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Abstract

In various medical fields, a change of soft tissue stiffness is associated with its physio-pathological evo-
lution. While elastography is extensively employed to assess soft tissue stiffness in wvivo, its application
requires a complex and expensive technology. The aim of this study is to determine whether an easy-to-use
method based on impact analysis can be employed to determine the concentration of agar-based soft tissue
mimicking phantoms. Impact analysis was performed on soft tissue mimicking phantoms made of agar gel
with a mass concentration ranging from 1% to 5%. An indicator At is derived from the temporal variation
of the impact force signal between the hammer and a small beam in contact with the sample. The results
show a non-linear decrease of At as a function of the agar concentration (and thus of the sample stiffness).
The value of At provides an estimation of the agar concentration with an error of 0.11%. This sensitivity of
the impact analysis based method to the agar concentration is of the same order of magnitude than results
obtained with elastography techniques. This study opens new paths towards the development of impact

analysis for a fast, easy and relatively inexpensive clinical evaluation of soft tissue elastic properties.
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1 Introduction

In various medical and surgical fields such as oncology, hepatology, plastic surgery or dermatology, the assessment
of elastic properties of soft tissues is of great importance for clinical diagnostic and patient follow-up, since the
development of many pathological processes is associated with an alteration of the tissue mechanical properties
and changes in tissue stiffness (1; 2). Tumorous or fibrous tissues are typically characterized by an elastic
modulus that differs from surrounding healthy tissues by several orders of magnitude (3; 4). In dermatology
too, many skin diseases as scleroderma, Ehlers-Danlos or keloids induce alterations of the mechanical properties
of the skin, which can be assessed by measuring, for instance, the elastic properties of the tissue (5). Due
to these manifold clinical issues, the quantitative and non-invasive characterization of soft tissues mechanical
properties is of great medical interest.

Palpation is an empirical method commonly used by the physicians in order to inspect tissue stiffness and
detect tissue abnormalities. However, this method remains subjective. Quantitative methods such as quasi-
static compression tests, nano-indentation or dynamic measurements such as rheometry or Dynamic Mechanical
Analysis (DMA) are widely used to characterize material elastic or viscoelastic properties. However, their
destructive nature as well as reproducibility issues prevent such approach to be used in the clinic and they can
only be employed for in vitro tests.

Interestingly, elastography, whose development started in the 1990’s (6), has been extensively used to charac-
terize soft tissue stiffness by mapping the tissue compressive and shear moduli in different anatomical locations,
as it can be applied in wvivo. In particular, transient elastography, which relies on shear wave propagation,
remains one of the gold standard for clinical evaluation of local tissue Young’s modulus (7; 8). A medical
device named Fibroscan® is now commonly used for the assessment of hepatic fibrosis (9). However, the use
of shear-waves requires a complex and relatively expensive system, which may limit the use of the technology.
In dermatology, although elastography has also been investigated (5), another simpler method based on skin
suction and consecutive deformation has been developed for skin elasticity assessment, for which the corre-
sponding medical device is known as Cutometer® (10; 11). This instrument may be used to assess skin aging
(12) and the efficiency of cosmetic treatments (10; 13). However, this method is based on empiric observations
and suffers from reproducibility issues (13). Moreover, it remains difficult to analyse the different parameters
obtained with the Cutometer® and to retrieve the actual viscoelastic properties of the skin (10).

In the context of total hip arthroplasty, our group has developed a technique based on impact analysis
aiming at providing information on the stability of the acetabular cup implant (14; 15; 16) and of the femoral
stem (17; 18; 19). This technique is based on the analysis of the signal corresponding to the variation of
the force as a function of time obtained during an impact between the ancillary holding the implant and an
instrumented hammer equipped with a force sensor. More recently, the method was extended to be applied
to osteotomy procedures (20; 21) and in particular rhinoplasty (22; 23; 24). The analysis of the impact force
signal between the instrumented hammer and the osteotome proved to be able to estimate the bone properties

(elastic modulus and thickness) (20) as well as to predict the rupture of bone samples (21). In these specific
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configurations (22; 24; 23), impact analysis was directly performed on the osteotome whose cutting end was a
linear contact with the bone tissue. The main advantages of our approach lies in the fact that i) it is easy to
use (i.e. fast and simple measurement protocols), ii) it provides a real-time feedback, iii) it is non-invasive and
non-destructive, iv) it is a dynamic measurement, portable and low cost. In particular, the method sensitivity
to the biologic tissue properties as well as the non-invasive and non-destructive characteristics of the method
makes it relevant to be applied to various clinical applications from dermatology and cosmetology to oncology.

The aim of this paper is to determine whether an easy-to-use method based on impact analysis can be
employed to determine the concentration of agar-based soft tissue mimicking phantoms. Impact analyses are
performed with soft tissue mimicking phantoms made of agar, a biological polymer. Agar-based phantoms have
been extensively employed to mimic biological soft tissues (25; 26; 27), since they have similar mechanical prop-
erties with adjustable concentration-dependent mechanical characteristics (28; 29; 30; 31). A signal processing
technique similar to the one developed in Hubert et al. (20) is employed to evaluate the method sensitivity to
variations of the agar concentration. The non linear behavior of the experimental configuration is assessed by
applying preloading conditions. Eventually, the sensitivity of the method is compared to DMA and elastography
techniques using results obtained in the literature. The originality of this study is to apply impact force analysis
to soft matter, with a rigidity of around three orders of magnitude lower than the bone tissue considered in
the previous study on bone characterization (20), [1], which required to adapt the experimental setup. The
maximum amplitude of the force is ten times lower in the present work than in Hubert et al. (20). Another
difference between the present work and the work described in (20; 21) lies in the targeted clinical application.
While bone characterization and bone rupture detection were considered in (20; 21) the overall objective of the

present study is to eventually distinguish healthy and pathological soft tissues.

2 Materials and methods

2.1 Preparation of tissue mimicking phantoms

Tissue mimicking phantoms were made by varying the concentration of agar from 1g to 5g in 100ml of distilled
water, leading to samples with agar concentration ¢ in weight of 1%, 2%, 3%, 4% and 5%, respectively. Samples
above 5% were not tested due to the brittle nature of agar at higher concentrations. A picture of the samples
is shown in Fig. 1 for each concentration c. The ingredients were mixed at room temperature and then the
solution was heated in a microwave oven up to the boiling point following the protocol employed in Manickam
et al. (32) to ensure the homogeneity of the samples. The solution was left at room temperature until it reached
50°C and it was poured into a cylinder mould. The samples were cylinders with an height and a diameter equal

to 20 mm. Three samples were prepared from the same solution and then analyzed for each concentration c.
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Figure 1: Pictures and dimensions of the soft tissue mimicking phantoms made of agar concentration ¢ = 1%
(a), ¢ =2% (b), c=3% (c), c =4% (d) and ¢ = 5% (e).

2.2 Impact measurements
2.2.1 Experimental set-up

A description of the set-up device used for impact measurements is shown in Fig. 2. The experimental set-
up was composed of a small instrumented hammer of 5g (8204, Briiel and Kjaer, Naerum, Denmark) with a
sensitivity of 22.7 mV/N and a cylindrical beam positioned in a guiding support, so that the beam was kept
vertical and perpendicular to the phantom sample during the testing procedure. The custom-made aluminum
beam used, named “AlD1”, had a length of 80 mm and a diameter of 4 mm, with one extremity of 1 mm

diameter.

Figure 2: Illustration of the experimental set-up used for impact measurements on agar-based samples.

For the tests in preloading conditions only, five stainless steel cylindrical masses of 10.9 g, 21.6 g, 32.7 g,
43.8 g and 54.9 g with an external diameter of 20 mm were successively put on the agar-based sample of each
concentrations ¢, from the lightest to the heaviest. A 5 mm diameter hole was machined in the center of the
cylinders to allow AlD/ to be in contact with the agar-based samples for impact measurements under preloading

conditions. Impact tests were performed for each mass and each agar concentration.
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2.2.2 Experimental protocol

The force signal s;(t) corresponding to each impact #i¢ was recorded by the force sensor located on the impact
face of the hammer. The signal was acquired in Labview interface (National Instruments, Austin, TX, USA)
with a data acquisition module of 51.2 kHz sampling frequency (NI 9234, National Instruments, Austin, TX,
USA). The measurement procedure consisted in applying four impacts on the upper surface of the beam with
the hammer shown in Fig. 2. Only impacts for which the maximum value of s;(t) was comprised between 1N

and 10N were considered, which will be discussed in the Section 4.

2.3 Analysis of the impact force signal

A dedicated signal processing method was implemented and adapted from Hubert et al. (20) in order to analyze
the signals s;(¢). An example of a typical force signal s;(t) is shown in Fig. 3. For each signal s;(t), the two first
maxima were considered, which correspond to i) the impact of the hammer on the beam and ii) the rebound
of the beam on the hammer following the impact. The amplitude of the first peak of the force signal s;(t) was
noted A; and will be named as the impact force in what follows.

A temporal indicator, noted At and given in ms, was calculated as the average over the four impacts #i of

the time difference At; between the first and second local maxima of the signal s;(t), following:

4
1
At =2 At Aty =tio—ti, (1)
=1

=~ |

where ¢; 1 and ¢; 2 correspond to the time of the first and second local maxima of the signal s;(t), respectively.
Note that the 3"¢ and 4" peaks correspond to the 2"¢ and 3"¢ rebounds of the beam on the hammer,

respectively, and are not considered in the following impact analysis.

8 .

6 .
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Figure 3: Tllustration of a signal s;(t) corresponding to the variation of the impact force as a function of time
obtained for a given impact on sample #1 with agar concentration ¢ = 2% and zoom on the second peak at ¢; 5.

The reproducibility of the impact measurement method was assessed by repeating three times the measure-

ment of At on each sample of each agar concentration c. The corresponding mean value At and the standard
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deviation oa; were calculated. oa; was defined as the intra-sample variability and corresponds to the method re-
producibility. Moreover, the standard deviation associated to the variation of At over three samples of the same
agar concentration, noted Y a;, was also calculated for each agar concentration and represents the inter-sample

variability.

3 Results

The values of the time indicators At, calculated from the impact force signals s;(t) are given in Table 1 for
each sample and each agar concentration ¢ comprised between 1% and 5%. The intra-sample variability, oa¢,
is of the same order of magnitude than the inter-sample variability YXa; (except for ¢ = 1%). The intra-sample
variability oay, is slightly higher for the agar concentration ¢ = 1% (oA ~ 5%) than for the others (oA < 2%).

The indicator At decreases as a function of the agar concentration ¢ (see Table 1). An example of the
variation of At is shown in Fig. 4 for measurements performed on the sample #1 of each concentration c¢. An
ANOVA analysis was performed on the values of At for all samples. The results confirm that the values of At
are significantly different between each agar concentration ¢ (p-value=7.10"41).

In what follows, only the standard deviation related to the reproducibility of the method, that is the intra-
sample variability oas, will be considered in order to focus on the performances of the impact measurement

method and not on the reproducibility of the procedure used to produce the agar sample.

1% 2% 3% 1% 5%
Sample | #1  #2  #3 | #1  #2  #3 | #1  #2  #3 | #1  #2  #3 | #1  #2  #3
At (ms) |9.99 980 988 |6.62 674 672|553 550 552|505 501 502 | 450 452 4.55
oar (ms) | 050 033 049 | 0.05 0.13 0.13 | 0.0l 0.03 007 | 0.07 0.03 002 | 004 002 0.07
Sar (ms) 0.09 0.07 0.01 0.02 0.02

Table 1: Values of the time indicators At calculated from the impact force signals s;(t) measured on each
sample of each agar concentration ¢ between 1% and 5%. The intra-sample variability oa; and the inter-sample
variability X a; are also indicated. All the values are given in millisecond.

The variation of the temporal indicator At as a function of the preload is shown in Fig. 5 for measurements
performed on the sample #1 for each agar concentration ¢ between 1% and 5%. For each value of ¢, the indicator
At decreases when the preload value increases. A linear regression analysis, represented by the dotted lines in
Fig. 5, is performed between the values of At and the values of the preload, for each agar concentration c¢. The
values of the slope a and the correlation coefficient R? obtained from the linear regression analysis are given
in Table 2 for the three sets of samples. A significant linear relation is obtained with a correlation coefficient
R? higher than 0.60 for all the agar concentrations. The decrease of At as a function of the preload is higher
for smaller agar concentrations (see Fig. 5). In particular, the slope of the linear regression curves varies from

a=—2.6ms/% to a = —0.33 ms/% in average over the three samples between ¢ = 1% and ¢ = 5% (see Table 2).
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Figure 4: Variation of the time indicator At as a function of the agar concentration ¢ between 1% and 5% for
measurements performed on the sample #1 for each concentration. The error bars correspond to the intra-

sample variability, oa¢.
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Figure 5: Variation of the time indicator At as a function of the preload applied on the sample #1 made of
agar concentration ¢ between 1% and 5%. The dotted lines represent the linear regression analysis. The error
bars correspond to the intra-sample variability, oa;.

1% 2% 3% 1% 5%
Sample | #1  #2  #3 | #1  #2  #3 | #1  #2 #3 | #1  #2  #3 | #1  #2 #3
a 25 23 31| -13 -18 -17 |09 -06 -04 |-05 -02 -07 |-04 -02 -04
R? 0.97 097 098|091 077 097|095 094 091 | 094 060 097 | 0.95 097 0.87

Table 2: Values of the slope a and the correlation coeflicient R? obtained from the linear regression analysis of
the values of At as a function of the preload for each set of sample and each agar concentration ¢ between 1%

and 5%.

4 Discussion

The main purpose of the present study was to investigate the feasibility of using impact analysis to distinguish

soft, tissue mimicking phantoms with different agar concentration and to evaluate the sensitivity of the technique
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with regard to the agar concentration, which is known to be highly dependent on the sample stiffness (33; 34; 32).
Impact analysis, which has been successfully employed by our group to evaluate the bone elastic modulus
(20), the bone-implant stiffness (14; 15; 17; 19; 18), and to predict bone fracture (21) is applied herein to
characterize agar-based samples. The main advantages of the proposed impact method compared to other
dynamic techniques such as elastography are: i) the simple set-up and measurement protocol and ii) its relative

inexpensive nature.

4.1 Physical interpretation

The temporal indicator At is shown to decrease as a function of the agar concentration (see Fig. 4). This
phenomenon may be explained by an increase of the sample stiffness when the agar concentration increases,
which has been widely demonstrated in the literature using various quasi-static (33; 34; 32; 35) and dynamic
characterisation techniques (28; 36). Quasi-static compression tests under small deformations showed in partic-
ular that the elastic modulus of agar-based sample of concentrations from 0.5% to 3% in weight varies between
7kPa to 200kPa (33). Note that this range of elastic moduli covers values of healthy and abnormal human soft
tissues stiffnesses (3). Interestingly, Nayar et al. (34) performed dynamic indent tests at a frequency of 100 Hz
and reported values of viscoelastic dissipation tan(d) between 0.01 and 0.06 for agar concentrations between
5% and 0.5% respectively. The decrease of the temporal indicator At with the increase of the sample stiffness
is coherent with results found in previous studies on the evaluation of biomechanical properties of bone tissues
using impact analysis (20; 24). In Hubert et al. (20), similar impact measurements were performed on bone
mimicking phantoms and on plywood samples using an osteotome. The samples considered in Hubert et al.
(20) had very different material stiffness, but could also be distinguished based on a time indicator equivalent to
At in the present study, that was lower for the higher stiffnesses. The relation between the temporal indicator
At and the agar-based sample stiffness is also consistent with previous studies that used impact analysis to
evaluate bone-implant system stiffness (17; 19; 18). Both in experimental (17; 19; 18) and numerical studies
(16), it was observed that the higher the bone-implant system stiffness, the shorter the time between the two
first peaks of the impact force signal, which may be explained by an increase of the resonance frequency of the
system when the sample stiffness increases.

The temporal indicator At is shown to decrease when the value of the preload applied to the sample increases
(see Fig. 5). The influence of the preload on the value of At may be explained by the non-linear elastic behavior
of the agar material, which has been established in the literature (33; 7; 30; 37). In Manickam et al. (32), the
shear modulus was measured with and without compression of the samples, similarly to what was done in the
present work for impact measurements with preloading conditions. The value of the shear modulus increased
with the compression applied to the samples (32), which is consistent with the results shown in Fig. 5, where
At (inversely proportional to the sample stiffness) decreases when the value of the preload increases for all
concentration of agar in the range [1-5]%. However, for a same value of the preload, the strain is higher for

smaller agar concentrations. For example, for ¢ = 1%, the highest preload correspond to a strain of 8% while
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it represents only 1% when ¢ = 5%. Therefore, the results obtained in Fig. 5 and Table 2 do not provide a
direct relationship between the agar concentration and the non-linearity of the material sample since the level
of strains is not equivalent between the agar concentrations. Note that in Pavan et al. (37), it was shown that
the non-linearity of the stress-strain curves of agar/gelatin mixture did not depend on agar concentrations in
the range 0.58% < ¢ < 2.81%.

This method can be compared with the approach described in Kontiola (38), where the authors used an
electromechanical method to measure intraocular pressure. A probe was conceived to collide with the eye surface
and to bounce back on it. However, the method was different from the present paper because an acceleration

sensor was used to measure the duration of contact.

4.2 Analytical model

In order to better understand the response of the system to the impact of the hammer on the beam, a simple
1-D model described schematically in Fig. 6 was developed. This model was adapted from the one described in

Hubert et al. (20) and takes into account the mechanical and geometrical properties of the set-up.

z z
mp
mp Hammer L I 5
V2
2 &5
Ky,
ky, myp
Beam
®b
¢b Zsh A __ T Fi?él/
Agar-based

E;, v, sample Es, vs

(a) (b)

Figure 6: Schematic representation of the 1-D analytical model of the experimental set-up: (a) the hammer is
in contact with the beam and (b) the hammer is not in contact with the beam.

First, the hammer was assimilated to a point mass m; and the beam was modeled by a mass-spring system

with a mass my and a stiffness k; given by:

my = pp T Ly (¢p/2)* (2)

Eb ™ (C)/)/2>2

ky =
t I

\
—_
@
=

where E} is the Young’s modulus and v, is the Poisson’s ratio of the beam, p, is its mass density, L; is its
length and ¢y its section diameter. The phantom sample was considered to be an isotropic elastic half-space

characterized by the Young’s modulus F,, which is the only free parameter of the model, and a constant
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Poisson’s ratio vy = 0.5. Note that we did not consider a viscoelastic behaviour for the bone sample because it
would lead to a very complex model of the flat punch contact, as described in Popov et al. (39). The coordinates
along the vertical z—direction of the sample/beam and beam/hammer contacts were denoted by zg, and zpy,
respectively. While the contact interaction between the hammer and the beam was considered as punctual,
the contact interaction between the sample and the beam was described as a frictionless indentation of a flat-
ended cylindrical punch against an isotropic elastic half-space (40; 41). Based on the previous assumptions, an

analytical model governed by a system of two coupled equations could be derived:

mpZsy = ky (2on — 25 — L) — OpE" 24

mpZen = —ky (zon — zs6 — L)
MpZsp = —¢bE*Zsb
: (5)
mhébh =0
ith £* !
wi = .
), %)
E, £y

Equation 4 corresponds to the case where the hammer is in contact with the beam (i.e. zp, — zq, = 0) and
Equation 5 corresponds to the case where there is no contact between the hammer and the beam (i.e. when
zph — 2Zsb > Lp). For a given impact velocity of the hammer v;, corresponding to the initial condition, the
system of Eqs. 4 and 5 were solved using the Runge-Kutta 4" order method (42) and the software Matlab (The
Mathworks, Natick, MA, USA).

15
Z 10+ ]
q.)
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5 ° 7
0
0 5 10 15 20
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—Dbeam
........ hammer

o

Deplacement (mm

1
[\)

o
(@

10 15 20
Time (ms)

Figure 7: Variation of (a) the force signal and (b) the displacements of the elements (hammer and beam) as a
function of time obtained with the 1-D model using the “AlD1” aluminum beam and a sample with stiffness
E, = 100 kPa.
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Figure 8: Variation of (a) the force signal and (b) the displacements of the elements (hammer and beam) as a
function of time obtained with the 1-D model using the “AlD1” aluminum beam and a sample with stiffness
E, =100 kPa.

Figure 7 shows the variation of the force as a function of time during an impact considering a hammer with
a mass of 5g, an “AlD1” aluminum beam and a sample with a Young’s modulus E; = 100 kPa. The analytical
results are qualitatively similar to the experimental ones (see Fig. 3). The variation of the indicator At as a
function of the Young’s modulus of the sample obtained with this 1-D model is shown in Fig. 8. The analytical
results are in the same order of magnitude as the experimental ones derived from the values of Young’s moduli
reported in the literature (see Table 4), except for a slight underestimation of At for an agar concentration of
3%. However, the characteristics of agar hydrogels are very sensitive to the preparation and storage conditions
and to the measurement method. For example, for an agar gel at a given concentration, their elastic properties
can vary by one or two orders of magnitude (43).

This simple 1D analytical model is useful to understand the general behavior of the indicator At regarding the
geometric or mechanical parameters of the system such as Eg, the Young’s modulus of the sample. However, the
slight differences with the experimental results may be explained by several reasons. First, despite the dynamic
nature of impact analysis, a quasi-static modeling of the flat-ended cylindrical punch was considered. Second,
the use of this flat-punch model does not take into account the friction and adhesion phenomena that can occur
at the contact. Third, the choice of an isotropic elastic half-space for the tissue mimicking phantoms neglects
the viscoelastic phenomena and the potential boundary conditions induced by the sample geometry. Fourth,
the actual properties of the agar samples were not measured and values taken from the literature were used

instead. Despite these limitations, a good agreement between analytical and experimental results was obtained.

4.3 Sensitivity analysis

The sensitivity of the impact method (including the measurements and analyses) to determine the agar con-

centration ¢ of a sample is analyzed by a simple two steps method described in what follows (refer to (44; 45)

11
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for more details). The first step is to perform a linear regression analysis of the average value of the temporal
indicator At as a function of the agar concentration ¢ based on the results shown in Table 1 and Figure 4. The

linear regression analysis is performed for each set of sample (#1, #2, #3) leading to:

At=axc+b (6)

where At is the approximate value of At and (a, b) are the coefficients obtained from the linear regression
analysis of the variation of At as a function of the agar concentration ¢ in the range ¢ €[1-5]%.

The second step of the method consists in assessing the error realized by the impact method on the estimation
of the agar concentration ¢, noted in what follows c.. (expressed in % of agar). To do so, the averaged
measurement reproducibility error, o,,, corresponding to the mean value of the intra-sample variability oa; in
the range ¢ €[1-5]% is calculated for each set of sample (#1, #2, #3). The error ce,.. is evaluated by combining

om With the linear regression analysis in Eq. 6) following:

Cerr = |Om/al (7)

Table 3 shows the results obtained for the error c,.. on the estimation of the agar concentration using the
impact method. These values of c... are of the same order of magnitude than results obtained from other
dynamic characterization methods used in wvivo, such as elastography or in wvitro, such as DMA (Dynamic
Measurement Analysis) (see Table 4). Based on studies obtained from the literature (35; 46; 47), the error on
the agar concentration estimation with Magnetic Resonance Elastography (MRE) (35; 46) or Optical Coherence
Elastography (OCE) (47) is close to 0.07 % of agar, which is almost twice the value obtained with DMA (46).
Note that the values of error were calculated using the two steps method described above and the elastic moduli
and the standard deviations indicated in Table 4 obtained for the different methods and the different agar

concentrations ¢ (35; 46; 47).

Set of sample | a (ms/%) b (ms) R? o, (inms) | cerr (% of agar)
#1 -1.25 10.1 0.82 0.14 0.11
#2 -1.23 10.0 0.84 0.11 0.09
#3 -1.24 10.0 0.84 0.16 0.13

Table 3: Results of the linear regression analysis (slope a and intercept b), averaged standard deviation o,
of At in the range ¢ €[1-5]%, and error ¢, realized on the estimation of the agar concentration in the range
¢ €[1-5]% for each set of sample.

4.4 Influence of the impact force

In this study, the maximum amplitude A; of the impact force applied with the beam AlDI was chosen so
that A; € [1-10] N because i) higher amplitudes would have drilled the sample, especially for the small agar
concentrations and ii) lower amplitude do not allow to produce a sufficient level of energy to retrieve valuable
information. Moreover, the values of At may vary with the impact force A;, which limits the extent of the force

interval range. A second beam, named “AlD/”, with a length of 40 mm and a diameter of 4 mm was used
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Young’s modulus E (kPa) Dissipation tan (0)
Agar concentration MRE MRE OCE DMA DMA
c (%) (35) (46) (47) (46) (34)
0.5 13.5+0.6 - - - 0.06
1 50.1£2.5 - 25.0 £ 2.2 - 0.02
1.5 105.6£6.0 52.3+ 3.4 49.7£4.9 42.8+4 -
2 171.4422.8 100.6£4.7 116.1 £12.1 75.1£0.6 0.01
2.5 - 157.1£6.8 - 147.8+4.1 -
3 - 258.2+12.1 - 242.44+4.7 -
3.5 - 324.3+26.7 - 324.9413.1 -
5 - - - - 0.01
Error cerr (% of agar) 0.08 0.08 0.07 0.04 -

Table 4: Values of Young’s moduli F (given in kPa) and viscoelastic dissipation tan(d) reported in the literature
for different agar concentrations ¢ and measured with elastography in (35; 46; 47) and DMA in (46; 34). The
values of the error c.,,- on the estimation of the agar concentration ¢ are calculated for the different techniques.
The signs ”-” indicate that the measurements were not reported by the authors for these agar concentrations.

to study the influence of the impact force on the results. AlDJ allows to apply higher forces without drilling
the sample. Figure 9 shows the influence of the impact force A; in the range [1-40] N obtained with AlDJ on
the values of At for agar concentrations ¢ between 1% and 5%. The results confirm the dependence of At on
A;, which indicates that the measurements should be performed in a reduced force interval for A;, in order to
limit the variations due to the influence of the impact force on At. In particular, At decreases as a function of
the impact force A; for all the agar concentrations, until reaching a threshold at A; ~ 30N (see Fig. 9). The
variation of At with regard to the impact force A; is higher for the smaller agar concentrations. Note that in
previous studies on bone stiffness evaluation (20) or implant stability assessment by impact analysis (17; 19; 18),
At was not shown to depend on the impact force.

Different phenomena may explain the behavior of At with regard to the impact force observed herein. A
change of the dynamic impact force amplitude affects both the amplitude and the strain rate experienced by
the sample (37). Assuming that At is related to the sample stiffness, the variation of the dynamic amplitude of
the impact force may therefore lead to non-linear effects on At due to the three following distinct but coupled
phenomena: i) the viscoelastic behavior of the sample (34; 26; 32; 27), ii) the non-linearity of the contact (here
flat punch conditions) between the sample and the beam, and iii) the elastic non-linearity of the material.

Note that the impact force can easily be determined for each impact, so that impacts taken into account in
a measurement can easily be selected based on the value of A;, which leads to a minimization of the variability

due to this parameter.

4.5 Limitations and perspectives

This study has several limitations. First, the standard deviation oa; (estimated in Table 1) related to the
determination of At comes from different phenomena. The first one may come from the experimental setup. The
value of At may be influenced by the orientation of the beam with regard to the surface of the sample. Thereby,
the device should be improved in order to guarantee the beam vertical alignment and its perpendicularity with
the surface of the sample to be tested, while minimizing the friction in the guiding system (see Fig. 2) and

at the beam /sample interface. Moreover, the flatness of the tested face of the sample has not been quantified,
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Figure 9: Variation of the values of At; as a function of the impact force A; in the range [0-40] N for agar
concentrations ¢ between 1% and 5%. The measurements were performed with the beam AlD4. Note that each
point corresponds to one impact #i.

although it may also influence the system alignment. The second cause of error is the temporal resolution of
the measurement of 0.02 ms, which is of the same order of the standard deviation oa;.

Second, further works need to be realized to comfort our approach. In particular, analytical and /or numerical
modeling is needed to understand the relation between the sample elastic properties and the values of the
indicator At, similarly as what was done by Hubert et al. (20) for rigid tissues. Such a model could also
be useful to investigate the effect of various experimental parameters on the measurement, such as the beam
mechanical and geometrical characteristics as well as the sample geometry. In particular, based on a simple flat
punch model (41) in the static regime, we expect that the diameter of the beam should be determine the size
(in terms of thickness and radius) of the region of interest of the phantom that is measured with our method.
Therefore, all the measurements were carried out using with the same beam and with samples with the same
dimensions. Moreover, it was verified experimentally that the value of At was not significantly modified for
samples with larger diameter and larger height than the dimensions considered herein, which was the criteria
used to choose the sample dimensions. In addition, it was verified that the results were not influenced by the
position of the beam on the sample surface with regard to the boundary conditions.

Third, the sensitivity analyses evaluate the sensitivity of the quantities measured by the different methods
(impact analysis, DMA, elastography) with regard to the agar concentration. Such analysis was a first step
to validate the feasibility of impact analysis to distinguish materials with different stiffness values, since the
influence of the agar concentration on the sample rigidity is well known in the literature. The next step will be
to evaluate the sensitivity of impact analysis to the Young’s Modulus by performing compression tests.

Fourth, the quality of the soft tissue mimicking phantoms should be improved to obtain a mechanical be-
havior closer to the one of biological soft tissues. The performances of the method should be tested with more
dissipative samples for which the viscoelastic properties strongly vary according to strain rate. Since a change

of the impact force amplitude could lead to a change of the strain rate, it is thus expected that the method will
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be more sensitive to the force amplitude than what was obtained in Fig. 9. Moreover, it could be relevant to
develop heterogeneous samples, and to test the sensitivity of the impact method to the presence of an inclusion
(30; 48; 49). Although agar-based phantoms are widely used to mimic soft tissue properties (28; 36; 50; 33; 34),
i vitro experiments should be carried out on biological living tissues in order to be closer to a future clinical
application. A first approach could be to perform tests on muscles, liver or skin, which are among the most

important applications targeted by the impact method for living tissue elastic properties evaluation.

An interesting perspective would be to determine the method resolution (both axial and lateral) to detect
tissue heterogeneities. As indicated above, based on classical contact mechanics (41), we expect that this
resolution is of the order of magnitude to the beam diameter. Another perspective would be to develop a
decision-support system to be used in the clinic in order to simply and rapidly determine the local properties
of soft tissues. To do so, it will be necessary to control the reproducibility of the measurements and to allow
a simple positioning of the beam compared to the targeted tissue. In the present work, the beam was always
oriented vertically so that its axis remains perpendicular to the sample surface to guarantee the same contact
conditions between the sample and the beam. If oriented with an angle, the surface of the beam in contact with
the sample would change, which would lead to a modification of the rigidity of the system and hence to a change
of the value of At. Moreover, the results would also be likely to change if the beam was not vertically aligned
because of the influence of the beam weight on the results. However, considering a non-vertical orientation of
the beam could possibly allow to perform similar measurements, which would need to be verified experimentally
in a future study. The advantage of the approach is that it is very cheap (only a force sensor is needed) and
that it is instantaneous. However, further validations ez vivo, in vivo and then in a clinical environment are

necessary.

5 Conclusion

The present study deals with the elastic characterization of soft tissue mimicking phantoms by impact analysis.
To do so, agar-based samples of different concentrations were tested and the sensitivity of the method to
determine the agar concentration, related to the sample stiffness, was analyzed. The method consists in applying
several impacts on the samples via a metallic beam using an instrumented hammer. The temporal signal of
the impact force is analysed in real-time. Based on previous studies on the evaluation of bone biomechanical
properties by impact analysis, a time indicator At is derived from the force signal, corresponding to the time
difference between the impact and the rebound of the beam on the hammer. The indicator At is shown
to decrease when the agar concentration increases, which corresponds to an increase of the sample stiffness.
The sensitivity of the impact method to estimate the agar concentration from the value of the indicator At
is of the same order of magnitude compared to other quantitative methods used in vivo such as transient
elastography. The impact method presents the advantages to be non-invasive, to provide real-time information

and to be relatively inexpensive and easy to use. However, to confirm the potential of impact analysis for in
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vivo evaluation of soft tissue elastic properties, further investigations must be carried out with biological tissues.
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