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Is there any objective and independent characterization and modeling of soft biological tissue?
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The characterization of soft tissue raises several difficulties. Indeed, soft biological tissues usually shrink when dissected from their in vivo location. This shrinkage is characteristic of the release of residual stresses, since soft tissues are indeed often pre-stressed in their physiological configuration.

During experimental loading, large extension at very low level of force are expected and assumed to be related to the progressive recruitment and stretching of fibers. However, the first phase of the mechanical test is also aiming at recovering the pre-stressed in vivo behavior. As a consequence, the initial phase, corresponding to the recovering of prestress and/or recruitment of fiberes, is questionable and frequently removed. One of the preferred methods to erase it consists in applying a preforce or prestress to the sample: this allows to easily get rid of the sample retensioning range. However this operation can impact the interpretation of the identified mechanical parameters.

This study presents an evaluation of the impact of the data processing on the mechanical properties of a numerically defined material. For this purpose, a finite element simulation was performed to replicate a uniaxial tensile test on a biological soft tissue sample. The influence of different pre-stretches on the mechanical parameters of a second order Yeoh model was investigated.

The Yeoh mechanical parameters, or any other strain energy density, depend strongly on any pre-and post-processing choices: they adapt to compensate the error made when choosing an arbitrary level of prestretch or prestress. This observation spreads to any modeling approach used in soft tissues. Mechanical parameters are indeed naturally bound to the choice of the pre-stretch (or pre-stress) through the elongation and the constitutive law. Regardless of the model, it would therefore be pointless to compare mechanical parameters if the conditions for the processing of experimental raw data are not fully documented.

Introduction

The mechanical characterization and modeling of biological tissues is a key tool toward a better understanding of physiological and pathological behaviors. A greater knowledge of the mechanical properties of the tissue should also help to develop and improve medical and surgical treatments, through the design of adequate implants or patient-specific oriented models.

Biological animal or human tissues are mainly divided in two categories: hard and soft tissues. If mechanical characterization methods are globally similar, mechanical modeling differs substantially. Hard tissues, like bones are generally considered to have a linear anisotropic elastic response behavior [START_REF] Cowin | Bone Mechanics Handbook[END_REF] while soft biological tissues, such as skin, abdominal wall or pelvic tissues, present a non-linear mechanical behavior.

In this case, hyperelastic constitutive models [START_REF] Chagnon | Hyperelastic energy densities for soft biological tissues: A Review[END_REF][START_REF] Wex | Isotropic incompressible hyperelastic models for modelling the mechanical behaviour of biological tissues : A review[END_REF] help to model and identify the mechanical properties of soft tissues from experimental observations. To identify the mechanical behavior of soft tissues, the literature reveals numerous characterization protocols. Biological soft tissues are tested under uniaxial or biaxial traction [START_REF] Pierce | Biomechanical properties of synthetic and biologic graft materials following long-term implantation in the rabbit abdomen and vagina[END_REF][START_REF] Chantereau | Mechanical properties of pelvic soft tissue of young women and impact of aging[END_REF][START_REF] Rubod | Biomechanical properties of vaginal tissue: preliminary results[END_REF][START_REF] Ozog | Shrinkage and biomechanical evaluation of lightweight synthetics in a rabbit model for primary fascial repair[END_REF][START_REF] Ní Annaidh | Characterization of the anisotropic mechanical properties of excised human skin[END_REF][START_REF] Hernández-Gascón | Long-term anisotropic mechanical response of surgical meshes used to repair abdominal wall defects[END_REF][START_REF] Deplano | Biaxial tensile tests of the porcine ascending aorta[END_REF][START_REF] Astruc | Characterization of the anisotropic mechanical behavior of human abdominal wall connective tissues[END_REF], inflation test [START_REF] Röhrnbauer | Combined biaxial and uniaxial mechanical characterization of prosthetic meshes in a rabbit model[END_REF][START_REF] Brunon | Characterization of the nonlinear behaviour and the failure of human liver capsule through inflation tests[END_REF][START_REF] Jayyosi | Characterizing liver capsule microstructure via in situ bulge test coupled with multiphoton imaging[END_REF], ball-burst test [START_REF] Konerding | Biomechanical and histological evaluation of abdominal wall compliance with intraperitoneal onlay mesh implants in rabbits: A comparison of six different state-ofthe-art meshes[END_REF] etc. Sample size is often a major limitation in the study of biological tissues. Whether during an animal study or the collection of cadavers tissues, samples are rare, quite difficult to obtain and often small in size. Even if it may not be the more physiological loading, the uniaxial tension test remains, above all, the less consuming in terms of material, since the minimal sample sizes are generally in the order of a few millimeters wide by about ten millimeters long [START_REF] Ettema | A new method to measure elastic properties of plastic-viscoelastic connective tissue[END_REF][START_REF] Rubod | Biomechanical properties of vaginal tissue. Part 1: New experimental protocol[END_REF][START_REF] Peña | Mechanical characterization of the softening behavior of human vaginal tissue[END_REF][START_REF] Buerzle | On the deformation behavior of human amnion[END_REF]. Many studies [START_REF] Chantereau | Mechanical properties of pelvic soft tissue of young women and impact of aging[END_REF][START_REF] Rubod | Biomechanical properties of vaginal tissue. Part 1: New experimental protocol[END_REF][START_REF] Buerzle | On the deformation behavior of human amnion[END_REF][START_REF] Veronda | Mechanical characterization of skin -Finite deformations[END_REF][START_REF] Moalli | A rat model to study the structural properties of the vagina and its supportive tissues[END_REF][START_REF] Cooney | Uniaxial and biaxial tensile stress-stretch response of human linea alba[END_REF] performed this type of test for the characterization of biological tissues, even if it lacks physiological representativity.

Most connective tissues are not uniaxially but rather multi-axially stressed: e.g. pelvic tissues, abdominal sheathing tissues and therefore shrink when they are dissected. Multi-axial tests would undoubtedly make it possible to provide richer information. However, uniaxial tensile tests show many advantages given the constraints imposed by the study of biological tissues. It is easy to set up and analyze from a mechanical perspective. Computations of stress and strain are obtained directly from the dimensions and force measures for an homogeneous material, without any numerical simulation or any other assumptions than homogeneous deformations. Considering an anisotropic material, this loading case gives the lowest error induced by the approximation of the stress and strain fields in comparison to other ones.

Even within the studies in uniaxial tension, differences in terms of measurement equipment, loading command and data treatment occur. There is actually no consensus in the community about a universal method either to test or to analyze and understand the mechanical behavior of soft tissues. Following Fung [START_REF] Fung | Biorheology of soft tissues[END_REF] pioneering research, numerous tests are performed with a preconditioning phase, where cycles are performed. This preconditioning phase include cycles at different level of deformation, force or stress [START_REF] Moalli | A rat model to study the structural properties of the vagina and its supportive tissues[END_REF][START_REF] Tong | The stress-strain relationship for the skin[END_REF][START_REF] Tower | Fiber alignment imaging during mechanical testing of soft tissues[END_REF][START_REF] Ottenio | Strain rate and anisotropy effects on the tensile failure characteristics of human skin[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF]. Numerous studies perform a pre-load [START_REF] Röhrnbauer | Combined biaxial and uniaxial mechanical characterization of prosthetic meshes in a rabbit model[END_REF][START_REF] Konerding | Biomechanical and histological evaluation of abdominal wall compliance with intraperitoneal onlay mesh implants in rabbits: A comparison of six different state-ofthe-art meshes[END_REF][START_REF] Grässel | Anisotropy of human linea alba : A biomechanical study[END_REF][START_REF] Ben Abdelounis | Effect of two loading rates on the elasticity of the human anterior rectus sheath[END_REF][START_REF] Walsh | Uniaxial tensile testing approaches for characterisation of atherosclerotic plaques[END_REF][START_REF] Mauri | A discrete network model to represent the deformation behavior of human amnion[END_REF][START_REF] Levillain | Contribution of collagen and elastin fibers to the mechanical behavior of an abdominal connective tissue[END_REF] or pre-stress [START_REF] Cooney | Uniaxial and biaxial tensile stress-stretch response of human linea alba[END_REF][START_REF] Lyons | Mechanical characterisation of porcine rectus sheath under uniaxial and biaxial tension[END_REF][START_REF] Cooney | Uniaxial and biaxial mechanical properties of porcine linea alba[END_REF] threshold to compensate the retraction of the sample and remove any buckling of the sample prior to testing. The choice of a prestress strongly depends on the operator and mechanical testing means. Pre-force use is even more questionable as load is not an objective measure and fully relies on the sample size. Those thresholds can be used during the testing or in post-processing: the latter should be preferred to the former since it does not remove definitely a part of the measured information. It can also happen that the data processing for the identification of the mechanical properties of soft tissues is not always extensively described.

Whether it is in post-processing or during testing, the postprocessing methods leading to the results often lack details and could have an effect on the identified mechanical properties of the studied material.

If these problems are widely known in the community of soft tissues biomechanics, no previous work, to our knowledge, directly addresses the question and no consensus is existing.

In a first part, the context and methods of this study are recalled. A simple isotropic hyperelastic law is chosen to represent the stress-strain response of soft tissues. A numerical simulation of a uniaxial traction test is performed to mimic a real test on a biological sample. Different prestress levels are applied to the numerical stress response to assess their impact on the mechanical properties studied. Finally, some guidelines are proposed to biomechanical researchers to make and share the best of their experimental data.

Context of the study: experimental observation and mechanical framework

2.1. Toward an ex vivo zero-strain and zero-stress state When soft tissue specimens are collected, the dissection causes in general a more or less significant retraction of the sample [START_REF] Fung | Biorheology of soft tissues[END_REF][START_REF] Fung | Elasticity of soft tissues in simple elongation[END_REF][START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF]. This phenomenon is due to the release of residual stresses [START_REF] Fung | Change of residual strains in arteries due to hypertrophy caused by aortic constriction[END_REF][START_REF] Fung | Biomechanics[END_REF].

According to their function in the body, soft tissues are often stressed in their physiological state [START_REF] Fung | Biorheology of soft tissues[END_REF].

Resection thus leads to the relaxation of the sample. The ex vivo zero-stress state does not match with the in vivo unloaded state. There is no simple way to evaluate the in vivo stress configuration, or to estimate the residual stress: to our knowledge, the simplest approach consists in measuring the shrinkage of the sample [START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF]. More advanced techniques involving digital image correlation [START_REF] Gao | Constitutive modeling of liver tissue : Experiment and theory[END_REF] or sonomicrometry [START_REF] Amini | On the in vivo deformation of the mitral valve anterior leaflet : Effects of annular geometry and referential configuration[END_REF] have also been developed: they are more difficult and longer to set-up in controlled environment like biomechanical labs.

Easier techniques to compensate the relaxation of the sample are often applied a posteriori. Usually, the first phase of a uniaxial tension test shows a plateau where stresses are very low and assumed as negligible, as shown in Figure 1. The two main reasons for that plateau might be the retensioning of the sample to compensate its retraction and any buckling of the sample due to the placement of the specimen between the clamps (in order to avoid applying any uncontrolled pre-stress to the sample). An additional interpretation of the low-force plateau comes from the very nature of the tissues. From an histological point of view, soft tissues results from the interweaving of elastin and collagen fibers [START_REF] Axer | Collagen fibers in linea alba and rectus sheaths -I. General scheme and morphological aspects[END_REF][START_REF] Holzapfel | A new constitutive framework for arterial wall mechanics and a comparative study of material models[END_REF][START_REF] Aghamohammadzadeh | X-Ray scattering used to map the preferred collagen orientation in the human cornea and limbus[END_REF][START_REF] Brieu | A nonlinear-elastic constitutive model for soft connective tissue based on a histologic description: Application to female pelvic soft tissue[END_REF][START_REF] Astruc | An anisotropic micro-ellipsoid constitutive model based on a microstructural description of fibrous soft tissues[END_REF]. Due to the release of the physiological stresses during the resection the fibers within the tissues are entangled and crimped at the local scale [START_REF] Grytz | Lamina cribrosa thickening in early glaucoma predicted by a microstructure motivated growth and remodeling approach[END_REF]. During the first phase, no fiber is fully stretched and recruited within the sample, they remain loose within the extra-cellular matrix. Gradually the fibers realign with the direction of traction and contribute to the overall stiffness of the material [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Levillain | Contribution of collagen and elastin fibers to the mechanical behavior of an abdominal connective tissue[END_REF].

In an ex vivo uniaxial tension, because of the free edges of the mechanical sample, the shrinkage in the transverse direction cannot be compensated during the uniaxial loading as it is the case in an in vivo configuration. That could even lengthen the flat initial plateau, corresponding to the realignment of the fibers. The in vivo loading is rarely purely uniaxial since the edges are not free. It actually consists, even in the case of tension, in a combination of tension and shear loadings. The first phase of the test corresponds to the re-tensioning of the sample at the global and local scales.

According to this last assumption, during the first phase, the measured deformations are therefore not characteristic of the material's mechanical response but of its re-tensioning and un-buckling, and should consequently be excluded from the characterization and modeling of the material. Once this phase is over, the material's non linear mechanical response is observable, in Figure 1, with a first low rigidity region while fibers are partially realigned and stretched in the traction direction; followed by a large deformations and higher rigidity phase once all the fibers are recruited.

The raw experimental data therefore require a processing phase before the identification of a mechanical model: filtering the experimental noises, cutting the area after the first signs of damage and above all removing the beginning of the test corresponding to the re-tensioning phase. The range of the re-tensioning phase is not trivial to discriminate from the region of low rigidity in small deformations. In the close-up view

in Figure 1, one can notice that the transition between the retensioning and low stiffness regions remains smooth because of the monotony and constant convexity of the experimental response. A drastic change of convexity (inflection point), for example, would be easier to detect. The end of the deformation range, i.e.

where the data are not anymore considered for the identification of mechanical parameters, is also rarely described in the literature. Because of clear sign of damages (change in the slope, drops in the force signal etc.), it seems easier to define, even visually, and will not be investigated here.

In the literature, when described, the most common method is a thresholding method using a pre-stress or a pre-force [START_REF] Astruc | Characterization of the anisotropic mechanical behavior of human abdominal wall connective tissues[END_REF][START_REF] Moalli | A rat model to study the structural properties of the vagina and its supportive tissues[END_REF][START_REF] Cooney | Uniaxial and biaxial tensile stress-stretch response of human linea alba[END_REF][START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF][START_REF] Groves | An anisotropic, hyperelastic model for skin: Experimental measurements, finite element modelling and identification of parameters for human and murine skin[END_REF][START_REF] Röhrnbauer | A non-biological model system to simulate the in vivo mechanical behavior of prosthetic meshes[END_REF]. This thresholding can be performed during the test or in postprocessing. This method is very effective but its use remains questionable: the level of force or stress is very dependent on the material or the sample dimension, and setting such a threshold can be tricky. The value of the pre-stress, if too high, will remove a large number of experimental measurements representative of the effective mechanical behavior of the material; if it is too low, may erroneously consider the tensioning phase of the uniaxial test as a part of the response of the biological material. In both cases, this will impact the identification of mechanical parameters, regardless of the modeling choices.

Mechanical framework

This work aims at studying the impact of the retensioning zone and its identification on the mechanical properties of connective tissues. The first step consists in fixing a modeling approach. In the literature, a lot of nonlinear models coexist for the modeling of soft tissues [START_REF] Chagnon | Hyperelastic energy densities for soft biological tissues: A Review[END_REF][START_REF] Wex | Isotropic incompressible hyperelastic models for modelling the mechanical behaviour of biological tissues : A review[END_REF], that could be equally valid.

Over the years, our research team characterized various soft tissues, from animal or human origin: rat abdominal wall [START_REF] Morch | Experimental study of the mechanical behavior of an explanted mesh: The influence of healing[END_REF], abdominal aponeuroses [START_REF] Gabriel | Vagina, abdominal skin, and aponeurosis: do they have similar biomechanical properties ?[END_REF] and sheathing tissues [START_REF] Astruc | Characterization of the anisotropic mechanical behavior of human abdominal wall connective tissues[END_REF], ewe [START_REF] Rubod | Biomechanical properties of vaginal tissue. Part 1: New experimental protocol[END_REF] and human pelvic tissues [START_REF] Rubod | Biomechanical properties of vaginal tissue: preliminary results[END_REF][START_REF] Rubod | Biomechanical properties of human pelvic organs[END_REF][START_REF] Rubod | 3D simulation of pelvic system numerical simulation for a better understanding of the contribution of the uterine ligaments[END_REF][START_REF] Rivaux | Comparative analysis of pelvic ligaments: a biomechanics study[END_REF]. Mechanical characterization occurred under uniaxial tension to optimize the use of collected sample and build statistically significant databases. This isotropic law was applied to isotropic and anisotropic tissues as well [START_REF] Astruc | Characterization of the anisotropic mechanical behavior of human abdominal wall connective tissues[END_REF][START_REF] Gabriel | Vagina, abdominal skin, and aponeurosis: do they have similar biomechanical properties ?[END_REF]. For an anisotropic material, the identification of all the mechanical properties would require, in uniaxial tension, a large number of tests in different loading directions to reach a complete characterization of the material mechanical parameters. When only one direction of the material is uniaxially stretched, it is not possible to properly fit an anisotropic model. Therefore, the isotropy assumption prevails for the sake of simplicity under similar conditions.

To model their experimental response and quantify their mechanical properties, a simple energy density was first chosen, with a second order polynomial Yeoh law [START_REF] Yeoh | Some forms of the strain energy function for rubber[END_REF]. Since Fukahori and Seki [START_REF] Fukahori | Molecular behaviour of elastomeric materials under large deformation: 1. Re-evaluation of the Mooney-Rivlin plot[END_REF] showed that the contribution in I 2 is negligible in uniaxial tension, the selected energy density depends only on I 1 :

W = C 0 (I 1 -3) + C 1 (I 1 -3) 2 (1) 
where I 1 = T r(F), with T r the trace operator and F the deformation tensor, and C 0 and C 1 two mechanical constants expressed in MPa. The Yeoh model, in its reduced or complete form was also frequently used, thanks to its simple polynomial form for the study of aorta tissue [START_REF] Raghavan | Toward a biomechanical tool to evaluate rupture potential of abdominal aortic aneurysm : identification of a finite strain constitutive model and evaluation of its applicability[END_REF][START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF], skin [START_REF] Nava | Experimental observation and modelling of preconditioning in soft biological tissues[END_REF], breast tissue [START_REF] Hagan | Measurement of the hyperelastic properties of 44 pathological ex vivo breast tissue samples[END_REF] etc.

Usually soft connective tissues are considered incompressible due to their high water content. Under these assumptions, and in uniaxial tension, the deformation tensor F takes the form

F = diag(λ, 1 √ λ , 1 √ λ ),
with the stretch λ = l0+x l0 , where l 0 is the initial length and x the displacement.

Considering an isotropic material, the principal deformations and stresses directions coincide. The first Piola-Kirchhoff tensor (PK1 tensor) takes the diagonal form τ = diag(τ, 0, 0), where τ = F S0 with F and S 0 the force and initial cross-section respectively. Under the incompressibility assumption and with the I 1dependent energy density, the longitudinal PK1 stress τ is modeled with the following expression by virtue of the chain rule:

τ = 2 λ - 1 λ 2 (C 0 + 2C 1 (I 1 -3)) (2) 
The asymptotic behavior provides a straightforward interpretation of the mechanical parameters. C 0 and C 1 in the Yeoh model can be interpreted as rigidities under small and large deformations respectively.

The longitudinal stress is indeed equivalent to τ ∼ 6C 0 (λ -1) under small deformations and τ ∼ 4C 1 λ 3 under large ones.

The Yeoh model provides an information about the state of the retensioning: Figure 2 shows that the best fit comes with a thermodynamically non admissible value of C 0 (C 0 < 0). The model gives a strong hint that the sample is actually not in tension at the beginning of the test. Models involving the exponential function [START_REF] Fung | Elasticity of soft tissues in simple elongation[END_REF][START_REF] Demiray | A note on the elasticity of soft biological tissues[END_REF][START_REF] Demiray | A stress-strain relation for a rat abdominal aorta[END_REF] or polynomials of the second invariant [START_REF] Rivlin | Large elastic deformations of isotropic materials. II. Some uniqueness theorems for pure, homogeneous deformation[END_REF] present a null tangent for λ ≈ 1: the retensioning range is more likely to be interpreted as a material response with such laws. The Yeoh model offers a simple modeling approach, with a clear mechanical meaning of the parameters.

It is also "foolproof": negative C 0 highlights even better than the correlation coefficient the presence of the retensioning zone and the necessity of data-processing before model optimization. In what follows, we will investigate the influence of processing methods on the mechanical parameters in a simplified framework.

Material and method

Numerical simulation

To ensure objective and controlled investigations, a numerical test has been simulated to explore the effect of the identification of the re-tensioning. Unlike an experimental study, a numerical one makes it possible to overcome the inherent biases and deviations related to the characterization of soft biological tissues. It is moreover able to fully control the mechanical parameters and to know exactly where the retensioning zone ends. The prior knowledge of the material parameters allows to quantify the efficiency and uncertainties caused by the choice of experimental data analysis.

For the purposes of this study, a uniaxial tensile test is simulated using Abaqus/CAE 6.12-2 software (Dassault Systèmes Simulia Corp.). The dimensions and mechanical properties of the sample are consistent with the experimental protocol set-up for the observation of implant-tissue composites and results obtained during rat abdominal wall characterization [START_REF] Morch | Experimental study of the mechanical behavior of an explanted mesh: The influence of healing[END_REF].

The material specimen is represented by a shell, 20 mm wide and 0.05 mm thick. This thickness is not chosen to correspond to the reality of connective tissue but to impose a very low flexion stiffness to the material and to complete simulation under the plane stress assumption. At one end, the specimen is fixed on 10 mm to simulate the clamps of the specimen. Symmetrically, a displacement is applied at 10 mm from the other end. The sample is meshed with quadrilateral shell elements (1480 S4R elements).

To reproduce the tensioning phase, the specimen is deliberately placed under "extreme" initial conditions: the plate is corrugated, the actual length of the specimen being much greater, 65 mm, than the length between the two clamps, fixed at 50 mm. The initial configuration is illustrated in Figure 3. The following modeling choices are applied to the specimen:

-an isotropic and quasi-incompressible constitutive law derived from a second order Yeoh law, in the following form:

W = C 0 (I 1 -3) + C 1 (I 1 -3) 2 + 1 D1 (J -1) 2 + 1 D2 (J -1) 4 + 1 D3 (J -1) 6
with I 1 = T r( t F.F), C 0 = 0.003 MPa, C 1 = 0.03 MPa, D 1 = 10 -4 , D 2 = 10 -3 , and D 3 = 10 -5 , the parameters are chosen to correspond to values identified on the rat abdominal wall without a prosthesis [START_REF] Morch | Experimental study of the mechanical behavior of an explanted mesh: The influence of healing[END_REF] and to numerically manage the incompressibility;

-a specimen configuration with an unfolded length of 65.11 mm; this value imposes a significant buckling on the plate, which is not at all representative of the experimental situation but will allow to simulate the tensioning phase.

Once the simulation is completed, the following data are calculated to obtain the stress-stretch response:

-the value of the displacement and the associated longitudinal deformation = ∆l l 0 , -the sum of the reaction forces at the application nodes of the displacement, -the longitudinal stress over the entire specimen τ = F S0 with F the force and S 0 the initial cross-section,

S 0 = 1 mm 2 .
This numerical simulation of the traction test gives a non linear stress-stretch curve, shown in Figure 4.

One can observe three main phases:

-a first flat plateau; the test is ideal, efforts are exactly equal to zero as long as the distance between the clamps has not reached the real length of the sample;

-a second phase corresponding to the low stiffness; in small deformations the Taylor expansion of Eq. ( 2)

gives an approximation of the stress: τ ∼ 6C 0 (λ -1) ; -finally a zone of high rigidity associated with large deformations.

The stress and strain values from the numerical evaluation are flawless: unlike an experimental measurement, there is no noise or bias. To provide a better representation of the experimental reality, the numerical stress data are first "noised" by adding to the stress signal a random noise of variable amplitude generated by a Pareto distribution and a power distribution. Figure 5 presents the mechanical response of the numerical test alone and with the addition of a random noise. This was performed in Python with the random.pareto and random.power functions of the Numpy library [START_REF] Van Der Walt | The NumPy array: A structure for efficient numerical computation[END_REF]. 

Method

To our knowledge, there is no preconceived method to set the end of the tensioning zone. Given the material simulation, the present section describes the impact of the threshold on the identified mechanical properties.

Once the experimental test is performed, three parameters remain unknown: the range of the retensioning phase, marked with λ app and the hyperelastic parameters C 0 and C 1 . Thanks to the numerical mechanical test, we first studied how each of these parameters impacts the accuracy of the modeled mechanical response.

For this purpose, a design of experiments is prepared to assess the evolution of the sum of squared residuals between the experimental (simulated) and modeled behavior for various values of λ app , C 0 and C 1 . This quantity compares the values of the numerical test after they have been shifted according to λ app and the modeled behavior. It is evaluated for various values λ app , C 0 and C 1 , chosen around the exact quantities, respectively 1.3, 0.003 MPa and 0.03 MPa.

The experimental measures are first shifted according to the elongation λ app at which the sample is considered to be stretched, and τ app its corresponding stress level, in order to ensure a zero-stretch and zerostress initial configuration in an undeformed state. Measures before the threshold λ app are thus removed and the following ones updated (or shifted) according to:

     τ i update = τ i -τ app λ i update = λ i λ app (3) 
where τ i and λ i are the i th value of the experimental stress and stretch respectively. The sum of squared residuals (SSR) is then estimated with:

SSR = i τ i upd -2(λ i - 1 λ i upd 2 ) C 0 + 2C 1 (λ i upd 2 + 2 λ i upd -3) 2 , with    0.001 ≤ C 0 ≤ 0.008 MPa 0.015 ≤ C 1 ≤ 0.045 MPa 1.2 ≤ λ app ≤ 1.4 (4)

Results and discussion

Figure 7 shows some iso-contours of the error values in the space (λ app , C 0 , C 1 ). The SSR strongly depends on the values of the different parameters of the law. The values of C 0 and λ app are naturally interdependent, as shown by the very large minimization surfaces in this plane (see Figure 7a). The problem looks moreover ill-conditioned: the minimization planes, highlighted in Figure 7b, do not follow closed contours. The SSR is now computed at fixed C 1 = 0.03 MPa. Only the values of λ app and C 0 vary. Figure 8 describes the evolution of the residual according to the choice of λ app with two fixed values of C 0 (in black and red) and an optimized C 0 for each λ app (in blue).

Since the deformation measure is not related to the material before λ 0 , the choice of the C 0 parameter in small deformations has barely no influence on the SSR, thus on the location of the re-tensioning zone.

The minimum error is reached at close values of λ app for the two values of C 0 tested. The exact λ app , noted λ 0 in Figure 8 is computed from the numerical simulation conditions, λ 0 = 1.30, since the exact length of the sample and initial length between grips are set in the simulation. For both values of C 0 , the apparent elongation is taken where the SSR is minimal, ie λ app = 1.28 and 1.30 for C 0 equal 0 and 0.003 MPa respectively.

In a second step, with C 1 = 0.03 MPa fixed, the coefficient C 0 is optimized for each re-tensioning range λ app . In Figure 8, this method drastically reduces the SSR beyond the tensioning area. Outside the non-thermodynamically permissible zone, i.e. leading to negative C 0 coefficient, the optimization of the rigidity factor in small deformations corrects the error made when selecting λ app . Compared to fixed C 0 configurations, the maximum SSR, with admissible C 0 is divided by 17. C 0 coefficient neutralizes the error made when arbitrarily choosing the stretching range of the sample.

In a similar way, the SSR is calculated at fixed values of C 0 = 0.003 MPa and varying values of λ 0 and C 1 . Its evolution is shown in Figure 9. With a wrong value of C 1 moves the apparent elongation value λ 0 .

When the C 1 coefficient is optimized for any values of λ 0 , the SSR drops significantly even in the retensioning range with admissible C 1 values.

Since C 0 characterizes the rigidity in small strain, and is therefore supposed to be strictly positive, its evolution with the choice of the λ app provides a useful insight about the material state of stretch. However it remains difficult to identify the end of the retensioning area with C 0 : the apparent elongation does not come with a clear change of convexity of the mechanical response. The boundary between the "structure" behavior of the retensioning zone and the true material behavior remains thus blurry. The coefficient in large deformation cannot provide any information to decide: it will always adapt to minimize the SSR. It appears C 0 =-0.041 MPa τ app = 0.002 MPa that C 0 can balance the choice of the apparent elongation, the C 1 coefficient can then be optimized to minimize the error along the whole deformation range and fit the stress-stretch response. These mechanical parameters are therefore highly dependent on the experimental and processing conditions. These conclusions would be similar for any other models. The apparent elongation λ 0 impacts indeed the elongation value through Eq. ( 3) and thus the constitutive law.

There are two possibilities to process uniaxial tensile tests on biological tissues. In this study, the apparent elongation λ app was considered. This method is simple to perform on numerical data. In practice, however, experimenters would rather use a "well chosen" apparent stress, or pre-stress, τ app that determines the value of λ app . Choosing a pre-stress threshold looks more relevant and easier to implement since a stretch threshold would be too dependent on the nature and initial configuration of the sample, the accuracy of the test operator and the testing conditions. For example, the impact of the strain rate was not investigated in this work, as the experimental testing was supposed quasi-static in order to neglect any viscous phenomenon in the modeling framework. Several works in the literature [START_REF] Ottenio | Strain rate and anisotropy effects on the tensile failure characteristics of human skin[END_REF][START_REF] Shergold | The uniaxial stress versus strain response of pig skin and silicone rubber at low and high strain rates[END_REF][START_REF] Khatam | Dynamic tensile characterization of pig skin[END_REF] tend however to suggest that the loading rate could impact the toe region, and therefore the retensioning zone. The pre-stress τ app would not be always associated with the same value of the apparent elongation λ app , which could also in a lesser extent cause a certain dispersion of the results. Modeling parameters are therefore always determined with respect to the processing method.

When it comes to the mechanical characterization of biological tissues, specially in non-physiological conditions, good practice should thus rule to provide not only the identified mechanical parameters of a constitutive law but also the raw experimental data and to detail as much as possible the experimental conditions (thickness measurement for the cross-section calculation, measure of deformation etc.) and post-processing method that both cause bias. This way, it would be possible to perform comparisons from one study to the other and reliably build functional database of mechanical parameters for any considered tissues.

Conclusion

In the present study, we investigated the impact of the data processing on the identification of mechanical parameters of soft biological tissues. With a simplified and ideal material model, we showed that the identified mechanical parameters might not represent reliably the mechanical behavior of the tested sample.

Biological soft tissue characterization is a complex task in light of the constraints it imposes: rarity and small size of the samples. When the testing configuration cannot be representative of the physiological loading conditions, special attention should be given to the considered reference configuration and zero-stress/zerostrain state. In any case, one should be careful about the identification and interpretation of the mechanical parameters. Future studies should provide all of the raw experimental data that were collected during the experiments in addition to the traditional method section, describing thoroughly the test conditions and data-processing choices. That would allow to apply similar post-processing methods and thus compare mechanical parameters in a consistent manner.

Figure 1 :

 1 Figure 1: Typical phases of the mechanical response during a uniaxial tensile test on a rat abdominal wall sample and their mechanical interpretations. a) Re-tensioning phase b) Low rigidity c) Large deformations and rigidity d) First signs of damage and rupture.

Figure 2 :

 2 Figure 2: Optimization of two 2 nd -order Yeoh model on an unprocessed dataset

Figure 3 :

 3 Figure 3: Specimen configuration at the beginning of the numerical test: a) transverse view, b) meshed sample in the initial configuration.

ForceFigure 4 :

 4 Figure 4: Displacement force curve obtained after simulation of a uniaxial tensile test on a specimen of length 65.11 mm. When the value of the displacement exceeds 15.11 mm, the specimen is completely unfolded and the loading of the material begins.

Figure 5 :

 5 Figure 5: Stress and stretch curve rate of a numerical test with and without the addition of a random noise.

Figure 6

 6 Figure 6 illustrates the shifting method for the numerical data obtained in Section 3.1 and three values of λ app .

Figure 6 :

 6 Figure 6: Stress-stretch response of the numerical tension test before and after shifting with different values of λapp, according to Eq. (3).

Figure 7 :

 7 Figure 7: Cartography of the error SSR as a function of 0.001 < C 0 < 0.008, 0.015 < C 1 < 0.045 and 1.2 < λapp < 1.4. (a) 3D view, (b) In the (C 0 , C 1 ) plane.

Figure 8 :

 8 Figure 8: SSR evolution as a function of λapp with C 0 = 0.003 MPa, C 1 = 0.03 MPa (in black), C 0 = 0.0 MPa, C 1 = 0.03 MPa (in blue) fixed and with C 1 = 0.03 MPa fixed and optimized C 0 (in red). The true realignment range is delimited on the graph with λ 0 .

Figure 9 :

 9 Figure 9: SSR evolution as a function of λapp with C 0 = 0.003 MPa, C 1 = 0.03 MPa (in black), C 0 = 0.003 MPa, C 1 = 0.1 MPa (in blue) fixed and with C 0 = 0.003 MPa fixed and optimized C 1 (in red). The true realignment range is delimited on the graph with λ 0 .
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