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In-vivo soft tissues mechanical characterization:
volume-based aspiration method validated on

silicones

S.A. Elahi - N. Connesson -

G. Chagnon - Y. Payan

Abstract Simulating the deformations of soft tissues has gained importance
in recent years due to the development of 3D patient-specific biomechanical
models in the context of Computer Assisted Medical Interventions. To design
such models, the mechanical behavior of each soft tissue has to be charac-
terized in-vivo. In this paper, a volume-based aspiration method for in-vivo
mechanical characterization of soft tissues was validated on synthetic mate-
rials. For this purpose, two silicones with slightly different stiffnesses were
made. Samples were characterized using (1) aspiration, and, as references, two

classical tests such as (2) uniaxial and (3) equibiaxial extension tests.

Performing a Finite Element (FE) inverse identification on the experimen-
tal results provided Young’s moduli similar to classical tests with about 7%
maximum overestimation for the two silicones. This highlighted a significant
improvement of the measurement method accuracy compared to the literature

(about 30% relative overestimation).
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Eventually, the aspiration method ability to discriminate the two silicones
was also tested and proven to be similar to classical characterization tests.
Based on the presented results, relative mechanical behavior mapping of soft
tissues (organ or skin) is possible without requiring an inverse characterization

procedure.

Keywords Suction/Aspiration Method - Soft Tissues Characterizations -

In-Vivo Measurement - Silicone - Experimental Mechanics.

1 Introduction

The constitutive laws that characterize the mechanical properties of human
soft tissues are required for modeling and simulating tissues and organs' re-
sponses to external mechanical stresses [1-4]. The mechanical behavior of living
tissues varies between in-vivo and ex-vivo conditions [5]. It is thus of first in-
terest to characterize the tissue properties in-vivo and in-situ for applications
such as surgical training, tissue replacement engineering, trauma research, etc..

To perform intra-operative measurements on human, the procedure must
be non-traumatic and operated under sterile conditions. It also has to com-
ply with space and time limitations in the operating room. Considering these
constraints, several devices were developed in the literature based on various
measurement methods [6-12]. Among all these methods, the aspiration tech-
nique is among the easiest to use and provides a method to control the applied
experimental boundary conditions [13].

The aspiration method consists in putting a chamber with an aperture in
contact with the investigated tissue and in decreasing the pressure inside the
chamber. Due to the pressure difference, the portion of the tissue under the
aperture is partially aspirated. For a given pressure difference, authors usually

propose to measure the aspirated tissue height using different methods such as



ultrasound [11,14], mechanical stops [15] or cameras, associated with mirrors

or prisms [16-24]. These measurement methods yet meet different challenges:

e Ultrasound imaging requires the use of an ultrasound machine and a large
amount of coupling liquid interfacing the probe with the tissue [11].

e The method based on a mechanical stop retrieves only the pressure at
which the material reaches the stop.

e The methods using optical measurements have limitations concerning ster-
ilization. In addition, the use of cameras and mirrors or prisms requires
accurate relative positioning, which leads to devices that can be large,

complex and expensive [16,21].

These limitations motivated the authors to design a new disposable system
for in-vivo mechanical characterization of soft tissues based on volume mea-
surement [25]. In this novel method, apex height measurement was replaced
by measurement of the aspirated tissue volume. Such a change in the method
enabled the elimination of camera, mirror, prism, and all the electronic parts
from the system head that was basically reduced to a simple tube with an
aperture. The system head is thus disposable, highly customizable (aperture
size, shape, material, and etc.) and is able to meet any required severe steril-
ization process. The proposed system is probably among the simplest, lightest
and most inexpensive that one could achieve.

This volume-based method measures the negative pressure in the chamber
and the associated volume of the soft tissue aspirated through the device's
aperture [25]: the pressure is thus known as a function of the volume. The
material properties of the tissue can be identified with these experimental
data using an inverse updated Finite Element (FE) method [17].

The aim of this paper is to validate the volume-based aspiration method on

synthetic materials. For this purpose, Young’s modulus value of each material



will be estimated using an inverse updated FE method and a Gent model.
In particular, the discrimination ability of the method will be studied on two

silicone samples, one being softer than the other.

2 Experiments

2.1 Silicone samples

According to the literature, several synthetic materials have mechanical prop-
erties within the same range of human soft tissues [13,22,28]. RT'V-ECO0O0 sili-
cone, obtained by mixing two components (base and catalyst), was chosen due
to its ability to generate samples with a very low stiffness (equivalent Young’s
modulus of the order of some kPa). After removing any air bubble from the
mixture using a vacuum chamber, samples were hardened for two weeks at
room temperature. For RTV-ECO00 silicone, changing the ratio of base and
catalyst impacts the silicone stiffness. Two soft silicones were thus generated,

using the ratios:

e Silicone#1: 40% base, 60% catalyst.
e Silicone#2: 45% base, 55% catalyst.

For each silicone, three types of samples were created using two different molds:

e Aspiration test: cylindrical bulk sample (110 mm diameter, 50 mm height)
e Tensile and bulge test: 2 mm thick membrane cut either into a 50 mm

diameter disk or 4 mmx100 mm strips.

For each silicone, all samples were made on the same day from the same

mixture to ensure identical mechanical properties.



2.2 Aspiration tests

The aspiration system and volume-based method will be briefly presented in
this section. Details can be found in [25]. An aspiration head was applied on a
soft material (Fig. 1) while a negative pressure aspirates part of this material
through a circular aperture of 9.7 mm diameter. A programmable syringe
pump coupled with a syringe (Syl in Fig. 1a) was used to reduce the pressure
inside the system. During the test, the pressure variation P was measured
using a digital manometer with a precision of +0.004 mbar. The corresponding
aspirated volume V*°*® was measured by the syringe pump given the piston
translation with a resolution of £0.002 ml.

The measured volume V% (P) contains information on both the aspi-
rated tissue volume inside the chamber Vi;s5ue(P) and the volume changes in
the device Vyystem (P) (air expansion, the elasticity of the connections, tubes,
syringe, etc.). The changes in the system volume Vyystenm were experimentally
assessed during a second step by testing an undeformable material (stiff ma-
terial in comparison to the system): in this experimental configuration the
aspirated tissue volume Vi;ssue remains zero and the system volume Viystem
compressibility can be directly measured. Such an experiment provided the
required data to evaluate a calibration curve Vsysiem (P). The aspirated tissue

volume V,57P  can thus naturally be estimated by:

tissue

Viies (P) = Vtoml(P) - Vsystem(P) (1)

tissue

As experimentally demonstrated in [25], decreasing the Syringe Diameter
of Syl (SD in Fig. 1a) improves the measurement precision and repeatability:
Syl is here a 1 ml syringe with a diameter of 4.7 mm. However, using a
small syringe also limits the aspirated volume range and thus the maximal

aspirated tissue volume Vi;ssue. In order to solve this problem, a valve and



an additional 1 ml syringe with a diameter of 4.7 mm (Sy2 in Fig. 1la) were
added to the system. Before starting the syringe pump, an initial volume was
withdrawn from the system using Sy2, while applying a vertical load to the
aspiration probe to limit possible leakage. The applied vertical load was then
removed and the withdrawn volume was manually adjusted to reach Fy. The
valve was then closed and the associated initial volume V°'* was read directly
on the syringe Sy2. It should be mentioned that this volume V¢t shall be
overestimated due to initial leakage. If no leakage occurs and given the nominal
volume of Sy2 (1 ml), V{°'e is estimated to be measured at £0.01ml, which
is the smallest division of syringe Sy2 scale.

Using Eq. 1, the starting point (Voe(ffssue), Py) was computed and consid-

ered as the initial situation. Impact of potential errors on the experimental

measurement of V5P will be discussed in section 5.1.

0(tissue)

The volume loading path, defined with four steps (air aspiration/injection,
see Fig. 2a), was then applied using Syl in both tests, either with the silicone
or the undeformable surface. As all the pressures dealt with are negative com-
pared to atmospheric pressure, only the absolute values will be discussed. An
example of pressure results is plotted versus time in Fig. 2b. The pressure-
volume curves of the tests were extracted from the data (Fig. 2¢, red and
blue curves) and the tissue pressure-volume curve was computed using Eq. 1
(Fig. 2c, green curves).

In this study, the initial pressure Py was set to be 50 mbar (the maximum
applied pressure during this work is of 168 mbar). Total volume changes, con-
trolled using the syringe pump, were applied with the rate of 0.4 ml/min,
which was experimentally checked to be small enough to provide the quasi-
static mechanical behavior for the tested material. This was ensured by re-

peating the various tests at different deformation rates and choosing a slow

enough rate.



Syringe pump setup I:I
yOSD
Sy]_ H IHHIHHI\\\\I\\HIHHIHHIHHI\HD:'] il Manometer
Sy2 H \HH\HH\HH\HHm\mumumul::[:[] 1

Valve

Vtissue

Fig. 1 Volume-based aspiration setup: a) schematic and b) photograph of the setup: (1)
silicone sample, (2) aspiration probe, (3) Syl, (4) Sy2, (5) syringe pump and (6) manometer.

In order to check the reproducibility of the results, the aspiration tests on
each silicone were repeated nine times in the same condition. For each set of
the nine tests, the STandard Deviation (STD) of the volume measurements
Viissue Were calculated and used as a parameter to assess the measurement

precision and reproducibility.
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Fig. 2 Methodology (example on Silicone#1): a) applied volume loading path, b) associated
negative pressures of the test on the sample (red) and on the undeformable surface (blue)
and c) resulting pressure-volume curves (red and blue) and extracted tissue behavior (green).

2.3 Classical characterization tests

Two classical characterization tests, namely uniaxial tensile test (Fig. 3a) and

equibiaxial tensile test generated at the top of a bulge test (Fig. 3b), were



used to identify the reference stress-strain behaviors of the silicones and their
associated mechanical parameters. These results will then be compared with

the volume-based aspiration method measurements.

2.3.1 Uniaxial tensile test

For the uniaxial tensile measurements, an MTS machine with a load cell of
25 N was used (MTS Criterion, Model 41). For each silicone material, 20
rectangular specimens were made. Five groups, each contained 4 specimens,
were tested at different engineering extensional strain levels (€;q(maaz) = 20%,
30%, 50%, 80% and 100%) (Fig. 3a). In order to see any possible hysteresis and
load history impact on the material behavior, each sample was tested during

5 loading-unloading cycles.

2.3.2 Bulge test

A bulge test was also conducted. A circular sample of 2 mm thickness was
clamped between two flanges (Fig. 3). A syringe connected to the bottom of
the circumferential clamp was used to inject a liquid under the disk to perform
the bulge test. The membrane was thus inflated using the syringe pump while
measuring the internal pressure with a manometer.

The 3D membrane displacement was tracked using Stereo Digital Image
Correlation (SDIC, Figs. 3b and 3c). The upper surface of the silicone sample
was coated with a stochastic paint pattern made of small black speckles to
comply with the SDIC requirement and to extract strain field maps over the
membrane. Due to the transparency of the used materials, the system was
filled with a white color liquid such as milk to provide a proper contrast.

The axial-symmetry of the experimental configuration induces the equib-

iaxiality of the stress and strain state at the top of the inflated membrane



(point M, Fig. 3c) [26]. Given the thickness dimension is 1/25th of the mem-
brane diameter, the in-plane stresses were assumed to be uniform along the
thickness dimension. The curvature of the inflated sample was also assumed
to be the same along all directions at the disk center due to the system axial-
symmetry and the materials isotropy and homogeneity. A region of 3 mm?
at the sample pole, around point M, was considered for the analysis. In-plane

components of First Piola-Kirchhoff stress 0,.(Buige) = Oyy(Buige) at point M

can thus be calculated using the equation [26]:

022 (Bulge) = Oyy(Bulge) = %)‘(Bulge); O.2(Bulge) = 0 (2)
where e is the initial thickness of the specimen, r the local curvature radius,
A(Bulge) = Azz = Ayy the principal stretch and p the pressure recorded during
the test (Fig. 3d). The details about the calculation of the stress from the
SDIC measurement can be found in [27].

The bulge test was performed on 4 different specimens for each silicone. In
order to study any possible hysteresis and load history impact on the behavior
of the materials, each sample was tested during 5 inflating-deflating cycles up
to a max strain of 70%. The average responses of the 4 different specimens

were then calculated.

3 Modeling and inverse characterization

In order to perform the inverse characterization of the materials using aspira-
tion tests, a material model was selected. This model was also used to identify
the materials mechanical parameters using the classical characterization tests.
In the following sections, the used material model, FE modeling of the aspi-
ration tests and the materials parameters identification methods using both

classical and aspiration tests will be presented.



Fig. 3 a) Tensile test setup, b) Bulge test setup: (1) Bulge membrane and circular clamp,
(2) syringe and syringe pump, (3) cameras, (4) manometer, c) close-up view of the inflated
silicone sample and localization of equibiaxial loading (point M) and d) schematic of the
bulge test setup.

3.1 Gent material model

The hyperelastic model proposed by Gent [29] was used to model the silicone

rubbers [30]. The strain energy function of the Gent model (W) is given by:

EJ, L —3
Wgz—Tln<1— 1Jm ) (3)

where F and .J,, are the two material parameters and I; is the first Cauchy
Green strain invariant. J,,, represents the maximum value of (/;-3) that can be

undergone by the material. The Gent model was used to identify the materials

11



parameters either using FE inverse method and the aspiration tests results or

using the classical characterization results.

3.2 FE modeling of the aspiration tests

A FE simulation of the aspiration tests was performed (ANSYS software) in
order to identify the materials parameters. The tests were modeled in 2D
with axisymmetry (Fig. 4). As the silicone cylinder diameter and height were
respectively about 11 and 5 times larger than the aperture diameter (section
2.1), boundary conditions on the bottom and the outer sides of the tissue
structure do not have any effect on the simulations results. The bottom layer
of the nodes was fixed for horizontal and vertical displacements and the outer
side of the tissue was allowed to move freely. The sample was meshed with
5800 Quadrilateral 8-node (Q8) elements. The experimental contact properties
between the aspiration aperture and the material are unknown. To study the
sensitivity of simulation results on these properties, the contact was modeled
with two assumptions: (1) a frictionless contact (friction coefficient based on
the Coulomb's Law ;=0) and (2) a contact with a friction coefficient of pu=1.
The displacement of the tissue surface inside the aperture was used to compute

the aspirated volume at each pressure step.

3.3 Material parameters identification

3.3.1 Reference material parameters identification on classical tests results

To identify the Gent model parameters using classical tests, the Fist Piola-
Kirchhoff stress-stretch relations were calculated based on Eq. 3 for uniaxial

and equibiaxial extensions, respectively as:
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Fig. 4 Schematic of the FE model and boundary conditions of the aspiration experiment
in the deformed configuration.
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where 04, (uni) and 0y (equiy are stresses and A(ypi) and A(equi) are stretches in
uniaxial and equibiaxial extensions, respectively. Details about the calculation

of the stresses using the strain energy function can be found in [31].

The reference model parameters for each material were estimated by mini-
mizing the least square function S, combining both uniaxial tensile and bulge

results:



J K
ijl((o_acac(uni)j - O_acw(Tensile)j)Q) i Zkzl((axx(equi)k - Uxx(Bulge)k)2)

5= J K

(6)

where:

® Oru(uni) AN Opp(equi) are described by Eqgs. 4 and 5,

® O,u(Tensile) A0d Oyp(Bulge) are stresses from the tensile and the bulge tests,
respectively,

e j and k are the deformation steps indices in the tensile and the bulge tests,
respectively,

e J and K are the total numbers of deformation steps in the tensile and the

bulge tests, respectively.

3.3.2 Inverse material parameters identification on aspiration tests results

To identify the model parameters (Eq. 3) using aspiration tests, an optimiza-
tion process was adapted from Weickenmeier et al. [24]. The optimization
scheme was extended to minimize the least square function ¢ representing the
fitting quality of the pressure-volume curves obtained from the FE simulation

(Vgim ) and the experimental aspiration test (V,2r ):

1
6= 3" [Vt (P) — (Vousssue) + VieTo ()] ™)
1=1

where P; presents the measured pressure in the ith step, I is the number of

points retrieved during the test and V,5:%

(P;) is the experimental data. The
unknowns to identify are the material parameters E and .J,, and the initial
aspirated volume Vj(4issue) that could be affected by leakage.

A schematic of the optimization process is presented in Fig. 5, where Ej,

Jmo and V¥

O(twsue) are initial guessed values, E;, Jyi, and Voi(sissue) are the



iteratively adapted parameters, and Ey, Jy, ¢, and Vir(sissue) are the final re-
sults of the optimization process. The material parameters and the initial
aspirated volume in each iteration were guessed using a Nelder-Mead simplex

algorithm [32] (fminsearch procedure in MATLAB).

Initial guess

exp
EO IJmOIVO(tissue)

¢<

FE Simulation
¢V5§1"ue Guess :
- Ei lJmilVOI(tissue)
Least square function

No

Minimized ?

Ef ’ Jmf 7 VOf(tissue)

Fig. 5 Schematic representation of the optimization process for the inverse characterization
of the model parameters.

4 Results

4.1 Aspiration results

Results of the volume-based aspiration measurements (loading steps 1 and 3
in Fig. 2a) on Silicones#1 and #2 are presented in Fig. 6: for each material,
average and STD of pressure-volume (P versus Vi ) curves of the nine
aspiration tests are plotted. The STD of volume measurements according to

the average values for Silicones#1 and #2 are 2.63% and 2.53%, respectively.

This highlights the high reproducibility of the aspiration measurements on



both materials and also the precision of the measurements. Moreover, the
results presented in Fig. 6 validate the ability of the volume-based aspiration
method to clearly discriminate the two slightly different materials properly:

given the measurement precision, aspiration behaviors contrast of more than

2xSTD=5% can be identified.

T T T T
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Fig. 6 Averages and associated STD of pressure-volume curves (loading steps 1 and 3 in
Fig. 2a) of nine aspiration measurements for Silicones#1 and #2.

4.2 Classical characterization results

The averaged stress-strain curves over 4 specimens of the uniaxial tensile tests
on Silicones#1 and #2 with increasing strain levels (em(max) = 20%, 30%,
50%, 80% and 100%) are presented in Fig. 7a. For each strain level, the curve
of the five-cycle (load-unload) tensile tests is plotted. These results indicate
that both materials present no hysteresis nor stress softening. Moreover, the
superposition of the stress-strain curves with different strain levels and differ-

ent specimens confirms the test reproducibility and accuracy for both silicones.
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Fig. 7 Stress-strain results and fitted Gent model using Eq. 6 for Silicones#1 and #2 (five
loading-unloading cycles for each): a) tensile tests with increasing strain levels and b) bulge

tests.

The averaged stress-strain results over 4 specimens of the five-cycle (load-

unload) equibiaxial bulge tests on Silicones#1 and #2 are plotted in Fig. 7b.

As previously, no hysteresis behavior and no stress softening can be observed

in these results and behavior differences between samples during the five cycles

on each material are indiscernible as was expected for unfilled silicone rubbers

33].
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Table 1 Gent model parameters of the silicone materials obtained from classical and inverse
characterizations with friction coeflicients of =0 and 1. Relative errors were calculated in
comparison with the reference parameters.

. Material Classical Inverse .. Comparison

Material — characterization  error (%)
Constants characterization

for p=|0, 1] for p=|0, 1]
Siliconed1 FE 16.82 kPa [18.30, 17.76] kPa [8.8, 5.6]
Im, 9.47 [9.89, 9.65] 4.4, 1.9]
Siliconedtz —E 2487 kPa [26.51, 25.89] kPa  [6.6, 4.1]
T 10.02 [10.16, 10.11] [1.4,0.9]

Gent model curves for uniaxial and equibiaxial extensions (Egs. 4 and 5)
were respectively fitted to the tensile and bulge tests data of each silicone
material (Figs. 7a and 7b). Both fittings for each silicone were performed si-
multaneously by minimizing the cost function S (Eq. 6) to estimate the best
reference parameters (£ and J,,) as provided in Table 1. Since the experi-
mental results of the tensile tests with different levels of strains overlapped
(Fig. 7a), the Gent model was only fitted to the results of the tests with

€za(maz) = 100% strain level.

4.3 Inverse characterization results

The identified material parameters F; and J,,; obtained after the minimiza-
tion of the cost function ¢ (section 3.3.2) for both contact conditions (fric-
tionless and with friction coefficient u=1) and their errors in comparison to
classical characterization results are reported in Table 1. Table 2 compares the
identified initial aspirated volumes V¢ (tissue) and their corresponding values
obtained from the experiments Voe(ffssue). Values of the cost function ¢ for
different materials and contact conditions are also reported in Table 2.
Comparison of the material model parameters obtained from the inverse

and the classical characterizations shows a slight overestimation (about 7%)

of the inverse characterization for both silicones (Table 1).



Table 2 Initial aspirated volume measured (Column 1) or identified (Column 2) using the
optimization procedure with friction coefficients of p=0 and 1. Column 3: relative differences
between measured and identified volumes. Column 4: final value of cost function ¢ after
minimization (Eq. 7).

Identified

Experimental cnitial volume Mismatch ¢ value
Material initial volume v v (mi) (%) (mi?)

VP (ml 0f(tissue) =10,1 =10,1
Silicone#1  0.04 [0.0424, 0.0410] [6.0, 2.5] [4.8, 6.3]x10~3
Silicone#2  0.03 [0.0314, 0.0304] [4.7, 1.3] (3.2, 6.1]x10~3

5 Discussion
5.1 Inverse identification results

The direct comparison of the numerical curves and the experimental aspiration
curves are presented in Fig. 8. The materials parameters obtained from both
the classical measurements and inverse identifications were used for the FE
simulations (Table 1). The plotted curves of FE simulations with the identified
materials parameters in Fig. 8 validate the identifications and adequacy of the

chosen constitutive model equation (Eq. 3).

A difference lower than 6% between experimental and identified initial
volumes (‘/E)e(ifssue) and Vi f(tissue) in Table 2) is observed (volume smaller than

3 ul). This volume is smaller than the initial volume measurement accuracy

and highlights the limited leakage at the beginning of the tests.

In the literature, the experimental data from aspiration measurements
were used to estimate Young’s moduli of silicones assuming a Neo-Hookean
model [22]. A difference of about 30% between inverse characterization (using
the optical aspiration device LASTIC) and classical characterization of sili-
cone materials with a similar range of elasticity was obtained. For the studied

friction coefficients (u=|0, 1]), errors of [8.8, 5.6]% and [6.6, 4.1]% in the val-
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Fig. 8 Averages of the aspiration measurements and the corresponding FE simulation
curves (with frictionless contact u=0 using the reference parameters obtained from clas-
sical measurements and the identified parameters from the inverse procedure (Table 1 and
2)) for Silicones #1 and #2.

ues of Young’s moduli of Silicones #1 and #2 were estimated, respectively
(Table 1).
The improvement of Young’s modulus estimation in the volume-based as-

piration device comparing to LASTIC is due to:

e continuous recording of the pressure data at a sampling frequency of 5 Hz
with a precision of +0.004 mbar using a digital manometer comparing to
pressure measurement precision of £6 mbar in [22].

e replacement of the apex height measurement by the aspirated volume mea-
surement and thus avoidance of optical alignment errors.

e application of a direct inverse FE procedure versus the use of a library of
pre-arranged FE simulations results in [22].

e use of a Gent model in this study versus the Neo-Hookean model used by
Luboz et al. [22]. The Gent constitutive model seems indeed to properly
model the used silicone materials(Fig. 7). In fact, the Neo-Hookean model

can provide a softening effect at large strains. On the contrary, using a
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Gent model allows to define a stiffening effect controlled by the parameter

Jm- Such a stiffening effect is often observed in biological soft tissues.

As observed in the previous study [22], Young’s moduli were overestimated.
Part of this error was induced by the chosen friction coefficient in the FE model
(Table 1). This error was not totally induced by this parameter as the identified
moduli remain overestimated even for a friction of y=1 (assuming the actual

friction coefficient belongs to the range u=[0,1]).

The remaining error may partly be attributed to the experimentally resid-
ual and unknown vertical load applied to the aspiration head due to the head
and tube weight (Fig 1). A sensitivity analysis would be required to assess the

effect of each parameter. This will be performed in further work.

In this work, the value of VOe(:ifssue) is considered unknown during the in-
verse identification process. This choice adds a degree of freedom during the
identification and may affect the identified model parameters. In fact, the data
about the tissue behavior while reaching point (‘/Oe(at:fssue)’ Py) would be of first
interest when performing inverse identification on biological soft tissues: the
material may rapidly “stiffen”at low strain and at pressures lower than F. Un-
fortunately, soft materials behaviors at small loadings are extremely difficult
to measure experimentally, especially in-situ and in-vivo; the reference state
of soft biological materials will remain badly defined due to the presence of
internal residual stress or unknown initially applied loads. Localizing the zero

both in strain and stress for such a soft material is an arduous and interesting

problem that was out of the scope of this paper.

In this study, the difference between the experimental and identified initial
volumes (Vbe(ffssue) and Vi s (tissue)) is lower than 6%. This difference is small

and accounts both for the absence of leakage during measurement, and for the
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model ability to predict the unknown material behavior for pressure smaller

than P.

5.2 Qualitative comparison of experimental data

Assuming a constitutive model to properly simulate the studied material be-
havior (hyperelastic, poroelastic or viscoelastic models in the case of time-
dependent behavior) is an arduous and complex task when performing an
inverse identification on biological tissues. Using aspiration tests and in the
absence of leakage, significant differences between experimental and identified
initial volumes (V()e(flpssue) and V¢ (tissue)» respectively) would lead to question

the chosen constitutive model ability to properly describe the material behav-

ior for low strain.

It is thus believed by the authors that analyzing the experimental data
without assuming a specific behavior model partially circumvents this issue.
This is the reason why a simple ratio of the two silicones’ results is provided
in this section. In addition, performing such an analysis highlights the method
ability to provide contrast between different mechanical local behaviors: this
feature will enable the creation of contrast maps on the surface of mechanical
heterogeneous materials as frequently met during in vivo and in situ mea-
surements. Such analyzes were very preliminary investigated by Schiavone et
al. [20], where aspiration tests on different locations of the brain surface al-
lowed to identify the position of a stiffer region corresponding to a surface

tumor.

The loading ratios for the two silicones were calculated for each character-

ization method:

22



Aspiration

Tensile Bulge
a)ts b) 16 — C) s g
b by
1.5} g g
5 § 1.5} .g 1.5}
£ 2 B
-‘-’1'4-M- o 141 7] 1.4-/'/—/\’\-
= [H) )
a? = =
o (7]
w137 1 ~ 1.3} ~ 1.3} 1
k™ N N
S i 3
< 2 2
21.2¢ 81.2 81.2}
a —_ —
* 4 2’ 2
. 3 11t e 117
= =
n (7]
1 : : T 1 : : :
0.04 0.06 0.08 0.2 04 0.6 0.8 0.2 0.4 0.6
Volume (ml) € €, =€
XX XX yy

Fig. 9 Ratios of averaged experimental data for a) aspiration tests, b) tensile tests and c)
bulge tests.

e by dividing pressures of Silicones#2 to #1 at the same volume for aspira-
tion tests (Von Mises strain at the pole of the aspirated volume was in the
range [0.19, 0.41]),

e by dividing stresses of Silicones#2 to #1 at the same strain for the tensile

and bulge tests, respectively.

The loading ratios are compared in Fig. 9. The ratios for all the aspi-
ration, tensile and bulge tests are of similar values. The observed contrasts
between the mechanical behaviors of the two silicones are thus similar, even
if local stress states are very different from one test to another (triaxial (as-
piration), biaxial (bulge), uniaxial (tensile)). These results indicate a similar
ability of the tested mechanical characterization methods to highlight the con-
trast between different mechanical behaviors. Aspiration data can thus be used
to highlight mechanical behavior contrasts between different materials zones

without requiring a time-consuming inverse identification step.

More investigations on heterogeneous and anisotropic materials will be

performed in the future works.
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5.3 User Recommendations

To use the volume-based aspiration method, a user should take the following

considerations into account:

e to reduce experimentally induced bias, the absence of leakage between the
tissue and the measurement probe should be checked before performing
the tests. To ensure this, the initial negative pressure P stability versus
time should be checked. Ultrasound gel could be used between the suction
probe and the studied material to improve leakage prevention.

e in the aspiration tests, the friction between the aspiration probe and the
studied material is unknown. Adding Ultrasound gel between the suction
probe and the studied material would reduce the contact friction during
the experiments, so as to diminish the range choice for p in the simulations.

e according to previous results [25], using a syringe with a smaller diameter
for the measurements increases reproducibility of the results and decreases
the measurements errors. In this work, the use of a syringe with a diameter
of 4.7 mm was possible thanks to the setup presented in Fig. 1.

e the use of various loading steps provides a tool to check the measurements
reproducibility (Fig. 2).

e the use of a special suction probe holder would be advisable in order to

avoid applying external load on the suction probe.

6 Conclusion

A volume-based aspiration method for in-vivo characterization of soft tissues
was evaluated on silicone materials. The ability of the method to discriminate
two slightly different silicones was assessed. The aspiration test was repeated

nine times on each material. The percentages of STD according to average vol-
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ume measurements of 2.63% and 2.53% were obtained for the two materials.
The method will thus be able to discriminate aspiration behavior differences
of 2xSTD=5%. Additionally, the measured pressure ratio of the aspiration
tests for the two materials is similar to the stress ratios obtained with classical
characterization tests. A relative discrimination is thus easy and relative me-
chanical behavior mapping of soft tissues (organ or skin) is possible without
requiring an inverse procedure.

The mechanical parameters of the Gent model were identified either on
the classical or the aspiration tests using a direct and FE updating method,
respectively. Young’s moduli similar to the classical tests with about 7% maxi-
mum overestimation for the two silicones were identified. The errors are about
4 times lower than the previous studies based on optical aspiration measure-
ments. These results indicate an improvement of the materials identification
accuracy using the new device compared to the previous aspiration devices.

According to the presented results, the volume-based method can thus be
used for (1) in-vivo and in-situ mapping without the inverse procedure, and
(2) identification of the mechanical properties of various soft isotropic homo-
geneous materials. Further studies will be performed to extend the method to

anisotropic and heterogeneous materials.
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