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Abstract: Tendons and ligaments are complex tissues that are necessary for human movement.
Injuries occur very commonly and treatment quite often requires implants. Such implants must be
adapted to the biological and structural composition of human tendons and ligaments. Thus, the
objective is to realize graded, biomimetic tendon and ligament implants that are long-term resorbable.
First, basic woven fabrics are fabricated from biocompatible silk fibroin yarns. Starting from the
basic fabrics, gradient fabrics, with three different weave zones, are then developed and produced.
In addition, fabrics with variable width and lateral warp yarn offset are fabricated on the basis of
open reed weaving (ORW) technology on a modified shuttle narrow weaving loom. Meso-scale
finite element models are developed in order to support the design of the gradient weaves. First,
TexGen software is used to create a close to reality fabric geometry. Models are then converted into
beam element models using a Python script. Results of real and virtual tensile tests show a clear
relationship between the crimp of the warp yarns in the fabric structures and the resulting elongations.
The additional ORW yarn system influences the stiffness. The tensile behavior of experiments and
simulation agree very well, so the models are suitable for further development of woven implants.

Keywords: finite element method (FEM); gradient structure; open reed weaving; shuttle narrow

weaving loom; silk fibroin yarn; simulation; woven fabric

1. Introduction
1.1. General Considerations

Tendons and ligaments are complex tissues that are necessary for movement of the
human body. Ligaments connect two bones, and serve to guide and support joints, while
tendons realize the transmission of forces between soft muscles and hard bones. Injuries
occur very commonly, and usually due to chronic abrasion or trauma, e.g., in sports
accidents. The gold standard for the treatment of such defects is the use of the patient’s
own tissue, e.g., from the back muscle for shoulder tendons or from the thigh for the anterior
cruciate ligament. However, autologous material is only available in limited quantities
and harvesting is associated with an increased risk of complications (donor morbidity).
Alternatives to autologous material are biological or synthetic implants, which, however,
still have significant deficits. Thus, from a medical and economic point of view, there is
a need to develop novel biomimetic (adapted to biological and structural properties of
human tendons and ligaments) and long-term resorbable implants to cure defects.

Tendons and ligaments are primarily composed of collagen fibers embedded in an
extracellular matrix. The fiber arrangement is subject to a complex hierarchical principle.
They not only run parallel to the longitudinal axis, but also are diagonal as well as undu-
lating and intersecting. The arrangement varies depending on the position. Thus, they
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form spiral-like, interwoven structures [1]. The undulation of fibers protects tendons and
ligaments from injury, as the fibers first align themselves under load (structural elongation)
before rupture because of excessive material stretching. The nonlinear deformation behav-
ior of tendons and ligaments is realized by complex, graded structural zones. Deformation
occurs initially by alignment of undulated collagen fibers and leads to complete failure
through material stretching and initial fibril rupture. The tendon and ligament tissue first
transitions into cartilage tissue and then into bone tissue. In tendons, a transition zone
also forms between the tendon and muscle. In the three or five different tissue zones,
different cell types and matrix compositions are found, which exhibit different stiffness
and deformation behavior. It follows that implants must represent these different zones to
ensure appropriate cell colonization and, thus, restoration of the ligament or tendon.

The use of degummed silk (silk fibroin) improves mechanical properties, biocompati-
bility, and long-term resorbability, compared to currently used resorbable polymers [2-6].
Furthermore, the formation of toxic degradation products is avoided. Silk fibroin is a
natural protein with high bioactivity and good biocompatibility. It supports or promotes
adhesion, proliferation, growth and differentiation of cells, which eventually lead to tissue
regeneration [7-14]. Silk fibroin fibers have a strength of about 0.5 GPa and a breaking strain
of around 15% [15]. Compared to other resorbable materials, such as collagen and poly-L-
lactide acid (PLLA), silk fibroin fibers are thus highly resilient: they exhibit a strength more
than three times higher than PLLA and 67 times higher than collagen [5]. Therefore, silk
fibroin yarn is especially predestined for the reconstruction of tendons and ligaments in
terms of structural mechanics.

1.2. Textile Materials for Use as Tendon or Ligament Implants

Textile technology is especially suited to fabricate graded and biomimetic tendon
and ligament implants. Various technologies were investigated for that purpose: braid-
ing [16-22], knitting [23-25], weaving [26-29], and embroidery [30,31].

Using braiding, adjustment of fabric properties is mainly limited to the variation
of the braiding angle. While tendons and ligaments exhibit relatively small dimensions
(up to 10 cm), structural adaptation to natural requirements of tendons and ligaments
is, thus, only possible to a limited extent within the process. A change in geometry (e.g.,
from the ligamentous bone-tendon insertion to the round tendon center) requires special
machines that can switch between flat and circular braids. The implementation of graded
stiffness zones is also challenging, as stiffness differences homogenize in regular braids
with recurrent cyclic loading.

Gereke et al. [21] have presented a possible range for tailoring the mechanical proper-
ties of braided ligament replacements by a variation of the braiding process parameters,
together with an FEM (finite element method) model of the braiding process. They varied
the braiding angle by applying different draw-off forces in the braiding process, which
influenced the tensile properties of the braided structure.

Knitted fabrics for tendon/ligament implants have been prepared from silk fibroin [25],
Poly(Lactic-co-Glycolic Acid) (PLGA) [23,24] and Poly-¢-Caprolactone (PCL) [24]. Even
though cell reaction was positive, mechanical strength of native tendon/ligament could not
be achieved, due to the fact that its textile structure and deformation behavior could not be
reproduced. The commercially used knitted product Artelon® (Artelon, Marietta, GA, USA)
is manufactured from fibers of polycaprolactone-based polyurethane urea (PUUR) [32,33].
However, it does not exhibit graded stiffness and, thus, does not support locally adapted
cell differentiation.

Stitching of tendon and ligament replacements has also been investigated for the
anterior cruciate ligament using absorbable lactic acid-based materials [30,31]. However,
machine parameters, such as stitch length and needle diameter, limit the formation of
graded features.

Woven implants are commercially available. The woven fabric X-Repair™ (Syntha-
some Inc., Del Mar, CA, USA) is manufactured from PLLA fibers and, thus, bears the risk of
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over-acidification of the defect site [29]. Due to the highly dense weave, there is only little
space available for the formation of tendon cells from collagen fibers and supporting extra-
cellular matrix. Another commercial product, Biofiber™ (Tornier Inc., Edina, MN, USA), is
an open-pored leno weave from the degradable polymer prolyl 4-hydroxylase (P4HB) [29].
It is constructed from several textile layers that are sewn together [28]. It provides only a
constant deformation behavior over the length, which means that the requirements for a
biomimetic implant are not achieved.

The deformation behavior of a woven fabric is a result of fiber material properties
and the weave pattern used. Selectively combining different weave patterns within one
fabric enables locally different deformation behavior. This effect has been used to date
to adjust the drape behavior of fabrics for composite reinforcements in a targeted man-
ner [34,35]. The use of open reed weaving (ORW) technology (broad weaving technology)
and variable-width reed (ribbon weaving technology), in combination with multilayer
woven structures, represent promising approaches for realization of fabrics with locally
adjustable deformation behavior (structural mechanical gradients), varying fabric width
and porosity over the length (geometric gradients) for biomimetic tendons and ligaments.

A simulation approach for the generation of a unit cell has proven to be especially
useful, since it results in a high accuracy in representation of yarn cross-sections and contact
areas compared to a moderate computation time [36-38]. Finite elements, known as digital
elements, are particularly suitable for modeling textile structures made of multifilament
yarns [37,39-42]. In this micro-scale approach, the filaments are discretized by chains of
truss or beam elements connected by frictionless links at their nodes. The only mechanical
property of the yarn is the tensile modulus in the fiber direction.

The objective is to realize the basis for graded, biomimetic and long-term resorbable
tendon and ligament implants, based on biocompatible silk fibroin yarns. Implant design
should approximate native anatomical shape and biomechanical behavior of tendons or
ligaments through structural mechanical and geometric gradients to allow rapid healing
and remodeling by cells. For development of tendon and ligament structures with variable
texture and porosity over their lengths, varying deformation properties and high strength,
weaving technology, in particular, offers excellent potential.

2. Materials and Methods
2.1. Material

Degummed silk fibroin yarns (D’orica s.r.1., Nove, Italy) with a linear density of 33 tex
were used for the studies. The silk is in the form of a twisted yarn with circular cross-section.
Yarns exhibit nonlinear mechanical behavior in tension with a Young’s modulus of 12.0 GPa
(coefficient of variation, CoV: 9.2%) and a maximum stress of 43.3 cN/tex (CoV: 2.6%).
These values refer to 50 yarn tensile tests, according to DIN EN ISO 2062 [43]. Tensile test
results of the yarns are displayed in Figure 1.
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Figure 1. Results of tensile tests of 33 tex silk fibroin yarns and material model for simulation (material
model is described in Section 2.4).
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2.2. Weaving

Multilayer woven fabrics with different stiffness properties are created by incor-
porating warp yarns differently into the fabric structures. Three different basic weave
patterns were selected (compare Table 1). These were two layer-to-layer fabrics of plain
and satin weave, respectively, and one angle-through-thickness fabric. Warp yarn density
was varied between 75 cm~! and 150 cm ™!, while weft yarn density was constant with
50 cm ™. The fabric samples of the individual weave patterns were produced on a shuttle-
loom-weaving machine with Jacquard unit (Mageba Textilmaschinen GmbH & Co. KG,
Bernkastel-Kues, Germany).

Table 1. Data of multilayer weaves.

Weave Layer-to-Layer Satin Layer-to-Layer Plain Angle-through-Thickness
Number of layers 6 5 5
Warp yarn density (em™1) 150 75 125
Weft yarn density (cm™1) 50 50 50
Crimp small medium medium

Furthermore, open reed weaves (ORWs) were developed. For this purpose, weaves
with different lateral offsets in the warp direction were designed in such a way that different
angles of the ORW yarns were obtained. Table 2 shows the configurations of two ORW
fabrics, denoted ORW1 and ORW2. As a basic structure, angle-through-thickness weave
was used. The difference between both was the ORW yarn offset in the weft direction,
which was two weft rows in ORW1 and six weft rows in ORW2. This resulted in ORW
angles of 26.6° and 56.3°, respectively. In order to achieve a homogeneous elongation
across the fabric width without the edge yarns falling out, lateral offset was selected over
four warp yarn rows. To determine the influence of the additional ORW yarn system, the
angle-through-thickness weave without such ORW yarns, presented in Table 1, served as
a reference.

For ligament and tendon implants, the structures have to be graded, i.e., they have to
have zones with different stiffness ranges. Three of such gradient structures, termed GW1-3,
were developed and fabricated (Table 3). Each of them had three different weaving zones
within one fabric. The weave patterns to create the zones were selected based on stiffness
and referred to as k1, k2 and k3. The first gradient weave (GW1) was a multilayer weave
with geometrical and structure mechanical gradient. Varying width within different zones,
between 24 to 30 mm, accounted for the geometric gradient. The structure mechanical
gradient was achieved by varying the weave pattern in the different zones. Fabric GW2
was an ORW weave with constant width and structure mechanical gradient, which was
induced by varying ORW yarn offset in the weft direction. ORW yarn was moved 2, 6
and 12 weft rows, respectively. The third fabric, GW3, was an ORW weave with structure
mechanical gradient and additional geometrical gradient, i.e., width of the three zones
varied between 24 to 30 mm. Structure mechanical gradient was induced by varying ORW
yarn offset similar to GW2.

For production of ORW fabrics with lateral warp yarn offset and variable width, a
shuttle loom narrow weaving machine was modified. The principle of open reed weaving,
known for its broad weaving technique, was adapted to a narrow weaving technique. This
required designing an additional ORW device, which was located between a weft insertion
zone and shed-forming device and envisaged inserting additional warp yarns into the
woven structures by a linear system. Temporary dipping of needles into the shed and
laterally displacing the yarns by means of an open reed achieved this (Figure 2). A Y-reed
open at the top was used here. To increase process reliability and to ensure collision-free
operation, an additional reed for sorting warp yarns was installed directly behind the
shedding device. Thanks to the swiveling design of the linear system, the ORW needles
could, thus, be moved in front of the reed in the rear shed and dipped into the required
warp aisle.
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Table 2. Overview of open reed weaves.

ORW1 ORW2
ORW offset front 4 warp rows 4 warp rows
2 weft rows 6 weft rows
ORW offset back 2 weft rows 6 weft rows
ORW angle 26.6° 56.3°
Picture front
Picture back

Table 3. Developed woven structures with geometrical and/or structure mechanical gradient.

GW1 GW2 GW3
k1 layer-to-layer satin angle-through-thickness layer-to-layer satin
Weave k2 layer-to-layer plain angle-through-thickness layer-to-layer plain
k3 angle-through-thickness angle-through-thickness angle-through-thickness
k1 - 4/2 4/2
ORW off-set warp/weft k2 - 4/6 4/6
k3 - 4/12 4/12
k1 24 30 24
Width (mm) k2 24-30 30 24-30
k3 30 30 30

Picture of fabrics
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Figure 2. Developed additional ORW device: (a) integration into the weaving loom, (b) gantry system
with ORW needles, (c) inserted open weaving reed with variable fabric width.

In addition, solutions for effective fabric guidance, in particular variable fabric spread-
ing, were developed and implemented. To meet the required fabric widths, the fabric was
kept wide with laterally inserted monofilaments. These monofilaments were pulled out of
the fabric edge during the finishing process. This had the advantage that, on the one hand,
the width of the temple was variably adapted to the reed width and, on the other hand,
any temple rollers did not damage the fabric.

2.3. Testing

To determine the different structural strains along the fabric length, tensile tests were
carried out according to DIN ISO 13,934 [44] on a Zwick ZMART.PRO (ZwickRoell GmbH
& Co. KG, Ulm, Germany) testing machine using a camera system (Figure 3). To record
the different strains, specimens were patterned (point clouds) and subsequently evaluated
using GOM Correlate (Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany) image
processing software.

(b)

Figure 3. (a) Measuring setup for determining stress-strain behavior of fabrics and (b) clamped test

specimen with speckle pattern.
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2.4. Modelling

The basic weaves were transferred to numerical meso-scale models in LS-DYNA and
subjected to virtual mechanical tests in order to predict mechanical tensile behavior. TexGen
software [45] was used to create a close to reality fabric geometry (Figure 4a). Fabrics were
modelled with unit cell dimensions on the meso-scale, i.e., individual yarns were modelled.
The generated fabric models were then converted into beam elements using a Python script,
thus creating an FEM model for LS-DYNA (Figure 4b). The bending limp characteristic
of silk yarn was taken into account by applying the digital element approach [39,40], in
which the bending stiffness of the model yarn is neglected. The macro-scale fabric was
assumed to consist of periodic multiples of the generated models. Therefore, the node
pairs on opposite faces belonging to the same yarn were coupled using periodic boundary
conditions to ensure the same displacement of each node pair.

(b)

Figure 4. Exemplary model generation for angle-through-thickness weave: (a) TexGen model,
(b) beam element model in LS-DYNA.

To form models of gradient fabrics, unit cells of base fabrics were combined. Since
different positions of the warp yarns can occur at the end of a weave zone in the weft
position, additional transition weave zones were created to ensure a correct yarn course.
To reduce the numerical effort, only a quarter of the gradient fabric was simulated by
exploiting geometry symmetries, ensuring node displacements only on the corresponding
symmetry plane. Accordingly, boundary conditions were added to the symmetry planes.
Figure 5 shows the model for fabric GW1.

Figure 5. Model of fabric GW1 with gradient structure (one-fourth model), from left to right: layer-to-
layer satin weave, layer-to-layer plain weave, angle-through-thickness weave.
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A suitable material model for silk fibroin yarn was developed based on tensile tests
(see Section 2.1). An elasto-plastic material with isotropic hardening was used. The yield
stress, 0, is a function of plastic strain as follows:

oy = ae’ = a(ey, +Ep)b (1)

Herein e, is the elastic strain to yield and & the effective plastic strain (logarithmic).
A strength coefficient and a hardening exponent are termed a and b, respectively. The

elastic strain at yield is
1
EN o1
Eyp = ( o ) )

with E as Young’s modulus. Figure 1 shows the material model along with experimental
yarn tension tests.

For evaluating the fabric models, they were virtually loaded. Fabric deformation under
load was investigated in the warp direction using corresponding boundary conditions.

3. Results and Discussion
3.1. Testing

Tensile test results of multilayer weaves are presented in Figure 6a. The relationship
between crimp of warp yarns in the fabric structures and resulting elongations can be clearly
observed. Stiffness was highest for layer-to-layer satin fabric, as it had the least crimp.
The evaluation of the measurement results for ORW fabrics (Figure 6b) shows that the
additional ORW yarn system influenced the stiffness. The ORW yarns additionally compact
fabrics with a lower number of weft rows between the offset, resulting in a stiffer structure.

1200 y 600
1000 | A 500
800 | / 400

Z ‘ 1t Z

(=1 Y =]

.- ¥ =i

@ 600 | v G o 300

Ed / Yo

15 / g

B~ 400 B~

n
=]
o

-
/// T

——me————" Angle-through-thickness

=
L=
/

200 | 100

Angle-through-thickness

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 001 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Strain in % Strain in %
(a) (b)

Figure 6. Force-strain behavior in the range up to 15% elongation of (a) multilayer weaves and
(b) ORW weaves (mean) as measured from tensile tests.

The strain in the individual zones of the gradient weave structures was determined
using image evaluation software GOM to correlate displacements between applied paint
dots. The optical evaluation of gradient fabrics during tensile tests showed that individual
zones exhibited different strains (Figure 7).

The result for GW1 (compare Figure 7a) showed significantly higher strain in the
angle-through-thickness zone (k3). Strain was 46% higher compared to the layer-to-layer
plain weave zone (k2) and 47% higher compared to the layer-to-layer satin weave zone (k1).
It should be noted that due to reduction in fabric width, higher warp yarn tensions were
present and, thus, the elongation of the plain weave was lower than characteristic values
from individual tensile tests.
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Strain in %

(b)

Figure 7. Exemplary images of DIC measurements during tensile testing of (a) GW1, (b) GW2, and
(c) GWS3.

The stretched ORW yarns on the backside of the fabric in GW2 caused inhomogeneous
elongation behavior, as displayed in Figure 7b. The elongations in the individual zones
differed. In the weave zone with lower offset of the ORW yarns (two weft rows, k1), stiffness
was 15% higher compared to an offset of six weft rows (k2) and 37% higher compared to an
offset of 12 weft rows (k3).

The optical evaluation of GW3 (Figure 7c) shows similar results as those of the tensile
tests for GW2. The additional ORW yarns led to inhomogeneous elongations along the
warp direction due to the stretched yarn layers on the backside of the fabric. The elongation
ranges themselves differed only slightly from the results of GW1. Thus, in the zone of the
angle-through-thickness weave (k3), there was a 45% higher elongation compared to the
zone of the layer-to-layer plain weave (k2) and a 49% higher elongation compared to the
layer-to-layer satin weave (k1). Again, the zones of layer-to-layer plain and satin weaves
were close to each other.

3.2. Modelling

Geometric model validation is performed by comparing unit cell geometry with
micrographs of the fabrics (compare Figure 8). A good representation of the real geometry
was found for the modelling approach.

Figure 8. Comparison of a model and micrograph of the corresponding fabric (angle-through-thickness).

Figure 9 compares the force-strain behavior of experimental and numerical tensile
tests. The simulation results were scaled by the ratio between the number of warp yarns
in the simulation model and the number of warp yarns in the tested fabric. The structure-
mechanical behavior of the fabrics was nonlinear. At the beginning of deformation, struc-
tural elongation occurred, which was associated with large strains at low forces. This
behavior was followed by material elongation. Differences occurred between different
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textile architectures, while angle-through-thickness fabric exhibited the greatest structural
elongation. There was very good agreement between results gained from simulation mod-

els and tensile tests in the elastic range. This suggests that models can be used as a basis for
gradient fabrics.
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Figure 9. FEM models and force-strain-curves of selected weaving geometries (grey—experiments,
red—simulation), (a) Layer-to-layer satin, (b) Angle-through-thickness, (¢) ORW1.

The simulation results of gradient fabrics GW1 and GW2 are shown in Figures 10 and 11.
It should be noted that one quarter of the fabrics was simulated and shown in the figures.
The displacement in the x-direction (warp yarn direction) is normalized to the maximum
displacement and given in %. As can be seen from the displacement of warp yarns during
simulation, subregions with graded stiffnesses analogous to the weave zones occurred
during deformation of gradient fabrics. Fabric GW1 exhibited the largest displacement
in the angle-through-thickness zone, which was the less stiff zone in this gradient fabric
(see Figure 10). GW2 was a gradient fabric with angle-through-thickness basic weave and
different arrangements of ORW-yarns in the three weave zones. The largest displacement
was found in the zone with a larger ORW angle, due to larger ORW yarn offset. Correspond-
ing experimental tests confirmed these results. The additional ORW yarns in GW2 led to
inhomogeneous strain behavior of the structures. Comparison of simulated force-strain

curves indicated very good agreement with experimental tests of the gradient fabrics in the
elastic range (Figure 12).

Normalized x-displacement in % I— 100
-80

Figure 10. Simulation results of gradient fabric GW1: displacement of the warp yarns at different
total strain values: (a) 10%, (b) 20%, and (c) 30%.
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Figure 11. Simulation results of gradient fabric GW2: displacement of the warp yarns at different
total strain values: (a) 10%, (b) 20%, and (c) 30%.
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Figure 12. Experimental (grey) and simulated (red) force-strain curves of (a) GW1 and (b) GW2.

4. Conclusions

The basis for graded, biomimetic and long-term resorbable tendon and ligament im-
plants based on biocompatible silk fibroin yarns was realized. Multilayer woven fabrics
from different stiffness levels were developed using simulation and fabricated with silk
fibroin yarns. For this purpose, the weaving machine was adapted and meso-scale simula-
tion models were developed and validated. The structural-mechanical behavior simulated
with the models of the base fabrics and the gradient fabrics showed very good agreement
with experimentally determined data and could, thus, be used for further developments
of gradient woven structures. The fabrics were manufactured with a porosity that would
allow cell colonization. Therefore, together with the biocompatibility, sterilizability and
the slow resorption of silk, such multilayered woven structures have high potential to be
applied as tendon or ligament replacement materials. For a medical application of these
implants, further research is necessary.
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