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A Variable Capacitor for Measurements of Pressure and Mechanical Displacements; 
A Theoretical Analysis and Its Experimental Evaluation" 

J~,lr~ C. I,ILLY, VIC.L.()R LEC;ALLAI'S, ~ND KUTH C~IER1(Y 

H. K..lok,,snn F~llnrlnllon ~~,r n~ndicnl Physic-s, Llnivp~sily of Psnnsylvanil~, Philn!l~·lp'tin, l-'ottlsylorl,ll,l 
(lieceived Decenlber 13, 1916) 

:\ variable capacitor is described For nle-~surinS (I)small prese:llerl; sellsitivity anti aline~ritv factors for the three 
displacements, (2) small volume changes, 311d (3) pressure uses of the device are derived. The experimental per- 
diReren~es. The capacitor consists of a deflectable dia- Formnnce shows reasonably satisfactory agreement with the 
phragln anti a F~xed electrode. The diaphragm is metallic, clcrivrtl theory.'l'he displlcement of the pllte's center was 
plane-parallel, clamped at the etlges, and at ground poten- measured with;ln interferolnclric method, usin~ a yellow 
tial; the electrode, at an a.c. poten~inl, has a plane surface He line as a standard of reference; the applied pressure, 
parallel to the undeflected plate across an air gap. For use with a liquid manometel;~nd the capacitance signal, \h~ith 
in displacement measurements, the diaphragm's center is a standard capacitor substitution procedure, l'he gauge can 
tlfflcctetl I,y a poillt contact rroln a InechRnic;ll link to the l,e used so as to give cluantitative electrical indications of 
c,hservetl system, or bS· a unirorlll I,re~srlre loatl front ;~ tlisplacement, volunle c·h;~n$e, or I,ressure tlifferellce; r,r c·ll1 
nuid lillk to the 5!·stelll.'The Buitl link is riaetl also wheii he usetl as a null iiiclicator device ill which an Ilnknowll 
ITleasuriny \~olunle ch;lnRes Rn~l pressrlre rliPierences. The pressure is balanced against a kllo~n c,ne on opposil.e sitlps 
I'lnle tleseclion results in a charl~e in the;lir gap, alld thus ~,C the diaphraRln. Ill ordel- to achieve larRe volul~e an 
I~enerates;~ c;lpacilance oign~l.'l'his signal is nleasuretl hy displacement scnsiti\·ities, small ;lir ~aps (5.10 ~" cm) are 
electrical methods. elnployed. Details of a c~,ns~ruc~ion nlethl,tl I~,;ls~iure small 

A theoretical analysis of this variable capacitor is values are presented. 

INTRODUCTION applications are as strict in their requirements 

TO rung'one who has attempted the design or as the physical ones, the peculiarities· of the 

the construction of ;1 diaphragm cap;tci- living systems are presented and discussed in 

l;il~(·(· gauge for I,recise pressure or volume- relation to the capnc-itor gauge design. For ~hosr· 

change ~neasurements, the lack of an adequate interested only in gauge design, this ~isr~ussion oll 

Ihcol-y to handle the many variables encounteretl biological problems may be neglecte~l, anti a st;~rt 

is rather discouraging. The important variables nnade on the later, theoretical tlerivntion sec·tion 
are the diaphragm diameter, thickness, and 

THE GAUGE DESIGN PROBLEM IN 

materia.l;the air gap, the electrode diameter, the BIOLOGICAL APPLICATIONS 
applied pressure, and the capacitance signal. The 
magnitude of the pressure signal and the desired The pressure gauge design problems en- 

capacitance signal are known. But what about countered in the biological field are different 

the values to be assigned the first five variables f'O" those in other fields of research. Certain 
in order to achieve the desiretl pressure-capaci- limitations are placed on the pick-up unit design 

tance relation? It was an attempt to answer this by the speci~~l properties of animals. In general, 

question that led to this an~~lysis. the pressure systems in anilnals are burietl within 
Though the theory presentetl here was cvolvetl the hotly, loosely supported, of variable dis- 

ill response to a need in the biological held, the tensibility,in constant motion, anti are fragile 

treatment and the results are sufticiently general in construction.'These structures I-eact loc~llv 

to be of interest to the physicist, the chemist, or to probing, puncturing, anti tearing by bleeding 

the engineer who may want a gauge for other and by constricting. Blood in the vessels may 

applications. For the benefit of those who may clot on inserted objects, and thus I,luR pressure 

apply the gauge to biological systems, and for taps. The whole animal also reacts by moving 

the bene~it of those interested in why biological and by markedly changing the blood pressure, 
the heart rate, and other variables one may be 

*The work descril,etl ill this paper was done under a measuring. Anesthetics can be used to abolish 
contract recomlnended I,v the Committee on Medical 

many of these undesired effects; but these drugs Research, between the Oi~ice of Scientific Research and 
Development and the I'lliversity bf Pennsylvania. can esert other actions which are also unwanted. 
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CApnCITOR VnRID~BLES pressures in animals.'-8 The ones with the 
~'~ ~ EL~CTROM~ greatest promise of meeting the above require- 

ments are the photoelectric"' and the electrical 
capacitors types. The latter type is the one 

analyzed here. 
P ~ olnpHRnGm With the above conditions in mind, it was con- 

f sidered important to examine the theoretical 
basis of the pick-up unit of a diaphragm-type 

fPRESSURE. pt capacitor pressure gauge previously applied to 
Frc. i. Diagram of a diaphragm capacitor. The variables the recording of pressure in the vascular system.s 

used in developing the capacitor theory are illustrated The examination, presented below, was under- 
here; capital letters refer to F~xed geometrical properties, 
small letters to variables generated by a displaced dia- taken in order (1) to find out what factors were 

phragm. Tables I and II givethe definitions and the units of importance in an optimal design for a pick-up 
of all variables. The diaphragm is shown in an approach unit for a minimal volume change and maximal deflection; in a recession de8ection the diaphragm would 
bulge downward. Both the air gap and the center deflection capacitance signal in response to a given applied 
are greatly magnified in relation to the diameters of the pressure; (2) to facilitate making design com- 
diaphragm and of the electrode. The form of the desected 
diaphragm is that of a stiff, edge-clamped plate; Figs. 2 and promises in the presence of construction dif- 
3 give quantitative details of the two extreme idealized ficulties in special units; (3) to find and to 
diaphragm forms assumed in the theory. 

evaluate those factors in the design which deter- 
mine the alinearity and the sensitivity of the 

The pressure phenomena occurring in animals gauge; and (4) to explain and thus make 

have both a static level and superimposed rapid allowances for the observed differences in gauge 

pulsations. It is important to record these 
phenomena faithfully. TABLE I. Measured and calculated variables for a 

given gauge. 
Because of these special properties of the 

animal, some form of transmission of the I~ Measured variables Units Method 
pressure signal from the interior to the exterior 1. Electrode radius Bcm 
is necessary. At the present time, tubing con- 2. Diaphragm radius tl cm By micrometer 8. Diaphragm thickness Tem 

raining liquid usually conducts the signal; 4. Applied pre~ure pdynes/eml Bg liquid manometer 5. Central point de%ection, at p I/a cm 

ultimately, electrical transmission may be sub- 
s. Displaced volume, at yll oemJ gB~ ~~~toe~e~prillnry 
'I. Gauge capacitance, at yo=O Co cnl ~i~rYd 8UbRtitUtion for slasd- 

stituted. To avoid undesired local stimuli, the tric3P~u~~eli" 8" $ec-. 
tubing is small. 8. Capacitance signal. at yo ccln 

II. Calculated variables, as derived Irom measured ones 
From these considerations, some requirements 9. Air gap. at yo=O Dem D=B'/4Ca 

for a pressure gauge pick-up can be deduced. '0. D'"PL""d'"l""". "t y" """I "=(y")("lk)A' 11. Relative dp8ection a 

(1) The pick-up must reproduce static level 
12. Radius ratio, s~uared N(l)d) U)=~O/D N=(BIA)r 
18. Relative capacitance signal s(O) a=clA?lQD=(c,'Co)N 

signals. (2) For the faithful reproduction of 14. DeBem'"" ""t""''"t'" K ""tldy"" KKIt~o:pl~T~yAs 
rapidly changing pressures transmitted through ':'_~,~9~h91P~,8,"~,o,jUS) 
small bore tubing, and to minimize the length 15. Dellection constant. Benible 1/Ccm/dyue 1/G=(yolp)lA2 16. Volume constant, stiR k(O) k=ya(*A2)lo=3 

of the tube bore exposed to coagulable blood, I'I. Volume constant. Bexible k(O) k=yo(rA2)h=2 "(69' U~-N, 
the volume change of the unit with respect to 

III. Calculated variables, as related in theory: see equations in Table III 
an applied pressure must be minimal. (3) The 
pick-up size and the weight should be as small 
as possible. (4) The connection between the 'O. Franck, Zeits. f. Biol. 82, 49 (1925). 

a C. J. Wiggers, J. Lab. and Clin. Med. r0, 54 (1924). 
pick-up unit and the recorder must be long and S w· F. Hamilton, Am. J. Physiol. 107, 427 (1934). 
very flexible. (5) The pick-up and its leads should (194~d~:~ A. Hampel, PAunger's Arch. Ges. Physiol. 244 (2), 171 

be insensitive to vibration and to changes in 'W· G.Kubicek, Rev. Sci. Inst. 12, 101 (1941). 
position. B H. Rein, Arch. f. d. Ges. Physiol. 245, 329 (1940). 

~W. E. Gilson, Science 95, 514 (1942). 

Many types of diaphragm pressure gauges BJ. C' Lilly, Rev. Sci. Inst. 13, 34 (1942). 
8" F. Buchthal and E. Warburg, Acta Physiol. Scandi- 

have been used in recording static and kinetic .,,;, 55, 55-70 (1943). 
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TABLE II. Sensitivity and alinearity factors for a constant BIA and a given 2v. 

I. Sensitivity factors Secant form tangent form Initial value, yod 

20. Relative displacement m = S/ZU n = (as/aw) nl = (1 - HL) lk 
21. Displacement clru = (nl /4) (A /D)2 aCIaYO = (n/4) (A lq)2 s, = (M/4) (.4 /0)2 
22. Volume c/o = km/4TDz ac/ao=Rn!4*D1 S,=kMI~TD" 
2j. Pressure clp = ,IIKrl 6/4 TJD2 nclap = nKA 8/4T3Da S, = B~KA 6/4 ~301 
23a. Pressure clp = (clyr)(yolP) ac/ap = (dc/nyo) (arolap) .5~,, = (M/4! (A lo)2(uO/p) 

II. Alinearity raEtclr~ 

24. Relative displacement a=lnlM b=n/M a=b=1.00 
25. Displacement n, = (clyo, /S, = a bd = (aCIaYO)/·ry = b ad=bd= 1.00 
26. Volume a, = (GIB)ISV =a i, ,. = (ac/ao)/S, = 6 a.=b,=1.00 
27. Pressure np = (clP)ls, = a bp = (aC/aV)/Sp = b a,=b,=1.00 

TABLE III. Theoretical equations relating s, ·w, and BIA. 

Stiff plate (Fig. 2) Flexible membrane (Fig. 3) 

Approach case 

(2.0) s= Ilu) tanh-'CuNl(1-?uH)~-N (2.1) s=!l/zu) InC(1-2utl)l(l-w)l-N 
(3.0! s= (5) (1 - H3)W +(g)(l _ H6)W2 f ... 1 (3.1) S = C(4)(1 -H2)W+())(1 --H3)WZ+...1 
(4.0) n=(~)C1/(1-·u~) --H3/(1 --lu112)--m~ (4.1) n=ll(l-·w)-H2/(1-wH)-m 

Recession case 

(5.0) 2=(ll~c) tan-LC21Nl(1+·u~H)1-N (5.1) s=(llzu) InC(LfM)/(l+?uH)~--N 
(6.0) .F' C--(J)(I --H3w+(~)(l -H~)W2-- ...1 (6.1) s=C-(f)(l-HZ)w+(S)(1-H3)W3- ...1 
(7.0) n= (I)C1/(1 +·Iu)-H3/(l+wH2)--ml (7;1) n = I /(1 +zu) - H2/(1 +wH)-- m 

* Note that (Table 1): rt~=v; N=(B/A)'; Il=(l--N). 

The variables are defined in Figs. i. 2, and 3. and in Table I. (1) Fundamental integral: s = 1(4DIA')SoB~,d~~)/2(D fy)l -h'. Solutions: Ifrom (1) and eguations of Figs. 2 and 31. 

performance in the case in which the diaphragm DERIVATION OF A THEORY OF A DIAPHRAGM- 
is deflected away from the electrode in contrast TYPE CONDENSER 
to the case of diaphragm-electrode approach. A. Configuration of the Capacitor 

In addition to the measurement of pressure, a 
diaphl-agm-type capacitor has desirable charac- In deriving a theory of a diaphragm-type 

teristics for use as an ultramicrometer (displace- capacitor an expression is first developed which 

ment) and as a dilatometer (volume change). In relates the displacement of the diaphragm to the 

the theory below, the condenser characteristics resultant capacitance signal, for the geometrical 

for these three uses are most easily discussed in arrangement shown in Fig. 1. In the following 

the order: displacement, volume, and lastly, discussion, variables generated by a diaphragm 

pressure. (In the theory, displacements are con- deflection are represented by small letters, and 

sidered only asmeasured by means of a fluid the constants of a given gauge, by capital letters 
link; in practice, point contact mechanical links (See also Tables I and II). 
can be used, but this theory does not apply in The diaphragm is a circular plane-parallel 
this case,~even with a stiff plate.) metal plate or membrane clamped near the 

The following sections give a summary of a pe'iphe'y and is assumed to be deflected by a 
derivation of a diaphragm capacitor theory, and uniform pressure load on one side or the other. 
some applications of the theory in the design and The effective radius of this diaphragm,d, is 
in the testing of diaphragm capacitors. Later that of the periphery at the inside edge of the 
sections deal with the results of an experimental clamp. 
check of the theory, a consideration of electrical The electrode is a circular metal structure 
circuits for recording with the gauge, and a with a plane surface placed parallel to the unde- 
method used in the construction of some pick-up Aected plate, across an interposed air gap of a 
units, thickness D. The effective electrode radius, B, 
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~1(;. 2. 'I`he form taken by a stiff plate tleseeceed l,y ;~ Frc. 3. The form taken by a flexible membralle deHecterl 
ullifornl p'ess"'e. A radial section Is cut through the by a uniform pressure. The general statements made untler 
tliaphragm, from the axis of rotation at the left, to the Fig. 2 apply to this figure. The same limiting assumptions 
clamped edge at the right. This method of showing the form apply to this equation as to the stiff-plate one, except that 
greatly magnifies the amount of the deflection in relation it is assumed that the membrane is subjected to a uniforn~ 
to the radius by a factor of al,out one to ten thousand. The tension of G/4 cm/dyne (item 15, Table II) in all directions 
equation of this curve is derivetl on the,lssulnptions that in its own plane in the undeflectetl state. In this diaphragm 
the absolute deflection is less than about 1/50 the thickness the inherent stiffness is assumed to be negligible, and hence 
of the diaphragm, that the thickness is less than about 1/50 the clamped periphery bends with a practically infinitesimal 
of the radius, and that the edge is uniformly and rigidly radius of curvature. The volume swept out by the dia- 
c:lamped, without exerting a radial tension in the unde- phragm as it is deflected, v, equals that of a cylinder of a 
fleccetl position of the diaphragm (no initial stretching), height equal to one-half the central deflection and a base of 
\II strains are assumed to I,e within the proportional an area equal to that of the undesected diaphr;lgln. 

el~~slic limit. It is further assumed that, in the undeflected 
slate, the diaphrag·m is a plane, parallel, homogeneous, and 
i~otropic structure. ~The equation of this curve is given in Of an antlulus of infinitesimal width, lying in the the ligure; the variables are de~ined b?~ Fig. i. The volume 
~~-ept out ~,?· the diaphragm as it is deflected, ~, was found surface of the electrode and concentric with the 
i,?· integration of the equation for the curve; the resulting 

central axis, and of a similar strip directly across espression gives the dimensions of a cone of equivalent 
volume, the air gap, lying in the surface of the dia- 

phragm. Let both strips have a radius of r, 

is that of the plane surface presented to the air defined as the distance along a nonnal from the 

gap. annulus to the axis. Assume that, as the plate is 
The diaphragm and the electrode have a moved by a pressure load, the capacitance of this 

common axis passing through their centers, elemental capacitor, de, tin centimeter units) 
normal to their facing surfaces (Fig. i). varies inversely with the distance between the 

Since the ratio of the electrode periphery to strips, and varies directly with the area of one 
the air-gap thickness, 2*BID, is usually of the strip (2rrrdr) (Eq. (1), Table III, note). 
order of magnitude of 750-7500; edge effects are In the usual case, the deflection of the dia- 
considered to be negligible and are omitted in phragm center is only about 1/500 to 1/5000 of 
the following analysis. the diaphragm radius; therefore it can be shown 

that the above assumption is justified. 
B. Derivation Summary 2. Consider the annular element in the surface 

An equation defining the relation of the rela- of the diaphragm in the deflected position. The 
tive change in capacitance of this capacitor to displacement of this element from the unde- 
the deflection of the diaphragm (Fig. 1) can be Aected position is taken as y, and that of the 
derived in the following manner: diaphragm center as yo. The relation between the 

1. Consider an elemental capacitor consisting radius of the annulus, r, and y, should be con- 
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sidered for at least two extreme cases, the thin, sIOWIL M DEFL~C~EI I IICL·TM 

stiff plate and the thin, flexible membrane.g ILL·IL IIYIY·.III~E~T*M 
The equation relating y, y,, r, and A for the 

stiff plate is given in Fig. 2; and that for the 
flexible membrane in Fig. 3. (These equations 
are taken from I,ove's The Mathematical Theory 
of Elasticity, and reference 9.) The equations are 
exact only for values of y,lA which are very 
small compared with unity. Other assumptions 
and limits for these equations are given~ in the 
Figs. 2 and 3 captions. 

3. By setting up the differential equation 
implied in assumption 1 above, substituting the 
expression for assumption 2, for the two dia- 
phragm types and integrating the result, the 
equations of Table I II can be derived. These eq ua- 
tions, in Table III, state the relation between 
the relative capacitance signal, s, and the relative 
change in the air gap, w (equals yo/D). In these 

REL*TM VUn~dLES~ 
SYWL ~ID DEFLECTIOH MLI~K*IS 

Flc. 5. Relation between the relative displacement and 
the relative capacitance change for a flexible membrane. 
The figure is the sam_e as Fig. 4 with the exception that the 
diaphragm hereis a nexlble membrane (Fig. 3) instead of a 
stiff plate. The definitions of the variables are given under 
Fig. 4; the theory is tleveloped in the text. 

expressions`the parameter is the electrode- 
diaphragm radius ratio, BIA. All of the de8ec- 
tions of the diaphragm toward the electrode are 
treated as the "approach case," and deflections 
away from the electrode as the "recession case.'0 
The equations of these two cases dif~fer fun- 
damentally only in the algebraic sign of the 

Flc. 4. Relation between the rel;llive displacelnellt and central diaphragm displacement term, y~, which 
the relative capacitance change for;l stiff pl;lte.'l`his crlrve is positive in recession anti negative in approach. is for an electrode and a stiff plate diaphragm (Fig. 2) of 
equal radii. For any condenser with a given radius ratio, FOr calculation purposes, the are tangent, the 
B/A (Fig. i), the fractional, or relative, capacitance change, are hyperbolic tangent, and the logarithmic forms s, is def;ned as the capacitance change, c, divided by the 

of the solution were used for numerical values of undesected state capacitance, Co, ofa condenser with a 
B/A ~of unity and the same initial air gap, D (Fig. 1 and yolD greater than 0.10, and the series forms for item 13, Table I). The fractional air-gap change or the 
relative displacement, w, is defined as the central dia- the lesser values (0.00 to 0.10). 
phragm deflection, y,, tlivided by the air gap, D, in the 
unde8ected state (Fig. 1). This figure serves to define the USE OF THE THEORY IN THE DESIGN relative displacement sensitivities, M, m, and n in terms of 
the slopes of the s and u,curve. l'he secant m, and the OF PlCK-UP UNITS 
tangent n, are both defined at any point on the curve, sl 
and wl; the initial slope, M, is that at the origin, s=·u~=O. A. Factors Influencing the Sensitivity 
The sole dependence of the initial slope, M, on the radius 
ratio, B/A, is shown in the next figures. Both m and n In general the final objective in a problem of 
approach M as the deflection, w, becomes infinitesimal, 

the design of a pick-up unit is reached when the For the assumptions and the theory of this curve see text. 
It is to be noted that the variables used in this and in most unit produces a capacitance signal of the mag- of the rest of the figures have zero dimensions. 

'O Roess gives a stiff plate approach case equation which O I. B. Crandall, Theory of Iribmling Systems nnd .~oltnd is equivalent. to the inverse h!~perbolic tangent function ill (D. Van Nostmnd Company, New York, 1927). 'l';ll,le ill. CI.. (3. RoesR, Kev. Sri. II1~I. 11, 1X3 (191~0).1 
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OOIUL RLUIM O~CUQY~n IWnM1~ 
B. Relative Sensitivity 

s~ur nor 

t -Ir, Figures 4 and 5 show the graphs of the function 
relating the relative capacitance signnl, s, to the 

I I I i I_, relative rlisl,lacement fac:tor, y,lD, for;l radius 
ratio, BIA, of 1.00 (Tables I antl Ill). As tl~e 

8' 5 plate or membrane deflects an infinitesimal 
I amount in either direction (y~!D approaching 

i " 5 zero), the slope of this curve has a definite value. 
E '' 

From inspection of the series forms of the equa- 
2 

tions in Table III, it can be seen that this slope 
at the origin is a function only of the radius ratio, 

l.D BIA ; this slope is called the "initial relative dis- 
~aa sim. ~A 

placement sensitivity," M, for a given value of 
Flc;. 6. The dependence of the initial relative disglace- the radius ratio, B/A. Figures 6 and 7 show the ment sensiti\·ity on the radius r;ltio for a ·itiff plate. As is: 

shown ill the theory in the text, the initial relative dis- relation between M and BIA for the two extreme 
placernent sensitivlly, M (Fig. 4), is a function solel\· of the diaphragm types. radius ratio, B/A (Fig. I). The right-hand scale shows the 
sensitivity at a given B/A as a fraction of that at the As the relative displacement, ·re, (equal to y,/D, maximum value, at tl/A of unity. The initial absolute 

Table I), increases beyond an infinitesimal value, sensitivit!, defined as the absolute capacitance change. c, 
divided by the absolute centnll de8ection, y, (Fig. I), can the relative sensitivity changes from the initial be calculated from these values of M, the electrode radius 

value, M. Two useful types of relative sensitivity B, the diaphrag-m radius A, and the initial air gap, D (see 
text). The ratios of the secant, m, and the tangent, n, factor can be defined for the rest of the curve; 
relative sensitivities (FiR 4) to M for a number of radills 

these two types are illustrated in Fig. 4. The ratio~ is shown in l;lter figures. 
slope of astraight line from any l,oint on the 

nitude required by a chosen electricalcircuit in 
response to an applied displacement, volume, or IllliL IrUlrVE DIVUCTYI~ ~l~ltlVIII 
pressure change of a size determined by the ~L(I*CI. IIIIU 
system in which measurements are to be made. " -U, 

In other words, the designer's problem is to 
achieve a definite gauge sensitivity. In most 
biological applications to pressure recording, as 
was shown above, an additional part of the final 

aE objective is to have the volume of the gauge 
change a minimal amount. In some applications, n 
a minimal alinearity of the calibration curve is w 5 

j f 
also desirable. E 

Two useful types of sensitivity factors can be 
defined for diaphragm gauges; the absolute and 
the relative types. The absolute factors are 
defined in terms of the variables measured while 
the gauge is in use, which are the displacement, 0O 1 .I CO 
the volume, or the applied pressure, and the uaa lune. ~n 
resulting capacitance signal. The relative sen- F'C· 7· The initial relative displacement sensitivity and 
sitivity factors are expressed in terms of dimen- the radius ratio for a flexible menlbrane. The statenlents under Fig. 6 apply also to this figure. It is to be noted that 
sioniess quantities, such as those used in the ehe n'aximrlm value of II~ at a BIA of unity for the flexible 
theoretical equations developed above; After the membrane iR one-half, and that for the stiff plate (FIg. 6) is olle-third. From the expression for the initi;ll absolute 
gauge constants are known, the absolute sen- volume sensltlvlty, S,, (item 22, Table II), and these 
sitivity factors can be calculated from the rela- values of M and the volume const;lnt, k (16 anti 17, 

Table I), it c;~n be shown that the initial absolute volume 
tive sensitivity ones. This calculation will be Se""'''v'ty for the stiff plate is equal to that of the fle.uible 
dealt with in a later section. membrane considering all other geonletrical values as 

identical, anti B/A as unity. 
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SECANT ALINEARITY RELATIONSHIPS FOR LARGE RELATIVE DISPLACEMENTS 

: STIFF PL~TE 

u -1~~ 
I ~'"'·· 

w~ 2.0 

g ti I eL 

I I I I I I I I I 1 ~;;~"" 
9 ~jrbl_C 

~ l.o kCE.~ 
.\5? 

O ~i~ 41P~? d ~E~P~ 
W p~~"F. 
V, R~L 

1547~ .4472 
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RELATIVE CAPACITANCE CHANGE,s 

Flc. 8. The secant alinearity coeKicient and the relative capacitance signal relations for a stiff plate for large relative 
tleflections. Solne of c.he variables used in this graph are defined under Fig. i, all varial,les ore tlefined in T;lblej I arld II. 
7`he sera~lt aliearitv coeiticient, a, is the ratio o[ the secant relative displacement sensitivity, nl? to the initial di~~lacemellt 
serlsiti\·irv, M.'l`his ligure shows the dependence of a on BIA, s, and ~ for a stiff plate. A point to be noted is the large 
tleviations from linearitv in the approach condition as contrasted with the smaller de~iations in recession, for corre- 
spontling values of ~u. 

curve to the origin is called the "secant relative stant value of the radius ratio, BIA, and are a 
srnsitivity," In, which is equal to slw, Table I. function of ze~. 

The slope of the curve itself at the same point These two coefficients have the value of 1.00 
is the "tanRent relative sensitivity," n, which is as the relative displacement of the diaphragm 
equal to as/d~o. noth m and n approach the approaches zero, i.e., a capacitor gauge is most 
initial relative sensitivity value, M, as the rela- linear for those diaphragm deflection values 
tive displacement approaches zero, this property which are a very small fraction of the air gap 
of these functions provides a convenient:de- value. This relation is true for the opposite cases 
finition for two useful alinearity coefficients. of recession and approach, for both types of 

diaphragm; in recession, the coefficient values 
C. Gauge Alinearity 

are less than 1.00;in approach, greater than 1.00. 
Two alinearity coefficients, a and b, can be Figures 8 through 13 show these relations 

tlerived from the twodisplacement sensitivity between a, b, s, w, and BIA for the two dia- 
factors, m and n. The "secant alinearity coef- phragms. 
ficient," a, is defined as the ratio of the secant If the displacement of the center of the dia- 
sensitivity to the initial sensitivity, mlM, and phragm, yo, is a linear function of the volume 
the "tangent alinearity coefficient," b, as nlM. change, v, or of the applied pressure, p, both coef- 
Both of these coefficients are defined for acon- ficients give the alinearity values for actual 
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SECANT ALINEARlTY RELATlONSHIPS FORSMALL RELATIVE 61SPLACEMENtS 

STlFF PLATE 
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o 1 ·-- 

~o~s 
g '·'· --i- R~770 L~Z~ ~ B/q --t--l ~O 
E I I I I I ~l-Y 

O 
.os 

~b 

~Gt5:SIO)` 
0--I 

0 
W 

I~? 
~·d"~~ 

c ~~I~ d 
',5 C e~-LP;- x--`~c~-t~-~~t--t~-+-t 

-C .J~i·i 
i~qovlls 

09 
.040 X)X) ~020 :00 0 +DK) .020 .OsO .040 

RELATIVE CAPACITANCE CHAN(iEls 

FIc. 9. The secant alinearitp~coefficient relationships for a stiff plate for small values of the relative displacement. This 
figure is an amplification of the part of Fig. 8 near zero capacitance change. In those uses of the gauge requiring a high 
degree of linearity, the variables are restricted to the range on this plot or to an even smaller range. The considerations 
mentioned under Fig. 8 apply also to this figure, 

volume and pressure gauges. Tn other words, with respect to each of the three variables. All 
for a constructed gauge the ratio of the slope of of these absolute factors are calculable from the 
the volume change-capacitance curve, or of the gauge constants, A, B, D (or C~ and the cor- 
pressure-capacitance curve at a given pressure or responding relative displacement sensitivities, 
volume, to the initial slope is given directly by m and n; however, it may be easier to use these 
the value of the alinearity coefficients at a given constants, the initial relative displacement sensi- 
s, the relative capacity signal for a given radius tivity, M, and the two alinearity coefficients, a 
ratio, BIA. A mechanical design which has a and b. The equations for these calculations are 
fairly linear pressure-deflection relation is dis- given in Table II. 
cussed in thesection on experimental per- The absolute displacement sensitivity, (clyo)t 
formance. for a given value of B/A, can be shown to be 

equal to one-fourth the product of the square of 
D. Absolute Types of Sensitivity the ratio of the diaphragm radius to the air gap, 

The absolute sensitivity factors are divided (AID)2, and the relative sensitivity, M (Table 
into the ·two general types, secant and tangent, II); c/ye has an initial value of (clye)e when m 
defined above for the relative displacement equals M. The corresponding tangent factor, 
factors. · deldye, is similarly calculable by substitution of 

It is convenient to define each of the secant n for m (Table II). The values of a for these and 
factors as the ratio of the capacitance signal, c, later calculations for various values of BIA and 
to the displacement, ye, to the volume, o, or to w are given in Figs. 8, 9, and 10; the b values, in 
the' pressure, p. The tangent sensitivities are Figs. 11, 12, and 13. 
defined as the rate of change of the capacitance In other words, the absolute displacement 
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SECANT ALINEARITY RELP;TIONSHIPS FOR LARGE RELATIVE blSPLACEIENTS 

FLEXIBLE YEYBAP~E 

'6·~ 
*f~ 

FIci 10. The secant alinearity 
relationships for a flexible mem- 
brane. This plot for a flexible ~ 
membrane is of the same type as 
the one for the stiff plate shown o zs 
in Fig. 8. Comparing this figure 
with number 8 it can be seen that 
the flexible membrane has greater ~~- deviations from ideal linearity (a 
equal to ].O) than does the stiff 
plate for the same value of the ~tJt*~ relative displacement, w. 

·= I" ~-o·~" 

~·' ~s~~ 
o·9~ oa_aa 

TC1I ~EtE`J~ L 
p~t~L* 

RfDIUS RIT:g~ 8/1 

RELATIVE CAPACITANCE CHANBE, s 

sensitivities, secant and tangent, are independent There are two alternative ways of calculating 
of the absolute values of the diaphragm radius, . the absolute pressure sensitivities; the equations 
thickness, and material; of the electrode radius; are given as items 23 and 23a in Table II. The 
and of the air gap. However, these factors are first method (item 23) in the stiff-plate case 
dependent on the ratio of the diaphragm radius involves knowing at least two of the elastic 
to the air gap, and on the relative displacement constants of the material of the diaphragm 
sensltlvlty. (Table I, item r4;Young's modulus and Poisson's 

The absolute volume sensitivity factors, for a ratio) with sufficient accuracy for the design 
given value of.BIA are calculable by the equa- problem, and using these to calculate the 
tions given in item 22, Table Il;or as in the case deflection constant." In the case of the flexible 
of c/y,, by the substitution of M and a or b, for membrane, it involves knowing the value of the 
m or n in the equations. By these equations it initial stretch tension (G/4, item 15, Table I) in 
can be shown that the two absolute volume sen- 

the membrane to calculate the deflection con- 
sitivitjes for both diaphragm types are inde- 

stant.g It was quickly found that the literature 
pendent of the absolute value of the diaphragm 
radius, thickness, and material; and of the elec- lacks the data necessary for a highly accurate 

calculation of the deflection constant for a stiff 
trode radius. However, the volume sensitivity 
varies inversely with the absolute value of the plate; and that the methods of measuring or cal- 

initial air gap. This result suggests that the air culating the initial stretch were unsatisfactory 

gap be designed and constructed with as small a in the case of the flexible membrane. However, 

value as is practicable in those gauge applications 
in which the volume change is desired minimal. II R. J. Roark, Fo~mulasfor Slress nnd Slrain (McGraw- Hill Book Company, Inc., New York, 1938), p. 111. Case 6. 
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fANGENT ALINEARITY RELATIONSHIPS FOR LARGE RELATIVEDISPLACEMENTS 

STIFF PLATE 

1IQ~~ 
I I I I I I I II\I I I 1;1(;. 11.'Thc~Llnjienl ali~~earil)· 

cc,c-~iciclll for ;I slilT plate Tor 
p I~u-b~e rel;lLive di~placen~cl~ts. 7`lle 

W ~angenl alineuril) cuefticienL, b, 
o il`able Ii), is dt·lined as the ratio 
O ~L ul llle ~;unb·ent relative displ;lre- 

z mcn~ aenai~ivil!,l2, 10 the initial 
I I I L I I; i /I I/ n I I sensiti~·i~\,ll. ~ comparison of 

% this plot with FiR. 8 shows tht: 
W large tlt·vi~~lions or tile varla- 

~ionai senriiivit!· (n) from line- 
-1 al·it!· comparetl a·ilh the sec;lnt Q ~e 

I I I I 
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RELATIVE CAPACITANCE CHANGE,s 

for a first al,l>rosilnation in a tlcsign problem, cnl,~~~ita!~ce porfol-mance (z/P ratios) in the 
this first Infthotl is Llscful. ~l,pl-o~~ch anti rccclssion conditions (Fig. 1~). To 

The secontl methotl (itein 23;1, Irable II) of c:hcck ti:cse tlatn against: the theet!, theoretical 
calculating the pressure scnsitivit)· envolves an c/p values n:cre calculated from the cq~~ation in 
indel,endent measurement of 3'o/P \\-ith 3 (liil- item 23a ('Table II) iising the measured valtlcs of 
I,hragm of the tlesired material, thicklless, and the clectrotle r~~tlills, B, the tlial,hr;lgm I-ntlills, A, 
radius. Fijiure 14 sho~s such a Ineasul-emcnt on the initial cal,ncit;lnce,Ca, the tlispl;~c-clllcllt- 
a stainless steel diaphragm bJI an interferomctcr pressure ratio, y,/p, the valile of di froln Fig. 6, 
method. \Yith the tleterIllinetl value of yo/P, the an:l the v;?lucs of (L from Fi~s. 8 anti O.'I'he values 
deflection constant can be calculated ('l'able I) of the 'o/P ratio \\-ere tlctcrminctl h\· an intcr- 
and used in further design motlifications to obtain felomelt-ic mcthotl (I;`iR. 14), r;ithcr tli~n by the 
any desired c!p in an actual gauge. ?`l~e data of less accurate methotl of calculation from the 
Fig. 14 were used to calculate theoretical valtlcs of 

elastic constallts.'l'he rcsttlts of these calcula- 
clp in the evaluation of this clesian thcorv (F1R lj)· 

tioiis are plottctl on the graph of Fig. lj with the 
EVALUATION OF THE DESIGN THEORY ,,l,,,;,,,cntal data. I;igurc lj sho\\s Ih;~t Ille 

UsinR a stiff-plate Rnuge sho\\n in Figs. 16 stil`f-plnte thcol.). can be usctl \\·ith a f~~ir tlc~grc·r· 
throu~ih 1~, tlnta ~-el·e tnkc~l oil th~t I,rclss~ll-c- of accul-ac:Sfor tlcsign purl,oscts, even in the 
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TANGENT ALINBARITV RELATIONSHIPS FOA SMALL RELATIVE DISPLICEMEIITI 

STIFF PLI~TE 

~P~g/L~S 

FIc. 12.'l'he t~~ngent alineariry 
coefficient for ;I stiff pl~te for 
small relative displncelnents. o 
'I`his plot is all enlarged view of * 

Fig. 11 ne;lr the rel;,tive ~lis- /I +' 
placenlent of eero mngnitudc. B 
This is a comp;lnion ligllrt· lo 
number g for desig-ns involving , E ,·'" 

,o 

"~ high degree oT lineari~\·. 
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RELATIVE CAPAOITANCE OnANOE,S 

extreme cases involving large relative displace- high speetl pressure recording can be nc-com- 
ments (·re, = f0.49) in approach and in re6ession. plished through small conduction tubing n·iti7 ,2 
The flexible membrane theory still aa.aits con- relatively incompressible fluid, if the volume 
firmation;it is hoped that this can be tlone anti change of the gauge is small antl if the tubing 
reported in the near future; there are a few un- wall is relatively stiff. 'I'he volume change 
publishetl data w.hich show that reasonably !Table 1) for the full pressure range in Fig. 20 is 
accurate I,retlictions of performance can be approsimately 2X10-5 cc. The containctl liquitl 
~spectetl from the ffe?tible membrane thcor~. volume is 0.4 cc; therefore ~un additional 20 

SPEED OF RESPONSE OF A CONSTRUCTED GAUGE percent must be added to the gauge volume 
change to allow for the compression of the con- 

Figure 20 shows the response of a gauge with tnined water at a pressure of 150-mm Hg above 
an attached neetlle to a sudden drop in pressure 1 atmosphere. 
level. Details of the technique of obtaining the For the speed of response of the gauge without 
recortls is given under the figure; the gauge itst·lf an attached fluid system it was found that it was 
is picturetl in Figs. 17, 18, antl 19.'These records tlifficult to obtain a step change in pressure level 
show the importarlce of having a homogeneous sut-ticientl?· fast to approach the lo~·est natural 
rontlucting mctlillm I,et~·ccn thcsource anti tile motle of vibration of the stiff-l,l~te tli~l,hragms 
gauge tlial,hmb·l-n. 'Th~l!· also s!~o~~ tllnl f;lirl~· llscltl (10 to 60 kiloc)clc·s). Ho\~cvc.~r, thc;~l,l,lica- 
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tUMIYT *LIWEM~I REL*TK~NSnlPS FO~ U~g RELITIVE D(S~LICEYEHTS 

~LXULL YYIRI~E 

·· -1 
·· C, 

"·, 
·~ 

it Etc,. 1.3. The tangent nlinenrit~. 
H ,, coefficient for a flexible nlen;- 
r brane.'This figure is to be coln- 
c pared to Fig. 11 for a stiff plate. 

The ta~lgent alinearity coeffi- 
Y ,, cients of the two cases do nor 
1 tlirf~er to a great tlegree, in con- 

trast to the secant alinearir\· 
t * coeflicients (Figs. 8 and 10). 

.3 , n~·_ 
I.·t--+----C--_~~- 

1·0*11 UIID. ~ 

.9 .t --.I O +.I .t ·I A 

RELITIYE C~LPICITINCE C~UWOE.~ 

tions of the gauge to date have not made full use measuring the, electrical capacitance between the 
of the available speed of response. electrode and the gauge block. If the desired 

CONSTRUCTION DETAILS TO OBTAIN spacing is exceeded, correction may be made by 
SMALL AIR GAPS lapping the face of the barrel on the plate glass. 

Standard machining is performed on all com- FO' a given diameter, diaphragms are handled 
ponents (Fig. 16)except those having critical differently as they vary in thickness. .L\ dia- 

surfaces which require special techniques as phragm of ~" outside diameter could be clas- 
follows. sified thick if it were 0.008" and over, medium 

In the electrode barrel assembly, the elecfrode 0.004" to 0.008/', thin 0.004" and under. 
(2, FiR. 16)and its lava insulators (6) are Thick diaphragms are machined froln bar 
assembled to the barrel (4) with bakelite laquer, Stock and hand-lapped to size on plate glass. 
riveted (12, Fig. 17) and baked. This assembly F'e9uent turning of the diaphragm, exposing 
is faced in the lathe and hand-lapped on a plate- first one face then the other to the lap, will 
glass lap, until the face of both the electrode and minimize warping from strain release. The 
its barrel are in the same flat plane. The electrode thickness of the diaphragm is gauged with a 
sl)acing is generated by hand-lapping the elec- micrometer. The flatness is checked by optical 
trode face with a brass lap. Theamount of means Or by substituting the diaphragm for the 
spacing thus generatetl is gaug·etl by placing the gauge l!lock in the cai;acitance test tlescribt·ci 
assembly ;~g;~inst: ~t hat Inet;ll gauge I,lock antl ~tbovc. 
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h4ediul~ diaphragms are disks cut from EXPERIYUIIL EVILU~TlaY OF TWLO~* 
I,olished,'harrl rolled strip metal of the required ·r.nrll~·~ ITlrF ~L1II 

thickness. l`he disks are generallq curved in a .('H ·nrm.~l~~ ~*·..,.~...II, la·r~-*~C_ 
c)lindrical plane but approach a Bat surface f 1 

when clamped in position. 1 .IP t~-- I::Yaol~Yf;. ·-ll~t-lll-r·. 
l'hin diaphragms are disks cut from polishetl, B ·I~· o~, 

h;llf-hard rolled metal of the desired thickness. S 
'I'hey require stretching while clamping to E 
present hat surfaces. The stretching mechanism w ·* 
(not shown) consists of a recess i~ the electrode t 

Lt 
barrel face into which the diaphragm is pressed P ·'" 
by a ring member. The ring member is designed 

120 a, -9 o ~·o so Ilo 

PRESSURE.~.mm.*p. 

INTERFOROHETRIC HEASVREYENT OF DISPLACEIIENT.~· 

Frc;. 1.5. Xn experimental evaluation of the tlesign theory STIFF PL·IE 

for a stiff plate. ?`he capacitance change, c, anti the initial 
*rg~635cm. ~·0.022cm. cap;tci~;ulce, Co, were measuretl with ;I "Q" nleter at ;1 

20 r-------r Ircqllcncy of 3.0 Inegac?·cles anti by substitution of a 
B I I,recision contlenser (General Ratlio Company).'The pres- 
h " sure was measured with the Hg manometer mentionetl 

under Fig. 14. The absolute pressure secant sensitivity 
t 16 factor, c/P, was calculated from the measured values of c 
h; +"r and P; the solid dots and the drawn curve represent these 
L '4 F~ experimental data. The dotted circles are theoretical points D I~~ calcrllated from the value of the recession state yo/p given g t ,, ,9_ in Fig. 14, the B,'A value of 0.7 (measured B and .4), the f : ,1· Ca value of 99 mml, the M value of Fig. 6, and the secant 

lo alinearity coefficient values of Fia. 8, by means of the 
r L, equittion given as iteln 23a in Table II. It can he seen that 

2 d" In recession these points fit the experinlental curve f;lirlv 
a well, brit deviate from the cllrve in the high pressure regioll 

t in 1:he apprdach state. It was thell fountl, t,\· the intel- 
r feronletric methotl ol Fig. 14, th;lt the vallle oi ynlp in the 
I approach direction was slllaller than in reces?;ioll (value 

2~-- given in this figure). The points c;llc~~l;lterl with this valrle 
a of y,/p are the triangles. Presr~ma!,l\· the tlifference of y,/p % o in the two directions is due to uns\.tlllnetric;~l clnmpin~ 

o so too lso 200 250 300 5so 400 supports on the two sides of the plate. 

PRESSVRE, mm.nl. 

FIG. 14. Esperimental determination of the with clearance to insure positive seating of the 
pressure- diaphragm. displacement relation for a stiff plate. The plate is edge- 

clamped, and corresponds to the diaphragm of the type The main body (3, Fig. 16) has an interior seat 
shown in Fig. 2. The capacitance-pressrlre relations for this 

against which the diaphragm is clamped. This unit are presented in Fig. 15, and the unit itself in Figs. 17, 
18, 19, and 20. The absolute central diaphragm displace- seat is hand-lapped to a flat surface with a 
Inent, y, (Table I) was measured with a vertical incidence 

formed brass lap. The exterior faces of the main Newton's fringe type of interferometer, using a yellow line 
(5875.6 Angstroms) of a helium discharge tube.'l'he full\· body are hand-lapped on plate glass to present 
aluminized plate (1X3X3 mm) of the interferometer w~s 

flat seats to the mating attachments (13 and 15, moved toward the 60 percent aluminized fixed plate by 
tlisplacemene of the cliaphragm's center by an applied Fig. 17), which are similarly finished, 
pressure. The pressure was measured with a compensated 

AIl lapping operations referred to above were mercufy manometer with an accuracy of f0.1 mm Ha. 
The fringes were counted by means ofa microscope and an performed with a fine grain abrasive and light eyepiece scale. Each fringe counted represents a movement 

Oil. Silicon carbide No. 400B was used for coarse of the diaphragm center of one-half of a wave-length of the 
He line, given on the left of the figure, The pressure range grinding and No. 600B for finish. 
usually used with this gauge unit is that represented by the 
first two fringes, or 30 mm Hg. The diaphragm displace- 
ment is;lwav from the electrode, i.e., in the recession ELECTRICAL CIRCUITS FOR USE 
condi tion. 

WITH THE GAUGE 
The strict proportionality between the displacement and 

the applietl pressure lip to at le;lst 300 mm Hg (ten times The circuit actually used with these gauges the range nrtuall~· u~ctl) shows that this di;lphragm is 
~,pera~ed well inside of the proportional elastic limit, will be publishetl later, The choice of a given 
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FIc. 18. Internal body pressure condenser gauge. A 
cross section drawing of this unit and its details is shown in 
Fig. 17. A photograph of this unit and its attachments is 
given in Fig. 19. The needle guard is below the needle. This 
unit is used for blood pressure and other internal body 

Frc. 16. Sectional drawing of a variable capacitor. The pressure recording (Figs. 23 and 24). 
active diaphragm (1) diameter is 0.50 inches. The radius 
ratio BIA is 0.70. The electrode-diaphragm air gap is 
5.10-' cm. (0.0002 inch). The pertinent parts are labeled in 
the figure. The lead-in (7) carries the r.f. voltage to the 
electrode; the rest of this unit is grounded. It is to be notetl 
that the electrode side of the diaphragm is kept as open as 
possible to allow quick venting of the gas in this space in 
applications in which large ambient pressure changes o ~9: occur, such as in the explosive decompression of pressurized 
aircraft cabins in altitude chambers. The lava insulators 
(6) are supported by three equally spaced legs protruding 
inward radially from the electrode barrel (5); only one of 
these legs shows in this section. This construction allows the 
quick ven ting men tioned above. The construct ion details to 
assure small air gaps are given in the text. 

-·~·-~. 

// I : Z 
~Ch.i rs~-~ Frc. 19. Pressure gauge with attachments. This is the 

a r6~I~4 L~t~- gauge of Fig. 18 with the tubing connector (left), the liquid 
system, the needle and its guard (right), removed. The 

\ one-half-inch diameter active diaphragm surface is seen as 
a central ring on the face of the pickup unit. All parts and 
the gauge itself are made of stainless steel. 

Flc;. 17. Sectional drawing of a capacitor with an 
attached liq~lid system. Through number 8, the parts are circuit depends on the application; several satis- 
the corresponding ones of Fig. 17. Photographs of this unit 
are shown in Figs. 18 and 19. A tubing attachment (13) for factory ones have been pUblished.8.9~'2.'3 0,, 
pressrlre calibration purposes is shown fastened to the requirement for biological work is that the electri- 
electrode side of the unit by the retaining ring (14). A liquid 
system (15) with an attached hypodermic needle (16 and Cal System record sustained capacitance chatlges, 
19) is fastened to the diaphragm side of the unit. For the i.e.t record the direct current component as well 
sake of clear reproduction the needle is greatly enlarged; 
the true relative size is shown in Fig. 18; a side tube (21) aS the alternating current ones. Cathode-ray 
and a needle valve (20) are used for filling the liquid oscillographs and oscillograph galvanometers 
system. A needle ~uard (17) and its terminal plug (18) k`eep 
the needle wet and sterile until ready for use. This type of have both been used with success for recorders. 
unit has been used for blood pressure, intrathoracic pressure 
and intraspinal pressure recording (Figs. 21 through 24); its '2 D. W. Dana, Rev. Sci. Inst. 5, 38 (1934). 
response is shown in Fig. 20. '3 C· H. Brookes-Smith, J. Sci. inst. 16, 361 (1939). 
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APPLICATIONS OF THE GAUGE TO MECHANICAL in muscle during fast contractions may possibly 
MEASUREMENTS IN BIOLOGICAL SYSTEMS 

be recorded. It may be used in the measurement 

Various applications of the gauge to pressure 
recording during the war are presented in Figs. lo~u. 
21 through 25. Since the applications are de- 
scribed under the figures, no further comments 
will he made here. Other uses of the gauge as an 
ultramicrometer or a dilatometer in biological 
systems might be mentioned. The gauge may Y 
be used to measure the movements of the body re- 
sulting from recoil caused by heart and blood mo- 
tions in an electrical ballistocardiograph. An obvi- 
ous use is as a high speed, isometric "lever" for 

recording the tension developed by muscles during ~o~n · .· - · · ··· ···· · ·........, 
fast or sustained contractions; it may be possible , U, ~o 
to use it for single muscle fibers. As a dilatometer, 

FIc. 21. Explosive decompression df a short cavity. The 
the gauge can be used in plesthysmography, ther- condenser pressure gauge (of the type shown in Fig. 17) 
mometry, and respirometry, The volume changes Was placed in the bottom of a well 3 inches long and f-inch 

in diameter and containing air. By the technique described 
under Fig. 20, the pressure at the mouth of this well was 
suddenly dropped to the ambient pressure from twice the 

RESPOHSE OF A CONMNSER GAGE ambient value. This retouched record of the pressure was 
To A TRINSIENT oHANoE photographed on a cathode-ray oscilloscope. The time 

-L ·-·····-· ~~--- ··--· (.Ei ii o,.,ra..,.drh ~.,,.a N~lp.hl ···PII··- I.On~W(. relativelysmall after-vibrations in contrast with those of *D uaur 

~ , o.slo u. Fig. 22. This gauge was subsequently used in recording the 
r~ools~~ pressure fall in explosively decompressed pressurized cabins 

m~Eo *I1H ·IR C·1100111(. 

Dll in an altitude chamber; the minimum time of pressure rall 
recorded in these cabins was about~ehcoo~~e~e:en~ these cabins was about four times the value 

I-·m y·p·~ 

~ILLED II1II LlaUID 

IULL IM~LE 

~----ooo uro·o---( 

~l~~ro nru ~~wlo 

L·ITT ~YIILT 

FIG. 20. Response or a capacitor gauge with attached 
needle to a sutlden rall in pressure level.'l`he gauge itself is 
of the type shown in Figs. 18 and 19. The attached hypo- 
dermic needle was a number 23, one-inch long. The volume 
of the liquid ~)stem is 0.4 cc. The needle was imlnersell in 
liquitl or in air in a short ':--" -':··--'--- ··--" :- ·L- r---- -~' I I · ?`1IIC·ll UltLIIICL~L WTI1 I1I (IIC: I~ce or 

a 6-inch tli;lmeler, horizont;ll pl~~te, over which was 
stretchetl a thin paper tli;lphragm. ~l`lle pressure in thc;lir 
space between the plate and the paper tli;lphr~~l~m w~~s · · · 
raised with an ;Ilr supply, and the paper tli;lphr~lgll~ w;~s ·. 

"e,~ln~ir~i' nuar ,ith a moa*e trep lever Ir~vclinl: ill ilipll ·· ;··~ speed. ~L`he p;lper I,roke completely away o\er the whole · 
plate surface, causing a rapirl rall in presRllre over the well · 
containingthe needle.'I~he conditions causing the various 
rates of rall of the gauge response are given in the figure. The 

Flc. 22. Explosive decompression of a long air cavity, top record shows a response time or abou t one-thous;~ndth 
?`he technique and the pressure range are the same as those of a second, which is an upper limit, presunlably set t,y a of Fig. 21. The t inch diameter cavity in this case, however, time constant in the electrical circuit usetl for recortling, is 3 feet long. The time between dots is two ten-thousandths 

rather than by the resporlse time of the mechanical system. of a second. The amplitude of the first after-vibration is 2.0 
(To fill the system with liquid without bubl,les, the con- pounds per square inch, after an initial rall of 15 pounds per tained air was ffushetl r,ut with pure carbon tlioxitle gas square inch.'This record shows some of the artifacts created 
before filling; any bul,bles formed of COz quickly dissolve in by trying to measure relatively large rapid changes in 
the liquid, leaving the system completely liquitl filled.) pressure through a long pressure lead, filled with air. 
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P~ Flc. 23. A blood pressure record in the carotid artery of a 
tloy.'l`he pressure base line is at the bottom of the figrlre. 
'I`he pe;lk pressure is approximately 150 mm Hg. The 
record was taken with;l pressure gauge of the type shown 
in Figs. 18 and 19. l'his record is shown through the 
killtlness of H. C. Bazett. Flc. 25. Pressure-Bow curves for air through the n;lsal 

passageway.'l'wo, Aexible membrane-type pressure gauges 
with a pressure range of 100 mm of water and 10 mm of 
water for a capacitance change of 5 mmf were used for 
recording air pressure and air Bow, respectively. The record 
is a photograph of a cathode-ray tube screen, with flow 
appearing on the horizontal axis and pressu re on the vertical 
axis. Zero Bow and zero pressure are at the center of the 
recortl where the two lines cross. Expired gas Bow and 
pressure are in the right upper quadrant, inspired values in 
the lower left one. The Bow values cover about ~50 

A liters/minute; the pressure about f80 mm of water. The 
Bow is recorded by measuring the pressure drop across a 
laminar-Bow type glass wool resistor, placed in the tul,e 
exit from an oxygen mask covering the subject's nose and 
mouth. The pressure was measured differentiallv between 
the inside of the mask and in A-A , the subject's oropharynx, 

B and in B-B, his nasopharynx. In both cases, one nostril is 
plugged: in A-.4 the pressure tap tube goes into the mouth; 
in B-B the tube goes through the plugged nostril. Record 
courtesy of Forman and Benevides. 

FIG. 24. Iiecord of the illtrathoracic and the intraspinal 
pressure In an explosively decompressed dog. A is the 
intrathoracic pressure record, and B the intraspinal pres- in a fast manner. It is hoped that the design sure record. The breaks in the falling phase of rp-ord A are 
at 1/120 second intervals. The condenser gauge used was of theory presented above will be an aid in ex- 
the type shown in Figs. 18 and 19. The dog was in a small 

tending the applications of this type of gauge in chamber at an equivalent pressure of 8000 feet; a thinfilln 
diaphragm sep;lrated this chamber from a larger one at a biological research and in the engineering and 
lower pressure. When the diaphragm was ruptured, the air 
pressure around the dog fell in 0.03 seconds to that equiva- physical fields. 
lent to 50,000 feet. The two gauge pick-up units were liquid 
tilled, with an electrode side open to ambient pressure and ACI(NO~LEDGMENTS 
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