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Abstract:

This paper presents the experimental and numerical analysis of the potential of a braided fabric for flexor tendon
repair. Numerical models of tubular braided fabrics were generated using a python script interface and imported
into ABAQUS® while Flexor tendon models were represented as silicone rubber rods. Experimental tests and Finite
Element Modelling (FEM) of the flexor tendon repair was undertaken by deploying two tendon ends from opposite
sides of a tubular braided fabric. This was done such that the tendon ends meet at the midpoint within the fabric.
The tendons were tightly held to emulate a realistic repaired tendon. A displacement driven uniaxial loading was
induced on the tendon-fabric assembly sufficient to cause a 2mm gap between the tendon ends. Numerical analysis
of the repair potential of a braided fabric in tendon repair was done by analyzing selected fabric parameters that
were crucial in tendon repair applications. The results show that changing the parameters of the braided fabrics
significantly affected the potential of the fabrics during tendon repair.
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Nomenclature

D, (mm) Diameter of the tendon

Dy (mm) Diameter of the braided fabric Yarn
diameter

3] (@) Pitch angle between the braided yarns

Ly (mm) Length of braided fabric

CPRESS (MPa) ABAQUS® Contact Pressure

S, MISSES (MPa) ABAQUS® Von Mises Stress

0B (¢)  Angular reduction

AR (mm) Radial contraction

D (mm) Displacement

V] (-) Coefficient of friction
(/'  Mass density

cm?)
1. Introduction

Tubular braided fabrics are fabricated by helical interlacement
of two sets of yarns in a circular manner; one set of yarns runs
in the clockwise direction while the other runs in anticlockwise
direction [1, 2].

Mechanical and geometrical modeling of braided fabrics have
been the subject of diverse studies [3-9]. In the medical field,
tubular braided fabrics have been adopted for numerous
applications targeting mostly urology, the gastrointestinal tract,
airway indications [10] and heart surgery as prosthetic stents
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[11, 12]. Traditionally, the repair of flexor tendons have been
done using various suture techniques [13-14]. More recently,
braided fabrics have been proposed for repair of ruptured
tendons as possible replacement of the conventional methods
of tendon repair. In this innovative approach [15], a braided
fabric was adopted as a device for repair and rehabilitation of
a tendon, as illustrated by Figure 1. In order to initiate healing
and regeneration in ruptured tendons, it is necessary that a
tendon repair technique offers adequate strength and ensures
minimal gap formation at the repair site. Hence, analyzing
the influence of fabric parameters on repair strength and gap
formations is fundamental in the design of novel tubular braids
capabile of efficient tendon repair.

This paper therefore, provides insights into the performance
of braided fabrics for tendon repair by undertaking an
experimental and numerical analysis of the tendon repair
process. Using finite element modeling, the performance of
several braided fabrics were assessed for potential tendon
repair applications. The force required to create a gap of 2
mm at the repair site was monitored, which was considered
as a measure of the tubular braid’s potential for a realistic
tendon repair process. The finite element models considered
in this paper provided realistic means to analyze this force
and link it to the tubular braid deformation, pressure at the
tendon-fabric interface and stress levels in the tendons.
Furthermore, a parametric study was performed to determine
the effect of yarn stiffness, tendon/yarn friction, initial pitch
angle and yarn cross-sectional shape on the repair potential
of braided fabrics. A series of experiments were performed to
validate the FEM models.
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Figure 1: Schematic illustration of tubular braided fabric model and direction of deployment for tendon ends during tendon repair

2. Materials and Methods

2.1. Geometrical model and material properties

pyFormex (version 0.9.1) was used as a pre-processor to
build the geometrical and finite element model of a tubular
braided fabric in this study. The open source pyFormex
software, currently under development at Ghent University,
provides a Python based script to build a model by means of
subsequent mathematical transformations. The investigated
original braided fabric (L, = 20 mm, D, = 8 mm) consists of
single (regular-braided fabric) and double (multi-braided fabric)
interlacing sets of helical yarns (8 = 90° and yarn diameter =
0.2 mm) made from polyester (PET) monofilament yarns (E
= 3500 MPa, v = 0.3, p =1.3 gcm?) (see Figure 2). Samples
with similar dimensions shown in Figure 2 were developed as
geometrical models and also fabricated for experimental tests.
The braided fabrics were meshed using linear elastic beam
(B31) elements. The tendon material was represented using
silicone rubber cords (p =1.2 g cm™®, v = 0.5); and modeled as
three dimensional homogenous solids meshed with hexahedral
(C3D8R) elements. The hyperelastic material properties of
the rubber material was evaluated using ABAQUS® Ogden
material model [16] using actual test data sets from the silicone
rubber samples considered in this paper. In this procedure, the
constants for Ogden’s Hyper-elastic model were automatically
fitted by ABAQUS® in terms material constants (u,, a,, D,)
using a non-linear least squares optimization procedure. The
actual values for the parameters (evaluated from the test data)
were: y, =211, a0, =4.3and D, =0.0, atN = 1.
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2.2. Experimental

Following the methodology proposed by the innovations of
Matthew Bills, [15], a model of flexor tendon repair using a
tubular braided fabric was described as follows: (i) a rupture in
the tendon was created by precisely cutting the artificial tendon
prototypes at their mid region; (ii) the cut tendons were inserted
into the tubular braid from opposite sides until they were just
touching at the midpoint of the braided fabric; (iii) the tendon
ends inserted in the fabric were fixed in place by fastening
them onto the ends of the braid to minimize slippage. The

Figure 2: Samples of tubular braided fabrics and prototype tendon
materials considered for experimental tests
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potential of the braided fabric in tendon repair was obtained
by displacing one tendon end while fixing the opposite end.
The samples were mounted in specially designed clamps of
an Instron® tensile testing machine and displaced at a rate of
5 mm/min. Since the goal of the study was to demonstrate the
validity of the models in predicting the tendon repair potential of
a tubular braided fabric, the repair models were run up to a gap
size of 2 mm which is considered an allowable gap between
tendons to allow healing and regeneration of the tissue [17-20].

The setup is as shown by the illustration in Figure 3. The gap
formation was monitored during testing using a travelling digital
microscope (low magnification). The test was stopped after a
gap formation of 2 mm was obtained. The experimental data
was used to validate the corresponding FE models.

2.3. Meshing and Boundary Conditions

The finite element mesh of the considered braided fabric was
created automatically by pyFormex and subsequently imported
into ABAQUS®. The mesh for both braided fabric and tendon
structure were selected after a sensitivity analysis in which the
braided fabric was defined by 10240 (20480 for multi-braid
fabric) two-node linear beam elements (B31); while the tendon
structure was defined by 34000 hexagonal elements (C3D8R)
(Figure 4).

The boundary conditions were defined by applying a

displacement driven uniaxial loading on the distal tendon
end, while the proximal tendon end is constrained in both the

Figure 3. Experimental set up for uniaxial loading of the braided fabric
repaired tendon
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axial and circumferential direction. These boundary conditions
were able to emulate the actual tendon displacement behavior
necessary for gap formation. Contact and friction at the yarn-
yarn interface and the tendon-yarn interface were applied
using general contact algorithm with appropriate coefficient
of friction as quoted from literature for similar materials under
consideration. [21, 22]. The explicit solver ABAQUS®/Explicit
was used in the simulations and the simulation time adjusted
to have a quasi-static response, that is, kinetic energy is below
5% of the internal energy [23].

3. Simulation Results and Experiment Verification

The results of uniaxial loading of the tendons shown in
Figure 5 and Figure 6, illustrate that the FEM results and the
experimental test data for the study of the potential of braided
fabrics in tendon repair are in reasonable agreement. In this
study, the evolution of force on the tendons with displacement
was considered up to a maximum gap of approximately 2.0 mm
using a regular braided fabric (Figure 5) and a multi-braided
fabric (Figure 6). It was observed that for the regular-braided
fabric repair model, force increases as the displacement of
tendons increase up to a maximum displacement of 12.0 mm
when a gap of 2.0 mm was formed between the tendons; up
to a maximum force of 17.6 N in the experiment and 17.1 N for
the simulation.

In the multi-braided fabric repair model, the force on the
tendons increased with displacement of the tendons. The
tendon in the repair model was displaced by 20.0 mm for a 2.0
mm gap to be formed, of which the maximum force of 26.4 N
was recorded for test data and 29.8 N for FEM data. In both the
regular and multi-braid repair models (Figure 5 and Figure 6),
the experimentally obtained force data was slightly higher than
that predicted by the FE-models. This might be attributed to
material non-linearity for both tendon and braided fabrics which
are not accurately captured in the numerical computations. The
results show that the multi-braided fabric repair model required

Figure 4: Geometrical models of the tendon-braid assembly for
simulation of tendon repair using (i) regular-braided and (ii) multi-
braided fabrics.
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more force to form a gap of 2.0 mm (26.4 N for test data and
29.8 N for FEM) as compared to the regular braided fabric (17.6
N for test data and 17.1 N for FEM). This is linked to the fact
that a multi-braided fabric would offer more resistance to gap
formation. The gap resistance was established to be less than
30.0N as reported by earlier research for gap resistance for
some conventional surgical techniques of tendon repair [17-20]

Meanwhile, the results in Figure 5 and Figure 6 show slight
difference between the experimental and numerical data. This
is attributed to the fact that the FE models could not capture
all the non-linearities in the actual test samples and can also
be associated with the profile of ABAQUS® amplitude applied
in the uniaxial tensile loading protocol considered for the FE
models. However, despite some differences existing between
FE results and experimental data, the FE model developed in
this paper could effectively be used to simulate the potential of
a braided fabric in repair of tendons.

3.1. Parameter study of tendon repair with reqular-braided
fabrics using FEM

The FE-models developed in this study were thus considered
for an in-depth analysis and a parametric study was performed
in order to assess the effect filament-material (elastic modulus)
properties, contact-friction, initial pitch angles and yarn cross-
sectional shape on repair potential of the braided fabric.

The material stiffness of the braided yarns were changed from
polyester monofilaments to nitinol wires. The material properties
of nitinol was adopted from published literature [24]. The
results were presented as shown in Figure 7 for the analysis
of gap formation with force, contact pressure on tendons and

()

(iii)

Figure 5: Experimental and FEM results for polyester-braided fabric
repair models showing force-displacement analysis for regular-braided
fabric model.

Figure 6: Experimental and FEM results for polyester-braided fabric
repair models showing force-displacement analysis for multi-braided
fabric model.

(ii)

(iv)

Figure 7: Analysis results for the braided fabric repair models showing (i) force — gap size, (ii) contact pressure — gap, (iii) percentage angular

reduction — gap and (iv) percentage radial constriction — gap.
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deformation (angular reduction and radial constriction) for
polyester and nitinol braided fabric repair models. The maximum
displacement necessary for a 2.0 mm gap to be formed in both
the polyester repair model and nitinol repair model was 12.0
mm. At the maximum gap (2 mm), the results portray that the
polyester braided fabric repair model had a maximum force of
17.1 N, 24.6% angular reduction, 10.3% radial constriction and
7.4 MPa contact pressure at the tendon braid interface. Whereas
in the nitinol braided fabric repair model at the maximum gap of
2.0 mm, a maximum force of 17.5 N, 18.4% angular reduction
and 14.1% radial constriction had a resultant contact pressure of
10.9 MPa at the braid tendon interface. It was also noted from
Figure 7 (i) and (ii) that the nitinol repair model had a higher
force and contact pressure than the polyester repair model for
most part of the gap formation. These results imply that the use
of the nitinol braids would require more force to form the gap
between the tendons than the polyester braids. Furthermore, as
evidenced by the stress contours in Figure 8 and Figure 9, the
contact pressure at the tendon braided interface was higher for
the nitinol fabric model than for the polyester model. The results
show relatively high stresses in the nitinol models which can
be attributed to the higher stiffness of the nitinol material in the
braided fabrics [21, 24].

There was also evidence of deformation in the braided fabrics
due to uniaxial loading caused by the tendon displacement [25-
28], which was comparatively higher in the nitinol fabric repair
model than in the polyester fabric repair model. This could be
due to the fact that during gap formation, the tubular braid is

U] (if)

stretched that causes radial contraction and angular reduction.
In turn, this braid deformation causes a contact pressure and
keeps both ends together resulting in a reaction force opposing
the gap formation. The results in Figure 7 show that the contact
pressure on the tendons on the repair model for both types of
fabrics increase with an increase in the gap size which was
consistent with the results of the evolution of force with gap
size in both types of repair models. This could be attributed
to the fact that as the tension in the tendons increased as
evidenced by the increase in the force with gap size, the
interface between the tendons and the braided fabric wrapped
around them decreased.

This resulted into the tendon and the braided fabric tightening
resulting into propagation of the contact pressure on the
tendon surface which is evidenced by the contour plots in
Figure 8(i) and Figure 9(i) than that in the nitinol repair model,
even though the nitinol repair model braided fabric had more
radial constriction than the polyester braided fabric. However,
both fabrics indicated stress levels that are consistent with the
stress levels of real tendons [29-31], indicating that the contact
pressure due to the braided fabric could be within the limits of
tendon stresses.

3.1.1. Parameter analysis of repair potential of polyester
braided fabric

In the parameter study for the potential of the polyester braided
fabric, it was noted that increasing the fabric contact friction,

(iif) (iv)

Figure 8: Contour plots for polyester braided fabric models showing contact pressure (top row) and Von Mises stress (bottom row) in tendon-
fabric interface (i) regular braided fabric repair model (ii) high friction repair model (iii) low initial pitch angle repair model (iv) tape yarn braided

fabric repair model

U] (if)

(iii) (iv)

Figure 9: Contour plots for nitinol braided fabric models showing contact pressure (top row) and Von Mises stress (bottom row) in tendon- fabric
interface (i) regular braided fabric repair model (ii) high friction repair model (iii) low initial pitch angle repair model (iv) tape yarn braided fabric

repair model
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the displacement of the tendons will be 22.0 mm; while when
a fabric with low initial pitch angle was reduced, the tendons
were displaced by 12.0 mm, same as when a tape yarn
braided fabric was used. The results for the evolution of the
gap between the tendons for different parameters analyzed are
as shown by the plots in Figure 10.

In the analysis results summarized in Table 1, it can be
observed that when the parameters of the standard polyester
braided fabric were changed, it was noted that in terms of
force in the repair model required to form a 2.0 mm gap,
changing the contact friction in the fabric will increase the
force most (35.6N), followed by using a fabric with a low initial
pitch angle (20.7 N) and then using a tape yarn braided fabric
(17.6 N). In terms of the contact pressure at the tendon-braid
interface, a change in fabric friction had the most influence
(11.8 MPa), then using a tape yarn braided fabric ( 8.6 MPa),
followed by using a fabric with a low initial pitch angle ( 7.2
MPa). Meanwhile, in terms of deformation of the fabric, the
angular reduction was mostly affected by the changing fabric

()

(iii)

friction (32.8%), followed by using a tape yarn braided fabric
(25.6), and then using a fabric with a less initial pitch angle
(11.8%). The radial constriction of the fabric was mainly
influenced by fabric friction (15.5%), followed by using tape
yarn braided fabric (12.6%) and then using a fabric with a low
initial pitch angle (6.3%).

3.1.2. Parameter analysis of repair potential of nitinol
braided fabric

In the analysis of parameters for the potential of using a nitinol
braided fabric in tendon repair, it was noted that when there
was an increase in fabric friction, the tendons will be displaced
by 40.0 mm; while at low fabric initial pitch angle, the tendons
were displaced by 30.0 mm, whereas with a tape yarn braided
fabric, a displacement of 12.0 mm is required to form a gap
of 2.0 mm. The results for the evolution of gap between the
tendons for different parameter analyzed are shown by the
plots in Figure 11. In the analysis of the results for potential of
using a nitinol braided fabric in tendon repair, as summarized

(ii)

(iv)

Figure 10: Analysis results for polyester braided fabric repair models at increased contact friction showing (i) force — gap size, (ii) contact pressure
— gap, (iii) percentage angular reduction — gap and (iv) percentage radial constriction — gap.

Table 1: Analysis of parameter for polyester braided fabric tendon repair capabilities

Parameter d (mm) Load (N) A8 (%) AR (%) CPRESS (MPa)
Standard structure 12.0 171 246 10.3 7.4
Increased friction 22.0 35.6 32.8 15.5 11.8
Low initial pitch angle 12.0 20.7 11.8 6.3 7.2
Tape yarns 12.0 17.6 25.6 12.6 8.6
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in Table 2, when the parameters of the standard nitinol braided
fabric were changed, it was noted that in terms of force in
the repair required to form a 2mm gap, changing the contact
friction in the fabric will increase the force most (83.3N). This
was followed by using a fabric with a less initial pitch angle
(73.0N); while using a tape yarn braided fabric would have less
difference in the force (18.7N).

In terms of contact pressure at the tendon-fabric interface,
changing the friction in the fabric would also have the most
effect (29.8MPa), followed by using a fabric with a low initial
pitch angle (12.0MPa), and then using tape yarn braided fabric
(11.6). In case of angular reduction, contact friction had the
most influence (32.9%), followed by using tape yarns (17.6%),
and then a fabric with a low initial angle (16.6%). The radial
constriction was mainly affected by using a fabric with contact
friction (21.6%), this was followed by tape yarn braided fabric
(8.2%), with low initial pitch angle fabric (7.3%) having the least
influence.

()

(iii)

4. Discussion

The results for the potential of polyester and nitinol repair
models indicate that an increase in contact friction will lead to
a significant increase in the tension in the tendons and contact
pressure in the repair process. This can be linked to increase in
the rubbing effect at the yarn-yarn and tendon-braid interface,
which would eventually cause an increase of abrasion in the
repair process. It was also illustrated that using a braided fabric
with smaller initial pitch angle would significantly increase the
resistance to gap formation, as evidenced by the increase in
the amount of force required to form the 2 mm gap, while only
resulting in low deformation of the braided fabric. This implies
that there will be less pressure on the tendons, as evidenced by
the low change in the contact pressure on the tendons in both
repair models, and could prove beneficial for the healing tendon.
When a tape yarn was adopted for the braided fabrics, there was
a significant change in the contact pressure in the repair models
which can be attributed to the increase in contact surface of the

(ii)

(iv)

Figure 11: Analysis results for nitinol braided fabric repair models at increased contact friction showing (i) Force — gap size, (ii) stress — gap, (iii)
percentage angular reduction — gap and (iv) percentage radial constriction — gap.

Table 2: Analysis of parameter for nitinol braided fabric tendon repair capabilities

Parameter d (mm) Load (N) A8 (%) AR (%) CPRESS (MPa)
Standard fabric 12.0 17.5 18.4 14.0 10.9
Increased friction 40.0 83.3 32.9 21.6 29.7
Low initial pitch angle 30.0 73.0 16.6 7.3 12.0
Tape yarn braided fabric 12.0 18.7 17.6 8.2 11.6
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tape yarns as compared to the normal round yarns. There was
also evidence of high deformation of the braided fabric made of
nitinol yarns, which could be attributed to the higher stiffness of
the nitinol material. It was also established from the results that
the tape yarns resulted in the least change for most parts of the
repair models compared to a standard fabric; this implies that
they could be better suited for tendon repair than the normal
round yarns. This is because of the fact that the tape yarns have
more surface area along the length of the braid fabric that would
offer more support for the ruptured tendons at the repair site.

5. Conclusions

In this paper, the potential of a tubular braided fabric in repair of
flexor tendons was studied using uniaxial tensile loading results
from FEM and experimental test. In this regard, an FE model
was developed in ABAQUS® software based on numerical
python script and validated with actual data from tensile loading
tests on braided fabric repaired tendon models. The results
from the FEM and experimental tests had an approximate
agreement, which proves the validity of the FE model, and thus
its application to simulate the evolution of gap size with tensile
load of a braided fabric repaired tendon. The uniaxial tensile load
recorded in the multi-braided fabric repair model was higher as
compared to the regular-braided fabric repair model. This was
attributed to the fact that a multi-braided fabric is inherently
stiffer than a regular-braided fabric and would hence offer more
stiffness during tendon repair. This was also evidenced by the
deformation recorded for the multi-braided fabric model which
was comparatively more than that in the regular-braided fabric
repair model. The parameters of the regular braided fabric were
changed by varying its material properties, contact friction, initial
pitch angle, and yarn cross section variations were undertaken
to investigate their impact on tendon repair process. The results
illustrated changing the fabric parameters would significantly
affect the gap formation, amount of force and deformation of the
braided fabric during tendon repair. The results portrayed that
increasing the contact friction coefficient of the braided fabrics
had the most significant increase in the tension in the tendons
and contact pressure in the repair process, than decreasing the
initial pitch angle of fabrics or adopting tape yarns in the braided
fabrics. The use of tape yarn braided fabrics resulted in the least
change for most parts of the repair models and could be better
suited for repair of tendons as compared to the normal round
yarns. It can hence be concluded that these insights might prove
helpful for future research/applications as they indicate what
other types of braiding should be used.
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