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Repetitive load as a factor influencing mechanics of mesh implanted into

abdominal wall. Experimental and numerical study.

Abstract
There are a number of papers discussing medical and mechanical aspects of ventral hernia

management. Despite intensive work on the problem understanding, recurrences of the
sickness still happen too often. For that reason new aspects of the problem must be
considered. In this paper, a change in the abdominal implant’s stiffness is discussed, which is
caused by cyclic loading. Such loading influence abdominal implant e.g. while patient’s
coughing or exercising. For the first time this stiffness change is quantitatively described for a
selected knitted mesh. The influence of mesh stiffness changes on repaired hernia persistence
is studied. Then, ex vivo experiments on a repaired hernia model under cyclic pressure loading
are performed. Finally, numerical simulations of the experiments are made in which stresses
and forces in the system are calculated. The two following cases are considered. In the first
case, the mesh has its baseline stiffness, and in the second case, the mesh is preconditioned by
former loading; thus, it is stiffened. Reaction forces at the mesh fixation points appear to be
approximately two-fold higher in the second case than in the first case. That may be a reason
for a fixation damage in operated hernia system. The results presented shed new light on the
necessary strength of mesh fixation in the abdominal wall. They enlarge the state of the art on

laparoscopic hernia management with the use of a synthetic implant.

1. Introduction

Mesh placement has proven to be a superior method for hernia repair over suturing *.
However, there is no consensus on the best way of treating a ventral hernia concerning the
problems of pain and recurrence rate 2. Reports on the hernia recurrence rate are very

different. For some management schemes, the rate reaches 20%, as proven in 3. Additionally,
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4 report a 20% recurrence rate for incisional hernia in United States as a result of suture or
mesh device failure. On the other hand, according to °, the failure rate of laparoscopic
procedures is 1.2%, whereas according to 6, it is 4.4%. The variety of the rates obviously
depends on the materials and the management scheme applied to a given medical case.
Medical and engineering teams search for the most relevant hernia management via
experiments on animals 7 &, but there is no consensus concerning an experimental protocol °.
Another approach is to analyse the problem via ex vivo experiments on repaired hernia models
1011712 1t js known that hernia repair fails when mesh fixation strength is insufficient'®. The
role of the mesh fasteners is to transmit loads between an implant and the abdominal wall.
Sensitivity analysis of the reaction forces at the implant fixation points in a tissue-implant
system is described in . The following parameters are considered there: the mesh's initial
tension, its initial deflection, fascia and mesh elasticity. It has been proven that the mesh
elasticity is the most important factor, among others considered, that influences the force at
the implant fasteners. Some researchers state that the best hernia operation outcome is
obtained from mesh with elastic properties corresponding to the properties of the abdominal
wall ¥ 18, The elastic properties of various meshes subjected to simple tension are studied in
17,18, 19 " A review paper on that has been published recently ?°. The authors also discuss
changes of the mechanical properties of implants subjected to cyclic loading tests 2 22, The
repetitive loading of meshes in the abdominal cavity appears due to ever-changing intra-
abdominal pressure. Experiments on selected meshes show that their elastic modulus
approximately doubles due to repetitive loading in the physiological strain range 224,

In this paper, we discuss the influence of the mesh stiffness change caused by a repetitive
intra-abdominal pressure load on the mesh-tissue junction force. The study is conducted on
the example of a selected implant commonly used in hernia operations. DynaMesh®-IPOM

(FEG Textiltechnik GmbH, Aachen, Germany) has been selected, which is a synthetic knit
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mesh made of polypropylene and polyvinylidene fluoride. Two states of the material are
distinguished based on the cyclic mesh loading: baseline and preconditioned. The mesh
stiffness is identified for the two states. Experimental study of an operated hernia model's
behaviour during repetitive pressure loading is performed. The forces at the mesh fixation
points are calculated in numerical models validated to the experimental results.

The study extends the knowledge concerning operated hernia mechanics, which would
contribute to improving mesh fixation design, which will result in the hernia recurrence rate

declining and comfort of patients rising.

2. Materials and Methods

There are the following stages of the research: (i) identification of a constitutive model of the
mesh in relation to its displacement states; (ii) ex vivo experiments on the mesh implanted into
porcine abdominal wall subjected to cyclic pressure load; and (iii) numerical modelling of the
experiments and force determination at the mesh fixation points.

2.1. Mesh material model relative to displacement states

A dense net model is selected for constitutive modelling of the implant. This model is suitable
for textiles and technical fabrics, see, e.g.,%. It is shown, e.g., in 25, that this model can
represent the DynaMesh material's behaviour. Two directions (1, 2) in the structure plane are
distinguished in that model. It is assumed that stresses T in these two directions depend solely

on the strains ¢ in these directions. The following constitutive equation is postulated 2’

te)=lo e)ia) »
2 2 | (&2
in which F, and F, denote the material's tension stiffness in the two selected directions (1,

2). The stiffness functions are to be identified based on uniaxial mechanical tests, and thus, it

is provided for DynaMesh. Rectangular samples of the mesh material have been subjected to
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uniaxial tension tests on a Zwick Roell Z020 strength machine. The samples are cut out of one
piece of a brand new just unpacked implant. As identified in the previous work 24, the implant
material is considered to be orthotropic; thus, the material samples are cut in two
perpendicular directions according to the specified orthogonality axes. Let the direction of
highest material flexibility be denoted as ‘1’ (longitudinal direction of an implant, determined
by the knitting pattern) and let the perpendicular direction be denoted as ‘2’. The dimensions
of the prepared strips are 120 x 30 mm. Such size allows for a clamp-to-clamp distance of 90
mm. With this setup, a uniaxial state is obtained in the central square of the sample, according
to Saint Venant’s principle. It is proved by ?* that the mesh reveals different stiffness when
loaded in the physiological strain range for the first time than during subsequent loading.
Based on that observation, two states of the material are distinguished, named the baseline
and the preconditioned as introduced by 2 for soft tissues and addressed in 2°. The stiffness
difference in both states results from residual displacements, which are ‘remembered’ by the
mesh for a certain period of time after loading. The baseline state of the mesh is when its
displacement field is zero before loading. The preconditioned mesh state is when its
displacement field is non-zero before loading. The residual displacements observed may have
two reasons: (1) structural, as in the knitted mesh the threads' weaves possibly tighten up,
while the mesh is stretching, and (2) material because of the viscous properties of the mesh
substance. It is shown in* that DynaMesh may restore its baseline state from the
preconditioned one dependently on the load level applied.

The stiffness functions are identified based on simple tension tests (for the baseline material
state) and based on cyclic loading tests (for the preconditioned material state). The
identification is made by function fitting to experimental data sets within the optimisation
process using the Marquardt-Levenberg variant of the least squares method . The Sigma

Plot program (Systat Software Inc., San Jose, USA) has been used, and the tolerance of the


http://mostwiedzy.pl

A\ MOST

fitting functions is assumed to be 1e-10. Engineering measures are used for stress T and strain
E.

e Identification in the baseline state of the mesh
The nonlinear experimental stress-strain curves obtained from simple tension tests are
approximated by multilinear functions. Thus, piecewise constant stiffness functions are
determined for the baseline material state for its two axes considered. Let the elastic modulus
values, which describe these functions, be denoted as Eb.

e Identification in the preconditioned state of the mesh
The concept of stiffness function identification for the preconditioned state of the mesh is
presented in the paper 2*. Here, the process is briefly described, and moreover, stiffness
identification for strains not covered by the cyclic test is developed.

The stress-strain curves obtained from the cyclic loading tests have hysteretic
characteristics, as presented in Fig. 1. Each cyclic experiment covers a different, but
physiologic for abdominal wall, strain range. The strain ranges are determined based on 3. On
the other hand, the tests cover the force range possible for point fixation of the mesh made by
tacks or sutures 3. Four different cyclic tests have been performed for each considered

orthogonality axis of the material.
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Fig. 1. Experimental stress—strain curves from simple tension tests (dashed lines) and cyclic

tension (solid lines)

Elastic modulus values Epc have been determined for the loading paths of each hysteresis by
its local linear approximation (Fig. 2, step 1). A correlation coefficient of 0.99 is preserved in
each curve fitting case. Based on that, the elastic modulus Ep of the material is determined for
the strain range covered by a given cyclic experiment (Fig. 2, step 2). For each orthogonality
axis of the mesh, four elastic modulus values are identified, as four different cyclic tests are
performed (Fig. 2, step 3). To approximate elastic modulus values in strain ranges other than
that covered by the cyclic experiments, a nonlinear stiffness function in the strain domain is
fitted to the identified values (Fig. 2, step 4). The function to be fitted is taken from the

uniaxial formulation of the Ogden model *?, as a stretch derivative of the stress:
M . %
T(/I)zz;zp AT -2, (2)

where A =1+¢ denotes stretch, u,, «, are parameters of the model and M is selected

arbitrarily for the model to fit the data set well. The stiffness function F (/1) is given as:

F2)=TW S5 {((xp ~1)2% +(%+1j[?‘2} . 3)

o =

To presume a continuous stress-strain curve for the material, the missing elastic modulus
values are identified by local linear approximation of T(¢) in the adequate strain ranges (Fig.

2, step 5). The T(e&) function is determined from equation (2). The multilinear experimental
T(e) function and piecewise constant F (&) (Fig. 2, step 6) are obtained finally for the

material in the preconditioned state in that manner in both directions of the implant

orthotropy.
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Fig. 2. Stiffness function identification procedure in the preconditioned material state

2.2. Experimental research on the mesh deflections under repetitive pressure loading

As it is difficult to observe mesh behaviour in vivo in patients, a special stand has been used in
order to simulate the post-operative situation of the mesh implanted into an abdominal wall.
The device allows for the operated hernia model to be loaded by pressure, which simulates

intra-abdominal conditions **. The model used in this study is built of a porcine abdominal
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wall in which a 7 cm wide hernia orifice is cut. The ‘hernia’ is then covered by DynaMesh®
with a 5 cm overlap. The mesh is fixed by 19 trans-abdominal point sutures, regularly spaced.
The diameter of the fixation circle is 13.5 cm. The model and the experimental stand are
presented in Fig. 3. The model is loaded with a selected pressure value, which is kept for 2-3
minutes. Then, the model is relieved and stays unloaded for 10+20 minutes. Different time
periods of loading do not influence the displacement of the model, but different time periods
of ‘resting’ (between loadings) allow for the viscous behaviour of the model to be observed.
The first pressure applied to the model is 7.75 kPa. Then, the model is loaded with subsequent
pressures of the following values: 3 kPa, 6 kPa, and 9 kPa, each applied four times in a row.
The values correspond to pressures measured by * in the abdominal cavity. The following
quantities are measured during the tests: pressure value, deflection of the mesh centre,
deflection of a selected point of the ‘hernia orifice’ edge, and displacement of the fixation
points in the plane of the model.

It is worth noting here that each load case is applied to a model of different geometry.
Initially, before the first test, the model is flat (see Fig. 4a). After the first loading the model
stays deflected, it gains a hat shape (see Fig. 4b), and starting from the second test, a hat-
shaped model is loaded each time (Fig. 4c,d). In general, this shape has different heights
before each test because of different time gaps between subsequent tests. That should simulate
different time intervals in abdominal wall loading in real life. This hat shape is caused by
residual displacements of the tissue and the mesh. The displaced state of the mesh makes it
change its mechanical properties from baseline to preconditioned, as discussed before in a

case of uni-axial mesh loading.
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2.3. Numerical modelling of the experiments

To determine the forces at the mesh fixation points, a numerical model of the tested system
has been built. The finite element method has been applied, and MSC.Marc commercial
software has been used to simulate the model's mechanical behaviour. Two experimental
cases are selected for numerical modelling: the first load case, in which the mesh is in its
baseline state, and one of the subsequent load cases, when the mesh is in its preconditioned
state. Thus, two geometries have been prepared for calculations.

In the calculations related to the baseline state of the mesh, the implant is described by a flat
circular membrane supported on an elastic foundation representing the abdominal wall around
the hernia orifice (Fig. 5). The 19 joints (sutures) in the physical model are represented here
by nodes supported by elastic springs. Their stiffness corresponds to the stiffness of the
connective tissue (see, e.g., %). Membrane finite elements with four nodes and three
translational degrees of freedom in each node have been applied in the analysis. Orthotropic
material defined within the dense net model with previously described stiffness functions has
been used. The FEM model has been loaded according to the first experimental case where
the pressure grows until the value of 7.75 kPa within 4 s. Then, the structure is unloaded.

In the preconditioned state, the model is similar, but it is hat-shaped in order to reflect
the geometry with residual displacement of the mesh due to former loading. This hat shape is
obtained by pre-loading of the flat model with the pressure giving the deformation expected
as initial in the preconditioned state. The obtained geometry is then preserved, while the
forces and stresses are released. The sixth experimental case is selected for simulations of the
preconditioned mesh state. That is the first load case with pressure of 6 kPa (before that four
load cases with pressure of 3 kPa were realised). Thus, the model is loaded with pressure

growing until the level of 6 kPa within 4 s. After that, it is unloaded.
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The FEM models with baseline and preconditioned mesh states are presented in Fig. 6.
Besides the geometry, they also differ in the material properties, as two different stiffness
functions are applied, as described in Section 2.1.

The model deformations and reaction forces at joints (membrane supports) have been
calculated. Geometrical and material nonlinearities cause a stability problem in the static
analysis of the membranes; thus, dynamic analysis has been performed with the parameters
(load and time) reflecting the experiments made. Rayleigh damping parameters (mass
damping coefficient « = 0.85 and stiffness damping coefficient § = 0.02) were applied
according to a study * where the accuracy of the model and the convergence of the analysis

were checked.
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Fig. 5 Model of implanted surgical mesh
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Fig. 6. Numerical model of the system: (a) flat model in the initial state of the mesh; (b)

initially deformed model in the preconditioned state of the mesh

3. Results

e The mesh stiffness functions relative to the displacement states
In the baseline and preconditioned states of the mesh, the same strain ranges are selected for
determination of the elastic modulus values. In Fig. 7, the elastic modulus values determined

experimentally from cyclic tests are marked by coloured circles. Additionally, a nonlinear

approximation of the stiffness function F (8) (see eq. (3)) is plotted. The parameters of this

function are presented in Table 1. The elastic moduli identified additionally based on F (&)

functions are marked on the graph by non-coloured circles. The values identified for the
baseline state of the mesh are presented in the same graph for best comparison of the stiffness
functions. Experimental stress-strain curves and their five (for the ‘1’ axis of the mesh) or
seven linear (for the other axis) representations for the two material states are presented in

Fig. 8. For the preconditioned state, the stress-strain function is determined from Eqg. (2) with
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the parameters presented in Table 1. All values describing the piecewise constant stiffness

functions of the material in two states in two orthogonal axes are presented in Table 2.
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Table 1. Parameters of the stiffness functions fitted to the experimental elastic moduli

identified in the preconditioned state of the mesh.

Parameters of the fitted function (3)
Mesh axis
#4 [N/m] £, [N/m] o a,
‘v 36.8 23.2e3 8.53 0.00260
‘2’ 1.33e-9 87.1 107 11.7

Table 2. Elastic modulus values in N/m for different strain ranges and two axes of the mesh;

Eb is in baseline mesh state and Ej is for preconditioned state

‘1’ axis of the mesh
Strain
0-0.1 0.1-0.2 0.2-0.25 | 0.25-0.35 | 0.35-0.45 | 0.45-0.55 | 0.55-0.65
ranges
Ep 280 200 330 566 983 2290 3190
Ep 594 824 1130 1600 2520 4000 6000
27 axis of the mesh
Strain
0-0.06 0.06-0.13 0.13-0.18 0.18-0.22 0.22-0.28
ranges
Ep 825 1470 2130 2880 4380
Ep 1680 2650 3850 5700 10650

e Experiments on mesh deflection under repetitive pressure load
The model deflections are of major interest in experimental study. They serve as the state
variables in numerical model validation. The first load of the system is realised by the
pressure of 7.75 kPa, and the absolute mesh deflection (see Fig. 4) is 31.5 mm, with the initial

value equal to zero. As mentioned in Section 2.2, the model reveals residual deflection after
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each pressure loading. This deflection slowly reduces within time in the unloaded part of the
experiment. The model was flat again within 12 hours after the experiment.

An interesting observation is that the mesh absolute deflection is the same for repeatable
pressure of the same value, independently of the different levels of residual deflection before
loading. This has been observed by preserving different gap times between successive
loadings. The following values of absolute deflection for the applied pressure levels have
been measured: 28 mm for 3 kPa (with initial absolute mesh deflection in a range of 12 — 15
mm); 32 mm for 6 kPa (with initial values in a range of 15 — 19 mm); and 34.5 mm for 9 kPa
(with initial values in a range of 16.5 — 20.5 mm).

The detailed results of the experiments selected for numerical modelling are presented in

Table 3.

e Numerical results
During the analysis of both baseline and preconditioned states of the implant, the forces at the
joints are calculated (tangential to the model). These forces are the key factors ensuring hernia
repair persistence 3. Due to the anisotropic material properties, different reactions are
obtained in different radial directions of the model. The maximal forces are obtained in the
direction of the highest stiffness of the implant. They take the following values: 0.870 N in
the baseline state and 1.42 N in preconditioned state of the implant. The membrane deflection
in both cases has been approximately 30 mm (see Table 3). The maximum principal stress

distribution in the material in the two states is presented in Fig. 9.
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Table 3. Experimental and numerical

displacement is marked in Fig. 4.

displacements in the models; absolute and relative

State of mesh Baseline Preconditioned
Result type experimental | numerical | experimental | numerical
Pressure [kPa] 7.75 7.75 6.00 6.00
Initial mesh deflection Absolute 0 0 15.0 15.1
(before loading) [mm] Relative 0 0 9.80 12.7
Mesh deflection under Absolute 315 32.3 32.0 31.1
pressure [mm] Relative 17.2 20.6 17.7 20.9
Along ‘1’ axis
1.90 0.270 0.970 0.120
Suture displacement in of mesh
radial direction [mm] | Along ‘2’ axis
2.80 1.02 2.10 0.510
of mesh

6.7628+005

6.104e+005

5.426e+005

4.7482+005

4,060e+005

3.391e+005

2.7132+005

2,035e+005

1.356e+005

6.782e+004

0.000e+000

Fig. 9. Maximum principal stress distribution [Pa] in implant subjected to intra-abdominal

pressure: (a) baseline properties of implant, (b) preconditioned state of implant
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Discussion

In this study, experiments on implant material in 1D and 3D tensile states are described. They
prove that the mechanical behaviour and parameters of the studied implant are dependent on
load history. Subsequently, forces that appear at the implant fixation points in the abdominal
wall due to intra-abdominal pressure depend on load history as well. On the selected example
implant, commonly used in hernia operations, quantitative differences between reaction forces
are noted for the implant being in different displacement states. It is proposed to distinguish
two material states, baseline and preconditioned, and to determine stiffness functions for the
material being in the two states based on simple and cyclic tension tests.

The material's behaviour is nonlinear, but one can observe an approximate twofold
increase of elastic modulus when the material is reloaded. That is visible in both directions of
the material orthotropy (see Fig. 7). The stiffness functions identified for the implant are
applied in numerical simulations of an operated hernia model. One model is built for the
baseline implant state, and another for its preconditioned state. The calculated maximum
reaction forces in the two models differ by 60%; changing of the mesh state from baseline to
preconditioned causes the junction force to rise.

The question is what junction forces appear in real abdominal wall with an operated
hernia? Practice shows that overloaded joints may break and cause recurrence of the hernia.
The reason may involve underestimation of the necessary fixation strength for a given mesh.
It is known from previous works (e.g., %) that the stiffer the mesh is, the bigger the junction
force is at the fixation points. Therefore, the stiffening effect of the mesh due to reloading
should be considered in assessments of necessary fixation strength. Still, there are increasing
data, which may help in calculations concerning the reliability of different surgical solutions.

Another question is if the mesh can recover its baseline state from the preconditioned?

Our 1D and 3D experiments show that it can, but the question if that is possible in living
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conditions is open. For that reason, the more secure approach in calculations is to include the
preconditioned mesh state.

The presented 3D numerical simulations show another interesting feature of the
considered implant. When its baseline stiffness is considered, the maximum stress in the
structure is concentrated in its central part, in the region of the hernia orifice. However, when
the preconditioned material state is considered, the maximum stress is more concentrated
along a stripe-like area indicating the stiffer direction of the implant. In such a case, the
circular implant may rather work like a tendon and then stress is concentrated along it, which
causes a considerable junction force increase in that direction. That is certainly due to
orthotropic properties of the implant, which change due to reloading. Such results may also be
valid for other implants, as a significant majority of them have orthotropic properties; that is
desirable because of the orthotropy of the abdominal wall itself.

The parameters of the experiments made in this study correspond to the real working
conditions of implanted mesh. First, tensile tests are performed in a load bearing capacity
range typically used in joints and in the strain range of abdominal wall. Second, simple
tension and cyclic tension are possible states for abdominal wall. Third, the pressure applied
in 3D experiments is realised by air, which is a more realistic simulation than, e.g., a ball
burst; air pressure does not influence the deformation shape of the model. Pressure loading is

also used in other studies 1% 11,

Conclusions

The results prove that the reaction forces calculated at the mesh fixation points increase
significantly when the mesh state changes from the initial to the preconditioned, which results
from different material characterisation of the same implant when working in the pre-

deformed state after initial loading. That important finding proves the necessity of considering
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the stiffening effect in the fixation planning for a certain surgical mesh before the hernia
repair.

If the mesh displacement state is not considered in the fixation planning, it is possible
that the fixation strength will be underestimated, and it can fail more easily. Taking into
account the recurrence rate of ventral hernias discussed in the Introduction, such a scenario

may occur in practise.

Limitations of the study

According to doctors, most recurrences occur shortly after the operation, when the mesh is
not yet incorporated with fascia. Our research is devoted to such a situation, so no tissue
overgrowth is considered here.

There is no contact between tissue and implant defined in the numerical model, and the
abdominal wall supporting the mesh is included in the model as an elastic foundation of the
membrane implant. Additionally, the abdominal wall anisotropy is omitted in the model.

The research is conducted for one kind of mesh, but the stiffening effect is stated also for
other knitted implants, e.g., 2 22,

As the residual displacements of the mesh vanish within 12 hours after the tests, the
material's behaviour can be generally considered viscous, which will be the next stage of the
study. That will allow for residual stresses to also be considered in the preconditioned model

besides residual displacements.
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