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Abstract

As tendons are loaded, they reduce in volume and exude fluid to the surrounding medium.
Experimental studies have shown that tendon stretching results in a Poisson’s ratio greater than
0.5, with a maximum value at small strains followed by a nonlinear decay. Here we present a
computational model that attributes this macroscopic observation to the microscopic mechanism
of the load transfer between fibrils under stretch. We develop a finite element model based on the
mechanical role of the interfibrillar-linking elements, such as thin fibrils that are bridging between
the aligned fibrils or macromolecules such as glycosaminoglycans (GAGS) in the interfibrillar
sliding and verify it with a theoretical shear-lag model. We showed the existence of a previously
unappreciated structure-function mechanism whereby the Poisson’s ratio in tendon is affected by
the strain applied and interfibrillar-linker properties, and together these features predict tendon
volume shrinkage under tensile loading. During loading, the interfibrillar-linkers pulled fibrils
towards each other and squeezed the matrix, leading to the Poisson’s ratio larger than 0.5 and fluid
expulsion. In addition, the rotation of the interfibrillar-linkers with respect to the fibrils at large
strains caused a reduction in the volume shrinkage and eventual nonlinear decay in Poisson’s ratio
at large strains. Our model also predicts a fluid flow that has a radial pattern toward the
surrounding medium, with the larger fluid velocities in proportion to the interfibrillar sliding.
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1. Introduction

Tendons function as mechanical, load-bearing structures that allow motion by transmitting
forces from muscle to bone. The composition and organizational structure of tendon are
optimized to allow its mechanical response for a range of stresses and strains. Under tensile
loading, tendon exhibits shrinkage of volume [1] and fluid exudation to the surrounding
medium [2,3]. By defining the Poisson’s ratio as (veff = 1-AV/(£V))/2), where (AV/Vg < 0)
is the negative relative volume change at a tensile strain (&), the Poisson’s ratio for tendon is
expected to be larger than 0.5. Indeed, reported Poisson’s ratio for tendon are 1.65+0.35 for
human hip joint ligament [4], 2.98+2.59 for sheep flexor tendon [5], and 0.7+0.52 for rat tail
tendon fascicles [6]. Yet, mechanical models replicating this experimental behavior have
been limited. Understanding the micromechanical response of tendon is therefore important
to fully describe its material behavior from the macro to microstructural levels.

Tendons are composed of a dense extracellular matrix consisting primarily of collagenous
and noncollagenous components. Modeling tendon as a distribution of fibrils embedded in a
poroelastic matrix where the matrix adopts a Poisson’s ratio within the range of the
homogenous isotropic materials (i.e. 0-0.5), predicts that tendons swell during tensile
loading by absorbing fluid from the surrounding medium. This behavior is in contrast to the
above experimental results [1-3] and to overcome this contradiction in previous poroelastic
studies, the measured macroscopic Poisson’s ratio for the whole tendon (2.5 for sheep flexor
[7] and 1.7 for rat tail [8]) was input as the microscopic Poisson’s ratio for the extracellular
matrix (ECM). These large Poisson’s ratios for the ECM lead to the shrinkage of the matrix
under tensile loading, and as a result, such models are capable of explaining the fluid
exudation, although a concrete justification to equate the tendon and ECM Poisson’s ratios
has not been presented. In addition these models are unable to predict the nonlinear variation
of the Poisson’s ratio with strain; experiments have shown that tendons exhibit a large
Poisson’s ratio (~6) at low strains that decays at high strains [9].
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The biphasic behavior of tendon components implies that both collagen fibrils and the non-
collagenous matrix play a role in stress transfer during uniaxial loading [10-17]. For
example, proteoglycans (PGs) interact with and bind to type I collagen fibrils [18,19] at
discrete sites with their protein cores, and their associated glycosaminoglycans (GAGS)
extend into the interfibrillar matrix [19-22]. Evidence for binding of the GAG chains to
certain domains on like molecules or to each other [23—-26] suggests that GAGs may act as
interfibrillar-links that contribute to fibril-fibril communication. Although recent models
[27] have suggested that the contributions of PG-associated GAGs are greatest in the context
of short, discrete fibrils likely during tendon devel opment and healing, experimental studies
in mature uninjured tendons have shown that, enzymatic digestion of GAGs does not induce
changes in mechanical stiffness [15,16,28-30]. Still, the potential interfibrillar-linking role
of secondary collagen fibers such as type VI and XII or other molecules such as
elastin[31,32] must be considered.

In addition to the macromolecules, variation in the morphology of the fibrils is a potential
alternative mechanism that influences the pathway of the load transfer between the fibrils.
Collagen fibrils are predominantly aligned in parallel along the direction of loading, in the
form of the well-organized bundles[33,34]. Among all the fibrils, electron microscopy has
identified smaller diameter fibrils that traverse and bifurcate with larger diameter fibrils
[17,35,36]. Experimental studies have shown that under tensile loading, there is discrepancy
between the strains measured in the fibrils and applied to the tissue and this strain is
compensated by interfibrillar sliding[37-39]. These thin fibrils bridging between aligned
fibrils may regulate the interfibrillar sliding and contribute to the force transmission
mechanism between fibrils [17]. Here we present a computational model to show that the
potential interfibrillar-linking contribution of the bridging fibrils or macromolecules such as
GAGs in combination with the existing interfibrillar sliding, remarkably leads to the fluid
exudation and the Poisson’s ratio larger than 0.5 under tensile loading.

Therefore, the objective of this study is to develop a micromechanical poroelastic model to
(1) explain the experimental observation of large Poisson’s ratios and its variation with
strain and (2) quantify fluid flow directionality and velocity along fibrils. Our model is
based on the force transmission between the fibrils through interfibrillar-linking elements
which are modeled as elastic springs. These interfibrillar-linkers can represent thin fibrils
that are bridging between the aligned fibrils or GAGs and other potential interfibrillar-
linking elements such as collagen type VI and XII. Given the uncertainty in the current
literature about the frequency and stiffness of the bridging fibrils, we perform a parametric
study on the elastic stiffness and density of these interfibrillar-linkers. To produce the
interfibrillar sliding, fibrils in our model are modeled as discontinuous elements embedded
in the ECM. In this setting, under tensile loading, the relative displacement between the
adjacent fibrils can represent the interfibrillar strain as observed in the experimental results.
The importance of the current model is in part to show that while the Poisson’s ratio of the
tendon constituents such as collagen fibril and matrix can be within the range of the
homogenous isotropic materials (i.e. 0-0.5), yet the macroscopic Poisson’s ratio is larger
than 0.5. We used a two-prong approach, incorporating both a three-dimensional finite
element model to predict the tendon Poisson’s ratio and the fluid flow direction and velocity,
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as well as a simple shear lag model to explain the micromechanical mechanism behind the
observed Poisson’s ratio variation with strain.

2. Methods and Materials

Our finite element method (FEM) tendon model is comprised of (i) a staggered distribution
of collagen fibrils, (ii) interfibrillar-linking elements between the fibrils which can represent
bridging fibrils or GAGs, and (iii) the ECM that envelopes all of the components (Fig.1). In
this model, fibrils are assumed to be 1-D elastic elements (with Young’s modulus, Ef and
Poisson ratio, 15) with length (L), radius (Rf) and center-to—center distance of (d). The
interfibrillar-linkers are also modeled as elastic springs with stiffness (K) and spacing (d)
along the length of the fibrils (Table 1).

The third component, the ECM, is modeled as a biphasic porous material that is saturated
with fluid and is coherently bonded to the fibrils. By applying mechanical loading to the
ECM, a fluid pressure gradient is created resulting in movement of the fluid. Darcy’s Law
was applied to connect the fluid flow velocity to the pressure gradient in the ECM:

v——Evp o
n

In equation 1, Vis the fluid velocity field (m/sec), P is the fluid pressure (Pa), k is the ECM
permeability (m*/Ns), and n is the matrix porosity, defined as the volume fraction of the
pores in the matrix.

The fluid flow is related to the deformation of the material through the continuity equation

Oe vol
ot

+V.(=kVP)=0 ()

where &, is the volumetric strain of the matrix.

In addition, the mechanical equilibrium equation should also be solved for the matrix
V.o5;=0 (3
where a7; is the effective stress and is defined by

oij=0i;—Pdij ()
a;j follows the Neo-Hookean constitutive law that allows the large distortions of the ECM in
our model. The mechanical properties of the ECM, such as the shear modulus (G and the
Poisson ratio (1) have not been measured experimentally at this microstructural level,
although by experimental fittings the matrix Young’s modulus (E,y) is estimated to be 0.25
MPa [40] and 0.16 MPa [5], which for an isotropic behavior where Gp= En/2(1-1y), results
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in Gy, = 0.18 and 0.12MPa, respectively. Also in the previous biphasic modeling studies the
estimated values of 0.1 MPa [8] and 0.385 MPa [41] are used for G, In this study, we
assumed the shear modulus to be 0.1 MPa, which is within the range of reported values. For
any initial and boundary conditions, Eqgs. (2—4) can be evaluated to obtain the generated
fluid pressure (P) and the fluid velocity field (Eq. 1) in the ECM.

The stiffness (K) and spacing (d) of the interfibrillar-linkers are entered in our model as a
single variable (K/d) herein called the interfibrillar-linker elastic modulus. By considering
the proteoglycan GAGs as the interfibrillar-linkers, following molecular simulation results
[25], we use K =0.033 N/m and d = 68 nm (with elastic modulus K/d = 0.48 MPa). For
other mechanisms of the interfibrillar-linking, such as fibril bridging, we performed a
parametric study and vary K/d from 0.1 to 2.4 MPa to cover all the potential strengths and
densities of the interfibrillar-linking elements.

The model consists of 3-by-3 arrangement of fibrils with 100 nm gaps between the fibril
ends (Fig. 1). The width of the model is a = 600 nm and the overall length is ~250 um. The x
— axis of the coordinate system is placed at the center of each fibril oriented along the fibril
direction (-L/2 < x < L/2) and the y-axis origin is placed at the center of the model (-a/2 <y
<al2).

3. Finite element model results

3.1 Tendon Poisson’s ratio under tensile loading

A tensile strain of = 3% at the strain rate of &= 0.01sec™L is applied (Abaqus (v. 6.13),
Dassault Systemes, Providence, RI) to the ends of the model and the simulations are
repeated for the interfibrillar-linking elastic moduli ranging from 0.1 to 2.4 MPa. After each
increment of the tensile stretch, the volume change of the model (AV/Vy) and the effective
Poisson’s ratio (e Which is the average of three Poisson’s ratios 14, 15y and 1y, in Fig. 1) is
calculated (Fig. 2).

1 (1 1 AV)
Vog=—|1———
eff 2 € VE) (5)

The tensile strain applied to the ends of the tendon is transferred between the fibrils through
the extension of the interfibrillar-linkers and the shearing of the matrix, due to relative
sliding of the fibrils. Meanwhile the force generated in the interfibrillar-linkers pulls the
neighboring fibrils relative to each other, and squeezes the encapsulated matrix leading to
the volume shrinkage and fluid exudation from the tendon (Fig. 1, b). The outcome of this
volume shrinkage can be observed in the evaluated Poisson’s ratio (Fig. 2). The FEM model
predicts that the Poisson’s ratio is bigger than 0.5, which is indicative of a decrease in the
volume (with vg > 0.5, the volume change is negative (AV < 0) in Eq. 5) and fluid
exudation as will be discussed in sec. 3.2. The Poisson’s ratio has a nonlinear variation with
strain with large values at small strains (1-1.5%), followed by a drop for larger strains. As
we will show in the theoretical modeling section (sec 4), this nonlinear behavior is the direct
outcome of interconnecting role of interfibrillar-linkers in the tendon and is attributed to the
relative rotation of the interfibrillar-linkers with respect to the fibrils with increasing strain.
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The pressure generated in the tendon at this tensile strain is positive (Fig 3,a) and is the
driving force for the fluid exudation from the core of the tendon to the surrounding medium.
In our previous work [27], we found that the extension of the interfibrillar-linkers is stronger
at the end of the fibrils where the relative fibril sliding is the predominant mechanism for the
load transfer. In proportion to the interfibrillar-linker extension, the generated positive
pressure is maximum at the fibril ends (x = 0, L/2) where fibrils are sliding (Fig. 3, a, b), and
is minimum in the interior point (x = L/4) where the extension of the interfibrillar-linkers is
small. This fact will result in a higher fluid velocity at the fibril ends, which is discussed in
the next section.

In all points along the model, the width of the tendon is reduced from the initial value of (a),
indicating that the interfibrillar-linkers are pulling the fibrils relative to each other and are
contracting the tendon (Fig. 3, a, ¢). In consistency with the shear lag model [27] where the
interfibrillar-linker force is larger at the fibril ends (in this case point x = L/2), the tendon
shrinkage is also larger where the fibrils ends are located (d;/a which is at point x = L/2) and
smaller at the other points (dy/a which is at point x = L/4).

3.2 Fluid movement

In response to the generated positive pressure and the assumption that the tendon medium
maintains a zero pressure, a pressure gradient between the tendon core and the surrounding
medium is generated. This pressure gradient causes the fluid to exude from the tendon and
enter the medium (Fig 4). The fluid movement is directed radially from the tendon core to
the outside, with the larger velocities at the outer edge of the tendon. In agreement with the
pressure distribution (Fig. 3,b), the fluid flow velocity is largest on the cross-section (A)
located near the fibrils ends. In this cross-section, the interfibrillar sliding is larger and creats
a larger pressure in the tendon.

Next, we performed a parametric study to determine the fluid velocity exiting the tendon for
varying values of interfibrillar-linker elastic moduli (Fig. 5), where the positive velocity
indicates fluid exudation. As expected, fluid exudes faster for stiff interfibrillar-linkers than
soft ones, and this exudation is fastest at the fibril ends.

The stiffness (K) and spacing (d) of the interfibrillar-linkers enter in our FEM model as a
single parameter (K/d) representing the elastic modulus of the interfibrillar-linker. In the
case of the GAG interfibrillar-linkers, the stiffness (K = 0.033 N/m calculated in [25]) and
spacing (d = 68 nm for fibril D-period) result in K/d = 0.48 MPa which is tested in our FEM
model. For the other mechanisms of the interfibrillar-linking such as the fibril bridging, the
stiffness (K) depends on the radius of the fibril bridge:

_TR’E;
dy

K

(6)

Where Ris the radius of the bridging fibril. It should be noted that, here the Young’s
modulus of the bridging fibril (E = 1.5 GPA) is same as the aligned collagen fibrils. In this
case for each elastic modulus (K/d), the radius of the bridging fibrils can be calculated based
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on their spacing. In Fig 6, we present radius versus spacing of the interfibrillar-linking
bridges for four values of K/d = 2.40,0.48, 0.24 and 0.10 MPa tested in our model. Fig. 6
shows that in order to maintain the same K/d, by increasing the spacing between the
bridging fibrils, the radius of the bridging fibrils needs to be increased correspondingly.

The finite element simulation incorporated fibrils interconnected by interfibrillar-linkers was
able to predict the tendon volume shrinkage accompanied by fluid exudation. The Poisson’s
ratio calculated by FEM was also larger than 0.5 and has a nonlinear rise and drop with the
applied tensile strain, in agreement with the experimental studies. Although the FEM
approach predicts the tendon behavior successfully, the micromechanical mechanism behind
the variation of the Poisson’s ratio with strain can be understood more explicitly. To this
end, we next considered a simple analytical model for a tendon where the matrix is a
monophasic elastic matrix. With this framework, we derived the forces acting on the matrix
with the theoretical shear lag model (SLM) [44]. In order to investigate the sliding between
the fibrils under tensile loading, the SLM has been incorporated in the recent modeling
studies [27,45-47]. We utilized the SLM to derive the forces that interfibrillar-linkers are
exerting on the matrix and to see how these forces result in matrix volume changes.

4. Theoretical 2D elastic model

Due to the periodic arrangement of fibrils in tendon (Fig. 1), two neighboring fibrils, their
interconnecting interfibrillar-linkers, and an elastic monophasic matrix enclosed between the
fibrils (Fig. 7) can be considered as the unit cell for the SLM. For an applied tensile stretch
of &, the displacement in each fibril is denoted by u;(X) and uy(x), and their spacing is
reduced from the initial value of d; to h.

The mechanical equilibrium in each fibril is derived from the force balance of fibril
elements as

Oo1(x) :_302 (z) 4

or oz :_ﬂRfT(a:) 0

where 01(X) and o»(x) are the tensile stresses in each fibril. 7(x) is the shear stress acting on
fibrils and is composed of the force generated from the extension of the interfibrillar-linkers
and the shear stress due to the shearing of the encapsulated matrix

(z)—u (z)

=S (Voo -m@)sar) 16, 1

")="3R, d

AX) is the rotated angle of the interfibrillar-linkers and is calculated by

B(z)=tan"! (M) ©)

Combining Egs. (7,8) results in the governing equation for the system,
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2up (x 2us(z) sin (B(z
8(%5 ):_83m§ )_ (Lﬁg( ) <\/(u2(m)—ul(z))2+h2_df) +Li% (ug(x)—u1(z)) (10)

with length scales

TR2E; d\ */? R.E;h\1/2
(Y ()

Each element of the matrix experiences axial and transverse strains (Fig. 7) that are
perpendicular to each other. The transverse strain & is a compressive strain that is caused
by the transverse component of the interfibrillar-linker forces. It has a negative value and
due to the periodic boundary condition is constant along the x —direction,

__KCOS (B(x)) ( \/(uz(x)—ul(m))z—l—hz—df):—w

“W="3R, db, o (a(e) - (@) +02—dy a2

where

_2R;E,d

Lo and E,,=2(1—v;,)Gyp,. (13)

The reduced fibril spacing is related to the transverse strain by h = di(1+sy),

ety (12D e @7 02dy) o

The fibril displacements, uy(X), ux(X), interfibrillar-linker angle, Ax) and fibril spacing, h are
four unknowns of the model, and correspondingly Egs. (9, 10 and 14) give the four
governing equations.

The boundary conditions to find these unknowns are,

=0 (5
dx dx (15)

u1(0)=0, uz(L/2)=¢L/2,

In addition a periodic boundary condition (dh/dx = 0) is applied to prevent fibril rotation.

The axial strain g (X)is the average of the axial tensile strains in the two fibrils

urle)=5 (augf)ﬁu;f)) (19)

The volume change of the matrix element and resultant Poisson’s ratio from the SLM, for
the two components of the strain are defined as
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AV 1 1)

W:L—/? (€zz(T)+eyy)dr  (17)
Where Vg and AV are the unit cell initial volume and the volume change, respectively. The
effective Poisson’s ratio is defined by equating the model to the 2D simple tensile test:

AV

WZE(l—”eﬁ) (18)

Therefore, the Poisson’s ratio of the SLM can be derived as

1AV
Vef=l————(19)

e W
After solving Egs. (9,10 and 14) with the boundary conditions of Eq. (15) using the
mathematics module of Comsol Multiphysics (v. 4.4), the compressive (from Eqg. (12)) and
tensile strains (Eq. (16)), as well as the Poisson’s ratio (Egs. (17-19)) for strain up to 25%
were evaluated (Fig. 8). The interfibrillar-linkers elastic modulus was set to 0.48 MPa.

The Poisson’s ratio depends on the trace of the strain tensor (s + &) (EQs. (17)), and
consequently, the variation of the Poisson’s ratio with strain depends on the variation of g
and &y independently. For small tensile strains (¢ < 0.05in Fig. 8), interfibrillar-linkers are
nearly perpendicular to the fibrils (5~ 0 in Fig. 7) and thus can exert large compressive
strains (&) on the matrix (Eg. 12). This fact can be inferred from the faster increase in (&)
compared to (&) in this region. Conversely for the large strains (&> 0.05), the tensile strain
of the matrix (&) has a monotonic linear increase with the applied strain, and can negate the
effect of the compressive strain (&,y). The outcome of these variations can be seen in the
nonlinear variation of the Poisson’s ratio with strain. Initially, as the volume shrinkage is
large, the Poisson’s ratio has a rapid rise with a peak value for small strains, followed by a
decrease in the volume shrinkage and a nonlinear decrease for the larger strains (Fig. 9).

As can be observed the SLM result (Fig. 8) verifies the FEM result (Fig. 2) for the variation
of the Poisson’s ratio with strain, and in addition provides a micromechanical explanation
for the observed behavior. Alternatively, FEM incorporates biphasic porous matrix with
realistic geometric nonlinearity such as the distortion of matrix and out of plane
displacements which were ignored in the theoretical SLM.

5. Discussion

This study developed a comprehensive microstructural model to explain the experimentally
observed Poisson’s ratios in tendon. A model incorporating large Poisson’s ratios and fluid
movement is important to provide further mechanistic understanding of how tendon
responds to load from the macro- to micro-structural levels. We showed the existence of a
previously unappreciated structure-function mechanism whereby the Poisson’s ratio in
tendon is affected by the strain applied and matrix properties, and together these features
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predict tendon volume shrinkage under tensile loading. Our FEM simulation, verified by the
theoretical SLM, is capable of making the following key predictions: (1) Under tensile
strain, interfibrillar-linkers pull the fibrils closer to each other generating a compressive
force exerted on the encapsulated matrix, leading to the volume shrinkage and fluid
exudation; (2) The Poisson’s ratio evaluated for the tendon is greater than 0.5 and has a
nonlinear variation with the strain applied, in agreement with experimental observation [9].
For small strains, when the interfibrillar-linkers are still nearly perpendicular to the fibril, the
Poisson’s ratio has a rapid rise to a maximum value. Conversely for the large strains, the
rotation of the interfibrillar-linkers causes a decrease in the compressive force exerted to the
matrix, leading to a decline in the Poisson’s ratio; (3) Under tensile force, lateral fibril
contraction generates a positive fluid pressure along the length of the tendon. This
contraction and positive fluid pressure plays the largest role at the points where the ends of
the fibrils are located and is lowest in the interior regions; (4) The compressive force exerted
by the interfibrillar-linkers to the ECM causes the enclosed fluid to exude from the tendon.
The fluid flow is directed radially outward toward the surrounding medium, and has a
maximum value near the ends of the fibrils.

In recent modeling works of biopolymer random networks, it has been shown that the
interfibrillar-linkers interconnecting the fibers cause stress stiffening[48,49], large Poisson’s
ratio [50] and water exudation [51] under stretch. While the focus of these studies is to relate
the fiber realignment to the observed physical phenomena, the importance of the current
work is to obtain the same behavior for the aligned fibrils in consistent with the tendon
morphology. In addition, in order to explain the large Poisson’s ratio for tendon and
ligaments, Reese et al., [42] proposed a microstructural model where the large Poisson’s
ratio was attributed to uncrimping of the fibers under tensile loading. Our current model
presents an alternative mechanism, where the initial crimped morphology of the fibrils is not
required, and the contraction of the ECM and the large Poisson’s ratio is attributed to the
compressive forces generated by the interfibrillar-linking elements between the fibrils. Our
FEM model predicts that the Poisson’s ratio of tendon is larger than 0.5, which is indicative
of volume shrinkage and has a nonlinear variation with strain with large values at small
strains (1-1.5%), followed by a decrease for larger strains. Our FEM simulation shows that
this nonlinear behavior, which was already verified by tensile experiment results [9], is
attributed to the rotation of the interfibrillar-linkers with strain. Previous work has shown
that a ~3% tensile strain results in a positive fluid pressure in the center of the tendon [52].
In agreement with our model, the pressure generated in the tendon at this tensile strain was
also positive. This positive pressure was the driving force for the fluid exudation from the
core of the tendon to the surrounding medium.

A potential limitation of our model is the representation of the interfibrillar sliding with
uniform arrangement of the similar fibrils in the ECM. While in the current literature, the
ends of the fibrils in mature tendons are not explicitly identified [33], the observed
interfibrillar sliding in experimental studies [37-39] is a key mechanism that causes the fluid
exudation and the large Poisson’s ratio in our model. While some studies have investigated
the effect of the non-uniform staggering on the mechanical response of the elastic fiber—
matrix composites [53], the poroelastic behavior still remains unexplored. Our FEM results
show that fluid flow is faster near the fibril ends, in proportion to the interfibrillar sliding.
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For a random staggering pattern, fibril ends are located in random points along the tendon
and as a result, a more uniform fluid flow with a smaller velocity can be anticipated at these
points. In addition, the variation of the fibril diameter along the length [54,55] or uneven
distribution of the interfibrillar linkage such as the prevalence of GAGs near the boundaries
of a tendon can cause extra changes in the Poisson’s ratio and the fluid flow field. The
points with larger diameters along the fibrils have bigger shear lag characteristic length (L
in Eq. 11) and impose larger extension in the interfibrillar-linkers. Consequently,
interfibrillar-linkers in those regions would exert larger compressive force to the matrix and
cause faster flow of fluid compared to the other points in the model. For the purpose of this
study, we assumed that in the range of the applied tensile strain (0-3%), the progressive
rupture of the fibrils [47] or the detachment and attachment of the protein interfibrillar-
linkers from the fibrils [26,56], have negligible effects on the mechanical response of the
model and can be ignored. For the large strains (as an example, 15% for the extensor
digitorum longus tendon (EDLT) [26]) the evolution of the microstructural fibrillar damage
may contribute to the ultimate stress followed by a drop in the tendon stiffhess, while in our
FEM maodel, the applied tensile strain is kept between 0-3% to avoid the inevitable
micromechanical failures observed in the larger strains [57]. Finally, our model incorporates
a steady-state poroelastic behavior where the dynamic effects caused by the viscoelasticity
of the fibrils [58,59] or the matrix [56,60] are neglected. In the viscoelastic model, faster
strain rates cause larger elongation in the fibrils followed by a gradual fluid exudation and
stress relaxation [61].

Future work will investigate these mechanisms, as well as the effect of the ionic exchange
[62], viscoelasticity [7,60,61], collagen fiber crimp and re-alignment [10-13,42,63] and
disorganization of collagen fibers [64] as they are all important factors that contribute to the
overall tendon mechanical response. In addition, future studies can use this model to study
the altered mechanical response in damaged, diseased and injured tendon [65-71]. In
addition, future work will investigate whether the fluid flow predicted has ramifications for
shear stresses that tendon cells may experience and respond to during loading [7,8,72,73].
For example fluid flow has been shown to induce changes in expression for genes involved
with degradation [74], collagen remodeling [72], antifibrosis [75], ecto-ATPase activity [76]
nitrous oxide (NO) production[77] and calcium signaling [73] in tendon.

In conclusion, we present a novel approach to understand tendon poroelasticity with a two-
prong modeling approach incorporating both 3D finite element and analytical shear-lag
models. Our study used the unique microstructure of tendon to accurately predict interfacial
shear stress and fluid flow behavior for full tendon. Moreover, this model is capable of
measuring and predicting the direction and velocity of fluid flow from the tissue under
tensile loading and gives physical meaning to the experimental determination of non-linear
Poisson’s ratios. This work not only presents a new microstructural understanding of tendon
behavior to the field, but may also serve as a guide for future models and experimental
approaches in biomaterial design and tissue engineering for tendon.
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Fig. 1.

(a? The finite element model consists of staggered fibrils (red rods) interconnected with
interfibrillar-linkers (springs) placed in a porous medium (cyan). The coordinate system is
placed at the center of the model with x-axis directed along the fibril orientation, and y-axis
perpendicular to it. (b) Under tensile loading, interfibrillar-linkers exert a compressive force
to the biphasic medium (vertical arrows) and cause the fluid to flow radially outward from
the encapsulated matrix. The aspect ratio in the figure is not in scale.
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Fig. 2.

Predicted Poisson’s ratio for varying interfibrillar-linker elastic moduli.
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Fig. 3.

(a) The deformed shape of a longitudinal cross-section (at y = 0, Ref to Fig. 1) at 3% strain
and K/d = 0.48 MPa. The contour colors show the generated pressure in the tendon. The
tendon width at two points x = 0, L/2 and x = L/4, is denoted by d; and dy, respectively. The
pressure profile along the centerline of the cross-section (b) is positive, with larger values at
fibrils ends where the forces in the cross-linkers are larger. (¢) The contraction in tendon
width is larger at fibril ends (d;/a) than the interior point (dy/a).
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Fig. 4.
Fluid movement pattern at a tensile strain of 3%, with a interfibrillar-linker elastic modulus

K/d = 0.48 MPa. The arrows indicate the fluid velocity field vector. Two transverse cross-

sections (A) and (B) at the fibril ends (x = 0, L/2) and interior (x = L/4) points illustrate the
fibril location specific fluid velocity magnitudes. The velocity magnitude is larger at cross-
section (A), which is located near the fibril ends.
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Fig. 5.
Fluid velocity at the surface of the tendon at a tensile strain of 3%, with varying

interfibrillar-linker elastic moduli. The positive values indicate fluid exudation.
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Fig 6.

Radius versus spacing of the fibril interfibrillar-linkers for the fixed value of the
interfibrillar-linker elastic modulus (K/d).
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Fig. 7.
The unit cell consists of two neighboring fibrils whose interfibrillar-linkers are spaced by

distance, d, and aligned at an angle Sto the fibrils. For an element of the matrix (cyan), axial
and transverse strains, & (tensile) and &y, (compressive), act on the element.
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Fig. 8.

With increasing the applied strain, the tensile (&) and compressive (—&yy) strains increase
and the Poisson’s ratio (veff) increases rapidly at low strains prior to decreasing at higher
strains.
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Fig. 9.
For the small tensile strain, interfibrillar-linkers exert a large compressive force to the ECM

and cause a significant decrease in the volume and fluid exudation, while for the large
strains, the force in the interfibrillar-linkers have decreased and the ECM element is under a
tensile stretch and volume expansion.
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Table 1

Definitions and values for symbols used in the model.

Symbol Definition Value Reference
L fibril length 100 pm [25]
E¢ fibril Young’s modulus 1.5 GPa [25,42]
¥, Vim  fibril and matrix Poisson’s ratio 0.3 [42]
Gm matrix shear modulus 0.1 MPa [5,8,40,41]
o fibril center—to—center spacing 300 nm [25]
Re fibril radius 100 nm [25]
k matrix permeability 3.08e-14 m#/Ns [8]
n matrix porosity 2/3 [8,43]
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