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A B S T R A C T

Tendon-to-bone insertion provides a gradual transition from soft tendon to hard bone tissue, functioning to
alleviate stress concentrations at the junction of these tissues. Such macroscopic mechanical properties are
achieved due to the internal structure in which collagen fibers and mineralization levels are key ingredients.
We develop a structural-based model of tendon-to-bone insertion incorporating such details as fiber preferred
orientation, fiber directional dispersion, mineralization level, and their inhomogeneous spatial distribution. A
python script is developed to alter the tapered tendon–bone transition zone and to provide spatial grading
of material properties, which may be rather complex as experiments suggest. A simple linear interpolation
between tendon and bone material properties is first used to describe the graded property within the insertion
region. Stress distributions are obtained and compared for spatially graded and various piece-wise materials
properties. It is observed that spatial grading results in more smooth stress distributions and significantly
reduces maximum stresses. The geometry of the tissue model is optimized by minimizing the peak stress
to mimic in-vivo tissue remodeling. The in-silico elastic models constructed in this work are verified and
modified by comparing to our in-situ biaxial mechanical testing results, thereby serving as translational tools
for accurately predicting the material behavior of the tendon-to-bone insertions. This model will be useful
for understanding how tendon-to-bone insertion develops during tissue remodeling, as well as for developing
orthopedic implants.

1. Introduction

The tendon-to-bone insertion (or ‘‘enthesis’’) is approximately
millimeters-wide region connecting soft and highly transverse isotropic
tendon tissue to the stiff and orthotropic bone [1]. The elastic modulus
mismatch between tendon and bone is about two orders of magni-
tude [1,2], making the connection extremely prone to stress concen-
trations and rupture. Therefore, the insertion site not only transmits
contractile forces from muscles to the skeleton, it also balances the
elastic moduli of the tendon and bone by dissipating stress away from
the junction to avoid local stress peaks at the interface of highly
dissimilar materials and to prevent rupture or injury of the tendon
and surrounding tissues [3,4]. Inhomogeneity and discontinuities in
tissue-level properties, as well as the shape of the natural, uninjured
insertion, manifest in a unique, stress-reducing material behavior at
the macroscale level. This is achieved by providing a smooth, gradual
transition of structural features and composition from soft tendon to
hard bone tissue [2,5]. The natural grading between tendon and bone
observed in uninjured insertion tissue is not regenerated during tissue
healing after rupture, even following surgical interventions, resulting in
an inferior connection between these two tissues [1]. Healing of rup-
tured enthesis with restoration of the natural material inhomogeneity
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is an important medical challenge [6]. Therefore, understanding the
development, function, and healing of the insertion is important for
better designs of prosthetic implants.

At the microscopic level, collagen fibers are key mechanical com-
ponents in the structure of tendon [7,8], bone, and the insertion
between them. On the tendon side of the junction, collagen fibers are
dense and aligned along the same direction with very little dispersion
in orientation [5,9]. In contrast, collagen fibers are more randomly
dispersed in the bone area, resulting in nearly isotropic material prop-
erties [1]. Bone and tendon sides are characterized by the predominant
concentration of type I collagen. The intermediate region contains
fibrocartilage with predominantly type II, III, and X collagen fibers
and proteoglycans [2]. A study of composition and structure of porcine
digital flexor insertion region via a 2D Fast Fourier Transform was
conducted recently by our group [5] and it showed various angles of
fiber orientation at the interface of the insertion and bone regions,
suggesting that collagen fiber directions are not always normal to
the tidemark along the insertion. It also suggested that collagen fiber
distribution at the tendon end was highly anisotropic with low disper-
sion. Randomly distributed fibers were observed at the bone end, and
intermediate fiber distribution and dispersion were observed within
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the insertion region. Further, we used Time-of-Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) to identify a linear variation of minerals
content from bone to tendon section, where the mineral hydroxyapatite
is present as tiny crystals along the length of collagen [5]. As shown
in Fig. 1, a graded distribution of collagen fibers is also observed by
bright field microscopy of stained tissues. Collagen fibers are crimped
in the unstressed tissue and become active in tension only. During
deformations fibers uncrimp, rotate and become stretched at different
times due to the differences in the extended ‘‘free’’ length, i.e. there
is a gradual recruitment of the fibers [9–12]. Types of collagen is also
varying; Collagen I is rich at the tendons side, collagen II and III are
rich in the fibrocartilageous region, collagen II and X are found in
the mineralized fibrocartilageous region and collagen I is rich again in
the bone region [2]. Another important characteristic of the insertion
site is the onset and gradual increase in the mineralization level [2],
which occurs within intermediate fibrocartilage region. The onset in the
mineralization may be observed as a ‘‘tidemark’’, as shown in Fig. 1.

There is a significant amount of research devoted to modeling or
characterizing either tendon [13] or bone tissues [14,15] with their
relationship of collagen fibers. It was shown by Y. C. Fung [16,17] that
there is a linear relationship between stiffness and stress in biological
soft tissues, which suggests an exponential stress–strain relationship
for tendons. We will use, therefore, exponential strain energy form in
this study. However, other hyperelastic potentials are used as well to
model biological tissues [18]. On the other hand, much harder bone
tissues experience only small deformations and typical linear stress–
strain relations are sufficient [17]. A recent study by Jakus et al. has
developed a hyperelastic synthetic bone, which is strong, flexible, and
capable of 32%–67% of strain to failure between 4 and 11 MPa elastic
modulus [19]. Therefore, even though bone may be considered a linear
material, we will consider it as hyperelastic for consistency with tendon
and insertion and for possible generalizations, however, the nonlinear
part is not expected to contribute under the conditions considered in
this paper.

Recently, attention to the tendon-to-bone insertion tissues has
started to grow. One of the first attempts to quantitatively describe the
organization of the insertion was reported by Thomopoulos et al. [4],
where the variation in the collagen fiber orientation was reported.
However, the biomechanical characterization was conducted in a gen-
eral sense, in which a lumped parameter 1D model was used; an
exponential law was used for the insertion site to describe the over-
all mechanical behavior of the insertion tissues [4]. Liu et al. [1]
and Thomopoulos et al. [20] considered a distributed finite element
models of the tendon-to-bone insertion. However, the insertion was
considered as a four-zone structure with piecewise distribution of mean
fiber orientation and angular deviation. In their model, the elastic
moduli of fibers was approximated linearly with smooth interpolation
of the properties between measured values [20], and bone tissue was
considered as a rigid body. Liu et al. studied the effect of the angles be-
tween bone and insertion tissues on stress concentration and conducted
shape optimizations of the insertion to minimize peak stress, again by
assuming linear material models for each region (tendon, bone, and
insertion) [1]. Spiesz et al. had previously identified the dependence
of elastic modulus on the fiber mineralization from mineralized turkey
leg tendons [21]. Genin et al. [2,22] and Liu et al. [2,23] considered
different models of partially mineralized fibers and related the amount
of mineralization to the macroscopic properties of the tissue through
averaging across fiber orientations, thus obtaining the dependence of
elastic modulus on the mineralization level. Again, this was done using
a linear approximation. These models provided important insight into
qualitative phenomena occurring at the tendon–bone insertion tissues,
but they were limited to linear approximations and could not reflect
well the actual behaviors at the insertion site — which is capable of
large and highly inhomogeneous deformations.

With the nonlinear nature of the insertion site, interplay between
material nonlinearity and structural adjustments during deformations

Fig. 1. Brightfield images of porcine (mixed breed sows, from 8-month to 1-year old)
digital flexor insertion region at 200× magnification (water immersion) obtained using a
Zeiss Axioimager (Zeiss Inc., Germany) microscope for sections using (a) Haemotoxylin
and Eosin staining and (b) (c) Verhoeff–Van Gieson staining.

should be studied. Therefore, we propose a nonlinear anisotropic hy-
perelastic model, taking into account inhomogeneous and grading dis-
tributions of the material and structural properties of the insertion. We
believe that this model will provide deeper insight into the phenomena
taking place in the tendon-to-bone insertion.

2. Method

2.1. Constitutive model

The commercial software Dassault Systems (ABAQUS, 2018)
(Johnston, Rhode Island) was used for finite element analyses. Based
on experimental observations in tendon–bone insertion tissues [5], a
linear variation of mineralization level was confirmed by our previ-
ous time-of-flight secondary ion mass spectrometry analyses. We then
adopted the Gasser–Ogden–Holzapfel (GOH) hyperelastic model [24]
to describe varying parameters to capture spatial gradations of min-
eralization and directional collagen fiber dispersions in tendon–bone
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Fig. 2. (a) Simplified geometry of a rotator-cuff model where gradated material and structural properties were developed. c: the material parameter to characterize non-collagenous
matrix stiffness; 𝑘1 and 𝑘2: material parameters to describe fiber mechanical responses; 𝜅: a parameter to describe fiber dispersion; 𝐚0: preferred fiber orientation. (b) Spatial
distribution of preferred fiber orientation, 𝐚0z.

insertion tissues. In addition, a python script was developed to intro-
duce structural grading of preferred fiber orientation, as were observed
in histological images (Fig. 1), via a 2D Fast Fourier Transform which
was previously published by our group [5]. Initially the GOH model
was developed for arterial layers, which are orthotropic materials with
two families of fibers [24]. The anisotropic term consisted of two
transverse-isotropic contributions, one for each family of fibers. The
tendon-to-bone insertion was locally transverse isotropic with only one
family of fibers [1,25]. Therefore, only one term of the form was
required in the study.

The GOH model was based on the invariant representation of the
Helmholtz free energy [26], which was explicitly additively decoupled
from the isotropic non-collagenous ground substance contribution 𝛹g
and the anisotropic hyperelastic potential term for collagen fibers,
𝛹f . Specifically, the Neo-Hookean model was used to describe the
non-collagenous matrix:

𝛹g(𝐼1) = 𝑐(𝐼1 − 3), (1)

where 𝐼1 = trC was the first invariant of the modified right Cauchy–
Green tensor C [24], and c was the material parameter characteriz-
ing non-collagenous matrix stiffness. We noted recently that the Gent
model for rubber networks [27] was used for the non-collagenous ma-
trix due to its generality and capacity for reproducing the Neo-Hookean
model.

The anisotropic term from the GOH constitutive model featured
structural parameters, including fibers in the preferred orientation 𝐚0
and fibers with directional dispersion 0 ≤ 𝜅 ≤ 1/3 [24,28–30] (Eq. (2)).
The continuous spectrum of 𝜅 could be used to describe highly aligned
fibers with no dispersion (𝜅 = 0) as observed in tendon tissues,
randomly oriented fibers with no preferred orientation (i.e., isotropy
when 𝜅 = 1/3) as observed in bone tissues, and all intermediate fiber
dispersions occurring in the insertion region (Fig. 1).

𝛹𝑎𝑛𝑖𝑠𝑜
(

𝐼1, 𝐼4
)

=
𝑘1
2𝑘2

[

exp
{

𝑘2
[

𝜅𝐼1 + (1 − 3𝜅) 𝐼4 − 1
]2
}

− 1
]

, (2)

where

𝐼4 = 𝐚0 ⊗ 𝐚0 ∶ 𝐂 (3)

was a tensor invariant, which characterized stresses in the direction
of 𝒂0.

In addition, material parameters 𝑘1 and 𝑘2 were used to describe
fiber mechanical responses: 𝑘1 > 0 was a stress-like material parameter
and 𝑘2 > 0 was a dimensionless parameter. An appropriate choice
of 𝑘1 and 𝑘2 enabled the histologically-based assumption that the
collagen fibers do not influence the mechanical response in the low
strain domain [28]. The anisotropic term from the GOH constitutive
model [24,28–30] provided exponential behavior in accordance with
Fung’s observation for soft tissues [17].

2.2. Graded material property and collagen fiber microstructure

The GOH model described above contained parameters that include
local materials and structural properties. However, it was not capable
of capturing responses in distributed inhomogeneous structures. At the
same time, Fig. 1 showed that the microstructure within the insertion
tissues was continuously graded and that this grading was essential to
their mechanical properties. To reflect this important characteristic of
the insertion site, one has to introduce spatial gradations along the
preferred fiber direction, fiber dispersions, and mechanical properties
of collagen fibers and non-collagenous matrix. Therefore, we explicitly
introduced a spatial gradation of the aforementioned material proper-
ties as follows: 𝑐 = 𝑐(x) in Eq. (1), 𝑘1 = 𝑘1(x), 𝑘2 = 𝑘2(x) in Eq. (2), and
structural parameters and 𝜅 = 𝜅(x) in Eq. (2) and 𝐚𝟎 = 𝐚𝟎(x) in Eq. (3),
where x was a position vector with coordinates (x, y, z) in 3D space in
the reference configuration.

To particularize these dependencies (i.e., fiber dispersion and fiber
orientation), we considered a 2D geometry of the porcine rotator-cuff
joint adopted from Liu et al. [1] because similar grading behaviors of
fiber dispersion and fiber orientation were observed in both rotator-cuff
joint and digital flexor insertion [5]. The dimensions of the model were
as follows: width of the bone end was 7 cm, width in the tendon end
was 2 cm, and height of the model was 7 cm (Fig. 2a). Three domains
were identified: the tendon domain denoted as ‘‘t’’ with constant mate-
rial and structural properties 𝑐𝑡, 𝑘1𝑡, 𝑘2𝑡, 𝜅𝑡; the bone domain denoted
as ‘‘b’’ with constant material and structural properties 𝑐𝑏, 𝑘1𝑏, 𝑘2𝑏, 𝜅𝑏;
the insertion domain with material and structural properties dependent
on the position vector x. Thus 𝑐 = 𝑐(x, z), 𝑘1 = 𝑘1 (x, z), and 𝑘2 = 𝑘2
(x, z), where (x, z) were coordinates of a point in 2D space.

Since the exact dependence of material properties at each x were
still unknown, we assumed here the simplest possible case, namely
that material properties within the insertion region varied linearly
with the longitudinal direction (i.e., z-axis) and were independent
of the transverse direction (i.e., x-axis). It was noted, however, that
the material property distribution of insertion tissue may be neither
linear nor monotonic [1,2,4] since stiffening of collagen fibers due to
mineralization was not proportional to the mineralization level and
became significant only after a certain percolation threshold — the
formation of a mechanical continuous mineral network [2].

It also required that these material properties were continuous at
the tendon-insertion and insertion-bone interfaces:

𝑐(𝑧) = 𝑐𝑡 + 𝑑
(

𝑐𝑏 − 𝑐𝑡
)

(4)

𝑘𝑖(𝑧) = 𝑘𝑖𝑡 + 𝑑
(

𝑘𝑖𝑏 − 𝑘𝑖𝑡
)

, (5)

where 𝑖 = 1, 2 and the position parameter d is defined as follows:

𝑑 =
𝑧𝑡𝑒𝑛𝑑𝑜𝑛−𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 − 𝑧

𝑧𝑡𝑒𝑛𝑑𝑜𝑛_𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 − 𝑧𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛_𝑏𝑜𝑛𝑒
. (6)

We also assumed a linear dependence of the structural properties.
That is, fiber dispersions only changed along the z-axis:

𝜅(𝑧) = 𝑑𝜅𝑏𝑜𝑛𝑒 (7)
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Fig. 2a showed schematically the distribution of 𝑐 = 𝑐(z), 𝑘1 = 𝑘1
(z), 𝑘2 = 𝑘2 (z), and 𝜅 = 𝜅 (z). The preferred collagen fiber orienta-
tion was assumed to depend linearly on both the x and z directions.
To describe this dependence, we introduced an 𝛼-angle between the
longitudinal direction and the preferred fiber orientation at any point
x = x (x, z). This angle was assumed to depend linearly on x with the
maximum at the boundary (𝑥𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦) and the minimum along the axis
of symmetry (𝑥𝑎𝑥𝑖𝑠) of the model:

𝛼 (𝑥, 𝑧) = 𝛼0(𝑧)
𝑥 − 𝑥𝑎𝑥𝑖𝑠

𝑥𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 − 𝑥𝑎𝑥𝑖𝑠
(8)

where 𝛼0 is the angle at the boundary. To simplify the model and
to reduce the calculation time, and based on histological images in
Fig. 1, preferred fiber orientations may be taken tangential to the
boundary and then interpolated toward the axis of symmetry of the
model (Fig. 2b). The resulting initial fiber distribution 𝐚0z is shown in
Fig. 2b.

In principle, material grading can be introduced into ABAQUS
manually. As a result, an in-house python script was developed which
utilized its generality and ability to reproduce graded structural and
material properties which were incorporated into the GOH consti-
tutive law. Once the tendon–bone insertion geometry was created
and meshed, the in-house python script read the ABAQUS input file
and identified coordinates for elements (𝑥e, 𝑧e) (plane stress elements
CPS6(S)) belonging to the insertion region. This was followed by the
determination of the slope of the boundary at its height 𝑧e and the
calculation of fiber preferred orientations 𝛼0(𝑧𝑒) (Eq. (8)). Next, graded
distribution of material and structural properties was created based on
the coordinates of each element. Finally, the GOH constitutive law was
updated for each element within the insertion region. Of note, with
grading introduced in such a way, material properties and structural
parameters were constant within each element in the model. That
is, the same parameters were used at each integration point in each
element.

3. Results

3.1. Material parameters identification

Many studies have reported mechanical properties of connective tis-
sues which were measured primarily through uniaxial tensile tests [31–
37]. Such tests were not sufficient to characterize nonlinear and highly
anisotropic tissues, as observed in-vivo when tissues were under phys-
iological states. Therefore, multiaxial tests such as biaxial stretch-
ing tests [38–46] were needed to better approximate states of com-
plex physiologic loads and also to avoid non-physiologic traction-free
boundary conditions of uniaxial tension [47,48]. The biaxial mechani-
cal data obtained (i.e. stresses and strains) could be used to formulate
constitutive relations.

Here we described the results of experimental stress–strain measure-
ments and the procedure to determine insertion parameters based on
the assumptions of linear distributions of structural and material pa-
rameters. The porcine digital flexor insertion region was dissected from
the joint and was subjected to equi-biaxial displacement-control me-
chanical testing. We followed mechanical testing procedures described
in our previous studies for insertion tissues [49] (Fig. 3a), valvular
tissues [41], and dermal skin tissues [42]. Based on the sample dimen-
sions and output data, corresponding nominal stress (i.e., First Piola–
Kirchhoff stress) and true strain values were calculated and stress–strain
curves were generated (Fig. 3b). The experimental results revealed
pronounced anisotropic mechanical response in the insertion tissue
specimens. Under low strain, when collagen fibers were still crimped
and did not contribute to the strain energy, 𝜎𝑥 was larger due to the
contribution from the bone side. However, when strains increased, col-
lagen fibers straightened and aligned yielding significant contribution
to the strain energy, therefore, longitudinal stress 𝜎𝑧 became larger.

To identify the material parameters for the GOH constitutive model
(Eq. (1)–(3)), a computational model was created with material and
structural grading described by Eq. (4)–(8). The dimension of the
computational model was square (i.e., 5 mm x 5 mm) to better present
the experiment setting (Fig. 3a). Because of the shape of the specimen,
the condition of the mean fiber orientation tangential to the boundary
(Eq. (8)), 𝛼0(z) could not be used. Therefore 𝛼0(z)=d𝛼max was used
where 𝛼maxwas a given number — an angle achieved by the mean
orientation of the fibers at the lower corner of the specimen, where
insertion entered the bone [5]. For determinacy, it was taken as 90
degrees at the center of the model along the z-axis. The clamps were
explicitly modeled in this geometry as shown by red contours in the
inset of Fig. 3b, and displacement boundary conditions were applied
to the clamp domains to simulate equibiaxial displacement-control
mechanical testing. Because of the high inhomogeneity of stresses
introduced in the areas between clamps [50], only the square region
𝛺 in the center of the specimen was used to calculate average stress.

𝝈exp = ∫𝛺
𝝈 (𝑥, 𝑧) 𝑑𝛺 (9)

With the assumption of a linear variation for all material parameters
across the z-axis, only six parameters were required for the GOH model
to fully characterize tendon-to-bone insertion tissues. To further reduce
the number of parameters, 𝑐𝑡 = 0.33 MPa was adopted from Weiss
et al. [51]. We also required that 𝑘1𝑡 << 𝑐𝑡 to make sure that the
nonlinear part of Eq. (2) did not contribute to the strain energy in the
low strain region capturing ground matrix behavior.

By minimizing the average differences between the calculated and
experimental stresses [52] and using the Matlab R2018b (MathWorks,
Natick, Massachusetts, USA) optimization procedure fminsearch based
on the Nelder–Mead algorithm, 𝑓

(

𝐒𝑝𝑟𝑒𝑑 ,𝐒𝑒𝑥𝑝
)

=
√

(

𝐒𝑝𝑟𝑒𝑑 − 𝐒exp
)2∕

√

(𝐒exp)2, where vectors Spred and Sexp were defined as follows: 𝐒𝑝𝑟𝑒𝑑 =
(

𝜎𝑝𝑟𝑒𝑑𝑥
(

𝜆𝑥
)

, 𝜎𝑝𝑟𝑒𝑑𝑧
(

𝜆𝑥
)

, 𝜎𝑝𝑟𝑒𝑑𝑥
(

𝜆𝑧
)

, 𝜎𝑝𝑟𝑒𝑑𝑧
(

𝜆𝑧
)

…
)

and 𝐒exp =
(

𝜎exp𝑥
(

𝜆𝑥
)

,
𝜎exp𝑧

(

𝜆𝑥
)

, 𝜎exp𝑥
(

𝜆𝑧
)

, 𝜎exp𝑧
(

𝜆𝑧
)

…
)

, the parameters 𝑘2𝑡 = 0.04, 𝑐𝑏 =
0.51 MPa, 𝑘1𝑏 = 0.48 MPa, and 𝑘2𝑏 = 0.15 were identified. The
experimental and predicted stress–strain curves are shown in Fig. 3b.
One can observe that the anisotropic behavior was properly recovered:
𝜎𝑝𝑟𝑒𝑑𝑥 was larger than 𝜎𝑝𝑟𝑒𝑑𝑧 in the low strain region and then 𝜎𝑝𝑟𝑒𝑑𝑧
became larger than 𝜎𝑝𝑟𝑒𝑑𝑥 in the high strain region.

3.2. Stress distribution and fiber reorientation

With the obtained material parameters, graded material property,
collagen fiber microstructure, and collagen fiber dispersion, a 2D geom-
etry of the rotator-cuff joint model was then implemented (Fig. 2). To
observe the stress distribution and fiber reorientations at the insertion
region, the longitudinal displacement boundary conditions 𝑢𝑧 = 3.5
cm were applied to the top end of the tendon, while the bottom edge
of the bone was held fixed in the z-direction, but allowed to move
along the x-direction, resulting in 50% total elongation of the structure.
Based on the quantitative study by Burr et al. 1996, it was similar to a
walking condition [53]. Quasi-static deformation of the structure was
considered. To see the effect of graded collagen fiber microstructure,
the model was compared to the case when the insertion region was not
graded and had constant material properties, taking averaged values
between tendon and bone tissues:

𝑐𝑖 =
𝑐𝑡 + 𝑐𝑏

2
, 𝑘1𝑖 =

𝑘1𝑡 + 𝑘1𝑏
2

, 𝑘2𝑖 =
𝑘2𝑡 + 𝑘2𝑏

2
,

𝜅𝑖 =
𝜅𝑡 + 𝜅𝑏

2
= 1∕6, (𝑖 = 1, 2).
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Fig. 3. (a) Biaxial mechanical testing setting for insertion tissues. (b) Stress–strain curves for insertion tissues, where nonlinear anisotropic mechanical properties were experimentally
quantified (mean only and SEM were not shown; n = 6) and computationally fitted.

Fig. 4 shows the results of the computational simulation for the two
cases: models with graded and non-graded material properties within
the insertion region at different instances of quasi-normalized time t
= 0.3, t = 0.7, and t = 1, where 𝑡 = 1 indicating reaching 50%
elongation. Fig. 4a and b revealed the von Mises stress distribution
within the structures for the graded and non-graded cases, respectively.
We chose von Mises stress as one of possible scalar measures of the
stress state often used to predict onset of plasticity of damage, impor-
tantly this quantity neglected pressure in incompressible material. One
could observe that models with graded material properties significantly
reduced maximum von Mises stress and that the stress distribution
was smoother in the insertion region. The maximum von Mises stress
achieved at time 𝑡 = 1 was 41.8 MPa in the graded material proper-
ties (Fig. 4a), and 46.4 MPa in the model with non-graded material
properties (Fig. 4b), with 10% difference between the peak stresses.
The stress results from the simulations suggested that the models with
graded material properties could potentially reduce the chances of
injury. It is important to keep this in mind when designing surgical
interventions or tissue engineered implants. Fig. 4c and d showed the
magnitude the angle differences between the final fiber orientation and
the initial fiber orientation, |

|

𝐚 (𝑡 = 1) − 𝐚0|| for models with graded and
non-graded material properties. Please note that to better demonstrate
the changes in the fiber orientation for these 2 models, different scales
were used. It showed that the mean fiber orientation for the model
with graded material properties had caused zero fiber readjustments
at the insertion boundary during deformations (|𝛥a| =0), but there was
some fiber reorientation inside the insertion and tendon (|𝛥a| =0.05)
(Fig. 4c). In the models with non-graded material properties, fibers
were not tangential to the boundary initially and most reorientation
occurred near the boundary (|𝛥a| =0.16) (Fig. 4d). The presence of
such significant readjustments in fiber orientation also suggested the
importance of using a nonlinear model for tendon-to-bone insertion
tissues, taking into account large deformations and fiber rotations.
Such readjustments in mean fiber orientation may not be seen in
linear models [20], where the graded fiber orientation was considered,
though only with a linear approximation.

3.3. Parametric study

Having identified material properties, one may pose the problem of
finding the shape of the insertion region which will minimize stress.
The shape of the insertion region may be represented by cubic splines

and parameterized by N control points on the boundary as shown in
Fig. 5a. Assuming X coordinates equally spaced, we would need to find
N parameters providing the best stress distribution. Here we restricted
only to the simplest case: when there was only one point with coor-
dinates (X, Z = 0.5), and conducted a parametric study. A customized
python script was written which generated the whole model geometry
according to the parameter value X, meshed the elements, and assigned
material properties. The script also calculated the maximum Mises
stresses 𝜎𝑀𝑀 = |

|

𝜎𝑀𝑖𝑠𝑒𝑠 (𝑥, 𝑧)||∞ within the structure to characterize the
stress distribution. Fig. 5 showed stress distribution and fiber rotations
|

|

𝐚 (𝑡 = 1) − 𝐚0|| for models with four different insertion geometries: (X,
Z = 0.0, 0.5), (X, Z = 0.2, 0.5), (X, Z = 0.4, 0.5), and (X, Z = 0.6, 0.5).
Both graded (Fig. 5b) and non-graded (Fig. 5c) material properties were
incorporated. It is observed that the insertion shapes have significant
effects on stress distribution and the fiber reorientation for all models
with graded (Fig. 5d) and non-graded (Fig. 5e) material properties,
suggesting possible geometry variations for the insertion region during
in-vivo tissue remodeling. This result was in agreement with conclusions
from Liu et al. [1] where only linear isotropic non-graded material
properties were used in the insertion region.

4. Discussion

We have developed a nonlinear anisotropic structural-based model
of tendon–bone insertion tissue with explicit continuous distribution
of structural and mechanical properties. We successfully adopted the
Gasser–Ogden–Holzapfel (GOH) constitutive model [24,28–30] which
was initially developed for arterial layers. Our study showed that mod-
eling the tendon–bone insertion with the GOH model was particularly
suitable, where spatial grading of structural parameters such as mean
fiber orientation, fiber dispersion, and material parameters could be
adopted.

Material parameters from the GOH models were obtained by min-
imizing the average differences between simulated and biaxial ex-
perimental stresses, imposing more realistic strains on the tissue as
compared to uniaxial testing. The results of experiments and sim-
ulations recovered the characteristics of the anisotropic mechanical
responses of the specimen: tissues exhibited larger stresses along the
preferred fiber direction in the higher strain region (Fig. 3). This was
due to collagen fiber recruiting that resulted from the spatial inhomo-
geneity of the material properties within the specimen. We have shown
that graded structural and material properties reduced peak stresses
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Fig. 4. Stress distributions for models with (a) graded and (b) non-graded materials properties at different instances in time. Fiber rotation within tendon, bone, and insertion
regions for models with (c) graded and (d) non-graded materials properties at different instances in time.

and resulted in smoother stress distribution in the insertion region
(Fig. 4), suggesting a potential for reduced chances of rupture. This has
to be kept in mind when surgical interventions are planned. The results
of the parametric study demonstrated that the optimal insertion shape
depended on the graded material properties, where stresses are reduced
when the angle between the tendon edge and bone edge at the interface
was small. That is, models with (X, Z = 0.0, 0.5) and (X, Z = 0.2, 0.5)
exhibited lower stress distributions and less fiber reorientations (Fig. 5).

In the current study, we used the maximum Mises stress as the
criterion for the quality of the insertion region to dissipate stresses. To
avoid stress concentrations, criteria needed to be established such that
stress singularity occurs under large deformations. However, the dam-
age criteria might depend greatly on the microstructure. For example,
with the same stresses, the tissue was more likely to break at the tendon
side than at the bone side. It is important to understand the damage and
rupture mechanisms to prevent failures after surgeries.

Some computational issues arose during the modeling and optimal
shape predictions. For example, mesh sensitivity at larger values of the
shape parameter X and larger deformation (such values of parameter X
and deformations are not considered in the present study) was related
to stress concentrations. We may still have stress singularities even
in the graded system because material properties within the elements
were taken as constants at the integration points of each element. For
better shape predictions, one would need a much smoother variation
in material properties. This may be achieved by providing different
material properties at different integration points within the finite
elements using the User Defined Material (UMAT) procedure, by using
a generalized continuum [54,55], or by incorporating material grada-
tions into a non-local integration scheme, as developed by Fish and
Kuznetsov [56,57] where a UEL procedure (i.e., user subroutine to
define an element) was used. Furthermore, mesh-size affect was not
conducted in the current work and it is our study limitation.
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Fig. 5. (a) Shape optimization in the insertion region. Stress distributions for models with (b) graded and (c) non-graded materials properties. Changes in preferred material
orientations for models with (d) graded and (e) non-graded materials properties.

In this work, we have chosen material and structural parameters
that change linearly in space. However, actual distributions may not
be linear or monotonic [2]. Therefore, we did not intend to obtain
the elastic modulus of the bone to match with the actual one. Instead,
we proposed a computational routine to characterize insertion tissues
based on our assumptions of distributed material and structural prop-
erties. Moreover, we did not use the homogenization model proposed
in Genin et al. and Liu et al. [2,23], as their models were developed
with a linear approximation. Instead of adapting a nonlinear homog-
enization technique developed by Fish [53,54], Yvonnet, and their
colleagues [58–61], we have developed models relating mineralization
level and collagen fiber dispersion, as observed in experiments [5].
Nevertheless, more work needs to be done to determine actual material
and structural variations within the insertion domain, such as using
nonlinear imaging data for microstructures [62–64]. A 2D model was

developed in the current study. However, a 3D model is needed to
properly reflect the complex states of stress and strain due to differences
in the thickness of the tendon, bone, and insertion tissues [20], as
well as the effect of surrounding tissues. In addition, viscoelasticity
should be taken into account since it is a very important phenomena
both in soft and hard biological tissues [17,65–67]. For that, we have
developed rate-dependent viscoelastic models to describe tendon–bone
insertion tissues [25].

5. Conclusions

Tendon-to-bone insertions may be considered as continuous
functionally-graded connective tissue whose anisotropic biomechanical
functions depend intimately on the regional biochemical composition
and microstructure [2,5]. A structure-based model taking into account
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continuous variations in material properties, fiber orientation, and
fiber dispersion was developed. The GOH hyperelastic model was
adopted and explicit grading of structural and material properties were
implemented via a customized python script to introduce structural
grading along preferred fiber orientation. Using this model, we were
able to recover the unique anisotropic nonlinear mechanical responses
of the tendon-to-bone insertion tissues as observed in experiments. We
show that the continuous grading of structural and material properties
resulted in a smoother stress distribution with smaller peak stresses
than in the model with piecewise homogeneous material properties.
The latter was often used when modeling tendon-to-bone insertion
tissues by other research groups. We demonstrated the dependence of
peak stresses on the gross shape of the insertion, which is important
to take into account when age or occupation-related tendon-to-bone
remodeling occurs. It helps us to understand how tendon-to-bone inser-
tions function to dissipate stress generated at the interface of dissimilar
materials. The study will be useful for controlling healing of the
damaged insertion by utilizing proper mechanical and biological cues
to regenerate original heterogeneous tissue structures. Further, this
research will also help to develop biomimetic procedures to connect
dissimilar materials in general. For example, where soft actuators of
compliant mechanisms need to be connected to hard skeletal structures
in robotics.
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