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Nonlinear Ligament Viscoelasticity
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Abstract—Ligaments display time-dependent behavior, charac-
teristic of a viscoelastic solid, and are nonlinear in their stress—
strain response. Recent experiméhizveal that stress relax-
ation proceeds more rapidly than creep in medial collateral
ligaments, a fact not explained by linear viscoelastic theory but
shown by Lakes and Vanderlfyto be consistent with non-
linear theory. This study tests the following hypothesis: non-
linear viscoelasticity of ligament requires a description more
general than the separable quasilinear viscoelastiQLy) for-
mulation commonly used. The experimental test for this hy-
pothesis involves performing both creep and relaxation studies
at various loads and deformations below the damage threshold.
Freshly harvested, rat medial collateral ligameiM<Ls) were

used as a model. Results consistently show a nonlinear behav-

ior in which the rate of creep is dependent upon stress level
and the rate of relaxation is dependent upon strain level. Fur-
thermore, relaxation proceeds faster than creep; consistent with
the experimental observations of Thorntehal® The above
results from rat MCLs are not consistent with a separable QLV
theory. Inclusion of these nonlinearities would require a more
general formulation. €2001 Biomedical Engineering Society.
[DOI: 10.1114/1.1408926
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INTRODUCTION

Ligaments are viscoelastic and thus, display time-

For these reasons it is important to understand viscoelas-
tic behavior throughout its functional range.

Prior studies of ligament viscoelasticity often consist
of a creep or relaxation test at one load or strain level.
Force versus displacement curves at constant strain rates
demonstrate that ligament is nonlinear. The reason is that
collagen fibers are recruited as load incredSe$he
stress—strain curves of ligament display a “toe” region
where fibers straighten and elongate in a strain-stiffening
fashion until the fibers are no longer crimped. At that
point the fibers elongate, giving rise to the linear seg-
ment of the stress—strain curve. It is this toe region and
the lower strain portion of the linear region that is ad-
dressed in this study. Armet al? reported strains in the
human medial collateral ligamefMCL) of 4% at 120°
of flexion during passive knee motion and Hell al®
reported human MCL strains up to 7.792.9% under
combined loading. Strains in these studies are based
uponin situ changes in length. The onset of mechanical
damage in the rat MCL has been shown by Provenzano
et al? to be at 5.1% strain after experimental prelaad
vivo. At strains below this threshold the tissue will return
to its original, preloaded length after a recovery time
equal to ten times the duration of tissue loading during
the test! Previous studies have not studied viscoelastic
behavior at multiple deformation or load levels through-

dependent and load-history-dependent mechanical behavoyt the physiologic domain of recoverable loading.

ior. Viscoelasticity has been studied in numerous biologi-
cal materials such as boh®!® articular cartilagé?
skeletal musclé ligament'**? tendon®*? and cardiovas-
cular tissue$?>?® Recently, ligament viscoelasticity has
been studied in healing, damaged® grafted!® and

prostheti¢ ligaments. It is axiomatic that a repaired or

Researchers have tried to quantify fundamental vis-
coelastic behavior with phenomenological models includ-
ing linear?® quasilineatt? and nonlineat>!’ Linear vis-
coelasticity is expressed in terms of the Boltzmann
integral:

replaced ligament must possess the same viscoelastic

characteristics as a normal ligament to provide the same
function. It is also of interest to know the difference in
performance between healthy and damaged ligaments.
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de(7)
dr

o(t)= J:E(t— 7) dr, 1)

in which E(t) is a relaxation function, which in the
present context refers to deformation in the axial direc-
tion, as it depends on time of(t) is stress,e(t) is
strain, andr is a time variable of integration. Nonlinear-
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ity may be described by a single-integral form called
nonlinear superposition, which allows the relaxation
function to depend on strain level:

de(7)

(
ar dr.

t
a’(s,t)=jOE[t—7,8(7')] (2)

In the quasilinear viscoelasticityQLV) formulation of
Fung® the relaxation function, which depends on strain,
is separableinto the product of a function of time and a
function of strain:E(t,e)=E.(t)g(e), so

do de(7)
de dr

()

T.

t
o(e,t)= fo E(t—17)

As an illustration, suppose the strain history is controlled
as a Heaviside step function of magnitudg in time.

The derivative becomes a delta function, so the stress

relaxation given by Eq.3) is: o(e,t)=¢ggE(t)g(e).
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experiments of Graét al® A single linear or QLV model

is likely to predict ligament response poorly when com-
ponents of both creep and relaxation are included in the
load history. In consequence, models may be unable to
simulate complex joint behavior with fidelity, and the
desired time-dependent behavior for graft or replacement
ligaments may be poorly defined.

In this study two viscoelastic properties are consid-
ered: the increase in tissue deformation over time with a
constant loadcreep and the decrease in load with time
at a constant tissue elongatidetress relaxation The
authors’ hypothesis is that nonlinear viscoelasticity of
ligament requires a description more general than the
separable quasilinear viscoelasticitpLV) formulation
commonly used. To test this hypothesis both creep and
relaxation experiments were performed at multiple levels
in the physiologic region of recoverable loading.

METHODS

This study was approved by the Institutional Animal

The stress is clearly dependent on strain level, but its Use and Care Committee and meets the National Insti-
time dependence does not depend on strain. Thus, timetute of Health(NIH) guidelines for animal welfare. Eigh-
dependence is assumed to be independent of strainteen medial collateral ligamen(MCLs) from euthanized

Analogously, aseparableassumption in a creep formu-
lation would imply that time dependence in creep is

independent of stress. Elastic nonlinearity and time de-

pendence can be easily discriminated in a log—log plot of

Sprague—Dawley male rats (weigh?50+259g) were

used. Each MCL was exposed by carefully dissecting
away all extraneous tissue. The MCLs including intact
femoral and tibial bone sections were carefully excised

stress versus time in a relaxation experiment. Purely for ex vivo testing with care taken not to disturb the

strain-dependent elastic nonlineargys) in QLV mani-
fests itself in the overall height of the relaxation curve.

The time dependence manifests itself in the shape of the

curve. Since in QLV, the time dependence is decoupled
from the strain dependence, all the relaxation curves
must have the same shagen this log—log plot in

general, or the same slope if they are power law. In a
more general single-integral nonlinear formulation, the

ligament insertion sites. The tissues were kept hydrated
in Hank’s physiologic solution.

Ligaments were divided into three groudd) stress
relaxation,(2) creep, and3) stress relaxation and creep
on contralateral ligaments. Group In=6 ligaments)
consists of MCLs subjected to stress relaxation testing
for 100 s at varying levels of strain below the damage
threshold of~5% for this method of testing: Group 2

shape or slope of the relaxation curves can depend on(n=6 ligaments) is made up of tissues tested in creep

strain level.
In the past, the most common phenomenological

for 100 s at varying levels of load below the loads seen
near the damage threshold. None of the group 2 speci-

model of the viscoelastic behavior of ligaments has been mens exceeded 5% strain when loaded. The order of the

the QLV model. This model has been useful in describ-
ing experiments with ligaments and tendofsee Refs.
32 and 33, and othersIn the above studies, the experi-
ments were performed only in deformation control, and
at a limited number of strain levels. The quasilinear
viscoelastic formulation described the relaxation re-
sponse of the tissue in these experiments very well.

In a study by Thorntoret al,? both creep and relax-
ation were investigated. They observed that relaxation

tests was random. A brief test period was chosen for
these series to allow sufficient time for recovery between
repeated tests and to minimize time spent by the speci-
men in the bath. For group G1=4 pairs of ligaments
stress relaxation and creep were tested on contralateral
ligaments(20 min tests

Similar methods were used for all ligaments. Liga-
ment cross-sectional area was calculated by optically
measuring the width and thickness of the ligament and

proceeded faster than creep and showed that linear vis-assuming an elliptical cross section. Histological cross
coelastic theory was not able to phenomenologically sections of the Sprague—Dawley MCL showed that an
model both behaviors with interrelated constitutive coef- elliptical cross section is a reasonable approximation for
ficients. This rate difference between creep and relax- calculating area. The experimental syst@ioad frame-
ation was also observed in the more clinically focused camera—image procesgdras a resolution of at least 10
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um and repeated measures at a fixed length of optical 0% T T e e
markers are consistently reproducible to at leastuh@ i 1
Specimens were tested in a custom-designed load frame oos | e | ]
with special structures to hold the femur and tibial end T

sections of the sample in an anatomical position that
loads the fibers as uniformly as possible. Strain in relax-
ation specimens was measured by placing graphite- i
impregnated silicon grease markers on the specimen and< [ e ]
using video dimensional analysis to measure displace- 015 = B
ment. Strain was measured grip to grip in creep testing.
Force was measured and recorded by Labtech Notebook 0 b ]
data acquisition software(Laboratory Technologies T o 1 2 3 4 5 6
Corp., Wilmington, MA. Each test was video taped with Strain (%)

time, load, and displacement from the data acquisition

software written and recorded on the video tape in real F'GURE 1. Stress relaxation is seen to be nonlinear with

. . . . . respect to strain for group 1. Multiple stress relaxation tests

time. Afterward, the video images of the stretching liga- were performed on each of the ligaments in group 1. Results

ment were digitized and evaluated to calculate strain for from all tests in group 1 are represented. The relaxation rate

a particular load and time in the tissue with N.I.H. Image 7 is the slope obtained from curve fitting the data with a
software (tp:rshnfo.nih.govininimage Gage length  SrlS\eim pover faw (1 in tme, n s amensinies. ias-
[7.25+0.41 mm (mears.d.)] was measured at 0.1 N of  strongly dependent upon strain  (p=0.0001). A linear time
preload before each test in order to obtain a uniform zero dependence as in linear viscoelasticity or a quasilinear time

point. Afer preload the fissue was pulled in either dis- $SPEnce 1 QLY vl et e same sope () o
placement or load control with a rise time of 0.32 s. The horizontal line.

rise time was selected based upon stability considerations

in load control in our testing apparatus. Displacement-

controlled tests used the same rise time for uniformity. is rejected if thep value is less than 0.05. A paired
Other than the preload, no preconditioning was done, to studentst-test was performed on group 3 to determine if
eliminate the possibility of history effects. For contralat- a significant rate difference exists. A significant rate dif-
eral stress relaxation and creep tests, the relaxation tesference exists ap<<0.05. All analyses were performed
was performed first and the load history recorded, a with SAS PROC MIXED (SAS Institute, Inc., Cary,
creep test was then performed on the contralateral MCL NC).

in load control at the maximum load obtained during the

-0.1 N

elaxation Rate

relaxation test. For tissue recovery the ligaments were RESULTS
unloaded and allowed to recover for at least ten times the
length of the te€f while remaining hydrated in Hank’s Stress relaxation and creep were both nonlinear in that

physiologic solution. After recovery the gage length of their rates(slopes on log—log plojsare dependent on
the MCL was measured again at the preload loading of strain and stress, respective(lfigs. 1 and 2 In both
0.1 N and another viscoelastic test was performed on thestress relaxation and creep, rates changed by approxi-
ligament. Data were plotted on a log—log scale with the mately an order of magnitude throughout this low load
first time point being ten times larger than the rise time region (Figs. 1 and 2 Statistical analysis for group 1
of the load or displacement to prevent transient effects indicated that the raten (slope in a log—log plot of
from a loading that is not truly a step functiéh?® A stress relaxation is strongly dependent upon strain (
power law,t", was used for curve fitting. The parameter =0.0001). Statistical analysis for group 2 indicated that
n, which is the slope on a log—log plot of stress or strain the rate of creep is strongly dependent upon strgss (
versus time, was considered as the “rate” of relaxation =0.0078). To ensure specimen recovery from serial test-
or creep, respectively. ing, the preloaded gage length was measured before each
Statistical analyses were performed on the data in test. Each ligament subjected to multiple tests showed
order to determine if the rate of stress relaxation or creep gage length differences less than 0.5% for stress relax-
is strain or stress dependent, respectively, and whether aation and less than 0.75% for creep. Multiple stress re-
significant difference in rate of stress relaxation or creep laxation tests from group 1 demonstrate a decrease in
exists for group 3. To account for the subsampling within stress with time and a decrease in the rate of stress
individual specimens in groups 1 and 2, the data were relaxation with increasing straifiFig. 3). In addition, the
analyzed with repeated measures analysis of covarianceelastic moduli at 10 s for increasing strain are 129.6,
The null hypothesis being tested is that there is no asso-290.0, 396.0, and 396.4 MPa, respectivélyig. 3).
ciation between rate and stress or strain. This hypothesisCreep data at multiple levels of stress from group 2
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FIGURE 2. Creep is seen to be nonlinear with respect to
applied stress for group 2. Multiple creep tests were per-
formed on each of the ligaments in group 2. Results from all
tests in group 2 are represented. The creep rate n is the
slope obtained from curve fitting the data with a single-term
power law t" in time, n is dimensionless. Statistical analysis
indicates that the rate of creep is strongly dependent upon
stress (p=0.0078). A linear time dependence as in linear
viscoelasticity or a quasilinear time dependence in QLV
would predict the same slope (rate) for each creep test and
would therefore be represented by a horizontal line.

display increasing strain with time and a reduction in
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FIGURE 4. Stress relaxation and creep on contralateral liga-
ments. Stress, strain, and time are plotted on log scales.
Note the rate of stress relaxation proceeds faster than the
rate of creep. Curves fit with a single-curve power law in
time: @ (relaxation ) o=4.590t"%%1 R?=0.99, and M (creep)
£=2.641t%%%7 R?=0.95.

Group 3 dat&stress relaxation and creep on contralateral
ligament$ demonstrate a statistically significant differ-
ence in the rate of stress relaxation and cregp (
=0.0009) and that the rate of stress relaxation proceeds

creep rate with increasing levels of stress. For one of the f@ster than creep by 1190.57 times(Fig. 4).

creep samples, three tests were run within 0.1 N of each
other, revealing rate changes less than 3% whenRfit (

>0.95) with a power law of the forns =At". A single- : :
exponential curve fit was not used because its sigmoidal ©f rélaxation depends on strain level.
shape in a log—log plot does not correspond to the data.
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FIGURE 3. Stress relaxation at multiple levels of strain.
Stress and time are plotted on log scales. Note the decrease
in the rate of stress relaxation with increasing strain as seen
from the slope of a single-term power law in time (R?
=0.91): @ (£=0.82%) o0=1.474t"%1% MW (e=1.74%) o
=5.700t7%9%3 ¢ (£=2.38%) ¢=10.103t729%° and A (e
=3.74%) ¢=15.015t"%%12_ A QLV fit (gray lines ) based on
0.82% strain would predict the same rate for all strains, and
so QLV does not capture the dependence of rate on strain.

The separable form of the nonlinear constitutive equa-
tion (QLV) does not describe the above results. For these
data the rate of creep depends on load level and the rate
The rate of relax-
ation varied by more that an order of magnitude from
—0.163 for 0.27% strain to-0.0125 for 5.10% strain.
Creep rate also varied by nearly an order of magnitude
between 0.058 for 3.72 MPa and 0.007 for 9.88 MPa
stress. In QLV the time dependence and stress or strain
dependence are assumed to be independent, and the same
(separablgfunction of time is used regardless of applied
stress(in creep or applied strain(in relaxation (Fig. 3.

DISCUSSION

The results from groups 1 and 2 show that stress
relaxation and creep in rat MCLs are nonlinear in time
and strain or stress, respectively, within physiologic
range. This observed nonlinear viscoelastic behavior in-
dicates stress dependence for rate of creep and strain
dependence for rate of stress relaxation, a result which,
to our knowledge, has not been previously observed or
reported. These findings support the authors’ hypothesis
that nonlinear viscoelasticity of ligament requires a de-
scription more general than the separable quasilinear vis-
coelasticity (QLV) formulation commonly used. How-
ever, it is worth noting that the rate of relaxation in Fig.
1 appears to be approaching an asymptotic value at
strains which lead into the linear region of the stress—
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strain curve. The separable QLV formulation would be both the creep and the relaxation data may be affected by
adequate to describe the rate of relaxation for strains inthe temporal behaviors of the insertions and bone blocks.
this subregion. However, most normal ligament loading The independent variabléload or displacemeptwas
occurs at low strains in daily life making nonlinearities controlled on the ligament in both experimental modali-
in rate of relaxation and creep physiologically relevant. ties, but the behavior of the structural complex may have
Results from group 3stress relaxation and creep per- entered the dependent variable measurements. That is,
formed on contralateral ligamentshow stress relaxation  grip displacements were used to measure creep and were
to proceed faster than creep by about a factor of aboutheld fixed for relaxation. Fourth, group 3 only contains
1.5-2.5, a result similar to the-2.5 seen by Thornton  eight ligaments(four pairg. However, statistical signifi-
et al?® These creep and relaxation behaviors cannot becance is achieved for this experimental group. Fifth,
described by an interrelated QLV model but can be de- symmetry was assumed between left and right MCLs in
scribed by interrelating descriptions of Lakes and the same animal for group 3. This is supported by pub-
Vanderby'’ The work of Thorntonet al,?® and experi- lished work in which no statistical difference in stiffness,
mental group 3 of this study, are predicted by continuum failure force, failure deformation, and the energy ab-
concepts, which demonstrate that stress relaxation will sorbed has been reported between contralateral rabbit
proceed faster than creep for this type of nonlinear ACLs?® Last, this study relies upon a rat MCL model

stress—strain behavidstrain-stiffening behavior’ This with a small ligament compared to the human knee.
strain-stiffening behavior can be obtained using a fiber Because of its size, the rat MCL may be more suscep-
recruitment modet® tible to load-induced changes in hydration, which would,

A power law was used to fit our data because it is in turn, alter its viscoelastic response. Fluid present in
well suited for linear data points on a log—log plot, ligament tissue has been shown to play a role in the
which correspond to our data. An exponential curve fit mechanical responde:?* As for tendon, when they are
has a sigmoidal shape on a log—log plot which does not loaded, water content decreases with static and cyclic
correspond as well to our data. One can, of course, loading!® Chimich et al” showed that ligaments with
model any legitimate relaxation function as an integral of higher water content demonstrated greater relaxation than

a distributionH(7) of exponentials of time constant ligaments with lower water content and stated that water
content has a significant effect on viscoelastic behavior.
o In this regard, similar testing on a larger model is rec-

E(t)—Ee=f H(ne YdIn 7. (4) ommended.

The authors speculate that the decrease in relaxation
rate with increasing strain could be the result of larger
This is sensible if the underlying causal processes arestrains causing greater water lo&sringing out effect
exponential in nature. However, analysis of this type is which causes the tissue to be more eladiss viscous
more complex and obfuscates our basic point that a sepathan tissues subjected to lower strains. Chimétral.’
rable relaxation functiorfsuch as QLY does not admit  showed that rabbit MCLs with larger water content
strain-dependent differences in the rate of relaxation.  showed greater relaxation. Hannafin and Arno¢2ke-

Several limitations must be borne in mind when con- ported that as tendons are loaded to 100 g water content
sidering the results of this study. First, strain reported in decreases with static and cyclic loading, probably due to
this study is measured from optical markers that span fluid being driven out of the ligament during loadifft.
from origin to insertion on the ligament. This represents In combination these studies show that load influences
average tissue strain and does not reflect regional varia-hydration and that differences in the rate of stress relax-
tions in strain. The zero straifreference is taken to be ation with strain are due in part to water content. Further
when the ligament is preloaded. The relationship be- study of fluid content under varying levels of strain
tween this preloaded position and tire situ reference could add insight into the mechanism by which stress
position requires further elucidation. Second, ligament relaxation varies with strain.
stress relaxation and creep data were typically gathered Thorntonet al?® speculated that differences in stress
over 100 s(groups 1 and R Although test times of 100  relaxation and creep behavior are due to progressive re-
s may not describe the entire temporal behavior of the cruitment of collagen fibers during cré€mnd that this
tissue, this time scale gives a good indication of initial microstructural behavior is unlikely to have as significant
ligament behavior in the physiologic range and facilitates an effect on stress relaxation as on creep. If this concept
serial testing on a specimen due to acceptable recoveryis correct, then the progressive recruitment of collagen
times (ten times the length of the tgstWhen group 3  fibers could also explain the decrease in the rate of creep
specimens were tested for 1000 s the additional decadewith increasing load. As larger loads are applied to the
of test time had little effect on the rates of creep and ligament more fibers are recruited leaving fewer fibers to
relaxation, i.e., the power-law trend continued. Third, be progressively recruited after initial loading and there-
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fore decreasing the creep response. Creep behavior may’Chimich, D., N. Shrive, C. Frank, L. Marchuk, and R. Bray.
be significant in daily life®>?” Load control by muscles Water content alters viscoelastic behavior of the normal ado-
is more representative of joint position than displacement ';;%%T_ég?b'{gged'al collateral ligamend. - Biomech.
control. Such loading may induce creep in ligaments as 8gyng, v. C. Stress strain history relations of soft tissues in
they help maintain joint position. Moreover, ligaments  simple elongation. In: Biomechanics, Its Foundations and
are subjected to repetitive loadfs viva'* that may have Objectives, edited by Y. C. Fung, N. Perrone, and M. Anliker.
a static component. Stress relaxation may also be impor- ,Prentice Hall, Englewood Cliffs, NJ: Prentice Hall, 1972.

9 . .
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be of equal importance as stress relaxation, although it ggg i’;.ggg'”gsgexloggfndong Am vitro study. J. Orthop.

has recelved less emp.haS|s. in the biomechanical IIter‘f"'llHaut, R. C., and R. W. Little. Rheological properties of ca-

ture. Studying the relationship between creep and stress pine anterior cruciate ligamentsl. Biomech.2:289-298,

relaxation at multiple levels is beneficial in understand- 1969.
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. . . s . o Hull, M. L., G. S. Berns, H. Varma, and H. A. Patterson.
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stand the appropriate application of QLV and is essential 1994
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