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Abstract. The paper presents a numerical approach to describe mechanical be-
havior of anisotropic textile material, which is a selected abdominal prosthesis.
Two constitutive nonlinear concepts are compared. In the first one the material
is considered composed from two families of threads (dense net model) and in
the second one the material is homogeneous but anisotropic (as proposed by
Gassel, Ogden, Holzapfel). Parameters of both models are identified based on
experimental tensile tests (uni-axial and bi-axial, simple and cyclic). The consti-
tutive relations are applied in numerical membrane model of the prosthesis ap-
plied in the abdominal wall. Its mechanical responses to the pressure loading
has been compared, also to deflection experimentally observed in physical
model of the operated hernia of the same geometry. The authors find that both
constitutive models properly describe the implant’s mechanics, but further stud-
ies are needed to possibly approach the outcome of hyperelastic anisotropic
model to experimental results obtained for synthetic knit mesh.

Keywords: Hernia Repair, Abdominal Prosthesis, Mechanics, FEM Modelling,
Experiment.

1 Introduction

Abdominal prostheses are applied to prevent hernia occurrence in post-operational
scar or to reconstruct abdominal wall in a case of hernia so that its structural function
is restored. As typical in the human body reparation, hernia management deals with
searching for the best solutions [1]. In a number of cases the operation is followed by
permanent pain or even by the sickness recurrence [2], [3]. The hernia recurrence is
observed when the implant fixation device is overloaded and the prosthesis is discon-
nected with the abdominal tissue. The load bearing capacity of selected tacks and
sutures has been described e. g. in [4]. Proper hernia management depends on an ac-
curate to a given case selection of the implant and its fixation. Many medical papers
discuss that problem, also other than medical studies are undertaken to understand the
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biology and mechanics of operated abdominal hernia. They cover experiments on
animals, in which tissue-mesh incorporation is observed [5], [6], ex-vivo experiments
on operated hernia models with the use of animal tissue [7], [8], [9] experiments on
living human abdominal wall to recognize its mechanical properties [10], [11], [12],
mechanical tests of abdominal prostheses to observe their behavior and to identify
their mathematical models [13], [14], [15] and finally, many numerical studies and
simulations [16], [17], [18], [19].

In the present paper numerical modelling of the prosthesis implanted in the ab-
dominal wall is considered. The study refers to DynaMesh®-IPOM mesh. Finite Ele-
ments Method (FEM) is applied. The study is focused on constitutive modelling of
the prosthesis. Two different concepts are compared. In the first one the mesh is mod-
elled as a woven textile comprising two families of threads with non-linear stress-
strain relation. Dense net material model is applied here [20]. In the second one the
material is modelled with the use of homogeneous hyperelastic anisotropic material
model, as proposed in [21]. That model is defined rather for tissues but the authors
were tempted to analyze its suitability for modeling the implant as its knit wear struc-
ture can be treated as fibrous. The model was already applied in similar sense as it is
described in [22].

In both cases the model is loaded by ‘intra-abdominal’ pressure, the deflection is
calculated and compared to experimentally measured on corresponding physical mod-
el (experimental results are described in [23]).

2 Materials and methods

2.1 Theimplant

DynaMesh®-IPOM (FEG Textiltechnik GmbH, Aachen, Germany) is selected. It is a
synthetic knit mesh, in which polypropylene (PP) filaments (12%, placed on parietal
side) are interlinked with polyvinylidene fluoride (PVDF) threads (88%, placed on
visceral side).

2.2  Constitutive models

Dense net constitutive model. This model is dedicated for woven materials [24],
[25]. It has been applied in static and dynamic analysis performed for designing struc-
tures built with the use of textile material, e. g. Forest Opera in Sopot (Poland). In the
authors team it serves for modelling textile, reticular or knitted implants. In this con-
cept woven material is treated as a continuum without explicit reference to its discrete
microstructure. Two directions & € (1,2) in the structure plane are distinguished and
it is assumed that cross-sectional membrane forces T in the two directions ¢ depend
solely on the uniaxial strains in these directions (&4, &, ). Thus, the following constitu-

tive equation is postulated:
_ Tl _ Fl 0 81
T; _{Tz}_ 0 FZ] {32}' (1)
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where F; and F, denote the material's tension stiffness in the two selected directions
(1,2). The details of the model can be found e.g., in [20] where it was defined and, in
[16] where it was applied in implant modelling, in[23] where some mechanical anal-
yses with this model were undertaken. In this study this stiffness is identified based on
uni-axial tension tests that is possible due to the model specifics as mentioned before.

Hyperelastic anisotropic model. The anisotropic hyperelastic model is described
using the Gasser-Ogden-Holzapfel (GOH) model [26]. The strain energy density
function (SEDF) for this model is expressed as:

k 3 —1)2
Y =Cpol, —3)+ Zi:zx,éi(ekz(“ﬁ(l SOl=17 — 1), 2

where Cio and ki are stress — like parameters, k, — is a dimensionless parameter and «
describes the dispersion of the fibers. The SEDF contains two parts. The first term
describes an isotropic behavior of the material (the influence of the matrix material)
and the second term describes an anisotropic behavior of the material (the contribu-
tion of collagen fibers). 1, is the first invariant of the Cauchy-Green tensor C = F'F.

I = tr(C) (3)

The terms l4 and g are two pseudo — invariants of C. They describe the properties of
the fiber family

Iy = ag - Cay, Is = 8o " C8o- 4)
cos(a) cos(a)
a9 = [sin(a)], go = [—sin(a)] (5)
0 0

where ao and go are the unit vectors which describe the directions of fibers in the un-
deformed configuration [27]. The second Piolla — Kirchoff stress can be calculated as:
e ¥ (C)
S=-pCt+2— > (6)
where p is the Lagrangian multiplier. Parameters of the model are identified based on
biaxial tensile tests of DynaMesh-IPOM samples.

2.3 Description of the experiments

Simple tension tests. Rectangular samples cut in two orthogonal directions of the
material have been prepared and subjected to tests. The directions specified are paral-
lel (direction 1) and perpendicular (direction 2) to the mesh knitting pattern. The sam-
ples of the width of 30 mm have been subjected to failure tension tests and to cyclic
loading experiments, with various force ranges, between 0.5 and 2-20 N. Zwick Roel
Z020 machine with videoextensometer has been utilized. The details of the experi-
ments are presented in [13].
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Biaxial tension tests. Square sample of DynaMesh-IPOM has been prepared. Its edg-
es are parallel to the knitting pattern of the mesh. It has been placed on Biax Zwick
Roel machine using specially constructed rakes. The square field of the material, with
side dimension of 50mm has been subjected to biaxial tension tests. From uniaxial
tests it is known that the mesh reveals orthotropic properties — ratio of elastic moduli
determined for two orthogonal directions is approximately 4.5. Thus, the following
various force ratios have been applied in the tests: 1:1, 1:2, 1:1.5. Bigger force has
been applied in the stiffer direction of the mesh. Maximal force applied equals 12 N.
The experimental set up is shown in Fig. 1. To identify Cauchy-Green deformation
tensor 2-cameras Digital Image Correlation system has been used. The system tracks
positions of four markers placed on the sample (see Fig. 1).

Fig. 1. Set up in biaxial tests

2.4 Numerical models and simulation

The models geometry responses to physical model of operated ventral hernia built of
a porcine abdominal wall and DynaMesh-IPOM, which has been subjected to cyclic
pressure loading (simulation of post-operational cough). The details of the experi-
mental setup and the results are described in the paper [23].

In the numerical modelling the implant is represented by membrane finite elements
with four nodes and three translational degrees of freedom in each node. The structure
is circular, with a diameter of 13.5 cm. It is supported in 19 points evenly distributed
on the circumference. In the central circular region, with a diameter of 7 cm, hernia
orifice is supposed so this region is built only of the membrane (prosthesis). The ring
around that hernia orifice is the overlap of the implant and the abdominal wall. It is
modelled by a membrane (prosthesis) supported by elastic foundation (abdominal
wall). Such set up is sufficient for the action simulated, which is pressure loading. The
stiffness of the elastic foundation is 2.7 MPa, as identified in earlier study [16]. The
pressure is applied as in the experiment, linearly growing from 0 to 7.75 kPa within
4s.
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Two FEM models created in commercial software are compared here. The first
one, M1 model, built in the MSC.Marc is described in details in [23]. It is supple-
mented by linear springs placed radially in the supporting points in the model plane.
The springs mimic the abdominal wall elasticity, their stiffness coefficient is 1500
N/m. Dense net material model is applied in this case. Dynamic analysis is performed
here with damping coefficients as described in [16]. The second, M2 model, is made
in Abaqus. Hyperelastic anisotropic material model is applied here. Nonlinear static
analysis is performed with an increment size 0.05. Due to the numerical instabilities
that may occur in membranes analysis both models demand initial tension, as dis-
cussed in [28]. In the model M1 the initial stress is applied directly to the elements
while in the model M2 it is achieved by initial displacements of the model supports.

3 Results

3.1  Parameters of the constitutive models

The models are identified with the use of Marquardt-Levenberg variant of the least
squares method. Compatibility of the hyperelastic anisotropic model with the experi-
mental data is shown in Fig. 2. The data come from fifth in a row test of biaxial ten-
sion, so the sample is in the preconditioned state. The applied force ratio in two direc-
tions is 1:1.5. Force value of 12 N is applied in the stiffer direction of the material.
The fitting accuracy is acceptable, as the correlation coefficients are 0.9982 and
0.9838 for two curves considered. The parameters of the model are placed in Table 1.

Table 1. Parameters of hyperelastic anisotropic model of DynaMesh-IPOM

Parameter  Cio [MPa] ki [MPa] ko [-] x [-] a [rad]
Value 1.3005 2.8813 50.3756  0.0188 0.5170
0.3 0.4 ‘ ‘
0.25 R=09982 R =0.9838
I 03
0.2
[ o™~
% 0.15 % 0.2
0.1 —Test |
005 —— Optimization 01
0 . . . ‘ 0
1 1.02 1.04 106 108 1.1 112 0.92 0.94 0.96 0.98 1
C11 C22

Fig. 2. Results of the hyperelastic model identification

Based on the uni-axial tests the DynaMesh-IPOM stiffness function necessary in
dense net model in the two directions has been specified by determining elastic modu-
lus values for each loading path. Baseline (based on failure tension tests) and precon-
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ditioned (based on cyclic loading tests) states of the material have been described.
Identification details are described in [23]. Here the elastic moduli values, which form
piecewise constant stiffness functions in the two distinguished directions of the pros-
thesis in the preconditioned state are considered. They are shown in Table 2.

Table 2. Parameters of stiffness functions in dense net model

Strain range, Elastic modulus Strain range, Elastic modulus
direction 1 value [N/m] direction 2 value [N/m]
0.00-0.10 594.00 0.00-0.06 1678.00
0.10-0.20 824.00 0.006-0.13 2650.00
0.20-0.25 1130.00 0.13-0.18 3850.00
0.25-0.35 1603.00 0.18-0.22 5700.00
0.35-0.45 2520.00 0.22-0.28 10650.00
0.45-0.55 4000.00

0.55-0.65 6000.00

3.2 Numerical simulations results

Maximum principal stress distribution calculated in the models M1 and M2 are
presented in Fig. 3. The maximum value of the reaction force is obtained in the di-
rection x in M1 model (the values is 1.42 N) and in the direction y in M2 model
(with the value of 3.01 N). The deflection value experimentally observed equals 17
mm (as described in [23]). The value calculated in M1 model is 16 mm and in the
M2 model it is 8 mm.
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Fig. 3. Maximum principal stress calculated in M1 model in [Pa] (the upper one) and in M2
model in [MPa] (the bottom one)
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4 Discussion and conclusion

The two numerical models reveal similar response to the pressure loading. Zone of
increased stress is observed in the direction of bigger stiffness of the material. Maxi-
mum stress value in both models equals 4.5 MPa approximately. However, the deflec-
tion calculated in the M2 model is twice smaller than in the M1 model and the maxi-
mum reaction in M2 model is twice bigger than in M1 model. Such relation between
deflection and reaction in supporting points is typical in membrane and cable models
(see e. g. [29]). The results obtained may suggest that an application of GOH constitu-
tive relation makes the model more stiff than an application of dense net material
model. But both numerical models have been created differently. The M1 model has
been validated to the experiment on hernia model, which is described in [23] and the
deflection calculated in it responses to the physically measured. The M2 model has
been built based on parameters of M1 model, including boundary conditions. The
difference between outcome of the two models suggest that M2 model should be vali-
dated to the experiment separately.

The aim of the study was to compare the effectiveness of two different constitutive
concepts in application to a selected abdominal prosthesis, which is an anisotropic
textile material. The authors have a well-established experience in the dense net mod-
el application in the cases of this kind. However, other groups apply hyperelastic ani-
sotropic model to mimic mechanical behavior of such meshes (see e. g. [22]). In gen-
eral both models reveal similar response to the load applied. However, by comparison
of the results concerning deflection obtained in the two models one may hold a pre-
liminary opinion that dense net material model describes the prosthesis behavior bet-
ter than the homogeneous one. Further research aiming at obtaining bigger similarity
between M1 and M2 models are needed, e. g. stiffness functions for dense net model
should be identified from biaxial tests, the same as used in GOH model, M2 model
should be validated separately to the experiments to determine boundary conditions.
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