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Abstract Motivated by recent success in growing biohy-
brid material from engineered tissues on synthetic polymer
films, we derive a computational simulation tool for muscular
thin films in cardiac repair. In this model, the polydimethyl-
siloxane base layer is simulated in terms of microscopically
motivated tetrahedral elements. Their behavior is characteri-
zed through a volumetric contribution and a chain contribu-
tion that explicitly accounts for the polymeric microstructure
of networks of long chain molecules. Neonatal rat ventri-
cular cardiomyocytes cultured on these polymeric films are
modeled with actively contracting truss elements located on
top of the sheet. The force stretch response of these trusses
is motivated by the cardiomyocyte force generated during
active contraction as suggested by the filament sliding theory.
In contrast to existing phenomenological models, all mate-
rial parameters of this novel model have a clear biophyisical
interpretation. The predictive features of the model will be
demonstrated through the simulation of muscular thin films.
First, the set of parameters will be fitted for one particular
experiment documented in the literature. This parameter set
is then used to validate the model for various different expe-
riments. Last, we give an outlook of how the proposed simu-
lation tool could be used to virtually predict the response of
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multi-layered muscular thin films. These three-dimensional
constructs show a tremendous regenerative potential in repair
of damaged cardiac tissue. The ability to understand, tune and
optimize their structural response is thus of great interest in
cardiovascular tissue engineering.
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1 Motivation

Heart disease is the leading cause of death in industrialized
nations. As a result of insufficient blood supply, the functio-
nal units of the myocardium, the cardiomyocytes, lose their
contractile property and die [21,24]. Unfortunately, in adult
tissues such as the heart, the capacity for self regeneration is
severely limited: unlike other cell types in the body, cardio-
myocytes do not show the potential for self renewal. Recently,
stem cell therapy has emerged as a promising methodology
for cardiac repair by implanting tissue engineered vascular
grafts onto the damaged tissue to restore cardiac function
and prevent further onset of deterioration [26,27]. To suc-
cessfully integrate into the surrounding myocardium, these
tissue engineered constructs must possess similar mechani-
cal properties as the implantation site: ideally, they are (i)
incompressible, (ii) compliant, (iii) anisotropic, and, most
importantly, (iv) contractile.

Due to the tremendous recent developments in stem cell
biology it is nowadays possible to differentiate stem cells
into cardiomyocytes in vitro, see, e.g., [1]. However, ran-
domly in vitro grown cellular constructs display three essen-
tial shortcomings: First, they clearly lack an overall structural
organization, i.e., unlike cardiac tissue, they do not possess a

@ Springer



536

Comput Mech (2009) 43:535-544

Fig. 1 Laminar myocardium engineered from neonatal ventricular
myocytes cultured on a PDMS film with micropatterned fibronectin
lines. Phase image of myocytes cultured in 20 mm wide FN lines spa-
ced 20 mm apart (20 x magnification)

pronounced direction of fiber orientation. Second, although
they might be contractile, their contractility is hardly ever
synchronized. Accordingly, they are unable to generate suf-
ficient force during the ejection phase of the cardiac cycle.
Third, since cells can only be grown in monolayers in vitro,
the shape and form of cardiovascular grafts grown from cells
alone is severely limited. These fundamental deficiencies in
tissue engineering can be overcome by growing cells on syn-
thetic polymer films. These films allow for mesoscale sculp-
turing of arbitrary functional forms and give the construct a
unique structural integrity. When micropatterned with
extracellular matrix proteins, these polymeric base layers can
even promote targeted, spatially oriented, two-dimensional
myogenesis.

A tremendous break through in cardiovascular tissue engi-
neering was reported just a few months ago when the first
prototypes of in vitro grown muscular thin films were pre-
sented [13]. Their biohybrid materials consist of a polydime-
thylsiloxane (PDMS) base layer seeded with synchronously
contracting neonatal rat ventricular cardiomyocytes, either
spontaneously contractile or externally paced, see Fig. 1.
Culturing cardiomyocytes on micropatterned polymeric sub-
strates has tremendous potential in cardiovascular tissue
repair since the engineered constructs behave just like the
healthy myocardium: they are (i) incompressible, (ii) com-
pliant, (iii) anisotropic, and (iv) contractile. Moreover, all
these mechanical properties are fully tunable: incompressi-
bility and compliance are controllable through the properties
of the polymeric substrate [12], anisotropy is controllable
through micropatterning [13,22] and contractility is control-
lable through pacing [2].

Rather than varying all the design parameter of cardio-
vascular tissue grafts in vitro, we propose to develop a finite
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element based computational design tool to explore and tune
these controllable mechanical parameters in silico. The bio-
hybrid muscular thin films are modeled through a fully hybrid
finite element approach. The PDMS substrate is simulated
with special three-dimensional finite elements for rubber-like
materials that account for both incompressibility and com-
pliance [9]. In these novel elements, the characteristic micro-
structure of polymers is incorporated through the statistical
mechanics of long chain molecules [15,25]. The assembly
of the individual chains results in a complex polymeric net-
work that is modeled through the concept of representative
volume elements. These elements additionally account for
the incompressible behavior of the ground substance on a
macroscopic phenomenological level [9].

Anisotropy and active contractility are attributed exclusi-
vely to the cardiomyocytes which are located on top of the
polymeric base layer. The mechanical properties of cardiac
muscle have been well-documented in the literature [5,24].
Their characteristic force stretch response is essentially
based on the sliding filament theory [18] which is incorpora-
ted constitutively within specifically designed, micromech-
anically-motivated, non-linear truss elements. Since these
elements had originially been developed for skeletal muscle
[10,11] they were adapted to simulate cardiac muscle for
the present application. The fundamental difference between
skeletal and cardiac muscle is that under physiological condi-
tions, skeletal muscle contractile force can be varied by
summation of contractions, tetanus and recruitment of addi-
tional fibers, whereas cardiac muscle functions as a syn-
cytium such that each cell contracts at every beat [4]. The
contractile force in cardiac muscle is thus primarily governed
by the current sarcomere length and by the current concen-
tration of intracellular calcium. The binding kinetics of cal-
cium have been studied intensively in the literature, giving
rise to excitation-contraction based force contraction models
of various complexity [17,23]. However, for the application
of in vitro grown muscular thin films addressed within this
manuscript, we will assume that the action potential and the
calcium concentration are homogeneously distributed within
the tissue construct. Accordingly, the contractile force is
assumed to depend exclusively on the fiber stretch and on the
temporal position within the cardiac cycle. For the resulting
one-dimensional cardiac muscle elements, micropatterning-
induced anisotropy is then captured inherently through their
spatial orientation.

This manuscript is organized as follows. In Sect. 2 we
summarize the hybrid computational model for muscular
thin films. Section 2.1 and 2.2 describe the finite element
model for the polymeric substrate and for the cardiac muscle
fibers, respectively. We then illustrate the features of this
hybrid model in Sect. 3. Motivated by the recent experimen-
tal findings documented in [13], we simulate an unpatterned
isotropic circular sheet in Sect. 3.1, three micropatterned
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anisotropic rectangular sheets with different fiber orienta-
tions in Sect. 3.2, the cylindrial contraction of a coiled strip
in Sect. 3.3, and a helical actuator in Sect. 3.4. Section 4
closes with a critical discussion and a final outlook in which
we demonstrate that our model is capable to predict the struc-
tural response of layered muscular sheets for cardiac repair.

2 Modeling of muscular thin films

For the modeling of muscular thin films, we begin at the
microstructural level with a statistical description of single
polymer chains. In doing so, we are able to describe polydi-
methylsiloxane (PDMS) elastomers. In a second step a model
is developed to describe the cardiac muscle fibers attached
on the surface of the PDMS elastomer films, see Fig. 2.

The elastomer film is represented by means of an assem-
bly of tetrahedral and non-linear truss elements. In each truss
element the force stretch behavior of a certain group of poly-
mer chains is implemented. The truss elements are arranged
such that each truss is situated on one edge of the finite tetra-
hedral element to form a tetrahedral unit cell. The tetrahe-
dral element serves to model the incompressible behavior of
the elastomer. By using a random assembling procedure we
are able to model arbitrary geometries. To account for aniso-
tropy and contractility, bundles of muscle fibers in the form of
non-linear truss elements are positioned on top of the PDMS
matrix. These trusses contain a mathematical description of
the activation at fiber level. By this means we are able to
simulate complex muscle structures with arbitrary isotropic
or anisotropic fiber distributions.

2.1 The polymeric substrate (PDMS)

The behavior of polydimethylsiloxane elastomers is charac-
terized by large deformations, a non-linear stress-strain rela-
tion and incompressibility. To model such a behavior we
apply the concept of a tetrahedral unit cell originally deve-
loped for rubber-like materials [7-9]. The Helmholtz free
energy of one unit cell includes a contribution W' from the

cardiac muscle fibers

PDMS elastomer—/

Fig. 2 Schematic layout of muscular thin films: Cardiac muscle fibers
are grown on top of micropatterned elastomer matrix material (PDMS)

tetrahedral element itself, and a contribution W}rs from the
j = 1,..., 6 truss elements situated at the six edges of the
tetrahedron.

6
WPDMS(F, )\'j'hn) — Wtet(F) + Z W]tIS()\jhn) (1)
j=1
The first term characterizes the volumetric behavior of the
unit cell. In detail, W*! reads

WEY(F) = X (J*=1-2InJ) )
=7 ,

where J = det F denotes the determinant of the macroscopic
deformation gradient F and K is the bulk modulus. Rubber-
like materials can be modeled as a three-dimensional network
composed of a huge number of macromolecules (also called
polymer chains). The micromechanical material behavior of
a bundle of polymer chains is characterized by the second
term of Eq. (1) and can be specified as

ws (}Lchn) _ ﬂ Wchn ()Lchn) 3)
Ao Lo '

Herein, Ag and L are the geometry-dependent cross section
and the length of the undeformed truss element, respectively,
and v denotes the chain density per truss element, i.e.,
the ratio v = pchn/ nlis between the number of polymer
chains 7" and the number of chain truss elements nis in
the same reference volume. In the simplest case, one polymer
chain can be characterized through n bonds of equal length
1. If the directions of the neighboring bonds are completely
uncorrelated in the sense that directions for a given bond
are of equal probability, this chain type is also called freely
jointed chain, see [19,20]. By using the Helmholtz energy
function

)\chn
P } 4)

chn /4 chn

WA =kn e [Wﬁ+lnm
the behavior of the freely jointed chain is implemented
in the proposed model. Herein the Boltzmann’s constant
k = 1.3810 x 1072 Nmm/K and the absolute temperature
® = 273K are two physically-based parameters. By means
of the so-called Langevin function £(8) = cothf —
1/8, which provides the possibility to derive an expression
for the entropy of the single polymer chain, we can express
B = L1 (1" as the inverse of the Langevin function. Alter-
natively, B is approximated in the form of a series expansion,
for a detailed derivation see [9]. Further, the chain stretch is
computed by means of the relation

r L
=== ®)

ro Lo

}Lchn

whereby r describes the end-to-end distance of the polymer
chain in the deformed state and ro the same distance in the
undeformed case. The fact that the ratios r/ro (micro level)
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and L/Lo (macro level) are set equal represents the micro-
to-macro transition in this modeling concept.

Remark 1 (Macroscopic parameters Ay and Ly) When
implemented within a finite element framework, the two
parameters Ag and Lg of Eq. (3) cancel out of the formu-
lation, see [9]. In so far, it is important to emphasize, that in
particular the length Lo does not correlate with the length
of the polymer chain bundles. The computational efficiency
of the present approach could not compete with classical
continuum-based finite element computations if the mesh
density would be linked to the geometry of the microstructure.

Remark 2 (Chain density per truss element v*"™) It is advan-
tageous to choose the chain density per truss element V"™ as
large as possible to minimize the number of elements and
consequently maximize the computational efficiency. On the
other hand, there is a natural upper limit to the ratio governed
by convergence considerations, see [9].

2.2 The cardiac muscle fibers

The unique feature of cardiac muscle in comparison with tra-
ditional engineering materials is its ability to contract actively
without any mechanical influence from outside. In the present
contribution this active contraction is realized through three-
dimensional truss elements. The active force in one truss ele-
ment is assumed to be a function of the fiber stretch f; (Aﬁb)
scaled with respect to the temporal position within the cardiac
cycle f;(z).

FoU e, A1) =0 £, (1) £ (A1), (©6)

Similar to the previous subsection, v denotes the fiber den-
sity per truss element, i.e., the ratio pfib — pfib / ngg between
the number of fibers " and the number of fiber trusses niy
per reference cross section.

The guiding idea of this approach is to model the forces
produced by single fibers in dependence on the according
frequency. The mechanical response initiated by a motoneu-
ron discharge is a single motor unit twitch, as schematically
depicted in Fig. 3. The time-dependent function

fi) = P exp (1 - %) ™)

describes the twitch in dependence of the twitch force P and
the twitch contraction time 7. The force versus stretch rela-
tion f; (A% is often displayed as a piecewise linear function,
see also Fig. 4.

For computational reasons, we suggest the use of a smooth

function as suggested in [6]. It is given by the following
approximation.
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Fig. 3 Isometric single twitch: The force amplitude of the single twitch
is controlled by the biophysically-motivated parameters P and 7', res-
pectively. Typical values for muscular thin films are P = 69.1 uN and
T = 180 ms, see [14]
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Fig. 4 Stretch function: Piecewise linear function (dashed curve) and
continuous function
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In this formulation, only one dimensionless constant is used,
namely A°P'. It defines the optimal fiber stretch at which the
sarcomere reaches its optimal length. This is of significant
advantage in comparison to the piecewise linear function
which requires five material parameters.
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Fig. 5 MTF in diastole (a) and
systole (b). The muscle tissue
consists of parallel lines of
serially aligned neonatal
ventricular myocytes cultured
on a PDMS film with
micropatterned fibronectin lines.
Reprinted and modified from
[13] with permission

Remark 3 (Fiber density per truss element v'i®) It is well-
known from experimental observations that the number of
cardiac muscle fibers can differ significantly. Therefore it is
virtually impossible to discretise each muscle fiber only by
one truss element. In the present approach, each truss element
contains n'1° /i truss elements as indicated in Eq. (6).
Remark 4 (Force vs. time stretch relation) The active con-
tractile force of both skeletal and cardiac muscles strongly
depends on the overlap between actin and myosin filaments,
see e.g. [3,16]. However, the stretch-tension relationship for
cardiac muscles rises more steeply than for skeletal muscles,
cp. [4]. In cardiac muscle, the force stretch relation is often
related to the Starling law of the heart.

3 Simulation of muscular thin films

The aim of this section is the study of the deformation beha-
vior of muscular thin films as depicted in Fig. 5. First, we
demonstrate an experimental validation of our model for
single-layer sheets of muscular thin films. We then provide an
outlook showing how the model could be applied to predict
the response of multi-layered sheets. In detail the following
aspects are analyzed:

e the influence of unpatterned surfaces, i.e. an isotropic
fiber distribution, on thin film contractility (Sect. 3.1)

e the influence of micropatterned surfaces, i.e. an anisotro-
pic fiber distribution, on thin film contractility; parameter
identification and model validation (Sect. 3.2)

e possible applications of muscular thin films in the range
of actuator modeling with most diverse functionalities
(Sect. 3.3 and 3.4)

e the influence of multi-layered muscular sheets on the
structural response (Sect. 4)

For all simulations, we use the material parameters as
given in [13]. Herein the Young’s modulus of Sylgard 184

16 |
155 |
15 |

14.5

14 tis]

L

Fig. 6 Circular sheet with isotropic fiber orientation: Three different
deformation states depending on the radius R. Shown is the top view

and the side view (n', = 20, 400 mm~3, nl = 120 mm~2)

PDMS is specified by E = 1.5 MPa. For our unit cell
approach, this stiffness translates to K = 10°N/mm?,
n =9 and n°™ = 7.3 x 10 mm~3. For the characterization
of the neonatal rat ventricular cardiomyocytes we identify
the twitch force to P = 69.1 uN, the twitch contraction time
to 7 = 180 ms and the number of fibers per unit cross sectio
to n® = 2.05 x 10*mm™2. This basic set of parameters is
identical for all simulations. It has been fitted with respect
to one single displacement time response of a rectangular
sheet to be illustrated in Fig. 7a. The other experiments in
Fig. 7b and c were then basically used to validate this data
set. The remaining two parameters ntcrﬁn and ng]i are geome-
tric parameters related to the finite element discretization.
For the sake of clarity we neglect the illustration of the truss
elements of the polymeric network and restric the illustra-
tion to the tetrahedral elements of the polymeric substrate. In
addition, we will display the truss elements of the muscular
fibers.
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Remark 5 (Boundary conditions and geometry) One of the
most critical issues in biomechanics is the choice of realistic
boundary conditions. In the majority of cases, the choice
of boundary conditions is a compromise between reality and
simulation. Therefore, and for a clearer structure of this man-
uscript, the choice of the boundary conditions as well as the
geometrical dimensions of single structures are given in the
appendix, see Sect. 4.

3.1 Circular sheet with isotropic fiber orientation

In the first analysis we study the contraction mechanism of a
circular muscular sheet. This sheet is assumed to be randomly
grown on an unpatterned substrate in a circular petri dish
with a diamter of 35mm. Accordingly, the fibers are oriented
isotropically on top of the polymeric layer, see Fig. 6.

Due to the isotropic distribution of the cardiac muscle
fibers, the sheet contracts isotropically during the activa-
tion phase. In-plane isotropy is confirmed through the time
sequence (I)—-(IIT) of Fig. 6. In the undeformed state (I) the
sheet has its full initial radius of 17.5 mm and shows a non-
arched, planar cross-section. In the case of full contraction
(IIT) the radius is reduced to around 14 mm. As expected,
during contraction, the sheet experiences out-of-plane defor-
mation towards the contractile cardiomyocyte side. However,
the sheet maintains its overall circular shape, what is an indi-
cator for an isometric deformation behavior.

3.2 Rectangular sheets with anistropic fiber orientation

For the validation of our model, three rectangular muscular
thin films with different anisotropic fiber orientation were
generated. The displacement time curve of the first sheet in
Fig. 7a was used to fit the microscopic material parameter
set. The curves of the two other sheets Fig. 7b and ¢ can
be understood as model validation. Remarkably, the para-
meters fitted for the first sheet generate simulation results
that are almost identical to the experimental findings. Recall
that the different parameters nl and n{ used for the three
sheets are no arbitrary fitting parameters. Rather, they have a
clear geometric interpretation related to the microstructural
geometry.

In the first example the cardiomyocytes are aligned in
x-direction, transversely to the center-line, cp. Fig. 7a. As
expected, the sheet bends about the y-axis perpendicular to
the direction of the cardiac fibers. Due to the short fiber
length, the bending is not as pronounced as in the second
example, see (b). At time (II) of Fig. 7b the sheet achieves
its maximum bending, which leads to an out-of-plane displa-
cement of approximately 1.1 mm. In the third example the
fibers are arranged diagonally on the polymer substrate, see
Fig. 7c.
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Fig. 7 Muscular thin film (crosses experiment, line simulation):

a Cardiomyocytes oriented along the x-axis (nl, = 150, 707 mm~3,
ngy = 122 mm~2), b cardiomyocytes oriented along the y-axis
(n'™ = 150,032 mm~3, nl¥ = 71 mm~2) and ¢ cardiomyocytes

oriented diagonally (n%S = 262,240 mm~3, n{f} = 103 mm~2)

When comparing the deformed shapes of all three sheets
it is obvious that the maximum structural deformation is
generated for example (b). Sheet deformations reflect the
influence of the microstructural arrangement on the ove-
rall structural response; different cardiomyocyte orientations
result in completely different macroscopic deformation pat-
terns.

In summary it can be seen, that the presented model dis-
plays the experimental finding in a excellent manner. Espe-
cially the fact, that all three examples are calculated by only
one parameter set, emphasizes the performance of the our
modeling concept. In addition, the model is able to describe
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(a) (b) (c)

(d) (e)

Fig. 8 Five screen shots of coiled strip: a Undeformed coil, b configuration of the coil between the undeformed (a) and the maximum deformed

state (c), (d) shape of coil during relaxation and (e) coil shape after contraction process (ng;,

a fast contraction followed by a slow relaxation. This tem-
poral asymmetry was also observed in the experiments.

3.3 Cylindrical contraction of coiled strip

Cultured muscular thin films are attractive materials to buil-
ding actuators and powering devices. Thus, in this section
we study the deformation behavior of a coiled strip.

We focus on the large movement of the strip with relation
to its function and adaptability as motile soft device. The
cardiomyocytes are longitudinally aligned at the inner sur-
face of the rectangular substrate, see Fig. 8. The given time
sequence illustrates an (a) initial loosely rolled state, (c) a
more tightly rolled shape, (e) the return to the undeformed
configuration, and intermediate states (b) and (d). This simu-
lation is conducted during spontaneous contraction for one
single twitch.

For all three space direction, the position of point A, cp.
Fig. 8a was measured during the simulation. Its temporal
evolution is depicted in Fig. 9. Moreover, the five speci-
fic positions of point A at times (a)—(e) are indicated. This
example demonstrates the incredibly large motion of the
coil that is generated by a maximum myocyte contraction
of only 15%. The largest deformations in x- and z-direction
are approximately 10 mm and 4 mm, respectively. Note that
point A does not deform in y-direction due to the choice of
boundary conditions, see Sect. 4. This example illustrates
that a significant rotation can be generated by this specific
arrangement of cardiomyocytes. It is thus straightforward to
tune the thin film by orienting the cardiomyocytes in a dif-

ferent direction to generate different structural deformation
patterns.

3.4 Helical actuator

Last, we will simulate a helical actuator capable of axial
contraction in combination with a rotational movement. The
fibers are aligned between 0° and 10° off-line to the length
of the PDMS substrate (see inset of Fig. 11).

us =17,775 mm~3, nl¥ =227 mm~2)

€
1\8 £
o <
o
10 =
£ P N
[
8 i : »
i
6 i
i
4 g
1 ‘-
ol 5 N y-direction
P “ S t[s]
0 ; + [ < I Sl q -
L 05 1 15 2
2R < 5
o " _ z-direction
4 |
@) (b) (c) (a) (e)

Fig. 9 Position measurement of point A (cp. Fig. 8). a—e indicate the
different shapes of the coiled sheet, cp. Fig. 8

(b)
(c)@ rotation ““O‘Q‘TEEEL

Fig. 10 Helical actuator left cross section, right side view) fixed on the
left end: a Undeformed shape, b deformed structure during contraction

process and ¢ maximum deformation (ngﬁn = 205, 834 mm~3, n‘ﬁrg =
227 mm~2)

In Fig. 10 the result of the finite element simulation is
illustrated, where an off-line angle of 0° was chosen. In (a)
the undeformed structure is shown and (c¢) characterizes the

@ Springer



Comput Mech (2009) 43:535-544

542
0 0.5 1 1.5 2
0 £
t[s]
-0.5
-1 H
-1.5
..... cardiac muscle fibers
2 P\ £ o
e
—— =
25 _ o=0 PDMS elastomer—/bﬁ"‘b:g‘;‘l‘lu
IS
E
\ I

Fig. 11 Influence of different muscle fiber angles @ on the maximum
longitudinal displacement of the helical actuator as sketched in Fig. 10

maximum deformed configuration. Frame (b) displays an
intermediate state between (a) and (c). When tracking point
A it is obvious that the actuator movement is governed by a
decrease in length and a superposed rotation, see arrows in
Fig. 10c. Intuitively, this overall deformation pattern based
on a structural contraction during systole and an elongation
during diastole seems correct. The in vitro studies, however,
report elongation during systole and contraction during dias-
tole. We postulate that this mismatch is caused by the lack for
pre-stress in the computational simulation tool in silico whe-
reas significant pre-stress is generated during the fabrication
process of the muscular thin films in vitro.

Finally, we investigate the influence of the off-line angle.
The inset of Fig. 11 schematically illustrates the definition
of the angle «. Simulations with three different angles (« =
0°/5°/10°) were conducted. Figure 11 shows the maximum
decrease in length (x-direction). The maximum displacement
is reached for an off-line angle of « = 0°, i.e., with all fibers
aligned with the sheet axis. Increasing the off-line angles
obviously reduces the overall contraction length. The results
of a systematic variation of fiber orientation can be used as a
numerical tool to control and tune the deformation behavior
of an actuator. The proposed modeling approach enables the
prediction of the structural response as a function of cardio-
myocyte orientation with respect to the PDMS substrate.

4 Discussion and outlook

Motivated by the recent success in growing actively contrac-
ting cardiomyocytes on micropatterned polymeric substrates,
we developed a computational simulation tool that allows the
systematic prediction of tissue engineered biohybrid mate-
rials for cardiac repair. The incompressible, compliant
polydimethylsiloxane base layer has been simulated with
representative tetrahedral unit cell elements. Neonatal rat
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ventricular cardiomyocytes grown on top of this layer have
been simulated with actively contracting truss elements. Ran-
dom orientations of these truss elements have been used to
generate unpatterend isotropic structures, whereas aligned
truss elements have been applied to simulate micropatter-
ned anisotropic structures. Starling’s law of the heart has
been applied to motivate the force stretch relationship for
cardiomyocytes on the microscopic level. To account for the
temporal position within the cardiac cycle, the force stretch
relationship has been weighted by the temporal evolution of
force during an isometric single twitch. Micro-to-macro tran-
sition is performed via homogenization schemes introducing
geometric scaling parameters that represent the number of
polymer chains and fibers per truss finite element. A unique
advantage of the proposed microscopically-motivated model
in comparison to macroscopic-phenomenologic models is
that its material parameters have a clear biophysical inter-
pretation.

A series of examples was presented to illustrate the fea-
tures of the suggested approach. The proposed model has
been shown capable of reproducing the experimental results
of in vitro grown muscular thin films. Qualitative and quan-
titative validations have demonstrated the potential of the
proposed approach in modeling actively contracting cardio-
vascular tissue. An open question to be addressed in the
futures is the incorporation of pre-stress. We anticipate that
the incorporation of pre-stress induced during the tissue engi-
neering process is essential to characterize complex structu-
ral geometries like the helix which expands during systole
and contracts during diastole in vitro whereas it displays
the opposite behavior in silico. We are currently working on
enhancing our theory to explore the influence of pre-stress.

An immediate goal of this research project it to provide
guidelines to optimize tissue engineered patches in cardiac
repair. The muscular thin films grown by the Harvard group
provide a first step in this direction. However, from a practi-
cal point of view, their muscular films might be too thin to be
implantable onto the damaged myocardium. In an attempt to
mimic the true cardiac microstructure, cardiovascular tissue
engineers seek to produce stacks of multiple muscular thin
films. The unique advantage of a computational simulation
tool is that the fiber orientation in each layer can be optimi-
zed in silico and tuned with respect to the fiber orientation
close to the potential implantation site. To demonstrate the
computationally guided design of multi-layered patches for
cardiac repair, we virtually staple three representative sheets
with different fiber orientations and explore the overall struc-
tural response of the tissue patch. Figure 12 displays four
different time sequences within a cardiac cycle for a repre-
sentative three-layer sheet with line-off angles of 60°, 0° and
—60°. The structural response clearly reflects a superposi-
tion of tension and torsion characteristic for the contracting
heart.
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Fig. 12 Multi-layer sheet with three single sheets of fiber alignment
(60°/0°/ — 60°): Four screen shots for one contraction circle. a Unde-
formed structure before contraction, b deformed shape between state

a and ¢, ¢ maximum contracted sheets and d multi-layer sheets after
trs

contraction process (nfy = 97,070 mm 3, ngy = 56 mm~2)

This example clearly illustrates the potential of the pro-
posed algorithm to improve the design of tissue engineered
patches for cardiac repair. Our collaborators in are currently
aiming to build these multi-layered patches in vitro. The ulti-
mate goal of this project, however, is to predict the structural
integration of these patches when implanted on a real heart
with a complex microstructure of clearly defined fiber sheet
orientations and compare the results to real in vivo experi-
ments.

Appendix: Geometry and boundary conditions

This appendix includes the geometry measurements adopted
from [13] as well as the boundary conditions of the numeri-
cal examples presented in Sect. 3. For all examples we use
a thickness of t+ = 0.03 mm. Further in all analyses, with
the exception of the multi-layered sheet, we used four finite
elements across the sheet thickness.

Sect. 3.1: Circular sheet The circular sheet with isometric
fiber distribution, cp. Fig. 13a, has aradius of R = 17.5 mm.
The sheet is fixed in x-direction at the line aligned with the y-
axis and fixed in y-direction aligned with the x-axis. Additio-
nal, one point in the center of the sheet is hold in z-direction.

Sect. 3.2: Rectangular sheets The rectangular sheets with
anisotropic fiber distributions, cp. Fig. 13b, have the dimen-
sions of //w = 5.2/2.5 mm for the examples of Fig. 7a, b
and //w = 3.0/2.5 mm for the sheet of Fig. 7c. The sheets
are fixed in x-direction at the line aligned with the y-axis and
fixed in y-direction aligned with the x-axis. Additional, one
point in the center of the sheet is hold in z-direction.

Sect. 3.3: Coiled strip By the coiled strip, cp. Fig. 13c, the
fibers are attached to the inner side of structure. The coil is

fixed in y-direction

‘«t fixed in x-direction

(a) point fixed in z-direction

fixed in y-direction

fixed in x-direction

point fixed in z-direction

fixed in y-direction

all directions fixed

L-

all directions ﬁxey

(d) l<i

~~\

layer 2 (0°)

f layer 3 (-60°)

) *\///// ' i

Fig. 13 Geometry and boundary conditions of the analyzed structures:
Sect. 3.1: Circular sheet with isotropic fiber orientation, Sect. 3.2: Rec-
tangular sheet with anisotropic fiber orientation, Sect. 3.3: Cylindrical
contraction of coiled strip, Sect. 3.4: Helical actuator, and Sect. 4: Multi-
layer sheet

fixed at the inner end in all space directions. To account for
symmetric boundary conditions the middle plane is fixed in
y-direction. The strip’s width measures w = 1.32 mm.

Sect. 3.4: Helical actuator In this example, cp. Fig. 13d,
the fibers are arranged to the inner side of the helix. The

@ Springer
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structure is fixed at the left end in all space directions. The
measurements are R///w = 1.0/7.7/1.32 mm.

Sect. 4: Multi-layer sheet Three sheets are use to build up
the multi-layer sheet, cp. Fig. 13e. The three single sheets
have different line-off angles (layer1/2/3=60°/0°/ — 60°).
The fibers are attached on one side of each layer only. The
multi-layer sheet is fixed in the center of the second layer
at four points in all space directions. The measurements are
I[/w=1.1/0.18 mm.
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