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Abstract: Muscular tissue regeneration may be enhanced in vitro by means of mechanical stimulation,
inducing cellular alignment and the growth of functional fibers. In this work, a novel bioreactor
is designed for the radial stimulation of porcine-derived diaphragmatic scaffolds aiming at the
development of clinically relevant tissue patches. A Finite Element (FE) model of the bioreactor
membrane is developed, considering two different methods for gripping muscular tissue patch
during the stimulation, i.e., suturing and clamping with pliers. Tensile tests are carried out on fresh
and decellularized samples of porcine diaphragmatic tissue, and a fiber-reinforced hyperelastic
constitutive model is assumed to describe the mechanical behavior of tissue patches. Numerical
analyses are carried out by applying pressure to the bioreactor membrane and evaluating tissue
strain during the stimulation phase. The bioreactor designed in this work allows one to mechanically
stimulate tissue patches in a radial direction by uniformly applying up to 30% strain. This can be
achieved by adopting pliers for tissue clamping. Contrarily, the use of sutures is not advisable, since
high strain levels are reached in suturing points, exceeding the physiological strain range and possibly
leading to tissue laceration. FE analysis allows the optimization of the bioreactor configuration in
order to ensure an efficient transduction of mechanical stimuli while preventing tissue damage.

Keywords: bioreactor; muscle tissue engineering; mechano-transduction; diaphragm; numerical
modeling

1. Introduction

Tissue engineering is one of the most dynamic and rapidly expanding fields in biomed-
ical sciences. It merges the expertise and skills of different areas such as biology, physics,
biochemistry, and engineering. Generally speaking, tissue engineering focuses on combin-
ing cells with supporting synthetic or naturally derived biomaterials that essentially act
as scaffolds for tissue formation in vitro by allowing cells to adhere, proliferate, migrate,
differentiate, and produce new tissue [1]. In the last decades, there has been a growing
awareness that cells and tissues sense the surrounding environment, decoding physical
stimuli into biological responses. For this reason, advanced tissue engineering technolo-
gies also involve the application of biophysical stimuli, such as mechanical, electrical, or
magnetic signals, on the engineered constructs through the use of a bioreactor [2–5].

Skeletal muscle tissue is largely present in the human body. Due to its anatomy and
function, it is subject to several physical stimuli, among which the mechanical one is
certainly the most important. The pivotal role of mechano-transduction in conditioning
muscle cell behavior has been demonstrated [6–8], and several muscle regeneration studies
in vitro involve the use of bioreactors capable of delivering mechanical (cyclic or contin-
uous) stimuli to influence cellular behavior and alignment on engineered scaffolds, but
also to induce the formation of functional muscle fibers [9,10]. Mechanical stimulation
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regimens may be tuned in terms of loading direction, strain level, and time-dependent
factors, such as loading–unloading frequency and rest period between subsequent strain
cycles [11]. The use of these protocols is complex and typically requires custom-designed
bioreactors for specific biomaterial scaffolds and the chosen application. Many bioreactors
provide a mechanical stimulation along a unique direction, allowing the development of
oriented 3D muscle bundles that are often able to contract [12–14]. This type of approach
leads to in vitro production of constructs with aligned muscular fibers in a preferred di-
rection, recapitulating the anatomy of most skeletal muscles. Instead, the development of
bioreactors for biaxial or radial stimulation is less common in the literature [15].

Different myopathies, including muscular dystrophies, affect all the muscles in the
body. Among these, one of the most involved muscle is diaphragm [16,17], a muscular
septum responsible for breathing. Unlike other muscles, the diaphragm has a particular
muscle fiber arrangement: starting from a single large central tendon, myofibers radiate
outwards to anchor the rib cage and separate the thoracic and the abdominal cavities [18,19].
Along with myopathies, other injuries such as diaphragm accidental damages or tissue
resections can also occur, prompting the need for diaphragmatic muscle constructs to be
used as drug screening platforms for muscle diseases or to be applied in vivo as biologic
substitutes. In this regard, decellularized diaphragmatic muscle can be used as a scaffold
seeded with muscle cells and mechanically stimulated in a radial manner. This mode of
mechanical stimulation can enhance cells alignment and induce the formation of radial
muscular fibers, mimicking the fiber orientation in the healthy diaphragm. A similar
approach has been already adopted for the development of engineered tissues that are
expected to undergo biaxial loading conditions in vivo [20–22]. However, the size of the
obtained scaffold is generally in the order of 1 cm2 or smaller, while diaphragm defects can
be extended in the range of between 5% and 20% of the overall muscle area [23] in most
clinical cases. In this context, diaphragmatic constructs with an area in the order of at least
5 cm2 or bigger can be considered clinically relevant.

The aim of this work is to design a bioreactor able to mechanically stimulate porcine-
derived diaphragmatic scaffolds in a radial manner for promoting cell alignment and
development of radially oriented muscular fibers in clinically relevant diaphragmatic con-
structs. For this purpose, a Finite Element (FE) model of the bioreactor is developed, and
numerical analyses are carried out to evaluate the optimal configuration for the mechanical
stimulation of engineered tissue patches. Two different methods to obtain a stable connec-
tion between the bioreactor membrane and the muscular tissue patch are compared, namely,
suturing and clamping with pliers. The evaluation of the overall mechanical behavior of the
system is targeted to the selection of the best bioreactor configuration, focusing on tissue
strain during mechanical stimulation, in order to ensure efficient mechano-transduction
and at the same to prevent time tissue damage.

2. Materials and Methods
2.1. Bioreactor Concept and FE Model

The scheme of the bioreactor structure is shown in Figure 1a. The bioreactor is
composed of a hydraulic chamber made of polymethylmethacrylate (PMMA) and filled
with liquid through a peristaltic pump. A thin circular membrane (diameter 116 mm,
thickness 1 mm) of polydimethylsiloxane (PDMS) is positioned on the upper part of the
chamber and clamped with a PMMA ring. The inflation of the system induces a mechanical
stretch of the membrane and, therefore, the stimulation of the muscular tissue fixed on its
upper surface. The circular shape of the membrane is designed to potentially ensure radial
mechanical stretch of a whole piglet diaphragmatic muscle, even though smaller tissue
patches are generally required for diaphragm repair.



Processes 2021, 9, 474 3 of 11

Processes 2021, 9, 474 3 of 12 
 

 

ensure radial mechanical stretch of a whole piglet diaphragmatic muscle, even though 
smaller tissue patches are generally required for diaphragm repair. 
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patch (b). Top view of the tissue patch attached to the membrane with suture thread (c) or pliers (d). 

Depending on specific requirements of different clinical cases, suitable tissue patches 
can be positioned in any part of the membrane surface. While a flat PDMS membrane is 
used for whole diaphragm stimulation; in the case of a multi-sample stimulation, a 
different set-up is adopted, with a membrane composed of four separators and two 
concentric rings. The separators allow one to hold the culture medium where the muscular 
tissue will be immersed during the whole mechanical stimulation phase. The rings create 
an anchor point to prevent sample displacement; they have the same thickness (3 mm) 
and a different size: for the internal and the external ring, respectively, the height is equal 
to 13.5 and 16 mm, while the inner diameter is equal to 24 and 110 mm. 

To find the optimal solution for attaching the muscular tissue to the rings on the 
membrane, in the FE model obtained from the geometry (Figure 1b) two configurations 
are considered, using either suture thread (Figure 1c) or pliers (Figure 1d). The two pliers 
(height 3 mm, thickness 2 mm) match the internal and the external rings and can be 
obtained by 3D printing of polylactic acid (PLA). A rectangular tissue patch is positioned 
on the bioreactor membrane and slightly different tissue sizes are considered in the two 
configurations for modeling purposes only (thickness 3 mm; width × length: 26 × 20 m—
with suture, 30.5 × 18 mm—with pliers). 

The FE models of bioreactor and muscular tissue are developed with the software 
ABAQUS CAE (version 6.14-5, Dassault Systems, Vélizy-Villacoublay Cedex, France). The 
whole model consists of about 89,000 elements and 67,000 nodes. For the two pliers and 
the muscular tissue, hexahedral elements with a structured technique are used, while all 
the other parts are meshed using tetrahedral elements with free technique. Finite elements 
with hybrid formulation are adopted for materials with almost incompressible behavior 
to avoid numerical instabilities. 

2.2. Experimental Testing of Diaphragmatic Muscular Tissue 
Diaphragmatic muscles of pigs (Sus scrofa) destined for the food market have been 

purchased from Interspar (Aspiag Service S.r.l., Padova, Italy), and no live animal has 
been sacrificed for this research. After purchase, each diaphragm is cut to obtain 6 

Figure 1. Scheme of the bioreactor structure (a). Finite Element (FE) model of the bioreactor top membrane with a tissue
patch (b). Top view of the tissue patch attached to the membrane with suture thread (c) or pliers (d).

Depending on specific requirements of different clinical cases, suitable tissue patches
can be positioned in any part of the membrane surface. While a flat PDMS membrane is
used for whole diaphragm stimulation; in the case of a multi-sample stimulation, a different
set-up is adopted, with a membrane composed of four separators and two concentric rings.
The separators allow one to hold the culture medium where the muscular tissue will be
immersed during the whole mechanical stimulation phase. The rings create an anchor
point to prevent sample displacement; they have the same thickness (3 mm) and a different
size: for the internal and the external ring, respectively, the height is equal to 13.5 and
16 mm, while the inner diameter is equal to 24 and 110 mm.

To find the optimal solution for attaching the muscular tissue to the rings on the
membrane, in the FE model obtained from the geometry (Figure 1b) two configurations are
considered, using either suture thread (Figure 1c) or pliers (Figure 1d). The two pliers (height
3 mm, thickness 2 mm) match the internal and the external rings and can be obtained by 3D
printing of polylactic acid (PLA). A rectangular tissue patch is positioned on the bioreactor
membrane and slightly different tissue sizes are considered in the two configurations
for modeling purposes only (thickness 3 mm; width × length: 26 × 20 m—with suture,
30.5 × 18 mm—with pliers).

The FE models of bioreactor and muscular tissue are developed with the software
ABAQUS CAE (version 6.14-5, Dassault Systems, Vélizy-Villacoublay Cedex, France). The
whole model consists of about 89,000 elements and 67,000 nodes. For the two pliers and
the muscular tissue, hexahedral elements with a structured technique are used, while all
the other parts are meshed using tetrahedral elements with free technique. Finite elements
with hybrid formulation are adopted for materials with almost incompressible behavior to
avoid numerical instabilities.

2.2. Experimental Testing of Diaphragmatic Muscular Tissue

Diaphragmatic muscles of pigs (Sus scrofa) destined for the food market have been
purchased from Interspar (Aspiag Service S.r.l., Padova, Italy), and no live animal has been
sacrificed for this research. After purchase, each diaphragm is cut to obtain 6 patches, as
shown in Figure 2a. Diaphragmatic patches are decellularized following a consolidated
procedure [24,25] in order to obtain reproducible diaphragmatic scaffolds.
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Solution, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at room temperature. 
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radial and the circumferential directions. Tissue thickness is measured by means of the 
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ElectroForce® Planar Biaxial Test Bench instrument (TA Instruments, New Castle, DE, 
USA) under displacement control with a precision of ±0.001 mm, using a load cell of 22 N 
with a precision of ±0.02 N. 

All the tests are performed at room temperature (25 ± 1 °C). A sample gauge length 
of 10 mm is selected to ensure a mean aspect ratio (length/width) of about 3 [27]. The ends 
of each sample are attached between two patches of balsa wood and clamped by the grips 
(Figure 2e). Tensile tests are developed at a constant elongation rate of 0.2 mm·s−1, 
corresponding to a strain rate of 2% s−1, up to 30% of maximum strain. The maximum 
strain is chosen to evaluate the mechanical behavior of both native and decellularized 
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muscle, two of which include a portion of the adjacent tendon to evaluate the effect of 
tissue-suture interaction. In these tests, rectangular samples (width × length: 8 × 16.5 mm) 
are attached to two suture threads (Prolene® 5-0, RB-1 needle, Cat. No. 8556, Ethicon LLC., 
Cincinnati, OH, USA) at each side, at a distance of about 13.5 mm; the sutures are then 
clamped to the grips (Figure 2f). The sample is placed on a smooth PMMA surface wet by 
a thin layer of PBS solution so as to reduce possible friction tangential forces. Tensile tests 
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Figure 2. Entire porcine diaphragmatic muscles with resected patches highlighted with dotted lines (a); fresh (b) and
decellularized (c) tissue patch with placement and orientation of radial (R) and circumferential (C) samples; lateral view of
a decellularized tissue sample (d); top view of a decellularized tissue samples attached to balsa wood (e); gripping method
with balsa wood (f); sample of muscular tissue attached with sutures (g).

Fresh diaphragm patches are kept at −20 ◦C and defrosted approximately 1 h before
mechanical testing by immersion in physiological solution (PBS, Phosphate Buffered Solu-
tion, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at room temperature. Starting
from fresh (Figure 2b) and decellularized (Figure 2c) tissue patches, rectangular samples
with total length of about 20 mm and average width of 3 mm are cut along the radial and
the circumferential directions. Tissue thickness is measured by means of the image process-
ing software ImageJ (version 1.53c, U. S. National Institutes of Health, Bethesda, Rockville,
MD, USA) [26] from side view pictures of each samples (Figure 2d). From the diaphragm
patches, a total number of 22 rectangular samples is obtained for mechanical testing.

Tensile tests are carried out on fresh and decellularized diaphragms through Bose
ElectroForce® Planar Biaxial Test Bench instrument (TA Instruments, New Castle, DE, USA)
under displacement control with a precision of ±0.001 mm, using a load cell of 22 N with a
precision of ±0.02 N.

All the tests are performed at room temperature (25 ± 1 ◦C). A sample gauge length
of 10 mm is selected to ensure a mean aspect ratio (length/width) of about 3 [27]. The
ends of each sample are attached between two patches of balsa wood and clamped by the
grips (Figure 2e). Tensile tests are developed at a constant elongation rate of 0.2 mm·s−1,
corresponding to a strain rate of 2% s−1, up to 30% of maximum strain. The maximum
strain is chosen to evaluate the mechanical behavior of both native and decellularized
diaphragmatic muscle in a broad strain range, fully including physiological loading condi-
tions [28,29].

Additional tensile tests are carried out on four samples of fresh diaphragmatic muscle,
two of which include a portion of the adjacent tendon to evaluate the effect of tissue-suture
interaction. In these tests, rectangular samples (width × length: 8 × 16.5 mm) are attached
to two suture threads (Prolene® 5-0, RB-1 needle, Cat. No. 8556, Ethicon LLC., Cincinnati,
OH, USA) at each side, at a distance of about 13.5 mm; the sutures are then clamped to the
grips (Figure 2f). The sample is placed on a smooth PMMA surface wet by a thin layer of
PBS solution so as to reduce possible friction tangential forces. Tensile tests consist of five
consecutive loading–unloading cycles at a constant rate of 1 mm·s−1 up to a maximum
displacement of 2 mm for each side of the sample, corresponding to a total elongation
of 4 mm.

Nominal strain ε is measured as the ratio between the current displacement of the
grips and the initial gauge length of the sample, while nominal stress P is calculated as the
ratio between the current force and the initial transversal area of the sample. The Cauchy
stress σ is deduced from the value of nominal stress by assuming the incompressibility of
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the tissue. The values of secant elastic modulus ES are calculated at 30% strain for both
fresh and decellularized tissue; the two groups are then compared with the Mann–Whitney
U-test (significant p-value < 0.05).

2.3. Constitutive Models
2.3.1. Constitutive Model of Polymeric Materials

The main bioreactor chamber is made of PMMA, described using an isotropic linear
elastic model, with Young’s modulus E = 3100 MPa and Poisson’s ratio ν = 0.35. Differ-
ently, the mechanical behavior of PDMS, composing membranes, separators and rings, is
described using an isotropic hyperelastic neo-Hookean model defined by the following
strain energy function:

W
(

Ĩ1, J
)
= C10

(
Ĩ1 − 3

)
+

1
D1

(J − 1)2 (1)

where, starting from the right Cauchy–Green strain tensor C, J =
√

detC is the Jacobian of
the deformation, and Ĩ = tr

(
J−2/3C

)
is the first invariant of the iso-volumetric part of C.

The constitutive model is a standard hyperelastic formulation included in the materials
library of ABAQUS Standard (version 6.14-5, Dassault Systéms, Vélizy-Villacoublay Cedex,
France). The constitutive parameters C10 and D1 are related to initial Young’s modulus
E = 1 MPa and Poisson’s ratio of ν = 0.5. This constitutive model is combined with the use
of solid elements with a hybrid formulation.

The mechanical behavior of PLA constituting the two pliers is modelled adopting
an isotropic linear elastic constitutive model, with Young’s modulus E = 2000 MPa and
Poisson’s ratio ν = 0.2.

2.3.2. Constitutive Model of Muscular Tissue

According to the anisotropic response of the decellularized diaphragmatic tissue, a
fiber-reinforced hyperelastic formulation is defined with strain energy function defined as:

W
(

Ĩ1, Ĩ4, J
)
=

km

2αm
exp

[
αm

(
Ĩ1 − 3

)]
+

k f

2α f

(
Ĩ4 − 1

)α f
+ kv(J − 1)2 (2)

where Ĩ4 is a structural invariant defined as Ĩ4 = J−2/3C: (m0 ⊗m0

)
, m0 being a unit

vector representing the radial direction of the ECM derived tissue in the undeformed
configuration [30]. The set of constitutive parameters

(
km, αm, k f , α f

)
is obtained fitting

the stress–strain function derived by Equation (2) to the uniaxial average stress–strain
data obtained by experimental tests along the radial and circumferential direction. The
optimization procedure is based on a user-routine developed in the open source software
Scilab (version 6.1.0, Esi Group, Paris, France) [31,32]. The parameter kv is used as penalty
value to ensure the almost incompressibility of the material. The constitutive model is
implemented in a Fortran user subroutine and combined with the use of hybrid formulation
solid elements.

2.4. Loading and Boundary Conditions

The outer part of the membrane lays directly against the main chamber containing the
liquid, and is made of an annulus with an internal diameter of 100 mm and an external
one of 116 mm. It is fixed, and displacement is stuck in every direction since only the
central portion corresponding to a 100 mm diameter will be inflated during the mechanical
stimulation phase. The muscular tissue can freely move on the upper membrane, and a hard
contact formulation is used between tissue and membrane to avoid surface penetration in
the normal direction.

Two different solutions are considered to grip the tissue patch to the bioreactor mem-
brane: in the first case, the usage of a suture thread is simulated to connect the tissue to the
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two rings, while in the second case, two pliers are introduced in the numerical model. In
the first configuration, the tissue is attached to the internal ring using a specific function
that ties separate surfaces together avoiding relative motion between them, while it is
connected with the outer ring by means of a pinned rigid link between two nodes: one on
the tissue and the other on the membrane, where the suture thread is secured. In the second
configuration, the connection between the muscular edges and the two pliers is simulated
by means of tie constraint to connect the element both to the internal and to the external
ring. The two pliers are stuck on the rings and the muscular tissue is attached to them,
while both can slide freely on the surface of the upper membrane in the tangential direction;
also in this case, a hard contact formulation is used between the tissue and membrane.

Non-linear static numerical analyses are carried out with ABAQUS Standard (version
6.14-5, Dassault Systéms, Vélizy-Villacoublay Cedex, France) to simulate mechanical stim-
ulation of a tissue patch. To model the liquid-filled structure behavior, a hydraulic fluid
cavity is used and a pressure up to 0.012 MPa is applied on it, so as to cause inflation of the
membranes and the consequent stretch of the muscular tissue. This pressure value was
preliminary obtained through the use of simplified FE models to select the pressure able to
inflate the membrane at a desired strain level. In spite of the fact that the numerical analysis
is developed with pressure control, while the real experimental setup is programmed to
run with volume control, the numerical results obtained are usable because the unique
relationship between pressure and change of volume is obtained from numerical analysis.

3. Results

The tensile behavior of fresh and decellularized diaphragmatic tissue is shown in
Figure 3, and the corresponding values of the secant modulus ES are reported in Table 1.
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Figure 3. Stress–strain behavior of fresh and decellularized (decell) diaphragmatic tissue in radial (R) and circumferential
(C) directions. Mean values of nominal stress P (with associated standard error of the mean) vs. strain ε of fresh and
decellularized tissue in radial direction (a); comparison of experimental data and model results, in terms of Cauchy stress σ
vs. strain ε, for decellularized tissue in radial (b) and circumferential (c) directions.

The mean values of the nominal stress of fresh and decellularized tissue in the radial
direction (Figure 3a) are comparable in all the strain ranges of experimental tests, and the
difference of the secant modulus in the two groups is not statistically significant according
to the Mann–Whitney U-test (p-value > 0.66).

The mechanical behavior of diaphragmatic muscle is strongly anisotropic, as high-
lighted by the tensile data for the decellularized tissue in radial and circumferential direc-
tions (Figure 3a,b). This anisotropic behavior is described by means of a fiber-reinforced
hyperelastic model with the constitutive parameters reported in Table 2. The comparison
of experimental data and numerical curves is shown in Figure 3a,b.
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Table 1. Secant elastic modulus ES (kPa) of diaphragmatic muscle tissue at 30% strain in radial
(R) direction.

ES (kPa)
Sample Fresh—R Decell—R

#1 78.5 35.3
#2 48.6 69.4
#3 73.0 72.6
#4 50.6 49.9
#5 - 31.7
#6 - 81.9
#7 - 59.8
#8 - 60.6
#9 - 52.1

#10 - 57.6
#11 - 48.7
#12 - 35.3

Table 2. Constitutive models and parameters for the different materials.

Material Constitutive Model Constitutive Parameters

PMMA 1 isotropic linear elastic E = 3100 MPa
ν = 0.35

PDMS 2 hyperelastic neo-Hookean E = 1.0 MPa
ν = 0. 5

PLA 3 isotropic linear elastic E = 2000 MPa
ν = 0.2

Decellularized
muscular tissue

fiber-reinforced hyperelastic

km = 8 × 10−4 MPa
αm = 21.0

kf = 1.8 × 10−2 MPa
αf = 1.8

kv = 1.0 MPa
1 polymethylmethacrylate; 2 polydimethylsiloxane; 3 polylactic acid.

The contour of maximum principal strains of the bioreactor membrane with a muscular
tissue patch either attached with suture thread or clamped by means of pliers is reported
in Figure 4. In the first configuration, most of the surface of the tissue patch is deformed
at 5–10% strain, while very high strain is measured in the region of suture, reaching 100%
strain in some points. Contrarily, in the second configuration, a more homogeneous strain in
the range between 30 and 35% is found on the overall surface of the tissue patch. Numerical
results in the latter case also allow one to verify that the strain remains homogeneous at a
lower intensity of membrane inflation.

In Figure 5, the results of cyclic tensile loading of diaphragmatic muscle tissue attached
with sutures are presented. At each cycle, when a maximum displacement of 2 mm is
applied by each motor, a peak value of force is measured. The peak values of force are
normalized to the maximum value measured during the first loading cycle for each sample
and reported for all subsequent cycles. A strong decrease in measured force is evident both
in the case of muscular samples (normalized force is decreased to 73% of the initial value
after five cycles) and muscle connected to tendon (decreased to 68% of the initial value).
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peak force in the first cycle of the loading protocol.

4. Discussion

The production of an engineered tissue in vitro with a mechanical stimulation requires
precise control of the level of applied strain. This task is not easy to achieve for different
reasons, in particular, the complex morphology of the structures and the nonlinear behavior
of involved tissues. In addition, during stimulation it is not easy to provide a continuous
measurement of mechanical variables, such as local strains. Therefore, it is necessary to
provide a system in which the strain in the tissue is deduced indirectly from other quantities
that can be easily and accurately controlled. In our approach, the basic control of the system
is made through the inflation of a PDMS membrane with an inlet of incompressible fluid in
a hydraulic chamber. By means of FE simulations, we have also obtained the relationship
(not reported in the text) between inflated volume and consequent strains of the stimulated
tissue, deformed by the membrane. The programming of a modulated mechanical stimulus
of the tissue is then reconducted to the programming of the fluid volume inlet over
time, for the usual experiments, obtained with a peristaltic pump controlled by user-
defined software.
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This is achieved by means of an FE model including the real geometry of the bioreactor
and a rectangular tissue patch. Even though the circular surface of the bioreactor membrane
is designed for the whole piglet diaphragm stimulation, a total diaphragmatic muscle
replacement is very uncommon in clinical cases, while local muscular impairment due to
myopathies, accidental damages, or tissue resections may occur more frequently [33,34]
and result in the need for patient-specific tissue patches. According to these requirements,
the bioreactor membrane is designed also for multi-sample stimulation and the specific
case of a rectangular tissue patch is investigated in the present work.

In the FE model, a fiber-reinforced hyperelastic model is assumed to describe the
strongly anisotropic response of decellularized diaphragmatic muscle, based on the results
of experimental tests. As highlighted by the comparison between fresh and decellularized
diaphragmatic tissue stress–strain behavior, the decellularization process does not alter
the mechanical properties of diaphragmatic tissue. This finding is also supported by
previous studies where murine samples were analyzed and compared from a biological
and biomechanical point of view [25]. During stimulation, cell growth and alignment
inside the decellularized tissue patch is envisaged, aiming at the formation of functional
muscular fibers. In the event of successful regeneration, the tissue patch is expected to
gradually assume the mechanical properties of the healthy muscular tissue. In this case, no
relevant variations of the mechanical response are expected during mechanical stimulation.

The selection of the tissue gripping method may be challenging and is one of the
aspects evaluated in the present work by means of FE analysis. Sutures are commonly
adopted for tissue repair, but their usage under cyclic loading may be critical due to the
possible stress concentration at suture points. For this reason, pliers are considered as
an alternative gripping method allowing the distribution of stress on the sides of the
gripped tissue. The numerical results confirm that the use of pliers can ensure a stable
connection between the bioreactor membrane and the tissue patch, allowing its stimulation
at a homogenous strain level on its overall surface. On the contrary, the use of suture
thread leads to regions of high strain level that could cause complete laceration. This effect
is consistent with the results of experimental tensile tests of tissue-suture systems, where a
strong force decrease is found among consecutive loading–unloading cycles. Such decrease
is ascribable to local tissue breakage due to the suture tearing action.

Some limitations of this study should be noted. First, the mechanical behavior of
diaphragmatic muscle is not fully characterized. Biaxial tensile testing would allow one
to better simulate multiaxial loading conditions that are experienced by the tissue both
in vivo and during the stimulation phase, while we have provided only uniaxial tests in the
radial and circumferential behavior. Nonetheless, this characterization can be considered
acceptable for the purpose of the work. The viscoelastic behavior of the muscular tissue
has been neglected; however, this is considered a marginal limitation, since the strain
rate considered in the experimental evaluation is close to the strain rate of the loading-
unloading protocol during stimulation. On the other hand, the increase in the strain rate
would have only the effect of higher stiffness of the tissue. Nonetheless, since the latter is
highly compliant, its deformation induced during the inflation of the PDMS membrane
cannot change with respect to what reported in the numerical simulations presented.

Despite the mentioned limitations, the computational approach adopted in this study
shows good potentialities in supporting the design of bioreactors for mechanical stim-
ulation of engineered scaffolds, also considering different tissue patch geometries and
different loading conditions according to specific applications.

5. Conclusions

In this work, a novel bioreactor for the radial mechanical stimulation of diaphragmatic
scaffolds is designed, aiming at the development of engineered tissues with enhanced
cell alignment and radially oriented muscular fibers. These constructs may be used as
biological substitutes to repair diaphragmatic defects in different clinical conditions. A
computational approach is used to optimize the system, considering the complex geometry
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and the nonlinear behavior of muscular tissue. Two different methods are compared to
connect a muscular tissue patch to the bioreactor membrane, and the use of pliers is selected
for robust clamping ensuring a homogenous strain on the entire surface of the tissue patch.
The evaluation of the overall mechanical behavior of the system allows one to tune the
level of tissue strain during mechanical stimulation and may be extended to any patch size
and geometry.
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