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Abstract

Textile-based implant (mesh) treatment is considered as a standard of care
for abdominal wall hernia repair. Computational models and simulations have
appeared as one of the most promising approach to investigate biomechanics
related to hernia repair and to improve clinical outcomes. This paper presents a
novel anisotropic hypo-elastoplastic constitutive model specifically established
for surgical knitted textile implants. The major mechanical characteristics of
these materials such as anisotropy and permanent set have been reproduced. For
the first time ever, we report an extensive mechanical characterization of one of
these meshes, including cyclic uniaxial tension, planar equibiaxial tension and
plunger type testing. These tests highlight the complex mechanical behavior
with strong nonlinearity, anisotropy and permanent set. The novel anisotropic
hypo-elasto-plastic constitutive model has been identified based on the tensile
experiments and validated successfully against the data of the plunger exper-
iment. In the future, implementation of this characterization and modeling
approach to additional surgical knitted textiles should be the direction to follow
in order to develop clinical decision support software for abdominal wall repair.
Keywords: abdominal wall hernia, knitted textile-based implant, constitutive

modeling
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1. Introduction

Ventral incisional hernia (VIH) is the protrusion of abdomen contents through
a weakness of the abdominal wall at an incision closure site. VIH repair is one
of the most common surgical procedures worldwide. Despite the general use of
textile based implants over the past two decades, complications have remained
very high. Recurrence rates have been reported close to 11% and over 44%
respectively for general and high risk patient populations [4, 3]. The average
hospital costs associated with ventral and incisional hernia repair for a patient
have been estimated to 10 700$ in the US [23] and 6451€ in France [12]. This
should be put in perspective with the very high number of interventions, around
350 000 annually in the US [27] and 65000 in France [12]. The absence of consen-
sus has led to tremendous variation in treatment outcomes, costs and resource
utilization. Moreover, VIH repair suffers drastically from a lack of treatment
personalization. Numerical modeling and simulation have appeared as one of
the most promising approach to investigate biomechanics related to VIH repair,
to identify influential parameters, to optimize and customize textile implants in
combination with surgical techniques, and finally, to improve clinical outcomes.

Surgical textiles are highly conformable and porous structures that result
from the knitting of fibers. Their mechanical behavior and strength depend upon
the fiber diameter, the material composition, the effect of the manufacturing
process, the knitting patterns, the shapes and dimensions, and finally upon the
loading conditions. Surgical textiles exhibit an anisotropic non-linear behavior
with high (nonlinear) Poisson’s ratio. Hysteresis is also commonly observed
when submitting these textiles to uniaxial and planar biaxial tensile loads [8, 7,
6, 11].

Computational simulations of such complex behavior have been attempted
at the fiber scale [10, 18, 20, 9]. These models have revealed a very high po-
tential as they can take into account the impact of the knitting process on the
fibers (geometry and material properties), deal with fiber-fiber interactions and

open the way for multi-scale modeling (micro/meso/macro). However, due to



prohibitive computational costs, only the standard Jersey fabric has been con-
sidered so far. This simple pattern is too far apart from the ones of regular
surgical textiles used in VIH repair.

Numerous homogenized models have also been developed at the macroscopic
scale. Textiles are then assumed as homogenous and continuous media and
modeled using the theory of hyperelasticity [31, 13, 21]. Their constitutive
equations derive from strain energy functions developed initially for biological
[14] or rubber-like soft tissues [1]. Although anisotropic, their characterization
remains exclusively based on monotonous uniaxial tensile tests. Therefore, there
is an urgent need to carry out multi-axial cyclic tests reproducing physiological
loading conditions in order to calibrate computational models.

In this study, advanced uni-axial and multi-axial experiments were con-
ducted to identify and validate a novel anisotropic hypo-elastoplastic constitu-
tive model specifically established for surgical knitted textile implants, including

all the major mechanical characteristics of these materials such as anisotropy

and permanent set.

Figure 1: Illustration of the different scales and complex structure of knitted hernia meshes.

2. Materials and Methods

2.1. Constitutive modelling

Surgical knitted textiles were modeled using the membrane theory for very

thin shells, neglecting bending and twisting moments. A bi-dimensional plane



stress formulation was adopted, relating the vector made of the 3 in-plane com-
ponents of the logarithmic strain tensor {e} = {e11;€22;€12} to the vector made
of the 3 in-plane components of the Cauchy stress tensor {o} = {011;092; 012},
where directions 1 and 2 are the local warp and weft directions of the knitted
textile respectively.

Anisotropy, non-linearity and permanent set of the surgical knitted textiles
were captured with an original anisotropic hypo-elastoplastic membrane model.
The constitutive model was based on an additive split of the logarithmic strain
tensor into a plastic strain {eP!} representing the permanent set of the mesh,
and an elastic strain {e®'} such as {e} = {e®} + {eP!}.

The stress rate is obtained using an incremental formulation such as:

{o} = [C(e)){e™} = g(e)[Cle)){&) (1)

where {&¢!} is the elastic strain rate, {¢} is the total strain rate, {g} ={6}+
{Q.o} — {0} is the Green-Naghdi rate of the Cauchy stress and € is the spin
tensor.

Despite the anisotropy of the surgical textiles, it is assumed (assumption

verified in the Results section, see Fig. 2) that there exists a unique scalar

function f(e;;) = 7(51-55?221“ such as Ef]l = f(&i;) and:
of &5
g = = - 2
9(eij) Oei; iy (2)

[C(g)] is the strain-dependent tangent stiffness matrix which may be writ-

ten for a membrane such as:
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Eventually, there are 10 parameters to identify in the constitutive model:
e The 6 stiffness constants EY, B}, E9, El, GY5 and G1,,

e the Poisson’s ratio s,



e the 3 parameters of the yield evolution function a, b and c.

The methodology used to identify these parameters is described in Sec-

tion 2.3.

2.2. Mechanical characterization

Uniaxial and equibiaxial quasi-static cyclic tests were carried out in a 37°C
water bath, on specimens presenting a gauge area of 25x25 mm?. Uniaxial
quasi-static cyclic tests were carried out with an Instron© ElectroPuls E3000
system fitted with a 250 N load cell. Tension was applied in 3 different directions
of the textile: warp, weft and diagonal (45°). The machine was controlled in
displacement with a jaw velocity of 0.25 mm/s. Cyclic displacement ramps
were performed. Each stage consisted of 5 cycles, with a loading reaching x%
maximum strain and an unloading to 0 N. The maximum strain applied at each
stage x was successively increased, taking the following values: 5%, 10%, 15%,
20%, 25%.

A TA Instruments ElectroForce® planar biaxial test machine was used to
carry out the equibiaxial tensile tests and assess the mechanical coupling be-
tween warp and weft directions. The force was measured in each direction with
two 225 N load cells and the machine being controlled in load. Ten cycles were
applied between 0 and 40 N on each sample, inducing a tension of 16 N/cm
similar to the effects of intra-abdominal pressure loading reported by Klinge
et al. [17].

For both uniaxial and biaxial tensile tests, logarithmic strains were assessed
from the length separating the holding jaws e = log(L%) where L was the current
length and Lo the initial length.

The Cauchy stress values were calculated assuming a thickness ¢ of 0.5 mm.
Note that this thickness is an average value at the macroscopic scale where the

textile is modelled as a continuum medium. The Cauchy stress was derived as

£

+o Where F'is the measured load and w is the current width measured using

g =
a camera and the VIC-3D™ (Correlated Solutions) digital image correlation

system.



2.8. Identification technique

After performing the experiments, the obtained experimental stress-strain

curves (see Figure 4) were separated into two regions for post-processing:
e the envelope, i.e. the part when the plastic strain increases with the load,

e the cycles, i.e. the unloading and reloading part obtained after the first
loading of each stage. During the cycles, the plastic strain remains con-

stant.

2.8.1. Tangent moduli in warp and weft directions

The unloading and reloading stage of the last cycle was extracted and av-
eraged (neglecting hysteresis effects) for the warp and weft directions in the
uniaxial tensile tests. It is assumed that during this stage the response is purely
elastic (Figure 5a). A 2% order polynomial function was fitted to these elas-
tic stress-strain curves with a least-squares algorithm implemented in Matlab®

(Figure 5a), yielding the 4 stiffness constants E?, E}, ES and Fi.

2.8.2. Yield evolution function

Under uniaxial tension, the accumulated permanent strain after unloading
depended on the maximum strain value which was previously reached. The
evolution law was similar regardless of the loading direction (Figure 2). This
evolution was determined by plotting the elastic strain as a function of total
strain for the envelope, using the previously determined elastic stress-strain
response: at a given o, (i) the elastic strain was determined from Figure 5a and
(ii) the total strain was determined from the envelope. Then, the elastic strain
was plotted against the total strain for warp and weft directions, again showing
an isotropic behavior in this response. A 2™ order rational polynomial was used
to fit these data points with a least-square algorithm in Matlab® (Figure 5b),

yielding constitutive parameters a, b and c.
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Figure 2: Permanent set evolution for uniaxial tensile tests as a function of maximum applied
strain. The permanent set was derived as the residual strain obtained after unloading. The
curves show that the evolution of the permanent set is similar in the warp, weft and diagonal

directions.

2.3.3. Poisson’s ratio

Equibiaxial stress-strain curves were used to identify the Poisson’s ratio vy,
after identifying the 4 stiffness constants EY, Ei, EY and Ei. A linear least-
square fitting was used to determine 115 from the stress-strain response curves
of equibiaxial experiments (Figure 4d). Note that uniaxial experiments were
not used for this identification; the free boundary conditions on the edges made

the textile curl slightly, over-estimating the effective lateral contraction.

2.8.4. Shear modulus

The diagonal tensile experiments could not be used directly for identifying
(Y, and G1,, as this experiment involves a mix of tension and shear. Another
issue with this experiment is that it is not statically determined for finite de-
formations (there is no analytical expression of the local stress as a function of
the applied load). Consequently, an inverse problem must be formulated and
solved. A single finite-element was coded in Matlab® with the previously iden-
tified constitutive parameters, and submitted to the diagonal tensile test. At

every strain increment, the tangent modulus G1a(s55) was identified to fit the



diagonal stress-strain response. Then, this function was approximated with a

linear function to derive GY5 and G1,.

2.4. Abaqus implementation

The models were implemented and solved using the commercial finite-element
(FE) software Abaqus® /Explicit.

The constitutive behaviour relating the strain rates to the Cauchy stress
rates is the core of the explicit solver and was implemented as a VUMAT sub-

routine in Abaqus® /Explicit. The following pseudo-code was used:

e from the current strain increment, update the total strain € and the max-

imum strain ™%®,
e using f(g), calculate the elastic strain:

— if g; > enav: g8l = f(gy),

l I . . .
— else et = g; — e? where ! is kept the same as in the previous

i

increment,
e build the stiffness matrix [C] using EY, F{, EY, Fi, GY5, Gi, and 112,
e compute the Cauchy stress increment and update the total Cauchy stress.

For the sake of verification, the implemented subroutine was assigned to a
single element of dimensions 1 x 1 x 1 mm? and submitted to the loading history
of the uniaxial and biaxial experiments. The stress-strain responses of the model

were successfully compared to those of the experiments.

2.5. Validation

Previously acquired functional experimental data [2] were used to validate
the constitutive models. The experimental set-up consisted of a 100 mm diam-
eter hemispherical plunger loading a 250 mm diameter circular mesh through
a 110 mm diameter circular patch, with fixation points represented by metal

rods fitted with markers (more details available in [2]). The distribution of



reaction forces at the mesh fixation points was determined via rod continuum
mechanics and the positions of markers were recorded by marker tracking sys-
tem. An FE quarter model of this experiment was built in Abaqus®. This
model featured 12553 M3D3 and M3D4 membrane elements and 340 B31 beam
elements. The plunger and circular patch surfaces were modelled as frictionless
analytical contact surfaces. Symmetry boundary conditions were imposed to
the edges of the mesh, while the lower end of the rods were fixed. A vertical dis-
placement was imposed to the plunger. The simulation was performed with the
Abaqus® /Explicit solver. The numerical reaction forces at the fixation points
were compared to three repeated experiments of a single cycle up to 310 N

plunger force.

(a) Experimental setup (b) Corresponding FE model

Figure 3: Experimental setup of the plunger experiment allowing to measure fixation forces

(a) and corresponding quarter FE model (b).

3. Results

3.1. Tensile test results

The response of the mesh subjected to tensile loading exhibited an anisotropic,
non-linear behaviour (Figure 4). The warp direction is the stiffest, followed by
the diagonal and weft directions. Under biaxial tension, the mesh appeared
much stiffer, due to the strong coupling between the directions. The cyclic tests

showed a permanent set after unloading, which increased when the maximum



applied strain increased (although it also slightly increased with the number
of cycles, but to a minor extent). Note that further testing showed that this
permanent set was not due to viscoelastic effects, as the residual strain was
permanent and did not relax with time. A strong hysteresis was also observed

during the unloading-reloading cycles.
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Figure 4: Experimental results obtained from cyclic tensile tests: tension vs nominal strain for

uniaxial loading in warp (a), weft (b) and 45° diagonal (c) direction, and equibiaxial loading

(d).

8.2. Model identification

The polynomial functions fitted to the response curves of the uniaxial tensile
tests are shown in Figure 5a. They are in very good agreement with the 2°¢

order polynomial functions.
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Regarding the yield evolution function, the ratio between the elastic strain
el

and the total strain was the same in the weft and in the warp direction: 3 =

€11
egt . . . . .
=22 confirming the isotropic nature of this phenomenon (Figure 5b).
€22
All the identified material parameters are reported in Table 1.
0.1,
5 +  Experimental points (warp)
Experimental points (warp) o Experimental points (weft)
Polynomial fit (warp) 0.08 Polynomial fit
— 4 o Experimental points (weft) o
E Polynomial fit (weft) £ e
= o Experimental points (shear) g 0.06
@ 3 Polynomial fit (shear) @
o =
=1 o
: 2 © 0.04
5 @
S < 4
3 [ -
O : 0.02
0 BB . . ) 0 . . . . ,
0.02 0.04 0.06 0.08 0.1 0 0.05 0.1 0.15 0.2 0.25
Elastic log. strain [-] Total log. strain [-]
(a) Elastic behaviour (b) Yield evolution function

Figure 5: Polynomial fits used to build the constitutive model: (a) polynomial functions used
to derive 6 stiffness constants E'?, E%, Eg, E21, G(l)2 and G%Q, in warp, weft and shear directions
respectively; (b) polynomial function relating the part of elastic strain as a function of total

strain: € = f(e).

Material parameter Value  Unit

EY 13.2 [MPa]
Ei 1205  [MPa]
E9 13.3 [MPa]
Ej} 187 [MPa]
GY, 0.87  [MPa]
Gi, 148 [MPa]
V1o 0.86 ]

a 0.12 ]

b 0.080  []

c 0.0027  [-]

Table 1: Identified material parameters for the hypo-elastoplastic constitutive model.
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3.3. Model evaluation

The response curves predicted with a single finite-element to reproduce the
uniaxial and biaxial cyclic tests are shown in Figure 6. As expected, the model
captures the non-linearity, anisotropy and permanent set of the mesh behav-
ior. Both uniaxial and biaxial responses are well reproduced. The unloading—
reloading hysteresis is neglected, as a purely elastic behavior was assumed with-
out viscous effects. The prediction of the model with respect to the experiments
was quantified using the coefficient of determination (R?). A satisfactory value
of 0.94 was obtained for the overall data, despite hysteresis effects not repro-

duced by the model.

8.4. Validation results

Static equilibrium (defined as ratio of kinetic energy to external work lower
than 1%) was reached with the FE model up to a 231 N force. Note that
this is equivalent to a 182 mmHg intra-abdominal pressure, that is just above
the mean pressure reported by Cobb et al. [5] for jumping in place (the most
severe activity of his study). The strain field at this maximum force is shown
in Figure 7a whereas the strain field after unloading is shown in Figure 7b.
Strain concentrations are visible near the fixations, reaching values as high as
37%, which is out of the strain range covered in the experimental tests. The
region under the plunger exhibits strains in the 10-20% range. After unloading,
a residual strain field is present, which leads to a residual bulge as seen in
Figure 7b.

Fixation forces were measured at an intermediate value of 60 N force, and
were compared against their counterpart predicted by the FE model (Figure 8).
A very good agreement can be noted, with a mean difference of 0.55 N. The
numerical model successfully captured the heterogeneous force distribution, with
higher forces along the warp direction.

Finally, the global force vs. displacement response curve in the plunger
experiment was compared to the FE predictions (Figure 9). As previously

mentioned, the FE model could satisfy mechanical equilibrium up to 231 N,
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Figure 6: Identification of the constitutive model and comparison to experimental results in
uniaxial tension (warp, weft and diagonal direction), and equibiaxial tension. The individual
R? (coefficient of determination) are presented for each loading direction. The global R? of

the model is 0.94. .
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(a) At maximum (231 N) force (b) After unloading

Figure 7: Logarithmic membrane principal strain in the mesh at maximum loading (a) and
after unloading (b), showing the residual strain and remaining bulge. Strain magnitudes are

within the experimental domain of uni and biaxial tests, except in the close vicinity of fixation

points.
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Figure 8: Experimental and numerical fixation forces at 60 N force: (a) force vectors at each
fixation point and (b) force magnitude profile as a function of angle (0 and 180° corresponds

to the warp direction and 90° to the weft direction.
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and the curves can only be compared up to this point. A very good agreement
between numerical and experimental results can be noted between 0 N and
140 N force (R? = 0.97). Beyond 140 N, the experimental curve starts to show
a stiffer response. This is likely to be caused by regions of the mesh reaching
strain values out of the range covered by experimental tests: in the model,
stress was linearly interpolated outside the experimental domain whereas in
reality, the non-linearity may induce a stiffer response. The remaining bulge
after unloading (residual displacement at 0 force) is similar to experimental
observations, showing the ability of the FE model to predict the permanent set

even in such complex loading conditions.

350
+ Experiment 1 .
300 +  Experiment 2 ;*'
Z 250l Experiment 3 *j .
© FE results #
3] #
S 200 -
c
© 150+
g
o 100 -
@
50 +
0 oo g i
0 10 20 30 40 50

Plunger displacement [mm]

Figure 9: Global reaction force vs displacement of the plunger: comparison between experi-

mental and finite element results. The coefficient of determination R? is 0.97.

4. Discussion

In this work, we have developed and validated an original constitutive model
for knitted textiles which takes into account the major features needed to sim-
ulate numerically VIH interventions using these meshes: large deformations,
non-linearity, anisotropy, and permanent set.

To our best knowledge, this is the first constitutive model of a knitted textile

including all these features. Several homogeneous constitutive models of knitted
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textile implants were previously proposed in simulations of abdominal hernia
repair [13, 21, 29, 31]. They were based on anisotropic hyperelasticity and
the material parameters were identified using uniaxial tensile tests. Effective
porosity of the textile was previously taken into account [15]. Although the
authors mention residual strains and corresponding experimental data in [21],
their constitutive model did not account for permanent set.

Structural effects at the scale of pores were neglected in our continuum
mechanics approach. The experiments used to fit material coefficients were
done on small specimens with dimensions of about 10 pores (25 mm). It was
shown that the continuum assumption is validated for predicting reaction forces
at the fixation points. Although all our sample dimensions were designed to be
at least 10 times larger than the unit cell size of the mesh (pores), scale effects
may still exist and future work will also investigate the mechanical response
of larger specimens. Another limitation of the identification procedure is the
assumption of pure uni- and bi-axial stress and strain state in the center of
the specimen, whereas full-field measurements could be employed in the future.
However, as the plunger validation yielded satisfactory results, this limitation
proved to have a limited impact.

Our model relies on exhaustive experimental data and may be particularly
sensitive to the range of boundary conditions applied. In the current study,
the range of stress ratios was limited to the two extremes (40:0 and 0:40 N
ratios for uniaxial, 40:40 N for biaxial tests). When the material experiences
stresses out of this range in FE simulations, the constitutive model extrapolates
the response, which may deviate from the actual response. Accordingly, strain
concentrations have to be considered with caution. However, the validation of
the FE model through very good predictions of reaction forces at the fixation
points in the plunger test shows that the domain of validity of our model remains
wide enough to consider various applications. Note that the plunger force at
which fixation forces have been extracted (60 N) is equivalent to a 47 mmHg
intra-abdominal pressure, which is slightly above the range of pressures that

have been reported for a Valsalva manoeuvre [5]. These moderate conditions
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are consistent with what is expected for patients in hospital the first days or
weeks after an abdominal wall repair surgery.

Note that fixation reaction forces were previously estimated using computa-
tional simulations for Dualmesh Gore® and DynaMeSh® implants [19]. They
were of the same order of magnitude compared to the present study. Present
data are also comparable to data from porcine tissues despite strong dependence
on mesh implant and fixation device [24].

A possible limitation of our membrane model is that the bending stiffness of
the textile was neglected. Future work should characterize it using the Kawabata
evaluation system [16] and consider it in the FE model as it may affect the
prediction of creases, as shown in Figure 7. These creases may also occur during
VIH surgical interventions and affect the biological integration process after
surgery.

The main goal of our FE model is to be used in a simulation tool for assisting
surgical interventions. A number of previous studies have highlighted the clinical
significance of modeling the mechanical behavior of knitted textiles. Despite the
different assumptions made in our model, it can still have clinical applications
as for instance allowing the evaluation of permanent bulging and fixation forces
post-surgery, before tissue integration and evolution of mesh properties. The
model has been validated within a situation representing open defects, and is
thus suited to evaluate techniques such as simple IPOM (Open Intraperitoneal
Onlay Mesh) repair without primary closure of the defect.

Stiffness change of an implant as a consequence of cyclic loading experienced
every day by a patient was quantitatively described with an attempt to simulate
a preconditioned state of the mesh [28]. The authors observed stiffening induced
by uniaxial cyclic load in DynaMesh®—IPOM implant. They remarked that
the stiffening effect due to reload could possibly lead to higher fixation forces,
fixation failure and hernia recurrence. In our work, stress softening was observed
for a different textile implant under uniaxial cyclic load. While this might
possibly lead to lower fixation forces, the permanent set data suggests possible

functional issues related to the bulging. Once the implant is loaded to a certain
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level, e.g. during coughing or exercise, it would remain permanently deformed
creating a bulge in the abdominal wall. Further loading would even increase the
bulge, with dramatic consequences.

Stiffening and permanent set effects after cyclic loading were also observed on
mesh implants in air and at 37°C in physiological saline in four commonly used
commercial hernia meshes [30]. Unlike frequent bench-top testing conditions
(air, room temperature), body temperature and environment increase polymer
chain mobility and facilitate the relative movement of the yarns. This leads to
higher deformations for the same load and, by consequence, to a decrease in
the overall stiffness. This behavior is modified as the abdominal wall tissues
integrate biologically the implant.

As a macroscopic continuum, the proposed model does not aim at simu-
lating and understanding yarn-scale phenomena. The mechanical behavior of
the yarns (stretching and bending response), the frictional effects, as well as the
knitting pattern and manufacturing process all contribute to the global behavior
of the implant. This highlights the need for comprehensive yarn-scale models,
which would be extremely valuable to understanding the relationship between
yarn mechanics, mesh structure and global behavior. However, due to their high
computational cost, they have been limited to simple patterns [10, 18, 20, 9].
Linking yarn-scale approaches to continuous models would be a major contri-
bution to the development of meshes and simulation of their in-situ mechanical
performance and possible failure mechanisms.

As the implant is loaded, the pores tighten until the yarns become locked.
“Structural plasticity” may occur in this phase when the implant recovers its
form only partially after unloading. Once the yarns are completely blocked,
the material of the yarns takes over the structure and starts to deform under
further load. Due to high complexity of the knitted patterns, both deformation
mechanisms (structural and material) can coexist. Only some of the yarns can
lock while the others can still move freely. Repetitive mechanical loading of the
yarns can lead to alignment of polymer chains and increase the crystallinity,

resulting in stiffening and possible local accumulation of damage and plastic
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deformations. Our constitutive model pools together material and structural
plasticity and effectively reproduces the observed permanent set. This unique
asset makes the model suitable to assess effects of repeated loading such as
implant bulging after surgical procedures and before the beginning of tissue
integration process.

In addition to permanent set accumulation, mechanical fatigue of knitted
textile implants for hernia repair is often neglected. It has been addressed
in bench-top tests applying several hundreds or thousands of loading cycles
[25, 26, 22]. However, hernia mesh fatigue testing raises many experimental
challenges. Millions of loading cycles would be needed to simulate real life con-
ditions. As polymers used to knit hernia mesh exhibit frequency-dependent
mechanical behavior, the mechanical fatigue test should not be accelerated; it
should be performed at some physiological frequency, e.g. that of the breath-
ing or coughing. Such long-lasting characterization would ignore the process
of tissue interaction and integration and provide information limited to the
standalone implant. The material parameters of our model could possibly be
modified to evolve with mechanical “ageing”. However, the capacity of such
constitutive model to take into account the accumulation of plastic deformation
possibly leading to fatigue failure would strongly depend on the availability of
relevant experimental data.

Although the constitutive behavior presented in this study has been devel-
oped for a specific mesh, it is representative of the general mechanical behavior
of all meshes. By adjusting the model parameters and updating the evolution
laws, it can reproduce mechanical features shared by all knitted meshes: non-
linearity, anisotropy, strong coupling and permanent [8]. Therefore, adjusting
the model to other meshes should not raise major difficulties (just increasing
polynomial order for instance) and should not require to develop additional

mechanical tests.
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5. Conclusion

Knitted textile implants are critical in many surgical procedures, as for in-
stance hernia repair. For the first time ever, we have reported an extensive
mechanical characterization of one of these biomaterials, including cyclic uni-
axial tension, planar equibi-axial tension and plunger type testing. These tests
showed the complex mechanical behavior with strong non linearity, anisotropy
and permanent set. In addition, an anisotropic hypo-elasto-plastic constitutive
modeling has been developed based on these experiments. Satisfactory identifi-
cation and promising preliminary validation have been found.

In the future, combined characterization at fiber (micro), pore (meso) and
implant (macro) scales should be performed to better understand the knit-
ted textile mechanical behavior and strength. In particular, such experiments
should enable to study separately the respective roles of the material and its
structure. They should also lead to more advanced modeling of rupture.

Besides, implementation of this characterization and modeling approach to
additional surgical knitted textiles, coupled with abdominal wall models, should
enable to simulate abdominal wall repair biomechanics. Immediate post-op
performance of repairs, varying surgical techniques and knitted textile implants,
could then be assessed in terms of force at primary fixations (failure mode
criterion) and residual bulging (patient satisfaction). The final objective would

be to provide recommendations to clinicians.
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