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Abstract9

In various medical fields, a change of soft tissue stiffness is associated with its physio-pathological evo-10

lution. While elastography is extensively employed to assess soft tissue stiffness in vivo, its application11

requires a complex and expensive technology. The aim of this study is to determine whether an easy-to-use12

method based on impact analysis can be employed to determine the concentration of agar-based soft tissue13

mimicking phantoms. Impact analysis was performed on soft tissue mimicking phantoms made of agar gel14

with a mass concentration ranging from 1% to 5%. An indicator ∆t is derived from the temporal variation15

of the impact force signal between the hammer and a small beam in contact with the sample. The results16

show a non-linear decrease of ∆t as a function of the agar concentration (and thus of the sample stiffness).17

The value of ∆t provides an estimation of the agar concentration with an error of 0.11%. This sensitivity of18

the impact analysis based method to the agar concentration is of the same order of magnitude than results19

obtained with elastography techniques. This study opens new paths towards the development of impact20

analysis for a fast, easy and relatively inexpensive clinical evaluation of soft tissue elastic properties.21
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1 Introduction23

In various medical and surgical fields such as oncology, hepatology, plastic surgery or dermatology, the assessment24

of elastic properties of soft tissues is of great importance for clinical diagnostic and patient follow-up, since the25

development of many pathological processes is associated with an alteration of the tissue mechanical properties26

and changes in tissue stiffness (1; 2). Tumorous or fibrous tissues are typically characterized by an elastic27

modulus that differs from surrounding healthy tissues by several orders of magnitude (3; 4). In dermatology28

too, many skin diseases as scleroderma, Ehlers-Danlos or keloids induce alterations of the mechanical properties29

of the skin, which can be assessed by measuring, for instance, the elastic properties of the tissue (5). Due30

to these manifold clinical issues, the quantitative and non-invasive characterization of soft tissues mechanical31

properties is of great medical interest.32

Palpation is an empirical method commonly used by the physicians in order to inspect tissue stiffness and33

detect tissue abnormalities. However, this method remains subjective. Quantitative methods such as quasi-34

static compression tests, nano-indentation or dynamic measurements such as rheometry or Dynamic Mechanical35

Analysis (DMA) are widely used to characterize material elastic or viscoelastic properties. However, their36

destructive nature as well as reproducibility issues prevent such approach to be used in the clinic and they can37

only be employed for in vitro tests.38

Interestingly, elastography, whose development started in the 1990’s (6), has been extensively used to charac-39

terize soft tissue stiffness by mapping the tissue compressive and shear moduli in different anatomical locations,40

as it can be applied in vivo. In particular, transient elastography, which relies on shear wave propagation,41

remains one of the gold standard for clinical evaluation of local tissue Young’s modulus (7; 8). A medical42

device named Fibroscan® is now commonly used for the assessment of hepatic fibrosis (9). However, the use43

of shear-waves requires a complex and relatively expensive system, which may limit the use of the technology.44

In dermatology, although elastography has also been investigated (5), another simpler method based on skin45

suction and consecutive deformation has been developed for skin elasticity assessment, for which the corre-46

sponding medical device is known as Cutometer® (10; 11). This instrument may be used to assess skin aging47

(12) and the efficiency of cosmetic treatments (10; 13). However, this method is based on empiric observations48

and suffers from reproducibility issues (13). Moreover, it remains difficult to analyse the different parameters49

obtained with the Cutometer® and to retrieve the actual viscoelastic properties of the skin (10).50

In the context of total hip arthroplasty, our group has developed a technique based on impact analysis51

aiming at providing information on the stability of the acetabular cup implant (14; 15; 16) and of the femoral52

stem (17; 18; 19). This technique is based on the analysis of the signal corresponding to the variation of53

the force as a function of time obtained during an impact between the ancillary holding the implant and an54

instrumented hammer equipped with a force sensor. More recently, the method was extended to be applied55

to osteotomy procedures (20; 21) and in particular rhinoplasty (22; 23; 24). The analysis of the impact force56

signal between the instrumented hammer and the osteotome proved to be able to estimate the bone properties57

(elastic modulus and thickness) (20) as well as to predict the rupture of bone samples (21). In these specific58
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configurations (22; 24; 23), impact analysis was directly performed on the osteotome whose cutting end was a59

linear contact with the bone tissue. The main advantages of our approach lies in the fact that i) it is easy to60

use (i.e. fast and simple measurement protocols), ii) it provides a real-time feedback, iii) it is non-invasive and61

non-destructive, iv) it is a dynamic measurement, portable and low cost. In particular, the method sensitivity62

to the biologic tissue properties as well as the non-invasive and non-destructive characteristics of the method63

makes it relevant to be applied to various clinical applications from dermatology and cosmetology to oncology.64

The aim of this paper is to determine whether an easy-to-use method based on impact analysis can be65

employed to determine the concentration of agar-based soft tissue mimicking phantoms. Impact analyses are66

performed with soft tissue mimicking phantoms made of agar, a biological polymer. Agar-based phantoms have67

been extensively employed to mimic biological soft tissues (25; 26; 27), since they have similar mechanical prop-68

erties with adjustable concentration-dependent mechanical characteristics (28; 29; 30; 31). A signal processing69

technique similar to the one developed in Hubert et al. (20) is employed to evaluate the method sensitivity to70

variations of the agar concentration. The non linear behavior of the experimental configuration is assessed by71

applying preloading conditions. Eventually, the sensitivity of the method is compared to DMA and elastography72

techniques using results obtained in the literature. The originality of this study is to apply impact force analysis73

to soft matter, with a rigidity of around three orders of magnitude lower than the bone tissue considered in74

the previous study on bone characterization (20), [1], which required to adapt the experimental setup. The75

maximum amplitude of the force is ten times lower in the present work than in Hubert et al. (20). Another76

difference between the present work and the work described in (20; 21) lies in the targeted clinical application.77

While bone characterization and bone rupture detection were considered in (20; 21) the overall objective of the78

present study is to eventually distinguish healthy and pathological soft tissues.79

2 Materials and methods80

2.1 Preparation of tissue mimicking phantoms81

Tissue mimicking phantoms were made by varying the concentration of agar from 1g to 5g in 100ml of distilled82

water, leading to samples with agar concentration c in weight of 1%, 2%, 3%, 4% and 5%, respectively. Samples83

above 5% were not tested due to the brittle nature of agar at higher concentrations. A picture of the samples84

is shown in Fig. 1 for each concentration c. The ingredients were mixed at room temperature and then the85

solution was heated in a microwave oven up to the boiling point following the protocol employed in Manickam86

et al. (32) to ensure the homogeneity of the samples. The solution was left at room temperature until it reached87

50°C and it was poured into a cylinder mould. The samples were cylinders with an height and a diameter equal88

to 20 mm. Three samples were prepared from the same solution and then analyzed for each concentration c.89
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a) b) c) d) e)

Figure 1: Pictures and dimensions of the soft tissue mimicking phantoms made of agar concentration c = 1%
(a), c = 2% (b), c = 3% (c), c = 4% (d) and c = 5% (e).

2.2 Impact measurements90

2.2.1 Experimental set-up91

A description of the set-up device used for impact measurements is shown in Fig. 2. The experimental set-92

up was composed of a small instrumented hammer of 5g (8204, Brüel and Kjaer, Naerum, Denmark) with a93

sensitivity of 22.7 mV/N and a cylindrical beam positioned in a guiding support, so that the beam was kept94

vertical and perpendicular to the phantom sample during the testing procedure. The custom-made aluminum95

beam used, named “AlD1”, had a length of 80 mm and a diameter of 4 mm, with one extremity of 1 mm96

diameter.97

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,98

43.8 g and 54.9 g with an external diameter of 20 mm were successively put on the agar-based sample of each99

concentrations c, from the lightest to the heaviest. A 5 mm diameter hole was machined in the center of the100

cylinders to allow AlD4 to be in contact with the agar-based samples for impact measurements under preloading101

conditions. Impact tests were performed for each mass and each agar concentration.102
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2.2.2 Experimental protocol103

The force signal si(t) corresponding to each impact #i was recorded by the force sensor located on the impact104

face of the hammer. The signal was acquired in Labview interface (National Instruments, Austin, TX, USA)105

with a data acquisition module of 51.2 kHz sampling frequency (NI 9234, National Instruments, Austin, TX,106

USA). The measurement procedure consisted in applying four impacts on the upper surface of the beam with107

the hammer shown in Fig. 2. Only impacts for which the maximum value of si(t) was comprised between 1N108

and 10N were considered, which will be discussed in the Section 4.109

2.3 Analysis of the impact force signal110

A dedicated signal processing method was implemented and adapted from Hubert et al. (20) in order to analyze111

the signals si(t). An example of a typical force signal si(t) is shown in Fig. 3. For each signal si(t), the two first112

maxima were considered, which correspond to i) the impact of the hammer on the beam and ii) the rebound113

of the beam on the hammer following the impact. The amplitude of the first peak of the force signal si(t) was114

noted Ai and will be named as the impact force in what follows.115

A temporal indicator, noted ∆t and given in ms, was calculated as the average over the four impacts #i of116

the time difference ∆ti between the first and second local maxima of the signal si(t), following:117

∆t =
1

4

4∑
i=1

∆ti, ∆ti = ti,2 − ti,1 (1)

where ti,1 and ti,2 correspond to the time of the first and second local maxima of the signal si(t), respectively.118

Note that the 3rd and 4th peaks correspond to the 2nd and 3rd rebounds of the beam on the hammer,119

respectively, and are not considered in the following impact analysis.120

Figure 3: Illustration of a signal si(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 c = 2% and zoom on the second peak at ti,2.

The reproducibility of the impact measurement method was assessed by repeating three times the measure-121

ment of ∆t on each sample of each agar concentration c. The corresponding mean value ∆t and the standard122
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deviation σ∆t were calculated. σ∆t was defined as the intra-sample variability and corresponds to the method re-123

producibility. Moreover, the standard deviation associated to the variation of ∆t over three samples of the same124

agar concentration, noted Σ∆t, was also calculated for each agar concentration and represents the inter-sample125

variability.126

3 Results127

The values of the time indicators ∆t, calculated from the impact force signals si(t) are given in Table 1 for128

each sample and each agar concentration c comprised between 1% and 5%. The intra-sample variability, σ∆t,129

is of the same order of magnitude than the inter-sample variability Σ∆t (except for c = 1%). The intra-sample130

variability σ∆t, is slightly higher for the agar concentration c = 1% (σ∆t ∼ 5%) than for the others (σ∆t < 2%).131

The indicator ∆t decreases as a function of the agar concentration c (see Table 1). An example of the132

variation of ∆t is shown in Fig. 4 for measurements performed on the sample #1 of each concentration c. An133

ANOVA analysis was performed on the values of ∆t for all samples. The results confirm that the values of ∆t134

are significantly different between each agar concentration c (p-value=7.10−41).135

In what follows, only the standard deviation related to the reproducibility of the method, that is the intra-136

sample variability σ∆t, will be considered in order to focus on the performances of the impact measurement137

method and not on the reproducibility of the procedure used to produce the agar sample.138

1% 2% 3% 4% 5%

Sample #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3

∆t (ms) 9.99 9.80 9.88 6.62 6.74 6.72 5.53 5.50 5.52 5.05 5.01 5.02 4.50 4.52 4.55
σ∆t (ms) 0.50 0.33 0.49 0.05 0.13 0.13 0.01 0.03 0.07 0.07 0.03 0.02 0.04 0.02 0.07

Σ∆t (ms) 0.09 0.07 0.01 0.02 0.02

Table 1: Values of the time indicators ∆t calculated from the impact force signals si(t) measured on each
sample of each agar concentration c between 1% and 5%. The intra-sample variability σ∆t and the inter-sample
variability Σ∆t are also indicated. All the values are given in millisecond.

The variation of the temporal indicator ∆t as a function of the preload is shown in Fig. 5 for measurements139

performed on the sample #1 for each agar concentration c between 1% and 5%. For each value of c, the indicator140

∆t decreases when the preload value increases. A linear regression analysis, represented by the dotted lines in141

Fig. 5, is performed between the values of ∆t and the values of the preload, for each agar concentration c. The142

values of the slope a and the correlation coefficient R2 obtained from the linear regression analysis are given143

in Table 2 for the three sets of samples. A significant linear relation is obtained with a correlation coefficient144

R2 higher than 0.60 for all the agar concentrations. The decrease of ∆t as a function of the preload is higher145

for smaller agar concentrations (see Fig. 5). In particular, the slope of the linear regression curves varies from146

a = −2.6 ms/% to a = −0.33 ms/% in average over the three samples between c = 1% and c = 5% (see Table 2).147
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Figure 4: Variation of the time indicator ∆t as a function of the agar concentration c between 1% and 5% for
measurements performed on the sample #1 for each concentration. The error bars correspond to the intra-
sample variability, σ∆t.

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

1% 2% 3% 4% 5%

Sample #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3

a -2.5 -2.3 -3.1 -1.3 -1.8 -1.7 -0.9 -0.6 -0.4 -0.5 -0.2 -0.7 -0.4 -0.2 -0.4
R2 0.97 0.97 0.98 0.91 0.77 0.97 0.95 0.94 0.91 0.94 0.60 0.97 0.95 0.97 0.87

Table 2: Values of the slope a and the correlation coefficient R2 obtained from the linear regression analysis of
the values of ∆t as a function of the preload for each set of sample and each agar concentration c between 1%
and 5%.

4 Discussion148

The main purpose of the present study was to investigate the feasibility of using impact analysis to distinguish149

soft tissue mimicking phantoms with different agar concentration and to evaluate the sensitivity of the technique150
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with regard to the agar concentration, which is known to be highly dependent on the sample stiffness (33; 34; 32).151

Impact analysis, which has been successfully employed by our group to evaluate the bone elastic modulus152

(20), the bone-implant stiffness (14; 15; 17; 19; 18), and to predict bone fracture (21) is applied herein to153

characterize agar-based samples. The main advantages of the proposed impact method compared to other154

dynamic techniques such as elastography are: i) the simple set-up and measurement protocol and ii) its relative155

inexpensive nature.156

4.1 Physical interpretation157

The temporal indicator ∆t is shown to decrease as a function of the agar concentration (see Fig. 4). This158

phenomenon may be explained by an increase of the sample stiffness when the agar concentration increases,159

which has been widely demonstrated in the literature using various quasi-static (33; 34; 32; 35) and dynamic160

characterisation techniques (28; 36). Quasi-static compression tests under small deformations showed in partic-161

ular that the elastic modulus of agar-based sample of concentrations from 0.5% to 3% in weight varies between162

7kPa to 200kPa (33). Note that this range of elastic moduli covers values of healthy and abnormal human soft163

tissues stiffnesses (3). Interestingly, Nayar et al. (34) performed dynamic indent tests at a frequency of 100 Hz164

and reported values of viscoelastic dissipation tan(δ) between 0.01 and 0.06 for agar concentrations between165

5% and 0.5% respectively. The decrease of the temporal indicator ∆t with the increase of the sample stiffness166

is coherent with results found in previous studies on the evaluation of biomechanical properties of bone tissues167

using impact analysis (20; 24). In Hubert et al. (20), similar impact measurements were performed on bone168

mimicking phantoms and on plywood samples using an osteotome. The samples considered in Hubert et al.169

(20) had very different material stiffness, but could also be distinguished based on a time indicator equivalent to170

∆t in the present study, that was lower for the higher stiffnesses. The relation between the temporal indicator171

∆t and the agar-based sample stiffness is also consistent with previous studies that used impact analysis to172

evaluate bone-implant system stiffness (17; 19; 18). Both in experimental (17; 19; 18) and numerical studies173

(16), it was observed that the higher the bone-implant system stiffness, the shorter the time between the two174

first peaks of the impact force signal, which may be explained by an increase of the resonance frequency of the175

system when the sample stiffness increases.176

The temporal indicator ∆t is shown to decrease when the value of the preload applied to the sample increases177

(see Fig. 5). The influence of the preload on the value of ∆t may be explained by the non-linear elastic behavior178

of the agar material, which has been established in the literature (33; 7; 30; 37). In Manickam et al. (32), the179

shear modulus was measured with and without compression of the samples, similarly to what was done in the180

present work for impact measurements with preloading conditions. The value of the shear modulus increased181

with the compression applied to the samples (32), which is consistent with the results shown in Fig. 5, where182

∆t (inversely proportional to the sample stiffness) decreases when the value of the preload increases for all183

concentration of agar in the range [1-5]%. However, for a same value of the preload, the strain is higher for184

smaller agar concentrations. For example, for c = 1%, the highest preload correspond to a strain of 8% while185
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it represents only 1% when c = 5%. Therefore, the results obtained in Fig. 5 and Table 2 do not provide a186

direct relationship between the agar concentration and the non-linearity of the material sample since the level187

of strains is not equivalent between the agar concentrations. Note that in Pavan et al. (37), it was shown that188

the non-linearity of the stress-strain curves of agar/gelatin mixture did not depend on agar concentrations in189

the range 0.58% ≤ c ≤ 2.81%.190

This method can be compared with the approach described in Kontiola (38), where the authors used an191

electromechanical method to measure intraocular pressure. A probe was conceived to collide with the eye surface192

and to bounce back on it. However, the method was different from the present paper because an acceleration193

sensor was used to measure the duration of contact.194

4.2 Analytical model195

In order to better understand the response of the system to the impact of the hammer on the beam, a simple196

1-D model described schematically in Fig. 6 was developed. This model was adapted from the one described in197

Hubert et al. (20) and takes into account the mechanical and geometrical properties of the set-up.198

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 mh and the beam was modeled by a mass-spring system

with a mass mb and a stiffness kb given by:

mb = ρb π Lb (ϕb/2)
2 (2)

kb =
Eb π (ϕb/2)

2

Lb
, (3)

where Eb is the Young’s modulus and νb is the Poisson’s ratio of the beam, ρb is its mass density, Lb is its199

length and ϕb its section diameter. The phantom sample was considered to be an isotropic elastic half-space200

characterized by the Young’s modulus Es, which is the only free parameter of the model, and a constant201
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Poisson’s ratio νs = 0.5. Note that we did not consider a viscoelastic behaviour for the bone sample because it202

would lead to a very complex model of the flat punch contact, as described in Popov et al. (39). The coordinates203

along the vertical z−direction of the sample/beam and beam/hammer contacts were denoted by zsb and zbh204

respectively. While the contact interaction between the hammer and the beam was considered as punctual,205

the contact interaction between the sample and the beam was described as a frictionless indentation of a flat-206

ended cylindrical punch against an isotropic elastic half-space (40; 41). Based on the previous assumptions, an207

analytical model governed by a system of two coupled equations could be derived:208

209 
mbz̈sb = kb (zbh − zsb − Lb)− ϕbE

∗zsb

mhz̈bh = −kb (zbh − zsb − Lb)

(4)

210 
mbz̈sb = −ϕbE

∗zsb

mhz̈bh = 0

, (5)

with E∗ =
1

(1− ν2s )

Es
+

(1− ν2b )

Eb

.211

212

Equation 4 corresponds to the case where the hammer is in contact with the beam (i.e. zbh − zsb = 0) and213

Equation 5 corresponds to the case where there is no contact between the hammer and the beam (i.e. when214

zbh − zsb > Lb). For a given impact velocity of the hammer vi, corresponding to the initial condition, the215

system of Eqs. 4 and 5 were solved using the Runge-Kutta 4th order method (42) and the software Matlab (The216

Mathworks, Natick, MA, USA).217

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
Es = 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
Es = 100 kPa.

Figure 7 shows the variation of the force as a function of time during an impact considering a hammer with218

a mass of 5g, an “AlD1” aluminum beam and a sample with a Young’s modulus Es = 100 kPa. The analytical219

results are qualitatively similar to the experimental ones (see Fig. 3). The variation of the indicator ∆t as a220

function of the Young’s modulus of the sample obtained with this 1-D model is shown in Fig. 8. The analytical221

results are in the same order of magnitude as the experimental ones derived from the values of Young’s moduli222

reported in the literature (see Table 4), except for a slight underestimation of ∆t for an agar concentration of223

3%. However, the characteristics of agar hydrogels are very sensitive to the preparation and storage conditions224

and to the measurement method. For example, for an agar gel at a given concentration, their elastic properties225

can vary by one or two orders of magnitude (43).226

This simple 1D analytical model is useful to understand the general behavior of the indicator ∆t regarding the227

geometric or mechanical parameters of the system such as Es, the Young’s modulus of the sample. However, the228

slight differences with the experimental results may be explained by several reasons. First, despite the dynamic229

nature of impact analysis, a quasi-static modeling of the flat-ended cylindrical punch was considered. Second,230

the use of this flat-punch model does not take into account the friction and adhesion phenomena that can occur231

at the contact. Third, the choice of an isotropic elastic half-space for the tissue mimicking phantoms neglects232

the viscoelastic phenomena and the potential boundary conditions induced by the sample geometry. Fourth,233

the actual properties of the agar samples were not measured and values taken from the literature were used234

instead. Despite these limitations, a good agreement between analytical and experimental results was obtained.235

4.3 Sensitivity analysis236

The sensitivity of the impact method (including the measurements and analyses) to determine the agar con-237

centration c of a sample is analyzed by a simple two steps method described in what follows (refer to (44; 45)238

11



for more details). The first step is to perform a linear regression analysis of the average value of the temporal239

indicator ∆t as a function of the agar concentration c based on the results shown in Table 1 and Figure 4. The240

linear regression analysis is performed for each set of sample (#1, #2, #3) leading to:241

∆̃t = a× c+ b (6)

where ∆̃t is the approximate value of ∆t and (a, b) are the coefficients obtained from the linear regression242

analysis of the variation of ∆t as a function of the agar concentration c in the range c ∈[1-5]%.243

The second step of the method consists in assessing the error realized by the impact method on the estimation244

of the agar concentration c, noted in what follows cerr (expressed in % of agar). To do so, the averaged245

measurement reproducibility error, σm, corresponding to the mean value of the intra-sample variability σ∆t in246

the range c ∈[1-5]% is calculated for each set of sample (#1, #2, #3). The error cerr is evaluated by combining247

σm with the linear regression analysis in Eq. 6) following:248

cerr = |σm/a| (7)

Table 3 shows the results obtained for the error cerr on the estimation of the agar concentration using the249

impact method. These values of cerr are of the same order of magnitude than results obtained from other250

dynamic characterization methods used in vivo, such as elastography or in vitro, such as DMA (Dynamic251

Measurement Analysis) (see Table 4). Based on studies obtained from the literature (35; 46; 47), the error on252

the agar concentration estimation with Magnetic Resonance Elastography (MRE) (35; 46) or Optical Coherence253

Elastography (OCE) (47) is close to 0.07 % of agar, which is almost twice the value obtained with DMA (46).254

Note that the values of error were calculated using the two steps method described above and the elastic moduli255

and the standard deviations indicated in Table 4 obtained for the different methods and the different agar256

concentrations c (35; 46; 47).257

Set of sample a (ms/%) b (ms) R2 σm (in ms) 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 σm

of ∆t in the range c ∈[1-5]%, and error cerr realized on the estimation of the agar concentration in the range
c ∈[1-5]% for each set of sample.

4.4 Influence of the impact force258

In this study, the maximum amplitude Ai of the impact force applied with the beam AlD1 was chosen so259

that Ai ∈ [1-10] N because i) higher amplitudes would have drilled the sample, especially for the small agar260

concentrations and ii) lower amplitude do not allow to produce a sufficient level of energy to retrieve valuable261

information. Moreover, the values of ∆t may vary with the impact force Ai, which limits the extent of the force262

interval range. A second beam, named “AlD4”, with a length of 40 mm and a diameter of 4 mm was used263
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Young’s modulus E (kPa) Dissipation tan (δ)
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 -
2 171.4±22.8 100.6±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 - 242.4±4.7 -
3.5 - 324.3±26.7 - 324.9±13.1 -
5 - - - - 0.01

Error cerr (% of agar) 0.08 0.08 0.07 0.04 -

Table 4: Values of Young’s moduli E (given in kPa) and viscoelastic dissipation tan(δ) reported in the literature
for different agar concentrations c and measured with elastography in (35; 46; 47) and DMA in (46; 34). The
values of the error cerr on the estimation of the agar concentration c 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. AlD4 allows to apply higher forces without drilling264

the sample. Figure 9 shows the influence of the impact force Ai in the range [1-40] N obtained with AlD4 on265

the values of ∆t for agar concentrations c between 1% and 5%. The results confirm the dependence of ∆t on266

Ai, which indicates that the measurements should be performed in a reduced force interval for Ai, in order to267

limit the variations due to the influence of the impact force on ∆t. In particular, ∆t decreases as a function of268

the impact force Ai for all the agar concentrations, until reaching a threshold at Ai ∼ 30N (see Fig. 9). The269

variation of ∆t with regard to the impact force Ai is higher for the smaller agar concentrations. Note that in270

previous studies on bone stiffness evaluation (20) or implant stability assessment by impact analysis (17; 19; 18),271

∆t was not shown to depend on the impact force.272

Different phenomena may explain the behavior of ∆t with regard to the impact force observed herein. A273

change of the dynamic impact force amplitude affects both the amplitude and the strain rate experienced by274

the sample (37). Assuming that ∆t is related to the sample stiffness, the variation of the dynamic amplitude of275

the impact force may therefore lead to non-linear effects on ∆t due to the three following distinct but coupled276

phenomena: i) the viscoelastic behavior of the sample (34; 26; 32; 27), ii) the non-linearity of the contact (here277

flat punch conditions) between the sample and the beam, and iii) the elastic non-linearity of the material.278

Note that the impact force can easily be determined for each impact, so that impacts taken into account in279

a measurement can easily be selected based on the value of Ai, which leads to a minimization of the variability280

due to this parameter.281

4.5 Limitations and perspectives282

This study has several limitations. First, the standard deviation σ∆t (estimated in Table 1) related to the283

determination of ∆t comes from different phenomena. The first one may come from the experimental setup. The284

value of ∆t may be influenced by the orientation of the beam with regard to the surface of the sample. Thereby,285

the device should be improved in order to guarantee the beam vertical alignment and its perpendicularity with286

the surface of the sample to be tested, while minimizing the friction in the guiding system (see Fig. 2) and287

at the beam/sample interface. Moreover, the flatness of the tested face of the sample has not been quantified,288
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Figure 9: Variation of the values of ∆ti as a function of the impact force Ai in the range [0-40] N for agar
concentrations c 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 of289

the measurement of 0.02 ms, which is of the same order of the standard deviation σ∆t.290

Second, further works need to be realized to comfort our approach. In particular, analytical and/or numerical291

modeling is needed to understand the relation between the sample elastic properties and the values of the292

indicator ∆t, similarly as what was done by Hubert et al. (20) for rigid tissues. Such a model could also293

be useful to investigate the effect of various experimental parameters on the measurement, such as the beam294

mechanical and geometrical characteristics as well as the sample geometry. In particular, based on a simple flat295

punch model (41) in the static regime, we expect that the diameter of the beam should be determine the size296

(in terms of thickness and radius) of the region of interest of the phantom that is measured with our method.297

Therefore, all the measurements were carried out using with the same beam and with samples with the same298

dimensions. Moreover, it was verified experimentally that the value of ∆t was not significantly modified for299

samples with larger diameter and larger height than the dimensions considered herein, which was the criteria300

used to choose the sample dimensions. In addition, it was verified that the results were not influenced by the301

position of the beam on the sample surface with regard to the boundary conditions.302

Third, the sensitivity analyses evaluate the sensitivity of the quantities measured by the different methods303

(impact analysis, DMA, elastography) with regard to the agar concentration. Such analysis was a first step304

to validate the feasibility of impact analysis to distinguish materials with different stiffness values, since the305

influence of the agar concentration on the sample rigidity is well known in the literature. The next step will be306

to evaluate the sensitivity of impact analysis to the Young’s Modulus by performing compression tests.307

Fourth, the quality of the soft tissue mimicking phantoms should be improved to obtain a mechanical be-308

havior closer to the one of biological soft tissues. The performances of the method should be tested with more309

dissipative samples for which the viscoelastic properties strongly vary according to strain rate. Since a change310

of the impact force amplitude could lead to a change of the strain rate, it is thus expected that the method will311
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be more sensitive to the force amplitude than what was obtained in Fig. 9. Moreover, it could be relevant to312

develop heterogeneous samples, and to test the sensitivity of the impact method to the presence of an inclusion313

(30; 48; 49). Although agar-based phantoms are widely used to mimic soft tissue properties (28; 36; 50; 33; 34),314

in vitro experiments should be carried out on biological living tissues in order to be closer to a future clinical315

application. A first approach could be to perform tests on muscles, liver or skin, which are among the most316

important applications targeted by the impact method for living tissue elastic properties evaluation.317

318

An interesting perspective would be to determine the method resolution (both axial and lateral) to detect319

tissue heterogeneities. As indicated above, based on classical contact mechanics (41), we expect that this320

resolution is of the order of magnitude to the beam diameter. Another perspective would be to develop a321

decision-support system to be used in the clinic in order to simply and rapidly determine the local properties322

of soft tissues. To do so, it will be necessary to control the reproducibility of the measurements and to allow323

a simple positioning of the beam compared to the targeted tissue. In the present work, the beam was always324

oriented vertically so that its axis remains perpendicular to the sample surface to guarantee the same contact325

conditions between the sample and the beam. If oriented with an angle, the surface of the beam in contact with326

the sample would change, which would lead to a modification of the rigidity of the system and hence to a change327

of the value of ∆t. Moreover, the results would also be likely to change if the beam was not vertically aligned328

because of the influence of the beam weight on the results. However, considering a non-vertical orientation of329

the beam could possibly allow to perform similar measurements, which would need to be verified experimentally330

in a future study. The advantage of the approach is that it is very cheap (only a force sensor is needed) and331

that it is instantaneous. However, further validations ex vivo, in vivo and then in a clinical environment are332

necessary.333

5 Conclusion334

The present study deals with the elastic characterization of soft tissue mimicking phantoms by impact analysis.335

To do so, agar-based samples of different concentrations were tested and the sensitivity of the method to336

determine the agar concentration, related to the sample stiffness, was analyzed. The method consists in applying337

several impacts on the samples via a metallic beam using an instrumented hammer. The temporal signal of338

the impact force is analysed in real-time. Based on previous studies on the evaluation of bone biomechanical339

properties by impact analysis, a time indicator ∆t is derived from the force signal, corresponding to the time340

difference between the impact and the rebound of the beam on the hammer. The indicator ∆t is shown341

to decrease when the agar concentration increases, which corresponds to an increase of the sample stiffness.342

The sensitivity of the impact method to estimate the agar concentration from the value of the indicator ∆t343

is of the same order of magnitude compared to other quantitative methods used in vivo such as transient344

elastography. The impact method presents the advantages to be non-invasive, to provide real-time information345

and to be relatively inexpensive and easy to use. However, to confirm the potential of impact analysis for in346
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vivo evaluation of soft tissue elastic properties, further investigations must be carried out with biological tissues.347
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