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Table 1. Comparison of Transducers Tested 

Transducers Drift 

Uniforce™ y" 
FSRTM Yes 
NamTai Intermittent 
Mikro-tip No 
Constant pneumatic flow No 
Steriteke No 
OMilied No 
Smaller oil-filled Yes 
Pneumatic, electrical switch No 

of these transducers, an essential characteristic for a 
compliance-independent interlace pressure transducer 
became apparent Transducers that operate by relating 
applied pressure to the deflection of their sensing ele­
ment are highly dependent on the compliance of the 
interlace material. As such, in theory, lithe deflection of 
the sensing element could be minimized, the compli­
ance dependence would also be minimized. Subsequent 
transducer development utilized this idea in the con­
ceptualization of a new prototype device. 

DEVELOPMENT OF A NOVEL INTERFACE 
PRESSURE TRANSDUCER 

The developed transducer is based on a transducer 
that has a diaphragm as its sensing element The under­
lying principle of the developed transducer is as follows. 
A transducer that senses pressure (i.e., the nonnal com­
ponent of force) by the amount of deflection of its 
diaphragm will be highly dependent on the 
stress-strain or compliance characteristics of the inter­
face material. If the interlace material is very compliant 
(Le., fat), it will confonn to the diaphragm much like a 
fluid, and the contact interlace pressure wi ll more 
closely represent applied pressure (high-compliance 
material (HeM) in Figure 4). However, if the interlace 
material is rigid (Le., muscle), it will be unable to con­
fonn to the diaphragm. In this case, the pressure will be 
shed from the diaphragm to the solid material around 
the diaphragm that will develop stresses until it has 
reached a state of equilibrium. If this occurs. the 
diaphragm deflection will not correlate well to the 
applied pressure (1ow-compliance material (LCM) in 
Figure 4). A method of minimizing the deflection of the 
sensing element of a transducer. while maintaining a 
method of measuring the interlace pressure, is to apply 
fluid pressure to the bottom of the diaphragm. Theoret-
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Compliance-. Curvature-. 
Hysteresis Dependent Dependent 

y" N/A Yes 
Yes N/A Yes 
Yes Yes N/A 
No Yes N/A 
No Yes N/A 
No Yes N/A 
No Yes N/A 
Yes N/A N/A 
No Yes N/A 

ically, without the presence of any shear. bending. or 
torsional force (i.e., pressure is distributed unifonnly). 
the interlace pressure applied to the diaphragm would 
be indicated by the amount of fluid pressure required to 
maintain the diaphragm in its original position. 
Although in practice the applied interface pressure may 
not be unifonnly distributed. the resultant effect could 
be minimized by employing a small-diameter 
diaphragm (Le., recall that the specifications state that 
the transducer sensing area must be less than or equal 
to 10 mm in diameter). 

The developed transducer operates by balancing 
interlace pressure on the diaphragm with an equal and 
opposite fluid pressure. The fluid pressure can be meas­
ured using any number of effective inexpensive fluid · 
pressure transducers. The fluid pressure is theoretically 
equivalent to the applied interface pressure if the 
diaphragm is returned to its original, unloaded position. 
The opposing fluid pressure will average the applied 
interface pressure over the area of the diaphragm. 

Many methods could be employed to measure the 
position of the diaphragm to detennine when it has 
returned to its original positi on. Examples include 
measuring the capacitance between the diaphragm and 
a base plate. the current through an electrical contact. 

Applied I' ressure 
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Figure 4. Load transfer through material 10 transducer. 
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Figurl S . Wheatstone bridge circuit. 

Figurl 6. Schematic of the fourth-generation transducer design (in mil­
limeters). 

the intensity of light bouncing off the diaphragm using 
fiberoptics, or the amount of strain in a strain gauge 
mounted to the diaphragm. To test the concept. a 
si mple strain-gauged diaphragm is employed here to 

measure the position of the diaphragm. 
To measure the point of zero deOection . a single 

strain gauge is mounted to the diaphragm and utilized 
as a single ann in a balanced Wheatstone bridge circuit 
(Figure 5). When the diaphragm deOects. the resistance 
in the strain gauge changes. which unbalances the 
bridge and causes a voltage output. 1l1is principle can 
be utilized to determine when the diaphragm is 
returned to its original posit.ion by monitori ng when the 
voltage output from the bridge returns 10 zero. 

The instrumentation required to operate the trans­
ducer includes an air source and a pressure-sensing 
device to pressurize and measure the chamber pres­
sure, and a voltmeter to measure the Wheatstone­
bridge voltage output. The chamber pressure was con· 
trolled manually, but hardware and software could be 
developed to autoregulate this function. 

Several generations of transducers were manufac­
tured and evaluated, each generation trying to improve 
upon the one before. The fourth-generation prototype 
was constructed as follows (Figure 6). hs base geome­
try was 24 mm in diameter x 3 mm in depth. The base 
material was stainless st.eel. 1lle diaphragm was made 
of Mylar film. The strai n gauge was bonded to the 
underside of the diaphragm. An ultrasonic gel was used 
to reduce shear stresses on the diaphragm. 

Results and Discussion 

EVALUATION OF THE DEVELOPED TRANSDUCER 
IN THE CALIBRATION SYSTEM AND 
DEMONSTRATION APPLICATIONS 

TIle fo urth-generation interface-pressure transducer 
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Figure 7 . Measured rel~tionship between 
the applied pressure and the output from 
the fourth ·generation steel transducer 
prototype with liquid gel and ~Iurninum 
~hirn . The three conditions tested resulted 
in the !-arne output (i.e, all three lines are 
on top of one another). 
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Figure 8. Transducer integrated into shim bonded to retractor blade. 

was evaluated in the calibration system using test con­
ditions 1 and 2 (Figure 4) and met most of the optimal 
specifications defined previously. Most importantly, the 
transducer output was independent of the compliance 
characteristics of the interface materials (Figure 7). 

The-fourth generation prototype was deemed ready 
for integration into medical devices for evaluation in the 
selected target applications. The transducer was clini­
cally evaluated in the surgical retractor application by 
integrating it into a surgical retractor blade and testing 
it in a series of tests involving pigs that were concur­
rently undergoing a separate clinical trial. The trans­
ducer was placed in an aluminum shim and bonded to 
the blade of a self-retaining chest retractor (Figure 8) . 
lne transducer was covered with a thin layer of ultra­
sonic coupling gel and a layer of latex membrane mate­
rial, approximately 1 mm thick, was placed over the gel 

Figure 9. Displacement-contro lled trial 
retra(!ion pressures. 

120 

--0- trial 2 

and ensured that the gel remained over the transducer 
diaphragm th roughout the tests. 1lle tests involved 
making an incision in the abdomen and retract ing the 
skin, fat, and muscle tissues on both sides of the inci­
sion with a self-retaining retractor for several hours. 
Displacement-controlled and pressure-controlled proce­
dures were conducted to investigate tissue behavior. In 
the displacement-controlled procedure, the retractor 
blades were held 55 mm apart and the retraction pres­
sure was monitored at regular intervals (approximately 
15 minutes). In the pressure-controlled procedure, the 
retractor blades were initially set 55 mm apart and sub­
sequently opened further to maintain the interface pres­
sure recorded after the first five minutes of retraction 
time (the pressure was a function of the properties of 
the tissue, which varied in different tests). Calibration 
checks were made at various intervals to ensure the 
same input-output relationship existed throughout the 
trial and the transducer was performing properly. 11le 
calibration check involved unloading the transducer 
and checking that the transducer outpu t dropped to 
zero. The transducer operated successfully through five 
clinical trials and was not adversely affected by the 
measurement environment. To maintain proper trans­
ducer operation it was essential that the coating of ultra­
sonic gel be maintained by the latex covering. Proper 
transducer operation was validated by calibration 
checks. See Figure 9 for data from two of the displace­
ment-controlled trials. 

As mentioned previously, interface-pressure measure­
ment can be employed to improve the design. safety, and 
operation of pneumatic toumiquets. TIle developed trans-

--6-- trial 3 
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ducer was further evaluated under pneumatic tourniquet 
cuffs to determine its usefulness in this application. 

To move the perturbation of the interface away from 
the sensing element. the developed transducer was inte­
grated into an aluminum shim. The shim radius approx· 
imated that of a large thigh so that its presence did not 
change the curvature of the existing limb model utilized 
in testing. The transducer and shim were then secured 
to a limb model with masking tape. A layer of coupling 
gel was placed on the transducer diaphragm and a latex 
membrane was placed on top of the gel as a protective 
barrier. A pneumatic tourniquet cuff, approximately 100 
mm in width, was wrapped tightly around the limb 
model such that the transducer was located on the mid­
line of the cuff and secured with Velcro straps. Interface 
pressure measurements were recorded at 50-mmHg 
intervals as the cuff was inflated from 0 to 450 mmHg, 
then deflated back to 0 mmHg. It is generally assumed 
that the internal cuff pressure is equivalent to the 
applied interface pressure at the center of the cuff, 
where it has complete contact with the underlying limb. 
The transducer test results indicate that the transducer 
output correlated very well with the applied pressure in 
the center of the cuff. Tbe transducer and shim were 
then placed at the edge of the cuff and the cuff was 
inflated to 50 mmHg. In this configuration , the trans­
ducer's output indicated a negative applied pressure of 
approximately 25 mmHg, which did not correlate well 
wilh expected results; therefore, no further testing was 
conducted. Tbis result may have been due to the shim 
shape, which did not extend across the width of the cuff, 
thereby perturbing the cuff-limb model interface and 
altering the stress pattem on the transducer. Further 
shim development is necessary to determine the limita· 
tions of the novel IPT for use in pneumatic tourniquet 
applications. 

CONCLUSIONS 

Evaluation of existing pressure transducers demon­
strated that none of the transducers tested was satisfac­
tory as an interface pressure transducer. In particular. 
transducers that related applied pressure to the deflec­
tion of their sensing elements were highly dependent 
on the compliance of the interface materials. A compli­
ance-independent interface-pressure transducer was 
developed that operated by balancing interface pressure 
on a diaphragm with an equal and opposite fluid pres­
sure. The fluid pressure is theoretically equivalent to 
the average applied interface pressure if the diaphragm 
is maintained in its original. unloaded position. A strain 
gauge was bonded to the diaphragm and connected to a 
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Whetstone-bridge circuit to monitor the position of the 
diaphragm. The transducer met many of the optimal 
specifications described above when evaluated in the 
calibration system. As well, the developed interface­
pressure transducer operated optimally in the surgical 
retraction application when a layer of ultrasonic gel was 
applied to the diaphragm and a layer of latex was 
applied to the gel. The latex acted as a barrier to protect 
the ultrasonic gel from being absorbed into the tissues. 
Last. the developed transducer worked well under the 
center of a pneumatic tourniquet cuff, although the 
transducer output was adversely affected when meas­
ured under the edge of a cuff. 
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