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Investigation of the role of crimps in collagen fibers in tendon with a
microstructually based finite element model
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Abstract— Tendon has a hierarchical structure that links
tendon, fascicle, fibre and fibrils. In particular tendon fibres
are made up of fibrils that have distinctive wavy forms called
crimps. Experimental and imaging studies have shown that this
crimp pattern plays an important role in mechanical properties
of tendon but its exact influence has not been identified. We
have developed a micro finite element model of tendon that
contains accurate crimp patterns embedded in the model. This
model utilizes a unique material coordinate system that is
aligned in the direction of fibres. The crimp was implemented
by performing fibre fitting procedure, which aligns the
material coordinate system according to the crimp angle. FE
analysis study was performed to identify the influence of crimp
morphology on stress distribution pattern in tendon.
Introduction of crimp angle to the model produced
heterogeneous deformation and stress transfer patterns
whereas the one without any crimp patterns predicted a
uniform stress pattern. Future works include parametric
studies on the influence of crimp pattern and morphology on
stress distribution pattern in the tissue.

1. INTRODUCTION

Tendon is a load bearing tissue that connects muscle to
bone, which produces joint motion by transmitting tensile
loads from muscle to bone[l1]. The structure of tendon is
characterized by a well-organized hierarchy within the tissue
[2](Figure 1). Starting from collagen fibrils, the basic
structural component of tendon that are packed within a
matrix rich in proteoglycans, fibrils are formed into fibre,
which in turn form fascicles. These fascicles are the major
constituents of the whole tendon tissue.
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Figure 1. Hierarchical structure of tendon (from [1])

One important feature of the fibres in tendon is that they
display gentle planar sinusoidal waviness, which is called the
‘crimp’ of collagen and mechanical properties of tendons are
dependent on this unique arrangement and properties of
collagen fibres. In fact, tensile tests of tendon performed
along the collagen fibre axis display a characteristic nonlinear
curve (Figure 2) where the upwardly concave region appears
first as collagen crimp pattern is straightened followed by a
linear region, which is dominated by material properties of
straightened collagen[3]. However the effect of crimp
patterns on mechanical behavior of tendon fibres has not
been clearly described. Therefore the aim of this study is to
develop a microstructurally based finite element (FE) model
of tendon that can reproduce this characteristic structure-
function relationship of tendon fibres in order to investigate
the role crimps in tissue deformation and internal stress
distribution patterns.
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Figure 2: Load elongation curve of tendon fibre (from
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II. MATERIALS AND METHODS
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A. Governing equation for finite element analysis

A micro finite element model of tendon fibre with crimp
waveform was developed. The crimp was implemented by
utilizing a microstructually based material coordinate system
where the stresses and strains are referred to a material
coordinate system rather than the original reference
coordinate system. This is useful when describing a
constitutive law, which refers to microstructural directions in
tissue. In our model, the axes in the material coordinate
system are aligned with the fibre direction in tendon. This
new coordinate system v, is related to the original
rectangular Cartesian base vectors g, covariant (a}) and
contravariant (aJ) base vectors shown below.
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Then tensors for stress and strain expressed in the
rectangular Cartesian coordinate can be transformed to this

microstructural coordinate system through covariant a; » and
contravariant metric tensors afﬂ defined as the following.
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The governing equation can be derived by considering
conservation of linear and angular momentum as well as
conservation of mass. Then the equation in weak form will
become the following.
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where S is the surface in contact at current configuration,

5,uj the virtual displacement field in the jth direction, V'
the undeformed volume, f, contact force, gojD the 3D

geometric basis function, F ﬂi the deformation gradient, 7
the 2™ Piola-Kirchoff stress tensor, which is expressed in

microstructural coordinate system as the following
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where W is a strain energy function, p is the hydrostatic

pressure and £ ; is the Green strain tensor, which is given in

a microstructural axis as the following
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More detailed treatment of the derivation of governing

equation in microstructurally based coordinate system can be
found in [4]

B. Constitutive laws

Material behaviour of tendons is relatively insensitive to
strain rate. Moreover once preconditioned, minimum amount
of hysteresis occurs, indicating that time and rate dependent
components may be removed in capturing the macroscopic
material behaviour. Therefore we used the incompressible,
transversely isotropic hyperelasticty in our material
description, which is structurally motivated representation of
tissue behaviour[2]. The strain energy function has the
following form.

W= H’J](lc’h‘l'_')_'— Hfz[}"ﬁlxr) .

where W/ represents the behaviour of ground substance and
is described as a Moony-Rivlin material. W,, on the other
hand, describes the behaviour of crimped collagen fibre in
tension. The expression for W; and W2 are given in the
following where 1, II. are isotropic invariants of
deformation tensor C.
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W, is a piecewise function that describes different regions in
the load strain curve of tendon. Ag,, is fibre stretch ratio and
A*gper depicts the point in fibre stretch ratio where the fibre is
completely stretched (end point of the toe region 1 in Figure
2). The seven parameters for this constitutive relationship
were obtained from Pena et al. [S]who found the values for
these parameters for the patella tendon (PT). They
performed material property optimization based on the
experimental data [6].These values are given in the
following table.

Cl C2 C3 C4 C5 A*

PT 2.75 0.0 0.065 | 115.89 | 777.56 | 1.042

Tablel: Parameter values used in the model.

C. Fibre fitting procedure

Since the fibres in tendon have the unique waviness called
crimp, the fibre direction in the microstructural coordinate
system was modified to capture this crimp pattern.
Specifically we employed the fibre fitting procedure [7].
Depending on the prescribed crimp angle, a data set was
generated that captured the crimp angle in a sinusoid
waveform. Then the vectors that describe the directions in
the crimp wave were generated from the data set, which
were than turned into direction cosines in the original
rectangular Cartesian coordinate system. Then three Euler
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angles of those vectors in the material coordinate were
obtained. The result of fibre fitting is shown below (Figure
3). Using this technique, we can describe any crimp angle

(a) Before fitting

(b) After fitting

Figure 3. Result of Fibre fitting. A wavy crimp pattern was
introduced after the fitting

Two models were generated — one with no crimp angle and
another with a crimp angle of 30°. Each model had 8 3D
elements. We also used high order cubic Hermite basis
function, which enabled us to describe tissue geometry with
a relatively small number of elements. These two models
were then run with the same boundary condition, which
applied uniaxial tension up to 10% in steps of 1% while
fixing the bottom four nodes completely. In doing so, a
stress/strain curve for both cases was obtained and compared
in order to investigate the influence of crimp angles on stress
distribution pattern. A specialized FE software called
CMISS (www.cmiss.org, freely available for academic use)
was used in FE analysis as well as in the fibre fitting
process.

III. RESULTS

Our model was able to generate the characteristic stress
strain curve of tendon. When compared with the
experimental data in the literature, the predicted stress-strain
curve followed closely the experimental curve reported by
Butler et al.[6] as seen in Figure 4.
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Figure 4. Comparison of experimental results and FE
predictions in terms of stress vs. strain curve

Then the deformation and stress pattern of FE models with
and without crimp pattern were compared. Firstly the model
with crimp angle exhibited wavy deformation pattern
whereas the model with no crimp angle exhibited straight
deformation as shown in the following figure.

(a) No crimp angles (b) Crimp angle of 30°

Figure 5: Tissue deformation pattern for models with and
without crimp pattern

In terms of stress pattern, these two models showed
different von Mises stress distribution patterns as shown
below.
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Figure 6. Internal stresses (von Mises) for models with
and without crimp patterns

As can be seen above, tissue with crimp angle produced
inhomogeneous internal stress pattern (according to the crimp
patterns in the fibre) whereas the one with no crimp angle
showed rather homogenous internal stress pattern.

The stress-strain curves for these two cases were
compared as well in Figure 7.
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Figure 7. Stress-strain curve for strains up to 10% for
models with and without crimp patterns.

As can be seen, the crimp pattern introduced upward
concave shape of a toe region in the stress-strain curve
whereas the model without any crimp failed to display this
shape.

IV. CONCLUSIONS

We have developed a microstructurally based finite
element model of tendon. In this model, the characteristic
crimp angle was embedded using the material coordinate
system in our FE model. Specifically we have aligned the
material coordinate system according to the prescribed crimp
angle by performing the fibre fitting procedure. The resulting
model was able to generate the characteristic J shape curve
usually shown in tendon unaxial tensile experiment. In
particular the predicted values from our model closely
matched experimental values reported in the literature.

The toe region of the curve was due to crimp patterns in
collagen fibres as the model without crimp failed to show this
characteristic non-linear curve. Moreover the tissue
deformation and internal stress pattern for the model with
crimp patterns were different from the one without crimp
patterns in the fibre. Specifically, the inhomogeneous stress
and deformation pattern shown in the model with a crimp
angle followed closely the crimp pattern embedded in the
model, indicating the significant impact that crimp pattern
has on the micromechanical tissue deformation and stress
distribution.

The strength of our model is that we can prescribe any
crimp angles to the model, including helical angle. Moreover
we can also assign heterogeneous crimp patterns to a finite
element model in the same manner as assigning location
dependent material properties. Therefore if tissue images
with detailed crimp pattern are available, these can be used to
create microstructally based finite element models of tendon.
These models can be used in various parametric studies by
systematically varying tissue microstructural properties. Such
model will have potential to shed light on elucidating the
onset and progress of tendinopathy.
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