 

Disorder Proposed Possible  biomechanically  modelled 
pathophysiology risk  factors 

Nerve Force  of  tendons  on 
e.g. Carpal  tunnel  syndrome“ median  nerve 

Hydrostatic  pressure in 
carpal  canal 

Contact  stress  on  median 
nerve 

Tendon 
e.g. Tenosynovitis 

Bearing  loads  on  sheath 
Movement of tendon 
with  respect to the  sheath 
Friction  between  tendon 
and  tendon  sheath 
Strain  and  cumulative 

e.g. Tendinitis strain  in  tendon 
Muscle Static or uninterrupted 
Myalgia = pain  and  disorders activation 

Dynamic  muscle  use 

Peak  force  against  flexor 
retinaculum  and  median  nerve 
Time  integrated  force  against  flexor 
retinaculum  and  mcdian  nerve 
Hydrostatic  pressure  predicted 
based  upon in-vivo and in-vitro 
experimentation 
Contact  stress  predicted  from 
in-vitro experimentation  and 
belt-pulley  models 
Time  integrated  force  against  sheath 
Cumulative  tendon  excursion 

Frictional  workh 

Peak  tendon  tension 
Time  integrated  tendon  force 
‘Static’  muscle  load  (10th  percentile 
APDF) 
EMG  ‘gaps’ 
EMG (50 and  90th  percentile 
APDF) 
Exposure  variation  assessment (EVA) 

Carpal  tunnel  syndrome  may also  be  secondary  to  tenosynovitis  and  other  causes. 
Variable  which  showed  good  match  to  Silverstein et a / .  (1986) injury  risk  in  laboratory  tests 

(Moore et al., 1991). 

This  chapter  has reviewed how  biomechanics  offers  an  approach  to  analysing  and 
understanding  the  mechanical function of  the musculoskeletal system  and  thus  the rela- 
tionships  between work activity and the  loads on the tissues.  The interpretation of tissue 
load  poses many  challenges.  There  are  precious few acute tolerance  data  available  for 
most  parts of the  musculoskeletal system.  There  are  even  fewer  chronic data  available. A 
possible  way around this  difficulty is  to use biomechanics  to  estimate tissue  loads in 
epidemiological studies  and use the health outcomes to set  high  and  low risk tissue  loads. 
Recently, Wells et al. (1997) proposed and successfully  used (Norman et al., 1998) such 
an approach in a  study of risk factors  for  low  back  pain. 
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CHAPTER  TEN 

Biomechanical  models of the hand, 
wrist  and  elbow in ergonomics 

RICHARD E. HUGHES  AND  KAI-NAN  AN 

I 

INTRODUCTION 

Although  practicing  ergonomists  rarely  use  sophisticated  biomechanical  models  of  the 
hand,  wrist, and  elbow  in  conducting job  analysis or equipment  design,  knowledge  gained 
from  biomechanical  models  has  had  a  great  influence  on  the  practice  of  ergonomics. 
Static  models  of  elbow  flexion  are  used  in  ergonomics  training  and  teaching  to  illustrate 
how  large  tissue  stresses  can  arise  from  small  loads  applied  to  the  hands.  Models  of  the 
wrist  are  used  to  explain  the  effect  of  wrist  posture  on  stresses  acting  on  the  contents  of 
the  carpal  tunnel.  The  purpose  of  this  chapter is to  provide  an  overview of biomechanical 
models  of  the  hand,  wrist, and  elbow  that  may  be  of  use  to  ergonomists.  It  will  identify 
impediments  to  widespread  use  of  upper  extremity  models  in  ergonomics  practice,  and 
recent  work  to  overcome  these  barriers  will  be  reviewed. 

ELBOW 

Biomechanical  models  of  elbow  flexionlextension  are  commonly  encountered  in  ergo- 
nomics  textbooks  and  training  manuals  because  they  clearly  illustrate  the  principles  of 
levers in occupational  ergonomics.  Figure 10.1 illustrates  a  free  body  analysis of the 
forearm  that  forms  the  basis  of  a  static  single  muscle  biomechanical  model of forearm 
flexion  while  holding  a  ball  in  the  hand.  Gravity  acts  on  the  mass  of  the  ball  and  centre  of 
mass  of  the  forearm,  which  produces  downward  forces  having  magnitudes  of  W  and  G, 
respectively.  Each  force  acts  through  a  moment  arm (15 cm  and 30 cm,  respectively)  to 
generate  clockwise  moments.  An  upward  force  of  magnitude B is  generated by the  active 
contraction  of  the  biceps  muscle,  and  it  acts  at  a  distance  of 3 cm  from  the  elbow  flexion1 
extension  axis. To maintain  static  equilibrium,  the  net  flexionlextension  moment  at  the 
elbow  joint  must  be  zero,  which  produces  the  moment  equilibrium  condition: 

( G x  15 c m ) + ( W x 3 0 c m ) - ( B x 3   c m ) = O  (10.1) 
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Figure 10.1 Illustration of the  forces  acting  on the forearm while  holding a ball weighing W 
in the  hand. The biceps muscle force, B, acts upward on the ulna. The joint reaction force, 
R, and weight of the forearm, G, act  downward. The vector sum of these forces must be  zero 
to maintain static equilibrium. Similarly, the net moment about  the joint centre must also be 
zero. These two conditions  can  be written algebraically as Equations 10.1 and 10.2. 

If the  forearm  and  ball  weigh 15N and 20N, respectively,  the  biceps  must  generate 
B = 275N to  maintain  a  static  posture.  Force  equilibrium  conditions  require  that  the  sum 
of  all  forces  acting on the  forearm in the  vertical  direction  be  zero  to  maintain  static 
equilibrium: 

B - G - W - R = O  (10.2) 

Therefore,  the  reaction  force  acting  on  the  trochlear  notch of the  ulna  is 240N. This  type 
of  example is widely  used  in  ergonomics  training  and  teaching,  because  it  illustrates  how 
mechanical  forces  acting  on  biological  tissues  (biceps  force B and joint  reaction  force R) 
can  be  much  greater  than  the  magnitude  of  externally  applied  forces. A similar  free  body 
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analysis can  be conducted with forearm rotation to  develop a dynamic biomechanical 
model  (Chaffin and  Anderson, 1984). 

Suppose that an additional muscle  is  added  to  the  example in Figure 10.1 at  a distance 
of 2 cm  from the centre  of rotation, and it produces a  force acting parallel to  the biceps. 
Then  the  moment  equilibrium  and vertical force  equilibrium conditions,  respectively,  are: 

( G x  15 c m ) + ( W x 3 0   c m ) - ( B x 3   c m ) - ( H x 2   c m ) = O  (10.3) 

H + B - G - W - R = O  (10.4) 

Now  there  are  three  unknowns (B, H, and  R) but only two equations.  Note  force  equilibrium 
in the horizontal direction is trivial since all forces in this  example  are vertical. It is common 
for biomechanical models  to  have  more muscles  than mechanical  equilibrium conditions, 
which  is  known  as ‘static  indeterminacy’. Mathematically,  static indeterminacy means 
that  there is an infinite number  of  muscle force combinations that can satisfy the equilib- 
rium conditions.  Two  approaches  are typically  used to rationally  select muscle forces 
from  the potentially  infinite  set:  optimisation and  electromyographic  (EMG) recordings. 

Muscle  force  prediction  using  optimisation 

It is intuitively  reasonable  that the central nervous system (CNS)  might select muscle 
forces  to  optimise  some quantity, such  as minimising energy  expenditure  or  maximising 
endurance. It is  possible  to use static  equilibrium  condition 10.3 as  the foundation for a 
mathematical  optimisation  problem that can be solved numerically: 

Minimise O(H,B) 

such that the  following  conditions hold: 

( G x  15 c m ) + ( W x 3 0 c m ) - ( B x 3   c m ) - ( H x 2   c m ) = O  (10.5) 

H 2 O , B 2 O  ( 10.6) 

The function O(H,B) is the  ‘objective’ or ‘criterion’  function to be  minimised.  If it is a 
convex function, it is easy to find a  global minimum  for this  problem.  Note  the muscle 
forces are required to  be non-negative (Equation 10.6), because a muscle  cannot  generate 
compressive forces. Elbow  models in the literature have used  a  variety of objective 
functions: sum  of  muscle  forces  (Yeo, 1976); sum  of muscle stresses  (Crowninshield, 
1978);  maximum  muscle stress (An et al., 1984);  maximum  muscle neural  activation (An 
et at., 1989);  and sum  of weighted  muscle forces raised to integer powers, e.g. H” + B” 
(Raikova, 1996). Gonzales et al. ( 1996) have formulated  a dynamic  elbow model  using 
optimal  control theory which  minimises  movement  time.  However, there is considerable 
controversy  about  whether the  CNS really does  select  muscle force  activations to minim- 
ise a quantitatively  definable  criterion,  and if it does, what the criterion  should be. 

Muscle  force  prediction  using  EMG-driven  models 

An alternative to  the optimisation approach  is  to  estimate  muscle forces from EMG re- 
cordings.  This  method requires developing a  ‘muscle model’ that  relates measured  EMGs 
to  muscle force.  Woldstad (1989) developed an EMG-driven  model for predicting  biceps 
and  triceps  muscle  forces  during rapid elbow flexion and extension  movements. The 
elbow  moment at time t ,  M(t) ,  was modelled  as: 
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M ( t )  = c”*Eo(t)*MAs(e(t))*Lc”(O(~))*vC” e(/),- ( d:)) 

+ (.,*E,(f)*MAT(0(f))*LC,(8(t))*VC, O(t),- [ d:)) 
(10.7) 

where c was  a  coefficient  that  relates  EMG, E(t),  to  muscle  force  under  isometric  condi- 
tions,  and 0(t)  was  the  included  elbow  angle  at  time t (note  the  subscript, T or B, denotes 
triceps  and  biceps,  respectively). MA represented  the  muscle  moment  arm,  which  was 
derived  from  a  simple  geometric  model  of  the  upper  arm. LC was  a  quadratic  polynomial 
used  to  incorporate  the  length-tension  property  of  muscle  physiology,  and VC was  an 
exponential  function  used  to  compensate  for  the  speed  of  muscle  shortening.  Parameters 
for  this  model  were  estimated  from  isometric  and  isokinetic  elbow  exertions.  Note  the 
basis  of  this  model  was  a  multiple  regression  relating  EMG  and net joint  moment  meas- 
ured  under  isometric,  anisotonic  conditions: 

M ( t )  = e,j*(E”(t)*MAB(O(t))) + c,*(Er(t)*MA,(O(t)))  +E([) (10.8) 

The  independent  variables in the  regression  model  were  the  product  of  the  EMG  and 
moment  arm, so the  regression  coefficients, cB and cr, were  the  relationships  between 
EMG magnitudes  and  muscle  forces. 

From  Equation  10.7 it is clear that the  forces  generated by the  biceps  and  triceps 
muscles  were  predicted  to  be: 

and 

F,(t) = c,,E,(t)*LC,(0(t))*VC, 0(t),- ( d:’) 
(10.10) 

The  data  requirements  for  an  EMG-driven  model  are  substantial,  including  EMG  record- 
ings  of all relevant  muscles  and  elbow  angle.  Although  Woldstad  (1989)  used  joint  angle 
as  a  surrogate  for  muscle  length,  the  reported  agreement  between  model  predictions  and 
laboratory  measurements  were  high. 

Flexion  and  extension  of  the  forearm  is  not  the  only  motion  of  the  elbow  to  model. 
Baildon  and  Chapman (1983)  and  Caldwell  and  Chapman ( 1989,  1991 ) have  used  EMG 
recordings  to  estimate  muscle  forces  during  supination in a  laboratory  setting.  Cnockaert 
et al. (1975)  used an  EMG  model  to  analyse  flexion  and  supination  moments  at  the 
elbow.  Unfortunately,  no  applications  of  EMG-driven  models  of  the  elbow  to field situ- 
ations  have  been  reported,  probably  due  to  the  complex  instrumentation  required. 

Strength prediction models 

Since  muscle  moment  arms  and  lengths  change  through  the  joint  range  of  motion,  max- 
imal  isometric  strength  depends  on  joint  angle.  Biomechanical  models  of  elbow  flexion 
strength  have  been  developed  (Hutchins et al., 1993;  lsmail  and  Ranatunga,  1978;  van 
Zuylen et al., 1988;  Winters  and  Kleweno,  1993).  Elbow  extension  strength  has  also  been 
modeled  by  Hatze  (1981).  Prediction  of  maximum  isometric  strength  through  the  range 
of  motion is one  method  for  estimating  parameters in the  length-tension  relationship  of 
muscle  (An et al., 1989;  Hatze,  1981). 



BIOMECHANICAL MOIIEI.S O F  T H E  HAND, WKIST ANI) E L R O W  IN ERGONOMICS 183 

WRIST 

Carpal  tunnel  syndrome  (CTS) is an  important  occupational  health  problem  that  has  both 
psychosocial  and  biomechanical risk factors.  Epicondylitis  of  the  elbow is also  prevalent 
in many  workplaces.  Biomechanical  models  have  been  proposed  for  estimating  forces in 
the  prime  wrist flexors, some  of  which  are  involved in epicondylitis,  and  for  predicting 
stresses in the  tissues  passing  through  the  carpal  tunnel. 

Muscle  force  prediction  using  optimisation 

The  optimisation  approach  to  predicting  muscle  forces  from  net  intersegmental  joint 
moments  has  been  applied  to  the  wrist  (Buchanan  and  Shreeve,  1996;  McLaughlin  and 
Miller,  1980;  Penrod et ul., 1974).  In  a  detailcd  laboratory  study  of  the  forearm  and  wrist, 
Buchanan  and  Shreeve  (1996)  evaluated  the  effects  of  the  mechanical  representation  of 
the  system  (number  of  degrees  of  freedom,  DOF)  and  objective  function  selection.  The 
wrist  was  modelled  with  two DOF (flexion/extension  and  radialhlnar  deviation),  but 
simulations  were  conducted  with  a  variety  of  elbow  representations  (one,  two,  and  three 
DOF).  Objective  functions  considered  included  sum  of  squared  forces,  sum  of  squared 
stresses,  sum  of  cubed  stresses,  and  a  minimum  fatigue  criterion  proposed  by  Dul et ul. 
(1984).  That  study  reported that the  results  strongly  depended  on  the  mechanical  descrip- 
tion  of  the  system  used,  and  that  none  of  the  model  formulations  studied  produced  muscle 
force  predictions  that  agreed  well  with  measured  EMGs. 

Muscle  force  prediction  using  EMC-driven  models 

Several  EMG-driven  models  of  the  wrist  have  been  outlined  (Buchanan et ul., 1993; 
Laurie,  1995;  Schoenmarklin  and  Marras,  1992),  but  only  Buchanan et al. (1993)  have 
described  experimental  results.  Buchanan et ul. (1993)  assumed  a  linear  relationship 
between  muscle  tension  and EMG recordings,  and  a least squares  minimisation  technique 
was used  to  estimate  model  parameters.  Subjects  performed  isometric  contractions  at 
prescribed  combinations  of  flexion/extension  and  radialhlnar  deviation  moments.  A  Monte 
Carlo  simulation  was  performed  to  assess  the  sensitivity  of  model  parameters to noise in 
the  EMG  signal,  and  they  were  found  to  be  very  stable. 

Belt-pulley  models 

A  biomechanical  model  that  has  had  wide  impact  on  industrial  ergonomics is the  pulley 
model  of  the  carpal  tunnel  developed  by  Armstrong  and  Chaffin  (1979). In that  model  the 
extrinsic  finger  flexor  tendons  (flexor  digitorum  profundus,  flexor  digitorum  superficialis, 
and  flexor  pollicis  longus)  were  conceptualised as  belts  wrapping  around  a pulley  (Fig- 
ure 10.2). In  a  flexed  wrist  posture,  the  flexor  retinaculum  acts as  a  pulley; in extension, 
the  carpal  bones  are  the  pulley.  The  model  relates  tendon  force,  which  can  be  estimated 
using  hand  models  (see  later),  to  normal  forces  acting  between  the  extrinsic  tendons  and 
surrounding  tissues.  One  anatomic  structure  near  these  tendons,  the  median  nerve, is of 
particular interest to  occupational  ergonomics  because  of its role in carpal  tunnel  syn- 
drome.  Armstrong  and  Chaffin ( I  979)  argued that compression  of  the  median  nerve in the 
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Figure 10.2 The tendons of the  extrinsic finger flexor muscles  can  be conceptualised as 
belts wrapping  around a pulley. The tension in the tendon, F; and F ,  are different because 
of frictional forces acting  on  the belt by the pulley. Normal forces acting  on the belt by the 
pulley, F,, are required to maintain equilibrium (reprinted  from  Chaffin and  Andersson, 
1984, by permission of John  Wiley and Sons, Inc.). 

carpal  tunnel  by  adjacent  tendons  is  an  aetiological  factor  in  carpal  tunnel syndrome.  The 
normal  force  acting  between  the  belt  and  pulley, F,w, is (per unit  length): 

where F,,, is the  tension  in  the  belt, p is the  coefficient  of  friction  between  belt and pulley, 
8 is  the  included  angle  of  belt-pulley  contact, and R is  the  radius  of  curvature of the 
pulley (LeVeau,  1977).  Because of the  lubrication  of  the  tendons  by  synovial  fluid, 
ignoring  frictional  forces  gives: 

(10.12) 

This  relation  was  used by  Armstrong and  Chaffin  (1979)  to  evaluate  the  effects of wrist 
posture  and  gender-related  wrist  anthropometry  on  tendon  stresses,  based  on  wrist  radii 
measurements  made on  cadavers  (Armstrong  and  Chaffin,  1978).  According  to  the  model, 
wrist  size  affects  the  normal  forces  acting  between  the  tendons  and  surrounding  tissues 
(Figure  10.3). 
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Figure 10.3 The belt-pulley  model of the  wrist can be used to analyse the effect of wrist 
size and posture on the  normal force, F,, acting  on the contents of the carpal tunnel. A small 
wrist (5 per cent female) has larger normal force than a large wrist  (95 per cent male) 
because the radius of  curvature is smaller. Forces with the wrist in extension are  larger than 
forces with the wrist in flexion because the radius of  curvature in extension is smaller than in 
flexion  (reprinted  from Armstrong and Chaffin, 1979, with  kind permission from Elsevier 
Sciences  Ltd, UK). 

The total normal  forcc  acting  between  the  tendon  and  surrounding  tissues is: 

8 
FK = 2F,  Sin - 

2 
(10.13) 

where FK is  the total reaction  force  acting on  the  tendon.  This  indicates  that  wrist  angle  is 
a  critical  determinant  of  forces  acting  to  support  the  extrinsic  finger flexors. Figure  10.4, 
which  is  based  on  Equation IO. 13, illustrates  that  larger  wrist  angles  lead  to  more  reaction 
force  on  the  tendon.  This  observation  provides  a  basis  for  ‘neutral  wrist  posture’  guide- 
lines in the  prevention  of  carpal  tunnel  syndrome. 

Because  some  parameters  were  virtually  impossible  to  determine in vivo at  the  time, 
Armstrong  and  Chaffin ( 1  979) did  not use  their  model  to  analyse jobs quantitatively. 
However,  the  model  has  had  a  wide  influence  on  ergonomic  practice by highlighting  the 
importance  of  non-neutral  wrist  postures in the  development  of  carpal  tunnel  syndrome. 

Other  researchers  have  worked  to  estimate  parameters in the  model.  Albin (1987) used 
the  pulley  model  to  estimate  the in vivo coefficient  of  friction  for the  extrinsic  finger 
flexor  tendons  to  be 0.12. Keir  and  Wells  (1992)  used  magnetic  resonance  imaging (MRI) 
to  estimate  the  radius of curvature  of  the  flexor  digitorum  profundus  and  flexor  digitorum 
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Figure 10.4 The belt-pulley model predicts that wrist posture  affects  the relationship be- 
tween tendon tension, FT, and the reaction force, FR. This observation supports  the widely 
used ergonomic principle that neutral wrist postures  reduce stress on the tissues in the carpal 
tunnel (reprinted from Armstrong and Chaffin, 1979, with  kind permission from Elsevier 
Sciences  Ltd, UK). 

superficialis tendons i n  vivo under  loaded and unloaded  finger conditions. Extended (20"), 
neutral,  and flexed (20" and 45") wrist postures were  tested. Radii of  curvature  for  the 
flexor  digitorum  profundus  ranged  from 8.6 mm in 45" flexion to  57.6 mm in neutral 
under  loaded conditions. More  importantly, the study  found that the  tendons did not havc 
constant  radius of  curvature throughout  the length of the carpal  tunnel. In fact, there is a 
smaller radius  at the distal  end of  the tunnel when in a flexed posture. Tensile force in the 
tendon  also appeared to affect the radii of curvature. 

The pulley  model  described by Armstrong and  Chaffin ( 1979)  was - like  most  bio- 
mechanical  models - deterministic,  evcn  though there is significant  anatomical and 
physiological  variability  within  a  population.  Miller and Freivalds (1995) used the pulley 
model of the extrinsic finger  flexor tendons passing  through  the  carpal  tunnel as the basis 
for a  stochastic  model of extrinsic  finger  flexor  tendon trauma.  The material  properties 
and  mechanical  loading on  the  tendons were  considered to be random variables,  and  the 
probability of injury was derived. 

The belt-pulley model of the wrist has  also been  incorporated  into  a  sophisticated 
method for  assessing  exposures in  epidemiological studies  of upper  extremity cumulative 
trauma disorders. In contrast to most exposure  assessment  methods that focus  on  job 
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checklists or simple  EMG techniques, Moore et al. (1991) used  a belt-pulley model to 
estimate internal  mechanical stresses  on  the extrinsic  finger  flexor tendons  from EMG 
and  electrogoniometer data. The belt-pulley model was used to  estimate forces on  the 
tissues surrounding  the tendons,  tendon  excursion, and the  frictional work  done by  the 
tendons  on the surrounding tissues. In a  laboratory  study of simulated jobs, the  frictional 
work  measure  was closest to  the  estimates  of risk  identified in the  cross sectional  epide- 
miological  study of  cumulative  trauma  disorders (Silverstein et ul., 1986) and carpal 
tunnel syndrome (Silverstein et af., 1987). More importantly,  this  model-based exposure 
assessment system has been  used to identify  a  relationship  between exposure  to physical 
risk factors and risk of  cumulative  trauma  disorders  (Wells et al., 1992).  The  modeling 
approach  has  also been  used to  evaluate alternative job rotation systems  for  cumulative 
trauma  disorder potential (Wells et al., 1995). 

Strength  prediction  models 

Loren et al. ( 1  996)  have  developed a  biomechanical  model  for  predicting  wrist flexion 
and  extension  strength  throughout the  flexion/extension  range  of motion. The model 
includes both mechanical  and  physiological  factors,  including  the effects  of wrist  posture 
on tendon moment  arms and muscle fibre  lengths. Moreover,  the  model incorporates  the 
effect of tendon compliance  on muscle fibre length,  which  has  the  effect of  changing the 
length-tension curve  of  the  musculotendinous unit. 

HAND 

The high  incidence and  economic cost  associated  with cumulative  trauma  disorders  of 
the hand and wrist has generated  a  significant amount  of research on  the  biomechanics 
of  the hand. Even musculoskeletal disorders  occurring in the wrist and forearm are 
affected  by  hand  mechanics,  because  forces  applied to the  fingers  affect  the extrinsic 
flexor and  extensor  muscle  forces. 

Muscle  force  prediction  models 

Biomechanical models similar to that described in Equations 10.5 and 10.6 can  be devel- 
oped for  fingers.  Force and  moment  equilibrium  conditions for the articulations of  the 
hand can be formulated under static conditions  (An et al., 1985; Chao  and  An, 1978a, 
1978b; Chao et al., 1976).  Figure 10.5 illustrates  a  model of the  finger in which the 
interphalangeal joints  are  assumed  to be  revolute joints having only  flexiodextension 
motion;  the  carpometacarpal and metacarpophalangeal joints  are modelled  as  universal 
joints (flexiordextension and  abductiodadduction  motions).  The  geometry  of the  finger 
segments must be specified, which  can be done by specifying  the rotation  between  coor- 
dinate  systems fixed to each  bone in the finger. Maximum  muscle  forces can  be  modelled 
as being  proportional to the  physiological cross sectional  area of each  muscle. Due  to  the 
interconnectedness of  the  tendons  of  the finger extensor  mechanism, additional con- 
straints  are  added to the  allowable  forces in the intrinsic muscles  and  the  extensor  digitorum 
communis  muscle  (An et al., 1985). Since  the  mechanical description of  the finger is 
statically  indeterminate, the optimisation approach  can be  used to  solve for the  muscle 
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Figure 10.5 Sagittal plane view  of a finger model. Finger  posture is  described by  defining 
the orientations of coordinate systems fixed to each bone relative to each other. Moment and 
force equilibrium  conditions are formulated at each joint of the finger. 

forces,  given  a  specified  externally  applied  force  at  the fingertip. An et al. (1985)  solved 
this  model  using  several  objective  functions,  including  combinations  of  muscle  forces, 
joint  reaction  forces,  joint  moments,  and  maximum  muscle  stress.  Table  10.1  shows  the 
range  of  muscle  forces  predicted,  normalised to external  force  magnitude  for  several 
types  of  grips  (Figure 10.6) and  tasks.  Force  generated by the  flexor  digitorum  profundus 
muscle  during  tip  pinch  was  between  1.93  and  2.08  times  the  magnitude  of  the  force 
applied  to  the fingertip, depending  on  the  objective  hnction used in the  optimisation.  For 
the lateral key  pinch,  the  ratio  was  3.17  to  3.47.  Given  the  uncertainty  about  what 
objective  function is to  be  minimised,  how realistic are  the  model  predictions? 

Due  to  the  long,  slender  morphology  of  extrinsic  hand  tendons, it is possible  to 
measure  tendon  tension  directly in vivo using  a  miniature  S-shaped  force  transducer  (An 
et al., 1990).  Schuind et al. (1992) used such  a  force  transducer  to  measure  tension 
intraoperatively in the  flexor  digitorum  profundus,  flexor  digitorum  superficialis,  and 
flexor  pollicis  longus  muscles in five patients  undergoing  carpal  tunnel  surgery.  Since  the 
operations  were  conducted  using  local  anaesthesia,  subjects  could  actively  perform  grip- 
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Table 10.1 Finger muscle forces predicted by optimisation (expressed as a  ratio of 
tendon tension to externally applied force) using  a  variety of objective functions. 

Function  FDP  FDS RI LU  UI LE 

Tip  pinch 1.93-2.08 1.75-2.16 0.0-0.99 0.0-0.72 0.21-0.65 - 

Pulp  pinch 2.53-3.14 0.32-1.32 0.0-1.61 0.0-1.17 0.62-1.19 - 

Lateral  pinch 1.37-5.95 - 1.01-7.04 0.0-6.10 - 7.45-15.94 

Grasp 3.17-3.47 1.51-2.14 0.0-1.19 0.0-0.91 0.0-0.49 - 

Briefcase  grip 0.0-0.02 1.70-1.78 0.0-0.45 0.0-0.33 0.11-0.27 - 

Holding  glass 2.77-2.99 1.29-1.57 - 0.48-0.53 0.28-0.38 - 

Opening jar 3.50-5.49 - 4.2-4.53 0.0-1.15 0.0-1.0 9.48-16.23 

Ranges  indicate  the  range  of  force  predictions  that  can  be  generated  by  minimising  different 
objective  functions  (An et ul., 1985). Muscles  listed  are  the  flexor  digitorum  profundus  (FDP), 
flexor  digitorum  superficialis  (FDS),  extrmsic  extensor (LE), lumbrical  (LU).  radial  interosseus 
(RI), and  ulnar  interosseus  (UI). qq 

LATERAL PINCH 

Figure 10.6 Grip postures analysed by  An et a/. ( 1  985). Summary  results for these postures 
are presented in Table 10.1. 

ping  tasks  while  the  tension in their  tendons  were  being  recorded.  Table  10.2  provides  the 
measured  forces  and  ranges  of  forces  predicted  by  models  (An et al., 1985;  Chao et ul., 
1989;  and  Cooney  and  Chao,  1977).  Although  measurements  of  forces  during  tip  pinch 
were  outside  the  range  of  model  predictions, lateral pinch  measurements  agreed  well. The 
in vivo measurements  do confirm  model  predictions  that  tendon  forces  are  greater  than 
the  applied  force,  sometimes  by  a  significant  amount. 

An optimisation  model  of  the  finger  similar  to  that  of  Chao  and  An  (1978a,  1978b) 
and An et ul. (1985)  was  implemented in a  system  specifically  designed  for  ergonomic 
analysis  of  hand  tools  (Yun  and  Freivalds,  1995).  Force  sensing  resistors  were  used to 
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Table 10.2 Comparison of in vivo measurements and predicted tendon forces 
during pinch (expressed as a ratio of tendon tension to external pinch force). 

Tendon  Measurements Predictions 

Tip  pinch 
FPL 3.60  (4.62) 2.28-3.52 
FDP 7.92 (6.33) 1.93-2.08 
FDS 1.73 (1.51) 1.75-2.16 

FPL 3.05 (3.04) 2.47-3.84 
FDP  2.90 (2.61) 1.37-5.95 
FDS 0.71 (0.69) - 

Lateral  pinch 

Tendon forces  were  measured  usmg an S-shaped  buckle transducer placed  around 
the tendon, and predictions were  made  using  models (An et al., 1985; Chao et al., 
1989;  Cooney  and  Chao,  1977). FPL is the flexor pollicis longus, FDP is the flexor 
digitorum  profundus,  and  FDS is the flexor  digitorum  superficialis.  Means  (and 
standard  deviations)  are  presented  for the forces  measured in vivo; ranges are given 
for model predictions using different objective functions. 

measure  hand  contact  forces, and a Cyberglove  (Virtual  Technologies)  was used to meas- 
ure finger  geometry.  This instrumentation  system  provided  data for  the biomechanical 
model, which produced  muscle forces estimates. 

Unlike  hand tool use, where  static  gripping  is  common,  keyboarding  and  piano play- 
ing are fast enough  to require dynamic biomechanical models  of  the fingers. Harding 
et al. (1989,  1993)  developed  an  optimisation  type sagittal  plane  finger  model  for use  in 
analysing piano  playing. Tendon tensions  between 0.7 and  3.2  times  the applied  fingertip 
force  were  predicted.  Harding et al. ( 1  989) reported  using an optimisation  model of  the 
finger for  determining finger  positions for piano  playing that would minimise internal 
tissue  loads.  Wolf et al. (1993) used  the  model of  Harding et al. (1989)  to  analyse  the 
biomechanics of the  index  finger  while  playing  Mendelssohn’s Song Without  Words (op. 
19, no. 2)  and identify  potential  risk  factors for the development  of  cumulative  trauma 
disorders  in  pianists. Dynamic finger models  have  also been developed by  Brook et al. 
(1995)  and  Buchner et al. (1985). 

Compared  to  the finger, few  models  of  the  thumb  have been developed. Planar  (Hirsch 
et al., 1974) and  three-dimensional (Cooney  and  Chao, 1977; Toft  and Berme,  1980) 
models of the  thumb  have been  used to  estimate tendon and  joint contact forces.  These 
models  solved the problem  of static  indeterminacy  by assuming  only agonist  muscles 
were  active  and lumping functionally  similar  muscles  together, which reduced the  number 
of  unknowns  to  the  number  of  equilibrium  conditions.  Cooney  and  Chao  (1977) predicted 
that  for each  Newton  of force applied  to  the  thumb  during lateral pinch, the  flexor  pollicis 
longus  tension was between  2.28 and 3.52N. Similarly,  lateral pinches produced  flexor 
pollicis  longus  forces 2.47 to 3.84 times  the  magnitude  of  the externally applied  force. 
The  authors concluded that the compression force  at  the carpometacarpal  joint,  which is 
often  involved  in  arthritis of  the hand,  could range  between  837 and  1609N during a 
strong grasp. An EMG-driven  model of  thumb  flexiodextension  was  developed based on 
an  assumed polynomial  relationship  between muscle tension  and EMG  (An et a]., 1983). 
The EMG-driven  model  predicted  flexor and  extensor pollicis  longus muscle  forces  sim- 
ilar to those reported in Cooney  and  Chao  (1977). 
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Fingertip  pulp  models 

Fingertip  pulp is comprised  of  the  skin  and  underlying fatty tissue  on  the ventral  surface 
of the  distal  phalanx  of  each  digit.  Forces  applied  to  the  skin by contact  with  the  environ- 
ment  may  not  be  the same  as  the  forces  applied  to  the  skeleton,  because  the  pulp  of the 
fingertips  may  affect  the  temporal  and spatial distribution  of  the  forces.  A  biomechanical 
model of the  fingertip  pulp is needed  to  bridge  the  gap  between  the  external  force  applied 
to  the  skin  and  the  forces  acting  on  the  phalanges  of  the  digits.  Serina (1 996)  developed 
a  quasi-static  mechanical  model  of  fingertip  pulp  for  use in analysing  keyboarding  tasks. 
It used  an  axisymmetric,  ellipsoidally  shaped  membrane  with  a  uniform  internal  pressure 
to  model  the finger  pulp. The  membrane  was  assumed  to  extend infinitely between  two 
parallel, rigid plates. The  subcutaneous  tissue  was  modelled  as  an  incompressible,  inviscid 
fluid; the  skin  was  modelled  as  an  isotropic,  elastic,  incompressible  continuum  under- 
going  finite  deformations.  Model  predictions  were  compared  to in  vivo measurements  of 
pulp  displacement  under  a  variety  of  loading  conditions.  Although  that  model  assists in 
understanding  finger  pulp  mechanics  quasi-statically,  a  fully  dynamic  model is necessary 
for  use in analysing  the  rapid  finger  movements  associated  with  keyboard  use  or  piano 
playing. 

Geometric  contact  models 

The  ergonomics  of  using  hand  tools  depends  on  the  contact  between  the  palm,  thumb, 
fingers  and  the  tool itself. Models  have  been  developed  for  predicting  hand  kinematics  as 
it wraps  around  various  types  of  objects.  Buchholz  and  Armstrong  (1992)  developed  a 
kinematic  model  of  the  hand  based  on  modelling  each  segment  of  the  fingers  as  a  three- 
dimensional  ellipse.  They  used it to  predict  hand  geometry during  power  grips.  Models 
for  predicting  hand  kinematics  have  also  been  implemented in computer-aided  design 
(CAD)  software  (Davidoff  and Freivalds,  1990,  1993)  and  custom  software  (Buford  and 
Thompson,  1987).  Gourret et al. (1989)  developed  a finite element  model  for  predicting 
the  behaviour  of  the soft tissues  of  the hand  when  grasping soft objects. 

Strength  prediction  models 

Models  have  been  developed for prcdicting  maximum  finger  flexion  strength  (An et ul., 
1985;  Chao  and  An, 1978b; Lee  and  Kroemer,  1993;  Lee  and  Rim,  1990;  Valero-Cuevas 
et al., 1996).  These  models  maximise  force  generated by the  finger  against  an  object 
subject to mechanical  equilibrium  conditions  and  maximum  muscle  force  limits. 

Belt-pulley  models 

Tendons  wrap  around  connective  tissue  structures in the fingers, just  as  they  do in the 
carpal  tunnel.  Uchiyama et ul. (1995)  modelled  the  interaction  of  the  flexor  digitorum 
profundus  tendon  and  the  fibrous  bands  restraining it  in the  finger as  a belt and  pulley. 
The  model  was  used  to  estimate  the  coefficient  of  friction  between  tendon and  pulley in 
the  index finger, which  ranged  from  0.03  to  0.05. 
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MULTIPLE SEGMENT  ARM  MODELS 

While most  published  models  have  focused  on  isolated  joints or joint  complexes,  some 
biomechanical models  of  the upper  extremity  have  included  the  shoulder,  elbow,  and 
wrist.  Raikova  (1992)  formulated  an  optimisation model  for predicting  muscle  forces 
in  the  upper  extremity  that  included  the  glenohumeral,  elbow  (flexiodextension  and 
supinatiodpronation),  and  wrist  (radialhlnar deviation  and  flexiodextension)  joints.  Lemay 
and Crago (1 996)  developed  a model  to  simulate  forearm  and  wrist movements using  a 
sophisticated  muscle  modelling  approach. Hogan  (1985)  has  proposed  biomechanical 
models of the  upper  extremity  based on  joint  stiffness  considerations.  Buchner et ul. 
(1 985)  formulated  a  sagittal five-link model that  included the forearm  and  multi-segment 
finger  representation and  analysed it for  controllability.  Detailed models  of the  whole  arm 
have  not  been  extensively  used in ergonomics,  but  whole  body  models  that  include  arms 
are  used in ergonomics  practice and  applied  research. 

WHOLE BODY BIOMECHANICAL MODELS 

The most  widely  used  biomechanical models  of  the upper  extremity are  whole body 
biomechanical models used  primarily  for  assessing  stresses  on  the  low  back,  such as  the 
Two-Dimensional  Static  Strength  Prediction  Model (2DSSPP) and Three-Dimensional 
Static  Strength  Prediction  Model (3DSSPP)  developed by  the  University  of  Michigan. 
These  models predict  maximal  strength  capabilities  and  estimate  internal  mechanical 
forces  on  the  lumbar  spine.  The  biomechanical  models implemented in the  2DSSPP 
(Chaffin  and Anderson, 1984)  and 3DSSPP (Chaffin  and  Erig,  1991; Garg  and Chaffin, 
1975)  contain  a  single DOF  elbow  joint but  no  wrist or hand  joints. It computes net 
intersegmental elbow  flexiodextension moment  and compares it to  normative  strength 
values,  but  it  does  not compute internal muscle  forces  at  the  elbow.  Nor  does  it  model 
supinatiodpronation  torque  on  the  forearm. It is unclear how  the  simplified  representa- 
tion of  the upper  extremity  in  these  models  affects  their  results.  However,  Al-Eisawi 
et u1. (1994)  reported  experimental  observations  that  wrist  strength  is  not  a  limiting  factor 
for  whole  body  exertions,  except  when  the  wrist  is in an  extended  posture  and  the  task 
requires  wrist  flexion  strength. 

Whole  body  biomechanical models  are  being incorporated  into  computer-aided  design 
(CAD)  programs to augment  the traditional  anthropometry  assessments  of  workstation 
design. An AutoCAD system  called ergoSHAPE  (Launis and  Lehtel,  1992) computes 
elbow  joint  moments  and  compares  them  to  estimated  maximum  strengths  (no  detailed 
wrist or hand is included in the  model).  Models of the  upper  extremity  can  also  be  used 
to  solve  the ‘inverse  kinematics’  problem  that  arises in these  applications  for  determining 
joint  angles required to reach  specific  targets  (Jung et al., 1995;  Lenarcic  and Umek, 
1994;  Lepoutre,  1993). 

Whole body  biomechanical models  are  also used for computing net  intersegmental 
moments in field  and  laboratory  research  studies. Some models  include  the  elbow  but  not 
the  hand or wrist  (Chaffin  and Anderson, 1984; Kromodihardjo and  Mital,  1986),  but 
others  include  a  wrist  joint (Cheng and Kumar, 1991;  Khalil  and  Ramadan,  1988;  McGill 
and  Norman, 1985). 

Ergonomics researchers  and  practitioners  should  be aware of how  the  upper  extremity 
is  represented in whole  body  biomechanical  models,  because  they  are so commonly used 
in ergonomics  practice. 
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Figure 10.7 Hand-arm vibration can be modelled by a series of masses,  springs, and 
dashpots. An external acceleration can be placed on the distal element of  the model, and the 
resulting mass displacements can be simulated. Energy dissipation by model elements can 
also be computed  (reprinted  from Thomas et a/., 1996, with  kind permission from Academic 
Press, London, UK). 

HAND-ARM  VIBRATION MODELS 

Numerous biomechanical models have been developed  for  studying  the  effect  of  vibra- 
tion  on  the upper  extremity,  especially  vibration  occurring  as  the  result  of  using  vibrating 
hand tools. These models  provide  insight  into what  anatomic  structures  absorb  the 
vibrational  energy  applied  to  the  hand. The  models  can be  used  to  simulate  a  variety of 
engineering  controls  for  reducing  the  effect  of  vibration  on  the  body,  especially  those 
parts  of  the  body  known  to  respond  unfavourably  to hand-arm vibration. 

The models  are  based  on  sets  of  spring-mass-dashpot  systems  connected  in  series,  each 
representing  a  part  of  the  arm.  The  mechanical  system  is  mathematically  represented  by 
systems  of  second  order  differential  equations.  Figure 10.7 illustrates  a  five  DOF  model  of 
the  arm (Thomas et al., 1996).  Masses m,, m,, and m3 can  be  loosely  thought  of as rep- 
resenting  the  masses  of  the  hand,  forearm,  and  upper  arm,  respectively.  The  mechanical 
properties of the  skin,  muscles,  bones,  ligaments  and  other  tissues  are  represented  by 
linear  springs  and  dashpots.  Accelerations, Z,, are  applied  to  the end  of the  system.  Energy 
dissipation  in  model  elements,  which  correspond  to  anatomic  regions,  can be  computed. 

The  distinguishing  characteristic  of  these  models is the  number  of  DOF they  contain. 
Many  models  contain two (Gurram et al., 1994),  three  (Gurram et al., 1994,  1995; 
Rakheja et al., 1993;  Reynolds and  Jokel,  1974; Reynolds and  Falkenberg,  1984),  four 
(Rakheja et al., 1993; Reynolds  and  Falkenberg,  1984) or  five DOFs  (Thomas et al., 
1996).  The  differences  arise  from  how  the  arm  is  represented.  For  example,  Gurram et al. 
(1 994) analysed  a two DOF  model  containing  hand  and  forearm masses and  a  three DOF 
model that  contained  an  additional  mass  corresponding  to  a  glove  on  the  hand.  Similarly, 
some  authors  choose  to  model  the  tissues  of  the  hand in more detail  (Reynolds  and 
Falkenberg,  1984; Reynolds  and Keith,  1977)  while  others choose a more  aggregate 
approach  with  finger,  hand,  and  arm  elements  (Reynolds  and  Falkenberg,  1984;  Suggs 
and  Mishoe,  1977; Wood and  Suggs,  1977). 
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Model  parameters  are  determined  experimentally.  Subjects  hold  a  vibrating  handle 
which  has  an  accelerometer  attached  to it. The  driving  point  impedance,  which is the  ratio 
of  the  excitation  force  to  driving  point  response  velocity, is computed.  Model  parameters 
are  chosen so that  model  predictions  match  the  magnitude  and  phase  of  the  measured 
data.  Earlier  authors  used  trial  and  error  methods  (Mishoe  and  Suggs,  1977;  Reynolds 
and  Falkenberg,  1984);  model  parameters  can  also  be  estimated by solving  a  numerical 
optimisation  problem in which  the  objective  function  is  the  square  of  the  difference 
between  model  predictions  and  measurements  (Gurram et al., 1994;  Rakheja et a/., 1993). 
Many  authors  have  noted  that  model  parameters  depend  on  grip  strength,  which  affects 
the  coupling  between  the  vibration  source  and  hand. 

S U M M A R Y  

Although  biomechanical  models  of  the  upper  extremity  have  not  been  widely  used  for 
analyses  by  ergonomics  practitioners,  they  are  commonly  used  to  develop  insight  into  the 
biomechanical  basis  of  ergonomics.  Elbow  flexion  models  illustrate that internal  muscle 
forces  can  be  much  greater  than  the  actual  hand  loads  being lifted. Similarly,  biomechanical 
models  illustrate  that  tension in the  extrinsic  hand  tendons  can  be  much  greater  than 
fingertip loads,  and  they  illustrate  the  effect  of  grip  type  on  tendon  loading. 

Large  data  requirements  for  hand  models  are  a  major  impediment to their  widespread 
use by ergonomics  practitioners.  Improvements in sensors  for  measuring  forces  acting  on 
the  hand  have  occurred  (Bishu et a/., 1993;  Fellows  and  Freivalds,  1989;  Jensen et a[., 
1991 ; Rempel et a/., 1994),  but  the  development  of  low  cost  data  collection  equipment 
and  data  analysis  software is necessary  for  biomechanical  models of the  hand,  wrist,  and 
elbow  to  become  part  of  the  ergonomist’s  armamentarium. 

Recent  emphasis  on  ergonomic  interventions  for  the  prevention  of  carpal  tunnel  syn- 
drome  has  highlighted  the  importance  of  understanding  the  forces  acting  on  the  median 
nerve  as it passes  through  the  carpal  tunnel.  Biomechanical  models  have  illustrated  the 
effects of grip  type  on  the  extrinsic finger  flexor  tendons,  and  the  pulley  model  explains 
how  wrist  flexion  and  extension  modifies  the  relationship  between  tendon  tension  and  the 
normal  force  acting  between  the  tendons  and  surrounding  tissues in the  carpal  tunnel. 

Hand-arm  vibration  models  have  provided  insight  into  which  tissues  of  the  upper 
extremity  absorb  vibrational  energy.  Vibration  models  have  contributed  to  the  develop- 
ment of vibration  standards,  which  has  a  direct  impact  on  ergonomics  practice.  Moreover, 
hand-arm  vibration  models  can  be  used  to  modify  tool  design  to  change  their  frequency 
characteristics. 
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CHAPTER ELEVEN 

Shoulder  and  neck 
CHRIS  JENSEN,  BJARNE  LAURSEN  AND  GISELA  SJBGAARD 

INTRODUCTION 

Work  tasks  impose  specific  demands  on  the  worker,  who  for  instance  has  to  carry  loads 
of specific  weights or reach for objects  at  a  specific  distance  from  the  body  and  move 
these  at  a  specific  speed  and in a  specific  direction.  The  work  requirements  correspond  to 
the  occupational  exposure  (Armstrong et al., 1993). A complete  description  of  the  expos- 
ure  includes  not  only  the  demands  of  the  work  tasks  imposed  by  the  design of the  work 
place  and  tools,  but  also  demands  imposed  by  the  organisation of the  work (i.e., how 
much  time  is  spent  on  different  tasks).  Thus,  conceptually  demands of a  mental  character 
are  also  to  be  included;  for  instance,  a  certain  number of objects  have  to  be  counted, 
working  under  time  pressure, or conflicts  with  colleagues or employer.  The  total  exposure 
will  result  in  physiological  responses  within  the  worker,  such as changes  in  muscle  and 
nerve  activity,  tension  in  tendons,  cardiovascular  and  respiratory  responses, etc. The 
extent or magnitude  of  these  physiological  responses  depend  on  the  job  demands  but 
additionally  on  the  worker’s  physical  work  capacity,  work  technique  and  psychological 
factors.  Work-related  musculoskeletal  disorders  may be  caused  by  an  acute  overload 
beyond  the  tolerance  limit of the  tissues or by an accumulation  of  submaximal  loads  and 
mediated  through  the  concomitant  physiological  responses (Sjprgaard et al., 1995). In 
order  to  identify  acceptable  exposures  as  well  as  risk  factors  the  work  requirements  and 
the  physiological  responses  must  be  quantified  together  with  the  physical  capacity  of  the 
worker.  This  chapter  focuses  primarily  on  the  biomechanics of the  shoulder. 

ANATOMY OF THE  SHOULDER 

The  shoulder  represents  one  of  the  most  complicated  biomechanical  structures  in  humans 
and  detailed  biomechanical  modelling  of  this  joint  is  still  scarce.  It is composed of the 
shoulder  girdle  complex  and  the  glenohumeral  joint.  The  latter  is  made  up of the  articula- 
tion  of  the  glenoid  fossa  of  the  scapula  and  the  head of the  humerus.  The  glenoid  fossa  is 
a  shallow  socket  which  at  any arm posture  covers  less  than  half of the  spherical  head  of 
the  humerus.  The  shoulder  girdle  includes  the  bony  structures of the  clavicula  and  the 
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scapula  as well as the  additional  articulations:  acromioclavicular,  sternoclavicular, and 
coracoclavicular.  Further,  the  scapulocostal,  costosternal, and costovertebral  articulations 
extend  shoulder motion.  For more detailed  information the reader is referred to  the liter- 
ature (Kreighbaum  and Barthels,  1996; Rockwood  and Matsen,  1990). This anatomical 
arrangement provides  a  large amount  of mobility  for  the arm  on  the  account  of stability. 
The structures maintaining the shoulder in place include  the joint  capsule,  numerous 
ligaments and muscles. The  connective tissues,  however, are rather  loose in their struc- 
ture  to  allow  for  motion  and therefore the  muscles play an important  role for  shoulder 
stability.  A  classical  subdivision of  shoulder  muscle function is: stabilisers and  predom- 
inantly movers  (Figure 11.1). However,  as discussed  below, such a  strict  division may 
not be  relevant in most  occupational settings,  where all shoulder muscles in synergy 
contribute to performing the task. The significance of muscles for  joint stability is by far 
most pronounced  for  the  shoulder  joint.  Of note is that some  shoulder muscles  connect to 
the joints  of  the  neck,  and therefore  the  neck will be  included to  some  extent in this 
chapter  when relevant. A large number  of occupational tasks rely on stability in the 
shoulder  and neck, which act as  punctum fixum for hand and  eyes, respectively, during a 
variety of  tasks ranging  from  heavy  manual  handling to light  precision  work. When 
reviewing  the mechanics  of  the  shoulder  and neck, the main emphasis is on the muscle 
activity and  the role the muscles  play, both in the  stabilisation and  movement of the  joint. 

M U S C L E   F O R C E S   A N D   P H Y S I O L O G I C A L   R E S P O N S E S  

In the  living human,  muscle forces  cannot be measured  directly but have  to be  measured 
indirectly from  the electrical muscle activity.  A  positive  relationship exists between 
electromyography (EMG)  and  muscle force or  tension,  which, in the unfatigued state, 
may be almost linear  for some muscles.  However,  detailed force/EMG calibration is 
necessary  in  most cases  since  more  complex relationships are  common (further details  are 
described  below). EMG recordings are truly  physiological  responses,  and as  such  also 
play  a  decisive  role in identifying risk factors for the development  of  occupational 
musculoskeletal  disorders. The evaluation of  acceptable  EMG patterns  relies on basic 
knowledge  regarding simultaneous responses of intramuscular  pressure,  blood  flow, 
metabolism,  and electrolyte balance, etc.  A  detailed analysis  of the cascading  events that 
may  lead to  muscle dysfunction has been  presented  recently (Sjngaard  and  Jensen,  1997). 
Here it should  only  be  pointed  out that a  positive  linear  relationship exists between EMG 
and  intramuscular pressure in a given location of a muscle.  However,  the  slope  of this 
relationship may vary  considerably  and depends  on  muscle structure, muscle location 
(deep versus  superficial),  and the  surrounding  anatomy (Sjngaard, 1997).  The electrical 
events elicit  active  force development in combination with  increased muscle  ATP break- 
down  and  subsequent metabolic  reactions. The  chemical energy (substrate)  for this en- 
ergy turnover is in part  stored in the  muscle fibre but additionally  delivered to  the  muscle 
by the blood  flow. The  magnitude  of  the  muscle blood flow increases  with  increased 
arterial  blood  pressure, but decreases with  increased  intramuscular  tissue  pressure. Thus, 
intramuscular pressure plays  a  crucial  role, since  on  the  one hand it increases  with 
increased muscle force and  on  the  other hand it impedes the blood  supply for the  in- 
creased muscle  energy turnover, which is necessary for  the increased  force  output.  Pro- 
longed insufficient blood supply  is considered  a  risk  factor  which  may cause malfunction 
in all  tissues. 
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A 
m. deltoideus  anterior 

\ m. biceos brachii 
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ANTERIOR  POSTERIOR 

C 

b m. supraspinatus 

Figure 11.1 Anterior (A) and  posterior (B) shoulder  muscles  acting  primarily as  movers of 
the  shoulder  joint  and (C) rotator  cuff  muscles  acting primarily as  stabilisers (redrawn  from 
(Kreighbaum  and  Barthels, 1996). 

MUSCLE ACTIVITY DURING WORK 

Surface  EMG  recordings  are  often  used  in  occupational  studies  to  measure  muscle  activ- 
ity.  The  process of EMG  signal  analysis  usually  consists of filtering,  rectification,  averag- 
ing or taking  the root mean  square (RMS) of the  signal  over  a  given  time  period (e.g. 0.2 
sec).  The  amplitude of the  EMG  signal  is  often  used  as  a  measure of the  exposure level, 
illustrated by the RMS amplitudes  shown  in  Figure 11.2A. The  calculations  are  based 
on  a 10 sec  EMG  registration  from  the  upper  trapezius  muscle  during  computer  work, 
a  registration  which  was  selected for illustrative  purposes;  usually  a  representative 
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recording  for a given  work task is longer, i.e. several minutes. Thereafter,  the ‘static’, 
‘median’ and ‘peak’  levels of  EMG activity may be  calculated based  on  the  amplitude 
probability  distribution  function (APDF)  (Jonsson,  1978, 1982). Figure 11.2B  illustrates 
the  APDF  curve  for  the full  10  sec  recording  period corresponding  to  the  RMS 
amplitudes  shown in Figure 1 1.2A.  Recently, methods  for signal analysis  which  quantify 
variables  related to repetitiveness or variation in the  muscle activity  pattern have been 
developed. One  method  is the  quantification of gaps,  defined as  the number of silent 
periods (EMG level below 0.5 per  cent EMG,,,) which exceed 0.2 sec in the  EMG 
activity  pattern  (Veiersted et al., 1990). In the  example  shown in Figure  11.1A one  gap 
with a duration  of 0.6 sec  was recorded about 1.5 sec  after the  start of  the recording. 
Another  method  which  quantifies  both  exposure level (or  amplitude)  and repetitiveness 
is the  exposure variation analysis  (EVA)  method  (Mathiassen  and Winkel,  1991).  By 
separating both exposure level and  time into  intervals, the  EVA  method  provides infor- 
mation  about  the  levels of  exposure and  the  duration for which the  EMG activity is 
recorded  within each  exposure level (Figure 11.2C). 

Normalisation of  the  EMG activity is necessary to  compare results between  subjects 
and studies,  but no  consensus  exists  on  the normalisation  procedure for  the different 
shoulder muscles, mainly because it is not possible to measure  the force produced by 
individual muscles.  This  may be  exemplified  with EMG recordings of  the upper  trapezius 
muscle. The  recordings  have  often been  normalised  against the force  recorded during a 
maximal  isometric shoulder  elevation with the point of  force application on  the acromion; 
the results are subsequently expressed in terms  of relative  force  values (percentage  MVC, 
maximal  voluntary  contraction).  During  this  contraction the force is produced by muscles 
which elevate  and rotate the  scapular  and  clavicular  bones, whereas no force is produced 
across  the  glenohumeral  joint.  However,  when a  glenohumeral joint  moment is added  to 
a submaximal  shoulder elevation the  EMG activity  increases and  when the arm posture 
is altered  (e.g. from  abduction  to flexion) the  EMG activity changes  even  when  the 
glenohumeral  torque  is kept constant  (Mathiassen  and Winkel, 1990).  This  limits  the 
interpretation of  EMG activity  into  exerted  force. Therefore,  for  some  purposes it may  be 
preferable to use EMG  recordings  directly as a measure  of upper  trapezius muscle activ- 
ity and  express  results in terms of relative  EMG  amplitude (per cent EMG,,,). Submaximal 
test  contractions are  also  commonly used to  normalise  EMG data. Such procedures  may 
aim at expressing  EMG levels  relative to forces,  which are  commonly experienced during 
work, such  as lifting the  arms  or holding  hand  tools  (Mathiassen et ul., 1995). 

Table 11.1 shows a  number of work place  studies  where  EMG activity  levels  have 
been  measured on  workers  while performing their normal  work tasks. Although  differ- 
ences in the  prevalence rates of shoulder-neck disorders  exist between the occupations, it 
should  be emphasised that such  disorders  are  common  problems  among workers  from all 
of  the  jobs listed. One  year prevalences of  symptoms in the shoulder-neck region of 
around 50 per  cent have been  reported in several of  these studies. 

High  levels of  shoulder  muscle activity have been  recorded during work tasks  such  as 
floor cleaning  and  work with  hand tools  (e.g. drilling work), which  require considerable 
force. Thus, the median EMG  activity  levels were  above  20 per cent Max, where ‘Max’ 
refers to  ‘MVC’  or ‘EMG,,,,’. More  moderate EMG  levels are found in different types  of 
industrial assembly  work,  sewing  machine  work  and  during manual  letter  sorting, where 
the median  EMG  levels were  between I O  per cent  Max and  20 per cent Max. These work 
tasks  are characterised  by  repetitive  handling of light materials,  often  at  a  high work pace 
in awkward postures. The lowest  levels of  muscle activity occur  during office work, 
VDU work and  during light  manual  material  handling, e.g.  during  chocolate bar packing 
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Figure 11.2 An example of an  EMG recording  during 10 seconds of VDU work  showing 
principles of signal  analysis. (A) The EMG  signals were RMS converted in 0.2 sec windows 
and normalised in relation to the EMG amplitude  recorded during a maximal  isometric 
contraction. The broken  line indicates the 0.5 per cent EMC,,,, level used for detection of 
EMG  gaps. (B) An amplitude probability distribution  function analysis  was performed  on the 
RMS amplitudes shown in (A) and the static (p = O . l ) ,  median  (p = 0.5) and peak (p = 0.9) 
levels are indicated with broken lines. (C) An exposure variation analysis of the RMS ampli- 
tudes shown in (A) is  shown in  a three-dimensional graph. Here, the time spent within the 
indicated exposure levels and time  period lengths  are indicated. 
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Table 11.1 Mean EMC activity levels in different occupations. 

Work task Muscles  Static level Median levcl Peak levcl Reference 
('% Max) (Yo Max) (Yn Max) 

Floor cleaning 
Drilling work 

Electronic assembly 
work 

Assembly work 
(telephonc  cxchanges) 
Scwing  machlnc work 
Lcttcr  sorting 

Chocolate  packing 
Llght manual 
matcrlal handling 
VDU work, 
data  entry/dialogue 
Office work 
Office work 

Computcr-aided 
design work 
(PC-mouse  work) 

Uppcr  trapezius 
Deltoideus 
Infraspmatus 
Upper trapezlus 
Deltodeus 

Infraspinatus 
Upper  trapezlus 
Upper trapczius 

Upper  trapczlus 
Dcltoldeus 
Infraspmatus 
Upper trapezius 
Uppcr  trapezius 
Upper trapczlus 

Upper trapezius 

Upper  trapezlus 
Uppcr  trapezius 

Upper  trapezlus 

1 0 
I I  
8.5 

20.5 
6.6 

13.2 
7.4 
4.3 

9 
5.3 
5.0 
5.0 
2.1 
0.7 

2.7 

I .2 
1.1 

2.0 

25 
20 
17.5 
29 
13* 

19.9 
14.9 

I5  
13.8 
10.4 
9.8 
5.3 
3.4 

~ 

4. I 
4.6 

4.6 

54 
4 1  
45.5 
48.5 
28* 

33* 
27* 
- 

23 
21.4 
16.4 
I9* 
- 

11.1  

- 

8.0 

9.0 

(Ssgaard e/ d . ,  1996) 
(Christcnscn, 19X6b) 

(Chrlstcnsen, I986a) 

(Jensen e/ d . ,  1993a) 
(Jsrgcnscn e/ d . ,  1989) 

(Jensen et d . ,  1993b) 
(Vasseljen and 

(AarAs, 1994) 
WCStgZdrd. 1995) 

(Jcnscn et d., 1993b) 
(Vasseljen  and 
Westgaard, 1995) 
(Jensen e/ a/ . ,  1997) 

The term YO Max is used no  matter  whcthcr the orlglnal  study  expressed  results in relation  to EMG,,,, 
or MVC. 
* Estlmated from graphs. 

at an  assembly line where the median EMG  activity  levels  were about 5 per cent Max  and 
the static  levels  were 1-2 per cent EMG,,,,,. 

Work tasks  which require  high force levels  may be improved by changes  which reduce 
the  exposure level; however,  an evaluation of  such interventions requires  more detailed 
biomechanical analyses. For example,  the forces  required when using two specific  floor 
cleaning  tools,  a mop  and a  scrub, have been compared (Splgaard et al., 1998). Hand force 
registrations and  video recordings  were  used to describe  three-dimensional  external forces 
and  movements  (Figure 11.3). By applying inverse dynamics  and a 3-D linked-segment 
model glenohumeral  torques were  calculated. The highest mean  moments  of force  were 
registered in shoulder flexion and they  were  similar  for mopping  and  scrubbing ( 1  I per 
cent  and 1 1 per cent  MVC,  respectively  for one shoulder, 13 per cent  and 9 per  cent 
MVC  for  the  other shoulder). However, bilateral EMG  measurements  on m.  deltoideus, 
m.  trapezius and m.  infraspinatus showed  higher peak EMG levels on m. deltoideus  of 
one  shoulder  and  on m.  infraspinatus of  the  other  shoulder  during  scrubbing  as  compared 
to mopping.  Inspite of this  the authors  concluded that the  exposure level could not be 
sufficiently changed by changing  the  cleaning  method because similar peak EMG levels 
from four muscles,  similar  static EMG levels on all six muscles and  similar  moments  of 
force  were  recorded. 



Figure 11.3 A  picture  of a cleaning person with markers is shown at the top. After video- 
recording the body markers were digitalised and the corresponding stickdiagrams at the 
bottom are depicted repeatedly during one half  cycle  of  a  mopping task.  The long stick is  the 
mop and the small horizontal stick at the bottom was  used to  record twisting of the mop. 
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Figure 11.4 Distribution of EMG levels recorded  bilaterally  on the upper trapezius muscles 
during  the  performance of computer-aided-design  work with a mouse.  The percentage time 
is shown, where the EMG level was recorded within level classes according to the exposure 
variation analysis (EVA). 

During  the  performance  of  low-level  work  tasks  the  difference  between  the  static  and 
peak EMG levels  are  often  small  due to relatively  sustained  muscle  activity  patterns. 
Improvements  of  such work  tasks  may  not  be  achieved  through  reductions in exposure 
levels  and  focus  should  rather  be  directed  towards  the  number  of rest pauses  and  the 
variation in the  exposure  pattern  which  may be quantified  by  gap or EVA analyses  of 
EMG signals.  For  instance, EVA analyses  of  the EMG recording  from  the left and  right 
upper  trapezius  muscles  of  a  computer-aided  design  worker  showed  no  periods  of  muscu- 
lar rest on  the right side,  which  almost  continuously  operated  a  computer  mouse  (Jensen 
et al., 1997) (see  Figure  11.4).  On the left side,  which  performed  occasional  keyboard 
operations,  periods  of  very  low  or  no  activity  at  all (< 1 per  cent EMG,,,,) were  recorded 
for  about  13  per  cent  of  the  recording  time.  Similarly,  gap  analyses  showed 0.1 gapdmin 
in the  recordings  from  the  right  m.  trapezius  and 7.3 gapdmin in the  recordings  from  the 
left m.  trapezius. 

P O S T U R E   A N D   E X T E R N A L   F O R C E S  

Working  posture  and  external  forces  are  the  most  important  factors  determining  the 
shoulder  load.  When  the  arm  is vertical or  supported,  ligament  forces,  passive  muscle 
forces,  and  bone  contact  forces  are sufficient to  counteract  the  effect  of  gravity,  and 
active  muscle  forces  are  not  needed.  When  the  arm is elevated  and  unsupported,  gravity 
creates  a  shoulder  moment,  which  must  be  counteracted  by  the  shoulder  muscles.  For  a 
straight  arm  loaded  only  by  the  gravity  of  the  mass  of  the  arm  the  moment M,, at the 
glenohumeral  joint is: 



SHOULDER AND NECK 209 

M,, = m . &.M . g . sin(a) 

where  m is the  mass  of  the  arm  (approximately  5 per  cent  of  the body  mass), c & ~  is the 
distance  from  the  glenohumeral  joint  to  the  centre  of  mass  of  the  arm,  about 0.3 m  for  a 
straight  arm,  g is the  gravity  acceleration  (9.8  ms-2),  and a is the  elevation  angle  of  the 
upper  arm.  According  to  pure  mechanics,  the  magnitude  of  the  moment is independent  of 
the  direction  of  the  arm  elevation  (abduction,  flexion,  etc.),  and  is  highest  at  90"  eleva- 
tion,  according  to  the  sinus  function.  However,  muscle  moment  arms  depend  on  the 
direction  of  arm  elevation.  Different  studies  present  different  magnitudes  for  the  moment 
arms  (Karlsson,  1992;  Liu et al., 1997;  Otis et al., 1994;  Wood et al., 1989b)  and it has 
been  shown  that  muscle  moment  arm  magnitudes  remain  constant  or  may  increase  with 
elevation  angle  at  least  for  the  muscles  responsible  for  performing  an  abduction,  espe- 
cially  m.  deltoideus  (Poppen  and  Walker,  1978).  Therefore,  the  required  muscle  force 
may  have  a  maximum  for  abduction angles  somewhat  below  90".  However,  the  muscle 
length  influences  the  ability  to  produce  force  and  most  muscles  responsible  for  abduction 
are  substantially  shortened  when  the  arm is abducted.  Therefore,  their  maximum  force is 
reduced,  and  the  relative  muscle  load is increased,  especially  for  arm  elevation  above  90". 
Based  on  anatomy,  muscles  contributing  to  abduction  are  mainly  the  anterior  and  middle 
parts  of  m.  deltoideus,  m.  supraspinatus,  and  probably  the  upper  part  of  m.  subscapularis. 
A  flexion  moment  can  mainly  be  produced  by  the  anterior  part  of  m.  deltoideus,  m.  supra- 
spinatus,  m.  biceps  brachii  and  m.  pectoralis  major. If the  elbow is flexed,  the  distance to 
the  CM  of  the  arm  is  smaller,  while  there may also  be  a  moment  of  outward  or  inward 
rotation in the  shoulder. 

Actual  activation  patterns  of  some  shoulder-neck  muscles in response  to  postures  and 
external  forces  have  been  reported in a  number  of  studies,  especially in settings  involving 
static  contractions  (Table 11.2). Regarding  arm  postures,  the  three  parts  of  the  deltoid 
muscle,  the  upper  trapezius  and  infraspinatus  muscles  show  considerably  higher  activity 
when  the  upper  arm is flexed or  abducted  as  compared  to  hanging  vertically  downward 
(Sigholm et al., 1984).  An  exception is the  posterior  part  of  the  deltoid  muscle  during  arm 
flexion.  Supraspinatus  muscle  activity  increases  mostly  during  the first part of  arm  eleva- 
tion  from 0" to  45"  and  less so from  45"  to 90".  Similarly,  the  intramuscular  pressure in 
the  supraspinatus  muscle  increases  when  the  arm  is  elevated  from 0" to 30" and 60", but 
almost  no  pressure  increase  occurs  from 60" to  90"  (Jarvholm et al., 1988).  Due  to the 
low  compliance  of  the  supraspinatus  muscle  compartment,  the  intramuscular  pressures 
may  exceed  50  mmHg  already at 30" of  arm  abduction,  which  impedes  blood  flow 
(Jensen et al., 1995).  For the  middle  part of the  deltoid,  the  upper  trapezius  and  the 
supraspinatus  muscles,  arm  abduction  requires  higher  muscle  force  than  arm  flexion at 
comparable  angles  of  arm  elevation.  Also  the  intramuscular  pressure in the  supraspinatus 
muscle is higher in abduction  compared  to  flexion  (Jensen et ul., 1995;  Jarvholm et ul., 
1988).  Arm  rotation  and  elbow  flexion  angle  has  little  or  no  effect  on  shoulder  muscle 
activity  (Sigholm et ul., 1984). 

External  forces  applied  to  the  hands,  e.g.  by  carrying  tools or weights,  require in- 
creased  activity in the  shoulder  muscles.  The relative increase  seems  larger in rotator-cuff 
muscles  than in the  deltoid  muscle  (Table 1 1.2). For the  muscles  listed in Table 1 1.2 the 
relative  increases in EMG  activity  ranged  from  about  10  per  cent  to 40 per  cent  per  kg 
lifted with  the  hand. In the  supraspinatus  muscle  the  pressure  may  easily  increase by 
more  than 50 mmHg when  adding  a  2  kg  hand  load  (Jarvholm et al., 1988). 

In  work  situations,  shoulder  moments  are  needed  to  elevate  the  arm  as  well as to 
perfornl  external  forces,  often in quasi-static  conditions.  These  situations  were  simulated 
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Table 11.2 The effect of posture and hand loads on shoulder muscle EMG activity. 

Arm  posture 

Flexion Flexion Abduction Abduction 
0" vs 45" 0" vs 90" 0" vs 45" 0" vs 90" 

Deltoideus,  anterior 100% 185% 67%  122% 
Deltoideus,  medial 175%  433% 329%  775% 
Deltoideus,  postertor NS NS 64%  273% 
Upper  trapczius 51% loo% 109%  154% 
Infraspinatus 92%  196% 118% 112% 
Supraspinatus 98%  106% I35Yo  169% 

Hand  load 
~~ 

Flexion 
1 kg  increase 

Abduction 
1 kg increase 

Deltoideus,  anterior 
Deltoideus,  medial 
Deltoideus,  posterior 
Upper  trapeztus 
Infraspinatus 
Supraspmatus 

21% 
17% 
14% 
15% 
35% 
22% 

16% 
9% 

17% 
17% 
41% 
20% 

Table  reproduced  from  Sigholm et ul. (1984).  Thc  mean  difference in EMG amplitude  when  two 
situations  wcre  compared  is  shown as the  percentage  increase (YO) between  the  two  situations. 
Positive  values  mdicatc  that  the  lattcr  situation  was  associated  with  higher EMG amplitudes  than 
the  formcr  situation. 

in a study  where forces were applied to a fixed handle (Laursen, 1996).  EMG  activity was 
recorded from 13 shoulder  muscles while the subjects  performed static  contractions with 
forces  varying  from 0 pcr cent  to approximately 20 per  cent  MVC in different  directions. 
The hand forces  were performed in different  directions in the horizontal  plane, in a fixed 
position  with  a  vertical  straight arm.  The  shoulder muscles  were  found to be activated  at 
different  levels,  but for all  force  directions  several shoulder muscles  were  activated  while 
others were  silent (Figure 11.5).  When pushing  or  pulling in the arm direction,  most 
muscles  were less  activated, because  no  moment  was required in the glenohumeral joint, 
and only  musclc activity for stabilisation of the shoulder  was  necded. 

Varying  the  sitting posture  may also affect muscle  activity. Several shoulder  and neck 
muscles  were  reported to  show  the lowest  activity  with  a  slightly  backward  inclined, 
straight  back and vertical  neck during light arm/hand  work (Schuldt et al., 1987). EMG 
activity  recorded on the  upper trapezius  muscle  decreased with  7 per cent EMG,,,,, due  to 
a change in thoraco-lumbar  spine posture from vertical to backward  inclincd, whereas 
EMG activity  recorded on  the levator scapula and sternocleidomastoideus  muscles  was 
less affected. 

Arm support  can be used to  reduce  the force  required to perform  hand/arm  work in 
sevcral  muscles, but the change in EMG  activity in different  muscles when  comparing 
hand/arm  work with and without  the use of arm  support also  depends  on  the sitting 
posture  (Schiildt et al., 1987). If the  sitting  posture is associated  with  low EMG activity, 
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Figure 11.5 Example of muscle activation patterns  for one female  subject performing forces 
in a vertical arm position. The  curves  show the EMG level for 13 shoulder  muscles when per- 
forming a 10 N force in different directions in the horizontal plane (representing  attempted 
abduction, flexion, adduction, and extension). The 10 N force  corresponded to approximately 
14 per  cent MVC for all force directions. The circles represent a level of 10 per  cent EMG,,,,,. 

the  effect  of  using arm support is small (1-2 per  cent EMG,,,). Other  sitting  postures  may 
be  associated  with  differences  corresponding  to 5-10 per  cent EMG,,,,,, when  comparing 
work  with  and  without  the  use of arm  support.  Thus, also the  intramuscular  pressurc 
in the  supraspinatus  muscle  may  be  reduced by using ann support.  During  simulated 
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assembly  work  and  welding  without  arm  support the intramuscular  pressure  was 35  mmHg 
(7 per cent MVC)  and 65 mmHg (12 per  cent  MVC), respectively. This  was significantly 
reduced by using arm suspension to  23  mmHg  and 5 1 mmHg  (Jarvholm et al., 1991). 

In the  glenohumeral  joint a torque  due  to  arm elevation depends strongly on  shoulder 
muscle forces as discussed above.  Concerning  the neck one study has reported  that an 
increase in neck  flexion  resulting  in an increase in joint extension moment  from  32  per 
cent to  45 per  cent of  the  maximal  extension  moment  was  performed with an unchanged 
mean  splenius  EMG activity  level of 9  per  cent EMG,,, (Finsen,  1998).  Thus, when the 
neck is flexed the  torque in the  seventh cervical-first thoracal joint  is less dependent  on 
muscle force and relatively more  dependent  on  counteracting forces  produced  by  passive 
structures  such  as ligaments. 

BIOMECHANICAL  MODELLING 

The recording of  working postures and external forces  allows for the application of  in- 
verse dynamics  for  the calculation of net  forces  and moments.  These  forces  and  moments 
should be produced by the combined  action  of  muscle, ligament and bone  forces. Since 
there are  far more muscles  and  muscle parts which can be independently  activated  than 
force and  moment  constraints,  the  number of possible  muscle force combinations is infinite. 
To  determine which muscle force  patterns  can be used for a  given  external shoulder load, 
modelling is needed.  Most  biomechanical  modelling is based on optimisation  principles 
by choosing  the  set  of  muscle  forces  which minimise a certain  cost  function (Hogfors 
et ul., 1995; Niemi et al., 1996; van der  Helm,  1994). By  using such optimisation  prin- 
ciples  only  one force  distribution is found for each  load condition. A  different approach 
is to use EMG for  the determination of the  voluntary muscle activation  patterns and based 
on this to  assess  the  muscle  force distribution which actually is used.  However, as men- 
tioned above,  EMG may provide good  information on  muscle activation  while muscle 
force  estimation  from  EMG is difficult. One reason is that many  shoulder muscles are 
involved  when  performing  external  forces or sustaining  a  force-demanding  posture.  There- 
fore,  the combined action of the shoulder muscles  should  be considered. 

For the glenohumeral joint, the net moment produced  by the  muscles is: 

where  a,  is the moment  arm magnitude of  muscle i, F, is the  force  from muscle i, which 
for  static muscle contractions  may  be  estimated  as: 

F, = 0. PCSA, . EMG, . C, 

where cs is the  specific  tension of  muscle tissue for  maximum  muscle activation,  PCSA, is 
the physiological  cross-sectional  area of  muscle i, EMG, is the EMG for  muscle i, nor- 
malised to  maximum voluntary  contraction, and  c, is a  factor  for transforming relative 
EMG into  relative muscle force. For a  linear EMG/force relationship,  this factor is 1. 

The  constants may be determined by using  information  regarding muscle  cross- 
sectional areas from cadaver  studies  (Table 1 1.3),  and recording of EMG and force during 
maximum voluntary  contractions (MVC) in different  directions.  Except for  the contribu- 
tions  from ligament  forces, the model can be validated by comparing M,,,, I,,II~c,cI to  the 
moment calculated  from the external forces. Reasonable agreement  has been  found  for 
static submaximal contractions, and  the general  result from using the model is a con- 
sistency i n  muscle activation  patterns  between  subjects (Laursen et al., 1998a). Further, 
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the results show that  most shoulder muscles are activated for  the force  direction, for 
which  they are  generally consided as  prime movers (Figure 1 1  .S).  When  comparing a 
biomechanical  optimisation  model  with  voluntary muscle activation  patterns  based on 
EMG, there is a  general agreement in the results  for  most muscle forces. However,  for 
some muscles,  especially  m.  deltoideus, anterior part and m.  subscapularis, the  EMG- 
based  model  predicts  higher muscle forces for a wider  range  of performed  external  forces 
than  predicted  by  the optimisation model (Laursen et al., 1997).  Thus,  optimisation 
models may  underestimate  the  voluntary  involvement of  shoulder muscles during  occupa- 
tional tasks. 

PRECISION, PACE AND MENTAL DEMANDS 

Our  knowledge  of  the biomechanical effects  of  other than  static,  mechanical exposure 
factors is less comprehensive  although  muscular responses to precision demands,  work 
pace and  mental demands  have been studied. In general, a  higher work pace increases 
muscle activity  and so does  an increased  precision demand if the  work speed is not 
reduced (Arndt, 1987;  Laursen et ul., 1998b;  Mathiassen and Winkel, 1996). Both work 
speed and precision demands affect the activity in all shoulder  muscles  (Laursen et ai., 
1998b). In the  latter study, the  strongest  effect of precision  dkmands was found i n  a 
situation  with a combination of high  working  speed and high  precision demands at  the 
same  time. If the  work speed is freely chosen, increased  precision demands result  in  a 
decrcased working speed, and  the muscle activity  may decrease. 

The effect of  the increased  precision demand  on EMG activity  may be caused by the 
requirement of increased joint  stiffness  since an increased muscle tension is  an important 
way to increase joint stiffness.  However,  increased  precision demands may also require  a 
change in movement pattern towards more time  for  the precision demanding part of  the 
work task and higher movement velocities and  accelerations in between (more  jerky 
movements). Such change in acceleration  may also require  higher muscle activity. 

Some work-related  psychosocial exposures can also  induce activation of  shoulder and 
neck muscles,  especially  cognitive  loads (Lundberg et ul., 1994;  Westgaard  and  Bjarklund, 
1987). Not all muscles are equally responsive  to  such exposures, but the  upper trapezius 
muscle may respond with  higher  and  more  prolonged  activation  than  most  others (Waxsted 
and  Wcstgaard, 1996). Interestingly,  reaction times  of  eye  movements  decrease when the 
upper  trapezius muscle is activated  up to 30 per  cent MVC  (Kunita and  Fujiwara, 1996). 
The  muscular response to mental  effort  varies  greatly between  subjects  and  is partly 
dependent on  emotional factors, e.g. a subject’s motivation (Waersted et d . ,  1994).  The 
relationship to  colleagues  and  superiors may also  have  an indirect  effect on  muscle 
tension  by  a similar  mechanism. Increased muscle activity due to mental loads  serves  no 
biomechanical  purpose, since muscular forces  are not required to perform  mental opera- 
tions.  However, the peripheral mechanisms  of  muscle activation are probably not differ- 
ent  from  those that are  due  to physical exposures.  As the  activation of  motor units  in  a 
muscle  or at least within  a motor neuron pool occurs in a  predictable  order,  mental loads 
may cause prolonged or repeated activation of the  same low-threshold motor  units (Waersted 
et al., 1996). 

In real work  situations it may be  impossible to distinguish  which  factors  provoke  a 
given  muscular  response.  For  instance in VDU work  involving computer  mouse use the 
muscular  response  may  be  the  result of a  combination of  cognitive loads,  visual demands 
and  precision  hand  work.  High  visual demands require  stabilisation of the  neck,  precision 
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work requires  stabilisation of the  shoulder, and the cognitive load may  further  increase 
or  prolong  the activation of shoulder-neck muscles. The physiological  responses to 
psychosocial exposures  are  of  course not confined to muscular  responses,  but  here it 
should be realised  that  muscular forces  are not only generated for movements  and  stab- 
ilising actions,  and that it may be particularly  important to be  aware  of psychosocial 
exposures in ergonomic  assessments  of  shoulder  muscle loads. 

MOTOR CONTROL 

Coordination  of muscular forces  operates at  several  levels. Each muscle is controlled 
as an independent  unit. However, different  parts of  the  same  muscle may also be  inde- 
pendently  activated to  achieve finer  control of movements, e.g. the trapezius muscle  is 
composed  of at  least  three  parts,  the  upper, the  middle  and the lower part (Figure I 1.6). 
Furthermore,  within  the  upper  part of m.  trapezius the  muscle fibres have different  lines 
of action (Johnson et al., 1994) and  different  regions  within  this  part  may  be  activated 
independently  (Jensen  and  Westgaard,  1995,  1997;  Mathiassen  and  Winkel,  1990;  Schuldt 
and Harms-Ringdahl,  1988;  Sundelin and  Hagberg, 1992). In the study of Jensen  and 
Westgaard  (1995)  an eight-channel  multielectrode was used to record the EMG  activity 
above the  upper  trapezius muscle at electrode positions  stretching from  the clavicula to 
spina scapula. During  the  performance of isometric shoulder elevation  at  increasing  force 
the EMG amplitude increased  differently  at  different electrode positions (Figure 11.7). 
For instance, at a  mean amplitude  of  20  pcr cent EMG,,,,,, at  electrode  position D, the 
difference between  the  mean  normalised amplitudes at  positions  B and F was 6.6 per  cent 
EMG,,,,,. EMG  studies  of  m.  subscapularis  (Kadaba et al., 1992), m.  biceps  brachii 
(Brown et al., 1993) and m. pectoralis major  (Paton and  Brown, 1994) indicated  that 
they also  are subdivided in compartments  and dissection studies  have  shown that  the 
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Figure 11.6 The trapezius muscle. 
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Figure 11.7 Mean EMG amplitudes of 22 subjects recorded at different positions (1 cm dis- 
tance between electrode positions) across the upper trapezius from near the clavicle (E1.A) to 
near the scapula (E1.H) during an isometric shoulder elevation with increasing force (acromion 
as the point of force application). The EMC amplitudes were plotted against the amplitude 
recorded at position D corresponding to the standard position approximately halfway be- 
tween the clavicle and spina scapula  (reproduced from Jensen  and Westgaard, 1995). 

supraspinatus  muscle  is divided in a  superficial and a deep part (Jensen et ul., 1995). 
Thus,  some muscles consist  of  several  compartments,  which in most  of the above  men- 
tioned studies  has been  suggested to be of functional  significance, if fibres in different 
compartments  have different  lines of action. 

Although it remains controversial, another principle of  motor unit regulation  may 
exist. The phenomenon is termed motor unit  rotation, i.e., newly  recruited motor units 
replace  previously active units,  possibly to avoid or  postpone  signs  of fatigue.  Indications 
of  motor unit rotation have been  obtained during prolonged  isometric  contractions of  the 
biceps  brachii  at 10 per  cent MVC,  whereas  the  phenomenon  was not observed  at 40 per 
cent MVC  (Fallentin et al., 1993). Motor unit rotation  may not only  depend on the 
required  force  level; other  demands  which lead to activation of  more  motor units such  as 
an increased demand  of precision,  mental demands,  etc. may also reduce  the  potential for 
motor unit  rotation. Continous long-term  activation of  even a  few motor units in a muscle 
may be causally  related to  the  development  of  muscle  disorders (Hagg, 1991). 

E R G O N O M I C   S I G N I F I C A N C E  

Detailed  understanding of organ mechanics under  various  occupational exposures is 
essential for the  assessment of specific  tissue loadings imposed on  the  worker in the  work 
place.  For the  shoulderheck region it has been demonstrated that  especially loadings 
of muscles, i.e.  the  muscle forces,  constitute an important  variable  for ergonomic risk 
assessment.  Muscle  force  development implies  a  large number  of  cascading physiological 
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responses which  acutely  or  more prolonged over time  may  overload the tissues. Based  on 
a knowledge  of organ mechanics  exposures can  be  identified which imply  a risk for the 
development  of musculoskeletal disorders  due  to  either  acute high forces  or prolonged 
low  forces in individual  muscles. Thus, peak muscle forces of  around 50 per cent of 
maximum strength in the  shoulder region have been  reported  during, for  example, drilling 
work  and floor cleaning, which  acutely may  cause  muscle fatigue. 

Whenever high muscle  forces  (peak level around 50 per  cent max)  have  to be  devel- 
oped for  performing  the work, the  ergonomic  advice will  be  first to identify the specific 
tasks, which require  these  high forces.  Secondly, interventions should be  scheduled by 
redesign of tools and/or work technique.  Thirdly,  the  redesigned  work  must  be  tested  using 
knowledge of organ mechanics to validate whether peak  tissue forces have actually been 
reduced, and  if this is not the  case further  intervention  strategies  must  be  tested.  Finally, 
the new  work  task  with  less muscle force demands  is implemented  in  the  workplace. 

When  low level  forces have  to be developed (static  level  less  than 5 per  cent max) 
over prolonged periods  of  time a quite different ergonomic strategy is recommended. In 
such a case it should  be  realised that it is the level of  exposure in combination  with the 
duration which must  be evaluated.  Reduction in exposure  time may  therefore  be recom- 
mended.  However,  the variation of  exposures is another important  issue to  address in 
ergonomy. In a  study of the  effect of daily  working hours  on  the  occurrence  of sick-leave 
due  to shoulder-neck disorders full-time sewing  machine  operators initially  had more 
sick-leave  than  part-time workers (Was ted  and  Westgaard, 1991). Their work tasks 
were described as  strenuous with  a  static load level on  the trapezius muscle  of about 5 per 
cent  of  max.  However, although the  development  of  disorders  was postponed for part- 
time workers compared  to full-time  workers no lasting  effect was  observed.  Thus, only 
the introduction of different work  tasks may  efficiently  reduce the risk for the  sewing 
machine  operators, that is by reducing the repetitiveness of  the  work. Actually,  the 
repetitiveness of  muscle contractions as well as sustained contractions at any level of 
muscular  activation for prolonged time present risk factors  for the  development  of dis- 
orders. The general guidelines  for  ergonomic interventions  must  for every individual 
muscle  consider the  followin& r issues: ‘ 

( 1 )  reduce  high  peak  forces; 
( 2 )  limit time for sustained  contractions; 
(3) minimise repetitions of the same movements; and 
(4) optimise variation, i.e. include rest as well as moderately  high  work  intensity. 
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CHAPTER TWELVE 

Whiplash injuries 
MANOHAR  M.  PANJABI,  JONATHAN N. GRAUER, 

JACEK  CHOLEWICKI AND  KIM10  NIBU 

INTRODUCTION 

Whiplash  has  been  loosely  defined  as  an  acceleration  injury  and  most  commonly  involves 
an  unaware  victim in a  stationary  vehicle  being  struck  from  behind.  Cervical  spine  injur- 
ies  are  a  significant,  but  poorly  understood,  resulting  problem. 

It  is  important  to  characterise  such  whiplash  injuries  as  they  continue  to  be  on  the 
increase.  For  example,  reports  from  several  European  countries  indicate  an  alarming 
increase in the  annual  number of neck  injuries in recent  years  due  to  increased  traffic 
density  (Kampen,  1993). In Japan, 50 per  cent  of  car-to-car  traffic  accidents  are  reported 
to  result  in  neck  injuries  (On0  and  Kanno,  1993).  The  clinical  symptoms  attributed  to 
whiplash  include  neck  and  shoulder  pain,  headache,  dizziness,  and  blurring  of  vision. 
Nevertheless,  the  non-specific  nature of these  symptoms  often  leads  to undefined  dia- 
gnoses  (Barnley et  al., 1994;  Gargan  and  Bannister, 1994; Radanov et  al., 1995). The 
recent  scientific  monograph  by  the  Quebec  Task  Force  on  Whiplash  Associated  Disorders 
identified  very  few  objective  studies  that  have  documented  specific  spinal  lesions  associ- 
ated  with  whiplash  (Spitzer et  al., 1995).  Such  studies  have  proven  to  be  particularly 
challenging  due  to  the  intermingled  litigation  issues  (Schrader et  al., 1996). 

In  a  survey  of  cervical  spine  injuries,  the  symptoms  of  pain  and  headache  were  present 
in  25 per  cent  of  the  cases  five  years  after  accidents  (Dvorak et  al., 1989).  Another  study 
found  28  per  cent  of  whiplash  victims  with  persisting  mild  symptoms  and 12 per  cent 
with  significant  symptoms  at  a 10.3 year  follow-up  (Gargan  and  Bannister,  1990).  A 
subsequent  prospective  study  found  only  38  per  cent  of  the  whiplash  patients  to  have 
returned  to  baseline  at two years  follow-up  (Gargan  and  Bannister,  1994). 

There  is  consensus  that  most  whiplash  patients  suffer  from  soft  tissue  injuries  (Davis 
et  al., 1993;  Jonsson et  al., 1994;  MacNab, 197 1; Maimaris et  al., 1988).  Patients  with 
more  severe  injuries  show  signs  of  clinical  instability  (Jonsson et  al.,  1994),  determined 
using  accepted  instability  criteria  (White  and  Panjabi,  1990).  Unfortunately,  the  presently 
available  imaging  methods,  such  as MRI, do  not  completely  identify  such  sub-failure 
injuries  of soft tissue  which  may  largely  explain  the  decreased  function  and  pain  associ- 
ated  with  whiplash  trauma. 
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BIOMECHANICAL BACKGROUND 

The mechanism of whiplash has remained unclear  over the past 70  years  since  the term 
was first coined in 1928 by  Crowe. Many laboratory investigations have attempted to 
determine  the  whiplash injury mechanisms as it is of value for several reasons. Under- 
standing the injury mechanism would suggest potential sites of injury, and identify anatomic 
elements at risk of injury. Additionally, prevention strategies must be tailored to the 
mode  of injury if they are to be effective. 

MacNab  established  the most traditionally accepted concepts of whiplash injuries of 
the cervical spine approximately 30 years ago  (MacNab,  1964, 1966). He studied  experi- 
mental traumas of anaesthetised  monkeys and found  a  predominance of lower cervical 
anterior element injuries. He hypothesised that hyper-extension of the head and cervical 
spine  was responsible for whiplash injuries. 

Penning  questioned the ideas put forth by MacNab and postulated that the primary 
mechanism of whiplash injury is hyper-translation of  the head as opposed to hyper- 
extension  (Penning, 1992a, 1992b). He studied lateral radiographs  of ‘chin-in and chin- 
out’ normal subjects as representative of posterior and  anterior head translations. He then 
compared associated intervertebral sagittal plane rotations with those  of  actively flexed 
and extended functional radiographs. He  found that the rotations of the cranio-vertebral 
junction (CO-C2) were  greater with simple head translations than with head flexion or 
extension.  This  was not the  case  for the lower cervical intervertebral joints.  He  thus 
concluded that upper level flexion injuries  should  predominate in whiplash  trauma. 

To understand the injury mechanism, experimental studies have consisted of volun- 
teers in actual or simulated car collisions (Ewing et al., 1969, 1975, 1976; Matsushita 
et al., 1994; McConnell et d . ,  1993; Severy et al., 1955). Such experiments have re- 
vealed important information  concerning the movements  of  the  head and trunk  during 
vehicle impacts. However, by the very nature of human investigations, instrumentation is 
limited, accelerations are predominantly below injury thresholds, and subjects are aware 
of impending collisions. 

Experiments with whole cadavers have generally studied  a limited number of traumas 
and have monitored relatively few kinematic parameters (Geigl et al., 1994, 1995; Mertz 
and Patrick, 1967). Cadaveric  experiments,  although  allowing  realistic  accelerations to be 
imparted to the test ‘subjects’,  are unable to monitor crucial parameters responsible for 
injury, i.e. intervertebral motions, which are not accessible  for  dynamic  monitoring. 

Mechanical properties and response characteristics  of  current  anthropomorphic  dum- 
mies do not as yet compare favourably with the complex viscoelastic nature of human 
tissues  (Geigl et al., 1995; Svensson, 1993; Svensson et al., 1993).  Furthermore, such 
models can only be as advanced as the kinematic data  available for their modelling.  As 
noted above,  this information remains  limited. 

Despite difficulties in defining the whiplash event, understanding the  mechanism of 
whiplash injury remains an important goal. Based upon the  MacNab theory of head and 
neck hyper-extension, the current head-restraint was designed to prevent neck injuries in 
rear-end collisions by blocking such hyper-extension. Although the head-restraint has 
helped to limit neck injuries, it has not eliminated them. In a study in Sweden,  Nygren 
et a/. (1985) found only  a  20  per cent decrease in neck injuries after the introduction of 
the head-restraint. This would suggest that the hyper-extension injury mechanism, first 
proposed by MacNab  more than 30  years ago (MacNab,  1964, 19661, and currently  a pre- 
valent view, needs to be  quesioned. 
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Figure 12.1 Schematic  diagram of the bench-top  whiplash  apparatus. The trauma  sled  was 
drawn to the  negative  horizontal  direction  with the pneumatic piston  and  released in the 
positive  horizontal  direction.  Flexion  was  defined as positive  rotation  and  extension as 
negative  rotation. 

EVOLVING WHIPLASH UNDERSTANDING 

A highly instrumented system has been developed in our laboratory to approach the 
question of the whiplash injury mechanism (Panjabi et al., 1997). This model employs 
osteo-ligamentous human cadaveric cervical spines, and a specially developed trauma 
apparatus which simulates rear-end car collisions (Figure 12.1). 

Specimens were subjected to incrementally increasing traumas of 2Sg,  4Sg, 6.5g,  and 
8.5g. Intervertebral rotations were tracked with high  speed cinematography at 500 frames 
per second. Digitised intervertebral data from one specimen traumatised at 6.5g are 
shown as an example in Figure 12.2. The 30 to 85 msec time period illustrates an initial 
response phase of the cervical spine with extension at the lower levels and  flexion at the 
upper levels. Beyond 85 msec represents a subsequent response phase of the cervical 
spine with extension at all  levels. This is demonstrated  photographically  and schematically 
in Figure 12.3. 

Maximal intervertebral flexion and extension rotations were calculated for all cervical 
levels for each trauma class. Resulting values were compared to physiological limits of 
rotation of the same specimens as determined by flexibility testing of the intact specimens 
with loading of up to 1.0 Nm (Grauer et al., 1997). Most notably, the C6-C7 and C7-T1 
levels were found to consistently exceed the physiological limits of rotation in extension 
for all trauma classes studied. Intervertebral rotations for all specimens, when the lowest 
level was in maximal extension, were averaged. Results are seen in Figure 12.4. As can 
be seen, the maximal lower level extensions were consistently associated with upper level 
flexions.  In other words, the spine consistently exhibited upper level flexion  and lower 
level extension at the times of maximal lower level extension. In fact, conversion of the 
spine to complete extension was associated with  a relative relaxation of the lower level 
hyper-extension. 
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Figure 12.2 Intervertebral  rotations  from COX1 to C7-T1 of  a  specimen  obtained  from 
high  speed  cinematography during  a 6.5g whiplash  trauma  shown  here as a sample data set. 
Flexion  was defined as positive  rotation  and  extension as negative  rotation. 

Direct information about injuries to the cervical spine was quantified with multi- 
directional flexibility testing after each incremental trauma (Panjabi et d ,  1998). In 
general, the flexibilities increased after increasing traumas, as one would expect. Physi- 
ological values were again compared to cervical-level matched values obtained after each 
trauma class. Such testing demonstrated that lower level injuries were, in  fact, sustained 
from the whiplash traumas. The lower levels exhibited increases in both extension ranges 
of motion and  neutral zones after 4.5g  whiplash  trauma. This suggests that the stretching 
of anterior elements of the lower cervical spine beyond their normal physiological limits 
resulted in soft tissue injuries. 

CURRENT  PERSPECTIVE 

The above described studies suggest that the mechanism of whiplash injury in  rear-end 
accidents is not as basic as simple neck hyper-extension. Rather, the initially formed S -  
shaped cervical curvature with extension at the lower levels and concurrent flexion at the 
upper levels has been identified as the principle injury phase of whiplash with associated 
lower level extension exceeding physiological limits (Figure 12.5). This has been  termed 
Phase I of the whiplash response. 

The subsequent change of the entire cervical spine to extension is consistent with the 
conversion of the cervical spine to a  C-shaped curvature (Figure 12.5). Lower level 
extension decreases here as compared to Phase I. Consequently, this has been termed 
Phase I1 of the whiplash response and has been deemed to have  a lesser potential for 
injury than Phase I. 
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Figure 12.3 Movie still  photographs  and  schematics of the  trauma  shown in Figure 12.2 
illustrating  starting  neutral  position (NP) (A), initial response  phase with upper  level  flex- 
ion and lower  level  extension (B), and  the  subsequent complete extension  of  the cervical 
spine (C). 

It was further observed  from  head  potentiometers that the head has increasing  pos- 
terior translation and  decreasing  extension with increasing levels of trauma (Cholewicki 
et al., 1998). This suggests that Phase I of the whiplash  becomes  more  pronounced, and 
Phase I1 less so, with  increasing  levels of trauma. 

The  previously  accepted  mechanism of whiplash  injury of MacNab  was  based  upon 
head  and  neck  hyper-extension  (MacNab,  1964,  1966). The picture that this mechanism 
paints is analogous to that of Phase I1 of the mechanism  described  above.  However, as 
stated, the Phase I1 response to whiplash is now  believed  to be associated  with  a lesser 
degree of lower  level  extension  than  with Phase I, and thus a lesser potential for causing 
soft tissue injuries in this region. 
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Figure 12.4 Intervertebral  trauma  motions  are  shown  from  the  time of whiplash with max- 
imal extensions of the  lowest cervical levels  C6-C7  or C7-Tl (denoted with #). Physiological 
ranges  are  shown on all graphs as a baseline  from which to evaluate  the  trauma induced 
intervertebral  rotations.  The  figure  represents  the  2.5g  trauma  class ( n 4 )  in (A), the  4.5g 
trauma  class  (n=2) in (B), the  6.5g  trauma  class (n4 )  in (C), and  the 8.5g trauma  class  (n=2) 
in (D). 
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Figure 12.5 Schematic of  the  trauma  shown in Figures  12.2  and  12.3.  The  spine  starts in a 
neutral  position  (NP).  The  50 to 75  ms time  period  illustrates  the  neck  forming an  S-shaped 
curvature  (Phase I). During this  phase,  the lower  cervical spine  intervertebral  joints exhibit 
hyper-extension,  exceeding their  physiological  limits.  In  the later  phase  (Phase I I ) ,  the  spine 
transforms to a C-shape with complete  extension.  This  phase is associated with a lesser 
degree of  the  lower  level  hyper-extension,  and  thus a lesser potential  for  injury. 

In fact, the above  described  work did not produce  head  extensions  beyond  physiolo- 
gical limits (Grauer et al., 1998). This finding is similar to in vivo findings  of two recent 
studies in  which  whiplash  experiments  were  conducted  with  volunteers  (Matsushita et al., 
1994; McConnell et al., 1993) and suggests that injury  could  not be caused  by  simple 
neck  extension.  The  work of MacNab, as well as that of many other early  investigators, 
may  have  missed the potentially  more  damaging  Phase I response  to  whiplash  because of 
an inability to monitor  individual  intervertebral  motions  continuously. 

The  S-shaped  cervical  spine  curvature of the  Phase I response to whiplash  has  been  pre- 
viously  noted  by  Svensson et al. (1993) in a  dummy  preparation, but they  did not relate 
this to spinal  column  injury.  Geigl et al. (1994) also measured,  in one whole  cadaveric 
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whiplash trauma, rotations within the cervical spine. They found CO-C4 flexion with simul- 
taneous C M 7  extension  which  peaked  at  120msec,  while  the head rotation  peaked 
later at 160msec. These times  are  somewhat  longer  than  those  reported in isolated osteo- 
ligamentous work and  may reflect the  differences in the experimental  methodologies. 
They used a  whole  cadaver  sitting in an  automobile  seat in a large sled  for which there 
was  delay  for  the  trauma  pulse to travel from the  impact  point  to  the  T1  vertebra, via the 
sled,  seat, and thorax. 

Finally, the  S-shaped  curvature was an assumption  on  which  Penning's  theory  of injury 
mechanism is based (Penning, 1992a, 1992b). However, Penning worked from this assump- 
tion and  never  established it as fact. He then  hypothesised  that the cranio-vertebral junc- 
tion  would be the  principle  site of cervical injury in whiplash. In contrast,  experimental 
findings now show that the lower  cervical  levels  most  consistently  exceed  their  physiolo- 
gical motion  limits. 

ERGONOMIC  SIGNIFICANCE 

In summary, the kinematic  response to whiplash is bi-phasic. Phase I is  associated  with 
an initial S-shaped  curvature of the neck  with  upper  cervical level flexion and  lower 
cervical  level  hyper-extension. This hyper-extension  of  the  lower  cervical  spine has been 
identified as the  mode of whiplash injury. The subsequent  Phase I1 response  to  whiplash 
is  associated with lesser lower level extension and thus lesser potential  for  injury. 

As the  understanding  of  whiplash  continues  to be refined, it is hoped that  the  bio- 
mechanical  and  clinical  aspects  of  this  problem  can be better  addressed. In doing so, the 
necessary injury prevention,  clinical  diagnosis,  and  treatment will be facilitated. 
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CHAPTER  THIRTEEN 

Low back pain and 
whole body  vibration 

MALCOLM H. POPE, MARIANNE  MAGNUSSON 
AND  DAVID G. WILDER 

INTRODUCTION 

Low  back  pain  (LBP) is the leading  major  cause of industrial  disability  in those under the 
age of 45. The total  cost of LBP  to the US economy is $90 billion  per  annum  and  low 
back  pain  accounts for 20 per cent of all work  related injuries (Bureau of Labor  Statistics, 
1982). There is an extensive literature relating  exposure to whole body  vibration  (WBV) 
to LBP  (Backman, 1983; Barbaso, 1958; Cremona, 1972; Fishbein  and  Salter, 1950; 
Kelsey and Hardy, 1975; Rosegger  and  Rosegger, 1960). For  example,  several  studies 
have  related  LBP to tractor driving (Dupuis  and Christ, 1966; Fishbein  and  Salter, 1950; 
Rosegger  and  Rosegger, 1960). Pathological  findings and LBP  depend on age and length 
of  exposure  (Dupuis and Christ, 1966; Rosegger and Rosegger, 1960). Cremona (1972) 
reported  a 70 per cent LBP  prevalence  in  heavy vehicle equipment  users.  Hilfert et al. 
(1981) reported  greater  pathological  changes  and LBP in dnvers of earth moving  equip- 
ment  and the prevalence  increased  with age. Barbaso (1958) also found  an  increase  in the 
prevalence of both  LBP  and  pathological  changes  in bus drivers  with  time of exposure. 
Kelsey  and  Hardy (1975) found the relative  risk of herniated  nucleus  pulposus to be 2.7 
in car drivers,  and 4.7 for truck  drivers. 

Many  workers have shown transmissibilities greater  than 1.0 (i.e.  greater  output  than 
input)  for  the  first  resonant  frequency of the  seated  subject  (Bastek et al., 1977; Dieckmann, 
1958; Griffin, 1975; Panjabi et al., 1986; Pope et al., 1980; Rosegger  and  Rosegger, 
1960). Resonant  frequencies occur between 4 and 6 Hz, due to the upper  torso  vibrating 
vertically  with  respect to the pelvis. 

In this chapter  we  will  describe  a  number of studies, carried out by our group, in order 
to understand  better the relationship  between  whole  body  vibration and low  back pain. 
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T W O   C E N T R E   E P I D E M I O L O G I C A L   S T U D Y  

In this study (Magnusson et al., 1993) vibration exposure  was  measured  according to IS0 
(1978, 1985), whilst driving on typical roads  and met published  criteria  (Hulshof  and 
Veldhuijzen van Zanten, 1987). The study  was carried out in Sweden and the USA. The 
American workers  were significantly shorter and heavier  than  the  Swedish.  American  bus 
drivers and sedentary  workers were a little older  and had been longer on the job than  their 
Swedish  colleagues,  whereas American truckers were a  little younger. The  Swedes used 
tobacco  more than the  Americans  did, and all drivers  smoked significantly more than 
sedentary workers.  Bus  drivers took more  time  off work than truckers in both countries. 
American bus drivers lifted more  than  truckers  and  sedentary workers, and Swedish truck 
drivers lifted more than bus  drivers and sedentary workers.  Swedish bus drivers  were 
exposed to higher vibration  levels, whereas the American truckers  were  exposed to higher 
vibration levels than the  Swedes.  Swedish  bus  drivers  experienced  more  vibration ex- 
posure than did the American bus  drivers.  This is probably due to the  difference in bus 
types, road conditions, and driving  demands. The American truckers  were vibrated more 
than anyone in the study, possibly due to travel on dirt roads  and  less  use  of  vibration 
attenuation in seats and cabs. 

Swedish and American bus drivers  were  less satisfied with their  working  tasks than 
truck drivers and sedentary workers, and Swedish  bus  drivers  were  also less satisfied with 
their  boss.  American drivers enjoyed  their job more than American sedentary workers. 
The group  with the greatest  risk  factors  were  American  truck drivers. They had the 
highest vibration exposure,  moderate lifting, and minimal exercise,  were  overweight  and 
53  per  cent  smoked.  Although 50 per cent had low back pain recently, only 24 per cent 
had lost work time  for that reason.  This  group  however, reported 100 per  cent job 
enjoyment,  the  lowest job stress level (21 per  cent),  92  per  cent  boss  satisfaction and 97 
per  cent job satisfaction. 

L A B O R A T O R Y   S I M U L A T I O N S  

Pope et al. (1986)  simulated  various vibration environments in the laboratory. Under 
helicopter vibration,  volunteers  reported  a  loss  of  comfort, over a two-hour exposure. 
There was also  a  measurable  muscle fatigue. Based on these data,  recommendations  were 
made to improve the seated posture, and to add vibration dampers to the seats. 

Wilder et al. (1994)  studied  the response to whole body vibration in simulated  driving. 
The aim of this study was to compare  a truck seat with  a  gas  spring to the standard spring 
seat.  Subject  comfort  was rated before and directly after exposure to typical vibrations. 
Muscle fatigue  using  centre  frequency  was  determined  during  vibration  exposure,  and the 
magnitude and phase of  acceleration transfer were  calculated from the base plate to the 
seat pan, and from the seat pan to the bite bar.  The  mechanical  measures  showed that 
the  gas  spring  attenuated  the vibration much better. 

I N   V I V O  M E A S U R E M E N T S  

Pope et al. (1 986)  studied  the response to vibration with  transducers rigidly fixed to the 
lumbar  spinous  processes  compared to those fixed to the  skin.  Under local anaesthesia,  a 
threaded  K-wire was fixed transcutaneously  into  the  spinous  process  of the third  lumbar 
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Figure 13.1 Impact  test  system. 

vertebrae. Because of the artifact that was identified in the use of skin mounted trans- 
ducers, it was elected to use the skeletally mounted transducers in the subsequent studies. 
The outcome measure was the transmissibility and phase angle between the pin accelera- 
tion  and  that of the  platform. 

A new  impact system for the human spine was introduced (Pope et al., 1987) (see 
Figure 13.1). The apparatus consists of a platform suspended by soft springs and guided 
by two linear bearings. The vertical resonance of the system was less than 2 Hz. The 
frame resonance was 60 Hz, and the platform rotational resonance was approximately 20 
Hz. Rotation was minimised if the subject stood or sat in the centre of the platform. The 
impact was applied by a pendulum to the centre of the platform. 

In Pope et al. (1987) the subject was placed in different controlled sitting postures, and 
the transmissibility and phase angle determined in both impact and sinusoidal excitation 
conditions. The subjects in the relaxed seated posture experienced a transmissibility peak 
at the third lumbar vertebrae at 5 Hz coupled with an attenuation peak  between 6 to 8.5 
Hz (Figure 13.2). In comparing the relaxed and erect posture, the response curves had the 
same general form, except that the peaks were more marked in the relaxed  posture. The 
Valsalva  increased the height of the 5 Hz transmissibility peak, and beyond that point 
there was decreasing gain with frequency. Contraction of the glutei resulted in  a response 
curve which was between that of the relaxed  and the Valsalva. Placing a block under the 
pelvis to offer rotational support reduced the gain  peak  and the gain  valley.  Thus, control 
of posture may be a key to obviating the effect of whole body vibration on the spine. 
Subjects were also subjected to impacts, whilst seated on various kinds of cushions (Pope 
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Figure 13.2 Transmissibility  and  gain as a  function of frequency. 

et al., 1989a). The least stiff material moved the transmissibility peak below 4 Hz and 
increased its amplitude. A stiffer material increased the frequency of the transmissibility 
peak  and established a rotational response at higher frequencies. A viscoelastic material 
had little effect, except at about 8 Hz. The trends between cushion materials were similar 
in the erect, relaxed and  Valsalva postures. 

A number of different conditions were explored to establish the effect on the dynamic 
response of the standing subject (Pope et al., 1989b). In the erect posture, there was a 
single transmissibility peak at 5.5 Hz. The at-ease posture gave a slightly reduced peak, 
and  a  knee-bent posture attenuated the response. A pelvic tilt and  Valsalva caused the 
peak to move to about 7 Hz while  a tip toe stance moved the peak to 3 Hz. Standing on 
foam materials caused the peak to move to lower frequencies, while the wearing of dif- 
ferent shoes did  not  significantly change the response. 

P H Y S I O L O G I C A L   M E A S U R E S  

Phasic electromyographic activity 

The phasic electromyography (EMG) of the erector spinae was  measured during whole 
body vibration (Seroussi et al., 1989). The relationship of the EMG to a given torque 
demand was found by measuring the electromyographic signal while performing an iso- 
metric pull. 
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The subjects  were  vibrated  at  discrete  frequencies  between 3 and 10 Hz. The elec- 
tromyographic  signals  were  high-pass filtered, rectified and ensemble averaged. The 
signals  were  then  converted  to  torque.  From  these data, the  phase  relationship  between 
the  input  signal, to  move the platform,  and  the  resulting  torque,  was  established. The time 
lag  between the input  displacement  and  the  peak  torque  varied  from 30 to 100 msec at 
3 Hz, and 70  to 100 msec  at I O  Hz.  WBV added to  the  net load in the  spine due to  cyclic 
muscle  forces. 

Muscle fatigue 

A frequency  shift,  towards  lower  frequencies  has  been  shown as  an effect  of  fatiguing 
contractions (Chaffin, 1973;  Komi  and  Tesch,  1979). The EMG  erector spinae  was stud- 
ied under  WBV  (Hansson et al., 1991; Wilder et al.,  1994). To ensure  muscular  activity, 
the subjects  sat in a  forwardly bent position,  carrying  extra  weight  on  the  front of the 
chest. In this  position,  the  subjects  were  exposed to: whole  body  vibration of 5 Hz  and 
0.2 g root means square acceleration;  and  static  sitting. The mean  frequency  at both the 
thoracic  and  lumbar  level,  decreased  with  time. The decrease  was  accentuated by WBV. 

Creep 

Spinal  height  changes  were  measured  on  a  stadiometer  (Magnusson et al., 1992). The 
stadiometer  consists of a  column  which was tilted  slightly  backwards. The column was 
equipped  with  supports  for  the head and the pelvis, as well as  four  pressure  sensitive 
switches,  which  functioned as posture  controls. The posture of the head was controlled by 
means of glasses  equipped  with  laterally  oriented  pins  attached to the  side  frame  (Fig- 
ure 13.3). The anterior pin was lined up with one  of the posterior  pins by means  of  the 
image from a  mirror in front of the  subject. A vertical line  on the mirror  served as control 
for head posture in the frontal and  transverse  planes. A linear variable  displacement 
transducer  registered height changes  continuously  during  the  exposure. Height changes 
were  measured in  12 female  subjects  exposed  to  static  sitting  and  seated  whole body 
vibrations. The procedure  enabled  discrimination  between ‘true’ height loss and posture 
change. The vibration input was 5 Hz,  the  exposure  time  was five minutes,  and  the 
intermissions  between  the  exposure  periods  were 20 minutes. A larger  height loss was 
demonstrated  when  the  subjects  were  exposed  to  vibration,  than  when not. The height 
loss was  neither  time nor order dependent, and did  not  correlate  with  either  height  or 
weight. In another  study it was  concluded  that  an  inclined  backrest  reduces  the  effects of 
vibration  (Magnusson et d., 1994). 

Unexpected load 

There are  a  number  of  studies  which  suggest  that  unexpected load is aetiological  for  low 
back pain (Anderson, 198 I ;  Magora, 1973; Manning et al., 1984).  When  a  sudden load 
is applied  the  muscles will respond  rapidly in order  to  stabilise the body  which  leads  to 
overcompensation  of  the  muscles. We hypothesised  that  subjects who had been exposed 
to whole  body  vibration  would  exhibit  a  larger  latency of response,  and  a  greater re- 
sponse  amplitude  (Wilder et al., 1995, 1996). The electromyography  of  the  erector  spinae 
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Figure 13.3 The stadiometer - a means  to  measure  accurately  changes in stature. 

muscle responses was  measured  in response to a weighted tennis ball falling into an 
instrumented tray,  held  in their hands in front of them (Figure 13.4). The weight was 
dropped onto the tray, and  a switch closure indicated the moment of impact. This was 
compared to the onset of electromyography response.  It was established that the response 
latency was increased, and the response magnitude increased after vertical vibration 
exposure. Thus, truckers who unload  a truck right away could experience soft tissue or 
muscle injury after whole body  vibration.  However,  we also established that walking for 
five minutes reversed those effects. 

DISCUSSION 

Low  back  pain is multifactorial in origin but there are few risk factors for low  back pain 
which lend themselves to prevention.  Risk factors related to the industrial environment 
are ones over which we have some control. Epidemiological studies have  been conducted 
suggesting that whole  body vibration is an important risk factor for low  back  pain. 
Vibration also probably combines with other risk factors such as lifting, pushing, and 
pulling to increase the risk. This is important to the truck driver who loads or unloads the 
truck. Studies of the occupational environment reveal  that  many vehicles subject the 
worker to levels of vibration greater than that recommended  by the IS0 (1978). 
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Figure 13.4 Set-up for unexpected load experiment. 

It is apparent from whole body vibration data that the human spinal system has a  char- 
acteristic response to vibrational inputs in a seated posture. The first resonance occurs 
within a  band of 4.5 to 5.5 Hz. Similar, but less tightly defined  resonances, are also iden- 
tified  in the 9.4 to 13.1 Hz range. Using direct measures, one can confirm the reson- 
ance at 4.5 to 5.5 Hz, but can show how it is  markedly affected by the pelvis-buttocks 
system. The response of the human is due to a combination of a vertical subsystem  and  a 
rotational subsystem. The latter is characterised by rocking of the pelvis. Hence, pelvic 
rocking was shown to be an important factor in the first  natural frequency response of the 
seated individual. Cushions have not been found to be very effective in attenuating the 
dynamic response and,  in fact, increased the response. There are some limitations of these 
studies. The techniques are highly invasive, and by  necessity, limited to a few subjects. 
The experiments are difficult,  and the analyses quite complex. 

The muscles are not able to protect the spine from adverse loads.  At  many frequencies, 
the muscles’ responses are so far out of phase, their forces are added to those of the 
stimulus. Thus, the muscles have an important role in adding to the effect of vibration. 
The fatigue that was found in muscles, after whole body vibration, is indicative of the 
loads in the muscles. 

Exposure of the seated subject to whole body vibrations of 5 Hz, in a position that 
ensured back muscle activity, increased the rate of fatigue in the erector spinae muscles. 
After whole body vibration, we demonstrated an increased latency in muscle recruitment. 
This may be due to the fatigue inherent in whole body  vibration exposure. This suggests 
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that unloading a vehicle, after exposure to whole body vibration could present a problem 
for the back. 

When the spine is axially loaded it will compress  and thus, become shorter. The 
viscoelastic behaviour of the motion segment of the spine is well described. It was 
demonstrated that the sitting posture, in itself, always caused height loss in the subjects, 
provided that the sitting exposure was preceded by a less loading activity. The spinal 
height change, as measured in the current study of vibration, thus reflected spinal load. 
An inclined backrest has been shown to reduce the load on the spine and could reduce the 
effects of vibration in such a position. In summary, after exposure to whole body vibra- 
tion, the  muscles  are fatigued and the discs compressed (i.e., less capable of absorbing 
and distributing load). In this condition, the spine is in a poorer condition to sustain larger 
loads. Thus, it would seem reasonable to recommend the avoidance of heavy lifting after 
vibration exposure (i.e., unloading a truck), especially since changes were demonstrated 
in the ability to respond to a suddenly applied load after whole body vibration. 
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I N T R O D U C T I O N  

Low  back  pain  is the most frequent cause of industrial disability payments and the second 
most common medical cause of industrial work loss. The total cost of low  back  pain per 
year in the USA alone is about $80 billion (Cats-Baril and Frymoyer, 1991). The pain  may 
arise from any of the spinal structures (discs, facets, ligaments, vertebrae, and  muscles), 
but one of the leading causes is the spinal ‘instability’ resulting from disc degeneration. 
Epidemiological studies have revealed that ergonomic factors in the workplace,  such as 
chronic vibration exposure during truck driving, can lead to accelerated degenerative 
changes in the discs and other structures. Understanding the role of mechanical factors in 
producing disc degeneration is essential for comprehension of low back pain aetiologies 
and preventative measures. 

N O R M A L   A N A T O M Y   A N D   P H Y S I C A L   P R O P E R T I E S  OF THE  INTERVERTEBRAL  DISC 

In  general, the spine may be described as a strong, flexible rod that bends anteriorly, 
posteriorly, laterally, and rotates while supporting the head, protecting the spinal cord, 
and acting as  an attachment point for the ribs and back  muscles. There are five regions of 
the spine (cranial to caudal): seven cervical (neck), 12 thoracic (posterior to the thoracic 
cavity), five  lumbar (lower back),  five sacral (fused into one pelvic bone) and four 
coccygeal vertebrae. Between all adjacent vertebrae from the second cervical vertebra to 
the sacrum are intervertebral discs. 

The disc is  made  up of three anatomical structures: the nucleus pulposus, annulus 
fibrosus, and cartilaginous endplates, shown schematically in Figure 14.1. In a young 
person, the nucleus pulposus is a viscous gel that is located slightly posterior to the 
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Annulus Fibros 
Disc 

Annulus fihrosus 
Figure 14.1 Structures of the  disc. 

middle  of  the  disc and covers  about 45 per cent of the disc cross-sectional area. It is 
surrounded by the  annulus fibrosus in the  form  of  eight or more  concentric, fibrocar- 
tilaginous  lamellae  embedded in ground  substance between the layers. This  arrangement 
allows  support  for significant loads and enough flexibility to permit  spinal  mobility. 

The structural behaviour  of  the  disc  is determined primarily by  the  nucleus  pulposus 
which attracts and retains water  due to its high proteoglycan content  (Urban, 1996). The 
nucleus is 70 to 90 per cent water and is  composed  of  a  loose, fibrous strand network sus- 
pended in a  mucoprotein gel containing  mucopolysaccharides  (White and Panjabi, 1990). 

The  annulus fibres are  composed  of  types I and I1 collagen  (Urban, 1996). The inner 
annulus is primarily type I1 collagen, while the outer annulus is mostly type I collagen 
(Eyre and Muir, 1976). The fibres constitute 16 per cent of the annulus volume and  are 
oriented 30"  to horizontal in a criss-cross pattern between lamellae. The histochemistry of 
the  annulus  changes from the central to peripheral regions.  The central portion has a 
higher glycosaminoglycan content and lower  collagen content than the  periphery.  This 
gives the central portion a gel-like appearance with more hydrostatic shock-dispersing 
properties and the peripheral more tensile properties. The fibres in the central portion of 
the annulus fibrosus connect to the cartilaginous cndplates, while the peripheral (Sharpcy's) 
fibres connect to the vertebral bodies.  The  attachment of Sharpey's fibres to the  vertebral 
bodies is much stronger than where  the fibres attach to the  endplates in the central 
annular region (White and Panjabi, 1990). Peripheral annular  cells  appear  spindle  shaped, 
resembling  fibrocytes  of  tendons,  while  central annular cells  appear rounded and are 
located in the lacunae of chondrocytes (Holm, 1996). These cells maintain the proteoglycan 
content of  the  extracellular matrix (Johnstone and Bayliss, 1996). Proteoglycan synthesis 
occurs  most in the mid-annulus region (Bayliss et al., 1988). 

The main function of the disc is to resist compression.  The nucleus transforms com- 
pressive loadings into hydrostatic pressure which is radially directed as tensile stress in 
the  annulus. When the  external  stresses on the disc are  greater than the nucleus  swelling 
pressure, water is lost through the  annulus and cartilaginous  endplates.  Therefore,  much 
water is lost from the disc during the completion of daily activities  (Eyre and Muir, 1976). 

The  cartilaginous  endplate is thought to play an important  role in the nutrition of the 
intervertebral disc and hence may be of significance in the aetiology of low back pain 
(Roberts ef al., 1987). According to these  authors the endplate is hyaline cartilage with a 
similar composition to that of articular cartilage. Endplatc cartilage becomes bone in 
adulthood  after its growth cartilage has progressed from an active to an irregularly 
arranged state. The thickness of  the  endplate is approximately 0.6 mm and is  generally 
thinnest in the central region. The endplate  resembles  the  disc by having a higher 
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proteoglycan and water but lower collagen content in the  centre  adjacent to the  nucleus 
than at the periphery adjacent to the  annulus.  There  is  also  a  chemical  gradient  with depth 
throughout the  endplate, with the  tissue nearest to the bone having a  higher  collagen but 
lower proteoglycan and  water content than that nearest the disc. Because  of  the  thinness 
of the endplate  and its similarity in composition to the disc, it has  been  suggested that the 
endplate  provides little resistance to the  diffusion  of  nutrients  such as glucose and oxy- 
gen.  There  are  numerous microscopic irregularities throughout the  endplate, with either 
bone or disc tissue protruding  into  it.  Where  macroscopic S c h o r l ' s  nodes are seen in 
skeletally  mature  specimens,  there  is  a significant loss of proteoglycan in both  the  disc 
and  endplate at that location. Since  the  disc  is  the largest avascular  tissue, its nutritional 
status greatly depends on solute transport through the  endplate and annulus  (Holm, 1996). 

There  are  no nerves present in the substance of the mature  human  disc  (Wyke,  1972). 
Therefore, nerves do not directly sense degeneration of the disc  structure. The altered 
biomechanics of the  surrounding  structures and tissues  during  disc degeneration may 
cause the perception of pain, though. 

In terms of physical properties, the  disc  is  stiffer in compression  than  tension because 
of the fluid pressure provided by the nucleus (Markolf and Morris, 1974). A number of 
studies injecting saline solution to increase nucleus fluid within the  disc revealed an 
associated increase in intradiscal pressure and disc height (Anderson and  Schultz, 1982). 
The vertebral body is about six times stiffer  and three times  thicker than the disc. Thus, 
the vertebra deforms about half as much as the  disc in compression  (Reuber et al., 1982). 
Reuber et al. also  found  that  a  mean  disc  bulge  of  up to  2.7 mm may occur  (under 800 N 
of compression and an 11.8 Nm bending moment,  maximum)  compared to the unloaded 
state.  In  this study the posterolateral disc  bulge  was  found to be larger than the posterior 
bulge. The endplate  bulge  was  also  higher in the centre than in the periphery. The bulge 
in the vertebral endplates under higher loads reduces the straining  of the disc fibres and 
explains why endplates fracture under axial loading.  They  also found that the disc bulges, 
tilts, and twists very little  during  compressive  motion. At 800 N of  compression  the 
lateral bulge was 1 mm. The  disc tilted (on  average) 5" for  a 10 Nm  moment in flexion, 
extension, or lateral bending. The disc twisted (on average) 2" for a 10 Nm  moment. 
Since  the  disc is viscoelastic in nature, it also  exhibits time-dependent properties such as 
stress relaxation, creep, and hysteresis. 

EPIDEMIOLOGICAL STUDIES RELATING MECHANICAL 

FACTORS TO DISC  DEGENERATION 

The outcome  of epidemiological studies  linking the degenerative  changes to mechanical 
factors has been blurred by the fact that there  are  a multitude of factors that can lead to 
low back pain. For example, it is well known that psychological factors often play  a role 
in people complaining of pain or illness. In terms  of  spinal pain, workers' educational 
level (low), socioeconomic  status (insufficient), intelligence (low), and perception of job 
performance  (unimportant) may all affect  the tendency to miss  work from low back pain 
(Bobechko  and  Hirsch, 1965; Westrin,  1973;  White and Panjabi, 1990).  Employees  who 
think their work  is  stressful, anxiety causing, or physically  challenging  also have in- 
creased  occurrence  of low back pain (Frymoyer et al., 1985; Keegan, 1953; Keim, 1973; 
Magora, 1970; White and Panjabi, 1990). In addition to these  factors  another issue that 
complicates its delineation is thc observation that in some people, despite  the  evidence  of 
severe  degenerative  changes on radiographs, there is no pain and vice versa. 
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There  are  many  epidemiological  factors which have been correlated with an increased 
incidence of low back pain. White and Panjabi (1 990), based on a  survey  of  epidemio- 
logical literature, concluded that driving  motor  vehicles  (especially trucks and heavy 
equipment),  being male, and  working as a  materials  handler  are well established  risk 
factors for low back pain. These  authors  also indicated that jackhammer use, emotionally 
stresshl occupations, and sedentary occupations  are  probably risk factors  for  low  back 
pain, but research has been less conclusive on these correlations. Numerous  authors  have 
suggested that driving earth  moving  equipment or tractors  poses an increased risk of  low 
back pain. Christ  and  Dupuis  (1966)  determined that pathological  radiographic  changes 
in tractor  drivers occurred 61 per cent  of  the  time  when  tractor  driving over 700 hours per 
annum  and 94 per cent  of  the  time  when  tractor driving over 1200  hours  per  annum. The 
literature also  suggests that 70 per cent of heavy-equipment users have low back pain 
(Cremona,  1972).  Backman  (1983)  found that 40 per cent of bus  drivers  have low back 
pain. Based on a  survey  of 57 000 occupational drivers, Heliovaara (1987) found that 
they were at high risk  for  lumbar  disc herniation (about  1 per cent were hospitalised for 
it) when compared to a  control  group.  Whole body vibration  has  also been implicated as 
a risk factor by researchers. Seidel and Heide (1 986) reviewed 185 articles  resulting in 
43 000 workers and 24 000 controls and found that there  is an increased risk of  spinal and 
peripheral nervous system  injuries following intense, long-term whole body vibration that 
exceeds  the IS0  Exposure Limit (ISO, 1985). Behrens et al. (1994) reported the highest 
prevalence of back pain and injury-related back pain from repeated work activities per- 
formed while subjected to whole body vibration. Kelsey and Hardy (1975) found that 
male truck drivers have five times  the  risk  of  lumbar  disc  herniation  than non-driving 
men, probably from the  continual  sitting and vibrational exposure that is required for 
truck driving. Another significant finding was that a  reduction in the stiffness  of  the 
suspension of Grand Prix race cars significantly decreased  the incidence and severity of 
driver low back pain. This may be evidencc that shock and vibration are  factors  contrib- 
uting to low back pain (Burton  and  Sandover,  1987). 

Other  epidemiological  studies have also  made  important  contributions  towards under- 
standing low back pain aetiology. Many tasks  can  cause  the  onset  of low back pain in 
material handling jobs (ordered in decreasing frequency of  causing low back pain): lift- 
ing, pulling, pushing, carrying, and lowering.  Bending,  twisting, falling, and slipping are 
also significant risk factors to low back pain onset  (Cady et al., 1979a; Snook et al., 1978, 
1980; White and Panjabi, 1990). Nurses have high low back pain incidence  because  of 
the heavy physical  activity often needed to manipulate  the patient and due  to  the  common 
occurrence  of  sudden,  awkward lifts (Royal College of Nursing, 1980;  State of Califor- 
nia, 1980;  State  of  Wisconsin,  1973;  White and Panjabi, 1990). 

It becomes  clear from the  above  review that mechanical  factors do contribute to disc 
degeneration.  The next section  provides  a very brief description  of  the  degenerative 
changes that occur with time. It is not practical to isolate the  contributions  of the mech- 
anical factors vis-&vis the purely age-related changes in the  disc. In some  people  disc 
degeneration occurs without accompanied instability,  pain, and other associated  disorders, 
while in others it does not present any  clinical  symptoms that necessitate an intervention. 

S P I N A L  DEGENERATION 

The process by which disc degeneration occurs  is  slow and is a  cummulative effect of 
many factors,  including  mechanical  environment,  over time. Men start to show  signs of 
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degeneration in their 2Os, while  women begin to have  degeneration  occur in their 30s. 
At  the  age  of 50, in both males  and  females,  97  per  cent  of  the  lumbar  discs  have 
degenerated. The discs  of  the  lower  lumbar  region  (from  the third lumbar vertebra to the 
sacrum) become the most degenerated with age (Miller et al., 1988). According to Kirkaldy- 
Willis (1983), the first stage in the  spinal degeneration is spinal  dysfunction without 
instability. The second  stage still has a  mobile  nucleus, but the spine  has  become  unstable 
and has an increased risk of prolapse  when  subjected to trauma.  During the third stage, 
the  spine  becomes restabilised due to ligament calcification and osteophytes. The disc 
degeneration  can be assessed as alterations  in  the  appearance and in the  chemical  com- 
position of the involved structures, and structural  behaviour at the macroscopic level 
(biomechanics). 

To characterise  the  amount of disc degeneration based on morphology, a standard 
classification was developed  by  Rolander  (1966). The nucleus  of  a  disc with a  degenera- 
tion grade  of 1 is shiny white and macroscopically normal without any structural damage. 
The  nucleus  appears  gelatinous and separate from the  annulus fibrosus. Discs with a 
degeneration grade of 2 have a normal appearance  (including  a  distinct boundary between 
the  nucleus  and  annulus) with a  more fibrous structure in the  nucleus and sometimes  a 
yellowish colour.  This  type of disc is normal  for  higher  age  groups. Discs with a degen- 
eration  grade of 3 have clear deterioration of the central structures  of  the nucleus (which 
is much drier than normal and usually discoloured), sometimes fissures in the  annulus, 
and  a non-distinct boundary between the  nucleus and annulus.  This  disc  type is slightly 
degenerated causing hydrostatic  conditions  that  cannot  be  maintained. Discs with  a de- 
generation  grade of 4 are very degenerated and have  marked  changes in the  nucleus as 
well as the  annulus fibrosus, with  ruptures and sequestra in the  nucleus or the  annulus 
and/or scarring of the  nucleus. 

From a chemical perspective, disc degeneration starts  with  a  change in the balance 
between normal protein polysaccaride  and  its  dcpolymerisation  (Naylor, 1976). As 
depolymerisation  increases,  the  nucleus  increases its fluid uptake, which causes increased 
intradiscal tension (which  Charnley theorised to cause backache). The three different 
types of disc  degeneration noted were  normal disc degeneration, subacute or chronic 
symptomatic degeneration, and acute  prolapse  of  the  disc  (with different degrees  of 
degeneration).  These three types  of  disc degeneration begin with this disturbed protein 
polysaccaride equilibrium leading to increased intradiscal pressure as described above. 
For normal disc degeneration and subacute or chronic symptomatic degeneration, this 
equilibrium  is re-established at a  lower level before  degenerative  processes  begin. 

Normal disc degeneration happens  after repeated cycles  of  abnormal protein synthesis 
with  increased  collagen fibrillation. This may explain the cyclic onset  and remission of 
low back pain. This  cycling  causes  disc  scarring,  excessive nuclear degeneration, and 
disc rigidity. Therefore,  the  disc  cannot  produce  tension or prolapse.  This type of degen- 
eration may or may not be  accompanied by spinal  pain.  Subacute or chronic  symptomatic 
degeneration is caused by altered  disc  biomechanics. Damaging stress  produces disrup- 
tion and/or failure of  the  annular fibres. Over time, this  process may cause prolapse of  the 
nucleus and/or some  of  the  annulus.  Intermittent  spinal  pain  occurs  before herniation in 
this process. Acute  disc  prolapse is when the disc progresses directly from the initial 
protein  polysaccharide  imbalance to nuclear or annular  prolapse.  This type of degenera- 
tion may or may not be  accompanied  by  spinal pain. 

Some  of  the biomechanical changes  associated with disc degeneration are  as follows. 
Spinal flexibility initially increases  but then decreases  when degeneration becomes 
advanced  due to decreased  disc height (Panjabi, 1996). During compressive  loading  a 
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degenerated disc is stronger than a normal disc, which indicates that the  aetiology  of  disc 
herniation is not excessive  compression  (Virgin, 1951). A  degenerated  disc  bulges  more 
(Roaf,  1960), is less viscoelastic (Kazarian,  1975),  and  has  a lower average failure torque 
than  a  normal  disc  (Farfan et al., 1970).  With  the  progression  of  disc  degeneration, 
anteroposterior translation increases and axial rotation increases (Panjabi et al., 1982). 
Unlike young, healthy discs, the  lamellae in the central portion of the annulus in degen- 
erated discs  bulge medially towards the nucleus  (Yasuma,  1990; Yasuma et al., 1986). 
According to experimentation  (McNally and Adams,  1992) and finite element models 
(Kurowski and Kubo, 1986; Laible et al., 1993; Shirazi-Ad1 et al., 1984), this annular 
behaviour changes  the load distribution  across the disc causing the annulus to undergo 
non-physiological compression  (Hendry,  1958; Hirsch, 1951; Hoof, 1964;  Lyons et a]., 
1981). Disc remodelling occurs in response to these altered stresses (Hoof, 1964; Pritzker, 
1977). This remodelling is theorised to cause fibrocartilage to grow rapidly in the  inner 
annulus, as revealed by animal  (Lipsom  and Muir, 1981) and disc pathology studies 
(Yasuma, 1990; Yasuma et al., 1986). Degenerated spinal motion segments have a  smaller 
intervertebral foramen  than  normal  specimens due to the  decreased  disc height (Panjabi 
et al., 1983).  Combined  compression and lateral bending produces  the largest disc bulge 
(Reuber et al., 1982). 

As the two main load bearing structures in a normal spine,  the  disc and facets  show 
degenerative  changes that may lead to chronic low back pain (Goel and Weinstein, 1990; 
Herzog, 1991; Modic and Ross, 1991; Saal et al., 1990). The  annulus may undergo 
circumferential tears, rim lesions adjacent to the  endplates  (delamination),  and radial 
tears over time (Garfin and Ozanne,  1991;  Goel et al., 1995). As  a  person  gets older the 
gel-like nucleus  changes into a  granular  structure, and the number  of distinct layers in the 
annulus fibrosus decreases. Furthermore, the  nucleus and annulus interface becomes  less 
evident with age  (Andersson,  1992; Kelsey et al., 1984a; Shirazi-Adl, 1989). The  chem- 
ical composition  of  the  disc  also  changes as a person gets older. Degeneration may change 
the ratio of type I and type 11 collagen in the  disc  (Brinkley-Parsons and Glimcher, 1984; 
Eyre and Muir, 1976). Disc metabolism may also  change in degenerated discs  (Kang  and 
Stefanovic-Racic,  1997). An increase in cellular  synthesis of matrix  metalloproteinases, 
which lead to matrix degradation, has also been found in degenerated discs  (Kang and 
Georgescu, 1996; Liu et al., 1991; Sedowofia et al., 1982). Hydration decreases,  the 
annulus  collagen network becomes less organised, and proteoglycan content may de- 
crease  (Urban,  1992). All of  this may lead to a  loss of disc height and osteophyte 
formation later on. In  early  stages  of  capsular ligament laxity,  changes in the  facets 
involve synovial reaction and cartilage destruction. In later stages, degeneration progresses 
to subluxation  of  the  facets with osteophyte  formation.  Other observable changes  include: 
annular bulging, calcification, stenosis, facet joint disease,  spondylolisthesis, and liga- 
mentous hypertrophy. The degenerative process is believed to be a cause of low back pain/ 
sciatica (Hanley,  1991). Disc bulge can cause nerve root impingement  and irritation. Low 
back pain has been theorised to occur  from  continuous rubbing of  the nerve on the bulg- 
ing disc  (Breig,  1978).  Investigators  have related the symptoms of sciatica to nerve root 
compressiodirritation. 

L O A D S   A N D   L O A D   T Y P E S  ON T H E   S P I N E  IN T H E   W O R K P L A C E  

The  lumbar  disc is subjected to high compressive  loads  during normal activities.  This 
is because  the  centre of gravity of the trunk is anterior to the  lumbar region, resulting in 
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Table 14.1 Compressive load on the L3 disc during normal activities. 

Activity Load (N) 

Supine 300 
Standing 700 
Walking 850 
Twisting 900 
Bending sideways 950 
Straining I200 
Bending forward 20' 1200 
Active back hyperextension, prone 1500 
Bending forward 20' with 22 Ib in each hand 1850 
Lifting 44 Ib, back straight, knees bent 2 100 
Lifting 44 lb, back bent, knees straight 3400 
Sitting upright, unsupported 1000 
Sitting, loo", seat inclined, 4  cm lumbar support 450 
Sitting, loo", seat inclined and armrest 400 
Rising, without arm rest, maximum value 1000 
Rising, with arm rest, maximum value 700 
Sitting, office chair 500 
Sitting, office chair, 20 N arms extended 700 
Sitting, forward bent 20", 100 N each hand 1400 

(From Nachemson, 1963, 1965, 1975, 1987). 

a  moment  in  the  sagittal  plane. Large muscle  forces  are applied to the posterior ele- 
ments to balance  this  moment that results in a large compressive reaction force in the 
disc. Table  14.1 shows the loading on the third lumbar  disc  (L3)  during  various  activities, 
which Nachemson (1 963, 1965, 1975,  1987)  measured  by inserting a pressure transducer 
into  the  center  of the disc i n  vivo. As  seen from the  table, relatively high compressive 
loadings occurred in the  disc  during lifting, sitting, flexion, and  hyperextension. 

A  number  of  authors have predicted the  lumbar  disc  compression and shear  forces 
during different sagittally  symmetric and asymmetric  lifting  scenarios.  Table  14.2 re- 
views symmetric lifting data, while  Table  14.3  reviews  asymmetric lifting data (Hooper, 
1996). There is obviously a  wide variation in disc  loading  values  due to the differences in 
tasks performed, load lifted, etc. 

In Hooper's work (1 996) on the  consequences  of  asymmetric lifting on external and 
internal loads between the  third and fifth lumbar vertebra (L3-L5), he found  the  max- 
imum disc  forces  occurring at L3-L5 during three different types of asymmetric, 90 N 
lifts: lifting straight up (0" rotation) and setting  the  load down, lifting and rotating 45" 
before setting  the load down, and lifting and rotating 90" before setting  the load down. 
His  results  are  shown in Table  14.4. 

Another study by Bolte et al. (1998)  examined  the  spinal  loading while lifting a large 
recycling barrel which required the barrel to be lifted well above  chest height. I t  was 
found  that the compressive  forces on the  disc increased as the  weight  of  the barrels 
increased. The  compressive loadings on the disc for  the three weights  of barrels (90, 135, 
180 N) ranged from about  3700 N to  4700 N, while the  anteroposterior  shear which 
occurred was about 700 N. 
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Table 14.2 Review of sagittally  symmetric lifting tasks. 

Authors (date) Type  of lift Load (N) Model Flexion moment, Disc comp., Disc level 
lifted external (Nm) Internal (N) 

Eckholm et al. 
(1982) 

Leskinen et al. 
( 1  983) 

Freivalds et al. 
( 1984) 

Leskinen (1985) 

McGill and 
Norman (1985) 

Buseck et al. 
( 1  988) 

Bush-Joseph 
et al. ( 1988) 

Schipplein et al. 
( 1990) 

Gagnon  and 
Smyth (1991) 

Hanley ( 199 1 ) 

Tsuang et al. 
(1992) 

Leg 

Leg 

Back 

Back 

Leg 

Leg 

Back 

Arms out 

Free 
Leg 

Leg 
Back 
Free 

Free 

Lift 
Lower 

Leg 
Back 

Free 

I26 

147 

Max. 

147 

177 

250 

150 

50-250 

32-2 I6 

0-180 

150 

S 

D 

D 

S 
D 
S 
D 

S 
Q 
D 

D 

D 

D 

D 

D 

S 
Q 
D 

160 
217 

NiR 

N/R 

N/R 

232 
345 
276 

354 
339 

N/R 

344 

N/R 

112 
161 

210 
250 
310 

3461 
4390 

5866 
6365 

6000 to 
7000 

4033 
5866 
4033 
5866 

5218 
N/R 
639 1 

N/R 

18% BW 
17% BW 
17% BW 

N/R 

NIR 

765 
60 1 

N/R 

L5-S 1 

L5-S 1 

L5-SI 

L5-s I 

L4-L5 

L5-s 1 

L5-S 1 

L5-s 1 

All major 
joints 

L3-L4 

L5-S 1 

~- ~ ~ 

BW: body weight, N/R: not reported, D: dynamic, S: static, Q: quasistatic. 
L3-L4 = between the thlrd and fourth lumbar vertebrae. 
L4-L5 =between the fourth and fifth lumbar vertebrae. 
L5-Sl =between the fifth lumbar and first sacral vertebrae. 
(From Hooper, 1996). 

The  cascading  degenerative process is often the result of  cumulative  damage to the 
spinal  components induced by chronic  loading  (Goel  and Weinstein, 1990). Many situ- 
ations may cause  chronic loading. For example,  during  the heavy physical work prevalent 
among blue collar  workers, lifting not only induces large axial compressive  forces  across 
the motion segment, but tends to be associated with twisting and bending of the trunk 
(Andersson, 198 1 ; Brinckmann and Porter, 1994; Chaffin and Andersson,  1984; Chaffin 
and Park, 1973; Damkot et al., 1984; Frymoyer et al., 1983; Kelsey and White, 1980). The 
other major class of loading situations associated with low-back pain is static loading influ- 
enced by posture (Anderson, 1987; Wood and Badley, 1987). Backache appears to occur 
with increased frequency in those with sedentary occupations (such as  jobs involving 
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Table 14.3 

Author (date) Task Weight External Int. disc Internal Int. disc Level 

Review of asymmetric lifting tasks. 

(N) moments lateral disc comp. A/F' shear 
(Nm) shear 

Kromodihardjo Sym. and 292 
and Mital (1987) asym. lift 262 

Jager and Asym. 392 
Luttmann (1992) lift 

Gagnon and Asym. 114 
Gagnon (1992) lift and 

lower 

Hooper and Sym. and 90 
Goel ( 1994) asym. 

lifts 

-90-360 F Shear 4706 395 L5-s I 
-210-240 LB forces 3751 529 
-60-70 AT lumped 

325 F 200 6000 900 I,5-S I 
50 LB 
100 AT 

139 F N/R N/R N/R L5-S 1 
54 LB 
31 AT 

181 F 74 4122 1142 L3-L4 
86 LB 139 4406 1134 L4-L5 
29 AT 

NIR: not reported, F: flexion, LB: lateral bending, AT: axial twist. 
L3-L4 = between the third and fourth lumbar vertebrae. 
L4-L5 =between the fourth and fifth lumbar vertebrae. 
L5-S 1 = between the fifth lumbar and first sacral vertebrae. 
(From Hooper, 1996). 

Table 14.4 Mean maximum disc forces at L3-L4 and L4-L5 while lifting 90 N 
(quasi-static) in asymmetric postures. 

Asymmetry wrt 0" 45 90" 
sagittal plane Mean loading (N)  Mean loading (N) Mean loading (N) 

A t  disc L3-4 
Lateral shear 35.4 
Comp. 3764.7 
N P  shear 944.4 
Flex 19.8 
Twist 0.2 
Lateral bending 1.7 

At disc L4-5 
Lateral shear 43.9 
Comp. 3483.4 
AIP shear 662.2 
Flex 21.5 
Twist 0.2 
Lateral bending 0.9 

55.5 66.8 
3899.2 3990.4 
1017.8 1031.5 
21.3 22.0 
0.5 0.7 
4.5 6.3 

91.9 
4142.3 
1000.0 
23.1 
0.5 
2.4 

146.7 
4290.3 
1058.5 
23.9 
0.7 
3.4 

(From Hooper, 1996). 
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prolonged  sitting)  and in people  whose  work  involves  bending  over.  Vibration from 
activities  like  vehicle  driving may also  compound the problems  caused  by  prolonged 
sitting (Chaffin and  Andersson,  1984). 

The  above  review  suggests that in a normal healthy  person  the major load on the 
ligamentous  spine is axial compression  followed by A-P and lateral  shear  forces  and 
bending  moments,  especially  when  the  muscle function that protects  the  ligamentous 
spine is suboptimal.  In  addition to this  the  spine  is  exposed to chronic vibration and loads 
that are repetitive in nature. The next  section  describes  the  manner  in which these  types 
of loads may lead to degeneration from a  mechanical perspective. 

BIOMECHANICAL BASIS  FOR DISC DEGENERATION 

Axial forces  experienced by a vertebra in vivo are  of  sufficient  magnitude to induce 
fatigue  fractures in the bony elements  of  the motion segment  (Saal et al., 1990). Finite 
element model based  studies have revealed that under axial compression  the  disc may be 
damaged as well.  According to these  analyses  the intervertebral discs bear most  of  the 
load with a  small  contribution  by  the facets. At higher compressive loads, however, the 
inferior facet  could  also  contact  the lamina of  the vertebra below, suggesting an increased 
role of the  facets in resisting the  loads (Shirazi-Ad1 and  Drouin, 1987; Yang  and King, 
1984). In axial compression  failure occurred first in the  endplate  (and then the annulus) at 
the  junction of the annulus and endplate in the posterolateral region (Natarajan et al., 
1994). Farfan (1973) believed that compression failures of  the vertebral endplates  pro- 
moted disc  degeneration. The adult disc is avascular, and  endplate  microfractures  can 
result in vascular ingrowth and  subsequent  formulation  of granular tissue or callus.  The 
callus  formed  during  the healing process may lead to a  decrease in the difhsion area for 
the nutrition of  the  disc.  As  a result, the chemistry of the  disc  and  the  mechanical beha- 
viour of  the  constituents may be  altered. 

Separation of laminae is also an indication of disc degeneration.  Interlaminar  shear 
stresses (ILSS) can lead to laminae separation. In response to an axial compressive load 
of 413 N, a  maximum ILSS of 270 kPa  was predicted in the posterolateral region of an 
intact disc, which is  consistent with observations that annular tears originate in the 
posterolateral region of  the  disc (Goel et al., 1995). A partially or totally denucleated disc 
(often  used to simulate  disc degeneration in  biomechanical testing) can also lead to 
laminae separation (Goel and Kim,  1989; Kim, 1988; Kim et al., 1988; Shirazi-Adl, 
1992). The  effect of a radial incision of  the  annulus  in the posterolateral region was an 
increase in radial disc  bulge and interlaminar stresses  compared to the no injury case 
(Goel et al., 1995).  A significant increase in interlaminar stresses did not occur until 
approximately 70 per cent of  the  annular depth had been compromised,  however.  There- 
fore, in the  presence  of  the  chemical and structural changes that occur with aging, ILSS 
may be an important cause  of further degeneration due to laminae separation. This weakens 
the disc and will hasten the herniation of  the  nucleus and other  degenerative  processes. 

Cyclic  bending  of  a  ligamentous  spine,  subjected to a  ‘small’ flexion bending  moment, 
led to a  tangible  increase  in motion in  the  extension  mode in comparison to  the intact pre- 
fatigued spinal  behaviour (Goel et al., 1988a). This finding suggests that a partial loosen- 
ing of the disc  structure had occurred. The examination  of dissected discs revealed 
fissures in the  annulus of a  few  specimens. 

Finite element  analysis has also verified that the ligaments are the means  of  load 
transfer in flexion (Kim, 1988). Therefore, the  ligaments  experience large strains in 
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flexion and  are  vulnerable to rupture. It was  found that during  flexion the major load 
bearing elements (up  to  7"  of flexion) are the  disc and the ligaments. Beyond 7" of  flex- 
ion, however,  a large percentage of load is  borne by the  facets. If, for any reason,  the pro- 
tection provided by the  muscles  reaches  its peak or experiences  a  decrease  (for  example, 
due to disc  degeneration,  chronic  muscular fatigue, or inappropriate posture or load), the 
ligaments may be called upon to carry higher than normal loads. In such  a  scenario the 
capsular Iigaments/facets and the  disc may be overloaded and thus may become  a  source 
of low back pain  (Goel et al., 1987). 

The testing of hyperflexed  specimens in the axial compressive  mode  (flexion bending 
plus cyclic axial load) resulted in disc  prolapse in younger spinal  specimens  (Adams and 
Hutton, 1982a). Wilder et al. (1988)  observed  disc herniation in 75 per cent of  calf  spinal 
segments tested under repetitive combined flexion, lateral bending, axial compression, 
and a  constant axial torque, but no older  human  specimens  herniated in this  scenario. 
Shirazi-Ad1 ( I  989), Stokes and Greenapple (1989, and Stokes  (1987)  have  also  called 
attention to the vulnerability of  the posterolateral portion of  the disc. Under  simulated 
loads  representing heavy symmetric and asymmetric lifts, maximum  annulus fibre strain 
occurred posterolaterally in the innermost annular  layer. 

When cyclic axial twist (torsional loads) was  applied to in vitro specimens, they 
exhibited  discharge  of synovial fluid from the  apophyseal  joint  capsules at some  stage 
during  testing (Liu et al., 1985). For specimens in which axial rotation exceeded 1.5", 
bony failure  of  the  facets and/or tearing of  the  capsular ligaments was  observed.  Cyclic 
torsional  loads may lead to weakening and improper  functioning of the apophyseal  joints 
and disc. In the  absence of synovial fluid the  facet joint may exhibit more bony contact 
and higher friction.  These  factors  are likely to trigger degenerative  changes  of  the facets 
and/or the disc, in agreement with the work of Farfan et al. (1970). 

Prolonged sitting postures, alone or in association with vibration exposure, increase 
the risk of low back pain (Anderson, 1992; Chaffin and Anderson, 1984). From a bio- 
mechanical viewpoint the primary load induced on the spine, as a result of a prolonged 
seated posture, is a  'constant' axial compressive  load.  As  a result of  this  sustained loading 
the viscoelastic (creep and relaxation) properties of the disc  and to some extent those of 
the vertebra may be altered (Goel and Weinstein,  1990; Hansson et a/., 1987; Shirazi-Adl 
and Drouin, 1987; Simon et a]., 1985). Furlong and Palazotto (1983) formulated viscoelastic 
axisymmetric finite element  models  of intact and  denucleated discs. Radial stress  along 
the  annulus periphery increased with time. It is very likely that, under chronic  conditions, 
the degree of alteration may become so severe that any  sudden  activity undertaken by a 
subject  after prolonged sitting (like lifting a  heavy load) may lead to disc  prolapse. 

The seated vibration environment is associated with low back  pain production (Sandover, 
1981). The resonating  frequency  of  the  lumbar  spine in response to vibration has been 
found to be about 5 Hz,  ranging  from about 4 to 6 Hz (Dupuis,  1974;  Goel et a/,, 1988b; 
Panjabi et al., 1986; Pope et al., 1986; Wilder and Pope, 1996;  Wilder et al., 1982a), 
based on findings from in vivo testing of seated and  standing  subjects, in vitro lumbar 
spinal  segment testing, and finite  element  analyses.  Since  this  is  the frequency at which 
most cars vibrate, driving is a risk factor. Drivers  of  cars which resonate at a frequency 
out of  this range (Swiss and Japanese) have a lower occurrencc  of  disc herniation than 
people  who drive typical cars that resonate around 5 Hz (Kelsey et al., 1984a). Postures 
that are very common in the occupational work place  (lateral  bending  and axial rotation) 
lead to greater transmission of vibrations (Wilder et al., 1982a,  1985).  Pope et 01. (1991) 
found  that  greater intervertebral rotations and translations occurred at 5 HZ,  confirming 
the  effect  of the resonant frequency. 
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Other  aetiologies  of low back pain caused by vibration have also been investigated. 
Sitting, which flattens lumbar  lordosis and shifts  the line of force  of  the  spine to a  point 
posterior to the  effective pivot point of the ischial tuberosities, causes an increased 
moment arm during vibration that may cause additional pelvic  rocking  and  may  amplify 
vibration (Chaffin and  Andersson, 1984). Ligaments have been shown to become  softer 
and weaker from fatigue due to vibrational loading  (Hertzberg  and  Manson, 1980; Riddell 
et al., 1966; Wiesman et al., 1980).  The  combination  of  imposed lateral bend vibration 
and the flexion-extension response caused by vertical vibration  poses the most  severe 
mechanical  environment  for  the  lumbar  disc  because  of the greater potential for stretch- 
ing the  posterolateral  region, the most  common  region  for  disc  herniation  (Wilder,  1990; 
Wilder et al., 1982b). Pope e? al. (1985)  showed  that  measurable fatigue, based on a 
decrease in median  frequency  of  electromyographic  activity, occurred in back  muscles 
during  a helicopter vibrational simulation.  Due to the vibrational environment fatigued 
back  muscles  are not able to protect the  spine  from  adverse loads. At many frequencies 
the muscles’ responses are so completely out of  phase that their forces are added to the 
stimulus. 

Goel e? al. (1988b) found that an increase in load occurs  across the disc at the  resonant 
frequency.  This may explain  the  pathophysiology of seated whole-body vibrations. This 
study found that at resonating frequency, the  displacement  of  the third lumbar vertebral 
body increased by  a factor of three, compared to the  static case. The  corresponding 
increase in nucleus pressure was  about  150  per  cent  of  the  static  case  (although these 
increases are  dependent on the  damping ratio assumed  for  the model). Since  nucleus 
pressure indicated the load imposed on the  spine,  the  results suggest that the  spine is 
likely to experience  excessive  loads.  The  chronic vibration-induced loads may lead to 
low back pain over time. 

A  combined finite element and optimisation  approach was developed to investigate the 
effects  of muscle dysfunction on the  biomechanics of the ligamentous  spine under five 
quasi-static back  lifting  conditions  (Kong et al., 1996).  Muscle  ‘dysfunction’  was  simu- 
lated by decreasing  the  computed  muscle  forces. At higher loads and/or  at larger flexed 
postures, muscles  were  found to play a  more  crucial  role in stabilising the spine, as 
compared to the  passive  structures.  Muscle ‘dyshnction’ destabilised the spine,  reduced 
the role of  facet joints in transmitting  load,  and  shifted  loads to the  discs and ligaments. 
Therefore,  muscle ‘dyshnction’ disturbs the normal functioning of other spinal  compon- 
ents  and may cause  spinal  disorders of the disc. 

P R E V E N T A T I V E   M E A S U R E S  

The  above review suggests that mechanical  factors do play a role in the  degenerative 
process.  Thus, it would be beneficial to reduce  the  effects  of loads on the spine by 
reducing the  magnitude  of loads on the  disc, limiting the  extent  of  chronic  exposures, etc. 

Physicians and safety professionals recommend  squatting  posture (straight-back and 
bent knees) instead of  a  stooped (flexed spine)  posture  when lifting a load from the floor 
(Adams and Hutton, 1982b; Asmussen et al., 1965;  Ayoub and El-Bassoussi, 1978; Goel 
and Weinstein,  1990; Leskinen et al., 1983; White and Panjabi, 1990). Squat lifting is 
preferred over stoop lifting because  the load is transferred to the  legs which are  stronger 
than the back, the load is closer to the body (closer to the  lumbar  spine), if the  dimensions 
of  the  load  are not excessive,  resulting in a  smaller  moment arm (Bendix  and  Eid,  1983; 
Goel and Weinstein, 1990; Troup et al., 1983; White  and Panjabi, 1990), the ligaments of 
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the low back are  subjected to less maximal strain  (Anderson,  1983;  Poulsen, 19811, the 
compressive  loading on the  spine  becomes relatively small  (Ayoub and El-Bassoussi, 
1978;  Goel and Weinstein,  1990; Leskinen et al., 1983; White and Panjabi, 19901, and 
motion is relatively restricted to the sagittal plane so that the  spine  undergoes  very little 
rotation or lateral bending  (Troup and Edwards, 1985). All researchers  seem to agree that 
a load should be lifted or carried as close to the body as possible  and that a load should 
be lifted with a  slow,  controlled method. 

There  is  significant association between low back  pain and lifting improperly with  a 
flexed spine (straighter legs) instead of lifting properly using a  squatting  technique  (White 
and Panjabi,  1990). When performing lifting with  spinal flexion, the load has been shown 
to be supported by the ligaments (EMG  signal  dropout), referred to as flexion-relaxation 
(Floyd and Silver,  1955).  Adams  and Hutton (1982b)  found that the  lumbar  spine  was 
most at risk in the lordotic posture and when bending forward. Bending forward  wedges 
the  lumbar  discs, rendering them vulnerable to fatigue injuries during heavy labour. 
Excessive flexion can cause posterior ligament  damage which, followed by a  strong 
contraction  of the back muscles, can lead to a prolapsed disc. Axial torsional loads 
applied to failure  caused  fractures adjacent to the  facets  and ultimately failure of the 
interspinous ligaments. Ligament failure may be another  cause  of low back  pain. 

During squat style lifts, nearly all Olympic  competitors  preserve moderate lordosis 
(McGill, 1990). The annulus  is most resilient against  compressive load when in its ‘neut- 
ral’  posture  (neither flexed nor  extended).  This is the  only position where all the annular 
fibres bear  equivalent  load and stress  is  equalised (Hickey and Hukins, 1980). When 
compression  is  applied to a flexed disc,  anterior  annulus fibres become disabled and 
transfer their share  of  supporting responsibility to the  posterior  annulus.  This may explain 
the preservation of  lordosis  during heavy lifts  although  other  mechanisms  such as main- 
tenance  of muscles at optimal force generating  lengths  also result from normal lordosis. 
In addition, facet contact has been suggested to bear significant load when lordosis is 
maintained  (Adams  and Hutton, 1980). 

Researchers  disagree on whether increased intra-abdominal pressure increases or  de- 
creases intradiscal pressure. McGill (1990), Krag et al. (1986),  Nachemson and Morris 
(1 964), and Nachemson et al. (1 986)  found that intradiscal pressure increased and  erector 
spinae  activities did not decrease with an increase in intra-abdominal pressure. In order to 
meet the  requirements  of  the net low back moment during  a squat lift, additional extensor 
activity  is necessary to offset the flexor moment  produced by the abdominals.  This 
creates  a  double  contribution to spinal joint  compression from the  abdominals and exten- 
sors  (McGill,  1990). It seems  that  the  spine  prefers to sustain increased compression 
loads if spinal stability is increased. An unstabilised spine  buckles under a very low 
compressive load, about 20 N  according to Lucas and Bresler (1 96 1). Individual muscle 
components  exert lateral and anteroposterior  forces on the  spine  (like guy wires on a 
mast) to prevent  bending and compressive buckling. Activated abdominals  also  change 
the trunk  into  a rigid cylinder to prevent  buckling and support shearing  through  the 
abdomen.  Therefore, intra-abdominal pressure  is not a direct reducer of spinal compres- 
sion but is used to stiffen  the  trunk and prevent tissue  strain and failure due to buckling 
extensors (McGill, 1990). Abdominal  belts worn during material handling or weight 
lifting increase intra-abdominal pressure, but their utility has not been  thoroughly  proven. 
McGill et al. (1 990)  found  that from the muscle activity and intra-abdominal pressure 
data obtained during  short duration lifting, they could not justify  mandatory  abdominal 
belt use in workers. If abdominal  belts really do prevent low back pain, the belt  functions 
as a  stiffening  device  for  the trunk, the  lower  lumbar  spine, and lumbosacral joint, 
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thereby preventing overall structural failure  of  the  lumbar  spine  during  lifting.  Whether 
the  abdominal belt works  through mechanical or psychological factors  is  also  being 
debated. 

Intra-abdominal pressure has been compared in pushmg, pulling, and lifting. Researchers 
found that the largest intra-abdominal pressures  occurred  when  pushing  due to rectus 
abdominis tension, while the smallest  pressures occurred when pulling due to back  muscle 
tension (Davis and Troup,  1964).  Since  the rectus abdominis  has  a  much larger lever  arm 
than the erector spinae muscles, its spinal bending moment and force requirement is smaller. 
Therefore, the load on the  disc  is  less  during  pushing than pulling  (White and Panjabi, 
1990). This  is why workers who manoeuvre  dollies or gurneys frequently (retail workers, 
warehouse workers, nurses, etc.) are  told to push  them instead of pull. 

Experimental  studies have shown that a reclined, slightly  extended  posture  unloads  the 
spine by lowering intervertebral pressure and paraspinous  muscle  activity  (White  and 
Panjabi, 1990). The optimal seat type and  backrest  angle,  minimising intradiscal pressure 
and paraspinal muscle  activity  was  found to be having the backrest reclined at 120" and 
the  lumbar support located at 5 cm.  The greatest intradiscal pressure was observed when 
sitting with no lumbar support and the backrest at 90" (Andersson et al., 1977). Another 
study found that lumbar support affected  lumbar  lordosis  the most, while the  angle  of  the 
backrest affected disc  loads  the  most  (Andersson et al., 1979).  This  study  also  found that 
as backrest  angle increased, more body weight was placed on the backrest, which caused 
a reduction in loading  across  the  disc and less  erector  spinae force to keep the  spine 
upright. A different study (Kelsey and Hardy,  1975) found that vehicle  drivers  are at risk 
for  sciatica.  Since  this  study  showed that a  chair with arm rests and lumbar support 
decreases intradiscal pressure, drivers  who  are having low back pain should  use  vehicle 
seats with these two features. As described earlier, the fatigue in muscles after  vehicular 
vibration indicates the magnitude  of loads in the muscles. Therefore,  avoiding lifting 
soon  after vibration exposure is recommended. It is also  suggested  that  people  exposed to 
prolonged vibration (like  long  distance  driving) take frequent rests and  walking  breaks 
(Wilder  and Pope, 1996). 

Some  other  facts not yet discussed  in  this  chapter may also assist in the prevention of 
industrial low back pain. Since  there  is  a 50 to 60 per  cent  chance  of low back  pain 
recurring  one  year after the initial problem  (Andersson, 1981), injured employees should 
be monitored and their  condition medically managed  because  this results in better care, 
shorter  disability, and less  expense (Leavitt et al., 1972; Wiesel et al., 1980). Thc chance 
of  undergoing injury increascs by up to three times if the lifting needed for the job is 
beyond the strength capability of the worker according to isometric strength tests (Chaffin 
et al., 1978). This is why an employee returning to work involving  lifting  after having 
low back pain or injury should  participate in an extensive regimen of isometric exercises 
before  resuming  work. 

People in good physical condition have less risk of low back pain (Cady et al., 1979b). 
Isometric  endurance  of  the low back  muscles may prevent the  onset  of low back pain 
(Biering-Sorensen, 1984). Mayer et al. (1987) found that 87 per cent of chronic low back 
pain patients returned to work after rehabilitation with trunk strengthening  cxercises. 
More significantly, all of the patients  who returned to work were still there after  two 
years, which indicated a  success rate five times  the  success rate of the control. Frequent 
aerobic exercises can  produce  endorphin  secretions which help control pain and elevate 
mood.  Some physiological studies have shown that the mechanical  pumping which 
occurs when exercising  improves  disc nutrition (Holm  and  Nachcmson,  1985; Kraemer 
et a/., 1985; Urban et al., 1982). Improvement of  back  musculature  through  exercise 
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may decrease lordosis which has been shown to decrease intradiscal pressure by half 
(Nachemson, 1963). 

White  and Panjabi (1 990) listed advice  for  the  returning  worker  after  a low back pain 
episode: do not lift heavy objects, be as close as possible to the  object  being lifted, avoid 
bending,  avoid axial torsion, change positions frequently, avoid sitting in a  low  chair,  and 
use  chairs with armrests  and  lumbar  support.  These  recommendations  follow  the 
biomechanical basis of  the  effects  of  loads on the  spine, as described above. 

S U M M A R Y  

The disc  is  made up of three anatomical structures: the nucleus pulposus, annulus fibrosus, 
and cartilaginous  endplates.  These  components  allow  the disc to support significant loads, 
while  being flexible enough to allow  spinal mobility. The nucleus  pulposus is a  viscous 
gel located in the  middle  of  the disc which primarily absorbs  spinal  compressive  loading 
and  transforms it into radially directed tensile  forces in the  annulus.  The  annulus fibrosus 
surrounds  the  nucleus and consists  of  concentric, fibrocartilaginous layers (lamellae) 
embedded  in  a  ground  substance  found between the layers. The cartilaginous  endplates 
enclose  the central portion of the disc, are composed of hyaline cartilage, and allow 
nutrients and  water to flow into and out of the disc. 

Epidemiological studies have shown  that  mechanical  factors  can  increase low back 
pain which is often caused by an associated increase in disc degeneration.  Spinal degen- 
eration  occurs with age  causing the disc  and  facets to have altered  biomechanics. The 
degenerative process is believed to be  a  cause of low back painhciatica through disc 
bulge causing nerve root impingement  and irritation. Degeneration begins with spine 
dyshnction without instability and then progresses to a  state  of instability and increased 
injury risk. This flexibility is later restabilised by ligament calcification and osteophyte 
formation. 

Identifying load types and quantifying load magnitudes in the  workplace is essential 
for  a better understanding of the aetiology of low back  pain. The lumbar disc is subjected 
to high compressive loads during normal activities. Relatively high compressive  loadings 
were seen in the disc during  lifting, sitting, flexion, and  hyperextension, implicating these 
activities as having a higher risk of low back pain. Flexion combined with lateral bending 
also  produced  a relatively high  compressive  loading.  Disc  compression  is  high  during 
lifting tasks and has varied from about 4000 to 7000 N in the majority of  current  studies, 
depending on the lifting technique and model utilised in each  study. 

Many biomechanical factors influence disc  degeneration. Axial compressive  forces on 
the  spine can induce fatigue fractures  such as compression  failures  of  the  vertebral  end- 
plates. The callus  formed  during  healing may lead to a  decrease in disc nutrition, which 
also increases degeneration. Separation o f  the  laminae is also  associated with degenera- 
tion due to interlaminar shear.  A  decrease in nucleus hydration and solidification of the 
gel contents can also lead to laminae separation. Damage to the annulus in the posterolateral 
region increases radial disc bulge  and  interlaminar  stresses.  This may increase the  prob- 
ability for  subsequent prolapse. The  testing  of hypertlexed specimens  during flexion 
bending plus cyclic axial load resulted in disc prolapse. Disc herniation also  occurred in 
75 per cent  of  calf spinal segments tested under repetitive combined  flexion, lateral 
bending, axial compression,  and  a  constant axial torque. These  findings  suggest that 
combined loadings, especially flexion and lateral bending, may increase the vulnerability 
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of  the posterolateral portion of the  disc to herniation. Cyclic  torsional  loads may lead to 
weakening and improper  functioning of the  apophyseal joints and disc.  Cyclic  bending 
may cause partial loosening  of  the  disc  structure and annular fissures. Prolonged sitting 
postures, alone or in association with vibration exposure, increase the risk of low back 
pain.  As  a result of this  sustained loading, the viscoelastic (creep and relaxation) proper- 
ties of the  disc may be altered causing  the radial stress  along the annulus periphery to 
increase with time. The seated vibration  environment  is  associated with low back pain 
production. The resonating frequency  of  the  lumbar  spine in response to vibration has 
been  found to be  about 5 Hz. Due to the vibrational  environment fatigued back muscles 
are not able to protect the spine  from  adverse  loads. An increase in load  occurs  across  the 
disc at the  resonant  frequency. The combination  of  imposed lateral bend vibration and the 
flexion-extension response  caused by vertical vibration  poses the most severe  mechan- 
ical environment  for  the  lumbar  disc  because  of the greater potential for  stretching  the 
posterolateral region, the common area  for  disc herniation. At higher  loads and/or at 
larger flexed postures, muscles  were found to play a  more crucial role in stabilising the 
spine, as compared to the  passive  structures.  Muscle ‘dysfunction’ destabilised  the  spine, 
reduced the role of facet joints in transmitting load, and shifted  loads to the  discs and 
ligaments. 

In order to decrease  the  loads on the disc to prevent long term degeneration, preventa- 
tive  measures  should be taken. A squatting  posture (straight-back and bent knees) instead 
of a  stooped (flexed spine) posture should be used when lifting a load from the floor. The 
load should be lifted with a  slow,  controlled method and kept as close to the body as 
possible. Intra-abdominal pressure stiffens  the trunk and  prevents tissue strain and failure 
due to buckling by increasing  compressive  disc loading. Since  the rectus abdominis has a 
much larger lever arm than the erector  spinae  muscles, its spinal  bending  moment and 
force requirement is smaller.  Therefore, the load on the disc  is  less  during  pushing than 
pulling, so workers  who  manoeuvre  dollies or gurneys  are  told to push  them instead of 
pull.  Experimental  studies  have  shown  that  a  reclined, slightly extended  posture  unloads 
the  spine by lowering intervertebral pressure. The  optimal  seat  type  and  backrest  angle, 
minimising intradiscal pressure, is  having  the backrest reclined at 120” and the  lumbar 
support located at 5 cm. Since  a  chair with arm rests and lumbar support decreases intra- 
discal pressure, drivers who  are having low back pain should  use  vehicle  seats with these 
two features.  Since there is a 50 to 60 per  cent  chance  of low back pain recurring one 
year  after the initial problem, injured employees  should be monitored and their condition 
medically managed because this results in better  care,  shorter  disability, and less expense. 
An employee  returning to work involving lifting after having low back pain or injury 
should participate in an extensive regimen of  isometric  exercises before resuming work, 
for this  strengthens the muscles  and  thus may prevent  a  second recurrence of low back 
pain. People in good physical  condition  have  less risk of low back pain. When  returning 
to work  after  a low back pain episode,  one  should  not  lift heavy objects, be as close as 
possible to the  object  being  lifted, avoid bending, avoid axial torsion, change  positions 
frequently,  avoid  sitting in a low chair, and use  chairs  with  armrests  and lumbar support. 
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CHAPTER FIFTEEN 
~~~ 

Models in manual  materials  handling 
M.M. AYOUB AND JEFFREY C. WOLDSTAD 

I N T R O D U C T I O N  

The ergonomics approach to manual materials handling ( "H)  tasks defines a Man- 
Task-Environment System. A generally accepted means of minimising  MMH related 
injuries is to design MMH tasks so that the demands of the tasks are less than the 
capacities of the individuals performing these tasks. Task design is dependent, in part, on 
the availability of comparable data for task demands and worker capacities. The genera- 
tion of the appropriate data is dependent, in part, on being able to identify the pertinent 
capacity parameters of manual materials handling activities. 

In the past, a substantial effort has been directed at determining 'safe' lifting capa- 
cities for individuals and groups of individuals. The assumption used for these studies 
was that there is a relationship between an individual's capacity and his or her  injury 
potential.  In other words, a person with a small capacity with respect to a given task 
demand is more likely to be injured  than another person with larger capacities. For the 
measurement of a safe and permissible lifting capacity three approaches are commonly 
used. The first approach is the biomechanical approach, the second approach is the phy- 
siological approach, and the third is the psychophysical approach. These three approaches 
and the models developed using the selected criterion under each approach are discussed 
below. 

THE  B IOMECHANICAL  APPROACH 

Using the biomechanical approach, researchers attempt to model directly the  mechanical 
stresses placed upon the internal structures of the body during lifting. The goal of this 
approach is to accurately estimate how work activities stress the bones,  muscles and 
connective tissues of the body  and to predict when these stresses will  lead to damage of 
these structures. This approach is very popular in ergonomics because it closely cor- 
responds with most expert views of the aetiology of injury during manual materials 
handling (NIOSH, 1981). 

267 
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Biomechanical  models  typically  model  the  human  body as a  series  of  mechanical  links 
and joints corresponding to the  human  skeleton. Both external  forces,  needed to perform 
the work activity,  and  internal  forces, as a result of  muscle  contraction,  are  modelled  to 
estimate  the  mechanical  stresses.  Most  models  focus  on  estimating  only  a  few  mechanical 
stress  parameters related to  the injury of interest in the  analysis.  For  manual  materials 
handling  the  parameter  most  often  selected is the  compressive  force  on  the low back, 
usually  the  L5/S1  spine  segment. 

The criterion selected 

The criterion  selected in most  biomechanical  analyses  of  manual  materials  handling has 
been  greatly influenced by the  National  Institute  for  Occupational  Safety  and Health’s 
(NIOSH) guidelines  for  Manual  Lifting (NIOSH, 1981, 1994). In developing  a  biomech- 
anical  criterion,  NIOSH  arrived at the  following  three  conclusions  based upon a review  of 
the  literature  (NIOSH,  1994): 

( 1 )  The  joint between L5 (fifth lumbar)  and S1 (first sacral) is  the joint  of greatest 
lumbar  stress  during  lifting. 

(2) Compressive  force (at this joint) is the  critical  stress vector. 

(3)  The compressive  force  criterion  that defines increased risk is 3.4 kN. 

Support  for  these  assumptions can  be found in both NIOSH  documents (NIOSH, 198 1, 
1994)  and in epidemiological  studies by Herrin et al. ( 1986), Bringham  and Garg  (1983), 
Anderson (1983),  and Chaffin  and Park (1973). However recent work by Leamon (1994) 
suggests  that  more  research is needed in this  area. 

Several  other  criteria  have  been used to a  lesser  extent in biomechanical  modelling, 
including the external  hip  moment,  the  external  moment  at L5/S 1 joint, anterior-posterior 
(A-P) shear  force,  and  lateral  shear  force. I n  addition,  Marras et a/. (1993)  have recently 
proposed  using  kinematic  parameters  of  the  torso as criterion to predict injury (Marras 
et al., 1993, 1995). Because  most  models  attempt  to  predict  compressive  force, A-P shear 
force,  and lateral shear  force  at  the  lower  back (either L5/S1 or  L3/L4), the rest of this 
section will focus  on  these  criteria. 

Estimating the external load moment 

All biomechanical  models  employed to evaluate  lifting begin by knowing the external 
load placed  on the body by the  task  under  study. The procedure  used  for  this  calculation 
in different  models  is  essentially the same, with  slight  differences in the  kinematic  repres- 
entations  of  the body and  the  anthropometric  and body segment  data that are used in the 
calculation. The skeleton  of  the body is modelled as a  series  of rigid links  or  levers 
connected at frictionless pin joints. With  several  other  assumptions,  engineering mech- 
anics is used to  calculate  the  moment  created by the  force  acting at the  hands at each 
joint, beginning  with joints closest  to the hands and ending  at the joint of  interest  (usually 
the L5/S 1 or L4/L5  intervertebral joints). Implicit in the construction of these  models  are 
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simplifying  assumptions regarding the  number  and  geometric  complexity  of  the  joints 
and bones of the  human  body. 

Biomechanical models  are  either two-dimensional or three-dimensional and either 
static or  dynamic.  For static  models, the  calculations require  information on  the orienta- 
tion of  the  links in the model (subject’s  posture),  the length of  each  segment,  the  mass  of 
each  segment,  and the  location of the centre-of-mass of  each  segment.  Dynamic  models 
require this  same information  plus the  angular  joint accelerations,  linear  acceleration of 
each  segment at the centre-of-mass, and  the moment-of-inertia of  each link through the 
centre  of  mass. A  general equation  to calculate the  static  moment at successive  joints in 
a  linkage is: 

where: 

- M,,,,,,, is the  reactive load moment vector for  the  joint  of interest, 

- L I,,,k is the  vector from  the position of  the  joint  of interest to  the previous joint, 

M,,,,,,,_, is the reactive load moment vector  for  the joint  previous  to the joint  of 
interest  in the linkage, 

is  the reactive force for the  joint previous to  the  joint  of interest, 
CM,,,, is  the vector  from the position of  the  joint  of interest to  the centre-of-mass 

m,,,, is the mass  of  the link,  and 
position for that  link, 

- G is the vector  representing  acceleration due  to  gravity. 

For dynamic models. an equivalent  equation is: 

(15.2) 

where: 

- MI,,,,,, is the  reactive load moment vector for  the  joint  of interest, 
is the  reactive load moment vector  for the  joint previous to  the  joint  of 

L,,,,A is the vector  from  the  position of  the  joint  of interest to the previous  joint, 
F,,,,,,,_, is the  reactive  force for  the  joint  previous  to  the  joint  of interest, 
m,,,,k is the  vector from  the position of the joint  of interest to the  centre-of-mass 

position for that  link, 
w z , , , , ,  is  the  mass of the  link, 
- G is the  vector  representing  acceleration due  to  gravity, 
A,,,,k is the instantaneous  linear  acceleration  vector of the link centre-of-mass, 
d,,,,,,, is the  angular acceleration of  the link  about the  joint of interest, and 

is the  moment-of-inertia of the  link  through the centre-of-mass. 

interest in the linkage, 

Anthropometric data  needed for  these  equations can  be found in a number  of  sources 
including Dempster  (1955),  Clauser et al. (1969)  and  NASA  (1978). Additional details 
on how to calculate  external load moments can be  found in Chaffin and  Anderson 
(1991),  Winter  (1990),  Ozkaya  and Nordin ( 1991)  and  Williams  and Lissner ( 1977). 
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Estimating internal muscle  forces 

The forces acting  on  the intervertebral discs  are a  combination of  the external forces at 
the  joints  and  the internal forces created by muscles  and  connective tissues.  For  two- 
dimensional  models, muscle forces are usually estimated by assuming that the  erector 
spinae  muscle  acts  to  generate  force if the external load  moment at the  torso is acting  to 
increase torso flexion  (i.e.,  lifting  activities) and the  rectus abdominus  muscle is active  if 
the external load moment at the  torso  is  acting to decrease  torso flexion  (i.e. pushing 
down). For  static  models, the  muscle forces can be derived using the  conditions  of  static 
equilibrium. For dynamic activities, Newton’s second  law  can be used. The most  popular 
two-dimensional static biomechanical model currently  in  use is the  University of Mich- 
igan’s 2D Static  Strength  Prediction  Program. In addition to using the  erector  spinae 
muscles  and  the  rectus abdominus muscles,  this  model also  adds internal  forces due  to  the 
interabdominal pressure (IAP) created  by the  muscles  of  the  torso  during lifting  activities. 
The use of interabdominal  pressure in biomechanical models  has been  questioned  by 
several researchers (Mairiaux  and Malchaire,  1988;  McGill and  Norman,  1986)  and  is not 
generally  included in most  three-dimensional  models. In addition to disc  compressive 
forces, the University of Michigan’s 2 0  Static  Strength  Prediction  Program also predicts 
muscle strength  at  each joint included in the  model. 

Estimating internal muscle forces has proven to be difficult  for  three-dimensional 
models  due  to  the complexity of  the  human torso. Because the number  of  muscles in 
the  torso  region is generally  greater  than the  number  of force and  moment equations, the 
problem is indeterminate. Optimisation  procedures  were first employed  to  solve  for  the 
static  three-dimensional muscle  forces in the torso by Schultz et a/. (1983).  This model 
was later refined into the  minimum-intensity-compression (MIC) model (Bean et a/.,  
1988).  The model employs a  two-step  linear programming  approach  to  estimating the 
internal muscle  forces.  The first step in the  procedure: 

Minimise I (15.3) 

subject  to: 

where: 

,f,’ is the tension  in each  muscle, 
L, is the  moment  arm vector, 
- z, is the  muscle line-of-action  vector, 
- M,,,,,,, is the  reactive  load moment  for the joint  of interest, 

finds the  minimum-maximum muscle intensity  for  the  muscles being considered in the 
model.  Intensity is defined  as  the force  exerted by the muscle  divided by the cross- 
sectional  area of  the muscle. The  second  step in the procedure: 

(15.4) 
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subject to: 

where: 

is the tension in each muscle, 
- r ,  is the moment arm vector, 
3 is the muscle line-of-action vector, 
M,,,,, is the reactive load moment for the joint of interest, 
I* is the minimum intensity value from the first step in the procedure, 

selects muscle forces which satisfy the minimum intensity criteria generated in the first 
step and also minimises the compressive force on the intervertebral disc. The second step 
is only needed  if multiple optima are found in the first step which seldom occurs in 
practical application of the model. This model is included in the University of Michigan's 
3 0  Static Strength  Prediction Program. The main output screens of this computer pro- 
gram for a typical lifting task are shown in Figure 15.1. 

PO8TURM DATA fRDM 
PHOTOBRAPH. 
VIDEO STOPPED-FRAME. 

R 

Figure 15.1 Work task  and main  output screens  for  the University of Michigan's 3 0  Static 
Strength Prediction Program (reprinted with permission  from  the  University of Michigan, 1998). 
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A second optimisation model often used to estimate static muscle force in the  torso  is 
the sum of cubed intensities  (SCI)  model first proposed for  use in modelling  the  extremit- 
ies by Crowminshield and Brand (1981).  While  similar to the MIC model, this  algorithm 
employs  non-linear  programming which makes  the solution procedure, in general,  more 
difficult. The SCI optimisation model is formulated  as: 

3 

Minimise [ 2) ( 1  5 . 5 )  

subject to: 

where: 

,f; is the  tension in each  muscle, 
E ,  is  the  moment arm vector, 
- Z, is the muscle line-of-action vector, 
- kt,,,,,,, is the reactive load moment  for  the joint of  interest. 

Both the MIC and the SCI optimisation  procedures do not restrict the  number  of  muscle 
forces  predicted, but they require  information on the cross-sectional area of the muscles, 
the  muscle line of action, and the muscle moment arm vector.  This information must 
be in three dimensions and applicable to the  joint of interest in the model. Models are 
usually formulated using from 10 to 22 different muscles about the torso. Relevant 
anthropometric  values  for these parameters  can  be  found  a variety of sources (Chaffin 
et al., 1990; Dumas et al., 1988; Han et al., 1992; Macintosh and Bogduk, 1986; McGill 
et al., 1988;  Schultz et al., 1983; Tracy et al., 1989). A review of  different  torso 
anthropometries and their potential effects on optimisation models can be found in 
McMulkin (1 996). Experimental support using electromyographs  (EMGs) was provided 
for the MIC model by Ladin et al. (1 989); however, in a  direct  comparison  of  the  SCI 
model and the MIC model, both Hughes  (1991) and McMulkin  (1996)  found that the SCI 
model more closely reflected muscle  activation patterns of  torso  muscles. 

A second  approach to estimating the internal muscle  forces  has been to use  EMG 
activity to predict how  the muscles respond in different situations. Marras and Sommerich 
(1991a) present a three-dimensional dynamic model that uses  this  method.  Inputs to the 
model include  the  external  load  moment at the trunk, the trunk flexion angle,  trunk 
angular velocity, and EMG signals from five lewright pairs of muscles: the latissimus 
dorsi, erector  spinae, rectus abdominus, internal oblique, and external  oblique.  EMGs 
must be collected for  the activity of interest and for  maximum  exertions of the trunk. A 
similar EMG based model has been developed by McGill and his colleagues  (McGill, 
1992; McGill and Norman,  1986). A difference between the model proposed by McGill 
and that proposed by Marras and Sommerich  (1991a)  is that the McGill model  incorpor- 
ates the  effects of passive tissues  into  the  calculations and it considers muscle activities 
at several different levels  of the torso. Kee and Chung  (1996) recently compared the 
predictions of  the  Marras and Sommerich  (1991a) biomechanical model to those  of  the 
MIC model. The MIC model was applied to a  dynamic lifting situation by sequentially 
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applying  the model at consecutive  time  intervals throughout the lift. The results of this 
comparison  demonstrated substantial differences  between the predictions  of  the  two 
models, especially for asymmetric tasks. 

A third  class  of biomechanical model has recently been proposed which incorporates 
both optimisation and EMG  components to estimate internal muscle forces. Nussbaum and 
Chaffin (1  996) recently proposed an artificial neural network model that uses EMG signals 
as a  learning tool. The model takes as input the  external  load  moment at the  torso  and 
produces as output muscle  activities  for  four IeWright pairs  of  muscles:  the latissimus 
dorsi, erector  spinae, rectus abdominus, and external oblique. A quantitative evaluation of 
the model performed by Nussbaum and Chaffin (1 996) indicates remarkable agreement with 
measured EMG  signals.  Cholewicki and McGill (1996)  have  also  developed  a model that 
employs  both  EMG and optimisation techniques.  This model estimates  muscle  forces 
using EMG signals as inputs and then adjusts to force using an optimisation routine. 

The effect of task variables on model predictions 

Biomechanical  models  have been used to evaluate  the  effects  of  many different task 
variables on workers  performing manual materials handling tasks. Most biomechanical 
models  are very sensitive to the  magnitude of the  load and position of the load in relation 
to the position of the torso. Increasing the load, moving  the load away from the body, and 
moving the load  down from waist level to  the floor substantially increases the  LYS1 
compressive force as shown in Figure 15.2. These  estimates  were  produced  using  a two- 
dimensional static model  similar to the University of Michigan’s 2 0  Static Strength 
Prediction Program. 

Static biomechanical models  have been reported to under-estimate the  forces  associ- 
ated with dynamic activities (Freivalds et al., 1984; Garg et al., 1982; Kim, 1990; Leskinen 
et al . ,  1983; Marras and  Sommerich, 199 lb; McGill and Norman, 1986). The peak 
compressive force during  a  dynamic lift activity usually occurs as the load is  being 
accelerated  during  the motion. For activities with relatively large accelerations,  the static 
estimate of the  compressive force at this point is 30-40 per cent lower than the  dynamic 
estimate  (Granata and Marras, 1996). Three-dimensional biomechanical models have also 
shown  that  asymmetric lift activities result in higher compressive  force than symmetric 
lifts. This  occurs  for  two handed lifts with a twisted body posture  (Chen, 1988; Marras 
and Sommerich,  1991b; Mital and Kromodihardjo, 1986), one handed lifts  (Davis et a / . ,  
1997), and for team lifts with asymmetric body postures  (Marras et al., 1997). 

P H Y S I O L O G I C A L   D E S I G N   A P P R O A C H  

Unlike  the biomechanical design approach that primarily applies to infrequent lifting, 
thc physiological approach is applicable to repetitive lifting where the load is within the 
physical strength  of  the  worker. During repetitive handling tasks, a person’s endurance is 
primarily limited by the capacity of  the  oxygen transport system. As muscles  contract and 
relax,  their increascd metabolic energy demand requires an increase in the delivery of 
oxygen and nutrients to the tissues. If this demand for increased oxygen and nutrients 
cannot be met,  the activity cannot be sustained for long. 

When  a person is engaged in physical  work, such as MMH activities, several physio- 
logical responses arc affected.  These include metabolic  energy  cost, heart rate, blood 
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Figure 15.2 Relationship  between  the load weight,  the horizontal distance  away from the 
spine,  and the vertical distance of the load from the floor for a constant 650 kg L5/S1 
compressive  force (from NIOSH, 1981). 

pressure, blood lactate and ventilation volume.  Of all these responses, metabolic  energy 
expenditure has been the  widely  accepted physiological response to repetitive handling as 
it is directly proportional to the  workload at steady-state conditions  (Aquilano, 1968; 
Astrand and Rodahl, 1986; Ayoub et al., 1981;  Dumin and Passmore,  1967;  Hamilton 
and Chase,  1969;  Mital,  1984). For this reason, this  discussion will exclusively  focus on 
metabolic energy  expenditure rate as the physiological approach design criterion. 

Several work- and workplace-related factors  affect metabolic energy  expenditure rate. 
Table 15.1 summarises these factors and their net effect on oxygen  consumption. For a 
detailcd discussion on the  effect  of these and personal factors on oxygen  consumption  the 
reader is  referred to Manual  Materials Handling by Ayoub and Mital (1989). 

There is a need for  models that can predict the physiological cost  (e.g.,  oxygen  con- 
sumption and heart rate)  of  individuals  engaged in repetitive manual materials handling 
(MMH) tasks. Physiological cost models  are used in industry to: determine whether or 
not the task is within the  expected capability of  the  population; and determine  the work/ 
rest schedule  for  a given task (Asfour, 1980). The literature on physiological cost predic- 
tion models  for  MMH tasks grew in the 1980s. This  section will review the  existing 
energy and cardiac  cost prediction models  for several manual materials  handling  activ- 
ities. This by no means is an exhaustive  review. 
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Table 15.1 Net effect of work  and workplace factors on metabolic energy. 

Factor 

Frequency of handling (t) All Increase 
Task duration (T) All Increase'/decreaseh 
Object size (t) All Increase 
Couplings (good) All Decrease 
Object shape  (various) All Unknown 
Object weight/force (T) All Increase 
Load stability/distribution Lifting, carrying unknown 
Vertical height (t) Lifting, lowering Increase 
Distance travelled (t) Pushing, pulling, carrying Increase 
Speedgrade (T) Pushing, pulling, carrying Increase 
Asymmetrical handling Lifting None 

(From Mital et nl., 1997). 
t increase; '' if the weightlforce does not change; if the weight/force decreases (e.g., when 
using the psychophysical methodology). 

Energy and cardiac cost for lifting/lowering models 

Several researchers have developed prediction models for the  energy and cardiac cost 
responses of individuals engaged in repetitive manual materials  handling  tasks. Research 
in this area has been carried out by Aberg et al. (1968), Asfour (1980), Chaffin (1967), 
Frederick (1959),  Garg (1976), Kanvowski and Ayoub (1984a), Liou and Morrissey 
(1985), Mital (1983b,  1985), Mital et al. (1984) and Morrissey and Liou (1984a, 1984b, 
1984~).  A list of  several  energy cost and cardiac  cost  models  is given in Tables  15.2 and 
15.3.  The  cardiac  cost models are  summarised in Table  15.4. 

Frederick (1959)  developed  a model to predict the  consumption  of  energy  for  various 
weights  in  four  different  ranges.  Chaffin's model (1967) was developed  for static weight- 
holding activities in the sagittal  plane.  Aberg et al. (1 968)  developed  a  model based on 
the principle that mechanical work is related to a  change  of  the positional energy  of  mass 
and frictional losses. Garg  (1976) and Garg et al. (1978) used step-wise regression ana- 
lysis to develop  models  for  lifting, lowering, and carrying  activities.  Ayoub et al. (1 980) 
provided  a  review of the energy cost models for manual lifting tasks developed by Aberg 
et al. (1968), Chaffin (1967), Frederick (1959) and Garg  (1976). 

Asfour  (1980)  developed  and tested energy cost prediction  models  for manual lifting 
and  lowering using stepwise regression models, and  attempted to overcome  some of the 
limitations cited by Ayoub et al. (1 980) by studying  the effect of task variables  and  their 
interactions on lifting  and  lowering tasks. The estimated  energy  expenditure  for 5 12 tasks 
was  based on frequency  of lift or lower (3, 6, 9 timedmin), load lifted or lower (6.8, 13.6, 
20.4 kg), range of height (floor-76 cm, 76-127 cm, floor-127 cm), box width  (38, 
66 cm), box length (38,  66  cm), and angle of  twist of the body (0, 90 degrees). The 
models  developed  were reported later by Asfour et al. (1985). 

Kanvowski and Ayoub  (1984a)  developed  a model to estimate the oxygen  consump- 
tion  associated  with the maximum weight (MAW) of lift, determined  psychophysically, 
for frequencies of 0.1, 3, 9, and 12 lifts/min  when  lifting from floor to table  height 
(76  cm).  The inputs to the model  are  the frequency of lift, maximum  acceptable  load 
weight, body weight, and age.  This model is  presented in Table 15.2. 



Table 15.2 Energy cost prediction models for lifting tasks. 
~~~~~~~ ~ ~ ~ 

Source Dependent variable Type  of task Model 

Frederick (1959) 

Garg et al. 

Garg et al. 

(1978) 

(1978) 

Garg et al. (1978) 

Asfour (1980) 

Asfour (1980) 

Mital (1983b) and 
Mital et al. (1984) 

Mital (1983b) and 
Mital et al. (1984) 

Mital et al. (1984) 

Mital et al. (1984) 

Total energy 
expenditure per hour 

Net metabolic rate 
(kcalllift) 

Net metabolic rate 
(kcalllift) 

Net metabolic rate 
(kcaulift) 
Oxygen consumption 
(ml/min) 

Oxygen consumption 
(mllmin) 

Change of oxygen 
consumption with 
time (YO) 

Change of oxygen 
consumption with 
time (YO) 
Oxygen consumption 
( lh in)  

Oxygen consumption 
(Urnin) 

Lifting from floor to 
20 in, 20 in to  40 in, 
40 in to  60 in and 60 
in to 80 in 

Stoop lift 
(hl < h2 50.81) 

Squat lift 
(hl < h2 5 0.81) 

Arm lift 
(0.81 < hl 2 h2) 
Lifting that starts at 
floor and lowering 
that ends  at floor 

Lifting that starts at 
table height and 
lowering that ends at 
table height 

Lifting (males) 

Lifting (females) 

Lifting from floor to 
knuckle 

Lifting from knuckle 
to shoulder 

TEE = (Number of lifts/ 
hour)*(lifting height in 
feet)*(weight of load 
in pounds)*(energy 
consumption in gm callfoot 
pound)/ 1000 
NMR = 0.00325*W*(0.81 
- h l )  + (O.O141*L 
+ 0.0076*G*L)*(h2 - hl )  
NMR= 0.00514*W*(0.81 
- hl )  + (O.O219*L 
+ 0.0062*G*L)*(h2 - hl )  
NMR = 0.00352*W*(0.8 1 
- hl )  + 0.0303*L*(h2 - hl )  
V02 = 545.7538 
- 106.4477*TA + lo** 
- 6*F*L**2*(35002.65 
- 35058*L) + 17.47*10** 

LEN*ANG + 16435.22*10** 

V02 = 371.5055 

- 6*F*L*H*WID* 

- 6*W*F**2 

- 51.9573*TA + lo** 
- 6*W*F**2*(31856.54 
- 2332.8*F) 
+ 12684.91*10** 
-6*F*L**2+12.31*10** 
- 6*F*H*L*W*LEN*ANG 
CV02 = 103.763 
- 13.497'T + 2.142*T**2 
- 0.117**3 
+ 0.00013*EXP(T) 

+ 0.00003*EXP(T) 
CV02 = 101.726 - 2.305*T 

V02 = 1.527 - 0.207*G 
- 0.005*Stature 
+ 0.0013*Back Strength 
- 0.0002*Chest 
Width**2 + 0.203*LOG 
(Shoulder Strength) 
- 0.408*LOG (Back 
Strength) - 0.02*Shift 
Duration + 0.161*LOG(F) 
+ 0.002*F*Lifting Capability 
- 0.0007*F*Box Size 

- 0.003*Age + 0.0005* 
Chest Depth**2 
- O.OOOOl*Composite 
Strength**2 - 0.00005* 

V02 = 0.047 - 0.1 17*G 



Table 15.2 (Cont'd) 

Source  Dependent  variable Type  of task  Model 

Back  Strength**2 

Strength) - 0.0084*Shift 
Duration + 0.004*F*Lifting 
Capability + 0.00002*Box 
Size*Lifting  Capability 

Mital et a/ .  (1984) Oxygen  consumption  Lifting from shoulder V02  =-0.521 - 0.123*G 

- 0.175*LOG ( A m  

(l/min) to  reach + O.O04*W + 0.25* 
LOG(Arm Strength) 
- 0.008*Shift  Duration 
+ 0.004*F*Lifting Capability 
+ 0.0003*Box  Size*Lifting 
Capability 

Mital et d .  (1984) Oxygen  consumption Lifting for all heights V02  = 0.86 - 0.168*G 
and Mital (1985) (Vmin) + 0.00002*w**2 

- 0.00012*A1111 
Strength**2 + 0.279* 
LOG(Arm Strength) 
- 0.23 1 *LOG(Back 
Strength) - 0.013*Shift 
Duration + 0.004*F*Lifting 
Capability - 0.00012*Box 
Size*Lifting  Capability 

Kanvowski  and Oxygen  consumption Lifting from floor to V02  = 0.1659 + 0.004026*F* 
Ayoub ( 19844 (I/min) 76  cm  above floor Lifting  Capability 

+ 0.0026887*Lifting 
Capability + O.O02873*W 
- 0.005854*Age 
+ 0.032699*F 

(From  Genaidy  and  Asfour, 1987; reprinted with permission.  Copyrlght 1987 by the Human 
Factors  and  Ergonomics  Society. All rights  reserved.) 

TEE - energy  expenditure/hour 
NMR ~ net metabolic  rate  for the activity  performed 
V02  - oxygen  consumption  (I/min for all studies,  except  Asfour in ml/min) 
CV02 - change  of  oxygen  consumption with time (YO) 
W - body weight (kg in Garg et a/. and Mital et d . ;  pounds in Asfour) 
L - amount  of load handled (kg in Garg et a/ .  and Mital et al.; pounds in Asfour) 
G - gender (Garg, et a/.: male = I ,  female = 0; Mital et 01.: male = I .  female = 2) 
hl  - vertical height from floor (m); starting  point for lift 
h2 - vertical  height  from floor (m); end point for lift 
TA - type  of task (lifting = I ,  lowering = 2) 
F - frequency of handling (timedmin) 
H - height  of lift or lower  (inchcs) 
WID - box width (inches) 
LEN - box length (inches) 
ANG - angle of twist (0" twist = I ;  90" twist = 2) 
T - shift  duration (minutes) 

All anthropometric  measurements in cm;  isometric  strengths in kg; lifting  capability in kg; box 
size in inches;  age in years; all models  are valid for a duration  of  less than one hour, except 
those of Mital,  which  are valid up to 12 hours. 
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Table 15.3 

Source Dependent variable Type of task Model 

Energy cost prediction models for lowering tasks. 

Garg et a/. (1978) Net metabolic rate 
(kcaulower) 

Garg et al. (1978) 

Garg et al. (1978) 

Net metabolic rate 
(kcaVlower) 
Net metabolic rate 
(kcal/lower) 

Asfour (1980) Oxygen consumption 
(mumin) 

Asfour (1980) Oxygen consumption 
(mumin) 

Stoop lower 
(hl < h2 < 0.81) 

Squat lower 
(hl < h2 < 0.81) 
Arm lower 
(0.81 < hl  < h2) 

Lifting that starts 
at table height and 
lowering that ends 
at table height 
Lilting that starts 
at floor level and 
lowering that ends 
at floor lever 

NMR = 0.00268*W*(0.81 
- hl)  + 0.00675*L*(h2 - 
h l )  + 0.0522*G*(0.81 - hl )  
NMR= 0.0051 1*W*(O.81 - 
hl )  + 0.00701*L*(h2 - hl )  
NMR - 0.00093*W*(h2 
- 0.81) + (O.O102*L 
+ 0.0037*G*L)*(h2 - h l )  
See Table 15.2 

See Table 15.2 

(From Genaidy and Asfour, 1987; reprinted with permission. Copyright 1987 by the Human 
Factors and Ergonomics Society. All rights reserved.) 

NMR - net metabolic rate for activity performed 
W - body weight (kg) 
L - amount of load lowered (kg) 
G - gender (male = I ,  female = 0) 
hl  - vertical height from floor (m); end point for lower 
h2 - vertical height from floor (m); starting point for lower 

All models are valid for a duration of less than one hour. 

Table 15.4 Cardiac cost prediction models for lifting tasks. 

Source Type of Task Model 

Mital (1983b) and 
Mital et al. (1984) 

Lifting for males 

Mital (1983b) and 
Mital et al. (1984) 
Mital et al. (1984) 

Lifting for females 

Lifting from floor to 
knuckle height 

Mital et al. (1984) Lifting from knuckle to 
shoulder height 

CHR = 104.846 - 16.85*Shift Duration 
+ 3.215*Shift Duration**2 - 0.184*Shift 
Duration**3 + 0.0002*EXP (Shift Duration) 
CHR = 100.36 - 16.85*Shift Duration + 0.00004 
EXP (Shift Duration) 
HR = -1  12.342 + 14.677*G - 0.713*Iliac Crest 
Height - 1.793*Chest Depth + 3.494*Abdominal 
Depth + 12.078* RPI - 0.0045*(Back Strength) 
**2 + 18.35*LOG(Arm Strength) 
+ 3.367*Frequency - 0.772*Shift Duration 
+ 1.885*Lifting Capability - O.Ol*Box 
Size*Lifting Capability - 0.48*Age 
HR= 1225.276 + 17.693*G + 1.656*Abdominal 
Depth + 7.37*RPI+ 0.62*Back Strength 
+ 0.02*(Knee Height)**2 + 0.0024*(Composite 
Strength)**2 - 0.0095*(Back Strength)**2 
- 279.375*LOG(Stature) + 37.582*LOG(Forearm 
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Table 15.4 (Cont'd) 
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Source Type  of  Task Model 

Mital et al. (1984) Lifting from shoulder 
to reach height 

Mital et ai. (1984) Lifting for all heights 
and Mital (1985) 

Grip Distance) - 16.853*LOG(Chest Width) 
- 0.986*Shift Duration + 0.23  l*Lifting 
Capability*Frequency + 0.01 *Box Size*Lifting 
Capability 
HR= 39.176 + 17.015*G - 0.56*Iliac Crest 
Height + 0.613*Arm Strength - 0.378*Composite 
Strength + 25.743*LOG(Back Strength) + 
0.003*(Composite Strength)**2 - 0.009*(Back 
Strength)**2 - 1.32*Shift Duration + 6.43*LOG 
(Frequency) + 0.067*Frequency*Lifting 
Capability + 0.005*Box Size*Lifting Capability 
HR = 136.943 + 18.565*G + 0.09*(Abdominal 
Depth)**2 - 0.004*(Back Strength)**2 
- 47.227*LOG(Body Weight) 
+ 40.215*LOG(Forearm Grip Distance) 
- 40.698*LOG (Abdominal Depth) + 1 1.476* 
LOG(Arm Strength) + 11.366*LOG(Composite 
Strength) - 0.96*Shift Duration + 0.246* 
Frequency*Lifting Capability - 0.009 Box 
Size*Lifting Capability - 0.425*EXP(H) 

(From Genaidy and Asfour, 1987; reprinted with permission. Copyright 1987 by the Human 
Factors and Ergonomics Society. All rights reserved.) 

Anthropometric measurements in cm 
Isometric strengths in kg 
Frequency in lifts/minute 
Lifting capability in kg 
Box size in inches 
Body weight in kg 
H (height of lift): floor to knuckle = 1, knuckle to shoulder = 2, shoulder to reach = 3 
G (gender): male = 1, female = 2 
Shift duration in hours 
RF'I = Height/3*((Body Weight)**0.333) 
Age in years 
HR (heart rate) in beatdmin 
CHR (change in heart rate with time) in % 

All models are valid for a duration of up to 12 hours. 

Mital (1 983a) and Mital et al. (1  984)  developed  oxygen  consumption and heart-rate 
prediction models as a function of  working  time.  The  maximum weight of lift (MAWL) 
for these models was determined  psychophysically.  The oxygen consumption and heart 
rate  associated with the  maximum  acceptable weight were recorded every  two  hours  for 
12 hours. The  models  are listed in Table  15.2. 

In other  studies, Mital(l985) and Mital et al. (1984)  developed metabolic and cardiac 
prediction  models  for lifting tasks. The models  were  based on task variables as well 
as anthropometric and strength  measurements using experienced  subjects. Four lifting 
frequencies  (1, 4, 8, 12 timeslmin), three height  levels (floor to knuckle,  knuckle to 
shoulder, shoulder to reach),  and three box sizes  (30.5,  45.7, 70.0  cm long in the sagittal 
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plane)  were used as the levels of the  independent variables. The models  developed 
showed low multiple R-square values  (between 0.59 and 0.60). The models  are listed in 
Table  15.2. 

Energy and  cardiac cost  models for carrying 

Morrissey and Liou  (1 984a, 1984b)  conducted  experiments to develop  models to predict 
the energy cost of  two  handed  carrying  of  loads in front  of the body. Twenty-seven 
different carrying  tasks  were used on a level treadmill. The different variables involved 
in the  carrying  tasks  were  treadmill speed (0.89, 1.12, 1.34, 1.56,  1.79  m/sec),  container 
weight (0, 4.5, 11.3, 18.1, 22.7 kg), and container  width  in the sagittal plane (15.2, 22.8, 
30.5 cm). Also included as variables  were  stature (as percentage  of  normal  stature)  and 
walking  speeds.  Regression  models  were  developed to predict  the steady state heart and 
metabolic rates; the regression models  developed  for  oxygen  consumption and heart rate 
are given in Tables 15.5 and 15.6. 

Morrissey and Liou (1 984c)  also  examined  the physiological costs  of  carrying  loads in 
erect and non-erect postures. Four trained male  subjects  carried  loads on a level treadmill 
with a range of walking postures, container widths, container weights and walking  speeds. 
The steady  state  oxygen uptake and heart rate required for task performance  were meas- 
ured and used to develop predictive equations. 

Liou and Morrissey (1 985)  measured  female physiological responses to load carrying 
with  a variety of container  widths,  container  weights  and  walking  speeds on a level 
treadmill. The data obtained were  then  compared to data from males performing carrying 
tasks  (Morrissey and Liou,  1984b).  Regression  models  were  developed to predict  oxygen 
consumption and heart  rate  from  the  knowledge of gender, body weight, load  carried, 
walking  speed,  and  container  width.  The  prediction  equations  for oxygen consumption 
and heart rate are provided in Tables  15.5  and  15.6. 

Evaluation of the models and their limitations 

Tables 15.2-15.7 summarise  the  metabolic and cardiac cost prediction models  of  various 
MMH tasks.  Asfour  (1980) and Ayoub et al. (1980) pointed out the following limitations 
of the  energy  cost prediction models  developed by Aberg et al. (1968), Chaffin (1967), 
Frederick (1959),  and  Garg (1 976): 

(1) All models  are  only valid for manual materials  handling  tasks in the sagittal plane. 
(2) They do not take into account the effect of task variables  (e.g.,  frequency, height of 

handling, box width, and box length) and their interactions. 
( 3 )  Subjects  were not trained  before data collection. 
(4)  The model  developed by Aberg et al. (1968)  requires  the  determination of the 

( 5 )  There is a need to measure the individual’s standing metabolic rate in order to apply 
body’s centre  of gravity, which is difficult to perform. 

the models  developed by Garg ef al. (1978). 

Asfour (1980) and Ayoub et al. (1 980) reported that Garg’s model for lifting tasks  (1976) 
is  the  most flexible of all the metabolic rate prediction models  developed  prior to 1980. 
However, this model was based on the  assumption that the net total metabolic cost of  a 
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Table 15.5 Energy cost  prediction models for carrying  tasks. 
~~ 

Source Dependent variable Type  of task Model 

Garg et al. (1978) Net metabolic rate Carrying loads held at NMR=O.8+0.0243- 
(kcaVmin) arm’s length at  sides + O.O463*L*V**2 + 

(in one or both hands) O.O462*L + 0.00379* 
(W + L)*TG*V 

Garg et al. (1978) Net metabolic rate Carrying loads held NMR = 0.68 
(kcaVmin) against thighs or + O.O254*W*V**2 

against waist + O.O48*L*V**2 + 0.1 14*L 
+ O.O0379*(W + L)*TG*V 

Morrissey and Liou Metabolic rate (watts)  Carrying loads in front MR = -181.66 + 7.18*W 
( 1984a) of body with both + 189.45*V**2 

hands + 3.63*L*V**2 + O.O6*L*Z 
- 3.79*V*(W + L) 

+ L)*(L/W)**2 
+ 17.76 *(W 

Morrissey and Liou Metabolic rate (watts) Carrying loads in front MR = -75.14 + 3.1 l*W 
(1 984b) of body with both + V**2*(2.72*L + 87.75) 

hands + 13.36*(W + L)*((L/ 
W)**2) 

Morrissey and Liou Oxygen consumption Carrying loads in front V02 = 2.74 - O.O3*P + 
( 1984c) (Vmin) of body with both (L/W)*[O.O016*V**2*Z 

hands - 6.13*(L/W) + 2.491 
+ (2.4*10** 
- 3)*V*(W + L) 

Liou and Morrissey Metabolic rate (watts) Carrying loads in front MR = 25.4 + 24.1 *G 
(1985) of body with both + 0.43*Z*V**2 + (W 

hands + L)*(3.16 + 2.54*V**2 
+ 16*((L/W)**2) 
- 3.25*V) 

(From Genaidy and Asfour, 1987; reprinted with permission. Copyright 1987 by the Human 
Factors and Ergonomics Society. All rights reserved.) 

NMR - net metabolic rate for activity performed 
MR - metabolic rate 
V02 - oxygen consumption 
L - load carried (kg) 
W - body weight (kg) 
TG - treadmill grade level (%) 
Z - container width with location of hands in front of body (cm) 
P - percent of normal stature 
G - gender (male = 1, female = 0) 
V - walking speed (km/h) 

All models are valid for a duration of less than one hour. 

series  of  activities  can  be  estimated by summing their net steady state  individual  meta- 
bolic costs  as obtained  from  their  performance  separately.  This  assumption  was reported 
to be invalid  (Asfour,  1980;  Genaidy et af., 1985a). 

The models  developed by Asfour (1980)  for lifting and lowering  tasks  attempted to 
overcome  the  limitations  of  previous  models  developed  prior to 1980. He employed 



Table 15.6 Cardiac  cost prediction models  for carrying tasks. 

Source Dependent variable Model 

Morrissey and Liou (l984a) Heart rate (beatdmin) HR = 205.5 + (W + L)*(2.34*(L/ 

Morrissey and Liou (l984b) Heart rate (beatdmin) HR = 192 + 27.39*V*[(V - 1.53) 

Morrissey and Liou (1984~) Heart rate (beatdmin) HR = 227.6 - 16.8*W + 15.53*V**2 

W) + 0.38*V**2 - 0.64*V - 1.53) 

+ 1.42(W + L)*( 1 - 1.46*(L/W))] 

+ 13.2*(L + W) + O.O3*Z*L 
- 8.9*(L/W)*P 

Liou and Morrissey (1985) Heart rate (beatdmin) HR = 113.28 - 10.62*G 
+ 21.45*V**2 + 2.01*(W + 
L)*((L/W)**2) + 0.67*L*V**2 
- 0.56*(W + L)*V 

(From Genaidy and Asfour, 1987; reprinted with permission. Copyright 1987 by the Human 
Factors and Ergonomics Society. All rights reserved.) 

HR - heart rate 
L - load carried (kg) 
V - treadmill speed ( d s e c )  
W - body weight (kg) 
Z - container width with location of hands in front of body (cm) 
P - percentage of normal posture 
G - gender (male = 1, female = 0) 

All models are valid for a duration of less than one hour. 

Table 15.7 Energy  cost prediction models  for combined activities. 

Source Type of task Model 

Aberg et al. ( 1968) Lifting, lowering, V02 = kl*W naked + k2*W with 
carrying, and dragging clothing*(k3*GCBh + k4*GCBv) 

+ (WWP + WT)*(kS*Lha 
+ k6*Mu*Lhc + k7*Lvu + k8*Ivd) 

(From Genaidy and Asfour, 1987; reprinted with permission. Copyright 1987 by the Human 
Factors and Ergonomics Society. All rights reserved.) 

V02 - oxygen consumption (Vmin) 
W - body weight (kg) 
GCBh - horizontal displacement per time unit of the body’s centre of gravity ( d m i n )  
GCBv - vertical displacement per time unit of the body’s centre of gravity up plus down 
( d m i n )  
WWP - weight of work piece (kg) 
WT - weight of the tool (kg) 
Lha - horizontal displacement per time unit of tool and work piece, arm work (dmin)  
Lhc - horizontal displacement per time unit of tool and work piece, carrying or dragging 
( d m i n )  
Lvu - upward vertical displacement per time unit of tool and work piece, lifting ( d m i n )  
Lvd - downward vertical displacement per time unit of tool and work piece, lowering (dmin)  
Mu - coefficient of friction in horizontal movement 
kl-k7 - constants 

All models are valid for a duration of less than one hour. 
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trained subjects for eight weeks on flexibility, cardiovascular endurance, muscular strength, 
and muscular endurance  (Asfour et al., 1984b). Task  variables  such as frequency, height, 
box length, box width, and angle  of body twist were incorporated in the models. Based on 
the database provided by Asfour (1980),  Asfour et al. (1986a,  1986b), it is  apparent that 
the frequency, load, height, and box size  have  a significant effect on the energy  expendit- 
ure of  individuals  engaged in lifting  and  lowering  tasks. 

Morrissey and  Liou's  models (Liou and Morrissey, 1985; Morrissey and Liou, 1984a, 
1984b,  1984c)  were  developed  for  carrying  boxes with both hands. Their  models did not 
take into  account  the  effect  of task variables and their  interaction,  except  for box width. 
Mital and Asfour (1983) reported that carrying frequency, distance, and height are import- 
ant  parameters  in  the design of  carrying tasks. 

The major limitation of most of  the  models  reported in the  literature  is that they are 
applicable only to manual tasks of less  than 60 minutes  duration.  Thus,  according to 
Genaidy and Asfour (1987), future models  should  address  the  effect  of working time on 
the physiological responses of individuals engaged in MMH tasks. 

The models  generated by Mital (1983b,  1985)  and Mital et al. (1984) are  the only 
available  models  for manual lifting over  prolonged  periods.  These  models,  however, have 
some limitations. A low correlation was obtained between task variables and oxygen 
consumption  and heart rate. Mital and coworkers  attributed  the low correlation to the  use 
of  the psychophysical methodology to determine  the  amount  of load that can  be  handled 
by individuals. Deivanayagam and Ayoub  (1979)  indicated that oxygen  consumption 
tends to rise gradually over time while the external  work output remained the same.  This 
can  be  attributed to one of the following factors: a  progressive  accumulative  effect  of the 
products of metabolism;  changes in blood flow distribution to various  parts of the body 
other that the  working muscles; deterioration in  mechanical efficiency; or changes in the 
constitution  of metabolic substrate involved in the  energy-release processes. 

Many investigators have  considered  manual  materials  handling  tasks as a  continuous 
type  of activity. In fact, an MMH task can  be regarded as a  pulse function of two to three 
seconds  duration. The gross  assumption of a  continuous  MMH  activity  does not reflect 
the metabolic and cardiorespiratory  peaks  obtained at precisely the  moment  when  the 
physical pulse  loading  is applied to the  human  body. Genaidy et al. (1  985b)  developed 
the  following  equations for the  working  and recovery curves  for  lowering an 18 kg  load 
at a frequency of  3  times/min from 76  cm above  the floor to the  floor: 

(1) Working curve: heart rate (beatdmin) = 93.35 - 20.85*exp(-(time in sec)/1.312). 
(2) Recovery curve: heart rate (beatdmin) = 92.65*exp(-(time in sec)/67.637). 

P S Y C H O P H Y S I C A L   A P P R O A C H  

Psychophysics deals with the relationship between human  sensations and their physical 
stimuli.  Borg (1 962) and Eisler  (1962) found that the perception of both  muscular  effort 
and force obey the psychophysical function where the  sensation  magnitude S grows as a 
power  function  of  the  stimulus I. Stevens  (1 975) indicated that the strength of  a  sensation 
(S) is directly related to the intensity of  its physical stimulus (I) by  means  of  a  power 
function: 

S = k  * I" (15.6) 

where: 
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Table 15.8 Net effect of work-related factors on acceptable weight/force. 

Factor MMH activity Net effect 

Frequency (t) 
Task duration (t) 
Object  size (t) 
Object  shape  (various) 

Collapsible (e.g. bags) 
Non-collapsible (e.g. metallic) 
(volume  increases) 
Non-collapsible  (volume does not change) 

Couplings  (good) 
Load stability/distribution 
Vertical  lift  height (1‘) 
Height of force (t) 

Distance  travelled (t) 
Speedgrade (t) 
Asymmetrical  handling 

Applicatiodstarting point 

All 
All 
All 

Lifting,  carrying 

All 
Lifting,  carrying 
Lifting,  lowering 
Pulling,  pushing 
Lifting,  lowering,  carrying 
Pushing,  pulling,  carrying 
Pushing,  pulling,  carrying 
Lifting,  lowering 

Decrease 
Decrease 
Decrease 

Increase 
Increase 

Unknown 
Increase 
Decrease 
Decrease 
Increase 
Decrease 
Decrease 
Decrease 
Decrease 

~ ~ 

(From Mital et al., 1997). 

S = strength of a  sensation, 
I = intensity of physical  stimulus, 
k = a constant  which  is a function  of  the particular units  of  measurement that are 

used, 
n = the  slope  of  the  line that represents  the  power function when plotted  in log-log 

coordinates. For example, it is  equal  to  3.5  for  electric shock, and 1.6 for  the 
perception of muscular effort  and force. Stevens (1 975)  suggested  an ‘n’ value 
of 1.45  for lifting  weights. 

Snook (1978)  stated  that psychophysics  has  been applied to practical problems in many 
areas, such  as  the  scales  of  effective temperature,  loudness and lightness, and ratings of 
perceived exertion (WE). To apply  the principle of  psychophysics  to men  at work  is  to 
utilise the  human capability to  judge  the  subjectively perceived  strain  at  work  in order  to 
determine voluntarily accepted  work stresses. In  terms  of  MMH activities, it can  be used 
to  determine what the  subject  can handle  (capacity)  without strain  or discomfort. As 
stated by Legg  and  Myles (1 98 l), with good subject cooperation  and firm experimental 
control,  the  psychophysical  method  can identify loads that subjects  can lift repetitively 
for  an  eight-hour workday without metabolic, cardiovascular  or  subjective  evidence  of 
fatigue. The  measure of capacity used  in this approach  is  ‘maximum  acceptable  weight  of 
lift’. Maximum  acceptable  weight of lift is generally  defined as  the  maximum  weight, 
determined  experimentally that  a given person  could lift repeatedly for long periods  of 
time without  undue stress  or fatigue. 

A number  of personal, work,  and  environmental  factors affect  the  psychophysical 
design  criterion. The  details can be  found in Ayoub  and  Mital (1 989). Table 15.8 sum- 
marises the net  effect  of  some  of  the  important  work factors. 
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The psychophysical criterion 

The use of psychophysics in the study of lifting tasks requires a  subject to adjust the 
weight of load according to his or her own perception of  effort such that the repetitive 
lifting task does not result in overexertion or excessive  fatigue. The final weight selected 
by the subject  is  considered to be the  maximum  acceptable weight (MAW) of lift for the 
given job conditions (frequency of lift, range of lift, container  size, etc.). The  MAW is the 
criterion used for design purposes. Because of  the popularity of  this  approach, it has led 
to the development of capacity models which can  predict lifting capacities  (or  MAW)  for 
several lifting ranges with a  reasonable  degree  of accuracy and confidence (Asfour, 1980; 
Asfour et al., 1984a, 1985; Ayoub et al., 1978a, 1983; Karwowski and Ayoub, 1984b; 
Mital, 1983a, 1983b, 1985). 

Psychophysical models 

McConville and Hertzberg (1966) investigated the  optimum  size of a  container to be 
lifted with one hand.  Boxes  of  various  sizes (height remained  constant)  were used. The 
range of lift was  from floor to  76  cm height. They indicated that the weight which 95 per 
cent  of  the population would  be able to lift could be expressed as a function of object 
width. 

Snook  (1  976) used data from previous  studies by Snook et al. (1  970) and Snook and 
Ciriello (1 974) to develop  a  simple model to estimate the object weight to be lifted,  based 
on frequency using a  container  size of 34 x 48 X 14 cm for floor to knuckle lift. These 
models are in the form: 

Y = 14.23 + 5.53 X for  males (15.7) 

Y = 13.64 + 1.6 X for  females (15.8) 

where: 

Y = MAW of lift (kg), 
X = frequency  of lift in log seconds. 

McDaniel  (1972)  developed  a regression model to predict  the  acceptable weight of lift. 
The  lifting task was defined as the  maximum weight the subject was  able to lift four 
times/min  for  a period of  45 min without strain or unusual  fatigue. The range of lift was 
from the floor to the  standing  knuckle height of  the  subject. 

Dryden  (1973)  conducted  a  similar study to that of McDaniel. The subjects  were 
asked to lift a tote box from  their  standing  knuckle height through  a  range  of 51 cm. 
The frequency  of lift was  six lifts/min. Subjects  were  allowed to adjust  their  workloads 
by adding or removing  weights from the  tote box. A model to predict load of lift was 
developed using chest  circumstance and dynamic  endurance as independent variables. 

Knipfer  (1974) used female and male  subjects to develop  regression  models  for pre- 
diction of  the load of lift. Subjects were asked to lift the box from  standing  shoulder 
height through  a 5 1 -cm range.  The frequency of lift was  six  lifts/min. The independent 
variables  of  the  model were back  strength,  shoulder  strength, and age. 

Aghazadeh (1  974) conducted  experiments and also used data by McDaniel (1  972), 
Dryden (1973) and  Knipfer  (1974) to develop new predictive  models.  His  approach  was 
to establish  the relationships between  the lifting capacity for lifting from floor to knuckle 
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height and the other two levels  of lift, namely, lifting  from knuckle height to shoulder 
height and from shoulder height to reach height. In addition, he included two other task 
variables - frequency of lift and box size. He simplified the prediction model using  the 
relationship between the levels  of lift and considering  fewer  operator variables and  some 
task and container variables. The simplified model  does not have as good an average 
error ratio as the individual models reported by McDaniel (1972), Dryden (1973) and 
Knipfer  (1974).  However, the simplified model has the following  advantages  (Ayoub and 
El-Bassoussi, 1976): 

(1) One model is used for all three levels of lift. 
(2)  One model is used for both  males and females and such does not have  gender as a 

(3)  The model  requires only two measurements  of  maximum isometric strengths: back 
variable. 

strength and leg  strength. 

Table 15.9  shows these above-mentioned models, as summarised by Genaidy et al. (1988). 
Tables 15.10 and 15.11 give  values  for C,, C2, and C, for  the models developed by 
Aghazadeh. 

Ayoub et al. (1 978b)  conducted  a study using industrial subjects to generate capacity 
data. Based on those data predictive models for the working population as well as indi- 
viduals for different height levels as a function of  operator and task variables were 
developed. Six different levels of lift were utilised (floor to knuckle, floor to shoulder, 
knuckle to shoulder, knuckle to reach, and  shoulder to reach height) at rates of two, four, 
six and eight liftdmin. Three different box  sizes  were:  12 x 7 x 12, 12 x 7 x 18, and 
12 x 7 x 24 (width x depth x length, in). Various strength and anthropometric measure- 
ments were recorded for each  subject.  A  stepwise linear regression analysis  was  em- 
ployed to select the best prediction  model.  These  models  estimated an individual’s lifting 
capacity. 

Mital and Ayoub  (1980) improved on the predictive models for lifting from  data 
developed by Ayoub et al. (1978a). These models, in the  form  of regression equations, 
predicted an individual’s MAW by using isometric strengths and personal characteristics 
(age, sex, and anthropometric variables). These revised models  are  shown in Table 15.12. 
Table  15.13  shows  the  multipliers to correct the predicted lift from the models for fre- 
quencies ranging from one to eight lifts/min. 

Asfour (1 980) proposed psychophysical IiftingAowering capacity models for two height 
ranges  (start at floor or at 30 in above  the floor). The variables incorporated in the models 
were  the subject’s body  weight, frequency of  lift, box size  (width and length), and  angle 
of body twist. 

Garg and Ayoub (1980)  conducted  a psychophysical study to develop  lifting capa- 
city models by using a single  strength  (static or dynamic) variable. These  models  are 
attractive because of their simple  form. They showed that the  static vertical lift strength 
measured at the origin of lift significantly underestimated  the  dynamic lifting capacity 
as determined by psychophysical methodology. When the static vertical lift strength 
was performed closer to the  body, such a bias was eliminated.  They  concluded  that  spe- 
cific static strength tests must be  carefully  constructed to predict accurately  a  person’s 
dynamic lifting capacity. 

The  arguments  against lifting capacity  models based on static strength tests are that 
actual lifting is dynamic in nature  although temporary static  components  are  involved 
(Aghazadeh and Ayoub, 1985; Kamon et al., 1982). Consequently,  dynamic  strength 
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Table 15.9 Summary of psychophysical models. 
_ _ _ _ _ ~  

Researchers Dependent Helght level Male Female Both Model 
variables 

McConville and Maxlmum Floor to knuckle X 
Hertzberg (1966) welght of lift* 
Poulsen (1970) Maximum Floor to table 

welght of lift 

Table to head 

McDanlel (1972); Load of lift** Floor to knuckle X 
Ayoub and 
El-Bassoussl 
( 1976) 

Load of lift Floor to knuckle X 

Load of lift Floor to knuckle 

Dryden ( 1973) 

Ayoub  and 
El-Bassoussl 
( 1976) 

Knlpfer ( 1974) 

Aghazadeh 
(1  974) 

Ayoub and 
El-Bassoussi 
( 1  976) 

Load of lift 

Load of lift 

Load of lift 

Load of lift 

Load of lift 

Load of lift 

Load of lift 

Load of lift 

Knuckle to 
shoulder 

Knuckle to 
shoulder 

Knuckle to 
shoulder 
Shoulder to 
reach 

Floor to knuckle, 
knuckle to 
shoulder, 
shoulder to reach 
Shoulder to 
reach 

Shoulder to 
reach 

Floor to knuckle, 
knuckle to 
shoulder, 
shoulder to reach 

X 

X 

X 

X 

X 

Predicted lift = 60 - (wldth 
of box in Inches 

X Predicted lift = 1.40 (max. 
lsometnc back st.) - 0.50 
(body wt) 

X Predicted lift = 0.50 (sum  of 
right and left max. isometric 
arm push) 
Predicted lift = 172.36 
+ 0.02 (ht)? - 2.73 (static 
end.)? + 0.02 (RPI)(arm  st.) 
+ 0.05 (RPl)(back st.) 
- 2.51 (FUdynamIc  end.) 
Predicted lift = - 24.03 
+ 0. I9 (RPI)’ + 0.006 
(arm st.)(leg st.) 

X Predicted lift = 11.93 - 1.12 
(back st.) + 0.16  (RPI)? 
+ 0.005 (back st.)’ 
- 8.81  (static end.)’ - 0.1 
(sex)(FI) + 0.06 (ht) 
(RPI) + 0.03  (RPl)(leg  st.) 
- 0.002  (back  st.)(leg  st.) 
- 0.03  (leg  st.)(stat.  end.) 
+ 0.1 1 (static end.)(Fl) 
Predicted lift = 0.0 + 0.83 
(chest  clrcumference) + 0.56 
(dynamlc end.) 
Predicted lift = 0.0 + 3.81 
(RPI) - 1.47 (ht)(F1/1000) 
- 0.3 1 (RPl)(static  end.) 
+ 1.23 (percent fat)(F1/1000) 

+ 0.38 (sex) (dynamlc end.) 
Predicted lift = 4.9 1 
+ 0.2 (back st.) - 0.02 
(shoulder st.) + 0.43  (age) 
Predicted lift = (C,S 
+ C,)C, (C,, C, = factor of 
freq. and helght of lift; 
S = (back st. x leg st.)/1000 
Predicted lift = 0.34 (wt) 
+ 0.84 (dynamic  end.) + 0.34 
(forearm clrcumference) 

+ 0.005 (shoulder  st.) + 0.19 
(honzontal push st.) 

X Predicted l i f t=  13.19+  13.85 
(sex) + 0.26 (dynamic end.) 

X Predicted lift = 25.12 

X Predicted lift = 5.23  (sex) 
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Table 15.9 (Cont’d) 

Researchers Dependent Height level Male Female Both Model 
vanables 

Ayoub et al. Load of lift Floor to knuckle 
(1978a) +body weight 

Load of lift Floor to shoulder 
+body weight 

Load of lift Floor to reach 
+body welght 

Load of lift Knuckle to 
+body weight shoulder 

Load of lift Knuckle to reach 
+body welght 

Load of lift Shoulder to 
+body weight reach 

X 

X 

X 

X 

Predicted lift = - 72.17 
- 28.33 (sex) + 24.24 (wt 
code) + 0.14  (arm st.) - 
0.55 (age) + 1.23 (shoulder 
ht) + 0.06 (back st.) + 4.91 
(abdommal depth) + 1.76 
(dynamic end.) 
Predicted lift = 145.41 
- 16.17 (sex)+  11.93 
(wt code) + 0.19 (arm st.) 
- 0.6 (age) + 1.44 (shoulder 
ht) + 0.08 (back st.) + 6.47 
(abdommal depth) 
+ 2.61 (dynamic end.) 
Predicted lift = - 41.27 
- 19.45 (sex)+ 16.18 
(wt code) + 0.21 (arm st.) 
- 0.84 (age) + 0.76 (shoulder 
ht) + 0.07 (back st.) 
+ 6.22 (abdomlnal depth) 
+ 1.43 (dynamic end.) 
Predicted lift = - 55. I6 
- 18.45  (sex) + 11.70 (wt 
code) + 0.27 (arm st.) - 0.61 
(age) + 0.77 (shoulder 
ht) + 0.1 1 (back st.) + 6.29 
(abdommal depth) + 1.42 
(dynamic end.) 
Predicted lift = - 79.19 
- 18.92 (sex) + 17.27 (wt 
code) + 0.3 (arm st.) - 0.5 
(age) + 1.09 (shoulder 
ht) + 0.02 (back st.) + 5.15 
(abdominal depth) + 2.12 
(dynamlc end.) 
Predicted lift = - 37.44 
- 19.58 (sex) + 20.35 (wt 
code) + 0.1 (arm st.) - 0.6 
(age) + 0.89  (shoulder 
ht) + 0.1 (back  st.) + 4.73 
(abdominal depth) + 1.09 
(dynamlc  end.) 

(From Ayoub rt al., 1980; reprinted with permission. Copyright 1980 by the Human Factors and Ergonomics 
Soclety. All rights reserved.) 

RF’I = body ht/dbody wt 
F1 = 100 x duration of the step exercise (s)/2 X pulse recovery sum 
* Maximum weight subjects could lift for non-repetitive lifting 
** Maxlmum welght subjects were willing to lift for repetitive lifting 
Lift ht* = 127 cm for floor to shoulder and  76 for shoulder to shoulder 
See Table 15.10 for C ,  and C2; see Table 15.11 for C,. 
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Table 15.10 Factors for predicting acceptable amount of lift for different heights  at 
different frequencies. 
~~ 

Frequency 

Frequency of 

Frequency of 

Frequency of 

Knuckle height 
1.87 
1.77 
1.66 
1.57 
1.48 
1.37 
Shoulder height 
2.49 
2.37 
2.22 
2.09 
1.97 
1.82 
Reach height 
1.87 
1.79 
1.68 
1.57 
1.48 
1.37 

20.1 
19.1 
17.9 
16.9 
15.9 
14.7 

43.6 
33.9 
29.5 
26.7 
24.6 
22.4 

25.1 
26.8 
23.0 
20.6 
18.9 
17.2 

~ 

(From  Ayoub et al., 1978b). 

Table 15.1 1 Factors for box size. 

Box length 
(dimension in sagittal plane) 

Box size factor, C, 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 

1 .oo 
0.98 
0.95 
0.93 
0.90 
0.88 
0.86 
0.83 
0.81 
0.78 
0.76 

(From Ayoub et al., 1978a). 

should play a  more important role in lifting than static strength. In recent years, several 
researchers have developed psychophysical lifting capacity models  based on dynamic 
strength  tests. 

Pytel and  Kamon (1981) adapted a  portable  commercially  available device (‘Mini- 
Gym’,  model 101) to measure isokinetic dynamic  strength. A lifting experiment was 
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Table 15.13 Multipliers to adjust  the maximum acceptable weight of lift for frequency. 

Height of lift Sex Frequency (liftshin) 
~ 

1 2 4 5 6 8 

Floor to knuckle Male 1.093 1.067 1.015 1.0 0.985 0.934 
Female 1.214 1.134 1.053 1.0 0.946 0.785 

Floor to shoulder Male 1.081 1.056 1.008 1.0 0.992 0.934 
Female 1.165 1.1 I3 1.007 1.0 0.992 0.975 

Floor to reach Male 1.126 1.089 1.016 1.0 0.984 0.827 
Female 1.144 1.106 1.030 1.0 0.970 0.956 

Knuckle to shoulder Male 1.110 1.074 1.002 1.0 0.984 0.930 
Female 1.280 1.210 1.070 1.0 0.930 0.790 

Knuckle to reach Male 1.244 1.172 1.028 1.0 0.971 0.895 
Female 1.017 1.009 1.008 1.0 0.991 0.935 

Shoulder to reach Male 1.071 1.059 1.036 1.0 0.964 0.874 
Female 1.196 1.147 1.049 1.0 0.950 0.901 

(From Mital and Ayoub, 1980; reprinted with permission. Copyright 1980 by the Human Factors 
and Ergonomics Society. All rights reserved.) 

Table 15.14 Prediction models developed by  Karnon et a/ .  (1982) 

LC = 1.04*EF + 330; 
LC = 1.65*ES + 251; 
LC = 0.46*BE + 380; 
LC = 0.54*LS + 304; 
IL = 0.96*BE + 254; 

where: 

r = 0.49 
r = 0.47 
r = 0.51 
r = 0.47 
r = 0.65 

LC = lifting capacity (Newtons) 
EF = elbow flexion, maximal contraction one arm 
ES = elbow strength, dynamic flexion of two arms (isokinetic strength) 
BE = back extension, maximum voluntary contraction 
IL = isometric lift, static simulated lift 
LS = lifting strength, simulated dynamic lift motion 

designed to lift a  tote box (44 cm x 30 cm x 12 cm) with  handles from the floor to 
1  13 cm height.  A  simple  psychophysical  model was developed  using  a  simple strength 
test procedure, a concise form of the prediction models. However, R' values were relatively 
low in this  study.  Only  one  lifting range (floor to 11 3 cm height) and one lifting fre- 
quency  were  studied. 

Kamon et al. (1982)  employed  the same test procedure as Pytel and Kamon (198  1) to 
test 228 male  steelmill workers. Two psychophysical lifting models were developed by 
using  a  single static strength measure  (back  extension  maximum voluntary contraction) 
or a  single  dynamic  strength  measure  (lifting  strength). The generated  models  are in the 
form of linear regression equations as shown in Table  15.14. 

Aghazadeh  (1983) studied the relationship between bodbag lifting capacity and the 
subject's strength test. Three task-related variables and five operator-related variables 
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Table 15.15 Prediction models  for  the maximum acceptable weight of lift using 
dynamic strength. 

Model code Constant term CONTAINR LIFTTYPE FRQNCY DYNSTKS RZ 
coefficient coefficient coefficient coefficient 

BXBDG 54.72 -9.68 -0.1 1 -2.21 0.27 0.726 
BGD 43.18 - -0.18 -1.91 0.21 0.594 
BXD 37.21 - -0.03 -2.52 0.34 0.775 
BXBGDKS 41.37 -7.52 - -2.21 -0.36 0.778 
BXBGDFS 5 1.02 -9.68 - -2.2 1 0.27 0.706 
BGDKS 29.94 - - -1.87 0.30 0.725 
BGDFS 43.96 - - -1.94 0.1 1 0.452 
BXDKS 30.24 - - -2.55 0.41 0.795 
BXDFS 41.82 - - -2.49 0.27 0.798 

(From Aghazadeh, 1983). 
Container code: CONTAINR = 1 for box and 2 for bag 
Lift type code: LIFTTYPE = 20 for knuckle to shoulder height lift and 50 for floor to shoulder 
height lift 
Frequency code: FRQNCY = 2 for 2 liftshin  and 6 for 6 liftshin 
Knuckle to shoulder dynamic strength code: DYNSTKS, units are in foot pounds 
General models for box and bag lifting (code BXBGD) 
Models for bag lifting only (code BGD) 
Models for box lifting only (code BXD) 
Models for box and bag lifting from knuckle to shoulder height (code BXBGDKS) 
Models for box and bag lifting from floor to shoulder height (code BXBGDFS) 
Models for bag lifting from knuckle to shoulder height (code BGDKS) 
Models for bag lifting from floor to shoulder height (code BGDFS) 
Models for box lifting from knuckle to shoulder height (code BXDKS) 
Models for box lifting from floor to shoulder height (code BXDFS). 

were studied.  Task variables were  container type (bag or box), frequency of lift (two or 
six liftslmin) and  lifting ranges floor to shoulder  and  knuckle to shoulder (FS and KS). 
Operator-related variables were static  strength (arm, stooped back, standing back, com- 
posite, shoulder and leg), dynamic  strength  measured  using  Cybex isokinetic strength 
equipment (FS and KS), endurance  (static and dynamic), PWC, subject’s height and 
weight.  Nine  dynamic  models  and  nine  static  models  were  developed  (see  Table 15.15). 
Both static  models  and  dynamic  models  could  predict  the  maximum  acceptable lifting 
capacity with a reasonable degree of accuracy (R2 with the range of 0.452 to 0.862). 
Aghazadeh  and  Ayoub (1 985)  developed models for prediction of weight lifting capacity 
of  individuals incorporating static strengths and dynamic  strengths of the  individual in a 
simulated lifting position and task variables: height and frequency of lift. It was  con- 
cluded that both the dynamic and static models could predict the  maximum  acceptable 
amount  of lift with  a reasonable degree of accuracy. The use  of  the  dynamic  model 
resulted in less absolute  error  between  the  actual  and predicted load than the  static model 
(reduction of 44 per  cent). 

Jiang (1 984)  developed  prediction  models for both individual and combined MMH 
activities  and  examined  the relationship between individual and  combined MMH activ- 
ities. MMH capacity was defined as the maximum weight the  subject  was  willing to 
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handle  plus his or her body weight for  a period of  one hour  under  the variable task 
conditions. Each activity was conducted under three different frequencies: one time max- 
imum, one handling  per min, and six handlings per min. The prediction models  for the 
capacities of individual MMH activities  were  developed  based on the isoinertial six feet 
weight incremental lifting test or the  isometric  back strength test. The isoinertial 6-ft 
incremental weight lifting test was proved to be  the best predictor  for  the individual 
MMH activities.  Since  this  type  of strength test involved both static strength to overcome 
the inertial resistance and dynamic  strength to move  the weight to a pre-assigned loca- 
tion, it was recommended as  the most  promising  single  screening test. 

Jiang et al. (1  986) developed models to predict  capacity  for  combined material hand- 
ling  activities.  Four individual MMH activities were studied: lifting from floor to knuckle 
height (LFK); lifting from knuckle to shoulder height (LKS);  lowering from knuckle to 
floor height (LOW); and carrying  for 3.4 m  (C).  Three  combined MMH activities  were 
studied: lifting from floor to knuckle height and carrying 3 .4  m  (LC); lifting from floor to 
knuckle height, carrying 3 .4  m, and lifting from knuckle to shoulder height (LCL);  and 
lifting  from floor to knuckle height, carrying 3.4 m,  and  lowering from knuckle to floor 
height (LCLO). 

Three different approaches were used for the modelling  of  combined MMH capacities: 
modelling  based on one limiting individual MMH capacity, modelling based on isoinertial 
1.83 m  maximum strength, and  modelling based on fuzzy-set theory (the fuzzy-set the- 
ory model will be  omitted from this  discussion).  Models  were  developed  using  simple 
and multiple  regression, and were evaluated  according to goodness of fit (in  terms of 
R2 values) and PRESS statistics. Both advantages and disadvantages  were  found  for both 
model types. Unfortunately, these  models have yet to be fully validated. 

The basis for  the first approach  uses  the limiting individual MMH capacity as a 
predictor. The limiting capacity usually occurs at the  most stressful individual activity (or 
at the weakest joint of the body) used in handling the  task. The limiting activity was 
derived  from  the minimal capacity of all the individual capacity  elements that made up 
the MMH task.  The individual models  (for  each  of  the three combined MMH activities - 
at each  of  the three frequency  conditions) and their corresponding limiting activity and 
R2 values  are  shown in Table 15.16. 

The key advantage  of these limiting activity-based  models is found in the incredibly 
high R2 values. Thus, these models had the best fit to the  experimental data, in terms  of 
R2 values. As a result, if the limiting individual MMH capacity is known,  the  combined 
MMH capacity can be predicted accurately, using the individual MMH capacity.  The 
close relationship between combined  activity  and limiting individual activity provides  a 
good  framework  for job designhedesign  that involves combined MMH activity. Several 
disadvantages  exist, however. First, the relationship between combined  and individual 
limiting  capacities has not been  developed.  Next,  in  order to have the best predicted 
results, these  models should only  apply within the  range  of  the  independent  variables 
used in this  study.  Furthermore, it should  be  again noted that this  study only encompassed 
the  participation  of 12 (male) subjects, a  small  sample. Finally, the testing procedure  for 
limiting individual  activities  should  follow  the testing procedure used in this  study. 

The basis for  the second approach uses isoinertial strength  of  lifting  from  floor to a 
height of 1.83 m  (this isoinertial strength test will be denoted at Tl) .  The principle 
involved in the modelling came from an effort to match an individual’s physical condi- 
tion to his MMH capacities. These  models were developed and selected  according to sim- 
plicity, goodness  of fit, and representation of variables. Table 15.17 shows  the individual 
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Table 15.16 Combined activity models by Jiang et a/. (1986). 
~~ ~~ 

Combined activity 
~ 

R2 Limiting activity 

LCM = 0.762 + (0.953*LFKM) 
LCLM = 3.015 + (0.973*LKSM) 
LCLOM = -17.805 + (1.602*LFKM) 
LC1 = 16.903 + (0.809*LFKl) 
LCLl = -4.201 + (1.022*LKSl) 
LCLOl = 27.777 + (0.685*LFK1) 

LCL6 = 7.126 + (0.883*LKS6) 
LCLO6 = 6.272 + (0.867*LFK6) 

LC6 = -1.449 + (0.969*LFK6) 

0.952 
0.967 
0.966 
0.980 
0.963 
0.9 15 
0.941 
0.932 
0.920 

LFKM 
LKSM 
LFKM 
LFKl 
LKS 1 
LFKl 
LFK6 
LKS6 
LFK6 

Lifting F-K (LFK): 
LFKM - LFK at  the frequency of one time maximum 
LFKl - LFK at the frequency of 1 handlinglmin 
LFK6 - LFK at the frequency of 6 handlingdmin 

LKSM - LKS at  the frequency of one time maximum 
LKSl - LKS at the frequency of 1 handlinglmin 
LKS6 - LKS at the frequency of 6 handlingdmin 

LOWM - LOW at  the frequency of one time maximum 
LOW1 - LOW at the frequency of 1 handlinglmin 
LOW6 - LOW at the frequency of 6 handlingdmin 

CM - C at the frequency of one time maximum 
C1 - C at the frequency of 1 handlinglmin 
C6 - C at the frequency of 6 handlingdmin 

LCM - LC at the frequency of one time maximum 
LC1 - LC at the frequency of 1 handlinglmin 
LC6 - LC at the frequency of 6 handlingdmin 

Lifting F-K + carrying 14 ft + lifting K-S (LCL): 
LCLM - LCL at  the frequency of one time maximum 
LCLl - LCL at the frequency of 1 handlinglmin 
LCL6 - LCL at the frequency of 6 handlingdmin 

Lifting F-K + carrying 14 ft + lowering K-F (LCLO): 
LCLOM - LCLO at the frequency of one time maximum 
LCLOl - LCLO at the frequency of 1 handlinglmin 
LCLO6 - LCLO at the frequency of 6 handlingdmin 

Lifting K-S (LKS): 

Lowering K-S (LOW): 

Two hand front carrying for 14 feet (C): 

Lifting F-K + carrying 14 ft (LC): 

models for each of the three combined MMH activities at each of the three frequency 
conditions and their corresponding R2 and PRESS values. 

Some of the advantages of isoinertial strength-based models include: (1) combined 
MMH capacities can be predicted by simple strength testing which can be conducted in 
less than five minutes; (2)  the combined MMH capacity can  be predicted from strength 
testing, directly; (3) no knowledge of individual capacities is required; and (4) the isoinertial 
strength tests are more representative of actual industrial lifting activities than other tests. 
The disadvantages of isoinertial strength-based models are very similar to those dis- 
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LCM = 129.749 - (1.642*Tl) + (0.029249*TlZ) 
LCLM = 165.945 - (2.545*Tl) + (0.028413*T12) 
LCLOM= 126.811 -(1.884*T1)+(0.033231*TlZ) 
LC1 = 144.735 - (2.312*Tl) + (0.027586*TI2) 
LCLl = 75.280 - (0.009*Tl) + (0.007132*T12) 
LCLOl = 139.556 - (2.092*Tl) + (0.024567*T12) 
LC6 = 99.641 - (1.042*Tl) + (0.01541 I*TIZ) 
LCL6 = 98.427 - (0.999*TI) + (0.014337*T12) 
LCLO6 = 120.787 - (1.734*T1) + (0.020301*T12) 

0.9 13 
0.885 
0.916 
0.947 
0.854 
0.923 
0.790 
0.8 1 1 
0.846 

(From Jiang ef ol., 1986). 

advantages presented above, for the limiting-activity-based models. First, a  small  sample 
size  of 12 subjects was used to develop  the  above models. Also,  the application of these 
models  should be within the range of the T1 values  used in this study (47.7-79.5 kg). 
Finally, the testing procedure  using T1 in this study should  be  followed in order to 
measure the isoinertial strength  of  T1. 

Most  MMH prediction models  have  focused on lifting activities. Few models  however 
were developed to predict capacity for lowering, pushing, pulling, and carrying tasks. 
These are briefly presented in Tables 15.1 8, 15.19, 15.20 and 15.21. 

All of the models  presented  above  can be used to predict individual  capacities. Models 
to estimate population capacities have also been developed.  Ayoub et al. (1  983) devel- 
oped  population  models to estimate the lifting  capacities  for  the  various  percentiles of the 
population. These  models  were  based on the data generated by Ayoub et al. (1978a)  (see 
earlier  section  for  more details on the  variables in the  study).  Table  15.22  shows these 
models  for both males and females. 

C O N F L I C T S   B E T W E E N   C R I T E R I A   B A S E D  ON T H E   V A R I O U S   A P P R O A C H E S  

It is not surprising that criteria based on the  principles  of  biomechanics, psychophysics, 
and physiology often provide MMH limits that are in conflict. These conflicts pose 
confusion  for practitioners, and  make  selecting  a  proper limit troublesome. An example 
of the conflicts between the criteria is shown in Figure  15.3, which illustrates recom- 
mended  loads as a function of frequency for a floor to shoulder  lift. The example is based 
on Kim’s  (1990)  models using a  650  kg  spinal  compression limit and  a 1 I/min physio- 
logical criteria for males. The biomechanical approach results in high-recommended 
weights  for high-frequency tasks  and  the physiological approach  results in high-recom- 
mended loads at low frequencies.  The figure also  illustrates  how the psychophysical 
approach may be in conflict with the physiological approach.  The  most  conservative 
approach to these conflicts is to consider all criteria simultaneously in order to estimate 
the  recommended weight for lift as was  proposed by Kim (1990). The NIOSH equations 
of 198 1 and 1991 use an approach  considering all three criteria to estimate  the  recom- 
mended  weight limit (RWL). 
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Mital (1983~) All 

Table 15.18 Lowering capacity prediction models. 

Source Height of lower Gender Model R2 

Asfour (1980) HL1 Male LC = 7.2904 -0.4887*(10** 0.12 
- 6)*BSl*BS2*AT*F*HLl 
+ 613153.53*(10** - 6)*BW 
- 145.03*(10** - 6)*BS*(F**3) 

HL2 Male LC = 0.9868 - 48.2692*( lo** 0.70 
- 6)*F*BS1 *BS2*AT 
+ 367670.51*(10** - 6)*BS 
- 65.25*( lo** - 6)*BW*(F**3) 

Both LC = 15.12 - 7.85*(1/BSl) 0.94 
+ 131.53*(1/HL3) - 0.092*(1/F) 
- 2.75*LN(F) + 1.58*G*HL 
+ 0.344*G*F + 0.034*BS1 *HL 
+ 0.002*HS3*F + 0.33*HL*F 

(From Genaidy et al., 1988; reprinted with permission. Copyright 1988 by the Human Factors 
and Ergonomics Society. All rights reserved.) 
HLI: height of lower above the floor (cm) 
HL2: height of lower above table height (cm) 
LC: lowering capacity (kg) 
BSI: box length (cm) 
BS2: box width (cm) 
AT: angle of twist (dge) 
F: frequency of lower (timedmin) 
BW: body weight (kg) 
G: gender (G = 0 for male and 1 for female) 
HL: height of lower (HL = 1 for floor to knuckle, 2 for knuckle to shoulder, and  3 for shoulder 
to reach) 
HL3: vertical distance of lower (cm). 
The model developed by Mital (1983~) was based on the data generated by Snook (1978); all 
models are applicable only for the free-style lifting technique. 

Table 15.19 Pushing capacity prediction models. 

Source Gender Model R2 

Mital (1983~)  Male PC = 17.29 - 0.166*HD - 11.45*F 0.968 
+ 0.0013*(HD**2) 
+ 5.60*(F**2) + O.OOI*(l/F) 
+ 0.047*HD*F 

Female PC=10.31  -0.133*HD- 16.15*F  0.960 
- 0.154*LN(F) + 6.17*EXP(F) 
+ 0.056*HD*F 

(From Genaidy et al., 1988; reprinted with permission. Copyright 1988 by the Human Factors 
and Ergonomics Society. All rights reserved.) 
PC: pushing capacity (kg) 
HD: horizontal distance of push (m) 
F: frequency of push (timedmin). 
The model developed by Mital (1983~) was based on the data generated by Snook  (1978). 
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Table 15.20 Pulling capacity prediction models. 

Source Gender Model R2 

Mital (1983~) Male PC = 18.48 - 0.685*F - 0.0003*(VD**2) 0.978 

Female PC = 15.03 - 0.394*F - 0.0003*(VD**2) 0.945 
+ 0.003*VD*F - 0.5*LN(F) 

- 0.33 1 *LN(F) 

(From Genaidy et nl., 1988; reprinted with permission. Copyright 1988 by the Human Factors 
and Ergonomics Society. All rights reserved.) 
PC: pulling capacity (kg) 
VD: vertical distance of pull (m) 
F: frequency of pull (timedmin). 
The model developed by Mital (1983~) was based on the data generated by Snook (1978). 

Table 15.21 Carrying capacity prediction models. 

Source Gender Model R2 

Mital (1 983c) Male CC = 77.27 - 12.46*LN(VD) - 2.4*LN(HD) 0.962 

Female CC = 46.49 - 0.239*HD - 7.12*LN(VD) 0.955 
-0.Oll*(l/F)-2.01*LN(F) 

- 0.0073*( 1/F) - 1.44*LN(F) + 0.0003*VD*HD*F 

(From Genaidy et al., 1988; reprinted with permission. Copyright 1988 by the Human Factors 
and Ergonomics Society. All rights reserved.) 
CC: carrying capacity (kg) 
VD: height at which load is carried (cm) 
F: frequency of cany (timedmin) 
HD: horizontal distance of carry (m). 
The model developed by Mital (1983~)  was based on the data generated by Snook (1978). 

Table 15.22 Lifting capacity prediction models. 

Gender Height Frequency Box size  Model 
of lift (timeshin) 

Male F-K 

F-K 

F-K 

F-K 

Male F-S 

F-S 

F-S 

F-S 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

1 2 < B S < 1 8  

B X >  18 

12 < B S  < 18 

BS > 18 

12 < BS < 18 

BS > 18 

1 2 < B S < 1 8  

BS > 18 

LC = [57.2*F**(-O. 184697)]+ [ 1.65*( 18 
- BS)] + [Z*16.86*F**(-0.174197)] 
LC = [57.2*F**(-0.184697)] + [0/8*(18 
- BS)] + [Z*16.86*F**(-0.174197)] 
LC = [57.2 - 2.0*(F - l)] + [1.65*(18 
- BS)] + [Z*(16.86 - 0.5943*(F - I))] 
LC = [57.2 - 2.0*(F - l)] + [0.8*(18 
- BS)] + [Z*( 16.86 - 0.5964*(F - I))] 
LC = [51.2*F**(-0.184697)] + [1.65*(18 
- BS)] + [Z*15.09*F**(-0.174197)] 
LC = [51.2*F**(-0.184697)] + [0.8*(18 
- BS)] + [Z*15.09*F**(-0.174197)] 
LC = p1.2 - 2.0*(F - l)] + [1.65*(18 
- BS)] + [Z*(15.09 - 0.5338*(F - I))] 
LC = [51.2 - 2.0*(F - l)] + [0.8*(18 
- BS)] + [Z*(15.09 - 0.5338*(F - I))] 
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Table 15.22 (Cont’d) 

Gender Height Frequency Box size Model 
of lit? (timedmin) 

Male 

Male 

Male 

Male 

Female 

Female 

F-R 

F-R 

F-R 

F-R 

K-S 

K- S 

K-S 

K- S 

K-R 

K-R 

K-R 

K-R 

S-R 

S-R 

S-R 

S-R 

F-K 

F-K 

F-K 

F-K 

F-S 

F-S 

F-S 

F-S 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

LC = [49.1*F**(-0.184697)] + [1.65*(18 
- BS)] + [Z*14.47*F**(-0.174197)] 
LC = [49.1*F**(-0.184697)] + [0.8*(18 
- BS)] + [2*14.47*F**(-0.174197)] 
LC = [49.1 - 2.0*(F - l)] + [1.65*(18 
- BS)] + [Z*(14.47 - 0.51 19*(F - I))] 
LC = [49.1 - 2.0*(F - l)] + [0.8*( I8 
- BS)] + [Z*( 14.47 - 0.5 1 l9*(F - l))] 
L C =  [52.8*F**(-0.138650)] + [1.10*(18 
- BS)] + [Z* 14.67*F**(-0.156762)] 
LC = [52.8*F**(-O. 138650)]+ [0.8*( 18 
- BS)] + [2*14.67*F**(-0.156762)] 
LC = [52.8 - 2.0*(F - I)] + [1.10*(18 
- BS)] + [2*(14.67 - 0.5534*(F - I))] 
LC = [52.8 - 2.0*(F - I ) ]  + [0.8*( I8  
- BS)] + [Z*(14.67 - 0.5534*(F - I))] 
LC = [50.0*F**(-0.138650)] + [l.lO*(lS 
- BS)] + [2*13.89*F**(-0.156762)] 
LC = [50.0*F**(-0.138650)] + [0.8*(18 
- BS)] + [2*13.89*F**(-0.156762)] 
LC=[50.0-2.0*(F-1)]+[1.10*(18 
- BS)] + [Z*13.89 - 0.5240*(F - l))]  
LC = [50.0 - 2.0*(F - l ) ]  + [0.8*(18 
- BS)] + [Z*13.89 - 0.5240*(F - I))] 
LC = [48.4*F**(-0.138650)] + [1.10*(18 
- BS)] + [2*13.45*F**(-0.156762)] 
LC = [48.4*F**(-0.138650)] + [0.8*(18 
- BS)] + [2*13.45*F**(-0.156762)] 
LC=[48.4-2.0*(F-1)]+[1.10*(18 
- BS)] + [Z*(13.45 - 0.5074*(F - I ) ) ]  
LC = [48.4 - 2.0*(F - I)]  + [0.8*( I8 
- BS)] + [Z*( 13.45 - 0.5074*(F - I))] 
LC = [37.4*F**(-0.187818)] + [1.10*(18 
- BS)]*[Z*6.87*F**(-0.251605)] 
LC = [37.4*F**(-0.187818)] + [0.4*(18 
- BS)] + [Z*6.87*F**(-0.251605)] 
LC=[37.4-l.l*(F-1)]+[1.10*(18 
- BS)] + [Z*(6.87 - 0.1564*(F - I))] 
LC=[37.4-  l.l*(F-  1)]+[0.40*(18 
- BS)] + [Z*(6.87 - 0.1564*(F - I))] 
LC = [31.I*F**(-0.187818)] + [1.10*(18 
- BS)] + [Z*5.71*F**(-0.251605)] 
LC = [31.1*F**(-0.187818)] + [0.4*(18 
- BS)] + [Z*5.71*F**(-0.251605)] 
LC=[31.1 - l.l*(F-  1)]+[1.10*(18 
- BS)] + [Z*(5.71 - 0.1300*(F - I))] 
LC = p1.1 - I.l*(F - I)] + [0.4*(18 
- BS)] + [2*(5.71 - 0.1300*(F - I))] 
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Table 15.22 (Cont’d) 
~ 

Gender Height Frequency Box size Model 
of lift (timedmin) 

Female 

Female 

Female 

Female 

Female 

F-R 

F-R 

F-R 

K-S 

K-S 

K-S 

K-S 

K-R 

K-R 

K-R 

K- R 

S-R 

S-R 

S-R 

S-R 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

0.1 < F < 1.0 

0.1 < F < 1.0 

1.0 < F < 12.0 

1.0 < F < 12.0 

1 2 < B S <  18 

BS> I8 

BS > I8 

1 2 < B S < 1 8  

BS> 18 

1 2 < B S <  18 

BS > 18 

1 2 < B S <  18 

BS > 18 

1 2 < B S < 1 8  

BS> 18 

1 2 < B S <  18 

BS> 18 

1 2 < B S <  18 

BS> 18 

LC = [28.1*F**(-0.187818)] + [1.10*(18 
- BS)] + [Z*5.16*F**(-0.251605)] 
LC = [28.1*F**(-0.187818)] + [0.4*(18 
- BS)] + [Z*5.16*F**(-0.251605)] 
LC=[28.1 - I.l*(F-  1)]+[0.4*(18 
- BS)] + [Z*(5.16 - 0.1 175*(F - I))] 
LC = [30.8*F**(-0.156150)] + [0.55*(18 
- BS)] + [2*5.66*F**(-0.258700)] 
LC = [30.8*F**(-0.156150)] + [0.2*(18 
- BS)] + [2*5.66*F**(-0.258700)] 
LC = [30.8 - I.l*(F - I ) ]  + [0.55*(18 
- BS)] + [Z*(5.66 - 0.1289*(F - I ) ) ]  
LC= [30.8-  I.l*(F-  l)] + [0.2*(18 
- BS)] + [Z*(5.66) - 0.1289*(F - I))] 
LC = [27.3*F**(-0.156150)] + [0.55*(18 
- BS)] + [Z*5.01*F**(-0.258700)] 
LC = [27.3*F**(0.156150)] + [0.2*(18 
- BS)] + [Z*5.01*F**(-0.258700)] 
LC = [27.3 - l .l*(F - l ) ]  + [0.55*(18 
- BS)] + [Z*(5.01 - 0.1 141*(F-  I))] 
LC= [27.3 - l .l*(F - l ) ]  + [0.20*(18 
- BS)] + [Z*(5.01 - 0.1 141*(F - I ) ) ]  
LC = [26.4*F**(-0.156150)] + [0.55*(18 
- BS)] + [2*4.85*F**(-0.258700)] 
LC = [26.4*F**(-0.156150)] + [0.2*(18 
- BS)] + [2*4.85*F**(-0.258700)] 
LC = [26.4 - l.l*(F - I)]  + [0.55*(18 
- BS)] + [Z*(4.85 - 0.1 104*(F - l))] 
LC=[26.4-I.l*(F-1)]+[0.2*(18 
- BS)] + [Z*(4.85 -0.1104*(F-  l))] 

(From Ayoub et al., 1983). 
F: frequency of lift 
BS: box size  (inches) 
LC: lifting capacity (pounds) 
F-K: floor to knuckle 
F-S: floor to shoulder 
F-R: floor to reach 
K-S: knuckle to shoulder 
K-R: knuckle to reach 
S-R: shoulder to reach 
Z: score of population percentage from normal tables (Z = -1.6449 for 95%, Z  =-1.2816 for 
90%,  Z = -1.0364 for 85%, Z = -0.6745 for 75%, Z = 0.0 for 50%, Z = 0.6745 to 25%, 
Z =  1.0364 for 15%, Z =  1.2816 for lo%, and Z =  1.6449 for 5%). 
Models are based on the data generated by Snook ( 1  978) and Ayoub et ai. ( 1  978a) and are 
applicable only for the free-style lifting technique. 
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Figure 15.3 Example of conflict among biomechanical, psychophysical,  and physiological 
criteria (based on Kim's (1990) models). 

THE  FUTURE  OF MANUAL MATERIALS HANDLING MODELLING 

As documented in this chapter,  previous  research  to  model and understand  the  adverse 
effects  of  manual  materials  handling  tasks  on  workers has  come  from three  distinctly 
different  approaches.  Each  has  provided  insight  into  the  hazards of individual  task  com- 
ponents  that  are  often  encountered in many jobs. Unfortunately,  each  approach  is  specific- 
ally  directed  at  task  components  and  none  of  these  approaches  has  proven  effective at 
dealing  with jobs in their  entirety. At the  present  time typical manual  material  handling 
jobs have  a  variety of different  work  components  that make it difficult to apply any  of the 
three  methods in a pure sense.  Workers are often  required to lift, carry,  hold,  and  lower 
loads  that  vary in location and weight  throughout the workday.  Typical  of  this  are  the 
many  warehousing  operations  currently  done  manually in  the United  States. These  jobs 
have so many  different  tasks  components  that it is  impractical to analyse  each  task, and 
even  if  this  could be done,  there  is  currently  no  agreed  method  of  aggregating  task  indices 
of risk into  a job index  of  risk.  Workers are  also increasingly being asked  to  rotate 
between  several  different jobs with  one  of  the jobs having  a  large  manual  materials  hand- 
ling  component. In addition, ten and  twelve  hour  work  shifts have become  common  at 
many work sites. 

The  variety of different work  tasks being done by typical  industrial  workers  presented 
a  problem  for the task  oriented  models  presented in this  chapter.  Ergonomics  practition- 
ers are  often  confused by conflicting recommendations  provided by different models  and 
even by the same model  for  different  tasks  performed by a worker within  a  workday. It is 
the  authors'  opinion  that  future  modelling  efforts  should  and  will  concentrate  on  provid- 
ing  insight  into the musculoskeletal  risks  of jobs and  careers,  instead  of  tasks.  Whether 
this  is  done by combining the  task  level  approaches  documented in this  chapter  into  a 
composite  measure, or through an entirely  different  method is not entirely  clear  at  this 
time.  However,  the  greatest  need in preventing  manual  materials  handling  injuries  is 
understanding  the  cumulative  effects  of  work  tasks  done  over  days,  years, and  even a 
work  career. 
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CHAPTER SIXTEEN 

Posture 
STEPHAN KONZ 

Posture will be considered  ‘the  configuration of the body’s  head,  trunk  and  limbs in 
space’. This chapter will consider the following:  non-perfect bodies; measuringkecording 
posture; static posture;  dynamic  posture;  and external factors. 

N O N - P E R F E C T   B O D I E S  

Sometimes  we  forget that everyone does not have a perfect body. 

Spine 

The spine is concave  backwards  in two areas (cervical  and  lumbar)  and  concave  forwards 
in one area (thoracic). Lordosis is an increase in lumbar curvature - a  swayback posture, 
with the stomach  protruding.  (Pregnancy  gives  a  temporary  increase in lordosis,  leading 
to standing  farther  from  a  worksurface,  but  compensating by bending the torso  forward 
and extending the arms more (Paul and  Frings-Dresen, 1994).) Kyphosis is an  increase  in 
thoracic curvature - shoulders  roll  forward, the person  slouches,  becomes  a  hunchback. 
Scoliosis is a  bending of the spine to the side (i.e.  from  a  front  view). 

Legs 

Leg  length  discrepancy  (LLD) is the technical  name for differences  in leg length in the 
same  person.  Contreras et al. (1993),  summarising studies with N = 2377, reported that 
40 per cent of  people  had  LLD I 5 mm, 30 per cent  had  LLD I 9 mm, 20 per cent had 
LLD I 11 mm and  10  per cent had  LLD S 14 mm. 

Joints 

Other  imperfections  can  affect  posture. These problems  can be from many causes (injur- 
ies,  aging,  disease,  etc.). 
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For  information on the knee and hip,  see Nordin et al. (1997:  Chapter 38, Epidemi- 
ology of the  lower  extremity;  Chapter  39,  Biomechanics  of the hip and knee; Chapter 40, 
Clinical evaluation  of  the  hip  and knee; and Chapter 4 1, Treatment  of  common  disorders 
of the hip  and  knee). 

For information on the foot and ankle,  see Nordin et al. (1997: Chapter 43, Epidemi- 
ology of  foot  and  ankle disorders; Chapter 44, Anthropometry  of  the human foot; Chapter 
45, Biomechanics  of the ankle joint complex and the  shoe;  Chapter 46, Clinical  and 
functional evaluation  of  the  foot  and ankle; and  Chapter 47, Treatment and indications  for 
surgical treatment of  foot and ankle injuries). 

MEASURINC/RECORDINC POSTURE 

Note that the  effects of posture include: body orientation in space; force by muscles to 
maintain that orientation; and duration the  orientation is held.  Table  16.1  describes the 
terminology.  There are two general applications: laboratory and field. 

laboratory 

A laboratory has the  characteristics  of precision, repeatability and  organisation  of  data 
gathering. Thus relatively elaborate  equipment  can be used. 

For photography,  consider  whether  two-dimensional or three-dimensional views  are 
desired. Generally,  the view is made with a  video  camera - probably on a  sampling basis. 
Generally, markers  are placed on the person to aid in identifying specific body locations 
during  the  analysis. When the  marker  locations  are  digitised, they usually will be entered 
into  a  computer  (manually or automatically) and various  angles  calculated. 

Table 16.1 Terminology for body position descriptions. 

Planes 
rn Sagittal: Divides the body into left and right 

~ Medial (Y): Close to the centre 
- Lateral (+Y or -Y): Away from medial on left (+Y) or right (-Y) 

- Anterior (+X): Front or ventral side 
- Posterior (-X): Back or dorsal side 

- Superior (+Z): Closer to head 
- Inferior (-Z): Closer to feet 

rn Coronal: Divides the body into front and back 

rn Transverse: Divides the body into top and bottom 

Limbs 
rn Proximal: Closer to the torso 
w Distal: Farther from the torso 

Wrist/hand motions 
rn Flexion (bend hand down) vs Extension (bend hand up) 
rn Radial deviation (bend horizontal hand towards thumb) vs Ulnar deviation 

rn Pronation (rotation towards palm down)  vs Supination (rotation towards palm up) 
(bend horizontal hand towards little finger) 
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Goniometers  give  the  angle  directly. The simple  units have two arms and the experi- 
menter reads  the included angle visually. The more  complex  units  operate  electronically 
and  give  continuous  readouts - allowing  collection  of  data over time without distracting 
the  subject  (Boocock et al., 1994). 

Occasionally  a  scientist will take  apparatus  into  a field situation and use equipment to 
record posture. Ergonomists or engineers however, will normally want  only  approximate 
information and do not want to 'interfere' with production. 

In these  cases,  the analyst can  either take a  video of the job (and  analyse it in the 
office) or observe in 'real  time'  and record the results on a  form.  A  number of forms have 
been developed which give  simple  categories  (standing  straight,  standing with back bent 
less than 45", standing  with back bent 45-90", etc.). For an example,  see  the OWAS 
system  (Karhu et al., 1977). When multiple  angles need to be recorded and the job is 
variable  (not  exactly repeating), real time  recording will be  inaccurate  (DeLoosc et al., 
1994). The use  of  a  videotape  of  a  number  of  cycles  is recommended, which can be 
analysed at leisure. An additional advantage  of  a  video is that duration of  a  posture  can 
be  recorded as well as orientation. 

S T A T I C  P O S T U R E  

Standing 

Table 16.2 gives  some  dimensions for US adults.  A large portion of the variation in 
human stature  is in leg length; the  torso is relatively constant in height. Weights of vari- 
ous body segments for adult males (as a  percentage  of total weight)  are: head = 7.3 per 
cent,  torso = 50.7 per cent, one total arm and hand = 4.9 per cent, one total leg and foot 
= 16.1 per  cent. 

The mean distance between the inside of the  two  feet, when standing, is about 100 mm, 
between foot centrelines is about 200 mm, and between outside  edges is about 300 mm 
(Rys  and  Konz, 1994). Yet mean height for  males is 1750 mm. Thus there is a base of 

Table 16.2 Selected  dimensions (crn) of nude US adult civilians. 

Mean 

Females Males 

Standard deviation 

Females Males 

Stature 162.9  (100%) 175.6  (100%) 
Crotch height 74.1  (45%) 83.7  (48%) 
Knee height 51.5  (32%) 55.9  (32%) 
Foot length 24.4 (15%) 27.0  (15%) 
Foot breadth 9.0  (6%) 10.1  (6%) 

6.4  6.7 
4.4  4.6 
2.6  2.8 
1.2 1.3 
0.5 0.5 

The percentages show the dimension as a percentage of stature height. Shoes add 25 mtn height 
for males and 15 mm for females. Shoes add 0.9 kg to body weight. From Konz (1995), with 
permission. 
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Table 16.3 

Zone Force moments Stress Height of hand 

Standing zones vs stress. 

Maximum Minimum 

1 2 
2 1 
3 0 

4 1 

5 3 

~ _ _ _ _ _ _  

4.2 Standing on tiptoe Upper reach 
2.3 Upper reach Shoulder 
1 .o Shoulder Trunk bending 120°, 

2.3 Trunk bending <20”, Knee height 

7.0 Knee height 

knees straight 

knees straight 

Adapted from Swat and Krzychowicz (1996). It is assumed that the ‘free comfort boundaries’ 
are trunk forward 120’, to the sides <lo”, backwards Go, and twisting 15’. Force moments 
are calculated from trunk, knee and ankle bending. 

only 200-300 mm for a structure of 1750 mm. The base can be increased if the person 
stands with one foot forward; this also reduces twisting stress if the turn is to the side 
opposite the forward foot. 

This structure has two supports up to the waist and then one support (the spine). Thus 
there is sway - especially front to back. Sway is increased by lack of vision and by cer- 
tain noise frequencies (Sakellari and Soames, 1996). When standing, the centre of gravity 
passes from the ear opening forward of the spine (even L4-L5) so the body normally has 
a forward bending moment, counteracted by ligament and back muscle forces and soleus 
muscles of the calf. 

‘Quiet standing’ is actually a highly dynamic event as there is incessant weight shift- 
ing from side to side. Satzler et al. (1993) recorded foot movements for 120 minutes of 
standing; people moved a foot approximately every 90 seconds. 

Venous pressure in the ankle of sedentary people is approximately equal to hydrostatic 
pressure from the right auricle. Pollack and Wood (1949) reported 56 mm Hg for sitting 
and 87 mm Hg for standing; Nodeland et al. (1983) reported 48 mm Hg for sitting and 80 
mm Hg for standing. However, walking about ten steps drops venous ankle pressure to 
about 22 mm Hg. 

Table 16.3 details stress for work at various standing zones. An empty hand is 
assumed; the stress is magnified if the hand holds an object such as a handtool. Table 
16.4 lists risks for various postures as a function of angle and duration. 

Sitting 

The concept that people sit with back straight and head up is fictional. For example, Graf 
et al. (1995) divided back postures of seated people into ‘forward’ (head over centre of 
thighs), ‘middle’ (head over buttocks), and ‘backwards’ (head behind buttocks). The first 
point is that positions were not constant at middle but varied (changing about ten times 
per hour). The second point is that the postures varied greatly with task (assembly, office, 
listening, VDU and cashier). Van Riel et al. (1 995) also emphasised the differences for 
head position among tasks. 
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Table 16.4 Posture checklist for neck, trunk and legs. 

Job studied Percent time posture used in job 

Never <1/3 2113 

Neck 
1. Mild forward bending (>20") 
2. Severe forward bending (>45') 
3. Backward bending (>20") 
4. Twisting or lateral bending (>20") 

TrUnk 
5.  Mild forward bending (>20") 
6. Severe forward bending (95") 
7. Backward bending (>20") 
8. Twisting or lateral bending (>20") 

General body/legs 
9. Standing stationary 

(no walking or leaning) 
10. Standing, using footpedal 
11. Knees bent or squatting 
12. Kneeling 
13. Lying on back or side 

Total X = - Total * = - 

Comments: 

0 

0 
X 
X 
X 

X 
* 
X 
X 

0 

0 
0 
X 
0 

X 
* 
* 
f 

X 

From Keyserling et al. (1992). A zero indicates insignificant risk; an X indicates a potential risk; 
a star indicates a significant risk. 

Other postures 

Table 16.5 gives  dimensions  for  some  other  working postures. 

DYNAMIC P O S T U R E  

Walking/running 

When  walking,  the activity of one leg has  a  shorter  swing  phase  (when  the foot is passed 
forward)  and a longer support (stepping, contact)  phase (when the foot is on the  ground). 
The support phase  starts at heel strike and ends at toe-off; it has an earlier  passive  section 
and a later active (propulsion)  section.  Since  the  swing  phase is shorter than the support 
phase, heel  strike  of  the  opposite  limb  occurs  during  the  propulsion  section  of  the support 
phase. During a slip, instead of  stopping,  the heel continues to move and the leading foot 
moves  out in front of the body. 

The length of stride (L) divided by stature height (h) varies linearly with velocity: 
Lk = 0.67 at v = 0.8 m/s and Lk = 0.9 at 1.7 m/s. 



Table 16.5 Selected body dimensions of males in common working positions 
(Annis and McConville, 1996). 

~ 

Dimension Mean, mm Std. dev. Meadheight 

Overhead  reach 
Breadth 377 
Fist  height 2141 
Maximum  height 2240 

17.3 
82.9 
85.9 

Horizontal  length 
Knee  bent 
Knee  straight 

I484 53.6 
1778 59.7 

Supine 
Arm reach 747 32.6 
Bent  knee  height 502 22.9 

Height 
Squatting 
Kneeling height 
Bent  torso 

1117 
1304 
1309 

Breadth 
Bent  torso 448 
Maximum  squatting 562 

49.3 
45.0 
70.1 

22.4 
54.1 

22 
122 
128 

85 
101 

43 
29 

64 
74 
75 

26 
32 

Leg length, kneeling 672 33.5 38 

Mean age = 29 years,  height = 1752 mm, weight = 73 kg. 

Walking  changes  to  running,  for normal size  adults,  at  about 2.5 m/s (5.6 milesih) 
since it uses less  energy  (for  the same speed). In running,  both  feet  are off the ground for 
part  of the stride.  Peak  force  is  about 3 x body  weight  at  about 0.1 s after  contact. 

Stepping 

Descending  stairs demands a  quite  different  gait  than  that  for  ascending.  Most stair falls 
occur  while  descending. 

For  descent,  the  leading foot swings forward over the  nosing edge and stops its 
forward  motion  when it is  directly  over the tread  below;  the toe is  pointed  downward. 
Meanwhile  the  heel  of the rear  foot  begins to rise, starting  a  controlled fall downward 
towards  the  tread. The heel of  the  forward  foot  is  then  lowered  and  the  weight  transferred 
to the forward foot. The rear foot then  begins to  swing forward.  Problems  are  overstep- 
ping the nosing  with  the  forward  foot,  catching the toe  of the forward  foot, and snagging 
the  heel  of the rear foot on  the  nosing as it swings past. 

For  ascent,  the  leading foot has  a toe-off, swing,  and first contact  with  the  upper  step. 
The foot is roughly  horizontal. The ball of the foot is  well  forward on the  tread. The rear 
foot  then  rises on tiptoe,  pushing down  and back. The rear leg then  begins the  swing 
phase. The primary  problem  is  catching  the toe, foot or  heel  of  either foot on  the  stair 
nosing.  Another  problem  is  slipping by the  rear  foot  when it pushes  backward. 
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Falls 

Falls can occur from slips  (unexpected horizontal foot movement), trips (restriction of 
foot  movement) and stepping-on-air (unexpected vertical foot  movement). 

Slips primarily occur  during foot pushoff and heel  strike. During pushoff, the  person 
falls forward (less  common  and less dangerous). If a  slip  occurs  during heel strike,  the 
person falls backward. During a slip, there is normally a ‘lubricant’ (water, oil,  grease, 
dust, ice) either on the  surface or on the shoe heel. 

Outdoor  trips often occur  from uneven surfaces  which  the person expects to be even. 
Indoor trips tend to be from objects on the floor or stairs. Usually there is a visual 
problem. 

Stepping-on-air can  occur on steps with unequal riser distances,  when  there is a hole in 
the ground, and when there is ‘no ground’. Very often it occurs with ‘single steps’ (small 
changes in elevation) such as curbs and one-step changes in floor level. Often stepping- 
on-air has a visual cause. 

Falls which occur when thc person is carrying  something  are  especially  dangerous. 
The  object carried decreases  stability as a function of  the  torque  above the ankle  (weight 
X object height above ankle). Other  problems  are  that  the  arms cannot be used for  balance 
(to prevent a fall), to grab  a railing, or to break  the  fall  impact. 

Manual material  handling 

Cumulative trauma to the  back  is due primarily to manual material handling. Some stat- 
istics (Khahil, 1991)  are: 

w On any given day, 6 500 000 people in the USA are in bed with back pain. 
1 A total of 75 000 000 Americans  have back pain problems. 

In industrialised countries, 80 per cent  of working adults will develop  back pain in 
their career. 
In the USA, only  colds  cause  more physician visits than back pain. About 50 per cent 
of all chiropractor  visits  are due to low-back symptoms. 

Note that there is  a hierarchy of back problems: 

low-back pain; 
w low-back impairment (reduced ability to perform); 
w low-back disability (lost time); and 
w low-back compensation (reimbursement). 

Although personal risk factors  are  important  (Garg and Moore, 1992), the following 
subsections will concentrate on ergonomic risk factors. 

Carrying 

Carrying  indicates  poor job design;  replace with pushing or pulling (e.g. carts, conveyors, 
hoists). Consider  a  short  section  of  a roller conveyor or belt conveyor  (perhaps  portable); 
trucks often are loadedunloaded using an extendable belt conveyor. Within  a workstation, 
consider balancers, manipulators and robots. 
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Carrying  objects  up and especially down  stairs and ladders  is  dangerous as: the  hands 
are not free;  and  the  object may impair  vision.  Consider  hoists and elevators. If the object 
must be carried on the  staidladder, keep the  hands  free ( e g  use a tool belt or a  backpack). 

Pushing/pulling 

Pushing/pulling  (at least on a  level)  does not have to fight gravity  and  therefore is better 
than lifting/lowering; three people can push  a  car  but they certainly cannot lift it! In 
general, pushing is easier  than pulling. 

Some  guidelines  for horizontal pushing/pulling perpendicular to the shoulders  are: 

Two hands are better than one. 
rn Force  capability  goes  down as it is exerted  more  often. 
rn Females  are  weaker  than  males - especially  in pushing. 
rn Push at waist level  rather  than  shoulder or knee level. (Two vertical handles on a cart, 

rather than one horizontal handle, allows all sizes of people to use  optimum posture.) 
rn Pull at knee level rather than waist or shoulder level. If a two-wheeled cart must be 

pulled over  curbs or steps (as in retail delivery of beverages), larger  diameter  wheels 
(larger  lever  arm) are better. 

Arms and shoulders  (not the lower  back)  tend to be  limiting when: 

rn Activity is repetitive (local  muscle  fatigue). 
rn Posture is poor: 

- pushing  with  arms fully extended  (arm strength is greatest at 0.5 (reach  distance), 
drops at 0.75 (reach distance) and is lowest at 1 .O (reach distance))(Kumar, 1987); 

- pushing or pulling  with one arm; 
- pushing or pulling  above  the  shoulder or below the hip; 
- kneeling  (vs  standing)  reduces  capability  about 20 per  cent; 
- seated (vs standing)  reduces  capability  about 40 per  cent. 

Lack  of  a vertical surface to brace  against or a  slippery  foot/floor  interface (slippery floor 
or shoes)  reduces capability. For horizontal transfer in and out of  a machine, reduce force 
by replacing frictional contact ( e g  boxes on polished metal tables, pallets on rails) with 
rolling  contact  (rollers,  wheels,  balls). 

For horizontal pushing parallel to the  shoulders,  assume  force capability is 50 per  cent 
of perpendicular to the shoulders.  For vertical pushing/pulling, sitting  decreases capabil- 
ity about 15 per cent vs standing. 

L ifting/lowering 

Although  much  remains to be quantified concerning numerical lifting/lowering guide- 
lines, the  general  concepts  are relatively well known. 

Table 16.6 gives, in military terms, ‘strategy’ (big picture) while the  various  formulas 
(see below) are ‘tactics’ (details). There  are  three ‘tactics’ approaches  which will give 
numerical values  for specific tasks. A note of caution: the three approaches do not give 
the same answers! 

The Center for Ergonomics at the  University  of  Michigan has developed  computerised 
biomechanical models. Several  thousand  copies  have been sold. Prof. Ayoub and Prof. 
Mital, in contrast, have evaluated many  alternatives  with  a  formula;  however they have 
not published the formula but have published the  results in tables  (Mital et al., 1993). 
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Table 16.6 Guidelines for lifting (Konz, 1995). 

Guideline Comment 

Select individual 
1. Select strong people based 

on tests. 

Teach technique 
2. Bend the knees. 

3. Do not slip or jerk. 
4. Do not twist. 

Design the job 
5. Use machines. 

6 .  Move small weights often. 

7. Get a good grip. 

8. Put a compact load in a 
convenient container. 

9. Keep the load close to the body. 

10. Work at knuckle height. 

Anti-discrimination laws have made personnel 
selection difficult to implement. 

The squat lift is difficult to implement in practice. 
The 'free-style' lift (135" angle between upper and 
lower legs, back angle vs floor is about -10') requires 
less energy and  is what workers use. 
Minimise peaks of force and torque on the body. 
Twisting while erect  is bad but the legs and hips can 
move. Worst is twisting while the torso is at or below 
the hips. Move the feet. 

Eliminate stress  on the body by using a machine. At 
a workstation, use balancers, manipulators, turntables, 
hoists, scissors-lifts and robots. Between workstations, 
use conveyors, carts and lift-trucks. 
Large loads occasionally put too much stress on the 
skeletal-muscular system.  Reduce  the container weight. 
Weights are smaller when using gravity (e.g. gravity- 
aided conveyor; lowering instead of lifting). 
Minimise the stress on the wrists and shoulders. The 
NIOSH lifting guideline reduces permissible load by 
5 -10% for poor grips. 
The goal is to minimise the torque from the load on 
the spine. This is done by holding the container close 
to the body and by having a container with a short 
dimension vs the shoulders. 
Amplifying guideline 8, reduce reach and disposal 
distances of the load as well as carrying. This 
involves reach and disposal distances as well as 
workstation design. 
Knuckle height varies with people; i.e. fixed heights 
for everyone are poor. Avoid loads below the knees 
- especially on the floor. Also avoid loads above 
the shoulders (stress on shoulders and  arms  as 
well as back). 

The National Institute of Occupational Safety and Health (NIOSH) approach is de- 
scribed in Walters et al. (1994). Briefly summarising their approach, the NIOSH group 
considered: (1) biomechanical criteria (350 kg compressive force on L5-Sl); (2) meta- 
bolic rate (9.5 kcaymin, multiplied by 70 per cent (due to arm work) and then by 50 per 
cent (for 1 h), 40 per cent (for 2 h) or 33 per cent (for 8 h); and (3) psychophysiological 
criteria (75 per cent female, 34  cm wide box, 76  cm vertical displacement and lifting 
frequency of four liftdmin). The equation is: 

R W L = L C X H M X V M X D M X F M X A M X C M  
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Table 16.7 Seated work posture vs standing work posture  (adapted from 
Magnusson, 1997). 

Advantages of seated Disadvantages of seated 

Provides stability for tasks with high Increased load on back and neck 

Less energy consuming Low demands on circulation 
Less loading on lower extremity joints 
Reduces hydrostatic pressure on 

lower extremity circulation 

visual and motor control Risk for decalcification 

where: 

RWL = recommended weight limit, kg 
LC = load constant = 23 kg 
HM = horizontal multiplier, proportion 
VM = vertical multiplier, proportion 
DM = distance multiplier,  proportion 
FM = frequency multiplier, proportion 
AM = asymmetry  multiplier, proportion 
CM = coupling multiplier, proportion. 

The  maximum load which can be lifted is 23 kg  since  each  of  the  multipliers is less than 
1. Computer  programs of the NIOSH approach are available from a  number  of  sources. 

From a  posture viewpoint, the critical multipliers are HM, VM, DM and AM. Basic- 
ally, they penalise any material handling not at knuckle height, not close to the body, and 
with twisting. 

Posture variability 

Table 16.7 compares  sitting  vs  standing.  Note that low back pain is high for  both  sedent- 
ary  occupations  (due to prolapsed discs) and for heavy work (muscle  strain and ligament 
injury)  (Magnusson, 1997). Naturally there is a  desire to have ‘optimum’ posture. This 
optimum has two dimensions: static and dynamic. 

Static 

If a joint is not moved, it has a  static load. This not only restricts supply of nutrients  and 
oxygen but also  restricts removal of metabolic  waste  products.  Thus  encourage  dynamic 
activity.  For  example, static sitting tends to lead to low back pain, so, when on the job, 
encourage occasional standing  and walking. Have  a  sedentary person in the office get the 
mail, make copies,  get supplies, leave  their  chair  during breaks. A  sedentary  vehicle 
driver should adjust seat position and walk occasionally. Off the job, encourage an 
‘active life style’. 
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Dynamic 

The minimum  stress  of  a  posture is at the  'neutral' position of  the joint. Stress increases 
with departure from neutrality.  The  stress probably increases non-linearly with departure 
from  neutrality; that is,  a  departure of 90" is more  than  twice as stressful as a departure of 
45".  The effect of departure  direction  probably  also  varies; that is, movement  of  the wrist 
of 30" in extension  does not have the  same penalty as 30" of flexion and the penalty for 
rotation is not the same as that for flexiodextension. In addition,  the  stress of departure 
from neutrality probably  varies with the joint. 

E X T E R N A L   F A C T O R S  

Clothing support 

Back belts/braces 

Somewhat  surprisingly,  for  such  a  popular product, there  has been relatively little experi- 
mental study  of  back  belts  (Genaidy et al., 1995; Rys and Konz, 1995). Most of the 
experimental  studies have studied 1iftingAowering in a laboratory; studies need to be 
made  of industrial lifting (which has much  more variety), as well as pushinglpulling, 
carrying and standing. Belt design  should  be  addressed;  there  are  many  designs - intuit- 
ively, some  should be better than others. In addition,  some belts seem to be uncomfort- 
able; Reddell et al. (1992)  found 5 8  per cent of  the industrial worker  participants had 
discontinued use of  a belt before the  end  of an eight  month  study. Most studies  have 
concentrated on 'healthy  students'; in addition to male/female  differences,  the effect of 
belts on people  who already have back  problems  should be addressed.  The criteria used 
have  also varied widely. 

Until more research is done, my recommendation is to use back belts with caution. 
They probably will not hurt the  worker,  assuming  the  worker  does not decide he is 
Superman, now that he has a belt. In addition, belts should not be considered  a  substitute 
for  good  ergonomics in job design. 

joint braces 

There  are  a variety of braces for the wrist, elbow, knee and ankle.  They  are to support  the 
joint until it has  healed  (typically from an injury); they should not be Considered a 
permanent  solution. 

Shoes 

Athletic  shoes  are divided into running shoes  (designed  for  forward  movement) and court 
shoes (designed for  quick side-to-side movement). Boots provide ankle support and pro- 
tection, typically for  outdoor  use on uneven ground.  Cowboy  boots have a large heel to 
prevent the boot from going  through  the  stirrup. High heels  for  women are designed so 
that women arch their  back. Shoes without heels  (deck  shoes)  give  greater contact with 
the floor and can reduce  slipping. 
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External support: standing 

Standing aids 

The key concept is  posture variability. As pointed out previously, as few as ten  steps  of 
walking will cut  ankle venous pressure to 22 mm Hg (from  about 83 mm Hg for  standing 
and 51 mm Hg for sitting). Another possibility is to alternate  sitting and standing, within 
the same task or by rotating  tasks. 

It also is possible to vary posture  while  standing.  Satzler et al. (1 993)  recommended a 
100  mm  high platform, either flat or angled at 15".  The standing person could shift  one 
foot to the platform as desired (see  also  Whistance et al., 1995). 

Another alternative is a sitlstand stool; the  adjustable height seat should have a for- 
ward slope  of 10-15". Nijboer  and Dul (1987)  reported that they were useful in uphol- 
stery work even when they could be used for only 15 per  cent  of  the  working time. 

Mats/carpets 

Cushioning  the floor can  be  done  everywhere  (carpets) or locally (mats). Carpetdmats 
also  act as a frictional surface  (reducing slips). Summarising a number  of  studies on mats: 

rn Mats  improve  comfort  over hard-surfaced floors. Comfort may increase in the  back as 
well as the legs. 

of a 70 kg adult. 
rn Mats should compress but not too much. Optimum  is  about 6 per cent under the  shoes 

rn Mats should have beveled edges to reduce tripping. 
rn Mats should have a non-slip surface  for  the feet and  also should not slip on the floor. 
rn Mats which have to be  cleaned periodically (e.g. in food service  environments)  should 

rn If a person stands on a raised platform, the  surface should be resilient (i.e. wood or 
plastic, not steel). The platform  should  have a high  ratio  of  surface to holes (i.e. you 
are not standing on 'knives'). 

be smaller for ease  of handling. 

Chairs 

A chair  supports  the body vs gravity. A stool (Le. no arm or back  support) primarily 
supports the legs  (about  32  per  cent  of  body weight). It is difficult to quantify  the 
percentage support from a backrest but common  experience  indicates  the benefits of a 
back support. Supporting both armshands is about 10 per cent of body weight; this 
percentage  decreases as hands are used (e.g.  assembly, keyboarding). 

Although it is obvious, it will be  emphasised that chair selection should consider  the 
task being  done  while  in the chair as well as the  individual in the chair. 

No hand/arm manipulation 

For passive sitting, with no  handarm manipulation, sitting height is not very critical. The 
arms  can usually be  supported  by  arm  rests on the  chair.  The  legs  need to be supported, 
typically by resting on  the floor but  also  perhaps on a footrest. Hamstring  length  de- 
creases if the knees are flexed, thus  decreasing  lumbar lordosis; thus all seats  should 
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allow for bending the knees at  an acute  angle  (Bridger et af., 1989, 1992); knee angle  is 
especially important for  people  who are less supple.  Thigh  clearance  is probably not 
relevant. Although there  are  some  advocates  of forward tilted seats, the vast majority of 
seats tilt to the rear 1-4". The front of the  seat should not exert sharp  pressure on the 
underside  of  the thighs. The seat should not be contoured as contour  seats restrict move- 
ment  (reducing posture variability). The backrest can be tilted back as desired since  hand 
position is not critical. 

Hand/arm manipulation 

For active sitting, the position of  the  hands is important. Hand position determines  the 
vertical location of  the seat and also  the horizontal location  of  the backrest. Because  the 
hand position is determined, seat and backrest  location will determine head position, both 
distance from the floor and  gaze  angle. The eyes typically will focus on the  hands 
(assembly) or an object (infinity for driving). Hand position is more flexible (and body 
twisting is less) if the seat swivels.  If  even  more flexibility in hand position is needed 
(greater  reach distance), a 'sitktand' seat  can be used; usually this  does not support the 
back. 

If the arms  are  supported,  the  amount  of  movement  affects  the  selected alternative. For 
minimum  movement  (such as microscope work), typically the  arms are supported by arms 
on the chair; the chair  arms may even  move in and out or pivot. Another alternative is 
support  by a table: avoid  sharp  edges and pressure points; also,  the  table may be slanted 
(say 10-15"). Driving (support by a wheel) is another variation. For maximum  movement 
while  supported,  the  arms  can  be supported by slings  suspended from a mechanism. 

There needs to be room for  the  lower  body.  This  involves  both vertical clearance  for 
the  thighs  vs  the  underside  of  the  work  surface  and no barrier interfering with the hori- 
zontal location  of  the legs. 

VDT chairs 

The VDT task is a special case of  the handlarm manipulation task.  The special case is  the 
static posture  of  most  of  the body in combination  with  intense activity of the fingers. 

The  static  load on the shoulders and forearm  can  be reduced if an armrest is used 
(Keller  and Strasser, 1996; Paul et af., 1996). Paul et af. point out that mouse  use  requires 
a pivoting  armrest, not just a vertically-adjustable armrest. 

Workstation design 

The posture used by the  operator  is influenced by visual requirements and/or reach 
requirements. 

Vision 

The  viewing  angle  depends  not  only on the line  of  sight  of  the eyes but also  the inclina- 
tion  of  the head (often  downward). A value  for  the target of 30-40" below horizontal 
seems reasonable. Bifocal users tend to tilt their  head upward when using VDT screens; 
minimise  this  neck  strain by using 'work  glasses'  (single vision lenses  with a focal length 
of  about 0.7 m). 
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Location of a work object  typically is a compromise  between visual requirements 
(seeing  object comfortably)  and hand requirements  (work at elbow height). Sometimes 
the visual requirements  can be  reduced  by: ( I )  improved  lighting; (2) optical aids  (mag- 
nification mounted on  the  desk  or  the head or  even using video pictures); or (3) modify- 
ing  the task (improving  size  on a VDT  screen,  such  as 12 point rather  than I O  point text; 
better  contrast, such  as printing on  white paper  rather  than  tinted paper;  or  more  view- 
ing  time). 

Eklund et al. (1 994)  recommended that driver  cabins should have narrow  window 
frames and large windows, strategically  placed.  Mirrors, video monitors, and rotatable 
seats (with  low backrests)  can reduce the need for twisting. 

Reach 

While standing,  reach distance is affected by foot  position.  A  space  150 mm x 150 mm x 
500 mm wide is sufficient (DeLaura  and  Konz, 1990). 

The object being  grasped  should be close  (to reduce  forward bending and thus stress 
on  the back). For example,  when reaching for  objects  on a conveyor,  the  objects should 
be on  the  closer  side  of  the  conveyor;  accomplish this  by  a  barrier  (diverter) on  the 
conveyor.  The benefits  can be substantial.  For example:  assume a 70 kg  person has a 
head of  5.1  kg,  two  arms  and hands of 6.9 kg  and  torso  of  35.7 kg. Assume a 0.3 m  reach 
has  the  centre of gravity of the head  0.15 m forward,  arms 0.2 m  forward  and torso 0.1 m 
forward.  Then  the  head  torque  is  0.76  kgm,  arm  torque is 1.38  kgm and the  torso is 3.57 
kgm - a  total of 5.71 kgm, even  with a  zero torque  from  the object! Assume  the diverter 
causes  the object to be 0.1 m  closer. Then  0.05(5.1) + 0.1(6.9) + 0 = 0.94  kgm  instead of 
5.7 kgm! 

Although  the previous  paragraph  emphasised horizontal  reach  distance, if  the con- 
veyor is  too low (excessive vertical  distance),  the torque will again  be  excessive.  Modify- 
ing  the  vertical distance implies adjusting  operator height or  conveyor height.  Adjust 
operator height  with  a  platform; normally it would  be  a simple  wooden structure  but it 
could be motorised to  go up and  down.  Conveyor height is  easy  to modify for a single 
operator but is  more  complex  if multiple stations use the  conveyor. For example, con- 
veyors  can be different heights at  different workstations if the conveyor  sections  are 
connected by slanting  conveyors  (powered if uphill). Conveyors  for  seated  operators need 
to  have  space  for the knees and  thighs. (Note:  conveyors  should be convenient  for  those 
working  with  them,  not  necessarily easy  for  engineers  to design.) 

For the specific  situation of  keyboarding, vertical extensiodflexion  movements  of the 
wrist  present the greatest risk for carpal  tunnel  syndrome; minimise extension by having 
the key top  alignment flat (Hedge  and  Powers, 1995). 
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CHAPTER SEVENTEEN 

Biomechanical  aspects 
of work seating 

JdRGEN EKLUND 

INTRODUCTION 

The subject of seating has attracted our attention  all  through  history.  Chair  design and 
seating are not  only  related to ergonomic  aspects, such as health and well-being of the 
sitter and safe and productive  conditions. Chairs are also means of expressing  status and 
power.  Further, chairs are also pieces of art and crahanship, and  today’s  furniture 
industry is well  aware of aesthetics as an important  property  of the chairs. As  with  many 
consumer  products, chairs are increasingly  being used for expressing the personality of 
the owner or user. These aspects can sometimes support and sometimes counteract the 
use of ergonomically  and  biomechanically  sound  seating. 

There is  a  large  number of studies on the subject of  ergonomics in seating,  and also 
many  reviews  in the area, for example, kerblom ( 1948),  Asatekin  (1 979, Corlett  (1  989), 
Eklund  (1 986), Grieco (1  986),  Kroemer  (1  99 1) Lueder and Nor0 (1 994) and  Schoberth 
(1962). These and other publications  in  ergonomics  show that there are many  approaches 
and methods to assess the suitability of a seating  arrangement.  One crucial aspect of seat- 
ing is the work  and activities performed on the seat. Biomechanical  evaluations of such 
activities are often not reported in the literature. Neither is it fully understood  how  work 
and other activities relate to seat design. 

Broadly,  publications  in the field of seating  fall into three  categories:  consequences; 
evaluation;  and  design  procedures. 

CONSEQUENCES 

Publications dealing with  consequences  include  epidemiological studies and other stud- 
ies that assess the risks for discomfort,  health  impairment or accidents. In the above- 
mentioned  publications,  a strong focus has  been  placed on musculoskeletal  problems, in 
particular back pain, as one of the most  important  problems  related  to  sitting. There are 
also studies reporting consequences for performance,  including  productivity  and the qual- 
ity of work  performed. 

325 
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Table 17.1 Often mentioned sources of  impaired safety, health, well-being 
or performance in seated work. 

High or prolonged load on  passive  structures (back, neck, arm and wrist joints) 
Static or high muscle  activity (back, neck, shoulders, arms) 
Increased  venous blood pressure (feet, lower legs) 
Increased pressure  on  internal  organs  (lungs,  digestive system) 
Seat  surface  pressure  (buttocks,  popliteal area) 
Upholstery  properties  (heat  conductivity  and moist permeability) 

As mentioned above, several studies  have established  a  relationship  between sitting 
and back pain. High  risks  have  been  found for long  periods of sitting,  especially in 
vehicles (Kelsey, 1975; Magora, 1972). It is considered  that in addition to vibrations, the 
most  important risk factors  for  back  pain are the load on  the  spine  (Anderson,  1981)  and 
the spinal  posture,  especially the  degree  of  kyphosis  of  the  lumbar  spine  (Keegan, 1953). 
Increased risk of neck and  shoulder pain have  also been  identified in several  studies. 
Based on these, Kuorinka  and Forcier (1995) proposed  certain  generic risk factors, which 
can be  interpreted for  the neck and upper arms  as highly  frequent movements,  postures 
deviating  from  the neutral  position, and postures held for long  periods.  Excessive muscle 
activity is another risk factor, which refers to static, medium  or peak  levels (Jonsson 
et ul., 1981). Long  periods  of sitting,  especially if the  front edge  of the  seat creates a 
pressure in the popliteal  region,  can impair  the  venous blood  flow,  increase the blood 
pressure and  cause uncomfortable  swelling in the feet and lower legs, and even thrombosis 
in the lower  legs. These  effects  are  also related to inactivity of  the  calf  muscles  (Haeger, 
1966; Winkel, 1981). The sitting posture  decreases  the  space in the cavities  of  the trunk, 
resulting  in  increased  pressure on internal organs  such  as  the  lungs  and  the digestive 
system.  This  has  been reported to  cause impaired oxygen uptake (Burandt,  1970)  and 
stomach trouble, even  colon  cancer  (Gerhardsson et ul., 1986). It has been shown that 
discomfort and pain also impair  productivity and affect the quality of  the result. The 
mechanisms identified  include  compensatory  activities, such  as rest, lessening  of  discom- 
fort or pain, avoidance  of activities that provoke discomfort and distraction from  the main 
task (Corlett and Bishop, 1976; Eklund, 1995;  Lueder, 1985).  There  are  many  sources  of 
decreased  comfort. Inappropriate  pressure from  the seat surface  and  the pressure  distribu- 
tion are  discomforting. Build  up of heat and moisture in the seat contact area or  too high 
a heat conductivity are  other  causes  of discomfort (AndrCn et al., 1975;  Elnas  and  Holmer, 
1981). 

E V A L U A T I O N  

A large number  of  methods  and criteria  proposed for evaluation of  the  appropriateness  of 
seating  have been  reviewed  by Corlett  (1989)  and  Kroemer (1 99 1 ) among others. In some 
cases these evaluations refer only  to  seating  arrangements in  general, and in other  cases 
to a  specific  work  situation and context.  Biomechanical and psychophysical methods 
have been  particularly influential in this  respect. 

Most methods  for evaluation of  seating that  have  been  proposed are not standardised 
and  thus  are used  differently  by  different  investigators. There  are few  quantified  criteria 
for interpretation of  the results, but most  criteria are  on a  qualitative  basis. The  methods 
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Table 17.2 Some methods for evaluation of seating. 

Loadings 
Disk pressure  measurements 
EMG 
Spinal  shrinkage 
Gravity  load 
Foot and lower leg volume 
Seat  surface  pressure 
Intra-abdominal  pressure 
Blood  pressure  and  blood Row 
Diagnostic  measurements 

Postlrres 
Spinal  curvaturc 
Joint  angles ( in  mid-range of  motion) 
Head, neck, arm, lcgs  and  trunk  positions 

Con!/hrt 
Ratings of discomfort, pain, cxcrtlon 
Disorders 
Well-being 
Pleasure 
Preferences 

Per/hrnlcmce 
Work  speed 
Error rate 

can largely be classified into  four  groups:  loadings of body structures and their  effects; 
posture  assessment;  perceived  comfort;  and  performance. Some of  the most commonly 
referred methods  are listed in Table 17.2. 

DESIGN PROCEDURES 

The design  procedures  deal with recommended  procedures  for  the  design of seating 
arrangements. There is an obvious relation between  the  tasks and the design  of the 
workplace.  Sometimes the tasks  and  workplace  design  are  considered  at  the same time, 
and  sometimes  these  factors  are  given in the beginning  of  the  seating  design  process. 

Procedures  for  anthropometric  design of chairs  were  proposed  early and were  one of 
the first criteria  developed  for  the  design of seating  (Hooton,  1945). These have been 
strongly  developed  over  the  years  (Pheasant,  1996;  Roebuck,  1995). Also, more  general 
design  recommendations  have  been  proposed as well as specific design  procedures  for 
seated  workplaces  (Corlett  and  Clark,  1995). These include  allowance for access,  clear- 
ance  and maintenance, and even recommended  dimensions  and  measures.  More general 
methods  such as Quality  Function  Deployment  and Kansei Engineering have been devel- 
oped (see Nagamachi,  1994;  Norell, 1992), which can be applied to seating  design. In 
addition,  specific  methods  for  input  to  the  design  process,  such as fitting trials, have been 
developed  (Drury  and  Coury,  1982;  Shackel, et al., 1969).  However,  no  detailed  and 
structured  seat  design  procedure based on the activities  of  the  work  has been published. 
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B I O M E C H A N I C A L   A S P E C T S  OF S I T T I N G   P O S T U R E S  

An  important  reason  for  musculoskeletal  problems  is  when the sitter  is  forced  into  a 
constrained  and awkward posture  during  work  activities,  and when there is no  possibility 
to get relief or change  posture  (van  Wely,  1970). 

In situations  where  the  person  has  a  free  choice  of  posture, as in leisure  sitting or 
standing,  a  range of substantially  varied  postures will be adopted.  Branton and Grayson 
(1967)  observed  that  passengers in trains  showed  a  pattern of gradually slumping in the 
seat,  whereafter  they sat up in their  seat  distinctly.  This pattern of movements was 
cyclically  repeated  approximately  every 20 minutes.  Maintaining  the head straight  means 
from a biomechanical  point  of  view,  that  the  head is balanced  around  an  equlibrium  and 
a  semi-stable  position.  When  the  neck  is  slightly flexed, the  extensor  muscles in the  back 
of  the  neck  exert  a  small  force in order to  counteract  the  resulting  moment. If the  person 
feels a  beginning  discomfort or tiredness, he or she will make a  small  posture  change  to 
a  slightly  extended  neck,  where  the flexor muscles  start  to  work  and  give  the  antagonistic 
extensor  muscles  an  opportunity  to relax. The  same effects can be noticed in standing 
postures for  the  lower back  and  the  ankles,  and the characteristic body sway in standing 
contributes to intermittent rest pauses  and  a  more  varied  pattern of muscle  activation 
(Odenrick,  1985). The possibility to choose  free  postures  provides  the  opportunity to 
relax muscles  intermittently. 

There  is  another  aspect  of  stability for relaxation.  For  tasks  with  hardly  any  lower arm 
movements,  armrests will decrease  shoulder  muscle load (Anderson and  Ortengren, 
1974). To use  armrests  for  tasks  that  demand  hand  and arm movements  can  cause in- 
creased  shoulder  muscle load (Lundervold, I95 I). In these  situations,  mobile  armrests 
have  been  proposed. The logic behind this is that  an  increased  amount of lower arm 
support  would be possible  during  these  movements,  thus  decreasing  the  muscle  activity. 
However,  if  the  sitter  needs  the  armrests  for  support, for example, when moving in the 
seat,  mobile  armrests will not provide sufficient stability. In a  similar  way, castors  can 
increase the risk for  muscular  tensions in the  legs,  but castors with  some  friction  may 
offer sufficient stability  and  relaxation,  and also provide  opportunities  to  move  around in 
the  workplace  (Hansson et al., 1984;  Lundervold,  1951).  A  further  example  is  the use  of 
forward  sloping  seats.  A high degree of  forward tilt will put load on the feet. When  the 
feet take  more  than 25 per  cent  of  the  body  weight,  this will result in static  leg  muscle 
activity  and  discomfort  (Eklund,  1986).  It can  be concluded  that  relaxation  requires 
stability. 

If the workplace  design in combination  with  the  work demands require  for  example 
continuous  visual  attention  downwards, this will  result in a flexed neck and  long  term 
static  muscle load on the  extensor  muscles  of  the neck, and  no opportunities  to  relax  these 
muscles other than at intervals. This  shows that  the demands and  restraints from work  are 
the  main causes of  loadings  on  the  body  and also affect  postures.  In  consequence,  there 
will be shorter  work  periods  and  longer  pause intervals. 

The postures  adopted  at  work  and in other activities  are influenced by the  concentra- 
tion  level - compare the  postures of  someone who  takes  the first driving  lesson  with  the 
posture of an  experienced  taxi  driver - the  interest  and  involvement,  the  social  interaction 
and  the  emotional  state,  for  example,  anger,  fear,  self-consciousness,  discouragement  and 
agression.  Many  of  these  aspects  are  revealed by the body language  and  consequently by 
the  postures  taken  (Fast,  1970). The postures  have also been shown  to affect  the  mood 
(Haruki  and  Suzuki,  1994).  Also  the  climate will influence the  posture, Le., chill  causes  a 
tense  posture  with  raised  shoulders  and  the  extermities  pressed  against  the body (compare 
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Sundelin and Hagberg, 1992). Appropriate seating  arrangements should not only  allow 
but should also help people to take  the  postures they prefer. Restrictions due  to the task 
and the  workplace design should be avoided. 

One  of the most commonly discussed aspects of seating is spinal  curvature.  Since 
sitting  flattens  the  lumbar  spine, the debate has concentrated on how to counteract this. 
This is a difficult problem especially in forward sitting, as when performing work on a 
bench or work table. Akerblom and Staffel ( 1883) (in Akerblom, 1948) advocated the use 
of a  lumbar  support to counteract  kyphosis.  Since  the force from  the backrest tended to 
push the sitter forwards,  a backwards inclination of  the seat was proposed, in order to 
compensate for this force. Another approach was to increase the  angle between trunk and 
thighs, using sit-stand stools  (Laurig, 1969), forward inclined seats  (Mandal, 1976) and 
various  other  shapes  of  the seat to allow  for  forwards  sloping thighs. It has been shown 
that increased thigh-trunk angles and also to a certain extent more  acute knee angles 
contribute to preserving the lumbar  lordosis (Eklund and Liew, 1991; Keegan, 1953), but 
other  problems  of increased surface pressure, shear  forces on the skin and sliding  for- 
wards on the seat are  introduced. 

ANALYSIS  OF THE WORK SITUATION 

From the  above, it is obvious that both the physical and mental requirements  of work 
influence the behaviour and thereby the desired properties of the  seating  arrangement. 
The  choice and design of seats starts with an analysis of the work and the  activities to be 
performed in the  seat.  The primary aspect is to be able to perform  the  tasks, Le., to see the 
work object or what needs visual control, and to be able to reach and manipulate the 
objects and to perform the physical activities  needed, normally by using  hands and 
sometimes  also  feet.  However,  there is a built-in conflict between a  comfortable  viewing 
direction and a  comfortable position for  the hands, since these areas do not coincide. 
Important  aspects in this  analysis  are presented in Table 17.3. 

There may be many different purposes of the  analysis.  Sometimes  only  the seat might 
be in focus while the  work, workplace and individuals  are given beforehand, and some- 
times  the purpose is to design  a  completely new situation  for  unknown  workers.  Of 
course  the latter case  offers  possibilities to create  a  better total situation since there is an 
opportunity  for mutual adaptation. 

ERGONOMIC SEAT DESIGN FEATURES 

The  design is often related to a user population. The physical properties  of  this  popula- 
tion, including body size and strength are defined. The proportion of the population for 
which the design should fit is chosen, normally 90  or 95  per  cent. The work demands are 
identified, to form the basis for  the design of the  seat features (see  Corlett and Clark, 
1995). 

There  are  a  number of recommendations that cannot be listed in a  short  table.  The 
following text gives an example of how the work demands influence the seat design. 

In  tasks which demand  twisting  of the trunk, it is important that the  trunk rotation can 
be distributed along  the spinal column, not only in the cervical region. Therefore,  the 
backrests should be relatively low or narrow in the upper part in order to let the  shoulder 
blades  rotate without restriction above the upper edge of the backrest.  Tasks that demand 
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Table 17.3 A basis for analysis of work demands in seated tasks. 

Visuul dernunds 
Viewing distances 
Viewing directions 
Detail size 
Colour properties 
Texture 
Temporal pattern 

Ph.vsical denlands 
Work object size, weight, shape and position 
Force exertion 
Precision 
Handgrips 
Postures (head, arms, trunk and legs) 
Movements 
Temporal pattern 

Mental und social  denlands 
Decision making 
Conccntration, prolonged attention 
Time pressure 
Social interaction, communication 

Envmwmcwtul conditions 
Light (level, contrasts, reflexes, glare, light sources) 
Noise 
Climate 
Chemicals 
Vibrations 

Rest c1ctivitic.s 
Stability in resting 
Ability to relax 
Ability to stretch and change posture 
Egress and entry 

Workplflce 
Dimensions 
Space 
Layout 
Controls 
Technology 
Aids 

The sitter 
Arousal 
Educatlon and training 
Experience 
Stress 
Anthropometry 
Clothing 
Physical, mental and social abilities 
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Table 17.4 Seat  design features and design recommendations. 

Seat  height 
Seat  width 
Seat depth 
Seat angle 
Seat  shape 
Seat  padding 
Backrest height 
Backrest width 
Backrest  inclination 
Backrest  shape 
Backrest  padding 
Lateral supports 
Arm rests 
Upholstery 

Adjustable,  front  height  corresponds  to  lower  leg length 
Correspond  to largest hip plus clothing 
Adjustable,  seated thlgh length  minus 1 dm, or the shortest  thigh 
Adjustable 
Waterfall front edge 
Corresponding  to at least 2 cm firm padding 
Depending  on  work task 
Depending  on  work task 
Adjustable,  depending  on work task 
Lumbar  support,  shape depending  on work  task 
Softer than the  seat  padding 
Stabilising  the trunk and  body for lateral forces 
Adjustable  to elbow height,  padded 
Friction to prevent  sliding but not restrict movements, not too 
high heat conductivity,  and  moisture  permeability 

forwards  directed  forces  of  the  hands  should,  on the contrary  have  a  high  backrest above 
shoulder level in order to  take up the reaction forces.  Sometimes,  pulling  forces can 
correspondingly be counteracted by a  more  inclined fill-size backrest.  Vchicle  driving 
which gives lateral forces  on the sitter  should  increase  the  stability  of  the trunk and body 
by lateral supports,  possibly  with  softer  padding.  Wooden  seats and other seats with low 
surface  friction do not  allow  for full use of a backrest or  a  lumbar  support,  since  the 
buttocks will slide  forwards.  Armrests are suitable  if  the work does not require arm 
movements,  and  they  seem  to  function  well if there  are also small  rotations in the  elbow 
joint but with the elbow  otherwise in a fixed position. 

There is  a built-in conflict between  the  advantage  of  increasing the trunk-thigh angle 
and  the  disadvantages  that this produces. One disadvantage is that  the  seat shapes often 
used in this  type  of  sitting changes the  pressure  distribution  and  decreases  the  weight 
bearing  surface with higher  surface  pressures as a  result,  which  tends to increase  the rate 
of  discomfort from the  buttocks.  Another  disadvantage  is  that it becomes  more difficult to 
use  a  backrest  since  this  tends  to push the sitter  forwards on the  seat. 

A PROPOSED  GENERIC SEAT DESIGN RECOMMENDATION 

Based on the consequences  that are  commonly recognised in the literature,  the  following 
mechanical risk factors  can be identified: 

static  loads 
high load levels 
fixed postures 
lack of rest pauses  for  the  muscles 
load on  joints in the  outer  range of motion 
long-term  exposure 
repetitive  movements. 
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There are also several  other risk factors,  all largely qualitative.  This  makes  the  design of 
work seats  complicated.  Below,  an  attempt  has  been made  to summarise  the  most  import- 
ant  criteria  for  seat  design in four  generic  aspects,  namely: 

enhance stability 
keep joints in the  mid-range  of  motion 
minimise  gravity  induced  moments on  joints 

rn enhance variation. 

The concept  of  stability for the  sitter  has been referred to by many  authors.  Akerblom 
(1948)  proposed  a  backwards  inclined  seat in combination with a  backrest  convexity in 
the  lumbar  region in order  to  obtain  increased  stability for the  trunk. Branton and  Grayson 
( 1  967) observed  that train passengers  had  a  tendency to  cross their  legs  or to cross  their 
ankles,  which is another  means  of  obtaining  better  stability  for  the  legs.  Seats  for  vehicles 
often have a  longer  seat pan and  more  pronounced lateral supports  compared  to  other 
seats,  which  increases the stability of the legs for sideways movements and thereby 
decreases  other  compensations in the form  of  active  muscle  forces. The inclined  full-size 
backrest  with lateral supports,  often used in vehicles,  has  the same effect for the  trunk 
and  improves  the  stability.  Hence,  increased  stability  is  one  precondition  for  muscle 
relaxation. 

A commonly  recognised risk factor  for  musculoskeletal  problems is work  postures 
where  the joints  are held in their  outer  range  of  motion  (van  Wely,  1970). Not only  are 
certain  structures,  such as ligaments,  substantially  loaded  then, but static  muscle  forces 
must also counteract the moments  caused by these  passive  structures.  However,  if pos- 
tures are held so that  the joints are  kept in their  mid-range of motion, this will  minimise 
the load on  the  passive  structures  and  also the need for  active  muscle  force.  Further, 
movements  around this position  enable  variation of the  loads. 

In certain  postures,  muscle  activity is needed  to  counteract  gravity  induced  moments 
around  the joints.  One example of this is upright  sitting with a  slightly flexed neck, where 
the  extensor  muscles resist the moment  caused by the  gravitational  force on the head. A 
balanced  posture is taken  when  there is no need for active  muscle  force  from  neither  the 
extensor,  nor the flexor muscles  of  the  neck. In conclusion,  postures  with  no  or  minim- 
ised gravity-induced  moment on  joints decrease  the level of static  muscle  activity. 

Static  loads  and  lack  of rest pauses have frequently  been  mentioned as risk factors  for 
musculoskeletal  loads.  From  a  physiological  point  of  view,  muscles  and other stuctures 
have  to be subjected  to  varied  loads  and  movements  (Kuorinka  and  Forcier,  1995). The 
term  variation  cannot  of  course be defined exactly. The concepts of repetitiveness,  dura- 
tion and level of load have been proposed  to  describe  variation  (Winkel  and  Westgaard, 
1992). Also, the  pattern of pauses  is  considered to  be of  great  importance,  and  methods  to 
describe  this  have been developed  (Linderhed,  1991). In spite of the operational  prob- 
lems,  variation  is  a key factor  for  the  appropriateness  of  seating. 

ERGONOMIC  SIGNIFICANCE 

The literature  on  biomechanics and seating  often  lacks  consideration  of  the tasks per- 
formed by the  sitter. This chapter  provides practical recommendations  for the analysis of 
seated work  demands, and recommendations  of how to relate these demands  to  appropriate 
design  features of the  seat. 
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CHAPTER EIGHTEEN 

Climbing  biomechanics 
DONALD S. BLOSWICK 

INTRODUCTION/BACKCROUND 

Accidentsfinjuries 

Ladders 

Climbing activities are performed as part of many occupational and non-occupational 
tasks. Injuries from slips and falls or overexertion during climbing activities on ladders 
frequently result in  significant  medical expenses and workers compensation  costs.  Accord- 
ing to the US Consumer Product Safety Commission, there were 21 1 000 injuries associ- 
ated with ladders in the USA  in 1975 (ANSI, 1983). The National Safety Council (1994) 
indicates that 317 people were killed falling from ladders or scaffolding in 1991. This 
represents approximately 1 per cent of the total accidental deaths in the United States 
during that year. 

Snyder (1977) noted  that  between 1966 and 1973 ladders accounted for 3  1 per cent of 
all falls in the construction industry in California. In a study by Safety Sciences (1978) it 
was noted that approximately 8 per cent of a sample of 500 occupational falls surveyed in 
the United States occurred from ladders.  Kari et al. (1988) note that ladders account for 
1-2 per cent of occupational related accidents. In Oregon, falls from ladders accounted 
for 457 disabling workers compensation claims or approximately 1.5 per cent of the total 
claim amount for 1995 (Oregon Department of Consumer and Business Services, 1997). 

Injuries resulting from falls from  ladders appear to be a serious problem in other coun- 
tries as well. In both Sweden and Germany ladder accidents account for nearly 2 per cent 
of all reported occupationally related accidents (Unfallstatistik det gesetzlichen Unfall- 
versichenmg in der Bundesrepublik Deutschland, 1984, Annual Report on Occupational 
Injuries).  In  Sweden, with a population of approximately 8.5 million, ladder accidents 
requiring hospital care relating to recreational or leisure use are estimated at approx- 
imately five to  six thousand per year (Danielsson, 1987), and two thousand relating to 
professional use  (Malmros, 1986). 

While the injuries and deaths resulting from ladders have a variety of causes, it is 
reasonable to assume that the ergonomic or biomechanical ‘match’ between the task 
requirements and the user capabilities is an important issue. 

335 
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Stairs 

It has been estimated that in 1975 there were approximately 2 x 10l2  stair uses, 2.6 x lo8 
noticeable missteps, 3.1 X lo7 minor accidents, 2.7 x lo6 disabling accidents, 5.4 x lo5 
hospital treatments, and 3.8 x lo3 deaths (Archea et al., 1979). The National Safety 
Council (1994) has estimated that approximately 1200 deaths occurred in 1991 due to 
falls on stairs or steps. It has been estimated that nearly 1 million people received hospital 
treatment from injuries resulting from stair accidents, and nearly 50 thousand were hos- 
pitalised in the United States in 1990 (Pauls, 1985). Templer (1994) has estimated that 
between 1.8 and 2.6 million people per year are disabled for at least one day from stair 
accidents. In Oregon, in 1995, approximately 2400 or 7.9 per cent of total disabling 
occupational claims were caused by falls down stairs or steps (Oregon Department of 
Consumer and Business Services, 1997). 

General  design guidelines 

Ladders 

Ergonomic/biomechanical issues are certainly a contributing factor to ladder falls. ANSI 
(1992) suggests that fixed ladders be constructed so that the slant from horizontal is 
between 75 and 90 degrees. They suggest that there be a 30.5 cm (12 in) distance 
between rungs, 40.6  cm  (16 in) between side rails, a 17.8 cm (7 in) toe clearance behind 
the rung, and a minimum 1.9 cm  (0.75 in) rung diameter. They also suggest that side rails 
be uniform and allow a power grip along the length of the ladder. ANSI (1990) suggests 
a 75.5 degree ladder slant for portable ladders, a 30.5 cm (12 in) runghtep separation, and 
a minimum 30.5 cm (12  in)  distance between the side  rails.  Since portable ladders can be 
constructed of metal or wood with varying strength characteristics, most other dimen- 
sions can vary depending on the type of material used; however, a minimum rung dia- 
meter of 2.9  cm  (1.125 in) is required for wood ladders (ANSI, 1994). Diffrient et d .  
(1991) recommend that for rung ladders the optimum slant is 75-85 degrees, with rung 
spacing of 17.8-30.5 cm (7-12 in), and a rung diameter of 1.9-3.8 cm (0.75-1.5 in). 

There is considerable variation relating to the slant actually preferred by ladder users. 
Irvine and Vejvoda (1 977) found that the average slant preferred by 20 male subjects  was 
71.9 degrees. Hakkinen et al. (1988) found that climbers preferred a slant of 66 degrees, 
and Bloswick and Crookston (1992) found that male users preferred a slant of 73.5 
degrees for both 13 foot and 18 foot ladders. 

Stairs 

The three critical issues relating to stair design include the step depth (tread), step height 
(riser), and handrail size and height. The US Department of Commerce recommends 
a tread of 27.94-35.56 cm (1 1-14 in) and a riser of 10.16-17.78 cm (4-7 in). Diffrient 
et al. (1991) recommend a stair slant of 30-35 degrees, resulting in a range of 27.94 cm 
(11 in) treadx 17.145 cm  (6.75 in) rise to 25.4  cm  (10 in) treadx 17.78 (7 in) rise. 
Templer (1994) suggests that tread depth be at 27.9-35.6 cm (1 1-14 in) and riser height 
be 11.7-18.3 cm (4.6-7.2 in). Pauls (1985) notes that US codes and standards  are moving 
towards a requirement that tread depth be no less than 27.9 cm  (10.98 in), and riser height 
be  no more than 17.8 cm (7 in). 
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Diffrient et al. (1991) recommend that railings be 76.2-86.4 cm (30-34 in) above the 
leading edge of the step, with a maximum diameter of 6.7 cm (2.6 in). Templer (1994) 
notes that while 76.2-86.4 cm (30-34 in) is often required in  codes and guidelines, 
stability requirements would suggest a handrail height of 91-102 cm (36-40 in) and a 
3.8 cm (1.5 in) handrail diameter. The US Department of Commerce (Archea et al., 
1979) recommends a 0.69-0.79 cm (1.75-2 in) diameter hand rail. 

LADDER BIOMECHANICS 

Unless otherwise noted all research discussed in this section deals with ladders with 
28.0-30.3 cm (1 1-12 in) rung separation. Ladder slant is defined as degrees from the 
horizontal. 

Body movement 

General description 

Dewar (1 977) defines that one complete climbing cycle or stride begins as one foot is put 
on a rung and ends when that same foot is again placed on a rung. The  stride for the 
opposite side of the body is displaced in time by 50 per cent of the cycle. During the 
normal climbing activity the foot is placed on every other rung. 

There is a wide variation in hand movements during ladder use. Dewar (1977) defines 
a ‘lateral gait’ as when the hands move in synchrony with the foot on the same side,  and 
a ‘diagonal gait’ as when the hands move in synchrony with the foot on the opposite side. 
He notes that the diagonal gait is the ‘natural’ movement pattern. Hammer and Schmalz 
(1992) however, indicate that the lateral gait is more prevalent, and McIntyre (1983) 
found that nearly 60 per cent of his subjects applied the lateral gait. Hammer and Schmalz 
(1992) also note that people frequently change their gait between climbing activities and 
even within the same ladder ascent or descent. 

Dewar (1 977) found that for males foot contact ranged from 6 1 to 63 per cent of total 
cycle time, independent of the climbing speed and Lee et al. (1994)  found contact time 
for males to be 55-58 per cent of total cycle time. Both Dewar (1977)  and Hakkinen 
et al. (1988) found that climbers preferred to grip the ladder side or rail as opposed to the 
ladder rung. 

ANSI (1990, 1994) notes that during use of portable ladders, ‘When ascending or 
descending the ladder the user shall face the ladder and maintain a firm hold on the 
ladder’, and when using a fixed ladder, ‘When ascendingldescending a ladder, the user 
shall face the ladder and maintain a three point contact at all times. Three point contact 
consists of two feet and one hand, or two hands and  one foot, which is safely supporting 
a user’s weight when ascendingldescending ladder’. 

McIntyre (1983) notes, however, that there are extended periods in both diagonal 
and lateral gait patterns when climbers have only two limbs in contact with the ladder. 
Hammer and Schmalz (1 992) note that three point contact  as a percentage of total time 
ranges from approximately 37 per cent of total cycle time at 60 degree ladder slant to 
approximately 52 per cent of total cycle  time when the ladder is vertical. 
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Body centre of madtrunk 

Dewar (1977)  notes  that  for  male  subjects the body centre  of  mass  was  approximately 
7.5 cm (2.95 in) further back (away from the  ladder)  when  using  the  75.2  degree  ladder 
as opposed to the 70.4 degree  ladder  slant. Kinoshita et al. (1 984)  note that during 
vertical ladder use the body centre  of  mass  was kept further from the ladder during ladder 
descent than ascent. Lee et al. (1994) note that for  male  subjects the climbing path varied 
less at a  faster speed (106  steps  per  minute)  than at a  slower  (86  steps  per  minute) 
climbing  speed.  They interpret this as indicating that the  individuals  displayed  less  con- 
trol while  climbing at a  faster  speed. It would  appear to this  author that the opposite 
conclusion may be the  case and that less variation during  the faster speed would indicate 
more control. McIntyre  (1983)  notes that the movement of the body centre of mass away 
from the point of support during use of the steeper  ladders indicates a  decrease in stabil- 
ity. While  this may be true for  the 70 to 75  degree ladder slants, the  extension  of  this 
logic to more  extreme ladder slants  should  be  avoided. For example,  while  climbing  a 
vertical ladder  the whole body centre  of  mass may be some  distance outboard from the 
points  of  support  but the body is in a ‘stable’ position if the points  of  support do not slip. 
On the  other hand, a ladder with an extremely  shallow  slant,  say 45 degrees, may be very 
difficult to use because of the difficulty of  balancing on the  rungs  and reaching the side 
rails with the hands even  though  the whole body centre  of  mass would be nearly over the 
points of support at the feet. 

Extremities 

Dewar (1977)  found that, when using the opposite  leg as a reference, the  maximum  hip 
flexion angle  for  males was approximately 55 degrees and the  maximum knee extension 
angle was approximately 70 degrees. For  both  the  70  and  75 degree ladder slants  the  hip 
abduction angle  was  approximately  plus or minus  5  degrees. He also  found  that  for 
shorter  subjects  both  the  hip and the  knee had to flex more to lift the foot onto  the rung. 
This  effect was approximately  the same for both ladder  slants in the case  of  the knee but 
was less for the  hip in the  case  of  the 70 degree ladder slant. 

Forces  and joint moments/muscle activity 

Hand/foot force 

Lee et al. (1994)  found  that  for  a 70-75 degree  ladder  slant  the  legs  served to move the 
body upward and  the  hand  served primarily to balance the body, particularly when 
moving from the  double to the single foot stance  phase.  They found that for  males  the 
total (two-hand) peak hand force was approximately 25 per cent  of body weight and that 
the peak hand force was somewhat less at the 70 degree  angle than at the 75 ladder slant. 
McIntyre et al. (1983)  also  found  that  the  hands  serve primarily to maintain dynamic 
stability for  a  75  degree ladder slant  but that as the  space between the  rungs increases, the 
hands  are  used  more for propulsive  forces to assist the legs.  He  notes that the one-hand 
forces  range from 4.2 to 9.6 per cent  of body weight,  the  hand  forces  exerted by the  short 
subjects  were  higher than those  of the tall subjects,  and  the  hand  forces  of  short  subjects 
increased more rapidly as rung  separation  increased.  Ayoub and Bakken (1 978)  found 
that the pull force on one  hand ranged between 20 and  36  per  cent of body weight during 
vertical ladder ascent. 



C L I M B I N G   B I O M E C H A N I C S  339 

Bloswick and Chaffin (1990)  found that for male subjects  the  average total force on 
one  hand as a  percentage  of body weight was 9.3 per cent  for 70 degree ladder slant, 11.5 
per cent for  75 degree ladder slant,  15.6 per cent for 80 degree ladder slant, and 24.5  per 
cent for the vertical ladder.  They  also  found that the peak hand force was approximately 
30 per  cent  of body weight during the one-foot stance when using a vertical ladder.  This 
approaches  the  estimate  of  35 per cent  of body weight,  which  was  found to be  the mean 
grip strength on a slippery hand rail of  2.2 cm (0.875 in)  diameter (Jack et al., 1978). 
Bloswick and Chaffin (1990)  also found that most subjects  demonstrated an average 
preferred  hand  separation  of 32.3 cm (12.7  in)  but  that short, heavy  subjects preferred a 
significantly wider hand separation  of 39.9 cm (15.7 in). This  suggests that the gener- 
ally accepted ladder width standard of  38.1 cm (15  in) is adequate  for all but short, 
heavy climbers.  This  agrees with Chaffin et al. (1978)  who  found that a  ladder width of 
40.6 cm (16 in) would provide adequate lateral stability  for  arm  strength to resist the 
force  of  the  wind. 

McIntyre  (1979)  found that average  foot  forces  for one foot range from 48 to 60 per 
cent  of body weight. Chaffin and  Stobbe  (1979)  found  that  peak  foot  forces ranged from 
a high of  40 per cent in the horizontal direction to 170  per cent of body weight in the 
vertical direction  for vertical ladder climbing. Bloswick and Chaffin (1 990) found that for 
male  subjects  the total one-foot forces, as a  percentage  of body weight, were 63.7 per 
cent  for  a ladder slanted at 70 degrees, 62 per cent for a ladder slanted at 75  degrees,  59.3 
per  cent  for 80 degrees, and 54.7 per cent for  a vertical ladder. They also note that while 
the peak foot  force  is highest (approximately  85  per cent of body weight) during  the one- 
foot  stance  for  a ladder slanted at 70  degrees  the foot slip potential is highest during the 
use of vertical ladders where a coefficient of friction in excess  of 0.4 may be required to 
resist a forward slip. 

Upper extremity moments 

Bloswick and Chaffin (1990)  found  that the average  elbow and shoulder  moments varied 
as a function of ladder slant (as shown in Figure 18.1). In addition they note that during 
vertical ladder use  the peak elbow flexion moment and shoulder  extension  moments  were 
45 per cent and 15 per cent of  the maximum static  moment. Lee et al. (1994)  note that 
there may be  a potential for localised fatigue at the elbow  during  long  climbs  since the 
peak hand force reached nearly 25 per  cent of body weight. 

Lower extremity moments 

Bloswick and Chaffin (1990)  also  found that for male subjects  the  average hip, knee, and 
ankle  moment as a  percentage  of  static  maximum  varied by ladder slant (as shown in 
Figurc  18.2). They found that the peak hip  extensor, knee extensor, and ankle plantar 
flexion moments  were  30 per cent, 15 per cent,  and 10 per cent of  maximum static 
moment,  respectively,  when  climbing  a ladder slanted at 70 degrees.  Ayoub and Bakken 
(1978)  contend that the knee is a limiting articulation, as opposed to the hip. They base 
this on the fact that hip moment capability is greater than that of  the knee and that the 
knee  must  assume significant flexion and consequent reduction in moment generation 
capability. Chaffin et al. (1 978)  note that based on ankle  torque  (plantar flexion strength) 
capability the minimum foot  clearance behind the ladder  rung  should be 16.5 cm (6.5 in). 
Based on ankle plantar flexion strength capability Bloswick and Chaffin (1990) note that 
this distance should be a  minimum  of  15.5 cm (6.1 in). 
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Figure 18.1 Relation of elbow and  shoulder  moments to  ladder  slant. 

Figure 18.2 Relation of trip,  knee  and  ankle  moments  to  ladder  slant in male subjects. 
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Back 

Bloswick  and  Chaffin  (1  990)  used  integrated  electromyographic (IEMG) activity of  the 
erector spinae as a measure of low  back stress during ladder climbing activities. They 
found that for  males  the erector spinae activity  was  approximately  65  per cent of static 
maximum  and  increased slightly as the  ladder  slant  went  from 70 degrees  to 90 degrees 
(vertical). They  also  found  that  peak erector spinae IEMG activity approached  100  per 
cent of static maximum as climbing speed  increased  when  using vertical ladders. 

Energy consumption/fatigue 

Brahler  and  Blank  (1  994)  note  that the whole  body ladder climbing exercise on a simu- 
lated climbing machine elicited significantly greater maximum  oxygen  consumption  val- 
ues for collegiate oarswomen  than  did either treadmill  running or rowing ergometry. 
Lehmann (1962) found  that a ladder slanted at 70 degrees  required  the  lowest  energy 
demand per unit of height.  Hammer  and  Schmalz (1 992) also found  that  the  time  required 
per  unit  of  height  climbed  was  lowest  with a ladder  inclination  of 70 degrees  and con- 
sider this angle as ‘optimal’.  Chaffin et al. (1978) propose  that  rung separations of  greater 
than  35.6 cm (14 in)  require a ‘fatiguing’ exertion. Kamon (1970) found  that  metabolic 
efficiency in climbing a 60 degree  ladder  was  higher  when  using a foot-over-foot  pattern 
than  when  moving both feet to the same step. 

S T A I R   B I O M E C H A N I C S  

Body movement 

General description 

Templer  (1  994)  provides  what  may be the  most  comprehensive  discussion  of stairways. 
He notes  that  the  gait  on stairs must be defined  differently  than  the gait in level  walking 
where a gait  cycle  occurs  between  the  heel strike of  one  foot  and  the  subsequent  heel 
strike of  that same foot. On stairs the  ball  of  the  foot, as opposed to the  heel, tends to  be 
the  first  point  of contact. On stairs the  gait  cycle  must  be  considered as the cycle between 
foot  contact (toe, foot, or  heel)  and  the  subsequent  foot  contact  of  the same side of  the 
body. This includes one stance  phase  and  one swing phase.  The stance phase  begins  when 
the  leading  foot contacts the step. At  midstance  the  body centre of  mass is directly over 
this  foot  and starts to  become elevated or lowered  by concentric or eccentric contractions 
of  the  muscles in that leg. The  stance  phase continues until  the  weight transfer to  the 
contra-lateral  leg allows the  foot to be  lifted  from the step. 

The stance phase  during stair ascent, as a percentage of  gait cycle, has been  deter- 
mined to be  65  per  cent  (Zachazewski et al.,  1993), 64 per  cent (males) (McFadyen  and 
Winter, 1988), and 50-60 per  cent (females) (Livingston et al., 1991). The stance  phase 
during descent, as a percentage  of  gait cycle, was 60 per  cent  (Joseph  and  Watson,  1967), 
and  55  per  cent of the  cycle  for stairs slanted  at  16.8  degrees, 40 per  cent  for stairs at 33.7 
degrees, and 25 per  cent  for stairs steeply slanted at 45 degrees  (Livingston et al., 1991). 
McFadyen  and  Winter (1 988) note that  it  is conceivable that  one  would  change climbing 
strategies between  and  within  the same stair climbing activity. 
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Other  points  of interest relating to stair  movement  include that by Zachazcwski et al. 
(1993) who note that stair descent is  a  more  dynamic process with greater inherent 
instability than ascent. Livingston et al. (1991) note that shorter  women  climbed with a 
more rapid cadence than did taller women and that stepping rate increased as stair slant 
increased. Shiomi  (1994)  notes that a  step pattern where  both feet move to the  same  step 
before proceeding to the next is more  stable than the ‘normal’ foot-over-foot step pattern. 

Body centre of rnass/trunk 

Krebs et al. (1992)  note that the deviation  of the centre of  mass from the  centre  of pres- 
sure is greater during stair descent than ascent  and that stair descent requires more balance 
than does ascent. McFadyen and Winter  (1988) note, however, that the body is in a  more 
‘optimal’ position (centre of mass closer to the point of support) while walking down stairs. 

Krebs et al. (1992)  note that trunk abductiodadduction range of motion (ROM) and 
peak trunk flexion substantially exceeded  those  values  during  gait and that peak torso 
flexion during  stair  climbing  was  roughly parallel to the 33 degree  stair  slope.  They  also 
note  that  the trunk frontal plane ROM during  stair  climbing was greater than that of gait 
and suggest that it was to clear  the  swing foot over  the step and minimise lower  limb 
flexion requirements. They observed  that  subjects  descended  stairs  with considerably less 
maximum trunk flexion than during  ascent in order to maintain stability. In an observa- 
tion of subjects on a  stair  ergometer, Asplund and Hall (1995) note that  during  stair 
climbing ergometry the  average trunk flexion was approximately 18 degrees forward 
from vertical. Cooper et al. (1989)  found that subjects flexed the  trunk approximately 12 
degrees with approximately 13  degrees  of  anterior pelvic inclination during  stair  climb- 
ing. Trunk  flexion and pelvic inclination were approximately 0-3  degrees and 0-5 de- 
grees respectively during  stair  descent. 

Extremities 

Asplund and Hall (1995) note that during  stair  climbing  ergometry the hip range of 
motion was 15.2-51.4 degrees flexion, knee 12.7-72.8 degrees flexion, and the total 
ankle range of motion was  32.4  degrees. In a  rcview  of  the literature, Livingston et al. 
(1991) note that hip flexion is approximately 42 degrees, knee flexion 83-90 degrees, and 
ankle plantar flexion 30-40 degrees during stair climbing tasks. In their research, Livingston 
et al. (1991) found that  for  female  subjects the maximum  hip flexion angle  decreased as 
the slope of the stair  decreased  from  38-45  degrees on a  45  degree slanted stair  down to 
27-35 degrees on a  16.8  degree  slanted  stair. They also found that during  stair  climbing 
hip flexion ranged from 47 to  56 degrees. Thcy also  found  that subject hcight was an 
important factor in determining  knee motion during stair  climbing. Short subjects had 
knee flexion angles  ranging  from 92  to 105 degrees  while taller subjects had knee flexion 
angles ranging from 83 to 96 degrees. They found that subjects used 14-27 degrees  of 
dorsiflexion and 23-30 degrees of plantar flexion at the  anklc  during  stair  ascent. They 
observed that the  subjects in their study used approximately 20-35 degrees of dorsiflexion 
and 20-30 degrees  of plantar flexion to perform  stair  descent as opposed to Andriacchi 
et al. (1980)  who  observed that males used 40 degrees  of dorsiflexion and 40 degrees  of 
plantar flexion during  stair  descent. Livingston et al. (1991) note that subjects  appear to 
adjust to different stair  dimensions by varying the flexion extension at the knee rather 
than that at the ankle or hip. 
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Foot forces  and joint moments/muscle activity 

During normal stair  ascent  and descent the  forces on the  hands  and  moments in the upper 
extremities  are  minimum.  When these forces or moments do exist they tend to result from 
recovery from slips and falls and are resisted by the  grab rails discussed earlier. 

Lower extremity moments/foot force 

Shiomi (1994) notes that walking up stairs involves a  shortening  of  the  muscles  during 
contraction in performing positive work against gravity and that walking down stairs 
results in negative, or eccentric, work in which the leg extensors  (quadriceps  femoris)  are 
stretched while resisting gravity. Asplund and Hall (1 995) note that stair climbing ergometry 
also  produces  concentric muscle contractions throughout the  lower  extremity. McFadyen 
and Winter (1988)  found that, with the exception of the rectus femoris and gluteus 
medius muscles, all muscles had greater  mean  activity  for  stair  ascent  compared to 
descent. Andriacchi et al. (1980)  found that for  male  subjects the maximum  moments 
for stair ascent for the  ankle, knee, and hip were 137.2 (101.2), 57.1 (42.1),  and 123.9 
(91.4) Kn (ft Ib) and during stair descent  107.5  (79.3),  146.6  (108.1), and 112.5  (83.0) Kn 
(I3 lb), respectively. 

Lyons er al. (1983) found that climbing  stairs  produced  higher EMG activity in the 
upper and lower portions of the  gluteus  maximus,  gluteus  medius, and extensor fasciae 
latae muscles than did level walking. Descending  stairs required lower  muscle activity in 
these muscles as well as in the  semimembranosus  long  head  of  the  biceps femoris and 
adductor  magnus  muscles.  They  also found that the lower portion of the  gluteus  maximus 
is the primary hip  extensor  for  ascending stairs. Shinno  (1971)  notes  the  importance  of 
the quadriceps, particularly the vastus lateralis during  stair ascent. He  also  notes that the 
quadriceps  is  more  active  during  stair  ascent than descent. McFadyen and Winter (1988) 
indicate that the quadriceps are dominant and the vastus lateralis is most active  during 
propulsion up the stairs; they conclude that the knee  extensors play a  dominant  role in 
stair  climbing assisted by ankle plantar flexion moment. They note that  walking  up stairs 
primarily involves concentric  contractions  of the rectus femoris, vastus lateralis, soleus, 
and medial gastrocnemius and that walking  down  the  stairs is achieved primarily through 
eccentric  contractions  of these same muscles to control the  force  due to gravity.  Shinno 
(1971)  also indicates the importance of  the  quadriceps muscle in supporting  the body 
weight during the single  stance phase of  the  stair use. He notes that the activity of  the 
extensors is smaller in stair  descending than ascending but that the biceps femoris activity 
is greater  during  stair  descending than ascending. He found that the  overall  action  of  the 
quadriceps muscle is higher going  up than while going down stairs and that the knee 
flexor activity is relatively small  in  both  directions.  He  also  points  out  that the  knee joint 
is  more unstable when  going  down  stairs  because  the  ‘screwing home’ at the knee joint 
becomes  loose,  the  quadriceps  muscle  is passively stretched, and  movement  speed may 
be increased by gravity. McFadyen and Winter (1988)  note that the soleus  is  the primary 
contributor to body elevation after foot  contact,  although  some  gastrocnemius activity 
was observed. 

Kowalk et al. (1996)  found that knee abduction moments ranged from 25 to 45 Km 
and were statistically smaller than the  knee  extension  moments  of 60-85 Km both  for 
stair  ascent and descent. They  also  found that the knee extension  moments  were  greater 
during  stair descent than ascent and that knee adduction  moments did not exist.  Costigan 
et al. (1993)  found that abduction moments were approximately 50 per  cent  of  the 
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maximum  found in the study by  Kowalk et al. (1996). Lyons et al. (1983) indicate that 
limb  support in descending stairs depends on hip  adduction  but not hip extensor activity. 

McFadyen  and  Winter  (1988)  note  that  during stair descent  energy  is  absorbed at both 
the ankle and  the  knee  during foot contact, primarily by the  plantar  flexors. Loy  and 
Voloshin (1991) found  that  males  walking  up  and  down stairs experienced  induced  im- 
pulsive  loading or ‘shock  waves’ in the tibia  with an amplitude  of  180  per  cent  and  250 
per  cent  of  level  walking  values, respectively. Zachazewski et al. (1 993) also note a rapid 
increase  in  the vertical ground  reaction force at foot contact. 

Back 

Cooper et al. (1 989) note  that erector spinae muscle  activity in males  was  approximately 
25 per cent of MVC during stair climbing and  10  per  cent MVC during stair descent. This 
is  compared  to  approximately  13  per  cent MVC during  level  walking.  Asplund  and  Hall 
(1 995)  note electric activity of the  lumbar  paraspinal  muscles  did  not  change  significantly 
during  22  minutes of activity on a stair climbing ergometer. 

Energy  consurnption/fatigue 

Templer (1994) notes  that  the  energy  expended  during stair climbing exceeds that  of  any 
other  routine  daily  physical  activity  and  is comparable to heavy  physical labour. He notes 
that  for a 70 kg  person,  the  total  energy cost of  using stairs, while  dependent  on stair 
geometry,  ranges  from 0.548 to 1.12 kcallmetre (vertical) for stair ascent  and 0.098 to 
0.280 kcallmetre (vertical) for stair descent.  He also notes  that  the  total  energy  cost of 
vertical  ascent decreases as stair slant increases  up to about  45 degrees. Steep stairs, 
however, are often  perceived as being  more  fatiguing  because  the rate of  energy expendit- 
ure  is  higher  even  though  the  total  energy  expended  for a given  amount  of  vertical ascent 
may  not  be.  Ward  and  Beadling (1 970)  note  that  the rate of  energy  expenditure affects 
people’s judgement more  than  the  total  energy  expended.  Bruce et al. (1 967), however, 
note  that  when  normalised  for  total  vertical travel, shallow  slanted stairs require  less 
energy  than steep stairs. It is  also  not surprising that  they  found  that  the  addition  of a load 
to the climber increased  the  energy  consumption  for  both  shallow  and steep stairs. 
Karpovich  and Shinning (1  97  1)  note  that  the  energy  expenditure  during stair descent  was 
one-third  of  that  during stair ascent. Using a climbing treadmill (Richardson, 1966)  found 
that  energy  during stair descent  was  59  per  cent  of stair ascent. 

Shiomi (1994)  proposes that, when  normalised  for  total  vertical  movement  per  unit 
time, the optimum stepping rate  for  males  is  50-62 steps per minute. He also notes  that 
oxygen  consumption  increased as movement  velocity  increased  during stair ascent  and 
that  oxygen  consumption  increased  with an increase in stepping rate during  both stair 
ascent  and stair descent. Shinno (1971) notes  that stairs with a 30-35 degree slope are 
most  convenient  and  that  optimal stair height,  determined by oxygen  consumption  is 
defined as the square root  of R2 + T2 = 33 cm,  where R = step height  and T = step depth. 
He determined  that  the  optimum stair has a height  of  16.6  cm (6.54 in)  and a depth  of 
28.6  cm (1 1.26  in)  with a slope of approximately  30 degrees. Seidl et al. (1989) found 
that  for  female subjects the  efficiency in stair use, as determined by oxygen uptake, 
increased  approximately 5 per  cent over a four-day training period. 

In studies of special  populations  Benn et al. (1 996)  found  that  for  older  men (age 64 f 
0.6 years) stair climbing  produced  greater systolic blood  pressure,  heart rate, and rate 
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pressure product than did treadmill walking or dynamic weight lifting and that the in- 
creases  in heart rate, mean arterial pressure,  and mean pressure  product  were  extremely 
rapid and reached very high levels. The rate pressure  product was more  than  twice  that 
recorded in normal walking  and 50 per  cent  greater  than  during  four  minutes  of uphill 
walking or weight lifting. In a study of simulated fire-fighting tasks O’Connell et al. 
(1986)  found that stair  ascent  with a 20.3  cm (8 in)  stair  elevation at  60 steps  per minute 
for five minutes resulted in 45 per cent of maximum  oxygen  consumption and 7 1 per  cent 
of maximum heart rate. When carrying an 86.5 lb pack for five minutes  subjects  averaged 
80 per cent maximum oxygen  consumption  and  95  per  cent  maximum heart rate. 

CONCLUSlONS/RECOMMENDATlONS 

ladders 

When climbing a ladder the  whole body centre of mass  moves  further  back  (away  from 
the ladder) as the ladder steepness  increases. In general,  the  legs provide power and the 
hands provide support; however as the ladder steepness increases hand force increases as 
the  hands  provide  more  of the propulsive  force and stability. Hand  force  also increases as 
the distance between the  rungs  (rung  separation) increases. The  force on one  hand is a 
maximum (25-30 per cent  of body weight)  during the use  of vertical ladders and this 
approaches the 35 per cent maximum grip  strength on a slippery hand rail which  indicates 
that there may be some potential for hand slip in this situation. A ladder width of 38.1 cm 
(1 5 in)  appears to be  adequate to accommodate preferred hand  separation  for most per- 
sonnel and allow  adequate lateral stability to resist wind force. 

Foot force  approaches a maximum  of 85 per  cent  of body weight when climbing a 
ladder slanted at 70 degrees; however, foot  slip potential is highest during  the use of 
vertical ladders  where a coefficient of friction in an excess  of 0.4 may be required to 
resist a forward slip. Average shoulder  moment  is relatively low (approximately 5 per 
cent of static maximum)  during  the use of  ladders slanted at 70 to  90 degrees (vertical). 
Average  elbow flexion moment increases from approximately 5 per  cent  of  maximum  for 
70 degree  ladders  up to 35  per cent for vertical ladders. When climbing vertical ladders 
peak  shoulder  extension and elbow flexion moments  were 15 per cent and 45 per cent of 
static  maximum. Peak hip extensor, knee  extensor, and ankle plantar flexion moments 
reached 30 per cent, 15 per  cent, and 60 per cent of  static  maximum, respectively, when 
climbing a ladder slanted at 70 degrees. Toe clearance behind the ladder must be approxim- 
ately 16.5 cm (6.5 in) to allow adequate plantar flexion capability during vertical ladder use. 

It should be noted that the  joint  moments, and particularly the  maximum  joint 
moments,  were  cyclic and of  less  than one second duration. This  reduces  the potential for 
localised fatigue  except in long  periods of climbing. 

Average erector  spinae  activity  is  approximately  65  per cent of  static  maximum  and 
increases slightly as the ladder slant goes from 70 to  90 degrees (vertical).  Peak  erector 
spinae activity approaches 100 per cent of static maximum during fast climbing of a 
vertical ladder.  This  suggests that there may be  some potential for low  back  stress  during 
some ladder climbing activities. 

Ladder  climbing  is a fatiguing physical activity and has been found to be more stress- 
ful than either  treadmill  running or rowing  ergometry.  Rung  separations  of 35.6 cm (14 
in)  are  more fatiguing than rung  separations of 30.5 cm (12 in).  Ladders  slanted at 70 
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degrees require the  lowest  energy  demand  per unit of height and lowest climbing  time per 
unit of  height. The foot-over-foot climbing pattern is more  energy efficient than when 
both feet are moved to the same step  during  the  climbing activity. 

Stairs 

There  is no clear  agreement as to whether the whole body centre  of  mass  deviates  more 
from  the  foot  centre of pressure during  stair  ascent or descent. Foot forces are higher 
during  stair  descent,  however, and the impulsive  loading may be  250 per  cent of level 
walking during  stair descent and 180 per cent during  stair  ascent. This force  is  absorbed 
primarily by the plantar flexors. Trunk  abduction/adduction range of motion exceed  those 
experienced during gait. Trunk flexion can approach 30 degrees (stair slant during climbing) 
but is considerably  less during stair  descent.  Hip flexion ranges from 40 to 55 degrees 
during  stair  climbing and decreases as  the stair  slope  decreases.  Knee flexion ranges from 
83 to 105  degrees with shorter subjects  demonstrating the greatest  degree  of flexion. 
Ankle dorsiflexion and plantar flexion range  of motion appear to range  from  15 to 30 
degrees in each direction during both  stair  ascent and descent. People  appear to adjust to 
different stair  dimensions by varying the flexion or extension at the knee rather than that 
at the  ankle or hip. 

Hand forces  in  normal  use  are  minimum  during  both  stair  ascent  and  descent.  Lower 
extremity  moments and muscle forces are quite complex during  stair use. With  the 
exception of  the rectus femoris and  gluteus medius muscles, all muscles  have  greater 
mean activity  for  ascent as compared to descent and stair  climbing  produces  higher EMG 
activity in the  gluteus maximus, gluteus medius, and extensor  fasciae latae than does 
level walking. Stair ascent primarily involves concentric contractions of  the rectus femoris, 
vastus lateralis, soleus, and medial gastrocnemius with the vastus lateralis  playing the 
most important role. Stair descent is  achieved  primarily  through  eccentric  contractions of 
these same  muscles to control the  force due to gravity.  Knee  extension  moments  are 
higher  during  stair descent than ascent. Knee abduction moments  are  somewhat  smaller 
than knee extension  moments  and  knee adduction moments  are minimal for  stair  ascent 
and descent. 

Erector spinae  muscle activity is in the same general range as that incurred during 
level walking and it does not seem to be indicative of a high potential for back stresses 
during normal stair use. 

The energy expended during stair  climbing, while not equivalent to ladder  climbing, 
exceeds that of  any  other routine daily physical  activity.  While  steeper  stairs  tend to  be 
more  energy efficient per vertical distance travelled, they arc perceived as being  more 
fatiguing because  the rate of energy  expenditure is higher. The energy  expended  during 
stair descent appears to be one-third to one-half of that expended  during that of  stair 
ascent. One study  found that the ‘optimum’ stair from an energy standpoint has a height 
of 16.6 cm  (6.54 in), a depth of 28.6 cm (1  1.26 in), and a slope  of approximately 30 
degrees. 

ERGONOMIC  SIGNIFICANCE 

Stair  and ladder use generate  considerable biomechanical and  metabolic  stresses on  the 
body. An understanding of design guidelines,  user preferences, and  the biomechanical 
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and physiological stresses during ladder and stair use will assist in the minimisation of 
stress and a reduction of injury potential. 
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C H A P T E R   N I N E T E E N  

Slips  and  falls 
RAOUL GRONQVIST 

INTRODUCTION 

The causality of slips, trips and falls is not  yet  fully  understood.  Before  effective  preven- 
tion strategies can be put into practice one must clarify the accident  and  injury  mech- 
anisms  involved. The chain or network  of events - constituting  exposure to hazards, 
initiation  of  hazardous  incidents, and final  injury - should  and  can be identified  using 
epidemiological  principles  and  methodologies  (Hernberg,  1992). 

Risk-assessment  models  have  been  developed to predict the risk  of  slipping  and to 
scrutinise the causes of slips and falls.  A  model  based on artifical  neural  networks for 
predicting the dynamic  coefficient of friction as a  function  of six independent  measure- 
ment  variables  (Twomey et al., 1995),  and the elaborated friction model for slipping 
(Gronqvist,  1995) are examples of models  which are focused on certain limited  elements. 
Lehto  and  Miller  (1987), on the contrary, described an expert  system for performing 
generic  safety  analysis  and  extended  it  with  empirical data on the prediction  of  slipping 
safety.  Fendley et al. (1995)  recently  developed  a  comprehensive  slip-prediction  model 
based on ratiometric  analysis and thresholded  dimensionless  numbers. 

Injuries are predictable entities with known extrinsic and intrinsic  risk  factors  (Smith, 
1987).  The  primary extrinsic risk factor for falls initiated by slipping is by definition  poor 
grip or low  friction  between the foot  (footwear)  and substrate (floor, pavement,  etc.).  The 
question whether the risk  of falling and  injury  initiated  by  a slip or trip is  more  related to 
a  constantly  low  (slip) or high  (trip) friction or an  unexpected,  sudden change in friction 
still remains to be solved.  A  fact is that an unexpected fall is a  very  hasty event, which 
lasts only 0.6 to 0.7 seconds  until  an  outstretched  hand, or the pelvis or trunk will  be 
impacting the ground  (Robinovitch et al., 1996).  Other  risk factors for slips, trips and 
falls are related to, for example,  insufficient  lighting,  uneven surfaces, incomplete  design 
of  stairs  and floors, poor  housekeeping,  load  carrying,  inadequate  control  of  posture,  ageing, 
dizziness,  vestibular  disease,  peripheral  neuromuscular  dysfunction,  diabetes,  osteoporosis, 
alcohol  intake, and use of antianxiety drugs (Alexander et al., 1992;  Davis,  1983; Era 
et al., 1997;  Fothergill et al., 1995;  Honkanen,  1983;  Jackson  and  Cohen,  1995;  Malmivaara 
et al., 1993;  Nagata,  1993; Pyykko et al., 1988;  Saarela,  1991;  Sorock,  1988;  Sorock  and 
Labiner, 1992; Templer et al., 1985; Tideiksaar, 1990;  Waller,  1978).  Many  of  the  risk 
factors for falls are interrelated  and can have  cumulative  effects. 
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The main consequences of slipping and tripping accidents  are  either falls on the  same 
level, falls from a higher to a lower level, or staggerings with recovery of balance  but 
causing,  for instance back overexertion or body contact  with  moving or stationary objects 
(Strandberg  and  Lanshammar,  1981).  Manning et al. (1988) differentiated between vari- 
ous initiating events  for  falls and used the  term ‘underfoot accident’ for fall injuries and 
some special types of injuries (e.g. to the  lumbar  spine) initiated by slipping  (62  per  cent), 
tripping (1 7 per cent), twisting of foot or ankle  (12  per  cent), treading on air (2 per cent), 
etc., where the first unforeseen event was an interaction between the victim’s foot and  the 
substrate. Sacher  (1  996) made an attempt to define some  common  misstep  mechanisms 
during human walking from the viewpoint of forensic biomechanics.  He  distinguished 
these by the mode  of initiation (slip, trip or stumble)  and termination (e.g. direction of fall 
and nature  of injury). 

The focus of this  chapter is on the biomechanics  and prevention of accidents and 
injuries initiated by foot slip-ups. Other likely causes of falls like trips and stumbles, and 
missteps on stairs  are mostly not dealt with but their biomechanics have been discussed 
elsewhere,  for  example by Grabnier et al. (1993),  Eng et al. (1994), and Simoneau et al. 
(1991).  The  following  areas and topics  are covered here: mechanics and dynamics  of 
slipping, basic  features  of  the tribosystem of the interacting surfaces (feet, shoes, floors, 
etc.) and contaminants (water, oil,  dirt,  snow, etc.), risk-assessment of slips and falls, 
criteria for  safe friction and locomotion, measurement  principles and techniques for the 
assessment of slip resistance, and validity of test instruments. The  ergonomic significance 
of  the material presented is  also discussed. 

THE  CONCEPT OF SLIP  RESISTANCE 

The  following definitions for  the  terms ‘slipping’ and ‘slip resistance’ apply here: 

Slipping is a sudden loss of grip, resulting in sliding of the foot on a surface due to a lower 
coefficient of friction than that required for the momentary activity, often in the presence of 
liquid or solid contaminants (Gronqvist. 1995). 

Slip resistonce refers to static, transitional and kinetic frictional properties of underfoot 
surfaces and foot/footwear during relative motion in actual conditions of wear; friction due 
to adhesion tends to dominate during static posture, standing, pushing and pulling, and at the 
moment of  a slip start, whilst both adhesional and hysteretic friction play a role during 
dynamic locomotion without and with carrying loads, and at continuation of  a slip after 
initiation (Gronqvist, 1997). 

Three  complementary models for  assessing  the risk of  foot  slippage and for  determining 
the slip resistance of shoes and floors will be presented: a general concept model (Fig- 
ure 19.1), a flowchart friction model (Figure 19.2), and a biomechanical parameter model 
(Figure  19.6).  These models can be applied independently or successively. 

M E C H A N I C S   A N D   D Y N A M I C S  OF SLIPPING 

Walking 

During walking  one is often totally unaware of the  fact that slight sliding between 
the  footwear and the substrate occurs  even in dry non-slippery conditions in the very 
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Figure 19.1 General  concept of slip  resistance. 

beginning of the heel  contact at landing (Perkins and  Wilson, 1983; Strandberg and 
Lanshammar, 1981). Leamon and Son (1989) used the term  microslip, also used  by 
Perkins (1978), for slip incidents  at  heel  contact  on dry non-slippery  surfaces.  The  lengths 
of such  microslips were less than 1 cm.  Leamon and Li (1990) determined the tendency 
of human  subjects to such  microslips on a  slippery  surface.  They  then  redefined the term 
microslip to cover  a  range  of slip distances from zero to 3 cm. Their data indicated that 
any  distance less than 3 cm would  only be detected  on 50 per cent of occasions,  and that 
a slip distance  in excess of 3 cm  would be perceived as a  slippery  condition. 

Strandberg and Lanshammar (1981) studied the dynamics of human  slipping  in  order 
to achieve  biomechanical data for the prevention of slipping accidents.  They  simulated 
unexpected  heel  slip-ups  when  approaching  a force plate which was lubricated with water 
and  detergent  in 76 trials (61 per cent) out of 124. The trials were categorised  into two 
main  groups,  grips (85 trials) and skids (39 trials). The skids were then split into two 
categories, slip-sticks (16 trials) and falls (23 trials), while the slip-sticks  were  finally 
differentiated  into  mini-,  midi-  and  maxi-slips. In the mini-slips the subjects were  una- 
ware of the sliding motion,  in the midi-slips no apparent gait disturbances  were  observed, 
but in the maxi-slips  compensatory  swing-leg  and arm motions  occurred. The peak  slid- 
ing velocity  was  above  walking  speed (1 to 2 m s") in the skids that resulted  in  a  fall, but 
did not  normally  exceed 0.5 m s-l in the remaining skids called  slip-sticks,  where the 
subjects were able to regain  balance.  Strandberg  and  Lanshammar  concluded  that  a slip 
was  likely to result in a fall if the sliding  exceeded 0.1 m in distance or 0.5 m s" in 
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velocity. The average  critical  slip  motion  started 50 ms after heel contact,  when  the 
vertical load was  about 60 per  cent of body weight,  acting  typically  at the heel rear  edge. 

Morach (1993) found in human slipping  experiments  on  contaminated  (oil,  glycerine, 
and water) floors that the horizontal foot velocity in forward  direction  prior to heel 
contact varied between 0.3 m s" and  2.75  m s-' depending on the type of slip, i.e., slip 
start  after  a  short  (more  than 26 ms)  static  position (106 trials),  immediate (during less 
than  6 ms) slip  start  (300  trials),  and  unclear  (6  to 26  ms) slip  start ( 1  12 trials). The 
highest  velocities  at  slip  start  and  during  slipping were 2.5 m s-' and  occurred on a steel 
floor with  oil as lubricant,  when  there  was  an  immediate  slip  start  after heel touch-down, 
The average  walking  speed  was  approximately 1.5 m s" in all the above experiments. 
Morach's findings  suggest  that  a higher minimum  sliding velocity (1 .O m s-') than  that 
proposed by Strandberg  and  Lanshammar  should be used when assessing the slip resist- 
ance properties of  shoes  and floors, particularly in the  presence of oil.  His  findings  also 
suggest  a  higher  heel pitch angle  of 15 to 20 degrees for simulation  of  slipping at heel 
landing  and  a  shorter  contact  time  of 30  to 60 ms. 

Hirvonen et al. (1994) studied  unexpected trunk movements  during foot slip-ups  of 20 
male  volunteers,  who walked at  two  speeds  (normal  and  race  walking)  along  a  horizontal 
track.  They  reported  that  the  peak  acceleration  levels of the  trunk increased significantly 
in the slipping  incidents  compared  to normal or race walking  without  slipping, both in 
antero-posterior  and  medio-lateral  directions. The peak  accelerations varied from 0.5 to 
4.5  g ( l g  = 9.8 I m s?) during  slipping,  whilst the accelerations  were  typically  less  than 
0.5 g  during  walking  without  slipping. The mean  peak  accelerations of the trunk during 
the sudden  and  unexpected  slipping  incidents that occurred  at normal and race  walking 
speeds were 1.3 g  for  the  antero-posterior  and 1.0 g  for  the medio-lateral direction. 

Biomechanical  slipping  experiments  were  carried  out  and heel dynamics  was  studied 
at  the Finnish Institute  of  Occupational  Health during a  collaborative  European  research 
project (M&T Slip  Resistance  Shoes, 1996). Volunteers walked over a  horizontal  slip- 
ping track at  a  cadence  of  100 steps per minute,  corresponding  to  a  walking velocity of 
1.2-1.4 m s-I. The track was  covered with a  slip-resistant  rubber  carpet in order to facil- 
itate normal walking. The downward vision of the  subjects was restricted using  special 
spectacles,  since  the  objective  was to study  unexpected  heel  slip-ups  when  approaching 
a  force  platform  on the track. The force plate was  covered  with  a  stainless steel floor, 
which was  either  dry or lubricated  (glycerol,  diluted  glycerol, or wiped glycerol) in order 
to  create  unexpectedness and different  slip or non-slip conditions. Of the 129 trials  with 
five male  subjects  wearing six types of safety  shoes, 12 trials for two  subjects  were ran- 
domly  selected for further  analysis and compilation of Table  19.1. These 12 trials  were 
judged  to be representative  for  the test condition  with  glycerol (85.0-91.5 per cent  wt) as 
lubricant. 

Two reference  walking  trials,  where  the same  two subjects as  above stepped  unexpect- 
edly  onto  a  non-slippery,  dry  surface  of  stainlcss  steel,  were  also  analysed. In these  dry 
trials  only  two  of  the  variables in the  column  'potential  slip  start'  changed significantly 
compared  to  Table 19.1 whereas  no  changes  were  observed for the column  'approaching 
heel contact';  the vertical upward heel velocity during  60  ms after heel landing  increased 
to 0. I5 k 0.04 m s" and  the heel pitch angle increased to 14 iz 2  degrees. These changes 
indicated that immediate  sensory  feedback  affected gait at heel contact (i.e. a  protective 
gait strategy),  when  the floor surface  was  lubricated  and  slippery. The heel impact  veloc- 
ity and the foot inclination  angle  were  reduced in comparison  to the dry condition, but the 
vertical force  and the horizontal heel velocity remained  unaffected. 
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Table 19.1 Dynamics of the approaching heel contact, the potential slip start, and 
the slip continuation after  initiation during normal walking when subjects stepped 
unexpectedly onto  a slippery surface of stainless steel contaminated with  glycerol 
85.0-91.5Yo wt. 

Variable Approaching Potential Slip continuation 
heel contact slip start after initiation 
(during 60 ms (during 60 ms (from 60  to 200 
before landing) after landing) ms after landing) 

Vertical force (N) Approx. 0" Approx. 250b Approx. 550 
Vertical heel velocity (ms-I) -0.17 f 0.05' 0.08 f 0.02 Approx. 0 
Horizontal heel velocity (ms") 1.03 f 0.16 0.18 f 0.19 0.27 f 0.32 
Range of horizontal velocities (ms") 0.74-1.32 -0.26-0.37d -0.03-1.20" 
Peak horizontal velocity (ms") Not calculated Not calculated 0.48 f 0.53 
Range of peak horizontal velocity (ms-I) Not calculated Not calculated -0.04-2.07" 
Heel pitch angle (degrees) 32 f 4 7 f 3  6 f 5' 
Range of heel pitch angles (degrees) 22-37 3-1 3 0-18' 
Slip length (mm) Not relevant 1 6 f 4  27 f 47 
Range of slip lengths (mm) Not relevant 9-22 4-168 

Average value, range and one standard deviation of each variable are given for 12 walking 
experiments with two young and healthy male subjects wearing six different types of safety 
footwear (from M&T Slip Resistance Shoes, 1996). 
a End of swing phase. 

Beginning of stance phase. 
Negative value means movement downwards (heel descent). 
Negative value means movement backwards (heel rotation). 
Heel pitch angle at peak horizontal velocity. 

load carrying 

Redfern  and  Rhoades (1996) reported  experimental  results  concerning heel dynamics  of 
individuals  during load carrying  (boxes of varying  weights up to 13.5  kg)  at  three  differ- 
ent  walking  cadences  (70, 90, and 100 steps per minute). The  surface condition  studied 
was probably dry, but some microslips  occurred during the experiments  after  heel con- 
tact. The horizontal (forward) heel velocity  decreased from a pre-heel contact  maximum 
of  4.5 m s" at  the  end of  swing phase to between  0.14  and 0.24 m s" at heel contact in 
the  beginning  of  stance phase. The heel pitch angle  at  heel  touch-down  was  between 20 
and  25 degrees and  then  decreased to foot flat within  about  100 ms after  contact. The heel 
came to  a  complete stop during  microslip  conditions  about  100 ms after  the  impact. 

Carrying  loads showed, according  to  Redfern  and  Rhoades  (1996),  the same dynamic 
qualities as normal  walking,  and  they  concluded  that  load  carrying  had  only  minor  effects 
on the heel movement  parameters.  Recently,  Myung  and  Smith (1997) argued  that  this 
was true  only for dry  conditions  while  oily floors significantly  affected  those  parameters. 
They recorded  for  oily  vinyl  and  plywood floors horizontal  heel  landing  velocities of at 
least 0.6 to 1.4 m s" during load carrying  experiments with ten young  male  subjects. 
They also found  that  stride length was in general  slightly  reduced as floor slipperiness 
and load carrying  levels  increased. 
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T R I B O P H Y S I C S   O F   S L I P S   A N D   F A L L S  

Footwear-contaminant-floor  tribosystem 

For elastomeric friction of  rubberlike  polymers  (shoe  solings) on dry surfaces, the total 
frictional coefficent (p) due to adhesion and hysteresis  depends on contact pressure 
according to the  equation  (Moore, 1972): 

p = K, (E’/p‘ + K, @/E’)”) tan 6 
adhesion hysteresis 

(19.1) 

In this equation tan 6 is the  tangent  modulus  of  the  elastomer, defined as the ratio of 
energy dissipated (E”) to energy stored (E’) per  cycle. The normal pressure is p, K, and 
K2 are constants, r  is an exponent  less than 1 and  n an exponent  equal to or greater than 
1. Moore  (1975) later added the term s, i.e., the  effective  shear strength of the  sliding 
interface, into the adhesion component  (the term shear stress, Z, was used by Oksanen 
(1983),  see Equation 19.5). Equation 19.1 is  thus modified as follows: 

p = K, (s (E’/p‘) + K2 (p/E’)”) tan 6 
adhesion hysteresis 

(19.2) 

Kummer ( 1  966)  showed that both these  components  of rubber and elastomer friction are 
manifestations of the  same basic viscoelastic energy dissipation mechanism. Adhesion is 
caused by a  dissipative stick-slip process on a molecular level, whilst hysteresis is the 
ability of  elastomers to store elastic  energy. When the  stress is removed during travel 
across  a rigid surface,  elastomers do not return completely from their  deformed to their 
original shape. The deformation  frequency is defined as the  sliding velocity divided by 
distance between surface  asperities  of  the rigid surface  (Moore, 1972). Thus,  the hyster- 
esis  component  of friction increases on finer surfaces; however, under lubricated condi- 
tions the requirements  of  drainage put a  lower limit on the size of surface asperities. 

Strandberg (1985) pointed out that under lubricated conditions  similar mechanisms 
to the  ones that are valid for  a rolling pneumatic  tyre on a wet roadway (Moore,  1975) 
determine  walking friction too: the squeeze-film process and drainage  capability  of  the 
shoe-floor contact surface; the draping of the shoe heel and sole about the  asperities of 
the underfoot surface  (deformation,  hysteresis); and the  true contact between the surfaces 
(traction, adhesion).  Since  draping  is  time-dependent,  slower  sliding velocities permit a 
greater  draping effect than higher velocities. Hence, a distinctly higher coefficient of 
adhesional friction is ensured at slow velocities. Hysteretic friction, on the  contrary, is 
small in the low-speed range, but increases as sliding velocity and deformation frequency 
increase (Moore, 1972). 

The  tribophysics of human slipping have been discussed by Tisserand (l985), Proctor 
and Coleman (1988), and Leclercq et al. (1995).  The classical squeeze-film theory of 
Reynolds  states that the generation of  hydrodynamic pressure and load support in the 
lubricant film is a function of  wedge, stretch and squeeze  terms  (Moore, 1972). Hence, 
Reynolds’ theory takes into account the vertical squeezing  motion, as well as  the tangen- 
tial sliding motion and its gradient.  The  effect of the  squeeze  term  has been scrutinised by 
Strandberg (1985) and the effect of the  wedge  term by Proctor and Coleman (1988). The 
stretch contribution has not yet been discussed in the context of human slipping, though 
it is considered important for  rubbers and elastomeric materials. 

The  equation  for  the  squeeze  term,  according to Strandberg  (1985) is: 
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(19.3) 

where, 

h  is  height  of  the  wear  surface  element above flooring (film thickness) 
u  is  viscosity of the fluid 
A  is  contact  area  between  the  surfaces 
F, is normal  force 
t  is  descending  time. 

According to this  model by Strandberg, the height  of  the  wear  surface  element above the 
floor surface  when a shoe vertically  descends in a fluid film depends on  the  viscosity  of 
the fluid,  the  contact area between  the  surfaces,  the  vertical  load, and the  descending 
time. The lubricant  drainage  time for a specified fluid viscosity,  normal load and fluid 
film thickness  becomes  four  times  longer  when  the  contact  area  is  doubled.  A long drain- 
age time, on the  contrary,  increases  the  actual risk of  slipping,  because  the  time  available 
to  prevent  a  forward  slip  after heel contact  is  very  short,  only  a  few  tenths  of  a  second 
(Strandberg  and  Lanshammar, 1981). Hence,  adequate  frictional  forces  may not be pro- 
duced  between  the shoe heel and  a  smooth  lubricated  walking  surface  quickly  enough  to 
prevent  slipping  and  falling. 

Leclercq et al. (1993) confirmed the above observation  concerning  the  descending 
time  (t) in Equation 19.3 by adjusting the rolling  speed of the test wheel  of  the  PFT 
(portable  friction  tester)  device.  When the rolling  speed  was  decreased,  t  increased  and  h 
decreased so that  adhesional  friction  became  possible.  Greater  adhesion  then  contributed 
to a  higher kinetic coefficient of friction  between  the  test wheel and  the  substrate. 

The equation  for  the  wedge  term,  according  to  Proctor  and  Coleman (1988) is: 

h2 = (0.066 u 13)/F, v ( 19.4) 

where, 

h is film thickness  of  the fluid 
u is viscosity  of  the fluid 
1 is  length of slider  (a square slider is assumed) 
v is velocity  of  sliding 
F, is normal  force. 

Proctor and Coleman  called  this the hydrodynamic squeeze-film model. Its principle  of 
operation is the  tapered  wedge,  and it shows that  for  a  specific  viscosity, vertical load and 
slider  dimensions,  the film thickness  varies as the square root of  the  sliding  velocity. The 
model  especially  emphasises  the  importance of reducing  the  sliding  velocity during a  slip 
in order to  minimise  the  lubricant film thickness, and then to  obtain  good  contact  and  grip 
between  the shoe sole  and floor. 

Footwear-ice  tribosystem 

Bowden and Hughes  (1939) have  shown that the very low friction  between ice and other 
materials  is  due  to  a  water  layer  formed by frictional  heating.  However, ice is not always 
slippery  (Petrenko,  1994);  the  ice  friction coefficient can  assume both very  small  values 
(p < 0.01), at  high  temperatures (-1°C) and  high  velocities (3 m s"), or very  large  values 
(p = 0.67), at low temperatures (-40°C)  and low  velocities  (0.01 cm s"). The viscoelastic 



358 BIOMECHANICS IN ERGONOMICS 

nature of ice  friction  has been discussed by Moore (1 975). The frictional  mechanisms in 
the footwear-ice interface  are  mostly  adhesional,  but  the  properties  of the interface  layer 
in ice and  snow friction  are  still poorly known  (Makkonen,  1994). 

In general,  the  properties of ice, e.g., temperature,  structure  and  hardness, as well as 
the  thickness of the  water layer, seem to  determine the friction during a  slip to a  greater 
extent  than  the  viscoelastic  properties  of  rubber or polymers  (Gnorich  and  Grosch,  1975; 
Roberts,  1981).  Low  hysteresis  and low hardness,  which  are in many  cases  interrelated, 
seem  to be necessary  properties of a rubber  to  improve  friction on ice (Ahagon et al., 
1988). 

Assuming that the  frictional  force, F,, in the footwear-ice interface is caused  only by 
viscous  shear in a  water  layer  (other  phenomena such  as scratch  formation  are  omitted) 
the  following  equation  (Oksanen,  1983) is obtained: 

F, = T A = u,, vld A (19.5) 

where, 

T is  shear  stress 
A  is  contact  area 
u, is viscosity of water 
v is velocity of sliding 
d is thickness of the  water  layer. 

The coefficient of friction, p, is then: 

p = F,IF, = (u~, v/d A)IF, ( 1  9.6) 

where F, is normal force. 
Near the melting point of ice the  friction seems to be governed  particularly by ice flow 

and  melting  (Roberts  and  Richardson,  1981). Ionic impurities in ice lower its melting 
point,  thereby  forming liquid brine at the  surface  which  has  an  essential  lowering  effect 
on  adhesional  friction. Warm ice is also  sensitive  to  high  pressure  effects  at  heel  strike in 
gait. At high  pressure  points ice will either flow to  relieve  the  pressure or melt. Both 
phenomena  tend  to  lower the coefficient of friction  when  the  temperature of ice is  warmer 
than - 10°C. 

Friction model for slipping 

A flowchart friction  model  for  slipping is presented in Figure 19.2 (Gronqvist,  1995). 
This model complements the  previously  presented  general  concept of slip  resistance  and 
it takes  into  account  the  drainage  capability  of  the shoe-floor contact  surface  (squeeze- 
film processes),  the  draping  of  the shoe bottom  about  the  asperities  of  the floor surface 
(deformation  and  damping),  and finally the  true  contact  between  the  interacting  surfaces 
(traction). The squeeze-film  processes,  occurring  between  the shoe and  the  walking sur- 
face  immediately  after first contact  at  heel  touch-down, can be considered as the  most 
important  single  phenomenon  affecting  pedestrian  safety in slippery,  contaminated  condi- 
tions. The key point in injury  prevention  is  therefore  the  drainage  capability  of  walkways, 
floorings  and  footwear  solings. If the  drainage  after heel landing  fails or is too slow  due 
to  hydrodynamic  load  support  and  elastohydrodynamic  effects, then the  development of 
any frictional  forces will be incomplete.  Its  immediate  consequence will be an  unstable 
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situation with increased risk of slipping and falling. However, if draping  occurs  then 
adequate frictional forces may develop due  to deformation  (macro-  and  microhysteresis) 
and may even result in true  molecular  contact  (adhesion and wear) between the interact- 
ing surfaces. 

R I S K  ASSESSMENT OF SLIPS A N D  FALLS 

Control and adaptability of gait 

Humans rely on numerous  sensomotoric  systems to maintain upright static  posture and 
dynamic  balance  during  locomotion. The sensory input from vestibular organs, vision, 
proprioceptive  receptors  (muscle spindles, stretch reflexes), and exteroceptive  tactile cues 
(pressure)  are rapidly and accurately processed by the central nervous system (Claussen, 
1986; Nienstedt et af., 1986). When  posture and balance are challenged,  for instance 
during  a  sudden  slip or trip, then a  coordinated  neuromuscular  motor response is needed 
to re-establish the balance  and to avoid  a fall and subsequent injury. This  motor  control 
aims at regulating  more than 700 muscles in a multi-link system including more than 200 
degrees  of  freedom  (Era et al., 1997). 

Oscillations in posture during normal quiet  standing and sudden perturbation are gen- 
erally assumed to reflect the  balancing  abilities. Vestibular influx governs normally 65 
per cent of the body sway during  sudden perturbation, whilst 35 per  cent  is accounted for 
by visual and proprioceptive influx (Pyykko et al., 1990). Stretch reflexes in joints and 
muscles and tactile cues from pressoreceptors seem to operate in the  early  prevention of 
falls. Any protective responses to sudden perturbations will be incomplete if these do not 
function properly.  Since  ageing is one of the main reasons for defective  coactivation  of 
functional stretch reflexes, the very elderly rely mostly on slower (latency 120-200 ms) 
visual control of balance, which thus  contribute to an increased risk of slipping,  tripping 
and falling (Pyykko et al., 1990). Latencies for  corrective reflex responses  for healthy 
young men in the recovery from tripping have been reported to be 60-140 ms,  indicating 
that quick polysynaptic pathways  were  involved  (Eng et al., 1994). This study suggested 
that balance  control  during  locomotion  involves specific movement  patterns in response 
to a tripping  perturbation. 

Protective gait adaptations are aimed at regulating  gait in hazardous,  for  example 
slippery,  conditions. Experimental walking  trials reviewed by Andres et al. (1992)  have 
shown that subjects  can  adapt to walking  continuously  over very slippery surfaces. This 
adaptation  takes  place in essentially a  one  step  cycle  after  becoming  aware  of  the  slipperi- 
ness of the surface being  approached. Llewellyn and Nevola  (1992) reported the results 
of  trials  where  subjects adapted their  gait  under low-friction conditions by adopting  a 
protective  strategy, which involved the  combined  effect of force and postural changes  of 
the  early  stance. The subjects took shorter  steps and increased their knee flexion, which in 
combination reduced the vertical acceleration and the forward velocity of the body. 

Perception of slipperiness 

The risk of  slipping and falling  seems to depend to a great extent on a  person’s  subjective 
awareness of the potential slipperiness of the actual conditions. Probably it is easier to 
adapt one’s gait when a slippery condition is steady  than  when rapid, unexpected  changes 
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in slipperiness  occur.  However,  no  accident  or  injury  statistics  are  available  to confirm 
this  hypothesis. On the  contrary, it has  been shown  by Merrild  and  Bak  (1983)  that 
certain high-risk winter days  can cause  an  enormous  increase of pedestrian  injuries due  to 
falls initiated by slipping. 

Vision  may be  the only  sensory  mode  allowing  a  person to predict the potential 
slipperiness  of  a  surface  before  stepping onto it. Proprioceptive  (e.g.  stretch reflexes) and 
other  control systems  (e.g. pressoreceptors) seem  to require  that one already  has  walked 
on a  slippery  surface  and felt it, in order  to acquire  the  feedback  to  properly  adapt  one's 
gait.  Visual  control may lead to several  avoidance  and  accommodation  strategies  of  gait 
when  challenging  conditions  are  encountered.  Vision  regulates step length  and width, 
direction of gait,  walking  velocity,  and  orientation  of  limbs,  etc.  (Patla,  1991),  but since 
visual control  is slower than proprioceptive  control, it cannot be solely  relied  upon in 
sudden  perturbations  like  slips  and  trips. 

Critical gait phases 

Winter ( 1  99 1) mentions five major  motor  functions during the gait cycle in order to 
achieve  safe and efficient propulsion  of the body. These functions,  which  are  independent 
of whether  one  walks or runs, are  the  maintenance of support of the  upper  body  during 
stance,  the  maintenance  of  upright  posture  and  balance of the total body,  the  control of 
foot trajectory  to  achieve  safe  ground  clearance  and  gentle heel or toe  landing, the gen- 
eration of mechanical  energy to maintain  the  present  forward  velocity or to  increase  the 
forward  velocity,  and finally the  absorption  of  mechanical  energy  for  shock  absorption 
and  stability  or to decrease  the  forward velocity of  the  body. 

From  the  slipping  point  of  view  there are two critical gait phases in walking; heel con- 
tact  and  toe-off  (Perkins,  1978;  Skiba et al., 1983;  Strandberg and Lanshammar 198 1). 
The heel contact  causes  a  forward  slip  on  the  leading  foot,  whereas  the  toe-off  causes  a 
backward  slip on the  sole  forepart,  which can be more  easily  counteracted by stepping 
forwards  with  the  leading foot (Figure 19.3). It is  therefore  considered  less  dangerous 
than the heel slip. The forward  slip  starting at heel contact,  on the contrary,  would  very 
likely result in a  dangerous fall backwards  due  to  the  fact  that the forward  momentum 
maintains  the body weight  on the slipping  foot  and  permits  the  sliding  movement  to 
continue until a fall. 

C R I T E R I A   F O R  SAFE F R I C T I O N  

Minimum friction requirement 

Walking is regarded as safe  when  the  coefficient  of  friction (p) is greater  than the ratio of 
the  horizontal (Fl,) and vertical (F,) force components applied to the  ground  (Carlsoo, 
1962): 

( 19.7) 

The frictional  force (Fp), on  the  other  hand,  is  directly  proportional to the  normal  force 
(FN) according to the  classic  laws of friction: 

(19.8) 
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right foot in s tance   phase  
I left  foot in s tance  phase 
w foot  in swing phase 

0.1  

0.2 

0.3 

J 

heel 
contact off 

toe  - 

Time af ter  heel contact ,   seconds 
Figure 19.3 Gait  phases in normal level walking  with  typical  horizontal (F,) and  vertical 
force (F,) components  and their ratio, F,/F, for one step (right foot).  Critical  from the view- 
point of slipping  are the heel contact  (peaks 3 and 4) and the toe-off (peaks 5 and 6) phases. 

These two equations can be combined to give: 

FJF, ' FdFY (19.9) 

Consequently, if the sizes of the horizontal and vertical force components applied to 
the ground during walking and the coefficient of friction for the actual tribosystem are 
known, then it is possible to evaluate whether this system is potentially slippery and  haz- 
ardous (Figure 19.4). A transverse force component has been ignored here (level walking 
assumed), but should be added to these equations in slip situations where the transverse 
component plays a role. 



SLIPS AND FALLS 363 

During  equilibrium of forces: 
tan 0 = F"/FV = F,/FN = p 

Figure 19.4 Frictional (F,,) and  normal  force (FN) vectors  versus horizontal (FH) and vertical 
force (F,) vectors during heel  contact  phase. 

Friction demands in various  activities 

The friction  demand,  based on human  experiments during normal level walking has been 
found  to be between 0.15 and 0.30 (Bring 1982;  Perkins, 1978; Strandberg and  Lans- 
hammar  1981).  Strandberg and Lanshammar  (1981)  measured the friction  use  peak, Fhj 
F ,  approximately 0.1 s after heel  contact. The peak F a y  was on the average  0.17  when 
there was no skidding  between the shoe and the floor  (grip),  0.13  when the subject  was 
unaware of the sliding motion or regained  balance  (slip-stick),  and  0.07  when the skid 
resulted in a fall. Kinetic  friction  properties  seemed to be more  important  than the static 
ones,  because in most  of their experiments the heel slid upon  heel  contact  even  without 
any  lubricant. 

Strandberg  (1983a)  favoured 0.20 as a safe limit value for the kinetic coefficient of 
friction in level walking. He nevertheless  pointed out that the adequate value  depends on 
gait characteristics and the way of measurement. He found that friction  properties  were 
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most important for  preventing  falls at sliding velocities below 0.5 m s-I. Static friction 
values  for  safe  walking  that  were  proposed in the United States in the  mid-1970s range 
from 0.40 to 0.50 (Brungraber, 1976). These  values  are contradictory to the actual fric- 
tion demand  based on human  walking  experiments on a level surface, and thus may be 
more an indication  of  practical eligibility. 

Coefficient of friction limit values  should  be  correlated to  the normal variability of 
human gait  characteristics.  Walking  speed,  stride length, and anthropometric  parameters, 
etc., may greatly  affect  the friction demand  during  locomotion  (Andres et a[., 1992; 
Carlsoo, 1962; James, 1983; Myung et al., 1992). Depending on  the type of movement 
(level walking, and walking on stairs or ramp)  James  (1980) referred to limit values 
between 0.15 and 0.40. Harper et al. (1967) and Skiba et a1 (1983) referred to limit values 
between 0.30 and 0.60 during  stopping of motion, curving and walking on a  slope. Later 
Skiba  (1988) defined that the  safety limit for  the kinetic coefficient of friction, based on 
the  forces  measured  during  human  walking and the social acceptance  of  the risk of 
slipping, would be 0.43 at sliding  speeds of at least 0.25 m s-I. At heel contact in running 
gait  the peak F,JF, is typically slightly  greater  (about 0.30) compared to walking, and  the 
difference  between  running  and  walking is even  greater at toe-off,  when the force ratio 
peak is  about 0.45 (Vaughan, 1984). 

Buzcek et al. (1990)  emphasised  that  the  slip resistance needs for the mobility dis- 
abled are  greater than for able-bodied persons. Their  study indicated that the required 
coefficient of  friction  near  touch-down for  the unaffected side of the mobility disabled 
was significantly higher (average  0.64) than for the able-bodied (average  0.3  1)  regardless 
of the  speed  (slow or fast) of walking, whereas no difference was observed  for  the push- 
off  phase. 

Grieve (1 983)  studied static friction demands  for  avoiding  slipping  during manual 
exertion (lifting, pushing, and pulling) and found that static manual exertion  can create 
unavoidable  slip-ups due  to high frictional  requirements  (even > 1) in  some conditions. 
He  concluded that more efforts should be concentrated to the  events which follow the 
foot slip-up. 

An important point of interest which has not received enough attention when trying to 
set limit values for  safe friction is that the  suggested friction demands (‘friction use’ or 
‘required’ friction) have not been related to the  duration  of  the friction value. Just the 
magnitude of peak values have been mostly referred to,  which is a significant drawback, 
and could lead to an overestimation regarding the friction demand  during  various types of 
movement (walking, running, stopping, etc.) and various  activities  (pushing and pulling, 
load  carrying, etc.). When comparing  subjective friction utilisation ratios and objective 
apparatus-based coefficient of friction values, Gronqvist (1995) defined  the  exact time- 
interval (100-150 ms after heel contact)  for  calculating  friction  values  (Figure 19.5). 

MEASUREMENT O F  S L I P  RESISTANCE 

Main test principles 

Slip resistance can  be  determined  quantitatively by the coefficient of friction between the 
interacting surfaces, but there has been much debate on how to measure it correctly 
(Gronqvist, 1995; James, 1983; Strandberg, 1985). Traditionally,  either static or kinetic 
(dynamic) coefficient of friction measurements have been used to predict pedestrian slip 
resistance. Static friction has  been regarded important for causing  a slip  to start and 
kinetic friction for  the continuation of  a slip after initiation. Nevertheless, criticism against 
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Friction  utilisation ratio, FJF, 
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Figure 19.5 Example of friction utilisation, F,/F,, data from two typical walking trials; (a) 
good grip (0.18) and (b) poor grip (0.04). The time-interval for computing the force data, 
0.10-0.1 5 s from heel contact, is marked bold. Force  ratios forward in the walking direction 
are represented by negative values. 

static  friction  measurements of rubberlike  viscoelastic materials  may  be raised because 
any frictional force  applied  to  them will produce  some creep, i.e., motion  (Rabinowicz, 
1956). Support  for both the  static  and  the kinetic  coefficient of  fnction  as a  predictor of 
slipperiness of floors and  footwear  has been  reported  (Gronqvist,  1995). Besides trans- 
lational  friction,  rotational  friction  properties have  also been found  to  be useful for  slip 
prediction in the context of various sports  and  sport  surfaces  (Nigg  and  Yeadon, 1987). 

A filly  developed slip condition may require  the determination of steady-state  kinetic 
friction,  which  is  produced  only  after  some time-delay from  the  slip  start,  whilst  the static 
friction is limited to  the slip start  before any  detectable motion. The transitional beha- 
viour of the coefficient of friction between those two  extremes  has  evoked little  interest, 
though some  of  the current  test instruments  may  measure that  property (Gronqvist, 1997). 
The transitional  period after  the  slip initiation is typically  very short  (less than 250 ms) 
when slipping at  heel  touch-down, and it seems  to reflect well the squeeze-film phenom- 
ena  during  early  stance  foot slip-ups on contaminated surfaces. 

For  distinguishing between various principles  of measurement one  must consider 
direct and indirect  friction measurements, lubricated and non-lubricated  friction  tests, 
laboratory and portable  on-site measurement  methods, apparatus-based and subjective 
evaluation methods,  and floor and  footwear test methods.  The  following principles of 
operation  are often  referred to in the  context of  slip resistance measurement  (Gronqvist, 
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Table 19.2 Examples of portable test devices for assessing floor slipperiness. 

Operating principle Name of device Criterion for slip Special remarks 
(output quantity) resistance 

Draghowed-sled 1. Bigfoot 
(force) 2. Drag sled tester, 

PTI-DST 
3. Schuster 
4. Model 80 
5. Horizontal pull 

slipmeter, HPS 
6. Tortus 
7. Floor slide 

control 2000 

Pendulum striker 8. British portable 

9. RRL skid tester 
(loss of energy) skid tester, BPST 

10. Sigler 

Articulated-strut/ 1 1. Carlsoo-Mayr 
inclined leg 12. Pangels 
(angle of 13. Brungraber M 1 
inclination) 14. Brungraber M2 

15. Ergodyne 

Braked-wheel/ 16. Portable friction 
skiddometer tester, PFT 
(axle torque 17. FIDO (pre-proto- 
using various slip type of PFT) 
ratios) 

Transitional 
kinetic COFR."'" 

Transitional 
kinetic COFI4 

Steady-state 
kinetic COF'".'7 

Manually pulledl,2,'.J 
Electrically 
Uncontrolled normal force 

Low normal pressure'.2.'.4."'.7 
Uncontrolled velocity',' 
Low controlled v e l ~ c i t y ' ~ ~ ~ ~  
Long test 
Short test distance" 
Sensitive to surface 
nonuniformities',' 
Operat~r-dependent'.'.'.~ 

Uncontrolled normal force 
application time".'.'" 
High uncontrolled velocityx.').'" 
Short test distancex,',"' 
Incapable of testing raised 
profiled floors"."' 

Manually pushed" 
Mechanically loaded'2~1'.'J 
Instantaneous actuation" 
Long uncontrolled normal force 
application time"."." 
Short uncontrolled normal force 
application time14.1s 
LOW normal pressure",",'2"''" 
Short test distance'' 
Operator-dependent"." 

Manually p~shed '" , '~  
Long uncontrolled normal force 
application time'".'7 
Controlled velocityl".17 
Long test distance'".'7 
Operator-dependent''." 

application time'.2.'.'.."7 

The index numbers in the table refer to appropriate test devices. 
(From Andres and Chaffin, 1985; English, 1992; Harris and  Shaw, 1988; Jung  and von Diecken, 
1992; Kulakowski et al., 1989; Proctor, 1993; Proctor and Coleman, 1988; Skiba, 1984; Skiba 
et ai., 1994; Strandberg, 1983b). 

1995; James, 1980; Proctor, 1993; Skiba, 1984): drag  type or towed-sled devices, pen- 
dulum  strikers, articulated-strut devices, braked-wheels or skiddometers, turntables or 
rotating discs, and gait  simulators. The output quantity according to these different prin- 
ciples is typically force,  torque, loss of  energy, inclination angle, or rolling resistance. 
Examples of portable test instruments  for  assessing on-site floor slipperiness  are  given in 
Table 19.2. 
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A  number  of  purely  subjective  methods (e.g. paired  comparison  tests) or partly  sub- 
jective and partly objective  methods (e.g. ramp  tests)  have also been used to assess  slip 
resistance.  Human  subjects  are  capable  of  differentiating the slipperiness  of  floors  (Chiou 
et al., 1996; Myung et al., 1993;  Swensen et al., 1992)  and  footwear (Nagata, 1989; 
Strandberg et al., 1985;  Tisserand,  1985) in various dry, wet and  contaminated  condi- 
tions.  Cohen  and  Cohen (1 994a,  1994b)  pointed  out  that  tactile  sliding  resistance  cues  are 
the  most  sensitive  predictors of the  coefficient  of  friction  under  various  experimental 
conditions,  but  particularly on wet surfaces.  Leamon  and  Son (1989) and  Myung et al. 
(1992) have  suggested  that  measuring  microslip  length or slip  distance during slipping 
incidents  might be a  better  means to predict slip  resistance than the  traditional  friction 
measurement  techniques. 

Measurement  techniques 

A  variety  of  techniques  are  currently  available  for  measuring  slip  resistance  of  shoes  and 
floors (Bring, 1964; Brungraber,  1976;  James, 1980; Strandberg, 1983b). About 70 types 
of slip  resistance  measurement  devices  were  found in the literature by Strandberg  (1983b), 
but  Strandberg and Lanshammar  (198 1) found  surprisingly  little  support in their  biomech- 
anical  skidding  data for the most  common  measurement  principles.  Since  some of the 
techniques  represent  several  operational  modes  of  testing  slip  resistance, the number  of 
different  test methods is in fact  considerably  greater.  Strandberg  (1983b)  pointed out 
that  neither  the  measurement  methods  themselves nor their  outputs  should be accepted 
without  examination  of  their  inherent  slip  resistance definition based  on  tribology  and 
biomechanics.  After  his review a  number of  new test devices  have been presented in the 
literature  (Gronqvist,  1995),  but  few  devices seem to  meet even the  minimum  criteria  for 
validity,  consistency,  repeatability  and  precision. 

Biomechanical  measurement  parameters 

For  assessing  slip  resistance, any test instrument  based  on  friction  measurement  should 
meet  the  criteria in Figure 19.6. The first is  the  capability  to  measure  static,  transitional 
kinetic,  and  steady-state  kinetic  friction  properties  of the interacting  surfaces  and the 
contaminants. The second  is the possibility  for  two  optional modes of  operation, i.e., 
impact (dynamic loading) and non-impact (static loading) testing. The third is the flexibility 
for selecting  relevant  measurement  parameters,  such as the normal  force build-up time 
and rate, normal force  and  pressure,  sliding  velocity,  and  contact  time  prior to and  during 
friction  measurement. 

A  dynamic  loading  test  condition,  typical  for heel contact in normal  walking,  has 
received too  little  attention in many  current  slip  testing  devices.  Only  the  pendulum 
strikers, some gait simulators,  and some articulated-strut  devices  produce  an  impact at the 
moment  when  the coefficient of  friction is measured.  However,  the  impact  forces pro- 
duced  are  mostly  poorly defined and do not  correspond  to normal gait,  where the heel 
touch-down  is  characterised by collision-type  contact  forces  (Cappozzo,  199 1). 

Test  methods  applying  static  loading, Le., static or kinetic coefficient of  friction  testing 
without  impact,  tend  to  lead to a  poorer  separation  of  the  interacting  surfaces due to  lower 
hydrodynamic  pressure  generation in the  contaminant-film (Moore, 1972).  Therefore, 
they will produce  higher  coefficient  of  friction  values  than  the  methods  applying  impact 
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Figure 19.6 Simple biomechanical parameter model for determining slip resistance.  The crit- 
ical parameters should be studied preferably at slip start,  at slip continuation, and at fall start. 

loading  when  test  conditions are the  same. Non-impact measurement  techniques under- 
estimate the real risk of slipping, particularly when  wet,  oily or greasy conditions  are 
encountered. 

The  measurement  parameters and their ranges should reflect the  biomechanics and 
tribophysics of actual slipping incidents. The normal force build-up rate must be at least 
10 kN s", the normal pressure  between  the interacting surfaces from 0.1 to 0.6 MPa, the 
sliding velocity between zero and 1 .O m s", and the  time of contact prior to and  during 
the coefficient of friction computation between 50 and 800 ms  (Table 19.3). 

ERGONOMIC  SIGNIFICANCE 

Injuries  and fatalities due to falls 

The human and economic  dimensions of slip, trip and fall injuries at work, in the  home 
and during leisure-time activities are overwhelming. Falls account for 17 per cent of all 
work-related injuries and 12 per cent of  worker fatalities in the United States  (Leamon 
and Murphy, 1995). The incidence rates  for  falls and workers' compensation  claims  were 
found to be highest for  young  (less than 25 years) and old (over 65 years) workers. 
According to the same source, falls represented about 9 per  cent of all fatal injuries and 
33 per cent of all hospitalised injuries in the USA in 1985, whilst the total lifetime cost of 
these injuries was estimated at $37.3 billion. Englander et al. (1996) reported that the 
direct  costs of fall  injuries in the USA increased dramatically with advancing  age  of  the 
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Table 19.3 Relevant biomechanical measurement parameters and  their ranges during 
slipperiness evaluations. 

Measurement parameter Relevant range Remarks 

Normal force build-up time (rate) 50-150 ms (IO kN sd)  
Normal pressure during coefficient 0.1-0.6 MPa 

Horizontal force build-up time (rate) 50-1 50 ms (1.5 kN s") 
Horizontal velocity during 0-1.4 m s-' 

Contact time prior to coefficient of 50-1 50 ms 

Contact time during coefficient of 50-800 ms 

of friction computation 

coefficient of friction computation 

friction computation 

friction computation 

At heel contact 
From heel contact to midstance 

At heel contact 
From static to kinetic friction 

When normal force is built-up 

Transitional to steady-state 
kinetic friction properties 

(From Bring, 1982; Chaffin et al., 1992; Gronqvist, 1995, 1997; Morach, 1993; M&T Slip 
Resistance Shoes, 1996; Myung and Smith, 1997; Perkins, 1978; Proctor and Coleman, 1988; 
Skiba et al., 1983; Strandberg and Lanshammar, 1981; Tisserand, 1985). 

Table 19.4 Fatality rates of all accidents and falling accidents for men and women due 
to slips and trips on the same level and from a higher to a lower  level at work, in the 
home  and during leisure-time in Finland. 

Type  of Fatality rate; number of fatalities per 100 000 people 
accident 

1980 1988 1992 

Men Women Men Women Men Women 

All accidents 66.1 24.3 82.4 33.2 74.0 34.5 
Falls 11.8 11.2 15.2 15.6 17.6 15.4 

(From Heiskanen and Koskela, 1994). 

victim,  and that the overall total cost of fall injuries in 1995 was estimated at $64.4 
billion. This total cost was expected to increase by about  one third until the  year  2020. 

The  ageing  of  the Finnish population has  caused  the  number and severity  of  slips, trips 
and falls on the same level and from a  higher to a  lower level to increase gradually. The 
current  picture  of all kinds of unintentional fatal injuries in Finland is dominated by falls, 
which in 1993 accounted for about 34 per cent (Heiskanen and Koskela, 1994). The 
fatality rate, i.e. the  annual number of fatal injuries  per 100 000 people, has been increas- 
ing since 1980 for both men and women (Table 19.4). This  is worrisome particularly 
since  this trend has been estimated to continue in the future. For men about 24 per cent of 
all fatalities due to injuries at work, in the  home, and during leisure-time and for women 
about 45 per cent were  caused by falls in 1992 in Finland (Heiskanen and Koskela, 
1994). The fatality rate due  to slips,  trips and falls is greatly increasing by age, for men 
from the  age  of 25 (fatality rate 4.4) and for women from the  age  of 45 (2.5),  whereas  the 
fatality rates of the elderly (over 7 5  years)  was as high as 21 1 for men and 159  for 
women. 
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Loading on the musculoskeletal system 

Slips  and  trips  may,  besides  causing  injuries, also contribute to mechanical  loading on the 
musculoskeletal  system.  Sudden,  unexpected  corrective  body  movements  made to restore 
balance  and  to  prevent  a fall can  create  substantial  muscle  forces  and  harmful  loading 
on the spine  (Lavender et al., 1988).  Manning  and  Shannon (1981) and  Manning et al. 
(1984) reported  that  slipping  was  a  common  cause of low-back pain  and  disability in a 
car factory.  Slips  and  trips  can lead to  quick  transitions of shear  forces  between  shoes  and 
floors during  manual  exertion  (lifting,  pushing,  pulling, and load carrying),  which may 
sometimes  create  unavoidable  mechanical load on  the  musculoskeletal  system.  However, 
the  amount  of  sudden  unexpected  strain  needed  to  cause  irreversible damage in the  low 
back due to  a  slip  or trip  has not  yet  been clarified. 

Fatigue of the  lower  extremities  due to  too low or too high  friction  is  another  common 
and  important  ergonomic  aspect  which  is  worth  more  attention in the future.  Moderate 
changes  of  slip  resistance  characteristics  of  adjacent floor areas are  probably  very  import- 
ant for the prevention of fatigue  and  disorders of the lower  extremities.  For  controlling 
that kind of  transitions in floorings  and in conditions, one needs  to  measure  friction as 
comprehensively as possible,  for  example, by regularly checking  static,  transitional,  and 
kinetic  friction  properties of floors and  shoes in situ. 

Floorings  and footwear 

Flooring  and  footwear  manufacturers need more  support  for  designing new and  safer 
products. Specific materials  and specific design of products  should be favoured  for haz- 
ardous environments  (indoor, outdoor. wet  areas,  ice,  etc.)  instead of purely  general 
solutions.  Adequate  guidelines  for  the  selection of antislip  and  antitrip  materials  and 
proper  ergonomic  design  guidelines  for  ensuring  slip  and fall protection  should be the 
ultimate  goal in slipping  accident and injury  prevention. Since contaminant  removal is 
one  of the key factors  for  achieving such a  goal, one should not underestimate  the  vital 
importance of various  housekeeping and maintenance  strategies. 

Specific product  safety  standards  (e.g.  contaminant and task  related  standards)  should 
be developed  for both floorings  and  footwear in parallel  with  those  standards  that  already 
exist.  Slip  resistance test instruments  ought to be validated  against  biomechanical  trials in 
conditions  for  which  they  are  intended to be applied.  Existing  slipping  safety  guidelines 
and classification systems for  floorings  and  footwear  need to be scrutinised  and  further 
elaborated. 
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abdomen injury 123 
abdominal belt 255-6 
abductor pollicis longus 145 
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Achilles tendon 34, 35, 39,40 
ACL (anterior cruciate ligament) 22-3, 30, 50, 
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51 

back problems 9,244-5,247,253 
bone strengthhoughness 63,64 
hand tool injury 137-8, 139-40, 155-6 
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overexertion injury 12 
slipping and falling 360, 368-9 
and stair climbing 344 

agriculture 114, I19 
amplitude probability distribution function 172, 

204 
anconeus muscle 94 
ankle 310,312 

lace-up stabiliser 55 
ladder climbing 339, 340, 345 
stair climbing 342, 343-4, 346 
standing 328 

fissure 9 
ligament 94 

annular 

annulus fibrosus 244,252,255,257 
anterior cruciate ligament 22-3,30, 50, 51 
anterior tibia1 translation 50 
anthropometric data 3 14 
APDF (amplitude probability distribution function) 

172,204 
aponeurosrs 29 
a m  192, 193-4,209,316,328 

muscles 94, 181-2 
pushinglpulling 316 
see also elbow; forearm; shoulder; upper 

extremity; wrist 
amVest 210-12,328, 331 
artificial neural network model 273 
asymmetric activity 6 

back 
age-related problems 9, 244-5, 247, 253 
belt/brace 319 
climbing 341, 344 
compressive force 247, 248-50, 252, 257, 268 
cumulative trauma 8, 3 15 
fatigue 254, 257 
hierarchy of problems 3 15 
injury 3, 7-9, 221 

due to hand tool 123, 124, 131 
trunk rotation 6-7 

when standing 328 
see also bending; disc; low back pain; spine; 

trunk 
backrest 237,240,256,285,329, 331 
balance 360 
belt-pulley system 12, 90-1 

interaction 166 
model 169, 183-7, 191, 194 

cyclic 252,258 
moment on spine 252 

biceps 94, 181-2.215 
bleeding 51 
body, biomechanical model of whole 192 
bone 

bending 9, 250 

bending 66-7 
biomechanics 59-67 
composition and function 59-61,64,65 
compression, tension and shear 63-4 
fracture 63,67-71 
load-deformation curve 61-2 
remodelling 71 
strain 61, 62, 65, 66 
stress 61, 62, 65, 66-7 
torsion 66-7 
toughness/strength 63, 64 

ankle 55 
back 319 
joint 319 
ligament sprain 55 

brace 

377 
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brachlalis muscle 94 
brulses and contusions 123 
Bureau of Labor Statistics 11 1-42, 143-4 
bursitis 123 
bus dnvlng 233, 234, 246 

calcaneal tendon 34, 35, 39 
calcium content 64 
cannaliculi 61 
cardiac cost model 275-80 
carpal 

canal hydrostatic pressure 168, 169, 170, 171 
tunnel 166, 183-4 

syndrome 98, 123, 152, 153, 169, 183-7, 194 
carpet 320 
carrying 209,255.  280-3,295, 297, 315-16, 370 
castor 328 
cell manlpulation 39 
centre  of mass 312, 338, 342 
chalr see seat 
circulation impairment 150 
climbing biomechanics 335-47 
clothing 3 19 

collagen 5-6, 28, 46, 47, 244 

compressive load on spine 247, 248-50, 252, 257, 

computer-aided deslgn 191, 192, 208 
computer work 204, 205, 214 
concentration 328 
constant work level (CWL) 12-13 
construction Industry 3, 114, I19 
contraction velocity 80 
conveyor 322 
cortical bone 60, 61,  62, 63 
creep 6. 32, 33, 48-9, 237, 258 
crimp 46-7, 5 1 
crossbridge 79 
CTS (carpal tunnel syndrome) 98, 123, 152, 153, 

cumulative trauma disorder (CTD) 3-4, 8, 165 

see also gloves 

cnrnp 46-7, 51 

268 

194 

in hand tissue 98 
hand tool 152 
upper extremity 11-12,  186-7 

cushion 235-6, 293 
cuts and lacerations 123 
CWL (constant work level) 12-13 
Cyberglove I90 
cyclic load 32-3,  258 
cyst 123 
cytokine 39 

desibm critena, psychophysical 284-5, 293 
diet 64, 71 
digestive system 326 
digglng 82 
disc, intervertebral 

anatomy and physical properties 243-5 
bulge 9, 245, 248, 257 
degeneration 243-58 

biomechanical basis 252-4 
classification 247 
preventative measures 254-7 

failure torque 248 

herniation 9, 253, 257 
hydrostatic pressure 244 
L5/S1 segment 268-9, 273 
prolapse 247, 253, 318 
viscoelasticity 245, 248, 253, 258 

and bone strength 64 
occupational 3 

disorder definltlon 4 
distal interphalangeal Joint 98 
distal transverse arch 90 
dralnage 358 
draping 356, 358 
dnver 256, 3 18, 322 
dnvlng 246, 253 

and back pain 326 
bus 233, 234, 246 
heavy equipment 233, 234, 238, 243, 246 
seat design 33 1 

disease 

drugs and bone strength 64 
dynamlc straln similarity 66 

eccentnc contraction 76 
elasticity 79 
elbow 

anatomy 93-4 
Injury 50 
ladder climblng 339, 340, 345 
model 179--82, 192,  194 
nail hammering 78 
stability 93-4 

body vibration 236-7 
muscle disorder 172, 173 
shoulder 202-8, 212, 214 

electromyography (EMG) 81, 181-2, 183 

endplate, cartilaginous 244-5,  252, 257 
endurance 9, 15, 153 
energy 

cost model 274-83, 346 
expenditure when climbing 341, 344-5, 346 

epicondylitis 183 
epiligament 29 
ergonomic risk assessment 2 16 
ergoSHAPE 192 
EVA (exposure variability assessment) 172,204,208 
exercise 71, 81 

and injury 34-6 
and low back pain 256-7 

duration 13-16 
repetitive 6 

exertion 10 

expenence  and hand tool deslgn 156 
exposure 

index 18 
level 2 I7 
variability assessment 172, 204, 208 

extensor carpi radialis brevis 145 
extensor carpi radialis longus 145 
extensor carpi ulnans 145 

facet 252 
fall 315, 351-70 
fatigue 148,  171-2 

back 254, 257 
bone 63, 70 
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climbing 341, 344-5 
differential 6-7 
fracture 252, 257 
hand tool use 153 
lower extremity 370 
and  whole body vibration 237 

fibrillar teanng 12 
fibnn sealant 40 
finger 

flexor mechanism 90, 186-7, 191, 194 
force 101-2, 147 
injury due to hand tool 124, 131 
model 187-8, 190, 191 
see also grasp; gnp; hand; pinch gnp;  thumb 

Finland 369 
fire-fighting 345 
fishing 114, I19 
flat spot 77 
flexor carpi radialis 145 
flexor carpi ulnans 92, 145 
flexor digitorum profundus 90-1, 99 
flexor digitonun superficialis 90-1, 99 
floor 358 

cleanmg 204, 206, 207 
slipperiness 355, 366, 367 

fluoride 64 
foot 310, 338-9 

clearance 339, 345 
footwear 35 1, 367 

tribosystem with underfoot surface 356-8 
forcehorque exertion 12-1 3 

and gloves 154-5, 156, 157, 158 
forearm 40, 142, 145-6 

forces acting on  180 
model 192 
muscle pain 17 I 
orientation and grip 100, 103, 147 

forestry 3, 114, 119 
fracture 

bone 63, 67-71 
fatigue 252, 257 

friction 361-4, 365 
and fatigue 370 
hand-object 98, 104 
hysteretic 356 
utilisation ratio 364, 365 
wrist tendon 166 

gait 3 13 
climbing 337-8, 341-2 
control and adaptability of  360 
cycle 361 
lateral 337 
phase 361, 362 
running 364 

ganglion 123 
gaps analysls 172, 204, 208 
gender 

back problems 246-7 
and grip 102, 149 
and hand tools 138, 141, 142, 155-6, 157 
injuries and fatalities due to falls 369 
lifting and carrying 280, 281, 282 
wrist tendon stress 184-5 

genetic risk factor for low back pain 8-9 

Germany: ladder accidents 335 
glasses 32 I 
glenohumeral joint 192, 201-2, 204, 208-9, 212 
glove 104, 148 

use of with hand tools 154-5, 156, 157, 158 
glycogen depletion 13 
goniometer 3 1 I 
grasp 97-105, 189 

disc 98, 99 
irregular 104 
overexertion 98 
soft objects 191 
spherical 98, 99, 104 
see also gnp; plnch gnp; prehension 

cylindncal  98, 1 0 4 ,  150 
and gloves 154-5 

plstol 102-3 
power 90,  91, 97, 102-4, 146-7, 148, 151, 191 

preclsion 90, 91, 146, 147 

grip 146-51, 194 

hook 98, 101-2, 103, 104 

stress concentration point 150 

definition 97 
handle deslgn 148, 150-1 
Internal and external 148 
see also plnch grip 

shape and surface 147-8, 149-51 
slze 102-3, 148 
strength 93, 102, 104, 148-9 

and forearm onentation 100-1, 103, 147 
see also grasp; handle; pinch gnp; prehension 

growth factor 39-40 

hand 
anatomy 89-91, 100, 142, 145-6, 148 
force 142, 209, 210, 338-9, 345,  346 
model 187-91, 193-4 
movement 145, 191, 328 
posture 147 
rail 336-7, 345 
task 33 I 
tool 101, 104, 111-58 

classification 112, 113 
deslgn 80, 97-8, 99, 112, 151, 155-8 

duration  and repetitiveness of use 153 
Injury 112, 113-14, 133-7 

operator related factors 155-8 

age, gender and work days lost 137-42, 

body part affected 123-4, 129-33 
industries and occupations affected 113-20, 

nature of 120, 123, 124, 125-8, 134-5 
overexertion as cause 133, 135, 137 

143-4 

121-2 

power  source 152 
shoulder activity 204 
special purpose 152 
vibration 152-3, 193-4 

see also carpal tunnel; grasp;  gnp; pinch grlp 
handedness 155 
handle 101, 104, 147, 149, 150 
Haversian cortical bone 60,  63 
head 

injury 123 
posltion 312, 321 
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healing response 29, 36-9,  50-2 
heart-rate 

prediction model 275-80,  283 
recovery 153 

heat in treating ligament sprains 54-5 
heavy 

manual work 9, 3 18 
vehicle equipment user 233, 246 

contact 355, 361, 363 
slip-up 353-4 

heel 

height 9, 156, 237, 238, 311, 313, 342 
helicopter vibration 234, 254 
hip 3 10 

when ladder climbing 338, 339, 340, 345 
when stair climblng 342, 343-4, 346 

hormones and bone strength 64 
hypoxia, fatigue-induced 17 1-2 

Ice in treating ligament sprains 54-5 
ice-footwear tribosystem 357-8 
immobilisation 34-6, 39, 53-4 
Impact test system 235 
industrial assembly work 204, 206 
inflammation 12, 5 I ,  54 
injury 4-7 

direct 68 
and exercise 34-6 
Indirect 68 
numbers in workplace 71 
overexertion, theory of 10-20 
precipitation, theory of  5, 9-10 
sports 33, 34, 50, 68, 71 
see  also hand tool; ligament 

insertion 29, 47 
interabdominal pressure 270 
inter-cycle rest 15 
interlaminar shear stress (ILSS) 252, 257 
intervertebral disc see disc, intervertebral 
Intra-abdominal pressure 255, 256, 258 
intradiscal pressure 255, 257 
intramuscular pressure 81 

ischaemia 12, 168 

jackhammer 82, 246 
job 

dissatisfaction 9 
mdex of risk 300 
mediated risk (JMR) 13, 14, 15, 16-20 
range of motion 16 

angle 81, 332 
brace 55, 319 
moment 332, 345 
overloading 55 
posture 309-10 
stiffness 83, 214 

shoulder 202, 209 

joint 

Kansei Engineenng 327 
keyboarding 3, 190, 191, 322 
knee 22-3, 33-4, 310 

anatomy of  34 
Injury 29-30 
Instability 33 

ladder climbing 338, 339, 340, 345 
ligament healing response 37, 38-9, 50-1 
stair climbing 342, 343-4,  346 
surgery 38-9 

kyphosis 309,  326, 329 

lactate 13 
lacunae 61 
ladder 3 16 

accldents and injuries 335 
blomechanics 337-41 
climblng 

forces and  Joint moments 338-41 
gait 337-8 

design guidelines 336, 339, 345-6 
slant 336, 337, 338, 339,  341,  345-6 

lateral collateral ligament (LCL) 34, 50 

leg 309 
LBP see low back pain 

ladder climbmg 338 
length discrepancy 309 
posture 3 13 
stability 332 
see also ankle; hlp; knee; lower extremity 

lifting 246, 258, 297-9, 316-18 
asymmetric 249, 25 1, 273 
external load moment 268-9 
guidelines for 12, 268, 317 
internal muscle force 270-3 
isoinertial strength of 293-5 
load due to slipping 370 
low back pam 254-7 
model 267-300 

and  joint moment 340 

anthropometric data 269 
biomechanical 316-18 
energy and cardiac cost  275-80, 281, 282, 

283 
Stutic  Strength  Prediction  Program 192, 

270,  27 1,273 
repetitive 273, 274 
safe 267 
slip resistance 364 
squat 254, 258 
symmetric 249, 250 
and vibration exposure 256 
see also carrymg; manual materials handling 

biochemlcal composition 47 
biomechanlcal properties 27, 28-33, 47, 48-9 
creep 48-9 
elbow 94 
failure 40, 255 
healing response 29, 36-9, 50-2 

ligament 5-6 

InJury 49-50, 51, 318 
treatment options 52-5 

Insertion 29, 47 
load-deformation curve 3 1, 48, 49 
relaxation 48 
spme 252-3, 254 
sprain 45-56 

grading 50 
strain 48, 49 
stress  48,  49 
structure and function 27, 28-33.45-9 



INDEX 381 

tissue mechanics 27-40 
ultrastructure/histological appearance 46-7 
see also medal collateral ligament 

ligamentum nuchae 49-50 
limiting activity-based model 293, 295 
load 

axial compressive 247, 248-50, 252, 257, 268 
canying and slipping 355, 370 
chronic 250, 254 
cyclic 32-3, 258 
and low back pain 250, 257, 370 
static 6, 172, 192, 270, 271, 273 

torsional 253, 255, 258 
unexpected 239 

and  low back pain 250 

and whole body vibration 237-8 
loading environment 65, 66 
locomotion see walking 
longitudinal arch 89, 90 
lordosis 255, 257, 309 
low back 

pain 6, 7-9, 250, 257 
cost 233, 243 
disc degeneration 247, 248 
epldemiology 246 
exercise and rehabilitation 256-7 
load due to slipping 370 
overexertion injury 12 
and posture 3 18 
psychological factors 245 
risk factors 8-9, 238 
and seating 253, 254, 326 
vibration 233-40, 246, 253, 254, 326 

stress when ladder climbing 341 

fatigue due to friction 370 
hand tool injury 124 
moment when ladder climbing 339, 340 
moment when stair climbing 343-4 
see also ankle; hip; knee; leg 

lowering 278, 281, 283, 286, 295, 296, 316-18 
energy and cardiac cost model 275-80, 281, 

lower extremity 

282, 283 
lumbar support 329 
lumbrical muscle 91 
lungs 326 

macro-trauma 50 
magnetic resonance imaging 185-6 
mamtaining position against disturbing force 82-3 
Man-Task-Environment System 267 
manual 

dexterity 154 
exertion see carrying; lifting; manual materials 

materials handling 267-300 
biomechanical model 267-73, 295, 300 
capacity definition 292-3 
light 206 
low back pain 246 
physiological cost model 273-83, 295, 300 
and posture 315-18 
psychophyslcal model 283-95, 295, 300 
see also lifting 

handling; pulling; pushing 

manufacturing industry 3, 114, 119, 120 

margin of safety (MOS) 13, 15, 16-20 
mat 320 
maximum acceptable weight of lift (MAW) 284, 

maximum voluntary contraction 12-13 
maximum weight of lift (MAWL) 279 
medial collateral ligament (MCL) 34, 46, 52 

285, 290, 291, 292 

healing response 37, 38 
Injury 50, 51, 52 

median nerve 145, 169, 170, 171, 194 
compression 183 -4 

mental demand 214-15 
metabolic response 13-14 
MIC (mimmum-intensity-compresslon) model 

27 1-3 
microcrack 63, 70-1 
microslip 353, 355 
micro-tear 50 
minimum-intensity-compression (MIC) model 

271-3 
minmg 1 14, 119 
misstep mechanism 315, 352 
MMH see manual matenals handling 
mobilisation 35, 39, 53-4 
moment of inertia 82 
MOS (Margm  of  Safety) 13, 15, 16-20 
motion index 18 
motivation 81, 214 
motor unit 

‘Cinderella’ 172 
rotation 2 16 

activation 81 
disorder 171-3, 318 
dysfunction 254 
elasticity 79,  82 
excessive activity 326 
force 75-8, 80-3 

muscle 

prediction optimlsation model 18 1-3,  187-90, 
192 

force-velocity characteristic 76-8, 81, 82 
length 76,  77, 81, 82 
mechanics 75-83 
overexertion injury 12 
stair climbing 343 
strain 3 18 
tenslon 75-6 
viscosity 79,  83 

musculocutaneous nerve 145 
musculoskeletal injury causation 3-20 
musculotendinous junction  29 
MVC (maximum voluntary contraction) 12-13 
myalgia 172, 173 
myotendinous junction  30 

National Institute for Occupational Safety and 
Health 268, 317-18 

12 
Work Practices Guide for Manual Lvting (1 981) 

National Safety Council 335 
neck 171, 172 

as affected by shoulder 201-17 
flexion 2 12 
hyperextension 222, 225, 227 
Injury 11, 49-50, 123 
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pain 326 
posture 3 13 
when sitting 328 

compression 150, 169, 183-4 
disorder 168-7 I 
forearm and hand 145 
median 145, 169, 170, 171, 183-4, 194 
pinched 168 
stretch 168, 170 

nerve 

NIOSH see National Institute for Occupational 

non-prehensile movement 97 
nucleus pulposus 244, 257 
nursing 246 

osteoblast 61,  7 I 
osteoclast 61, 71 
osteoligamentous Junction  28 
osteomalacia 64 
osteoporosis 64 
osteotcndinous junction 29 
overexertion 10-20 

oxygen 

Safety and Health 

hand tool injury 133. 135, 137 

consumption model 279. 283, 344 
transport system 273 

pace 206, 214-15 
padding 104, 33 1 
paratenon 29 
passive motlon 39 
patellar tendinosls 40 
pause, pattern of 332 
pectoral muscle 2 15 
pelvic 

inclination when stair climbing 342 
region: hand tool Injury 123 
rocking 239 

peritendinitis 40 
phosphagen 13 
photography 3 I O  
piano playing 190, 191 
plnch grip 97-105, 169 

chuck 99, 100 
definition 97 
lateral 91, 99-100, 188, 189, 190 
palmar 9 I 

strength 99-102 
tip 91, 188, 189 
ulnar 189 
and wrlst posture 167 

pulp 99, 100 

popliteal region 326 
porosity 64 
postenor cruclate ligament (PCL) 34 
posturc 309-22 

asymmetric 25 I 
and balance 360 
body position description 310 
climate 328-9 
control and vibration 235 
dynamic 3 13 -1 9 
free choice 328 
and grip strength 103 

and hand tool deslgn 156 
measuring/recording  3 10-1 i 
optimum 3 18-19 
overexertion ~ n ~ u r y  11, 12 
and pinch strength 100 
and shoulder load 206, 208-12 
static 31  1-13, 318 
task-related 3 12 
variability 318-19 
see also sitting; standing 

precis~on 214-15 
grip see grip 

preferred work level 13 
prehension 91,  93,  97, 98-9 

see also grasp; gnp 
pressure r~dge 150 
pronator quadratus 94 
pronator teres 94 
proprioception 30 
proxlmal arch 89,  90 
psychosocial risk factor 8-9, 19-20, 214-15 
pulling 256, 258, 295, 297, 315, 316 

pushing 256, 258, 295, 296, 3 15, 3 16 

PWL (prcferred work level) 13 

Quality Function Deployment 327 
Quebec Task Force on Whiplash Assoelated 

and slipp~ng 364, 370 

and slipping 364, 370 

Disordcrs 22 1 

radial (lateral) collateral ligamcnt 94 
radial nerve 145 
radius 142, 145 
ragged red fibre 172 
rate coding 78 
Raynaud's discasc 152 
reach 322 

and hand tool design 158 
recommended wclght limit 295 
recovery 4 

stress (RS) 15 
time 14, 15 

recruitment 78 
reffcx response, corrective 360 
rchabilitatlon 258 

aggress~ve  39 
low back pain 256-7 

relaxation 32, 48, 328, 332 
remobilisation 35, 39, 53-4 
repetitive 

mlcro-trauma 50 
strain injury 3-4, 165 

uppcr limb 11-12 
see d s o  cumulative trauma disorder 

residual stress 15 
resonant frequency 253 
rest length 79 
retail trade 114, 119 
riser 336 
risk 

assessment 35 I ,  360-1 
factor 

exposure to and precipitation of injury 4 
mechanlcal 33 1 
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psychosocial 8-9, 19-20, 214-15 
safety model 17-20 

RSI see repetitive strain injury 
rung 

design 336 
separation 337,  338,  341, 345 

running 313-14 
gait 364 

RWL (recommended weight limit) 295 

safety 
model 16-20 
standard 370 

ligament 54 
proliferation 5 1 
remodelling 51-2, 53 

scar 

SCl (sum of cubed intensities) model 272 
sciatica 248, 256 
scoliosis 309 
screwdnver 15 1, 158 
seat deslgn 256, 258, 325-32 

angle 329 
consequences of 253, 254. 325-6 
ergonomic 329, 331 
evaluation 326-7 
generic 33 1-2 
pan 332 
stability 332 

seated posture see sitting 
sedentary occupation 250, 252, 318 

low back pain 246 
see also driver; driving; sitting 

sensation magnitude 283 
servlce sector 114, 119, 120 
sewing machlne operator 204, 217 
S h q e y ’ s  fibres 47 
shear 

force 
and grip size 103 
on spine 249, 252 

strength, ultimate 63-4 
stress 252, 257 

sheath 
belt-pulley system 12, 90-1, 166, 169, 183-7, 

191, 194 
connective tissue 27 
damage 12, 90-1, 166 

shoe  319,  351, 365, 367 
contact surface with floor 358 
safety 354 
squeeze-film theory 356-7 

shoulder 171, 172, 201-17, 316 
anatomy 201-2 
blomechanical modelling 2 12-14 

load 206, 208-12 
moment 209 

moment when ladder climblng 339,  340 
motor control 215-16 
muscle activity 202-8, 209, 210-12, 

217 
muscle cross-sectional area 2 13 
pain 326 

InJUry 11, 123, 204 

ladder climbing 339, 340, 345 

peak muscle force 21 7 
stability 202 

sick-leave 138, 141-2, 143-4,  217 
signal analysis method 204 
sit/stand stool 318, 320, 321 
sitting 254, 3 12 

active 32 1 
height 320 
intervertebral disc 257, 258 
musculoskeletal problems 328 
passlve 320-1 
posture 328-9 
prolonged 246, 250, 252, 253, 254, 3 18 
shoulder activity 2 10-1 2 
venous blood flow 326 
and whole body vibration 235-6, 239. 240 

slip 313, 351-70 
see also driver; driving; sedentary occupation 

friction model 358-60 
load on musculoskeletal system 370 
mechanics and dynamics of 352-5 
resistance 352, 354, 358 

measurement of  364-8 
for mobility disabled 364 

nsk assessment 351, 360-1 
tribophysics of  356-60 
see also slipperiness 

see also slip 

creep  258 
curvature of 329 
degeneratlon of  246-8 

height 237, 238 
load on 247,257, 268, 326, 348-54, 370 
L5/S1 segment 268-9, 273 
stability of 243, 254, 255 
see also back; kyphosis; lordosis 

slipperiness 355, 360-1, 366, 367 

spine 309 

see also disc, lntervertebral 

spiral fracture 68 
sports injury 33, 34, 50, 68,  71 
spraln 45 -56 
squeeze-film theory 356-7, 358, 365 
squeezing 97-1 05 
stadiometer 238 
stalr 3 16 

accidents and  lnjunes  314,  336 
ascent/descent 3 14, 342-6 
biomechanlcs 341-5 
body movement 34 1-2 
design guidelines 336-7, 341, 342, 344, 

energy consumption/fatiye 344-5 
foot forces and joint  moments 343-4 
slant 341, 344 

standing 311-12 
ald  320 
‘quiet’ 3 12 
sway 3 12, 328 
work posture 3 18 

346 

stature 9, 156, 237, 238, 31 1, 313, 342 
step height 336 
stepping 3 14 

on air 315 
rate 344 
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stifmess 
after immobilisation 34-5 
bone 63 
joint 83, 214 
ligament 3 1 
muscle 78-9 

stool 320, 321 
strain 32 

bone 61, 62, 65, 66 
ligament 48,  49 
residual 4-5 

bone 63-4 
and hand tool deslgn 156 
and  low back pam 9 
prediction model 182, 19 1 
test 12, 286, 289, 291-2, 293 

bone 61, 62, 65, 66-7 
concentration point 150 
contact 168, 170, 171 
emotional 246 
fracture 70-1 
index 18 
ligament 32, 48, 49 
relaxation 32 

residual 15 
repeated exposure 4-5 

tolerence 6 
stretch reflex 79 
stride length 3 13 
subscapularis muscle 2 15 
substrate 351, 352-3, 354 

strength 

stress 

BIOMECHANICS IN 

sum  of cubed intensities (SCI) model 272 
supraspinatus muscle 2 16 
sway 3 12, 328 
Sweden 

ladder accldents 335 
vibration exposure 234 

synovial joint 142 

tactile 
feedback 154 
sensibility 153 

task design 8 1, 267 
reducing muscle force 82-3 

tendinitis 34, 169 
tendon 5-6 

architectural hierarchy 28 
disorder 34, 40, 93, 123, 166-8, 169 
function of  27 
healing response 29, 36-9 
sheath pulley system 12, 90-1, 166, 169, 

stress 32, 147, 184-5, 194 
structural and mechanical properties 28-33, 34 
tension measurement 188-9 
tissue mechanics 27-40 
wrist 92, 146 

tendonitis 123 
tenodesis effect 93 
tenosynovitis 166 
thixotropy 79 
threshold level 5 
thumb 90, 190 

183-7, 191, 194 

ERGONOMICS 

tibia 7 1 

time load 6 
tissue 

shock waves 344 

ability to adapt 4 
load bearing capacity 20 
mechanics 27-40 
overexertion injury 12 
viscoelastic property 5, 32 

clearance 339,345 
region 3 1, 48,  49 

toe 

toe-off 36 1 
tool see hand tool 
torque 

exertion capability 12-13, 150, 151 

and hand-handle friction 104 
and handle diameter 150 
task design 82 

torque-velocity relation 76-7 
trabecular bone 60, 64-5 
tractor drivlng 233, 246 
training 8 I 
transverse 

with gloves 154-5, 156, 157, 158 

fracture 68 
fnction massage 55 
metacarpal arch 89, 90 

trapezius muscle 172, 204, 215, 216 
tread 336 
tribophysics 356-60 
tnceps  94, 18 1-2 
trigger 15 1-2 

finger 98 
trip 315, 351, 352 

load on musculoskeletal system 370 
recovery from 360 

trochlear notch 180 
truck dnving 234, 238 

trunk 
chronlc vibration 243 

axial rotation 6-7, 9, 250, 329 
flexion when stalr climblng 342,  346 
injury 6-7, 123 
posture 3 13 
strengthening 256 

trunk-thigh angle 33 1 
twisting 6-7, 9, 250, 329 

ulna 142, 145, 180 
ulnar (medial) collateral ligament 94 
ulnar nerve 145 
ultimate 

load after immobilisation 34-5 
tensile strength of ligament 32, 52 

ultrasound 55 
underfoot accident 352 
United States  of America 

cost of  low back pain 233 
hand tool survey 11  1-42, 143-4 
injuries and fatalities due to falls 368-9 
injury numbers in workplace 71 
ladder accidents 335 
stalr accidents 336 
vibration exposure 234 
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upper extremity 
functional anatomy 89-94 
hand tool injury 123-4 
moment when ladder climblng 339, 340 
overexertion injury 11-12 
work-related musculoskeletal disorder 165  -74 
see also arm; elbow; forearm; shoulder; wrist 

valgus producing force 50 
varus producing force 50 
vasospastic disease 152 
VDU work 191, 192,204,  205,208,214, 321 

see also keyboarding 
vertebral canal size 9 
vibration 9 

Frequency 239 
hand-arm model 193-4 
and lifting 256 
and low back pain 233-40, 246, 253, 254, 

326 
measurement 234-8 
and prolonged sitting 243, 252, 253, 254 
during truck driving 243 
and use of gloves 154 
white finger 150 
see also whole body vibration 

video 3 1 1 
viewing angle 321 
viscoelasticity 

bone 62,  68 
Intervertebral disc 245, 248, 253, 258 
ligament 48, 49,  68 
tendon 68 
tissue 5, 32 

vision 32 1 
visual demands  328 

walkmg 313-14, 352-5, 360 
gait phases 362 
normal, level 363-4 

walkway 358 

warehousing 300 
WBV see whole body vibration 
weight 290 

body segment 3 1 1 
whiplash injury 221-8 
whole body vibration 

frequency 239 
and low back pain 233-40, 246, 253, 254, 326 
physiological measure 236-8 
see also vibration 

wholesale trade 114 
WMSD see work-related musculoskeletal disorder 
work 

days lost 2 17 

situation analysls  329 
task: cumulative effect 300 

due to hand tool Injury 138, 141-2, 143-4 

Workers’ Compensation Board (WCB) 3 
working hours 217, 283 
work-related musculoskeletal disorder 

of shoulder 201 
upper extremity 165-74 

work-rest regime 153 
workstation design 192, 321-2 
wrench 151, 158 
wrist 

cumulative trauma disorder 11-12 
functional anatomy 91-3 
injury due to hand tool 124 
model 183-7, 192 
muscles 145-6 
in nail hammering 78 
orientation 166 

carpal tunnel pressure 169, 170, 171 
and  grip strength 100-1, 103, 147 
and hand tool deslgn 158 
and tendon stress 184-5, 194 

stability 93 
strength 187, 192 
stress and fatigue 147 
tendon excursion 167-8 
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