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A New Viscoelastic Model for Preconditioning in
Ligaments and Tendons
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Abstract—In this paper, a new viscoelastic model is presented
to describe the elastic and viscoelastic behaviors of ligaments
and tendons during the preconditioning process. The model is
formulated by accounting for the mechanical contribution of
the main structures of ligaments and tendons, i. e., the collagen
fibers, the proteoglycan-rich matrix and the coupling between
the collagen fibers and the matrix. The coupling between the
collagen fibers and the matrix is assumed to behave as the links
binding the collagen fibers and the matrix together. According
to the previous studies, the friction loss in ligaments and
tendons plays a significant role on the stress softening and the
decreasing of the hysteresis during preconditioning. Therefore,
in this work, the links are assumed to gradually break during
preconditioning and there will be no links breaking when the
preconditioning is completed. Finally, the viscoelastic model
can easily describe the stress softening and the decreasing of
the hysteresis during preconditioning process. We believe that
our model can provide a simple way to interpret the physical
mechanism during the preconditioning process in ligaments and
tendons.

Index Terms—viscoelastic models, stress softening, precondi-
tioning, ligaments, tendons.

I. INTRODUCTION

IGAMENTS and tendons are viscoelastic material in
which the loading/stretching history has a great effect
on the mechanical properties of the tissues. Therefore, before
testing the soft biological specimens, the tissues need to
experience the preconditioning process for canceling the
loading/stretching history and setting up the same initial
properties for all specimens. Preconditioning is a process
that the successive cyclic loading/stretching is applied to the
specimens until the mechanical properties of the specimens
are unchanged. Preconditioning is usually be performed
in two types of experiments; the load controlled and the
displacement controlled. In the load controlled experiments,
the maximum load of each successive cycle is fixed as a
constant while in the displacement controlled experiments,
the maximum displacement of each successive cycle is kept
constant. As the previous studies, it is believed that the
stress softening and the decreasing of hysteresis observed
in the successive cycles during preconditioning are due to
the structural changes occurring in the tissues [1].
Ligaments and tendons are usually preconditioned before
performing mechanical testing, such as tensile, relaxation,
creep and hysteresis tests. This preconditioning significantly
influences their mechanical properties [2], [3], [4], [5], [6],
[71, [81, [9], [10], [11]. In previous studies, [3] performed
tensile tests of human quadriceps tendons and patellar lig-
aments before and after preconditioning. They found that
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the ultimate failure load and stiffness of these tissues were
higher after preconditioning. In [2], Graf et al. performed
relaxation experiments of primate patellar tendons before and
after preconditioning and showed that the relaxation times
were lower after preconditioning.

There is little known about the micro-structural changes
occurring during preconditioning. In order to understand the
mechanism of preconditioning, [12] compared the energy
absorption (area in a hysteresis cycle) of the first and the
last hysteresis cycle during preconditioning of normal canine
anterior cruciate ligaments (ACLs) and treated canine ACLs
in which the hyaluronic acid was enzymatically digested.
They found that the energy absorption of the first hysteresis
cycle of treated ACLs was much smaller than the energy
absorption of the first hysteresis cycle of normal ACLs.
The energy absorption was not significantly different for
the last hysteresis cycle for both groups. Yahia and Drouin
[12] suggested that the interfibrillar matrix containing water
and other material such as proteoglycans and hyaluronic
acid might be responsible for the observed hysteresis during
preconditioning .

There have been several investigations which have ex-
plained the stress softening and energy dissipation during
preconditioning [13], [14], [15], [16], [17]. In [13], Carew et
al. tried to establish a protocol for preconditioning of porcine
aortic valve cusps by using quasilinear viscoelastic (QLV)
theory. Their simulation did not predict well the maximum
stress of each cyclic loading due to the fact that the authors
did not incorporate any structural mechanism into the model.
Later, Nava et al. [15] introduced a phenomenological soften-
ing mechanism into a QLV model to describe preconditioning
of bovine liver. Softening was assumed to be a function of
the deformation history and a softening variable that changed
over time. The model showed good prediction although the
values of the model parameters were not presented by the
authors. Both these phenomenological models did not help in
understanding the mechanisms that govern preconditioning.

Currently, there is still no standard protocol used for pre-
conditioning by experimental biomechanicians [18]. There-
fore, developing mechanical models which can elucidate the
role of the structural components of biological tissue during
preconditioning could help in defining important standard
parameters that can guide the design of the experiments. The
main goal of this study is to present a viscoelastic model for
parallel-fibered collageneous tissues which describes the vis-
coelastic behavior exhibited during preconditioning process.

II. MODEL FORMULATION
A. Basic Assumptions

The model is formulated by accounting for the mechanical
contribution of the main structures of ligaments and tendons:
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the collagen fibers, the proteoglycan-rich matrix and the
coupling between the collagen fibers and the matrix. The
collagen fibers is modeled as multiple linear elastic springs
arranged in parallel. Each spring which represents a collagen
fiber has different wavinesses and therefore, is activated at
different strains. The elastic modulus of each straight fiber
is defined as Ey. The proteogycan-rich matrix surrounded
collagen fibers is modeled as a Maxwell element which is
a series of an elastic spring with an elastic modulus FE,,
and a viscous dashpot with a coefficient of viscosity 7,,.
The multiple elastic springs which represent the collagen
fibers and the Maxwell element which represents the ma-
trix are then connected in parallel. The links binding the
collagen fibers and the matrix together are modeled as two
identical groups of the parallel arrangement of numerous
elastic springs with an elastic modulus E.. The strain of
the first group of the elastic springs is assumed to be the
same with the strain of the elastic springs representing the
collagen fibers while the strain of the second group of the
elastic springs is assumed to be the same with the strain of
the elastic spring representing the elastic component of the
matrix. These two groups of elastic springs are assumed to
gradually break simultaneously during preconditioning which
contributes the stress softening and the decreasing of the
hysteresis in preconditioning process. The schematic of the
proposed model described is shown in Fig. 1.
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Fig. 1. Schematic of Viscoelastic Model.

B. Modeling Framework
The total stress of the tissue, o(t), where ¢ denotes the
time, is given by

o(t) =os(t) + oc ;(t) + 0em(t) + om(t), (D

where of(t) is the stress of the collagen fibers. o, (t) and
oc,m(t) are the stresses of the links between the collagen
fibers and the matrix which associate to the collagen fibers
and the matrix, respectively. o,,, (¢) is the stress of the matrix.

Due to the arrangement of the elastic springs of the links
which associate to the matrix, the elastic spring of the matrix
and the viscous dashpot of the matrix, one has that

Oem(t) + om(t) = oy (), ()
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where o,(t) is the stress of the viscous component of the
matrix.
Moreover, the total strain of the tissue, £(t), is

e(t) =es(t) = ecp(t) = eem(t) +e,(t), 3)

where €. (t) = em(f). €4(t) is the strain of the fibers.
€c,f(t) and e, (t) are the strains of the links between
the fibers and the matrix which associate to the fibers and
the matrix, respectively. Moreover, ¢,,(t) and €, (t) are the
strains of the elastic and viscous components of the matrix,
respectively.

The stress of the fibrous component of the tissue, o (%),
is defined by using a structural approach as previously done
by other investigators [19], [20]. The collagen fibers are
assumed to become straight at different strains, €5 > 0,
defined by the following exponential probability density
function

p(es) = ae™ s with / ples)des =1, 4)
0

where o > 0 denotes the so-called rate parameter and, for
gs > 0, P(e) denotes the exponential cumulative distribution
function defined as

Ple) = / ples)des = 1— =0 )
0
The stress of collagen fibers is given for € > ¢, by
e(t)
Uf(t) = Ef(g(t) - Es)p(gs)dgs ) (6)

0

where Ey denotes the elastic modulus of each straight
collagen fiber.

The total stress of links between the collagen fibers and the
proteoglycan-rich matrix is defined as o.(¢) and is assumed
to be a contribution of two structural components. The first
structural component is the contact surface between the
links and the fibers which contributes the stress of the links
associating to the fibers, o. ¢(t) while the second structural
component is the contact surface between the links and the
matrix which contributes the stress of the links associating
to the matrix, o, ., (t). Therefore, the total stress of the links
between the fibers and the matrix is given by

oe(t) = 0 (8) + om, ¢ (1), )

The stress determined by the links between the collagen
fiber and the proteoglycan-rich matrix is defined by using an
approach similar to the one presented by Raischel et al. [21]
and De Tommasi et al. [22] for different materials. The links
are assumed to break when their strains, €.y and €. ,,,, Teach
some values e, > 0 that are defined by an exponential
probability density function. Specifically, the stress of the
links associating to the fibers is given by

e, (1) = Ecee,f (1) (1 = Plec,s(1)))

e, (1)
+E, / eop(es)des | ®)
0
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and the stress of the links associating to the matrix is given
by

Tem(t) = Ec@c,m(t)(l - P(50,m (1))

Ec,m (t)
+ Ec/ evp(ep)dey )
0
where E. is the elastic constant of the links.
In Eq. 8 and Eq. 9, p(ey) is the probability density function
of an exponential distribution defined, for €, > 0, as

p(ep)

where 8 > 0 denotes the so-called rate parameter. The
exponential cumulative distribution function of the links
associating to the fibers, P(e. s), and the matrix, P(ec )
can be written as follows.

Ee,f
Plecy) = / p(ep)dey =1 — e~ Bees
0

= Be~ P, (10)

(1)

€c,m
Pleom) = / plep)dey = 1 — ¢ Peem . (12)
0

The first term on the right-hand side of Eq. 8 and Eq. 9
are the stresses of all the unbroken links while the second
term are the stresses of all the broken links. These stresses
of the broken links are not transferred to the unbroken links.

The stress of the elastic component of the matrix is defined
as

Om(t) = Epmem(t), (13)

where F,, denotes the elastic modulus of the matrix.

The stress of the viscous component of the matrix is

defined as

ay(t) = nmey (1) (14)
where 7, denotes the viscous modulus of the matrix and a
prime denotes the differentiation with respect to ¢.

After noting that o ,,(t) + 0m(t) = o,(t) from Eq. 2,
oy(t) = nmey(t) from Eq. 14 and that o(t) = oy(t) +
Oc,f(t) +0c,m(t) + 0, (t) from Eq. 1, Eq. 1 can be rewritten
as

o(t) = op(t) + ocf(t) + nmen(t) . (15)

=e(t)

Moreover, since &, (t)
becomes

—¢€c,m(t) from Eq. 3, Eq. 15

o(t) = os(t) + e s(t) +mm(e'(t) — e (1) . (16)

By recalling that 0 (t) = Eceem(t)(1 — Pecm(t))) +
E. fs” 0 eyp(ey)dey, from Eq. 9, o (t) = Epenm(t) from
Eq. 13, 0,(t) = nme,(t) from Eq. 14 and that o, (t) +
om(t) = o,(t) from Eq. 2, Eq. 2 can be rewritten as

Eegem(t)(1 — Plecm(t)))
ec,m(t)
+ EC/ evp(ep)dey, + Enmem(t)
0
= Nmen(t) . (17)

Moreover, since €., (t) = em(t) and e,(t) = e(t) —
€c,m(t) from Eq. 3, Eq. 17 can be rearranged and rewritten
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as

el lt) = £(t) f—csc,m@)(l — Pleam(t))

E e m(t)
- — 5bp(5b)d€;,
Nm
En
— —ceml(? (18)
. (t)

By recalling p(ep) = e P and P(e.,,) = 1 — e Peem
from Eqs. 10 and 12, respectively, Eq. 18 becomes
E. En

(o

Beem(® _ 1y Em_ oy (19
Bnm ) hm C’M()

SO B (e(t) — eo)ple,)de,

Eem(t) =€ () +

By recalling that of(t) = Ey
from Eq. 6 and o.f(t) = E. scf(t)( P( e f(t))) +
E, fscf(t) evp(ep)dey from Eq. 8 and e(t) = ec¢(t) from

Eq. 3, Eq. 16 becomes

e(t)

oft) = Ey(e(t)

0
e(t)
b Eoe(t)(1 = Pleos (1) + E. /0 coplen)de
+ 77m(5/(t) - E;m(t)) : (20)

By substituting Eq. 19 into Eq. 20, Eq. 20 can be rewritten
as

—e5)p(es)des

e(t)

a(t) = ; E¢(e(t) —es)p(es)des
e(t)
b Eoe(t)(1 = Pleos(t)) + Ee /0 coplen)de
+ (Bmeem(t) — %(6_58“” —1)). (1)

After differentiating both sides of Eq. 21 with respect to
t, one obtains that

e(t)
70 =G Bt —cpleie

N Ec%[g(t)(l — Pecs(1)))]

d e(t)
S RRETCATEN)
d Ee —Bee,m _
+ %[Emec,m(t) - ?(e 1]. (22

Firstly, by applying Leibniz’s rule for differentiation of an
integral to Eq. 22 one obtains that
d e(t)
%[ Ef<6(t) - 8s)p(gs)d&:s]
0

= Ee'(t) /0E ples)des .

It must be noted that for p(es) defined by Eq. 4,
fo s)des = 1—e™ ¢, which is the exponential cumulative
den51ty function. Thus, Eq. 23 can be written as

(23)

e(t)
%[/0 Ef(e(t) — es)ples)des]

=Ese'(t) (1—e) . (24)
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Secondly, by recalling P(e. ;) = 1 — e P¢f and &(t) =
€c,f(t) from Eq. 11 and Eq. 3, respectively, the second term
of Eq. 22 can be rewritten as

d d, . s
E.SIE)(1 = P(e()] = Folee™™)

= E.£'(t)e P51 - Be). (25)

Thirdly, by applying Leibniz’s rule for differentiation of
an integral to Eq. 22 one obtains that

d e(t) ,
G aendal —spe . o
0
It must be noted that for p(ey) = Be P defined by
Eq. 10, p(e(t)) = Be~P=("), which is the exponential proba-
bility distribution function. Thus, Eq. 26 can be written as

e(t)
%[/0 evp(ep)dey) = Be(t)e e/ (1)

By using Eq. 24, Eq. 25 and Eq. 27, Eq. 22 can be
rewritten as

27)

o'(t) = B’ (t)(1 — e7°) + Bee'(t)e =0

+ €l () (B + BEePeem )y, (28)

Egs. 19 and 28 form a system of ordinary differential
equations that can be solved numerically to find €., (¢) and
o(t) after assigning the initial conditions.

In order to describe the stress-strain relationship of each
cyclic loading in preconditioning by solving numerically the
system of ordinary differential equations, Egs. 19 and 28, the
cyclic strain history of the tissue, €(t), is assumed to have
the form

bt — (2i — 2)bty for (2i — 2)tg < t < (2i — 1)to,
e(t) =
—bt + (QZ)bto for (22 — 1)t0 <t< (2’6)15(),
(29)
where b and ¢y are constants, ¢ is a positive integer that
denotes the number of loading cycles.

C. Softening Model

The stress-strain relationships for all the cycles that fol-
low the 1°¢ cycle can be computed by accounting for the
decreasing of the elastic modulus of the links between the
collagen fibers and the matrix, E., by using the softening
model, Eq. 30, which can be written as

EFt = ple (1) (30)

where E! and E*! denote the E, for the 1°¢ cycle and the
(i + 1) cycle, respectively.

III. RESULTS

The preconditioning process is simulated by applying the
strain history, Eq. 29, and the softening model, Eq. 29, to
the ordinary differential equation system, Eq. 19 and Eq. 28,
therefore the stress strain relationships for all cycles can
be presented. In this study, the preconditioning is simulated
by assuming the parameters that ¢’ = 0.2/s, ey = 0.04,
to = 0.2s, Ey = 500 MPa, E,, = 1 MPa,n = 1M Pa.s,
a = 10, 8 = 0.01 and EC1 = 10 MPa. The stress-strain
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Fig. 2. Preconditioning simulation for the 15¢ cycle.
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Fig. 3. Preconditioning simulation for the 15 and 2™¢ cycles.

curves for the 1%¢ cycle are shown in Fig. 2 while the stress-
strain curves of the 1°¢ and the 2" cycles are shown in Fig.
3.

In this study, it has been calculated that the stress-strain
curves of preconditioning remain constant since the 6"
cycle, therefore the preconditioning is simulated and shown
in Fig. 4. for 7 cycles. The decreasing of the maximum stress

Stress (MPa)

L L L L
0.02 0.025 0.03 0.035

Strain

_ L L I
0 0.005 0.01 0.015 0.04

Fig. 4. Preconditioning simulation for 7 cycles.

in each cycle during the preconditioning is shown in Fig.
5. In this simulation case, it is observed that the maximum
stress of the first hysteresis cycle is 3.96 MPa and it remains
constant as 3.55 MPa since the 6" cycle.
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Fig. 5. The decreasing of the maximum stress in each cycle during the

preconditioning process.

The stress softening and the decreasing of hysteresis is
influenced from the breaking of the links between the fibers
and the matrix during preconditioning. Therefore, the elastic
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modulus of the links is assumed to be exponentially de-
creased until it goes to zero as shown in Fig. 6.

o
g
2
w® 4|
o
; . s
1 2 3 4 6
Number of cycles
Fig. 6. The decreasing of E. in each cycle during the preconditioning
process.

IV. DISCUSSION AND CONCLUSIONS

A new viscoelastic model, for which the schematic is
shown in Fig. 1, is presented to describe the viscoelastic
behavior exhibited during preconditioning process. This vis-
coelastic model is formulated by accounting for the me-
chanical contributions of the collagen fibers, the interven-
ing proteoglycan-rich matrix and the coupling between the
collagen fibers and the matrix. The coupling between the
collagen fibers and the matrix is assumed to behave as the
links binding the collagen fibers and the matrix together. It is
believed that the stress softening and the decreasing of hys-
teresis (energy dissipation) during preconditioning occur due
to the friction loss and the changes of the internal structure of
the tissues [1]. It has been experimentally observed that the
maximum stresses and hysteresis of successive stress-strain
cycles gradually decrease during preconditioning and they
finally remain unchanged when the tissues are completely
preconditioned [1], [7]. Therefore, in this study, the links
between the collagen fibers and the matrix are assumed to
progressively fail while the collagen fibers are assumed to
gradually become active under the loading paths of all cycles.
For the unloading paths, the collagen fibers and the unbroken
links are assumed to gradually move back to their original
positions while the broken links occurred during the loading
paths are not transferred to the unbroken links. Because of
the decreasing of the amount of the broken links occurred
in successive cycles, in the softening model (Eq. 30), the
elastic modulus of the links which associates to amounts of
the broken links between the collagen fibers and the matrix
is assumed to exponentially decreases when the number of
cycle increases.

Because of the lack of some information from the ex-
periment in the paper [7], the exact quantitative simulation
can be done by requiring a specific experimental data of
preconditioning. The parameters in the proposed model are
directly related to the physiology of the internal structure of
ligaments and tendons during preconditioning. In general,
they can be found by validating the model with some
experimental data which can be carried out in future works.
For this work, in order to describe the viscoelastic behavior
during preconditioning process, the parameters in the model
are assumed as By = 500 MPa, E,,, = 1 MPa,n = 1M Pa.s,
a =10, 8 = 0.01 and EC1 = 10 MPa while the constants
in the cyclic strain history are assumed as ¢’ = 0.2/s,
ey = 0.04 and ty = 0.2s. The values of these parameters are

ISBN: 978-988-19252-9-9
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

estimated based on the values of the parameters in a similar
model presented in a previous work [23].

The results of the model simulations are shown in Fig. 2
- Fig. 4. The preconditioning simulation for the 1%¢ cycle
is presented in Fig. 2. which is observed that the model
could capture the nonlinearities of the loading and unloading
stress-strain curves, and the hysteresis (energy dissipation)
during the cyclic loading. According to the model, the
nonlinearities are due to the parameters, « and [, which
indicate the rate of the amount of the active fibers and the
rate of the amount of broken links between the fibers and the
matrix, respectively. The hysteresis is due to the broken links
occurred in the loading path of the cyclic loading which is
indicated by the parameter, 3, and the viscoelastic property
of the matrix which is specified by the parameters, F,, and
71, which represent the elastic modulus and the viscosity of
the matrix, respectively. The preconditioning simulation for
the 1% and 2"¢ cycles is shown in Fig. 3. It is observed that
the maximum stress and the hysteresis of the 1%¢ cycle are
greater than the maximum stress and the hysteresis of the 2"¢
cycle, respectively. The model parameter that captures these
behaviors is the . which exponentially decreases when the
number of cyclic loading increases. E. indicates the value
of the modulus stiffness of the links between the collagen
fibers and the matrix. Because of the breakage of the links in
every loading cycle, E. is assumed to decrease in successive
cycles as the softening model presented in Eq. 30. Therefore,
the softening model could capture both the stress softening
and the decreasing of the hysteresis in successive cycles
during preconditioning. Fig. 4. shows the preconditioning
simulation for 7 stress-strain cycles. It could be noticed that
the stress-strain curves remain unchanged since the 6! cycle
which could be interpreted that the coupling between the
collagen fibers and the matrix would not play the role on the
structural changes during preconditioning since the 6" cycle
of the cyclic loading. Therefore, the maximum stress of each
cycle would exponentially decrease until the 6" cycle and
remain unchanged in successive cycles as shown in Fig. 5.
In the same way, the stiffness of the links, F., of each cycle
exponentially decreases and becomes zero since the 6 cycle
as shown in Fig. 6. which means the mechanical contribution
of the links or the coupling between the collagen fibers and
the matrix does not influence the viscoelastic properties of
the tissues after the 6! cycle. At this stage, it could be stated
that the tissues are completely preconditioned.

In conclusion, a new modeling framework is presented
for describing the mechanical response of ligaments and
tendons exhibited during preconditioning process. The model
simulation seems to have excellent qualitative agreement
with the experimental data of Dorow [7]. The proposed
model here could be extended to describe other viscoelastic
phenomena in ligaments and tendons, such as creep and
relaxation. Moreover, it could be also applied to describe
the viscoelasticity of other collagenous tissues. More im-
portantly, it could be employed to illustrate the role of the
mechanical response of the coupling between the collagen
fibers and the matrix in collagenous tissues. According to the
model simulations in this study, it could be suggested that the
energy dissipation during preconditioning might due to the
effect of the structural changes in the coupling between the
collagen fibers and the matrix which associate to the friction
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loss or the disconnection of some contact surfaces between [23] R. Sopakayang and R. De Vita, “A mathematical model for creep,

the collagen fibers and the matrix. However, based on the relax.ation anq stra'in stiffenipg in parallel-fibered collagenous tissues,
o . Medical Engineering Physics, vol. 33, pp. 1056-1063, 2011.

excellent qualitative agreement and the adjustable parameters

in the model, the quantitative agreement could be done in the

future experimental and theoretical studies.
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