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Effective Elastic Properties for Lower Limb Soft
Tissues from Manual Indentation Experiment
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Abstract—Quantitative assessment of the biomechanical prop-  Palpation is often employed in clinical evaluation of some
erties of limb soft tissues has become more important during pathological conditions of soft tissues, such as subcutaneous

the last decade because of the introduction of computer-aided ; ;
design and computer-aided manufacturing (CAD/CAM) and fi- oedema. An indentation apparatus was developed by Schade

nite element analysis to the prosthetic socket design. Because®! al. to study t_he changgs of_creep properties of_skin and
of the lack of a clinically easy-to-use apparatus, the site and Subcutaneous tissues of limbs in oedematous conditions [24].

posture dependences of the material properties of lower limb Similar investigations using different indentation apparati were
soft tissues have not been fully reported in the literature. In this 5jgg reported recently [6], [18]. Investigations in this general

study, an ultrasound indentation system with a pen-size hand- area have reported the dependence of these biomechanical
held probe developed earlier by the authors was used to obtain

the indentation responses of lower limb soft tissues. Indentation Properties on site, subjept, age, and gend.er (1], [5], [9], [13],
tests were conducted on normal young subjects with four females [14], [17], [20], [36]. Testing sites on lower limbs and forearms

and four males at four sites with three body postures. A linear were usually selected in those investigations. Computer-aided
elastic indentation solution was used to extract the effective design and computer-aided manufacturing (CAD/CAM) tech-

Young’s modulus from the indentation responses. The determined . d fini | vsis h .
modulus ranged from 10.4 to 89.2 kPa for the soft tissues _nlques and finite element (FE) analysis have been introduced

tested. These results were in a similar range as those reported INt0 the design of prosthetic sockets and cushions [2], [4],
in the literature. The thickness of the lower limb soft tissues [10], [15], [23]. Determination of quantitative biomechanical
varied slightly with body posture changes. The Young's modulus properties in residual limb tissues in compression has become
dgtermlned was dfemonstrated to be significantly dependent on important so as to provide inputs to these advance design
site, posture, subject and gender. The overall mean modulus . . . .
of male subjects was 40% larger than that of female subjects. tools. IT the 'nd'v'du‘_"“ proflles (_)f thickness anq material
No significant correlation was established between the effective properties of the residual limb tissues can be incorporated
Young's modulus and the thickness of entire soft tissue layers. as additional inputs to the CAD software in addition to the
residual limb geometry which is the only quantitative input

|. INTRODUCTION to the design process currently, socket design can then be

HE human musculoskeletal system is entirely coverecc"f‘med out in a more objective manner. Compared with the
by layers of soft tissues, which are comprised of Skiﬁ:onventional methods of socket design which strongly depend

fat, muscle, embedded blood vessels, tendon, and ligam

o the experience of prosthetists, this new approach will help
The material properties of soft tissues in the musc:uloskele{glmake knowledge accumulation easier and teaching-learning

system have usually been measured along their long agre precise for the socket fabrication. However, quantitative

or line of action, i.e., for tendons, ligaments and muscle@aterial properties of soft tissues have not been involved

and for skin, in the plane of its surface. However, at th® the current CAD/CAM socket design system. One of the

body support interfaces, such as the buttock tissues interfaciigin reasons may be the lack of an easy-to-use approach
with the seat, the residual limb tissues interacting with t{g" duantitative biomechanical assessment of soft tissnes

prosthetic socket, and the plantar tissues of the foot interactm%io' In addition, FE analysis has been adopted to study the
with the in-sole/ground, significant loads normal to the skil? erface stress between the surface of the residual limb tissue
surface are transmitted via the skin to the underlying tissu@§ld the socket during the last decade. It is anticipated that
Biomechanical assessment of skin and the underlying sbff a@nalysis may effectively predict stress distributions for
tissues normal to the body surface is relevant to the desigh®roPosed socket design, thus offering the opportunities to
of these body support interfaces. These issues are relevar{gluate the design before prosthetic fabrication. Individual
many clinical rehabilitation problems, such as special seatingi@mechanical properties and thickness of the residual limb
for the spinal cord injured, special orthotics for diabetic feeiSSues have been recognized as important inputs to the residual
and custom prosthetic sockets for amputees. limb-socket FE modeling [22], [25]-{27], [30].
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Fig. 2. A schematics showing the ultrasound indentation system.

tissue thickness changed during loading and unloading. The
algorithm calculated the deflection of the time of flight of the
Fig. 1. The operation of the pen-size indentation testing probe. ultrasound echo wave with the reference of the wave peak to
determine tissue deformation by assuming the sound velocity
in soft tissues was 1540 m/s [7].
might not readily render themselves as user-friendly clinical By increasing the power of the transmitted ultrasound pulse
tools. and the gain of the receiving amplifier, ultrasound signals
The technique of using ultrasound to measure tissue thickflected from the soft tissue-bone interface as deep as 15
ness of oral mucosa has been proposed before [3], [16]. Tbia in the thigh could be detected using the probe. With a
technigue has also been used in association with a cantileganix (Springfield, VA) 100 MHz 8-bit analog-to-digital (A/D)
loading device to investigate the age-dependent creep resparmeverter for digitizing ultrasound signals, the accuracy of the
of skin and subcutaneous tissues at a site over the antdgime measurement was 10 ns. The accuracy of the deformation
medial aspect of tibia [17]. However, the experimental seetermined by the indentation system was better than 0.02 mm,
up of those devices have not been detailed in that papeith the ultrasound frequency above 5 MHz and the amplitude
A pen-size ultrasound indentation probe has been earl@rthe ultrasound signal larger than 10% of the full dynamic
developed by the authors [31]-[35]. Load-indentation responsmge. A 12-bit A/D converter was used to digitize the force
as well as tissue thickness can be obtained quickly by usisignal, and the accuracy of force result was better than 0.003
the new apparatus. This made it possible to perform madrewithin a 0-10 N range.
extensive investigations on biomechanical assessment of limtA Hounsfield (Surrey, England) material testing machine
soft tissues under various conditions. The objective of thigas used to validate the ultrasound indentation system. The
paper is to investigate the effective Young’'s modulus artthnd-held probe was placed in line with the load cell of the
tissue thickness of the lower limb soft tissues at differembaterial testing machine. Force and deformation data were
sites and with different body postures. The correlations of thead from the machine by the software via the RS232 port.
effective Young’s modulus of these soft tissues with gender 8#milar data were also acquired with the ultrasound indentation
well as with tissue thickness were also addressed in this papsistem. The validation experiments were performed on a layer
of fresh porcine tissue with an initial thickness of 24 mm. The

Il. METHODOLOGY ultrasound echo wave was reflected from the interface between
the tissue bottom surface and the container. An ultrasound
A. Ultrasound Indentation Apparatus velocity of 1540 m/s was assumed for the entire porcine

The ult d indentati " ised {issue layer. The probe was first driven to slightly touch
€ ulrasound indentation apparatus was Comprsed OyQ qyin surface of the porcine tissue, and all the readouts
pen-size, hand-held indentation probe (see Fig. 1). An ultr

\Rere reset to zero, then several loading-holding-unloading

sound transducer with a diameter Of_g mm was at t_he té%quences were imposed manually via the control panel of the
of the probe and also served as the indentor. The thickn

Sterial testing machine. The indenting rate imposed varied
and deformation of the soft tissue layer were determin? 9 9 P

: . m 0.5 to 1 mm/s. The maximum load was approximately
from the ul?rasognd epho signal. A compressive load cell w SN corresponding to approximately 20% deformation of the
connected in series with the ultrasound transducer to record Qire tissue layer
corresponding force response. A schematic of the indentation ’
system is shown in Fig. 2. Software was developed to displa
in real time the ultrasound reflection signals, deformati
transient and force transient on the computer monitor. All the Four normal young males and four normal young females
data could be recorded in a file for further off-line study, andith age of 282 participated in the experiments. The mean
the whole procedure could be played back continuously or &age of selected females was similar as that of the males.
incremental time steps. A pair of cursors within the ultrasournible | gives the basic information on the eight subjects.
wave train could be set for autotracking the echo peaks durifige indentation tests were carried out at four sites over the
the indentation procedure. The ultrasound echo wave reflectistal femur, proximal tibia and fibula, and popliteal area,

from the soft tissue-bone interface would move as the swoéispectively.

. Subject Selection
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TABLE |
BASIC INFORMATION OF THE EIGHT SUBJECTS PARTICIPATED IN THE EXPERIMENTS
Information YVO JES FEN LIY TOM STE TER HJY mean SD
Sex F F F F M M M M
Age 27 26 27 31 27 30 26 30 280 20
Mass (kg) 50 51 54 a7 73 65 60 60 575 87
Height (cm) 152 158 156 160 165 168 183 166 1635 95

@) (b) (©

Fig. 3. The three postures and the four indentation sites over distal femur and proximal tibia and fibula of the right leg. The three postures timgre (a) sit
with the knee rested at 90flexion, (b) posture A but with the foot dorsiflexed, and (c) standing with the knee locked in hyperextension.

C. Testing Protocol a trial. No resistance was applied in the test. In the tests for

Fig. 3 shows the four indentation sites and the three postufB§ third posture, the subject was asked to stand with the knee

selected for this study. The locations of the four sites on tfcked in hyperextension and without additional activation of
right lower limb were on the soft tissue: underlying muscles of the thigh (posture C).
Site 1: over the medial side of the tibia, and 3 cm from thr% ()SAtIIESrTEZﬁSISc:zyA)pgggurszatzngl/r:agn (ﬁgftgrrﬁpcuzeaef t\;v: dC?er;e
Site 2- TS::TF?; r:::jalo;gslié the femur. and 10 cm abosglected in this study. The underlying muscles of the four
' from the distal end of femur- ' Yesting sites would be involved during the alternation between
j these two postures. The typical relationship between biome-

Site 3: over the lateral side of the fibula, and 5 cm from : :
. : i chanical properties of soft tissues and body postures would
the proximal head of fibula;

o . . ge established through the tests with these two postures. The
Site 4: over the popliteal area at the same level as site 3. . . . .
) i : ) _ underlying muscles at Site 2 would only be slightly influenced
There were three sites in the region of the proximal tibigii, foot dorsiflexion (i.e., Posture A versus Posture B),

and fibula and one site in the region of the distal femur withan the subject was in the sitting posture. Since Posture
different soft tissue thickness. These four sites were selec@dCan be readily adopted from Posture A and vice versa
as they are involved in the design of below-knee prosthefif, minimal changes in the general body configurations, this
sockets. _ would be used to further verify that the activation state of the
~ Indentation tests were conducted for three body posturgseriying muscle was the dominant source for the change of
involving different states of muscular contraction around th&,mechanical properties of soft tissues under a testing site.

lower leg. The selected three postures were as follows: Indentation testing was manually performed using the pen-
A) sitting with the thigh horizontal and the knee rested afize probe. Before each test, the probe was used to load and
90° flexion; unload the testing site several times to obtain a maximum
B) posture A but with the foot dorsiflexed; and stable ultrasound signal reflected from the soft tissue-bone
C) standing with the knee locked in hyperextension. interface. Through many preliminary tests, it was found that

The subject was asked to sit in a chair with the knee restiessue preconditioning could be achieved through the same
at 90 flexion, and the chair was adjusted to keep the thigirocess. A similar result has been reported in the literature
horizontal (posture A). After the tests were completed fd28]. Each test was conducted with a few cycles of loading-
posture A, the subject was instructed to dorsiflex the foahloading sequences with indentation rate manually controlled
(posture B), and to maintain the maximal dorsiflexion duringp be approximately 4 mm/s. Indentation rate around this
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Fig. 4. A typical indentation response (a) and the corresponding load-indentation curve (b) recorded on the forearm of subject YZ with the ldand relaxe
The original thickness of the soft tissue layer was 16.2 mm.

value was found to be readily manageable for a hand-hetthximum indentation depth and maximum indentation load
test [33], [34]. Two hundred load-indentation data points wekgere also visually controlled by monitoring the indentation
collected within a period of 17.2 s. During a test, the maximunesponse which was shown on the computer monitor in real
indentation was controlled within 30% of the initial thicknesgime.
of the soft tissues, and the maximum indentation load wasSince the indentation with the current apparatus was rela-
limited to 5 N. It was noted that such indentation on thsvely easy and quick to perform, as many as six trials were
limb soft tissues at various sites with different thickness couttbnducted at each site for each posture. Depending on the
be accepted by all of our subjects without pain. Ultrasouratiginal thickness and stiffness of soft tissue at the testing
couplant gel was used to couple the ultrasound signal with thige, each trial of indentation sequence would contain about
soft tissues. 3-9 loading-unloading cycles. Fig. 4 shows a typical manual
During a test, the testing parameters of the indentor warelentation response and the corresponding load-indentation
manually controlled by the operator. The alignment of theurve. The trials with the maximum and minimum material
probe was visually controlled by monitoring the amplitude gfarameter were excluded and the mean of the remaining four
ultrasound reflection signals, which was found very sensitiviata sets was calculated as the result for this test. The influence
to misalignment of the probe [33], [35]. The indentation rat@n the results from the occasional movements of subjects
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Fig. 5. The selected data points used for the estimation of the effective Young’'s modulus. Different symbols represented the data points of different
cycles. The data in the loading phases with the indentation load larger than 0.5 N and smaller than 75% of the maximum value were selected. The plotted
data was rescaled from raw data assuming the 0.5 N to be the reference state.

during each trial could be reduced by this process. Using thwere & is the tissue thickness, and is a scaling factor.
same testing protocol and data analysis method, a repeatabilitys scaling factor provides a theoretical correction for the
test was conducted on the left forearm of a normal youdipite thickness of the elastic layer, and it depends on both the
male subject [34]. Six tests with six trials for each test wer@spect ratio:// and Poisson’s ratie. The Poisson’s ratie
performed on one site with an indentation rate around 4 mmygas assumed to be 0.45 in this study assuming soft tissue to
be nearly an incompressible material. A similar assumption
D. Data Reduction Methods has been widely adopted in the literature [19], [25]-[28]. The

A typical indentation response is shown in Fig. 4. This Spéf_;ldius of the indentor, i.e., the ultrasound transducer, was 4.5
cific indentation test was composed of five loading-unloadif§M: With these constants, (1) can be written as the form

cycles within a testing period of 17.2 s. During the indentation 1 P
test with the probe manually driven by hand, the indentation b= m "w 2)
rate was difficult to control as a constant during a whole
loading-unloading cycle. For this reason, the experimentghere K (i) with a unit of length is a factor only depending
data points in the loading phases with the indentation lo&d the thickness: of the soft tissue if a constant Poisson’s
larger than 0.5 N and smaller than 75% of the peak valtiatio » is assumed. Using the value #fa/h, ) proposed by
were selected for the following data analysis. It was notddayeset al.[8], the relationship betweeA (2) and thickness
that the indentation rate within this range was relativelff can be derived. The curves under a Poisson’s ratio of 0.3,
constant, and influences on the indentation response dueéd#5, and 0.5 were plotted in Fig. &(h) can be interpolated
large variation of indentation rate near peak and valley in &r an arbitrary value of.. For the particular test shown in
indentation cycle could be reduced. The selected data poihigs. 4 and 5, the initial thickness was determined as 16.2
within such limits were plotted in Fig. 5 with different symbolsnm, K (k) was calculated as 15.6 (mm), and the average ratio
representing the data points of different cycles. The plotté@d the applied load to the indentation degiw was derived
data was rescaled from the raw data assuming the 0.5a8l 0.35 N/mm, the modulus could then be obtained as 22.6
to be the initial state. A linear regression was adopted ka by using (2).
represent all the data points. The slope of the curve was thdn this study, the limb soft tissue was assumed to be a
mean ratio of load to indentation, i.e2/w, which reflects the linear elastic material, the nonlinear and viscoelastic properties
biomechanical properties of the soft tissue. The small offseere not taken into account in the present data analysis. The
of the curve caused by the nonlinearity of the soft tissugxtracted modulus was named the effective Young’s modulus.
mechanical properties was a result of the linear regression of
the mildly nonlinear force-deformation data. Nl. RESULTS

The effective Young’'s modulus was calculated using (1).
'I_'his is a rigorous mathemgtical solution to the glz_:\stic indentﬂj validation Results
tion problem of a thin elastic layer bonded to a rigid half-space

with a rigid, frictionless cylindrical plane-ended indentor [8] Fi9- 7 shows the results of the validation experiments for the
new testing system performed on the porcine tissue. The data

2
- (A=) p (1) read from the material testing machine and those determined
2ar(v,a/h) w using the ultrasound indentation apparatus agreed very well.
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Fig. 6. The relationship between functidii(k) and thickness: for the Poisson’s ratio of 0.3, 0.45, and 0.5.

If the values of force and displacement read from the materg&hndard deviations of eight subjects were calculated for each

testing machine were assumed as real values, the variatiorobthe four sites and with each of the three postures, and were

the force and displacement determined using the new systased to represent the subject variation. The subject variation of

were within 3 and 0.3% of those real values, respectively. the effective elastic modulus with this definition ranged from
23.4 to 42.7%.

B. Soft Tissue Thickness Fig. 9 shows the variation of the effective Young's mod-
ulus due to different body postures at the four testing sites.

ft ti hick h r’§tatistically significant difference® < 0.05) of the effective
soft tissue thickness measurement was 1&2613 mm. The Young’s modulus of the soft tissue at the four sites were

percentage standard deviation was Calcu_lated as 0'75%_" LB8erved in all three postures. At the sites over the proximal
original thickness of the lower limb soft tissues of the €ighfq i) tibia (site 1), lateral fibula (site 3) and calf area (site 4),
SUbJeCt.S at the four testing sites was in the range oHOE3 the soft tissues became significantly stiffer when the posture
mm (site 1, posture B) to 54.% 4.4 mm (site 4, posture changed from sitting with the foot relaxed (posture A) to sitting

A). Fig. 8 shows slight variations of the soft tissue thickne§,§£h the foot dorsiflexed (posture B). Almost no effect was

with different body postures at the four testing sites. Paire served due to such a postural change at site 2, which was

X T 0
t-tests dem_onstrate_d a highly significant chaige< 0.005) located over the lateral femur. This result agreed with the con-
in the soft tissue thickness between posture A and C, as we . L ;
. . . cept that the underlying muscles at this site were only slightly
as between posture B and C at site 1, site 2 and site 4.. . : ey
oo . - _involved in the action of foot dorsiflexion. When the posture
significant differencép < 0.05) was also observed by paired

comparison between postures A and B at site 1, and betw%ér‘?l nged from sitting (postures A and B} to standing (posture

postures B and C at site 3, although their variation of averagge! thg stiffness of the S.Oft. 'FISSUQ over the proximal medial
value was small as shown, in Fig. 8. No significant differen 'a (S|t¢ 1) decreased S|_gn|f|car}tly, and those over the Igteral
was observed between postures A and B at site 2 sitgfe ur (site 2_),t_h_e lateral flbula(sn_e 3) and the calf area (S'.te 4)
and site 4. As the posture changed from sitting (posiure creased 5|gn|f_|cantly. 'The soft tissue at the calf area (S!te. 4)
to standing (posture C), the mean tissue thickness of ei came dramatically stiffer when posture changed from sitting

subjects increased 10.4% (1.1 mm) at site 1, and decreaog tanding; the mean effective Young’s modulus changed from

9.0% (3.6 mm), 3.8% (1.1 mm) and 5.5% (3.0 mm) at site 2> i1463 ';]Pa fo 51.3:: 12];f5 kPa fgr all eight fj“tl’jedsf' |
site 3 and site 4' reSpeCtiver. 1g. shows that the effective oung's modulus or male

subjects was significantly larger than that of female subjects
_ in posture A. Similar results were obtained for the other two
C. Effective Young's Modulus body postures. The mean modulus of limb soft tissues of the
In the repeatability test on the forearm, the result of tHeur female subjects ranged from 12.4 to 59.7 kPa for the four
effective Young's modulus determination was 19460.54 sites with the three postures, and that of the four male subjects
kPa. The percentage standard deviation was calculatedrasged from 18.6 to 70.2 kPa. The overall mean modulus of
2.8%. The determined effective Young's modulus of lowemnale subjects was 40% larger than that of female subjects.
limb soft tissues was in the range from 10.4 kPa (subject FEN,Fig. 11 shows that there existed some correlations between
site 1, posture A) to 89.2 kPa (subject STE, site 3, postulee effective Young’s modulus and the original thickness of
B), and it depended on site, posture, subject and gender. Boft tissues of the eight subjects with posture A (sitting) at

In the repeatability test on the forearm, the result of t
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Fig. 7. Validation of the force (a) and deformation (b) determined using the indentation probe with those read from the material testing machine.

testing sites 1, 2, and 4. However, the determination coeffatus with a pen-size probe which was previously developed by
cients(R?) of linear regression for all four sites were smallethe authors, indentation tests were conducted on eight normal
than 0.3. Similar results were also obtained for posturesy®ung subjects. Lower limb soft tissues at four sites with

and C. Fig. 12 shows a tendency of obverse and revetheee body postures were studied. A linear elastic indentation
dependence between the change of modulus and the chasgation was used to extract the effective Young’s modulus

of tissue thickness at site 3 and site 4, respectively, whéom indentation responses.

the posture was changed from sitting (posture A) to standingThe determined effective Young’'s modulus ranged from

(posture C). Meanwhile, the determination coefficigdt$) of 10.4 to 89.2 kPa, which was within a similar range as that

linear regression for site 1 and site 2 were smaller than 0.1. Keported in the literature: 60 kPa [26], 53 to 141 kPa [15], 50

significant correlations between modulus of soft tissue and tt5145 kPa [21], 27 to 106 kPa [27], 21 to 194 kPa [19]. These

original thickness and between their changes induced by tedues varied among subjects, with pathological conditions,
alternation of postures could be established from the resuligh sites and with states of the muscular activities. Results

obtained in this study. from this study demonstrated that the effective Young’'s modu-
lus of lower limb soft tissues depended significantly on testing
IV. DiscussION site, body posture, and gender. The mean modulus of the four

Because of the lack of an easy-to-use quantitative testifegnale subjects ranged from 12.4 to 59.7 kPa for the four sites
method, comparisons of biomechanical properties of limb saefith three postures, and that of the four male subjects ranged
tissues at different sites with different body postures is rathigom 18.6 to 70.2 kPa. The overall mean modulus of males
lacking in the literature. Using an ultrasound indentation appaas 40% larger than that of females.
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Fig. 8. The variation of the initial thickness of the soft tissue layers at the four testing sites of the eight subjects with three postures. The error ba
represented the standard deviation of the data from the eight subjects.
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Fig. 9. The variation of the determined effective Young’s modulus of the soft tissue layers at the four testing sites of the eight subjects wighufege po
The error bar represented the standard deviation of the data from the eight subjects.

The original thickness of the lower limb soft tissues variede used as a reference in lower limb prosthesis design, espe-
slightly (up to 10%) with the change of body postures, contially for the CAD/CAM prosthetic socket design and the FE
pared with large variation of the modulus (up to 460%). Themmalysis of prosthetic socket—residual limb interface problem.
existed some relationships between the effective Youngrfie body posture, site, and gender dependences of the effective
modulus and the original thickness of soft tissues, and betwedsung’s modulus of limb soft tissues have been reported in
their relative changes induced by the alternation of posturéisis paper for a narrow range of age. Further investigations on
However, significant correlations were not established from ttlee age dependence and dependence of other variables of the
results of this study. The results confirmed that the activati@ffective Young’s modulus are in planning. Additional studies
states of the underlying muscles were the main reason for the residual limb soft tissues of above-knee as well as below-
variation of the determined effective Young’s modulus of soktnee amputees are currently being conducted at our Centre
tissues due to the changes of body postures. using the same approach as described in this paper.

The above results were obtained from normal young sub-The uncertainty of the Poisson’s ratio of soft tissue would
jects. Besides their significance on the investigation of biomaffect the extracted effective elastic properties. In the current
chanical behavior of limb soft tissues, these results could alstudy, a Poisson’s ratio of 0.45 was assumed for the soft
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Fig. 11. The relationship between the determined effective Young's modulus and the original tissue thickness for the four testing sites with{gtistgye
The lines were linear regressions for the four sets of datawas the determination coefficient of the linear regression.

tissue in the calculation, and the indentor diameter used wadracted effective modulus may be affected by the assumed
9 mm. If the Poisson’s ratio is assumed to be 0.3 insteadlue of Poisson’s ratio if the variation is large and the tissue
of 0.45, the extracted modulus will increase by 14.1% tilnickness/indentor diameter ratio is small. Up to this point, it
19.4% as the tissue thickness changes from infinite to B@mains a challenge to clinically measure the Poisson’s ratio
mm. While, if the Poisson’s ratio is assumed to be 0.5 insteafl soft tissues independently.

of 0.45, the extracted modulus will decrease by 6.0 to 8.6%The geometry of the limb soft tissues may be another source
as the tissue thickness changes from infinite to 20 mm. Thi§ uncertainty for the determined Young’s modulus. Since
effect would become more serious when the tissue thickngks indentation solution [see (1)] employed in this study was
decreased, especially when the soft tissue was thinner tltgmived for an infinite layer on a rigid substratum, the curvature
5 mm. In most indentation studies on skin and subcutaneafghe limb surface and the limited dimension of the limb bone
tissues, investigators have assigned a Poisson'’s ratio within thay affect the accuracy of the determined Young’s modulus.
range from 0.45 to 0.5 to simulate the nearly incompressibelection of a smaller indentor can reduce such effects. How-
behavior of the limb soft tissues as a whole during a dynamewer, too small an indentor will limit the indentation to the
situation [9], [19], [21], [25]-[27]. The absolute value of thesuperficial layer, and the determined Young's modulus will
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only represent the material property of that layer instead of the ultrasound reflection signals, capitalizing on the fact
the entire soft tissue layer. Numerical and experimental studitat the amplitude of the echo but not its time flight was very
on the effects of the curvature of the limb surface as well &snsitive to the misalignment of the probe [35].
the size and shape of the underlying bone should be usefullt is known that the mechanical properties of limb soft
Recent studies demonstrated that finite element analysis cdiggues are generally nonlinear and viscoelastic. This could
be used to extract the material parameters of limb soft tissut observed to some degree in the load-indentation response
from indentation responses [21], [25], [26], [29]. The limWPresented in Fig. 4. The nonlinearity and viscoelasticity were
geometry could be taken into account in the FE model [29]. ieduced in the data analysis used in this paper by excluding the
the processing time could be reduced for extensive applicatiéiita points near the peak and valley of the indentation cycles.
FE analysis may be an alternative way to extract materfaPr this reason, the determined Young’s modulus was an
parameters with higher accuracy. effective modulus of the soft tissues for a range of deformation
In the indentation tests on skin and subcutaneous tissu@s@PPlied load. Although such a simplified material parameter
the indentor was conventionally aligned perpendicular to tHé2S not enough to describe the complex mechanical properties
skin surface. Misalignment of the indentor, however, is diff®f SOft tissues, it would still be very useful clinically. The

cult to avoid, particularly when the indentation is performeffSults of FE analyzes demonstrated that the pressures applied
L 0 .
manually. For linear elastic materials, the result of finit 70% of the interface area were between the range from 8

element analysis showed that although the stress distributltgn80 kPa [30]. The material parameter obtained in this study

was influenced by the misalignment significantly, the totg] 23 extracted with a similar range of applied pressure. Such

resultant force for the indentation was only slightly affected simple and easy-to-obtain material parameter may be partic-
for up to eight degrees indentor misalignment [1f.vitro ularly useful in the CAD/CAM design system for prosthetic
P 9 9 9 ' sockets and cushions, where currently no quantitative material

experiments demonstrated that the indentation responses ¢ U erties are involved in the design process. On the other
be |nflugnceq by the .m|sal|gr.1ment of the indentor, espema nd, more precise descriptions of biomechanical properties of
at the sites with soft tissue thickness smaller than the dlameétarh tissues are also desired in many applications, such as for
of the indentor [35]. It was observed with up t0 12.54,o nore realistic modeling of the socket-stump interface. For
misalignment of the indentor, the effect on the indentatiqfose purposes, two other approaches for extraction of the non-
response decreased as the thickness increased, and begamgity and quasilinear viscoelastic properties of soft tissues

almost negligible when the tissue thickness became larggsm the indentation results have also been proposed [32], [33].
than double of the indentor diameter. The effects due to

misalignment could also be reduced by adopting some amount
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