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A — area
c = velocity of sound 

e0 == input amplitude of forcing function 
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y /- fluid potential
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ABSTRACT

The dynamic calibration of intracardiac pressure 
transducers may be obtained from their transient response 
to a pulse or step pressure input® A shock tube is the 
best method to generate a fast rise time, short duration 
increasing pressure step for transducers with high natural 
frequencies. A burst diaphragm device which generates a 
decreasing pressure step of long duration is the best 
method for calibrating low natural frequency fluid-filled 
gage-catheter systems. Both types of pressure step gen
erators were designed, fabricated, and tested in this 
thesis.

Miniature intracardiac pressure transducers 
which can be inserted directly into the cardiovascular 
system were tested and found to have adequate frequency 
response range and dependability for both experimental and 
applied catheterization.

Gage-catheter systems which measure pressure 
through a long, fluid-filled cannula were tested and found 
to have low natural frequencies. This group of pressure 
measuring systems is subject to marked reduction of the 
frequency range of usefulness by trapped air in the

x



instrument line and by their sensitivity to catheter 
motion. The natural frequency and damping ratio of such 
systems are dependent on the length, diameter, and stiff
ness of the catheter.



CHAPTER 1

INTRODUCTION

Accurate measurements of pulsatile pressure wave
forms within the circulatory system of man are needed in 
the diagnosis by cardiac catheterization of congenital and 
acquired heart diseases. Further, the quantitative value 
of experimental data obtained in the field of hemodynamics 
is necessarily dependent upon the fidelity of measuring 
systems used.

The objectives of this thesis were (a) to devise 
methods for the accurate dynamic calibration of intra
cardiac pressure measuring systems in a cardiovascular 
laboratory, and (b) to evaluate the dynamic performance 
of a variety of such systems.

Intracardiac pressure measuring systems in use today 
fall into one of two broad categories. The first, and by 
far the most commonly-used system, is that in which a long, 
narrow, fluid-filled tube called a catheter is attached to 
a dynamic pressure transducer. The free open end of the 
tube is inserted into the cardiovascular system via an 
artery or vein in a limb and advanced into the heart or 
other location where measurements are to be taken. Pressure
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variations at the measuring site cause hydrodynamic motion 
of the liquid in the catheter. This motion is sensed by 
the diaphragm of the transducer which provides a recordable 
electric signal. The dynamic behavior of such a fluid 
system is occasionally considerably different from that of 
the transducer alone. The accuracy of measurements made 
with a system of this type may be severely affected by 
noise signals introduced by heart and aortic motions and 
the respiratory motion of the subject. The performance of 
three such transducers of separate manufacture with an 
assortment of different catheters was determined.

In the second category are highly miniaturized 
electromechanical pressure transducers placed at the tip 
of a catheter probe. Since the transducer itself is intro
duced directly into the cardiovascular system, the fluid- 
filled transmission tube is eliminated and measurements 
are less subject to noise errors. Two transducers in this 
category were tested.

In general, the performance specifications of an 
intracardiac pressure measuring system require linearity, 
low noise-to-signal ratio, base-line stability, and 
absence of significant temperature and motion artifacts. 
Dynamic characteristics must be such that the amplitude 
response to a sinusoidal input be within 95% of the static 
amplitude in the frequency range of interest. According to



MacDonald (I960)„ the required range is 0 to 20 cps for 
most human work® This range may be considerably extended 
in experimental work.

Previous evaluations of the dynamic response of 
intracardiac pressure measuring systems have, in the main, 
used the technique of comparing the amplitude and phase of 
the forced response to that of a sinusoidal input.

Lambert and Jones (1948) described a pressure pump 
which was claimed to generate equal amplitude pressure vari
ations in the range 1 to 1000 cps by means of a piston 
moving in a glass cylinder over a column of air and water.
An improved version consisting of a cylindrical plastic 
chamber filled with liquid, one end of which was a brass 
diaphragm driven by a magnetic motor, was built by 
Isaacsen and Jones (1950) for the generation of square and 
sine wave pressure inputs over the frequency range 0.5 to 
greater than 1000 cps.

Fry, Noble, and Hallos (1957) published a detailed 
analysis of the static and dynamic performance of a large 
number of physiological pressure measuring systems. The 
pressure generator used was claimed to deliver equal ampli
tude sinusoidal pressure variations over a frequency range 
of 1 to 1000 cycles per second, but their device has never 
been described in detail in the literature.
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Linden (1959) described a pressure generator which 

consisted of a cylindrical chamber* one end of which was a 
metal membrane. A barium titanate strain gage was attached 
to the surface of the membrane. Sine-wave voltages applied 
to the piezoelectric crystal caused motion of the metal 
membrane. The membrane moving against the fluid generated 
sinusoidal pressure variations. The generator was some
what erratic at frequencies below 20 cps and did not main
tain equal amplitude pressure inputs over the design working 
range of 1 to 2500 cps. However* the generator was capable 
of delivering low amplitude pressure variations of constant 
magnitude to approximately 500 cps.

The most recent and accurate device built for the 
generation of sinusoidal input functions was reported by 
Tanof, et al., (1963). In their study of physiological 
pressure transducer response* a hydraulic pump consisting 
of a piston moving in a low volume pump block was used.
The piston was driven by a balanced eccentric. The appar
atus*. when filled with distilled water* delivered almost 
perfect sinusoidal pressure variations of equal amplitude 
in the frequency range of 5 to 90 cps. Their study fully 
covered the response characteristics of the Statham P23 Dd 
and P23 Gb transducers* neither of which are covered in 
this work. Tanof and his associates used a SF-1 pressure 
transducer (Statham Transducers* Inc.* Hato Rey, Puerto
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Rico) as a monitor for their generator* but they did not 
calibrate the monitor. The SF-1 was calibrated in the 
present work* and the results lend credence to the other
wise fine work by Yanof and his team.

Recording the magnitude and phase of a sinusoid
ally forced response and comparing this to the magnitude 
and phase of the forcing function is ideally a most direct 
and accurate method of calibration. In practice* however* 
the generation of a pure sine-wave pressure input over a 
wide range of frequencies is a most difficult accomplish
ment .

The driving mechanism of a sine-wave pressure gen
erator must impart true rectilinear motion to the working 
fluid over a wide frequency range and must be free from 
vibrations which might be superimposed on the signal.

Where air is used as a working fluid in a closed 
system* the range of operation is limited to low-amplitude 
and low-frequency pressure wave generation. At high ampli
tudes and frequencies* the pulses may turn into distorted 
sinusoids and may eventually exhibit shock wave character
istics. Even at low frequencies* the internal reflection 
and reinforcement of pulses are probable.

If a nearly incompressible liquid is used as the 
working fluid* quite a bit of power is required to generate 
even low pressure pulses. Further* such systems are
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inaccurate at very low frequencies as a result of the stiff
ness and inertia of the system,, Whenever minute quantities 
of gas are trapped in the working fluid, the sinusoidal 
shape of the pressure wave tends to become distorted at 
high frequencies.

The presence of such distortions either requires 
detailed and complicated mathematical expressions for the 
input when attempting to obtain the transfer function, or 
else another calibrated reference transducer as a monitor.

The major drawback to using a monitor is if the 
natural frequency of the reference is not much higher than 
that of the tested pressure transducer, coupling of their 
vibrations may occur in the resonance region.

In general, the sine-wave pressure generators pre
viously described have required a certain amount of 
extrapolation of the frequency response data in the regions 
below 5 ops. They have been limited to input frequencies 
below 100 cps if reasonable pureness of sine-wave form was 
to be maintained.

In view of the general difficulties encountered by 
calibrating from the forced response method and the elab
orate equipment required, the author chose to approach the 
problem by calibrating from the transient response to a 
step pressure input.
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From preliminary experimental investigations of the 

response characteristics of the systems to be tested, and a 
review of the results obtained in the works by Fry, et ale, 
(1957) and Yanof, et al,, (1963), it was apparent that all 
the systems to be tested in this work fell into a general 
class of linear, vibrating, electro-mechanical systems 
whose performance equations are approximated by a single, 
linear, second-order, non-homogeneous differential equation 
with constant coefficients*

All the transducers to be tested exhibited under
damped response, and when this condition exists, it is 
usually easier to calibrate from the transient response to 
a step input than to attempt to use the forced response 
method. The advantage lies in the fact that while the 
periodic forcing function must be very accurately known 
and controlled, any sudden, one-direction change in pres
sure input is effectively a step function to the trans
ducer if the input pressure change is completed before any 
appreciable output response has occurred.

With most pressure measuring instruments, the 
transient response may be excited equally well by either, 
an increasing pressure step or a decreasing pressure step.
It must be pointed out, however, that when a decreasing step 
input is used, the transient response will oscillate about 
the zero pressure level (usually atmospheric), If the
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design is such that the force summing component of the 
transducer can lose contact with the diaphragm, the response 
may then be significantly different from the response to an 
increasing step input. This is not a problem in most physi
ological pressure transducers since they are designed to 
measure negative as well as positive pressures.

Methods of analyzing the transient response to 
aperiodic input have been dealt with in vast detail by 
Draper, McKay, and Lees (1953)• The well-known logarith
mic decrement method was used in this work to analyze 
experimental data. The method was tailored for use with 
a digital computer and is given in Appendix A, The com
puter was used solely to attain a high degree of accuracy 
and save time. The analysis of a few response records 
can easily be done on a desk calculator, using the method 
in Appendix A.

A strictly graphical method was devised for the 
use of the physician who might have neither the time nor 
the inclination to make a detailed analysis of a single 
random calibration, and this is presented in Appendix B.

Several excellent methods for generating aperiodic 
input functions, some of which are commercially available, 
have been described in detail by Schweppe (1963)« Simple, 
but rather unrefined, methods have been used by several 
physiologists, Hansen (1949) used a glass syringe with a



hole bored through the stem of the plunger which could be 
opened and closed with the thumb. MacDonald (i960) suggested 
the use of a small chamber closed with a thin rubber membrane 
in which pressure could be built up, then suddenly burst 
with the end of a burning cigarette.

The choice as to method of generation of a step 
pressure input is governed by the anticipated natural fre
quency of the gage to be tested. Clearly, if a significant 
output transient motion is in effect before the input 
reaches its steady-state position, the instrument will be 
responding not to a time discontinuous step input, but to 
an input that appears as a continuous function of time to 
the instrument. Thus the allowable time lapse for comple
tion of the pressure change must be far less than the natur
al period of the instrument.

Hylkema and Bowersox (1953) of the Jet Propulsion 
Laboratories have described the JPL burst-diaphragm pres
sure transducer calibrator as having a 250 ytysec rise 
time for a 200 psi change. They considered this adequate 
to excite the transient response of any transducer whose 
natural frequency is below 1000 cps. Those with higher 
natural frequencies can be calibrated for amplitude only 
with the device. While the magnitude of 200 psi is con
siderably above the working range of up to about 200 mm Hg 
(3•8? psi) for physiological pressure transducers, the
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above serves to illustrate the tolerance allowable between 
rise time of the step input and response time of the trans
ducer to be calibratedo

Since one of the transducers to be tested had been 
reported by the manufacturer to be flat 'to 1000 cps and 
another had a natural frequency claimed by its designers, 
Gauer and Gienapp (as reported by Ellis, Gauer, and Wood 
(1951)), to be in excess of 1000 cps, the necessity for a 
step-input generator with a very short rise time was appar
ent® The shock-tube method of generating a step-pressure 
input was chosen®

The design and analysis of the performance of the 
shock-tube used in this work are fully discussed in Chapter 
2® Due to certain technical restrictions, it was necessary 
to build a burst-diaphragm device to calibrate the systems 
of the first category discussed above® The design and 
performance analysis of the burst-diaphragm device is given 
in Chapter 3®



CHAPTER 2

THE SHOCK TUBE AS A PULSE GENERATOR

Theory
 .... mu,r*-Iii

The thermodynamic flow theories for normal shocks 
and unsteady, one-dimensional, shock-waves have been 
treated in detail in a number of publications. Among the 
most complete treatments is Shapiro8s (1953, 1954)® The 
brief theory presented below is limited to the essentials 
pertaining to the design and operation of a shock-tube as 
a device for the generation of a step pressure input for 
gage performance studies. The equations used are either 
derived or quoted directly from the above-cited reference.

Consider a long tube which is initially separated 
into two parts by a diaphragm, on the left side of which 
is a high-pressure gas at rest, and on the right side is 
the same gas at rest at low pressure (Figure la). The 
temperatures, and thus the sonic velocities in the two 
masses of gas are the same. If the diaphragm is suddenly 
ruptured, a right-travelling shock wave propagates into 
region 1, and a left-travelling rarefaction wave propagates 
into region 3, as shown in Figure lb at t^v

11



12
Across the shock wave, from region 1 to region 2, 

there is an entropy discontinuity accompanied by an imme
diate rise in the pressure, temperature and density. The 
ratio of the pressures on either side of the shock wave is 
given by

P_/P1 - 1 + -2^ (M2-l) (1)

where Y is the specific heat ratio, P is the absolute pres
sure, and M is the Mach Number of the shock wave.

The pressure ratio across the shock, and thus the 
shock wave velocity, is related to the initial conditions 
before diaphragm burst by the expression

The rarefaction wave moves into region 3 with the 
velocity of sound. Because of the passage of the rarefac
tion wave, the gas particles in region 4 are set in motion 
toward the right. At the trailing edge of the rarefaction 
wave, the particle velocity in region 4 is the same as that 
in region 2.

Since there is no entropy change between regions 3 
and 4S but there is an entropy increase across the shock



from regions 1 to 2, a contact surface separates the gas 
masses in regions 2 and 4® The contact surface represents 
a temperature and density discontinuity between the two 
regions, but the velocities and pressures in regions 2 and 
4 are the same.

where u is the velocity of the gas, c is the speed of 
sound in the gas.

primary shock will be reflected leftward with increased 
strength. If the end of the tube is open, the shock wave 
moves out the end and a rarefaction wave propagates left
ward from the open end into region 2, as shown in Figure 1@ 
at t2®

primary rarefaction is reflected as a rarefaction and moves 
rightward into region 4# as shown in Figure le at tg.

the expansion chamber of an open-ended shock tube, the 
pressure step input is essentially turned on at the instant 
the shock wave passes the test section. The pressure step 
then remains at a constant magnitude until one of the

(3 )

If the expansion end of the tube is closed, the

From the closed end of the compression chamber, the

If a pressure transducer is located in the side of



rarefaction waves arrives at the transducer® Thus the 
duration of the constant pressure period is a function of 
the length of the shock tube and the velocities of the 
shock and rarefaction waves.

.While the primary shock reaches the velocity

Vshock - ^  (4)

(where M may be computed from equation 1), within a frac
tion of a second after the diaphragm burst, the reflected 
rarefaction waves do not travel at constant rates through 
the expansion fan. Schweppe (1963b) recommends that, for 
conservative design, the leading edge velocity of the 
reflected rarefaction from the closed end of the compres
sion chamber be given the value

It = u4 + c4 ,5)

For the velocity of the rarefaction wave moving 
left from the open end of the expansion chamber, the author 
chose to use

dx =, c (6)dt 2

for conservative design®
The thickness of a shock wave in air is dependent 

upon the Mach Number of the wave and the state of the gas.
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but is of the order of a few mean free molecular paths even 
at very low Mach Numbers. Shapiro (1953) gives a variation 
for the thickness of a normal shock at standard atmospheric 
temperature and pressure of approximately 10“^ inches at 
M *» 1.0007 to 10~4 inches at M — 1.08. The shock becomes 
increasingly thinner as M increases. This fortunate situa
tion allows the generation of step inputs whose rise time 
can be on the order of 10”9 seconds, as reported by Cowan 
and Hornig (1950).

Since cardiovascular pressures to be measured in 
most work seldom exceed 200 mm Hg (3.87 psi) above atmos
pheric, this value was chosen for the mean design pressure 
step.

The allowable length of the tube was limited by 
space available in the laboratory. It was desirable to 
keep the length of the tube below four feet.

An open-ended expansion chamber with side-gage 
location was chosen because at the low wave velocities 
associated with low pressure steps, this configuration 
gives a slightly longer pressure step than the closed-end 
expansion chamber with end-gage location for the same mag
nitude of pressure step and tube length. To maximize the 
length of the pressure step and minimise tube length, the
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test section should be located so that both reflected rare
factions arrive at the transducer simultaneously®

Because of fluid flow and diaphragm burst character
istics, the gas moving into region 1 must travel a certain 
distance from the diaphragm before a plane shock wave is 
fully formed® Shapiro (1953) has reported that experimental 
evidence indicates that the distance required for the shock 
to become fully developed varies between 9 tube diameters 
for a Mach Number of 1.8 to 14 tube diameters for a Mach 
Number of 4«2.

In the final design, a one-inch inside diameter 
tube with a compression chamber 1.041 feet long and an 
expansion chamber 2.0 feet long was constructed. The test 
section was located one foot from the diaphragm. The 
theoretical time-distance history of the flow for the mean 
design pressure step is given in Figure 2.

Table 1 gives theoretical performance values for 
various starting conditions. The ambient conditions used 
in obtaining these values and in the design.-of the shock 
tube were T = 540® Rankine, and P = 699 mm Hg absolute 
(13.51 psia)o These are average day-to-day conditions in 
the laboratory where the shock tube is used. A constant 
'X- 1.4 was used.
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TABLE 1

Theoretical Performance Values Under 
Various Starting Conditions

Starting
Conditions Theoretical Performance

Pg P-, Pressure Step, Mach # Pulse
^2~^1 Duration

914 mmHg 699 mmHg 100 mmHg 1.061 1.69 msec
(17.68 psia)(13.51 psia) (1,93 \psi)
1167 mmHg 699 mmHg 200 mmHg 1,116 1,64 msec
(22.58 psia) (>.87 psi)
461 mmHg 699 mmHg >00 mmHg 1,170 1.58 msec
(28.>0 psia) (5-81 psi)

The completed shock tube assembly is shown in Fig
ure >. The material chosen for the tube was pre-shrunk 
Plexiglas tubing of one-inch inside diameter and 1/4 inch 
wall thickness. This selection was based on the non- 
corrosive properties, poor heat conducting characteristics, 
ease of machining and joining, light weight, and very smooth, 
non-wavy walls, clean-appearance, and low cost of Plexiglas 
as compared to non-corrosive, seamless metal tubing.

Flanges and mounts were machined from 1/2-inch 
thick Plexiglas plate. The end plug and diaphragm burst- 
plunger guide were machined from solid blocks of Plexiglas. 
Joining was accomplished by chemical welding with a plastic 
cement having methylene chloride as a base.
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Selection of a good diaphragm material was a prob

lem. The diaphragm should quickly rupture from the center 
outward in "opening petal" fashion. Ideally, the material 
should be stressed almost to its bursting point when the 
burst mechanism is activated. The low range of compression 
chamber pressures required the use of very thin diaphragm 
materials, and these tend to bow out under pressure. This 
curvature affects the shape of the shock wave. The material 
finally selected was 0.001 inch thick Red Zip cellophane. 
This had excellent rupture characteristics and the center 
had only about l/8 inch displacement under 1100 mm Eg 
(21.3 psi) pressure.

Several types of burst mechanisms were tried. A 
stiff spring released by an electrically operated solenoid 
and plunger was found to be best® A detail of the dia
phragm seat and burst mechanism is given in Figure 4®

The gas supply system consisted of a tank of dry 
air which fed the compression chamber through a system of 
1/4 inch Eastman Imperial plastic tubing. A control valve 
was used between the pressure regulator on the tank and 
the inlet to the compression chamber. Another control 
valve for the static pressure monitor was installed in the 
feed line between the inlet valve and the compression 
chamber. The compression chamber pressure was monitored



with a 30“inch mercury manometer, A pres sure-relief valve 
was installed directly into the side of the compression 
chamber.

The tips of the pressure pickups of the transducer 
systems to be tested'were held flush to the inside of the 
expansion chamber wall by l/l6-inch plastic tubing connec
tors. These were drilled through to inside diameters 
slightly larger than the pickups® India rubber gaskets 
were used in the tube connectors® This gave an air-tight 
seal without crimping the catheter.

Performance
The actual performance of the tube, as indicated 

from the performance records of the SF-1 pressure trans
ducer, gave pressure steps slightly lower than the theoret
ical values® The magnitude of the actual steps was 
within 5% of the theoretical values, however® The duration 
of the pressure steps was slightly longer than the theoret
ical values. This could not be measured precisely, but 
it is estimated that the actual duration was 0®1 to 0.2 
msec longer than the theoretical constant pressure periods® 
Undoubtedly, the real performance differs from the theoret
ical performance due to viscous losses, deceleration due 
to boundary layer growth, and energy losses during dia
phragm burst® Design rarefaction velocities calculated



20
from Equations (5) and (6) were probably over-conservative. 
This would, in part, account for the longer actual duration 
of the step.

To measure the real performance of the shock tube 
precisely, a system to measure shock velocities should be 
used. Due to the low pressure ratios and Mach Numbers 
involved in this work, it was judged that the real perfor
mance would correspond sufficiently close to isentropic 
flow and normal shock theory, so that velocity measuring 
equipment would not be necessary. Experimental results 
of several workers, discussed by Shapiro (1954), support 
this position.

The shock tube proved an excellent method for test
ing both the Statham-Ford SF-1 and the Gauer Micromanom
eter pressure transducers. Both have high natural frequen
cies and the miniature pickups are at the sensing end of 
the catheter, directly exposed to the pressures in the 
shock tube.

The group of intracardiac pressure measuring sys
tems which consist of a transducer and fluid-filled cathe
ter all had natural frequencies below 70 cycles per second. 
Due to the long natural periods, as compared with the 
short step duration, the shock tube input is seen as an 
impulse pressure function. But the use of the shock tube 
as an impulse function generator was of no practical value
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because immediately after the passage of the impulse, and 
before any appreciable response of these rather slow trans
ducer systems, acoustic oscillations which had higher fre
quencies than the resonant frequencies of the systems 
being tested were set up in the shock tube.

Acoustic oscillations are a function of the tube 
dimensions, velocity of sound in the gas inside the tube, 
and the end conditions. The solution of the well-known 
wave equation

where - V, the velocity vector, and c is the speed of
sound in the fluid, yields, for frequency modes in the 
longitudinal direction in a cylindrical tube with one 
closed end,

fn = c/ A n  (8)
where fn is the frequency in cps of the oscillations of 
mode n, and is the wave length of mode n. In this par
ticular instance, X ” 4L,* where L is the tube length in 
feet.

The theoretical primary acoustical mode has a fre
quency of, assuming a gas temperature of 580° Rankine,

* Neglecting a very small correction based on the 
diameter.
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f]_ = 1140/(4*3.041) = 93*7 cps (9)

The actual frequencies of these oscillations were measured 
with both the Gauer and SF-1 transducers. The actual fre
quencies were within + 1.5 cps of the theoretical frequen
cies.

The acoustical wave phenomenon limits the useful
ness of the shock tube as an input function generator to 
the study of transducer systems with relatively high 
natural frequencies. Caution must be exercised to study 
only that part of the response which occurs in the dura
tion of the step input.

Obviously, the duration of the pressure step can 
be increased by increasing the length of the shock tube, 
and rather long lengths may often be required. To obtain 
an 8.0 msec step duration for a 200 mm Hg (3 «87 psi) 
pressure step under the ambient conditions previously dis
cussed, the required shock tube length is in excess of 12 
feet. To calibrate a gage with a low natural frequency 
of say, 40 cps, a shock tube over 60 ft. long would be 
required to give adequate pressure step duration. The 
shock tube used in this work, with its compact size and 
short step duration, was adequate only for the testing of 
under-damped transducers with natural frequencies above 
900 cycles per second.
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CHAPTER 3

A DECREASING STEP FUNCTION GENERATOR

To test pressure transducers with low natural fre
quencies, a step function generator should provide a long 
duration positive or negative pressure step. In this 
study, a burst diaphragm calibrator was built to give a 
pressure step of essentially infinite duration by suddenly 
changing the input pressure from a positive value above 
atmospheric to atmospheric pressure. The device was used 
to test fluid-filled gage-catheter systems.

The burst diaphragm device, shown in Figures 5 and 
6, consists of a small, conical pressure chamber machined 
into a solid block of Plexiglas, The base of the cone 
forms an opening which is covered with a thin cellophane 
diaphragm. The diaphragm is held in place by a ported 
pressure plate and rubber O-ring seal, slightly larger 
than the conical opening of the pressure chamber.

The catheter tip of the system to be tested is
inserted into the pressure chamber through a port drilled 
through the block, passing from the rear in through the
apex of the conical chamber. A l/16-inch plastic tubing

2?
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connector with an India rubber inner gasket holds the cath
eter tip in place and completes the pressure seal.

The chamber is pressurized with air by the pumping 
apparatus of an ordinary blood pressure measuring manom
eter, less the cuff, through a narrow port which passes 
from a needle valve in the top of the block to the inner 
wall of the pressure chamber. When the desired positive 
pressure is obtained in the chamber, the inlet valve is 
closed and the diaphragm ruptured by releasing the free end 
of a spring under tension against the diaphragm. The high 
pressure air inside the chamber is expelled into the sur
rounding atmosphere, and the gage-catheter system is sub
jected to a decreasing pressure step.

The chamber pressure is monitored by a 200 mm mer
cury manometer.

The input pressure should drop to atmospheric in a 
far shorter period than the natural period of the slowest 
transducer to be tested. Furthermore, the diaphragm burst 
characteristics should be such that the diaphragm does not 
bow inwardly when struck by the burst device, since such 
bowing may cause a momentary, sensible increase in the 
chamber pressure before the sudden drop. The device built 
by the author achieved a 200 mm Hg pressure drop in less 
than lO"^- seconds, as measured with a Statham-Ford SF-1 
pressure transducer.
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The purpose of the conical shape of the chamber is 

to cause accelerating out-flow of the high pressure gas 
and to focus any acoustic reflections outside of the pres
sure chamber.



A. Front View

B. Side View 

Fig. 5 Burst-Diaphragm Calibrator
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CHAPTER 4

EXPERIMENTAL PROCEDURE AND TEST RESULTS

General
A wide variety of intracardiac pressure measuring 

systems was subjected to static and dynamic testing to 
determine their performance in the physiological range of 
interest. Table 2 lists the transducer types and asso
ciated electronic equipment used in the dynamic calibra
tion.

For standardization of dynamic results, the same 
set of intracardiac catheters was used in the dynamic 
testing of all the systems requiring a catheter. The 
catheters used are listed in Table 3, and will henceforth 
be referred to only by their size number. It should be 
pointed out, however, that there is considerable variation 
between the inside diameters of catheters having the same 
size numbers but which are made of different materials.
For this reason, the dimensions given in Table 3 refer only 
to a specific catheter made by the United States Catheter 
and Instrument Corporation, Glens Falls, New York.

The working fluid used in the fluid-filled systems 
during dynamic testing was Isotonic Sodium Chloride

32
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Solution manufactured by Abbott Laboratories, North 
Chicago„ Illinois, or freshly boiled distilled water„ The 
Sodium Chloride Solution was used primarily to obtain the 
frequency response of the systems, since it is the normal 
working fluid during a cardiac catheterization. Distilled 
water was used when studying various variable effects on 
frequency response.

Static Tests
Static calibration was carried out to determine the 

linearity, base-line stability, and sensitivity of the 
transducers in the range zero to 200 mm Hg (3.8? psi), at 
room temperature and at 37®C, by direct application of 
compressed air to the sensing element or catheter tip. 
Applied pressures were monitored with a mercury manometer. 
Thermostatically controlled heating pads were used to apply 
heat to the transducers and catheters during tests at 
elevated temperatures, and the temperature levels were 
measured with a mercury-filled glass thermometer.

Each transducer system was subjected to static 
calibration in the range zero to 200 mm Hg (3.87 psi) in 
10 mm (0.1934 psi) increments, then from 200 mm Hg back 
down to zero at room temperature. The heating pads were 
then applied and the base-line drift due to a temperature 
increase was noted. When a constant elevated temperature
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as close to 37°C as possible was reached, the same tests 
as at room temperature were performed. Each test was car
ried out three times.

The results of the static calibrations are given 
in Table 4° Excitation voltage was 5 volts RMS at a car
rier frequency of 2400 cps. The Sanborn 550M Recording 
System was used with all the transducer systems in the 
static calibration. Hysteresis, as used in the table, 
refers to the output deviation, or offset, at a given 
pressure level between the increasing pressure curve and 
the decreasing pressure curve. Curvature signifies the 
deviation of either the increasing or the decreasing pres
sure static calibration curve from a straight line. None 
of the transducers tested exhibited dead zones. Saturation 
was evident above 190 mm Hg (3.68 psi) with the Gauer 
transducer, but none of the other systems exhibited this 
phenomenon in the range tested.

All systems using fluid-filled catheters were sensi
tive to any motion of the catheter. The change of gravity 
head on the sensing element when the catheter tip was 
raised or lowered a few inches above the level position 
significantly affected the zero position of the base-line. 
The Gauer transducer, which employs a soft iron core moving 
between two transformer coils, exhibited a small base-line 
shift of about 3 mm Hg (.058 psi) between a sensing element



TABLE 2
List of Transducers Tested and Dynamic Method

Transducer Principle
Statham-Ford SF-1 
(Ser. Numbers 219, 
258, 314)

Direct sensing 
by unbonded 
strain gage

Electronic Equipment 
Used in Dynamic Cali
bration

Input Function 
Generator

Ellis BAM-1 Bridge 
Amplifier with frequency 
response flat within 5% 
to 20,000 cps.
Tektronix 564 Dual Beam 
Storage Oscilloscope 
with frequency response 
flat from DC to 4 mega
cycles

Shock Tube

Gauer-Gienapp
Manometer 
(TMC Numbers 
1, 2)

Direct sensing 
by variable 
inductance .

Telemetry system of the 
Space Division of Kitt 
Peak National Observa
tory, Tucson, Arizona. 
System as used in this 
application flat to 
4800 cps.

Shock Tube

v>



TABLE 2 (Contd)

Transducer
Statham P23Db 
w/catheters 
(Ser. No. 7783)

Sanborn 276b 
w/catheters
(Ser. Numbers 
LFU. CPU)

Pace P95 
w/catheters 
(Ser. No. 13998)

Principle
Electronic Equipment 
Used in Dynamic Cali
bration

Input Function 
Generator

Indirect sensing Sanborn 550M Recording Decreasing
through catheter System. 350-llOOA carrier Step-Function
by unbonded strain amplifier frequency Generator
gage response down 3. db at 120 (DSFG)

cps, recorder frequency 
response flat to 500 cps

Indirect Sensing 
through catheter 
by differential
transformer

Sanborn 550M 
Recording System

DSFG

Indirect sensing 
through catheter 
by variable 
inductance

Sanborn 550M Recording 
System

DSFG

Statham Transducers, Inc., Hato Rey, Puerto Rico
Sanborn Company, Medical Division, Waltham 54, Massachusetts
Pace Engineering Company, North Hollywood, California
Prof. Dr. Otto H. Gauer, Physiologisches Institut der Freien Universitat Berlin, 

Berlin, Germany
u>
ON
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TABLE 3

Intracardiac Catheters* Used in Dynamic Testing

Inside
Size Diameter
Number Group Length, (minimum) Material
5F TSP-35 126 cm o034 in Teflon
6F Iray 128 cm <>036 in Plastic Coated 

Woven Dacron
7F DSP-35 127 cm .046 in Plastic Coated 

Woven Dacron
8F TSP-45 126 cm .064 in Teflon

^Manufactured by United States Catheter and Instrument 
Corporation, Glens Falls, New York



TABLE 4
Typical Results of Static Calibration

Transducer

Hysteresis 
as % of 
Output for 
200 mm Hg Input

Curvature as % 
of Output for 
200 mm Hg Input Zero Drift Sensitivity 

27*0 37®C
Statham SF-1 
(Ser.No. 258)

1.7% at zero 
mm Eg

< 1% -4.26 mm 
Hg/eC

,81mv
iOOmmHg

.73mv
IDOmaiHg

Statham P23Db 
(Ser. No,
7783)

< 1% <1% <0.1 mm 
Hg/®C

3.OOmv
IOOmmHg

2,98mv 
IOOmmHg

Gauer(me No, i) <1% 0 to 185 mm 
Hg, <1%
Above 190mm Hg, 
saturation occurs 
with 3% curvature 
at 200 mm Hg

+0.4 mm Hg/®C
1.50mv 

IOOmmHg
1.50mv

IOOmmHg

Sanborn 267B 
(Ser, No, LFU) <1% <1% +0.33 mm 

Hg/®C
20.0mv

IOOmmHg IOOmmHg
Pace P95 (Ser. No, 
13998)

1% at 7 
rmn/Hg

2.4% in range 
zero to 6mm Hg 
< 1% from 6mm Hg 
to 100mm Hg. Not 
designed for oper 
ation above 2 psi

+0.3 mm Hg/®C
48.20mv 

IOOmmHg 48.18mvIOOmmHg
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position in which the end of the core in contact with the 
rubber diaphragm was pointing vertically downward to a 
position pointing vertically upward.

With the exception of the SF-1 transducer, the sen
sitivity of the transducers did not significantly decrease 
at the elevated temperature. The SF-1, however, had a 
loss of approximately 10$ in static sensitivity, and a 
base-line drift of -42.6 mm Eg (-0.825 psi) in a 10°C tem
perature increase.

Frequency Response Calibration 
To determine the frequency response characteristics

of the Statham SF-1 and the Gauer transducers, each was 
submitted to twelve.step pressure inputs of 100 mm Eg 
(1.934 psi) magnitude and twelve of 200 mm Eg (3.87 psi) 
magnitude. The Statham P23Db and Sanborn 26?B transducers 
were tested a minimum of six times with 200 mm Eg (3.87 
psi) pressure steps and six times with 100 mm (1.934 psi) 
pressure steps with each of the catheters listed in Table 
3. The Pace P95 was tested a minimum of six times with 
50 mm Eg (0.968 psi) pressure steps and six with 100 mm Eg 
(1.934 psi) steps with each catheter. The recorded tran
sient responses were submitted to data analysis by the 
method discussed in detail in Appendix A.
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Typical response records are shown in Figures 7 

through 10. The response record shown for the Sanborn 26?B 
with 8F catheter in Figure 9 is also representative of the 
general shape of the response records of the Statham P23Db. 
The response shown for the Gauer transducer is a graphical 
reproduction of the output of the telemetry system used 
to record the transducer response. Unfortunately, no 
demodulating carrier amplifier with adequate range of flat 
frequency response was available for testing the Gauer 
transducer. The modulation of the carrier frequency is 
the response of the transducer. This method is not highly 
accurate, but was the best available.

With the exception of the SF-1, all the response 
records are typical of the classical response of under
damped second order systems. The SF-1 response shows 
deviation from the classical response in the first three 
or four cycles. The reason for this is not understood, 
but it is speculated that it may arise from a momentary 
coupling of longitudinal and transverse vibrations of the 
transducer8s strain tube. The strain tube is designed to 
vibrate primarily in the transverse direction. There is 
always the possibility that the irregularity is a nonlinear 
effect, such as a nonlinear spring constant. In the data 
analysis, the SF-1 was treated as a linear second order 
system, and the dynamic constants were determined from that



Fig. 7 Response of Statham SF-1 Trans
ducer to 200 mm Hg Step Input 
with Shock Tube (Horizontal 
Scale, 0.5 msec Aiiv)

Fig. 8 Initial Portion of Transient
Response of Statham SF-1 Transducer 
to 200 mm Hg Step Input (Horizontal 
Scale, 0.1 msec/div, Retouched)



Fig. 9 Response of Sanborn 267B Transducer 
with Saline-Filled #8F Catheter to 
200 mm Hg Decreasing Pressure Step 
(.04 sec Between Vertical Lines)

Fig. 10 Response of Pace P95 Transducer with 
Saline-Filled #8F Catheter to 200 mm 
Hg Decreasing Pressure Step (.04 sec 
Between Vertical Lines)
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Fig. 11 Response of Gauer Transducer to a 200 mm 
(3.87 psi) Pressure Step. (Step Duration
1.8 msec.)
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portion of the response which may be considered regular. 
This is justifiable only when the range of normal operating 
frequencies is far removed from the resonant frequency of 
the SF-1.

In all cases tested, the dynamic constants of the 
transducer systems were independent of the magnitude of 
the step input.

Frequency response curves for all the transducer 
systems tested are given in Figures 11 through 19.

During dynamic calibration, the test conditions, 
listed below were carefully controlledi

1. Any record taken when the input was not char
acterized by a near perfect diaphragm burst 
was discarded.

2. Theoretical values for the shock tube pressure 
steps were controlled by continuously adjusting 
the compression chamber pressure in accordance 
with prevailing ambient pressure and tempera
ture conditions.

3. Sensing elements of the SF-1 and Gauer trans
ducers were mounted flush to the inside wall 
of the shock tube.

4. Transducers and catheters were protected from 
vibration. Fluid-filled catheters were kept



straight and taut and were supported over their 
entire length by toweling.

5. Fluid-filled systems were kept as free of air 
bubbles as possible.

6. Fluid-filled systems were flushed between each 
test and the system releveled to avoid gravity 
head effects.

7. The same set of catheters was used with each 
transducer tested.

8. Data for the standard frequency response 
curves was taken only at room temperatures in 
the range 26 to 28*0.

The claim of a "standard” frequency response curve 
for transducer systems tested under the conditions outlined 
above is somewhat difficult to justify since the test con
ditions do not realistically compare with those under 
which intracardiac pressure measurements are taken during 
cardiac catheterization. The test conditions were imposed 
mainly for control of the experimentation and to give 
reproducibility of the comparative experimental data. The 
dynamic calibration obtained in this manner does give a 
critical comparison of the frequency response characteris
tics of the instruments tested.

It is apparent from Figures 12 through 1? that 
(since all catheters are essentially the same length) the



smaller the catheter diameter, the lower is the natural fre
quency, 6Jng of the system. Further, when catheters of one 
type of material are considered, it is seen that decreasing 
the inside diameter increases the system damping ratio, ^ . 
It is of interest to note that while the 6F and 5F cathe
ters used in this work were of practically the same inside 
diameter and length, and yielded natural frequencies within 
about one cycle per second of each other, the 5F catheter 
consistently gave a lower damping ratio than systems using 
the 6F. This is attributed to the fact that the inside 
wall of the Teflon catheter is hydrodynamically smooth, 
while the inside wall of the woven Dacron catheter is 
rough. Increased fluid friction at the wall increases the 
damping. Comparing the woven Dacron 7F catheter with the 
6F, and the Teflon 8F catheter with the 5F, it is observed 
that natural frequency increases and damping decreases as 
catheter inside diameter increases. The Dacron 7F catheter, 
however, has higher damping than the 5F, even though the 
inside diameter of the 7F is larger. This is again the 
effect of friction at the rough wall.

None of the fluid-filled gage-catheter systems 
tested achieve the desired sinusoidal output amplitude of 
95% or better of sinusoidal input amplitude at 20 cps.
With the 8F catheter, which gives the best frequency 
response, the Statham P23Db and the Sanborn 267B systems
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both have magnification factors of 1.05 at 16 cps. The 
Pace P95 system reaches a magnification factor of 1.05, 
the 95% point, at only 2 cps.

Phase lags at input frequencies below 20 cps are 
less than 10 degrees for all catheters, with the Statham 
P23Db, less than 10 degrees for frequencies below 17 cps 
with all catheters and the Sanborn 267B, and less than 10 
degrees for frequencies below 2 cps .with the Pace P95•

The Gauer and Statham SF-1 transducers both have 
quite high natural frequencies and, in theory, should give 
flat response with negligible phase lags for all hemo
dynamic frequencies of interest to the physiologist. In 
practice, the frequency response of a system using these 
transducers will probably be limited by the amplifier per
formance. Most amplifiers currently used in intracardiac 
catheterization have frequency response characteristics 
similar to those of the Sanborn 3 50-1100B carrier preampli
fier, which is down 3db at 120 cps, and falling at the 
rate of 12db per octave at 340 cps.

To the knowledge of the author, results of dynamic 
testing of the Pace P95 and Statham SF-1 transducers have 
not previously been published. The P95 is an experimental 
transducer not on the market at this time, and manufactur
e r s  specifications on the dynamic response have not been 
issued. The SF-1 is on the market, but the manufacturer's
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specifications simply state that the frequency response 
range extends into the phonocardiographic region® Mr® Jess 
W. Bums, Vice President, Technical Sales, of Statham 
Instruments, Inc®, stated in a letter to Dr® Thomas P® K® 
Lim, Director of the Cardiopulmonary Laboratory at Tucson 
Medical Center, that the dynamic response of the SF-1 is 
flat to about 1000 cps® The results obtained by the author 
substantiate this statement®

Data from dynamic testing of the Gauer transducer, 
published by Gauer and Gienapp (1950) gave the values of 
1000 cps for the natural frequency and 0,34 for the damping 
ratio® Fry, et al® (1957), however, gave a value of 980 
cps for the resonant frequency and an output-to-input 
amplitude ratio of 12,85 at resonance, which would corre
spond to a damping ratio of approximately 0.04. The 
results of the author®s tests on the Gauer transducer were 
965 cps and 0.32 for the natural frequency and damping 
ratio, respectively. Fry used a Sanborn DC 67-300 ampli
fier in his tests of the Gauer transducer, and this ampli
fier has a frequency response which is down 3 db at around 
150 cps® The method used by Fry to obtain the frequency 
response characteristics of a transducer whose resonant 
frequency is outside the range of flat response of the 
accompanying amplifier was not explained in his paper.
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The Statham P23Db transducer was tested extensively 

by Fry (1957) with several catheters. Fry reported a reson
ant frequency of 45 cps and an output-to-input amplitude 
ratio of 3.55 at resonance when using a 6F catheter. The 
resonance amplitude ratio corresponds to a damping ratio 
of 0.141. The author9s results for this transducer were 
a natural frequency of 45«706 and a damping ratio of 0.148, 

i which checks with Fry9s data. The resonant frequencies 
determined by Fry for larger diameter catheters, however, 
were generally lower than those observed by the author.
This does not put Fry9s results in question, because the 
larger diameter catheters used by Fry were all at least 
25 cm longer than the ones used in this work. Also, there 
is no guarantee that, for example, an 8F catheter used by 
Fry had the same inside diameter or was of the same mater
ial as the 8F catheter: used by the author.

Other than the manufacturer9s data, no test result's 
have been previously published for the Sanborn 267B trans
ducer. The manufacturer9 s specifications give the fre
quency response of the transducer using a transmission line 
consisting of 75 cm of PE 50 tubing as approximately 36.5 
cps and 0.18 for the resonant frequency and damping ratio, 
respectively. No direct comparison between this informa
tion and the tests results obtained with catheters can be 
made.
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The effects of several individual variations of 

environmental and system parameters which might be encoun
tered during an actual catheterization were studied® The 
results are discussed below®

Air in Instrument Lines
Minute air bubbles in fluid-filled gage-catheter 

systems lower the natural frequency and increase the damp
ing ratio, A small air bubble* purposely left in a system 
comprised of a Sanborn 267B transducer with 8F catheter, 
lowered the natural frequency from 66,8 cps to approxi
mately 2 cps, and increased the damping ratio from 0,17 to 
0,24® While in practice, the effects are not usually so 
dramatic; haphazardness in flushing and filling the system 
can severely limit the range of dynamic performance. To 
obtain reproducibility of experimental data, it was neces
sary to flush each system repeatedly and test after each 
flush until no improvement on the natural frequency could 
be made. When the highest possible resonant frequency was 
attained, the set of tests for a particular gage-catheter 
combination was made. To ensure that a small air bubble 
was not drawn into the system during a test, the system 
was given a short saline flush between successive tests.

The technique of expelling air from the system 
with carbon dioxide, which is more soluble in saline than
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air, before filling with the working fluid, was suggested 
by Yanof, et al. (1963)® This technique was used for some 
of the testing and it unquestionably saves time. The 
method is not practical where sterile conditions must be 
maintained, however, and if care is taken in filling the 
system, a long flush with the working fluid works just as 
well.

By putting the catheter tip under a liquid surface 
while filling and flushing the system from a fluid supply 
connected at the transducer, one can tell when the system 
is reasonably free of air. If any trapped air remains 
after the bubbles have stopped emerging from the submerged 
catheter tip, the system usually has to be taken apart, 
drained, and the whole procedure started over. This can 
be quite time consuming, but is absolutely essential to 
obtain reproducible data.

Motion Effects
The probable effects of respiratory and cardio

vascular motion on the pressure measuring systems were 
studied by subjecting the catheter tips to random angular 
and linear motions of small magnitude. The Statham SF-1 
transducer was relatively insensitive to motion. The 
Gauer transducer demonstrated fluctuations of approximately 
+ 3 mm Hg under linear motion and t 4 mm Eg under pendular
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motion6 The fluid-filled gage-catheter systems, without 
exception, were subject to severe fluctuations of output 
due to catheter motion* Base-line shifts of up to + 50 mm 
Eg were observed under angular or linear motion. Such 
errors would affect the shape of a recorded pressure pulse 
and the base-line stability of the system during catheter
ization.

Temperature Effects 
 ̂ To determine the effects of temperature on dynamic 

response, the Statham P23Db and Sanborn 26?B systems with 
7F and 8F catheters were tested with decreasing pressure 
steps after warning to 40°C with heating pads. With the 
8F Teflon catheter, no appreciable difference between the 
response at room temperature and at 40®C was noted. With 
the 7F woven Dacron catheter, however, the effect was a 
lowering of the natural frequency by approximately 5 cps 
and an increase of the damping ratio by approximately 10%. 
This effect, which was previously observed by Fry (1957)* 
is attributed to the softening of the catheter wall. Such 
softening would lower the spring constant of the system.

Just how significant the observed temperature 
effect would be during an actual catheterization is diffi
cult to judge, since when the catheter is in position in 
the cardiovascular system at an elevated temperature, it is
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also subjected to higher outside pressures, due to the 
blood vessel elastance and fluid pressure, than it would be 
during the tests at atmospheric pressure described above. 
Higher surrounding pressure could offset the effects of 
wall softening.

The dynamic response of the Statham SF-1 and Gauer 
transducers was not measurably affected by the temperature 
increase, excepting the loss in sensitivity previously 
mentioned in the discussion of static response.

Effect of Bends in the Catheter 
The effect on dynamic response of bends in the 

catheter tips, similar to those which would occur while in 
the cardiovascular system, was negligible. This might well 
be expected, since the length-to-diameter ratio of the 
catheters is 100 to 1 or greater.

Effects of Transmission Line Length 
To study the effects of transmission line length 

on the dynamic performance of fluid-filled gage-catheter 
systems, dynamic testing with two different transducers 
and three different transmission lines whose lengths were 
varied over a wide range was carried out. The results of 
this testing shows that the natural frequency of these 
systems is proportional to the inverse of the square root
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of the length of the transmission line, while the damping 
ratio is roughly proportional to the length of the trans
mission line.

Figure 20 shows the experimental natural frequen
cies determined at various lengths for three gage-catheter 
combinations. The 7F and 8F catheters were those used for 
the previous dynamic calibration. They were cut off in 
increments of 20 cm for this experiment. The PE 200 tubing 
is polyethelene plastic surgical tubing manufactured by 
Clay-Adams, Inc., New York, New York.

The curves about which the points are plotted in 
Figure 20 have the equation

CUn = (10)
-{x~

where g(x) is dependent upon undetermined dynamic parameters 
of a given system. The term g(x) was determined analytic
ally from the experimental data. In all cases, g(x) was 
approximately of the form

g(x) = ax + b a,b = constants
(11)

The empirical expression for thus obtained 
appears to be valid in the range of catheter lengths Stud
ied, but U?n is obviously limited to an upper value equal
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to the natural frequency of the transducer alone rather 
than to approaching infinity as x approaches zero, as 
implied by Equation (10)„

Figure 21 shows the variation of damping ratio with
length. In each case, the damping ratio varies roughly 
according to

It is interesting to note that, in contrast to the stiff- 
walled catheters, with the soft-walled polyethelene tubing, 
the damping appears to remain fairly constant over a wide 
range of frequencies.

wall softness on dynamic performance of the pressure meas
uring system can be made from curves 2 and 3 of Figures 20 
and 21. The PE 200 tubing has an inside diameter of 0.055 
inches compared with the inside diameter of 0.046 inches 
for the 7F catheter. Both were tested with the same 
Sanborn 267B transducer. The inner wall of the PE tube is 
smoother than that of the 7F catheter, and the inside 
diameter of the PE tube is larger. One might expect from 
the calibration results with catheters only, that barring 
any other effect, the system using the same length of PE

d, e = constants (12)

Effects of Catheter Wall Softness 
A direct comparison of the effects of catheter
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tubing as one with a ?F catheter would have a higher nat
ural frequency and lighter damping. Exactly the opposite 
results were observed. The general lowering of natural 
frequency and increase of damping is attributed to energy 
losses due to flexure of the soft wall under oscillatory 
pressures.

These results are in disagreement with those 
reported by Fry, et al., (1957) who stated that the fre
quency response of systems tested by them using PE tubing 
compared favorably with that of systems using stiff cathe
ters of the same diameter. Yanof, et al., (1963)$ however, 
reported essentially the same results as were observed in 
this work when they tested the Statham P23Gb transducer 
with transmission lines made of PE tubing and also with 
catheters of the same length but smaller diameters than 
the PE tubing.

The loss of frequency response range due to the 
use of soft-walled transmission lines was studied in yet 
another manner. While observing the operational setup of 
intracardiac pressure transducer systems at Tucson Medical 
Center, Tucson, Arizona, it was noted that a length of 
polyethelene tubing was connected between the catheter and 
the transducer. It was explained to the author that this 
was done to give more length and flexibility to the trans
mission line so that it could be handled more easily during



the catheterization and to bridge the distance between the 
point where the transducer was mounted and the point of 
insertion into the patient's body® Due to the fact that 
the operating table had to be moved about during the opera
tion, and the patient was often required to perform certain 
motions while the catheter was in position, the standard 
catheter lengths were sometimes too short® To test the 
effect of this added length of PE tubing, a Sanborn 2?6B 
transducer with transmission lines consisting of 43 cm 
of PE 280 tubing of an inside diameter of 0.115 inches 
connected with standard Luer-Lock connectors between the 
transducer and each of the 5F, 6F, 7F, and 8F catheters, 
was submitted to the same dynamic calibration as was pre
viously carried out. The results, given in Table 5, 
clearly illustrate the dominance of the soft-walled tubing 
over the frequency response.
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TABLE 5
Comparison of the Dynamic Performance of a Gage-Catheter 
System With and Without the Use of Polyethelene Tubing

Transmission Line Extensions

Dynamic Constants Catheter 8F 7F 6F 5F
for 267B Trans
ducer with Cathe- tun cps 31,65 29*33 22,20 19*08
ter and 43 cm of
PE Tubing ^ 0.126 ' 0.150 0.177 0.218

OJ cps* 7*0 7-0 5*0 4*0

Dynamic Constants OJ cps 66.78 54*18 42*13 43*10
for 267B Trans-
ter60nlyth Cathe~ ^  0.079 O.I46 0.172 O.I36

cps* 16.0 13 *0 10.0 10.0

* UJC is the cutoff frequency for a sinusoidal output-to- 
input amplitude ratio of 95$»



CHAPTER 5

A SIMPLIFIED THEORY FOR FLUID-FILLED 
GAGE-CATHETER SYSTEMS

In order to correlate experimental findings with 
predicted dynamic performance, the following elementary 
theory was used.

Consider the pressure measuring system shown in 
Figure 22, The system is composed of a transducer in the 
shape of a cylindrical chamber, one wall of which acts as 
a piston. The instantaneous piston position is dependent 
on the dynamic performance of the system in response to a 
time-varying pressure input transmitted to the face of the 
piston by a long, fluid-filled, rigid tube®

The following assumptions are made:
1, Fluid flow in the transmission tube is laminar, 

and the tube length is much greater than the 
diameter®

2® The fluid is incompressible,
3® Energy losses in the tube are due only to 

viscous friction at the tube wall and 
Poiseuille9s Law holds®

)
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Transmission Tube'Gage

F(t)

Fluid SurfacePiston

Fig. 22 Model of a Fluid-Filled Gage-Catheter System

= transducer spring constant
f^ = transducer viscous friction coefficient
m. = effective mass of the transducer and fluid in the 

transducer chamber
v^ = velocity of the sensing element
u-̂  = velocity of a fluid particle in the transducer 

chamber. (u^ = v^)
Aj = effective area of the sensing element 
f2 = viscous friction coefficient for the tube 
m2 = effective mass of the fluid in the tube 
mf = total mass of fluid in the tube 
u2 = fluid particle velocity in the tube 
v2 = average fluid velocity at any point in the tube 
h.2 = cross-sectional area of the tube 
X  » dynamic viscosity of the fluid 
P  = fluid density 
F = force 
P = pressure
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4» The dynamic parameters of the gage and trans

mission tube may be lumped to form system 
parameterso

5o There exists a differential equation of the 
form, (m% + mgjx + (fj + fa)x + k^x = F(t), 
where the dynamic constants are defined in
Figure 22,

The natural frequency of the system, in radians per

The effective mass of the transducer is seldom known, but 
by writing

Klm2 = m 2 + m l 

the natural frequency can be expressed as

second, is

1

Since the force exerted by the spring is 

^spring " klxl



and since under static conditions#

AkixiAP-1 A, A1

we can write

ki ■ Ai ■ ( A p /Av)Ai

where (AP/AV) is obtainable from static measurements and 
is frequently furnished in manufacturer8 s specifications.

The effective mass of the fluid in the tube is 
needed# and must be referenced to the motion of the sens
ing element® Let the kinetic energy of the fluid# as 
exerted at the piston# be defined as

K *E-fluid " H V1

The energy of the fluid in the tube may also be defined as 

K.B.fluid “ (~K„E./unit length"] • L

f 2= L ° \|dm2u2

L/2 • ( (/>dA2 )i 2" 

|U2Ja
But for laminar flow.
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Thus,

KoE, fluid =  1/2 4 / 3 A2t2

or, according to the previous definition.

£m2vl “ L/2 4/3/o A2v 2

Therefore, one can write

m.2 ” 4/3 y A2T2/vl

By continuity,

Thus,

V1A1 V2A2

m2 = 4/3 L/ A1/A2

An equation in known or measurable parameters can 
now be written for the natural frequency.

CaJ
AP A-AV -n

K1 3/,L(a 1/a ,J
f3 H  Ai
4

D, AP
K i ^ L rad/sec
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or, in terms of cycles per second,

D, / -fP '

The damping ratio for the system is defined as

r -
2 + m2)

or, writing K^fg " fg + f^, > 1,

fP= K3 ;----1
2 ,I K^km2

From assumption 3, the pressure drop in the tube
is

AP =

where Qg - y2^2* anc* r the radius of the tube. Assuming 
no losses in the transducer itself, continuity may be 
applied to obtain
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8//£/Ag (A-^/Ap )'V-̂ L

A ?

8 Tfyt/ A-i v-j L
AP - % ■

A*

Since Ap^ = APAn,

but»

1 1 1  28H/W A]L
^^friction “ ““̂ “2 *” v]

2

^friction ”

thus.

and

2 2f2 = STT/f (Ai/A2)L

Q ' K J U i k b k h ' L
HT ^ I 2 2 22 J 4/3 L/̂ A 1/A2( AP/AV)A^

„ K 1 6 ^  3L
4 d| W 7T/3 ( AP/ AV)

Both 6Un and ^ are now in terras of system parameters 
which can be obtained from static measurements, except for 
the constants Kg and K^„ These constants are equal to 
unity if the moving mass of the transducer and the friction
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factor of the transducer are neglected. and simply 
express the fact that if the mass and friction of the trans
ducer were neglected, the predicted natural frequency and 
the predicted damping ratio would be higher and lower, 
respectively, than the observed values.

The expressions obtained for OJn and ^ are, with 
the exception of the constant, similar to those of White 
(1949).

A comparison of predicted and observed values for 
the natural frequencies and damping ratios of the three 
systems tested is given in Table ?. In the calculations, 
the values

// = 2 x 10-5 giugs/ft-sec
and

y/2 = 1.96 SlUgs/ft"^
were used.

Values ©f Kg and obtained by comparing the 
theoretical and observed values are given below.
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TABLE 6
Values of Correction Factors for Theoretical Natural Fre 

quency and Damping Ratio Values

Transducer Catheter —  K, =2 w^theor 4 f theor

Statham 8F ,66 9*1
P23Db

7F ,81 7*1
6F ,80 3*9
5F ,82 2.3

Sanborn 8F .54 16.1
267B

7F ,64 9.3
6F .64 5*2
5F .69 3*5

Pace P95 8F .53 3*2
7F .72 1,2
6F .69 0.9



TABLE 7
Comparison of Predicted to Observed Natural Frequency and Damping Ratio

Transducer AV/ AP Catheter Predicted Value Observed Valu
CUh (cp«,) LOw Ceps') .1

Statham 0.04mm3 8F 108.1 .0056 71.3 .051P23Db iQOmm Hg
(mfgr*.s 7F 73.1 .0182 59.1 .129
data)

6F 57.2 .0380 4 5 . 7 .148

5F 54.6 .0450 44.6 .103

Sanborn 0.03 mm3 8F 124.2 .0049 66.8 .079267B 100mm Hg
(mfgr®s 7F 84.1 .0157 54.2 .146
data)

6F 65.8 .0329 42.1 .172
5F 62.2 .0390 43.1 .136

Pace P95 2.0mm3 8F 15.3 .040 8.1 .126
100mm Hg
(computed) 7F 10.4 .128 7.5 .149

6F 8.1 .266 5.6 .229 -v3
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As predicted. Kg is always less than unity. Kg is 

fairly constant for a given transducer, considering the 
oversimplifications of the theory. K^ can be less than or 
greater than unity but, with one exception, was always 
greater than unity. K^ varies considerably for a given 
transducer. This suggests that Poiseuille*s Law does not 
hold for the system except when the tube diameter is very 
small.

It is noteworthy that the simplified theory pre
dicts that the natural frequency will vary inversely as 
the square-root of the tube length. This fact is confirmed 
by the experimental results of dynamic testing with various 
catheter lengths, previously discussed.

One significant fact pointed out by the data in 
Table 7 is that higher natural frequencies are obtainable 
from those transducers with the smallest LV/ APv This 
is, of course, a measure of the effective area of the 
transducer diaphragm and its stiffness.

Table 6 shows that the theory most closely pre
dicted the actual frequencies of the Statham P23Db systems. 
This transducer has the smallest diaphragm of the three, 
and thus the effective mass of the transducer is small 
compared with the mass of the liquid in the catheter.
As m^ 0, Kg---->1.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The pressure step generators designed and fabri
cated for use in the dynamic testing performed adequately 
when used with the transducers for which they were designed. 
For laboratories exclusively using fluid-filled gage- 
catheter systems, the decreasing step-function generator 
is ideal. Where high performance transducers with natural 
frequencies in excess of 1000 cps are to be tested, a 
short rise-time pressure generator is necessary. The 
shock tube seems to the author to be the best available 
method for generating a step pressure input to a high per
formance gage. As future improved models of intracardiac 
pressure transducers with extended frequency response 
range appear on the market, the shock tube method of test
ing may well be the only practical one.

The major drawback to the shock tube used in this 
work was its very short length. Due to the short dura
tion of the pressure step, highly accurate results were 
obtainable only when the tested transducer had a natural 
frequency above about 5000 cps. Gages with natural
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frequencies below 900 cps could not be tested since the 
pressure step disappeared before an appreciable output 
could be recorded. For this reason, it is recommended that 
a shock tube for gage performance studies be made as long 
as compressible flow considerations and laboratory space 
allow.

The data from calibration of the pressure trans
ducers clearly demonstrate the superiority in dynamic 
response held by the direct sensing, miniature transducers 
over the fluid-filled gage-catheter systems. None of the 
fluid-filled systems tested had a flat frequency response 
to 20 cps. Considering the devastating effect of the 
smallest trapped air bubble on the frequency response 
range of fluid-filled systems, and the difficulty of get
ting these systems completely air free, the dynamic values 
determined in this thesis are probably somewhat higher 
than would be obtained in practical application.

In the.opinion of the author, a fluid-filled gage- 
catheter system with a length of polyethelene tubing added 
between the gage and the cathpter, and which has been 
filled and flushed with no more care than that usually 
recommended in the manufacturer's instruction manual, 
probably can not be depended on to give flat response 
beyond 2 or 3 ops. Considering the large motion artifacts 
likely to be imposed on the response by cardiovascular and
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respiratory motions, it is doubtful that even mean dynamic 
pressure could be accurately read.

When using fluid-filled gage-catheter systems, the 
following recommendations are made:

1. Catheters whose inside diameters are as large 
as possible and whose lengths are as short as 
possible should be used to gain the greatest 
frequency response range. Teflon catheters, 
in general, have larger inside diameters than 
woven Dacron catheters with the same outside 
diameter. From a frequency response stand
point they are more desirable,

2. Where long transmission lines are required, 
they should consist only of a continuous, 
stiff-walled catheter attached directly to 
the transducer. Auxiliary connections, and 
especially polyethelene tubing extensions are 
to be avoided,

3» Prior to use, the system should be repeatedly 
filled, flushed and submitted to dynamic test
ing until the best obtainable frequency 
response is gained,

4» Where practical, a freshly boiled or other
wise degassed working fluid should be used.
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The above recommendations may be impractical as 

part of a day-to-day procedure in a catheterization labora
tory, If so, the advantages of direct-sensing miniature 
transducers become even more apparent.

It amazes the author that miniature transducers 
designed for direct entry into the cardiovascular system 
have not gained more popularity since their introduction 
into the field over ten years ago, A sizable engineering 
effort is needed to perfect such devices, and an informa
tion program is needed to popularize them.



APPENDIX A

ANALYTICAL METHOD FOR DATA ANALYSIS IN DYNAMIC CALIBRATION

The analytical method of data analysis used in this 
thesis was based on the assumption that the transducers 
were well represented by single-degree-of-freedom systems 
characterized by a linear second-order differential equa
tion of the form

mx + fx + kx “ F(t)

where m = the moving mass of the system
f = the coefficient of viscous friction
k = the spring constant or restoring force

F(t) = the driving force as a function of time
Any complete discussion of the response of second 

order systems, such as that of Draper, Lees, McKay (1955)» 
shows that the differential equation may also be written 
x + 2 ̂  lo^x + o;n2x = F(t), and that the damping ratio, J7 , 
and the natural frequency, oun , may be computed from the 
oscillatory transient response by the logarithmic decrement 
methode

The ratio of successive maximum (or minimum) peaks 
in the transient response to a step input of ideal single
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degree-of"freedom second-order systems is constant and 
related to the system damping ratio. The logarithmic

where yn is the amplitude of the nth transient peak, as 
shown in Figure 22, The logarithmic decrement is related 
to the damping ratio by the expression.

Further, the natural frequency of the system is well known 
to be defined by.

where LOpis the frequency of the oscillations in the tran
sient response.

obtained, the amplitude of each transient peak was meas
ured with a stainless steel ruler graduated in 1/64 of an 
inch. The frequency of the oscillations was measured 
directly from the response record by dividing the total 
number of complete cycles by their time duration.

decrement, $ , whose units are nepers per cycle, is defined
by.

—
c o p

Once the output record of a transducer had been
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This information was fed into an IBM 7072 computer 

which computed the damping ratio and natural frequency of 
the system, made a statistical analysis of the accuracy of 
results obtained from several sets of data, and computed 
points to plot frequency response curves for a given sys
tem. The computer program, in Fortran language, is given 
in Table 8.

The computer was used solely to ensure accuracy 
and to save time in handling a large volume of experimen
tal data. A much simpler graphical method which will give 
reasonably accurate results is presented in Appendix B.
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Fig. 23 Typical Second Order Response to a Step Input, 
F(t) ■ Fqu (t ).



TABLE 8
87

Fortran Program Used in the Solution of Dynamic 
Constants and Frequency Response Curves from

Calibration Data

*** MAIN PROGRAM ***
(FORMAT AND DIMENSION STATEMENTS)
READ 9, DFREQ,NN 
M=0 

8 M=M + 1
READ 10,J,(Y(I),I=1,J)
K=J - 2
L*J - 1
PRINT 15
ZSUM=0.0
DO 60 1=1,K
TPR(1)“Y(I)/Y(1+2)
DEL(I) = LOGEF(TPR(I))
ZETA(I)=DEL(I)/SQRTF((DEL(I)**2) + 4.0*0.14159**2))

60 ZSUM=ZSUM + ZETA(I )
XP=K
azeta-zsum/xp
DSUM-0.0 
SQS'JM=0.0 
DO 70 1=1,K
DEV(I)=ABSF(AZETA-ZETA(I))
DEVSQ(I)=DEV(I)**2 
DSUM-DSUM + DEV(I )

70 SQSUM=SQSUM + DEVSQ(I)
AVDEV=DSUM/XP
SI(31A=SQRTF(SQSUM/(XP-1.0))
ERROR'SIGMA/XP
PRINT 20,(I,Y(I),TPR(I),DEL(I),ZETA(I),DEV(I),DEV3Q(I), 

1=1,K)
PRINT 22, (I,Y( I),I=L, J)
PRINT 25
PRINT 30,AZETA.AVDEV,SIGMA,ERROR BZETA(M)=AZETA
adsig(m)=sigma 
IF(M-NN)8,90,90 

90 SIGSM=0.0 
FACZA-0.0 
DO 100 M=1,NN
SIGSM=SIGSM + (1.0/(ADSIG(M)**2))



TABLE 8 
(Contd)

100 FACZA=FACZA + (BEZETA(M)/(ADSIG(M)**2)) 
ZETAF=FACZA/SIGSM 
SIGFN=SQRTF(1.0-ZETAF*<-2)
OMEGN-DFREQ/SQRTF(1.O-ZETAF**2)
PRINT 35
PRINT 40
PRINT 48
PRINT 50
OMEGAO.O
DO 110 KK=1,101,2
XQ=KK
CMEGA-XQ
RAT IO=QMEGA/OMEGN
FMAG=1.0/3QRTF((1.0-(RATIO)**2)**2) + (2.0*RATIO* 

ZETAF)**2)
RPHI= -ATANF((2.0*ZETAF*RATI0)/(1.0-RATI0**2)) 
DPHI= (180.0/3.1416)*RPHI 
ANIC= 20.0*L0GF(FMAG)

110 PRINT 55, OMEGA, RATIO, FMAG, RPHI, DPMI, ANIC 
PRINT 101 
GO TO 77



APPENDIX B

A GRAPHICAL METHOD FOR THE CALCULATION OF DYNAMIC CONSTANTS

Since the performance of a linear, second-order 
system is completely described by its transfer function,

u/g'j __ SjLjlL ^
1 ' F(s) s2 + 2 ^ n S + w 2

where H(s) = the system transfer function
X(s) - the Laplace transform of the time-varying

response
F(s) - the Laplace transform of the time-varying 

input
if the constants and ^ w h i c h  represent the damping ratio 
and natural frequency of the system'can be determined, the 
transfer function can easily be written.

If an underdamped, linear, second-order system can 
be subjected to a step-input and the oscillatory response 
recorded. Figures 24 and 25 can be used to obtain the damp
ing ratio and natural frequency.

To obtain damping ratio, one need only obtain the
amplitude ratio of any transient peak and a subsequent one
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and enter Figure 24 with the transient peak ratio., The 
damping ratio, ^ , is read along the appropriate curve.
For example, if the ratio between the third transient peak,

, and the fifth transient peak, y^, was

y3^y 5 ^ 0e385

one would read j9 = 0.15 on curve 2. Curve 2 is used in
this ease because n -  nr ~ 2.

Having obtained > one next obtains the natural 
frequency. First, the oscillatory frequency, of the 
transient is read directly from the response record. If, 
for example, ten complete cycles occurred in a period of 
0.1 seconds, the oscillatory frequency, is

tCL = .«= ioo cps = 628.32 radians/sec^  0.1 sec

Entering Figure 25 with the previously determined value of 
the damping ratio, at ^=0.15, one obtains 0.989.
The natural frequency, then, is

^ h= -̂>p/ 0.989 = 6 2 8 .3 2 /0 .9 8 9  = 635*31 r a d /se c .

The dynamic constants thus obtained are sufficiently 
accurate for most work, but accuracy is usually increased 
if the average of several values is used.
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Damping Ratio, J7
Fig. 24 Damping Ratio of a Linear, Second Order System 

as a Function of Transient Peak Ratio
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