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Abstract—A sensor for in vivo biomechanical characterization
of buttock soft tissue has been developed and evaluated . The
sensor measures interface pressure, applied force, tilt, and rota-
tion angle of the sensor head, and the thicknesses of multiple
soft tissue layers . A composite ultrasonic transducer using a 1-
3 ceramic-polymer structure was developed for the sensor. The
sensor can identify subcutaneous soft tissue interfaces 5 to 65
mm below the skin surface with a 0 .26-mm axial resolution,
pressure over the range of 0 to 68 kPa, and force over the range
of 0 to 3 .6 kg . Our purpose for developing the sensor was to
study the biomechanical characteristics of buttock soft tissues.
Successful identification of distinguishing characteristics in
persons with a susceptibility to pressure ulcers may result in the
development of a risk assessment tool based on tissue charac-
terization.
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INTRODUCTION

Prevention of pressure ulcers is an important health
care issue . In 1994, there were an estimated 1 .5 to 3 mil-
lion individuals in the United States with pressure ulcers
(1) . In hospitals, estimates of the incidence of pressure
ulcers vary from 2.7 to 29 .5 percent (1–4) . However, esti-
mates of the incidence of pressure ulcers increase to 60
percent in tetraplegic populations and to 66 percent in

elderly patient populations with hip fracture (2,4) . An
estimated 50 to 80 percent of people with spinal cord
injuries (SCI) develop pressure ulcers (5) . The risk of
death increases fourfold with the development of a pres-
sure ulcer among geriatric patients and inhabitants of
nursing homes (2,6–8) . The annual cost of treating pres-
sure ulcers in hospital settings is estimated to be as high
as $6 .4 billion (4).

Over the past 30 years, research has increased our

understanding of the factors leading to the formation of
pressure ulcers . Pressure ulcers usually occur over bony
prominences (9) . Pressure-induced occlusion of capillary
blood flow, resulting in tissue ischemia, is considered to
be the primary cause (10,11) . Interface pressure measure-
ment, among other factors, is used clinically to evaluate
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and prescribe support surfaces for clients at risk ofdevel-
oping pressure ulcers . However, the accuracy, limitations,
and implications of pressure measurements have been
questioned (12-15) . Several investigators have suggested
deformation of tissue as an important indicator. Graebe
advocated the use of "deformation patterns" to establish
an individual's tolerance to external loading (16) . Levine
et al . (12) proposed that tissue shape and deformation
measurements are superior to interface pressure measure-
ments in characterizing the loading condition between the
buttocks and a seat support surface . Reddy pointed out
that an adequate model should consider the responses of
tissue matrix (deformation), and the responses of blood
and lymphatic and interstitial fluid (17).

Despite these expert opinions advocating the use of
defolmation measurement, there are no practical clinical
methods available for direct measurement of buttock tis-
sue deformation for a person in a seated posture . In 1986.
Reger et al . used MRI techniques to study human but-
tocks tissue in response to external support loading (18).
They measured soft tissue thickness changes from skin to
ischium for spinal cord-injured and able-bodied subjects
in the supine position . However, due to constraints of the
imaging device, the subject could not be evaluated while
sitting . Therefore, the method could not be used to study
biomechanical properties of buttock tissue with subjects
in xuorma! seated posture . In 1990, Brienza et al . used a
Computer Automated Seating System (CASS) to measure
tissue stiffness as an indicator of soft tissue deformation,
to optimize support surface shape (10) . They investigated
cushion contour optimizations for 30 elderly subjects
(age 65 years or older) and 12 SCI patients ( 20) .
Integration of ultrasonic transducers into the CASS was
proposed as a way to extend the device's capabilities to
include direct measure of tissue response to loading (21 ) .

Ultrasound pulse-echo techniques frequently have
been used to study the morphological and pathological
state of tissues in a controlled environment . Sehgal et al.
(22) investigated ultrasound transmission and reflection
computerized tomography for imaging bones and adjoin-
ing soft tissue . Krouykonet al . (23) used gated ultrasonic
doppler to determine variations in elastic modulus of tissue
properties and to measure residual limb shape for CAD
prosthetic sockets . I{adubuo!m] . (24 ) investigated the fea-
sibility of using ultrasound to detect incipient pressure
ulcers . He proposed that velocity and backscatter might be
useful in differentiating normal and pressure-damaged
muscle tissue. Clark et al . (25) used B-mode ultrasound to
measure the thickness of soft tissue over the sacrum of

elderly patients to identify those patients likely to develop
pressure ulcers . In 199I ` a method for quantitative mea-
surement of strain and elastic-modulus distribution in soft
tissues using ultrasound and the cross-correlation analysis
technique was described by Ophir et al . (26) . In 1996,
Zheueand Mak (27) built an ultrasonic indentation system
that used a hand-held indentation probe and assessed the
response of the soft tissue covering the volar side of the fist
metacarpal of a human subject.

This manuscript describes the development and eval-
uation of a compound sensor for use in the previously
developed [/\8S (19,28 ; Figure 1) . The most recent ver-
sion of the CASS comprisescomprises an 11 by 12 array (43 X47 cm)
of support elements for which the height is computer con-
trolled to vary loading conditions and surface shape . A
pressure transducer is fixed in the center of a swiveling
head on top of a group of 96 support elements located front

Figure L
The Computer Automated Seating System (CASS) .
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and center on the seating surface . The compound transduc-
ers measure pressure, force, tissue layer thickness, and ori-
entation of the CASS sensor head . A novel, composite
ultrasonic transducer using a 1-3 ceramic-polymer struc-
ture was designed and developed for this sensor. Our goal
was the simultaneous measurement of tissue layer thick-
ness, interface pressure, applied force, and sensor head ori-
entation during an indentation test of the buttock tissue to
study their interrelationships in dynamic loading and
unloading . The development of the sensor is intended to
enhance the capability of the CASS to allow the character-
ization of buttock soft tissue in vivo . Future studies using
this capability may lead to findings concerning the tissues'
susceptibility to pressure ulcer formation.

DESIGN AND DEVELOPMENT

Structure of the Compound Sensor
The structure of the compound sensor is shown in

Figure 2. On the swiveling head, a pressure transducer is
fixed in the center and four ultrasonic transducers are
evenly distributed around the pressure transducer. The
swiveling head can freely tilt and rotate by means of a
ball joint so that the pressure and ultrasonic transducers
are oriented in a direction normal to the direction of net
force. The tilt angle of the swiveling head is detected by
a linear potentiometer attached on the side surface of the
sensor body. The rotation angle is detected by a circular,
wire-wound potentiometer located on top of the sliding
cylinder. A force sensor adapted from a recent version of
the seating system (29), composed of four bonded-foil
strain gauges mounted on an aluminum cantilever beam,
is located in the bottom of the sensor body . The vertical
force applied to the sensor is transmitted to the cantilever
beam by a steel piston with a conical point at the end that
comes in contact with the beam. A stepper motor
(Superior Electric Co ., Bristol, CT) is connected to the
sensor body by an ACME lead screw and an actuator
tube, allowing adjustment of the vertical position of the
sensor through a range of approximately 15 cm. Nine
compound sensors form a 3 by 3 subset array (12X 12
cm) on the CASS surface in the area of one ischial
tuberosity (IT) on the pelvis.

Potential Modes of Operation
The measurements from the compound sensors in the

enhanced CASS may be used in three operating modes . In
operating mode 1, a single ultrasound channel is selected

Figure 2.
The structure of a compound sensor.

for use in a load-indentation test . The channel and sensor
are selected based on their location relative to the area of
interest on the buttocks and the quality of the ultrasound
echo signal as observed in an initial scan of all channels.
The thicknesses of fat, muscle, and bulk tissue layers,
interface pressure, force, and tilt angle are simultaneously
measured as the sensor moves through indentation, hold,
and recovery cycles. Data recorded during the cycle are
used to approximate response of load-bearing soft tissue
above the selected sensor. The pilot experiments present-
ed in this paper were performed using operating mode 1.

Because the ultrasound transducers are offset from
the center of the sensor's swiveling head, the soft tissue
measurements do not coincide with the pressure and force
measurements located at the center of the head . To com-
pensate for this offset, operating mode 2 combines the
measurements from the four ultrasonic transducers evenly
distributed around the center of the head . (The sensor head
is shown in Figure 2.) The mean distance from each of the
four perimeter transducers to the target interface is a good
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first-order approximation of the distance from the center
of the sensor head to the target interface.

As an alternative to the two operating modes
described above, the 36 ultrasonic transducers in the
compound sensor subset array may be combined to gen-
erate 3-D point cloud-like images of the soft tissue and
bony structures of the area around one IT. This 3-D shape
information could be combined with information from
previously generated solid models of the pelvis to deter-
mine the approximate position and orientation of the
pelvis while a person is seated on the CASS.

Determination of Ultrasonic Transducer Parameters
The development of a small, long-cabled ultrasonic

transducer with high sensitivity, high resolution, and a high
signal-to-noise ratio (8/N) was the key to producing the
compound sensor. The established design of the CA88ouu-
abuined the geometry of the ultrasonic transducer. The
overall size of the swiveling head is 33 .65 mm in diameter
by 11 .6 mm high . To integrate the ultrasonic transducer into
the CASS design, it needed to have a diameter <5 mm,
height <7 .2 mm, and a 3-m cable for connecting from the
seating surface to a 36-channel ultrasound data acquisition
and interface system . Hence, each ultrasonic crystal was
limited in diameter to only 3 mm. On the other hand, to
meet the requirements of soft tissue analysis, an emitting
frequeMHz was chosen to achieve the desired 5
to 65 mm measurement range . Our application required that
the loop sensitivity of the transducer exceed -22 dB at an
output electrical impedance of 50 Tradeoffs between
small size and high sensitivity and among the high emitting
frequency, long cable, and low noise were necessary.

Axial resolution is an important ultra-
sonic transducer. It is affected by bandwidth, damping (ring
down) characteristics, and ultrasound field characteristics.
To investigate the deformation of subcutaneous soft tissue
layers and to identify the properties of these tissues, ring
down of 0 .8 vs at -20 dB and 1 .2 vs at -40 dB damped
from the peak magnitude was required . For a transducer
excited by a sinusoidal signal, with a diameter mf3mm and
using u7 .5 MHz single frequency, an undulatory pressure
contour in a near-field zone of 11 .25 mm is expected. The
development of damping oudulbuaouudDekiobarootedo-
tica required !he transducer to have a broad fraction band-
width.

Ultrasonic Transducer Design
A novel composite ultrasonic transducer using a 1-3

ceramic-polymer structure with double coupling layers

was selected for use in the compound sensor. Due to its
special structure and the use of a soft polymer material
with lower acoustic impedance, the composite ultrasonic
transducer has several advantages over conventional
transducers (30,31) . First, it has a higher thickness-cou-
pling coefficient (k!), ranging from 60 to 75 percent.
Second, it has less spurious oscillating modes, improving
tboS/N of the measurement . Third, the 1-3 ceramic-poly-
mer composite has low acoustic impedance to better
match the soft tissue, thus allowing ultrasound energy to
penetrate into soft tissue more easily. The composite
transducer not only improves the sensitivity of the mea-
suring system, but also expands the frequency bandwidth,
enhancing the axial resolution of the detection . In uddi-
doo,the composite transducer has been designed to have
precise electrical impedance to match with electronic cir-
cuitry so that transmission line loss is minimized and
emitting/receiving efficiency is maximized.

RESULTS AND EVALUATION
Ultrasonic Transducer Performance

An acoustic intensity measurement system, AIMS-
01 (NTR Systems, Inc ., Seattle, WA 98107), was used to
measure acoustic field characteristics of the transducer : it
consisted of a BA-2020 RF buffer amplifier, a DG-2200
delay/gate generator, a WD-4000 wave form digitizer,
and a digital oscilloscope (100 MHz) . An ultrasound
measurement system developed at the University of
Pittsburgh was used to evaluate the axial resolution of the
transducer . An HP 4193A vector impedance meter
(0.4—110 MHz, Hewlett-Packard Co., Palo Alto, CA
44304) was used to measure electric impedance of the
transducer. The measurement of the sound field was per-
formed in the standard water tank of the /\lMS'01 sys-
tem. An analysis of the ultrasound field is presented in the
Appendix.

Two convcniioonl ceramic, lead zirconate titanate

(PZT) transducers and a 1-3 piezo-composite ceramic
transducer were assessed and compared . The results are

summarized in Table 1 . The composite ultrasonic trans-
ducer showed many desirable characteristics . The sensi-
tivity of a composite ultrasonic transducer is 9—13 dB
higher than an homogeneous PZT ceramic transducer.
The bandwidth is wider by 39—47 .7 percent and its pulse
width is reduced by more than 0 .065 vs . The axial reso-
lution was improved to 0 .26 mm. In addition, although
the cable of the composite transducer is 3 meters long, it
can achieve uS/N of45dB .
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Table 1.
Comparison of properties between composite and convention-

al ultrasound transducers.

Parameter Composite
Conventional
PZT 1

Conventional
PZT 2

Sensitivity -22 dB -31 dB -35 dB

Bandwidth (-3 dB) 81 .71% 42 .72% 34 .01%

Bandwidth (-6 dB) 98 .7% 53 .3% 43 .9%

Center Frequency 7 .506 MHz 7 .157 MHz 8 .136 MHz

Pulse Width 0.165 p.s 0 .23 µs 0 .295 p.s

Axial Resolution 0 .26 mm 0 .6 mm 0 .6 mm

Cable Length 3 m 2 m 2 m

The loop sensitivity was calculated in decibels as the
ratio of peak-to-peak echo voltage to pulse voltage (into
50 CZ) . Pulse width was calculated from the integral of the
pulse intensity as 1 .5 times the rise time (the time
required to go from 10 percent to 90 percent of its final
value) . Table 1 also shows the bandwidths when the
ultrasound energy attenuates -3 dB and -6 dB of the
maximum magnitude of the spectrum . Axial resolution of
the transducer was obtained by using 6 copper wire tar-
gets with a diameter of 0 .12 mm placed into a water tank.
As the transducer detected the 6 targets, we gradually
increased the distances between the wires until the signal
on the monitor of the measurement system could clearly
distinguish these 6 targets . The result from a composite
transducer is shown in Figure 3 . The axial resolution was
determined to be 0 .26 mm.

Figure 3.
An ultrasound echo trace showing the axial resolution of an ultrasound
transducer. The echoes from six wire targets show axial resolution of
at least 0 .26 mm .

The damping characteristics of the transducers were
evaluated by time-domain analysis of the echo waveform
properties . The transducers received echoes from a dis-
tance of 12 mm. The echo waveforms of the composite
transducer and the conventional PZT transducer are com-
pared in Figure 4 (a) and (b) . For the composite trans-
ducer with -22 dB gain, the third positive voltage peak
is 39 percent of the maximum positive peak voltage, and
the third negative voltage peak is 14 percent of the max-
imum negative peak voltage . For the conventional PZT
transducer with -35 dB gain, the third positive voltage
peak is 61 percent of the maximum positive peak voltage,
and the third negative voltage peak is 64 percent of the
maximum negative peak voltage . The beam profile of the
composite transducer was measured by scanning its
sound field . The receiver was a hydrophone placed 40 .5
mm from the center of the ultrasonic transducer's surface.
The scanning size was 75X 12 mm and an incremental
step of 1 mm was used during the scan. Figure 5 shows
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75 .mm

Figure 5.
The sound-field characteristics of the composite transducer shown as
a 2-D contour map.

a 2-D planar scan-contour plot of an ultrasound field of a
composite transducer with a beam waist near 0 .4 mm in
diameter. Each contour represents a 1-dB decrease of
magnitude in sound pressure from the center . At the point
where the magnitude of the ultrasound field drops 3 dB,
the beam width is 1 .0 mm in diameter at the maximum
intensity position and is 5 .4 mm in diameter at a detect-
ing distance of 54 .5 mm from the transducer.

Properties of the Compound Sensor
1 . Compatibility of the Ultrasound Coupling Material

The compound sensor simultaneously measures
both interface pressure and ultrasound echoes from its
surface . Therefore, the influence of the ultrasound cou-
pling material on interface pressure measurements was
investigated. The pressure calibration device and method

used were described by Brienza et al . (19). When using
ultrasound gel as the coupling material, the standard devi-
ation of the pressure data was 3 .45X 10_ 2 kPa . When
using nylon as the coupling material, the standard devia-
tion of the pressure data was 0 .55 kPa . The ultrasound gel
produced the most reproducible results, with a relative
error less than 6 percent.

2 . Specifications of the Compound Sensor
The calibration of the sensor was carried out using

the CASS. A 36-channel ultrasound system was devel-
oped and integrated into the CASS . A GageScope 50-
MHz high-speed data acquisition card (Gage Applied
Science, Inc ., South Burlington, VT) was used for digi-
tizing the ultrasound signal with 8-bit resolution . The
DAP 1204E Data Acquisition processor (Microstar
Laboratories, Inc ., Bellevue, WA) with 12-bit resolution
was used to measure pressure, force, and tilt angle data.
Two CIO-DIO-96 digital I/O boards (CyberResearch,
Inc ., New Haven, CT) were used for selecting the ultra-
sound pulse and receiver channels, and for controlling the
motor an-ay. An 8-axis step motor controller (UCN-
5804B model, Allegro MicroSystems, Inc ., Worcester,
MA) was used for controlling the position of the motor
array . An 80486 PC was used for controlling the array of
motors and a 200-MHz PC was used for high level con-
trol of the system . The computers communicate using the
serial port for controlling the CASS motors and for syn-
chronous sampling . The software for motor control was
developed using Turbo Pascal 7 .0, and other components
are implemented in LabVIEW 5 .0.

The properties of the compound sensor are summa-
rized in Table 2. The compound sensor can identify sub-
cutaneous soft tissue interfaces 5 mm to 65 mm below the

-6 mm

Table 2.
The specifications of the Compound Sensor.

Param Ultra Press Force Tilt Rotat Motor

Range 5-65 mm 0-68 kPa 0-3 .6 kg -45°-+45° 16°-360° 14 .8 cm

Sens -22 dB 0.17 kPa 24 g 0 .4° -- --

Res 0 .26 mm 0.17 kPa 24 g 0 .4° 1 .5° 1 mm

SIN 45 dB -- --
N/L <1 .2% <0 .5% <0 .25%

S/R -- -- -- x1,500

LID -- 0-45 N

RMS -- 40 .36 :50 .24 x096

Rel -- 5.8% :_5% 44%0 <_2 .8% 43%

Param arameter Ultra=ultrasound transducer ; Press ressure transducer ; Force=force sensoa Tilt=tilt angle, Rotat=rotation angle ; Sens=sensitivity ; Res=resolution;

S/N=signal-to-noise ratio ; N/L=non-linearity; SIR=step rate in steps per s ; L/1)–loadJdrive capability ; RM5–root mean square error; REL=relative error.
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skin surface (Figure 6) with good linearity (R 2 is

0.999934 in static water target test) over the entire range,
a 0.26-mm axial resolution, -22 dB sensitivity, and 45
dB S/N. The sensor can measure pressure from 0 to 68
kPa with less than 0 .5 percent non-linearity, and provides
0 to 3 .6 kg force detection with less than 0 .25 percent
noo-!iueuzby 24 g resolution and less dban5 percent mea-
surement error. The sensor can also measure ±45° of tilt
angle vviUzO.4 ~ resolution, as well as measure up to u244^
rotation angle with 1 .5` resolution . The motor system has
load-driving capability of up to 45 N, a height control
range of 14 .8 cm with 1 mm resolution, and can be driven
at speeds up to 1,500 steps per second with less than 3
percent relative error.

Pilot Experiment
A preliminary in vivo test was performed using the

enhanced CA88 .A male subject (Body Mass Index : 20 .5
kg/m 2) was seated on the CASS support surface with his
right IT positioned on the 3 by 3 compound sensor array
subset. An indentation test was performed with indenta-
tion, hold, and recovery phases of the cycle . The speed of

output iv)

Tracking :.
firs] in

	 n,ru~~
T muscle layer

Figure 6.
An ultrasound echo trace from obmuan thigh . The peaks of the traces
correspond to various subcutaneous soft tissue interfaces at the dis-
tances

loading uod unloading was 0 .53 mm/sec, the total inden-
tation was 10 mm, and the sensor probe was held for 26 .4
s at maximum indentation . The thicknesses of multiple
tissue layers were acquired by timing the width of ultra-
sonic echo tracking gates (see Figure 6) . Data, including
pressure, force, sensor head tilt angle, and thicknesses of
multiple tissue layers, were simultaneously recorded for
three trials over the same anatomic site . The interval time
between trials was less than 20 s . The results are shown
in Figure 7. The parameters have uunoeapoudiog time-
phase relationship . Typical normal force-deformation
characteristics for the three trials are shown in Figure 8.
Figure 9 displays the linear relationship between inter-
face pressure and normal force (R 2 =0.99).

DISCUSSION AND CONCLUSIONS

The initial testing of the compound sensor has suc-
cessfully demonstrated its ability to assess buttock soft
tissue under controlled loading conditions . An in vivo test
was performed in which interface pressure, force, tilt
angle, and tissue thicknesses in fat and bulk tissue layers
were simultaneously recorded under dynamic loading
conditions . Figure 7 shows a typical data set . Traces for
pressure, force, tilt angle, and thicknesses of fat, and bulk

5
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lime (3. gild)

Figure
Data collected during an in vivo load indentation test on a human sub-
ject kv^oMbawnunu the right ischial tuberosity . The correspon-
dence between bulk tissue thickness, fat layer thickness, external
pressure, tilt angle, and vertical force is shown.
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Figure 8.
Force-deformation characteristic in recovery phase for three trials.

tissue are shown . This and other similar tests demonstrate
the ability of the system to collect the desired data .

Analysis of the results of our initial experiments was
used to make several preliminary observations regarding
the characteristics of our measurement system . The rela-
tionship between normal force and tissue deformation was
extracted from the recovery phase in three trials (Figure
8) . The data from trial 2 and trial 3 show the consistency
of the measurement. The differences between trial 1, and
trials 2 and 3 indicate that the viscous response of in vivo
soft tissues is reduced after repeating loading and unload-
ing. The maximum slopes in the force-deformation curves
increase with successive loading/unloading cycles . This
behavior illustrates the need for preconditioning when
assessing viscoelastic properties of soft tissue. The rela-
tionship between interface pressure and normal force was
linear (Figure 9), suggesting that the swiveling head of
the sensor reduces shear force in the loaded tissues under
test conditions . Overall, the pilot results demonstrate that
the compound sensor has the ability to investigate and to
quantify the complex relationships among the biomechan-
ical parameters of buttock soft tissue during loading.

This successful development of the compound sen-
sor provides the foundation for future development of
various signal-processing techniques to enhance our sys-
tems' measurement capabilities. Three operating modes
were described in this paper. In mode 1, a time-domain
signal-processing technique, ultrasonic cross-correlation,
can be used for a more quantitative assessment of loading
stress and soft tissue strain to estimate tissue elasticity.
This is important for assessing tissue integrity. In mode 2,
an interpolation technique using four ultrasonic transduc-
ers located on a single sensor can be used to compensate
for error in measurement related to the spatial correspon-
dence between the ultrasonic and other measurements.
The tissue thickness measurements from the four ultra-
sonic transducers can be used to predict the deformation
of tissues located over the center of loading.

Both mode 1 and mode 2 are limited to measure only
the axial component of the total tissue deformation . In
mode 3, ultrasonic transducers in a 6 by 6 planar array
can be used together to generate a 3-D visualization of
soft tissue interfaces . This capability may allow the esti-
mation of lateral components of soft tissue defouttation.
The position and orientation of the pelvis can also be
determined if its shape has been determined beforehand.

Our pilot testing has confirmed several limitations in
using ultrasound to analyze buttock soft tissue properties.
The IT is conical in shape and the projected area is com-
parable in size to the sensor's area . The irregular shape of
the pelvis affects the acquisition of ultrasound echoes
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because the bone interface is not always perpendicular to
the ultrasound beam during dynamic loading . This results
in the loss of echo tracking during dynamic loading con-
ditions. In addition, although the swiveling head of the
sensor can freely tilt and rotate in compliance with but-
tock tissue, decreasing interface friction and shear forces,
it increases the measurement error and affects the acqui-
sition of echoes from deep tissue such as muscle and bone
interface.

Another limitation of the system is related to the
characteristics of ultrasound propagation through tissues
with different densities. In the CASS system, the weight-
bearing pelvis presses down onto the buttocks and onto
the associated tissues, such as the gluteus maximus mus-
cle, deep fascia, fat, subcutaneous tissue, dermis, and epi-
dermis . Ultrasound propagates at different velocities in
different soft tissue layers . The estimates of tissue thick-
ness assume a uniform tissue density, therefore introduc-
ing measurement error when this assumption does not
hold true.

Our long-term goal is to develop a clinical assess-
ment system to discriminate between tissue at higher or
lower risk of pressure ulcer development . The develop-
ment of the CASS instrumentation is necessary so that we
can compare differences in intrinsic soft tissue mechani-
cal characteristics . Comparisons between populations we
know to be at high risk, such as persons with SCI who
have histories of pressure ulcer development and subjects
without any known risk factors, may lead to the discov-
ery of distinguishing characteristics . Our enhanced
instrumentation has the potential to lead to significant
findings concerning the biomechanics of buttock soft tis-
sue and its susceptibility to pressure ulcers . For example,
a tissue deformation measurement combined with the
measurement of normal force allows for the biomechani-
cal modeling of soft tissue . If model parameters allow for
the differentiation between people with a demonstrated
lower or higher risk of developing pressure ulcers, a clin-
ical test and/or clinical practice guidelines could be
developed to predict and thus prevent pressure ulcers.
Such a diagnostic test would be particularly useful in
determining pressure ulcer risk.

APPENDIX

Analysis of the Ultrasound Field
An analysis of the ultrasound field was performed

for the compound sensor. In the CASS system, the ultra-

sonic transducers work sequentially ; thus, only one trans-
ducer is active at any moment . Therefore, it is assumed
that there is no interference between the ultrasound fields
generated by adjacent transducers . Thus, the analysis of
the entire acoustic field of the compound sensor can be
simplified to the analysis of the field for a single trans-
ducer .

The ultrasonic transducer acts as a band-pass device
with a center frequency, fo, and bandwidth, f . It can be
modeled as a linear time-invariant (LTI) system . Its out-
put can be described as a convolution of an input-signal
characteristic and the system-response function in the
time domain. The spectrum of the output signal can then
be calculated as the product of Fourier transforms of the
input signal and the transducer response (32) . For an ideal
ultrasonic transducer, the spectrum, h(w), can be
expressed by the following formula:

(w-wo)2

1601 .1 ( 1 )2

	

h(w)=e

	

[1]

where wo is angular frequency, Q is fo /©f. The amplitude
coefficient was normalized.

According to Huygen's principle, the ultrasonic field
at any given point in the space above the transducer sur-
face is the sum of contributions from all the Huygen's
sources . For a broad-band transducer, the sound pressure
at any given point in the ultrasound field is a composite
of all frequency components of the transducer's radiating
pressure . Therefore, the total sound pressure, consisting
of various frequency components, is an integral of the
single-frequency component over the transducer band-
width and the transducer surface (32–34):

mo+4

.

	

a

	

2i,

	

jm~/r +m=~Yi i C`os6

P(r,co,fo,af)= ! [ (co)
JPwPof

rd~f i	 _	 dO]dw
wo -ao,

	

2Tr o

	

0

[2]
In Equation 2, p is the density of soft tissue, w is the

angular frequency of the sound wave, Po is the peak
amplitude of pressure on the transducer face, a is the
radius of the transducer, o is the radial distance from any
point, p, on the transducer surface to the center of trans-
ducer, 8 is the angle between any point, p, on the trans-
ducer surface and x axis, c is the speed of sound
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propagating in soft tissue, r is the distance from observa-
tion point to center of transducer, and 4 is the angle

	

between the transducer axis and the radial vector .

	

It 1
In the near field, we use a summation equation in

place of Equation 2. Then,

	

P(r,4,fo4f)= ,B(f,,)C(r,0,fn)e .1'„(r',9,J„)

	

~3]

X (mm)

(a)

where B(f n) is a spectral density function of the transducer
and can be obtained from Equation 1 for various band-
widths, C(r,0,f„) and 8(r,0,f J,) are the amplitude and the
phase of the pressure of the transducer at frequency f,,.

In the calculation, we assumed that the peak ampli-
tude, P o , of sound pressure at the transducer face is 1, the
density of soft tissue is 1, sound velocity, c, is 1,500 m/sec,
maximum value of n is 30, and the frequency interval is 0 .5
MHz. Simulation results for the ultrasound field of a trans-
ducer with three different frequency bandwidths (Af/fo=0
percent, 0f/ f0=30 percent, 0 f/ f o=90 percent; a=1.5 mm;
fo=7.5 MHz) are shown in Figure 4. Due to the symmetry
of the transducer, only the pressure characteristic in the pos-
itive XZ plane of the transducer is shown.

Several sound-field characteristics of the ultrasonic
transducer are evident in Figure 10 . First, the sound-pres-
sure fluctuation in the near field is smoothed due to the
presence of various harmonic components . The broader
the bandwidth, the better the near-field homogeneity,
indicating that a broad-band transducer is suitable for
detecting shallow soft tissue layers in the near field.
Second, the peak sound pressure increases more than 50
percent when the bandwidth increases from 30 percent to
90 percent . Thus, the total emitting energy increases with
the increase of the bandwidth. Third, the above analysis
is based on an ideal ultrasonic transducer with a Gaussian
response spectrum with an electrical excitation impulse.
The spectrum characteristic of an impulse function, 8(t),
is assumed to be 1 over the frequency dimension . In the
CASS, the excitation source is a square impulse with a 50
ns pulse length and 10 kHz pulse-repetition frequency.
The envelope of Fourier series coefficients is a sine func-
tion. Although the frequency bandwidth will be affected
by the properties of the emitting power transducer, the
bandwidth of the exciting signal can still reach 200 MHz.
Therefore, the ideal transducer represents a good approx-
imation of the actual transducer and the preceding sound-
field analysis is suitable for our design .

X (mm)

X (mm)

Figure 10.
The simulation of the near-field characteristics of an ultrasonic trans-
ducer for (a) 0f/,fo=0 percent ; (b) 0f/ f o=30 percent; (c) Af lfo=90 per-
cent (radius=l .5 mm, fo=7 .5 MHz).
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