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Abstract

The paper deals with a finite element modelling of implants in the problem of ventral hernia repair. The
synthetic mesh implanted in the abdomen during surgery is here modelled as a membrane structure. The
system undergoes the internal abdominal pressure that occurs during the postoperative cough, the load
identified in the literature as the main cause of the connection failure and hernia recurrence. The model can be
used to estimate the forces appearing in the connections of tissue and implant for different materials of
implants and different number of tacks. This can help to predict the fixing system, such as the number of tacks
etc. to be provided during the surgery in order to resist the cough pressure and avoid the hernia recurrence. The
dynamic analysis of the structure is compared to the laboratory experiments in a pressure chamber to
demonstrate the accuracy of the proposed model.
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1. Introduction

A hernia occurs when part of an internal organ protrudes through a weak area of muscle.
Most hernias occur in the abdomen. Especially, the incisional hernias as large abdominal
wall defects have been shown to have recurrence rates of between 25 to 52% when
primarily repaired [1]. The usual treatment for a hernia is a repair surgery where the
synthetic implants are fixed to the tissue called fascia in the human abdomen.

Even though the ventral hernia repair surgery is a common procedure, the mechanical
properties of the tissue-implant system are unknown so the implantation of the repairing
mesh depends on the surgeon knowledge and practice. Unfortunately, the recurrences of
the illness still take place as shown e.g., in [2]. The number of the joints (called tacks)
required for holding the implanted mesh correctly is undefined and their optimal position
is only intuitive (Fig. 1). Moreover, the high number of joints can affect nerves and
result in chronic pain, so the minimising of the tacks number standing the abdominal
pressure is required.

For that, a mechanical model based on finite element method of implanted mesh is
proposed here and its dynamic behaviour is studied to provide a methodology for the
repair assessment. The model contains an orthotropic membrane structure of the material
properties identified within the laboratory tests. The simple cable implant model of
implanted mesh has been previously studied and presented in [3]. Also some attempts
were undertaken to model implant behaviour as a membrane structure as shown in [4]. In
addition a membrane model for a herniated rabbit abdominal wall with hernia orifice and
implant was previously proposed and discussed in [5] but and any assessment method
for the repair persistence was provided.
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Figure 1. Hernia repair in human abdomen

The author pays considerable attention to the forces that appear in the connection
between tissue and implant. These forces compared with the repair failure load identified
in [6] are analysed to estimate the hernia repair persistence. For that reason, the
mechanical model of whole abdomen is not necessary here. These forces should not
exceed the experimental value of the strength of the tissue-implant connection that
would mean that the hernia recurrence will not appear due to the appropriate load.

The finite element dynamic analysis of the system is performed and the results are
compared to the laboratory tests on the implant-tissue system sample subjected to a
pressure load in a specially prepared pressure chamber.

2. Mechanical model of implant. Materials and experimentation.

The surgical mesh Dual Mesh Gore® was taken to the analysis. Its material properties
were identified on the basis of the one dimensional tensile tests on the machine Zwick
Roel 020 as presented in [3-4] and [7-8].
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Figure 2. a) Scheme of repaired hernia; b) Implant model

The orthotropy of the surgical mesh material was observed as indicated in [9]. The
material stiffness was described by bilinear elastic moduli £; =28.03 N/mm and
E,=25.54 N/mm when the strain £<0.3 and £, =4.17 N/mm and E,=2.84 N/mm
when > 0.3.
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The model geometry (Fig. 2) refers to the clinical case of hernia with the 5 cm large
orifice. As the common distance between joints differs from 2 to 4 cm, the largest as
unfavourable one was considered in the model and also in the experiment. The
membrane is a polygonal structure stretched out on 9 elastic supports every 4 cm, with 4
cm tissue overlap. This gives the membrane span equal to 0.12 m. The elastic supports,
of the stiffness assuring the joints horizontal displacement observed within the
experiment, represent the zone of interaction of the tissue and implanted membrane.

Figure 3. a) Experimental stand; b) Operated hernia specimen

The experiment was performed in a specially prepared pressure chamber where the
air impact representing the cough pressure was applied to the specimen of implant fixed
to the porcine tissue (Fig. 3). The pressure value was growing during 0.1 s until the value
270 mmHg identified in [10] as the cough pressure and then decreasing to 0 within next
0.1 s. The size and the fixing type referred to a real clinic case of hernia repair. The
details of the experiments are presented in [8].

3. Finite element analysis and results

The nonlinear dynamic analysis was carried out by means of the MSC.Marc finite
element commercial system. 469 (symmetric part) 4-node membrane element of type 18
(MSC.Marc) containing 3 translational degrees of freedom in each node was applied (see
e.g. [11-12]), Fig. 4. The large strains and Total Lagrangean formulation were
considered in the study. The implicit single step Houbolt algorithm (see e.g., [13]) was
used to simulate the structure dynamics.

The dynamic analysis demonstrates relatively strong damping in the tissue-implant
system, so the Rayleigh damping parameters were introduced also to the mechanical
model. The parameters were estimated on the basis of modal analysis according to the
formula (1)

_a  Po
52w 2 M

where a and £ are respectively the mass and stiffness damping @, represents i-th natural
frequency of the system [14]. For the tested implant, these two coefficients were
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estimated as o = 2 and f# = 0.01, for which the simulation corresponds to the experi-
experimental results.
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Figure 4. Finite element model of implant (symmetric part)

The dynamic analysis representing the experiment was conducted within the time of
2 s. The experimental and simulated results were compared on the example of the
displacement functions.
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Figure 4. Dynamic analysis of the implanted mesh. Simulation vs. experiments

The registered and calculated values of the maximum deflection of the implant and
the displacement of the hernia orifice are shown in Fig. 5. Relatively good accordance
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between laboratory tests outcomes and the finite element analysis results means that the
mechanical model can be applied for modelling of the tissue-implant behaviour.

The junction forces calculated in the points of tacks as the product of the spring
stiffness and the tack displacement are used to the assessment of the repair persistence.
In the studied case, these extreme forces are R, = 2.25 N and R, = 3 N respectively to
the directions of the higher and lower elastic modulus £; and E, of the orthotropic
implant. The difference between both forces is not very significant due to the fact that in
this type of implant, the mechanical properties do not differ considerably. The maximum
force does not exceed the limit identified for the tissue-implant connection identified in

[6].
3. Conclusions

The author developed an orthotropic membrane model of a mesh implanted in a human
body in the hernia repair surgery. The model can simulate the behaviour of the ventral
hernia repair process under the intaabdominal pressure. The junction forces in the tacks
points compared with the limit identified and documented in literature are used to
estimate the repair persistence.

The proposed model behaviour matches accurately with the experiment. The
maximum reaction forces achieved in this simulation and thus the largest expected
values of the junction force in the tissue-implant system do not exceed the limit, what
means that the repair should stand the cough pressure.

The presented solution can be applied to estimate the necessary joints number before
the laparoscopic surgery when the synthetic implant is used in order to avoid the illness
recurrences.

Even if the orthotropy of the implant is not strong, it is reflected in the reaction
forces. This fact, together with the anisotropy of the human abdomen observed and
described e.g., in [7] should be considered as clinic recommendations when planning the
surgeries.
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Abstract

This paper presents the results of aeroacoustic numerical simulations for three types of helicoidal resonators
placed inside straight cylindrical duct. The same ratio s/d = 1.976 is considered for three numbers of helicoidal
turns n =0.671, n=0.695 and n=1.0. Also three types of transmission loss characteristics are represented.
Three-dimensional models were calculated by the use of a finite element method in Comsol Multiphysics
Acoustics Module — Aeroacoustics with flow, Frequency Domain. The change of transmission loss
characteristics of helicoidal resonators is presented for different air flow velocities in the range from 1 m/s to
20 m/s for cylindrical duct of diameter d = 0.125m.

Keywords: helicoidal resonator, sound attenuation, aeroacoustics.

1. Introduction

Speed of a main flow of air inside ducted system can affect on acoustical properties of
applied there passive noise control devices [7,8]. Stronger influence could be observed
for resonators. As it has already been well described [3-6], by using helicoidal resonators
in ducted systems one can obtain numbers of acoustic resonances inside helicoidal
profile, which results in sound reduction at the systems outlet. Also this paper takes
under consideration the first approach of solving the problem of helicoidal resonators
acoustic attenuation characteristic change due to assuming different speed of a main flow
of air inside a straight cylindrical duct. Investigated in this paper models of helicoidal
resonators are presented in Fig. 1, where s denotes the length of one helicoidal turn.

L c) ——

Figure 1. Helicoidal resonators with ratio s/d = 1.976 and number of helicoidal turns
n=0.671 (a), n=10.695 (b), n=1.0 (c)
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Helicoidal resonators consist of a central axis mandrel with ratio d,/d = 0.24, where
d,, denotes the diameter of mandrel, and d is the diameter of cylindrical duct. Helicoidal
profile has the ratio g/d = 0.024, where g denotes the thickness of helicoidal profile. The
cylindrical duct diameter d=0.125 m. Small difference for two selected helicoidal
resonators in number of turns n = 0.671 and n = 0.695 results from representation of two
different acoustic attenuation characteristics obtained in previous work [6], which are
presented in Fig. 2 and Fig. 3, respectively.
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Figure 2. Acoustic attenuation performance parameters levels for helicoidal resonator
inside pipe (d = 0.125 m) with the number of turns n = 0.671 [6]
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Figure 3. Acoustic attenuation performance parameters levels for helicoidal resonator
inside pipe (d = 0.125 m) with the number of turns » = 0.695 [6]
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In Figs.2 and 3 are presented comparisons between two acoustic attenuation
performance parameters, Insertion Loss (IL) and Transmission Loss (TL), obtained in
numerical computations (computation) and experimentally (experiment) [6].

2. Basic Characteristics of Numerical Aeroacoustic Simulations

Three-dimensional models were calculated by the use of finite element method in
Comsol Multiphysics Acoustics Module — Aeroacoustics with flow, Frequency
Domain [1]. Schematic view of investigated cylindrical duct with helicoidal resonator is

presented in Fig. 4.
—— .m
1

Figure 4. Schematic view of investigated cylindrical duct with helicoidal resonator

To solve aeroacoustic problem in COMSOL flow is assumed to be compressible,
inviscid, barotropic, and irrotational [1]. In this paper, for investigated velocities of air
flow in range from 1 m/s to 20 m/s, the Reynolds number varies from Re~8333 to
Re~166670, respectively. In that case the turbulent flow should be considered [2], but
due to fact that COMSOL can solve only CFD turbulent flow without acoustic, the
aeroacoustics was used as a weak solution for coupling acoustic with flow, in this case.
Also obtained in this paper results can strongly differ from real results, but the aim of
this work is to obtain an overview of helicoidal resonators transmission loss change due
to different velocities of air flow.

As an acoustical attenuation performance parameter is used the transmission loss
(TL) [1, 3-5, 7, 8], which is obtained by integrating the incident nominal acoustic
pressures squared at the inlet (w_in) and actual transmitted acoustic pressures squared at
the outlet (w_out) all anechoically terminated, and solving equation:

TL = 10log(w_in/w_out), dB )
Boundary conditions are described as in COMSOL Multiphysics [1]:

e hard boundary condition - all surfaces of cylindrical duct and helicoidal
resonators are hard,

e slip velocity equals zero at all surfaces of cylindrical duct and helicoidal
resonators,

¢ normal flow at the outlet equals zero,

e mass flow at the inlet varies from 1 m/s to 20 m/s,

e plane wave radiation - at the inlet and outlet, while at the inlet the velocity
potential equals 1 m%/s.

Finite element mesh is automatically generated as a free tetrahedral and controlled by
physics. The stationary solver is used.
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3. Results

In Fig. 5, Fig. 6 and Fig. 7 are presented transmission loss characteristics of helicoidal
resonators with s/d=1.976 and n=1.0, n=0.695 and n=0.671, respectively, for
different velocities of air flow. Results are presented in the range of frequency from
1200 Hz to 1350 Hz, which is the specific frequency range for investigated models.
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Figure 5. Transmission loss characteristics for helicoidal resonator with s/d = 1.976 and
n = 1.0 for different velocity of air flow v
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Figure 6. Transmission loss characteristics for helicoidal resonator with s/d = 1.976 and
n = 0.695 for different velocity of air flow v [m/s]
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Figure 7. Transmission loss characteristics for helicoidal resonator with s/d = 1.976 and
n = 0.671 for different velocity of air flow v [m/s]

4. Conclusions

In general, for investigated helicoidal resonators, when the velocity of air flow becomes
greater the resonance frequencies as well as TL levels become lower.

For helicoidal resonator with n=1.0 can be observed the biggest frequency
difference between velocities v=1m/s and v=20 m/s and it equals about 18 Hz. TL
level reduces in this case for about 10 dB.

However, for helicoidal resonator with n=0.695 in frequency domain can be
observed small difference, which equals about 4 Hz, and similar small difference for TL
levels which equals about 5 dB.

For helicoidal resonator with n = 0.671 can be observed bigger change for the second
resonance frequency, which equals about 7 Hz, than for the first resonance frequency,
where the difference equals only about 2 Hz. In this case the reduction of TL levels is
similar for both frequencies and it equals about 10 dB. Here interesting is fact, that for
the lowest TL level between resonance frequencies, which equals about 21 dB for v = 1-
5 mV/s, it increases for about 1 dB for v =20 m/s.

Globally, up to 5m/s of air flow velocity inside ducted system the resonance
frequency does not change. Also, when applying helicoidal resonators for typical
ventilation system, where the velocity of main air flow varies up to 5 m/s, there is no
need to include any velocity corrections. But for higher velocities, typically in industrial
applications, there should take place some air velocity corrections.

In this paper, the obtained numerical results can strongly differ from real results, but
the aim of this work was to obtain an overview of helicoidal resonators transmission loss
change due to different velocity of air flow, which was here realized. Hence, the
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experimental researches of the influence of air flow velocity on acoustic attenuation
characteristics change of helicoidal resonators should give the exact results.
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