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Abstract—In response to the need for a more precise
means of predicting the interaction of a prosthetic socket
with an amputee’s residual limb, a gated Doppler ultra-
sonic motion sensing system was devised for making
noninvasive measurements of the elastic modulus of soft
tissue in vive. Ultrasound was chosen for its ability to
indicate the viscoelastic behavior of biological materials
without damaging tissue. The system consists of a holding
jig to support the limb being tested, a tissue vibrator,
and an ultrasonic transducer to monitor the motion of
the tissue. The ultrasonic transducer is controlled by an
external computer to control the depth at which the
sensor is measuring tissue displacement. This ultrasonic
measuring technique provides as much information as
more conventional techniques, but with more conven-
ience and fewer restrictions.

INTRODUCTION

The mechanical properties of most engineering
materials can be characterized quite precisely, but
the mechanical properties of biologic materials have
not yet been reduced to precise tables. Unlike
traditional engineering materials, living matter is
dynamic, its mechanical properties are functions of
variables such as age, diet, disease, and heredity,
and it tends to challenge our current ability to
tabulate meaningful information. Consequently, while
there is a vast quantity of data on the properties of
various tissue systems (12), these average values do
not provide the precise insight that is needed to
predict the interaction of a prosthetic socket with
an amputee’s residual limb.

Although no characterization has predicted ac-
curately the reactions of a material to all possible
loading conditions, a number of models have been
developed that are particularly useful in describing
the behavior of materials under common conditions
of stress; among these is linear viscoelasticity.
Linear viscoelasticity theory has proven to be a
useful basis for numerous studies of soft tissue
behavior, particularly in the field of muscle me-
chanics. (1,4,6,9,12,13).

Of the numerous techniques that have been de-
veloped for interrogating the material under inves-
tigation, almost all are invasive and cannot be
applied to the study of tissue properties in vivo,
especially when the tissue of interest is deep under
the skin’s surface. However, because ultrasound
waves are mechanical in nature, they can be used
to study the viscoelastic behavior of biological
materials without detectable tissue damage.

BACKGROUND

In order to explain how ultrasound can be used
effectively to obtain useful information about the
mechanical properties of living tissue, it is necessary
to present the equations that govern the motions of
theoretical particles within the tissue medium. Con-
tinuum mechanics provides two fundamental field
equations that form the basis for inferring the prop-
erties of the tissue (10). The first equation is:

Vepi=—p [1]
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where p is the tissue density, U is the particle
displacement vector, and the over-dot symbol in-
dicates differentiation with respect to time. The
second equation is:

- Du S
F=vg+ppy =98 +pli+ @ Vb [2)

where f is the force per unit volume, g is the

gravitational acceleration and D 1s the total deriv-
ative, Dz

For convenience in working with these nonlinear
equations, the parameters in the equations can be
separated into a linear portion, a series of higher
order nonlinear terms, and a time and position
portion. Then the first-order portion of the continuity
equation can be rewritten as:

Pov'ﬁi:"ﬁi [3]

Similarly, Newton’s Second Law can be ex-
pressed as:

fo = pog [4]
.71 = Poﬁl (5]
fo= P()ﬁz + Do(ﬁn - V), — po(V - )0, [6]

These are exact equations derived from the laws
of physics, independent of material properties ex-
cept for density. To employ these equations to allow
acoustic interrogation to measure tissue properties,
it is necessary to relate force to displacement using
a mathematical model for the material characteri-
zation. In the case of linear elastic solid, Hooke’s
Law is the model and can be expressed as:

Ti' = Eijkmgkm [7]

where the element T;; of the stress tensor is defined
as the force per unit area acting along the X; axis
on a plane perpendicular to the X; axis, and the
strain tensor e, is given for linear terms as:

Erm = l/Z(uk,m + um,k) [8]
where the *“,”” subscript is used to represent partial
differentiation with respect to the i direction, and
summation over repeated “‘dummy’’ indices is im-
plied. A similar relationship exists for Newtonian
fluids:

sz - Vlfikmékm [9]

where E and V are both fourth-order symmetric
tensors relating stress and strain.

From Equations [7], [8], and [9], it can be inferred
that:

Iy; = EjmUor m [10]

and

T, = EjonWim + Vz:/'km]:lk,m [11]

A material that can be represented by Equation
[11] is frequently referred to as a Voigt medium [7].
A similar relationship might be postulated for higher
order terms, but for the purpose of this discussion
it will be assumed that, by keeping the magnitude
of the displacements small, the nonlinear terms will
be rendered negligible and the acoustic properties
will thus be embodied entirely in the first-order
linear equations.

So far, it has been assumed that the tensors are
constant tensors. While, in the conventional sense,
they are treated as such, biological soft tissues are
far from conventional, and it is evident that these
tensors may well be functions of frequency. In fact,
there is no reason not to treat the line.r viscoelastic
properties of tissues as transfer functions. If A is
defined as the impulse response tensor of a tissue,
Equation [11] can be written as:

Tl;‘ = Njkm * Wy [12]
where the * is used to denote linear time convolution.

By summing all forces acting on a particle, it is
possible to write

pi = Ty, [13]
from which the linear wave equation
Pl = Ny ™ Upe s [14]

can be obtained. Taking the Fourier transform of
this equation results in

- pszMf = Aijkka,mj [15]

where A and M are the transforms of A and U
repectively. If one could measure M and M, ,,;, one
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could then (in theory) solve for Ay, ; however, this
is a complex task with no clear direct method.

It may also be desirable to use multiple measure-
ments of M and M,,, under a variety of applied
acoustic perturbations to increase the signal-to-noise
ratio and therefore the overall accuracy of the
measurements. By minimizing the total of the squared
errors from all equations over all frequencies, the
probability that Equation [15] represents the material
under investigation will be maximized [8].

Unless the form of the tensor function A is known,
it is difficult to solve the system of equations.
However, a simple means of providing a solvable
form is to assume that A can be written as a sum
of constant tensors multiplied by basic functions.
Then, by separating the variables into real and
imaginary parts which are set equal to zero, it is
possible to take the partial derivatives. Then, by
combining the real and imaginary parts, a set of
simultaneous equations can be obtained.

Hence, given a series of measurements u, and
U,y for a variety of acoustic perturbations, and
assuming that the material under investigation is
well-behaved, the values of the 81N tensor elements
can be obtained. Fortunately, A is symmetric, so
that only 21N unknowns must be found. This number
can be further reduced by making additional as-
sumptions about the material. First, though, it is
helpful to make specific assumptions about the forms
of the basic functions and the forcing functions used.

Any number of basic functions could be used, but
one that is particularly useful is that of the power
series. Although such basic functions are not nec-
essarily orthogonal and their inverse Fourier trans-
form does not lead directly to a recognizable impulse
function, they are simple, they lead to real values
of Ay, and they are compatible with the conven-
tional definitions of elasticity and viscosity.

If the form of the forcing function used to deform
the material, and hence G, is chosen carefully, the
governing equations can be simplified greatly. If one
limits the acoustic perturbations to sinusoids of pure
frequency, the displacement will be of the form:

U, = X, cos w, + ¥, sin w, [16]
or
Z, =X, +JjY,

Solving for A then results in the system of equa-
tions:
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Aiqrsr( - 1), - Re [( _jwp)” e ZZpk,mj Zp/',st]

= Do Re [( _.jwp)n i Zpk,mj Zpi] [17]

When the tissue under investigation poses certain
properties of symmetry, these equations can be
further simplified. For example, in a tissue that
possesses three mutually perpendicular planes of
symmetry (an orthotropic material), only those terms
of Ay, for which i = jand k = m, or i = k and
j = m, and their symmetric equivalents will be non-
zero. Thus for orthotropic materials, Equation [17]
reduces to 9N equations in 9N unknowns. For
istropic materials, Equation [17] reduces to 2N
equations in 2N unknowns and from measurements
of W, V - @, and V2 U under conditions of applied
sinusoidal accoustic perturbations, the linear vis-
coelastic constants of a material can be found by
solving four linear equations in four unknowns.

The question, then, is how to measure U and its
gradients. One method is to measure the speed of
sound’s propagation and its attenuation. This ap-
proach is facilitated by assuming that the acoustic
wave propagates as an attenuated plane wave.

While it is possible to obtain the values of the
viscoelastic constants simply by measuring the speed
of sound and the viscous absorption coefficient for
both compressional and shear-wave propagation,
several difficulties arise when applying this ap-
proach. The measurement of shear acoustic velocity
and attenuation requires the use of specialized equip-
ment and techniques which require direct contact
with the tissue of interest (3). Even if shear effects
can be neglected, the distinction between the ab-
sorption and scattering components of acoustic at-
tenuation is difficult, and multiple mechanisms are
known to contribute to acoustic absorption (2).

Although accurate measurement of compressional
wave propagation requires extreme precision, such
measurements are practical, and the overall tech-
nique could be a useful one. But there could be
some question as to the validity of using ultrasonic
interrogation to quantify the overall viscoelastic
properties of tissues, since measurements made at
high frequencies may not accurately reflect the
viscoelastic properties of tissues under ordinary
dynamic loads. On the other hand, when low fre-
quency acoustic perturbations are used, it becomes
impractical to measure the speed of compressional
sound, since the wavelength becomes exceedingly
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long. At 1 KHz, for example, if one assumes that
the speed of sound is similar to that for ultrasound,
the wavelength would be on the order of one and
one-half meters. Though shear-wave wavelengths
would be smaller, it is still obvious that it would be
difficult to use bulk properties to describe propa-
gation in most biological specimens at such fre-
quencies. So, other means of measuring values of
U and its positional derivatives must be investigated.

Ironically, the best answer to this problem in-
volves the use of ultrasound, using it not to directly
measure the mechanical properties of tissues but to
measure internal displacements which result from
the application of an external acoustic perturbation.
Although pulse echo ultrasound provides an excel-
lent means of measuring the positions of internal
scatterers within a tissue, some pattern recognition
is required to measure displacements of these scat-
terers, and difficulties arise when a scatterer moves
outside the path of the interrogation beam. A better
technique involves the use of ultrasonic Doppler
methodologies to measure actual tissue flow in the

Q.—'*,, WYy
Y

e
N, /‘
S N,’ ')
o sl =
AN
@,
(28]
o,

b=
@

4
[RES———

N,
LAY

n

e @

b
s

Figure la
Schematic of an Ultrasonic Transducer to Measure the
Properties of Soft Tissue.

presence of the acoustic perturbation. This has the
advantage of not requiring any pattern recognition,
and direction components can be obtained through
triangulation. Further, by using pulsed Doppler
techniques, tissue scatterer velocities can be deter-

mined within a small volume, so that the positional
derivatives can be obtained.

One can then conceptualize the construction of a
device which could simultaneously apply an acoustic
perturbation while measuring the induced tissue
flow. This device would make use of a vibrating
head that had several ultrasonic transducers embed-
ded in it. Transducers could be used to triangulate
tissue particle velocities at various locations. A
minimum of 12 transducers making 27 measurements
would be required to fully characterize the viscoe-
lastic motion at any given depth, but by restricting
the motion of the head to combinations of pure
compression and pure longitudinal shear, and by
assuming that the tissues can be idealized as iso-
tropic, this can be reduced to 3 transducers making
8 measurements, as illustrated in Figures 1a and 1b.

Figure 1b
A Simplified Ultrasonic Transducer.
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For an individual measurement, one need only
obtain the components of the displacement phasor
and three of its positional second derivatives. When
this is done, the governing equations become:

\VAVE Z, =(1 —2v)Z, [18]
= (1 = 20)(X,,n + Y, 00)

\VAVE Z, = V_;Y . Z,, __ [19]
== VQZI,Z = VZZ[L} = 0

va,n =ZLun = Xpn +J Yo (20}

where v is Poisson’s ratio relating lateral to longi-
tudinal strain under the conditions of pure com-
pressional stress. From this, the expressions for the
material properties are found to be approximately:

E = “3P0(H2(Xp1,nXm)/2(X ?)1.11 + Y;zn.n) 21]

and

— _P()U),)(Xplypi.n — Y[)IX[)I.H)
X T 1000

plt

122]

where E is the elastic modulus and v is the shear
viscous coefficient.
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METHODOLOGY

This theoretical base has been used to develop a
gated ultrasonic Doppler motion-sensing system to
measure the elastic modulus of soft tissue in vivo.

Figure 2 illustrates the ultrasonic sensor that was
employed to characterize the modulus of the soft
tissue in the forearm or leg of a series of six volunteer
subjects. The system consists of three major com-
ponents. The first is a holding jig to support the
limb that is being tested. The jig is capable of being
adjusted while holding the tissue firmly during the
data aquisition. The second component of the system
is the tissue vibrator. The vibrator consists of a
high-torque, low-speed DC motor that is attached
to a linkage so that the amplitude of the vibrator
can be adjusted for maximum effect. The motor
includes a tachometer to measure the frequency of
vibration to an accuracy of +=0.002 Hz.

The final part of the system is the ultrasonic
transducer used to monitor the motion of the tissue.
This transducer produces tone bursts with a duration
of 0.4 microseconds, which emanate from a disk
that is 4 mm in diameter. Using this technique, the
ultrasonic signal is not used to excite the tissue but
it is used as a means of determining the motion
gradient that results when the tissue is vibrated at

Figure 2
Ultrasonic sensor used to characterize modulus of soft tissue.
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much lower frequencies, e.g., subsonic frequencies.
The ultrasonic transducer is controlled by an exter-
nal computer, an Apple lle, to control the depth at
which the ultrasonic sensor is measuring the tissue
displacement.

The computer also provides a convenient way for
the investigator to select the regions of tissue that
are to be characterized and it provides for real-time
data analysis so that spurious data points can be
ignored and replaced with new data. To accomplish
this task, two A/D channels and one D/A channel
are used. The D/A channel provides the mechanism
to increment the depth at which the tissue motion
is being monitored. The first A/D channel is con-
nected to the depth output of the ultrasonic sensor
and is used to quantify the sampling depth. The
second A/D channel provides data about instanta-
neous tissue displacements.

The algorithm for collecting the data consists of
two programs that run concurrently. The first pro-
gram is an interrupt-driven machine language routine
that can provide an interrupt every 100 milliseconds.
This program is used to detect the endpoints of the
tissue motion. At time intervals defined by one-half
the period of the subsonic perturbation and the
elapsed time since the last maximum or minimum
peak in the displacement, the program searches for
anew peak in the tissue motion. The second program
is written in Basic; it averages several displacements
for each depth setting. When a peak value has been
identified, it is compared to the running average. If
the difference between these two numbers is less
than a preset value, typically 1 percent, the peak-
to-peak displacement value at that depth is recorded.
If the difference is greater than the allowable dif-
ference, the fourth value is averaged info the pre-
vious set and a new value is identified and compared
to the average. If this procedure is repeated five
times without success, the depth is incremented and
new data are processed. The program keeps in
memory the locations of missing data so that when
the modulus is calculated, a proper weighting can
be done with the available data.

In each testing session, the subject was positioned
so that the soft tissue of interest was preloaded with
a known strain level that assured that the sensor
head would remain in contact with the tissue. After
a series of tests to determine the vibration frequency
that would give good resolution and motion ampli-
tude in the tissue, the data were collected and
recorded on a data form.

The data included the initial strain imposed on
the tissue, the amplitude of the mechanical vibration,
the frequency of the vibration, the depth of the
scatterer being interrogated, and the magnitude of
the motion of the scatterer.

It was found that the soft tissue contains an ample
number of randomly spaced points that serve as
scatterers. One must be careful, however, not to
use edges of blood vessels larger than arterioles,
because their motion is not representative of the
soft-tissue mass and data from them produce extra-
neous results, results that do not make sense phys-
ically—e.g., that produce a negative number for the
modulus. Moreover, for the 10-MHz ultrasonic sig-
nal that was employed in this study to monitor tissue
motion, it was found that the mechanical excitation
of the tissue needed to be 10 Hz = 0.5 Hz for
optimal results. Data were collected at 0.5-mm
intervals through the depth of the tissue, so that the
modulus that was calculated represents a weighted
average of all the tissue in the region.

From these data, the modulus of the tissue was
calculated using the following equation that is de-
rived from Equation [21]:

3 U(xs — Xy)
E = -pw? -
A 2P U —u, U — U (23]
Xo — Xy X3 ™ Xp

where u, corresponds to the motion amplitude at the
point corresponding to the depth x;, o is the fre-
quency of the cyclic displacement, and p is the
density of the soft tissue.

To study the effect of the tissue density assump-
tion on the modulus calculation, a sensitivity anal-
ysis was performed with Equation [23]. The density
of the tissue comprising a stump ranges from
0.92 g/cm’ for fat to 1.1 g/cm? for skin [11]. The skin
value is a weighted average for the epidermis and
dermis. If the value of the tissue density used in the
modulus calculation is 1.00 g/cm?®, the maximum
error in the modulus due to this assumption is =9
percent when the perturbation frequency is 10.0 Hz.
If the density of the tissue is adjusted to reflect
muscle and fat content, 1.02 g/cm? for muscle regions
and 0.96 g/cm® for atrophied regions composed
primarily of fat, the maximum error in the calculation
is reduced to +4 percent.

To evaluate the validity of the constants calculated
from the data collected from the ultrasonic system,
the subjects were also tested using an Instron Testing
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Machine to load the tissue at the same point used
in the ultrasonic experiment. Force-displacement
data were collected and the modulus of the tissue
was calculated at the point where the displacement
was equal to the displacement used to drive the
tissue during the data collection done with ultra-
sound. In these tests, care was taken to position the
limb in the Instron so that the load was applied in
a manner identical to that of the mechanical vibration
used to excite the tissue, and so that the strain rate
was of the same order of magnitude as the loading
rate used in the ultrasound experiments. The Instron
data were reduced to modulus information using the
technique described by Krokosky [5]. In the tests
using the ultrasonic monitoring system, the strain
rate for the tissue at the surface of the limb was
0.4 (inches/inches) per second. Thus, for the Instron
testing, the head movement was set in the range of
18-24 inches/minute, which gave a strain rate of
from 0.37 to 0.42 (inches/inches) per second at the
surface of the extremity. The exact strain rate
depended on the original thickness of the tissue
being tested.

RESULTS

A comparison of the results from the Instron
testing and the ultrasonic testing is given in Figure
3. It can be seen that the modulus, as calculated by
using either technique, is very close (within 7 per-
cent) to that obtained using the other. This difference
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is well within the estimated error associated with
mechanical testing, = 10 percent. Table 1 summa-
rizes the modulus changes that occurred as the
muscle mass was contracted.

Table 1

Contraction State Modulus (psi)

at 10% strain level

relaxed 0.9 = 0.07
mild 5.2 02
(supporting 5 1b. weight)
maximum 158 = 0.3
DISCUSSION

The ultrasonic measuring technique appears to
provide information that is consistent with infor-
mation that can be collected using more conven-
tional, but much less convenient, techniques to
characterize the mechanical properties of soft tissue.
The utility of the technique is not restricted by a
lack of suitable scattering points in the tissue mass.
However, care must be taken to assure that the
apparent scatterers are not the walls of large blood
vessels; these could be distinguished from the scat-
terers by their characteristic motion that does not
mirror the forcing function. Also, it was found that
care must be taken to locate the skeletal member

SOFT TISSUE MODULUS,
RELAXED MUSCLE MASS

a Instron

o Ultrasound

Q
Modulus
(psi) 5
Q
5 10 15 20 25

Figure 3 Strain Level (percent)
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within the soft tissue mass, since the motion of the
soft tissue can be significantly influenced by
compression against a bone, and that restriction will
cause the technique to yield useless data.

The technique was found to provide reproducible
data and if the corresponding data parts were re-
peated and averaged, the composite data points
produced results that were quite reproducible.

It was also noted during the study that, by using
the ultrasonic technique, it is possible to calculate
the modulus of soft tissue in a very small region,
ie., 0.5 mm x 0.5 mm; or the readings could be
taken over a region corresponding to one-half the
distance between the skin surface and the underlying
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