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Linear and Quasi-Linear
Viscoelastic Characterization
of Ankle Ligaments
The objective of this study was to produce linear and nonlinear viscoelastic mode
eight major ligaments in the human ankle/foot complex for use in computer models
lower extremity. The ligaments included in this study were the anterior talofib
(ATaF), anterior tibiofibular (ATiF), anterior tibiotalar (ATT), calcaneofibular (CF), po
terior talofibular (PTaF), posterior tibiofibular (PTiF), posterior tibiotalar (PTT), an
tibiocalcaneal (TiC) ligaments. Step relaxation and ramp tests were performed. B
extrapolation was used to correct for vibration effects and the error introduced by
finite rise time in step relaxation tests. Ligament behavior was found to be nonli
viscoelastic, but could be adequately modeled up to 15 percent strain using Fu
quasilinear viscoelastic (QLV) model. Failure properties and the effects of precondi
ing were also examined.@S0148-0731~00!01001-3#
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Introduction
Much has been written about the viscoelasticity of soft tiss

in general@1,2# as well as ligaments in particular~canine MCL:
@3#; rabbit MCL: @4,5#; human MCL: @6#; human ACL: @7#; hu-
man coracoacrimonial ligament:@8#; human lumbar spine liga
ments:@9#!. However, prior research on ankle ligaments has
cused on quantifying their ultimate strength@10–12#, particularly
for the lateral ankle ligaments, since they are the most commo
injured. Previous researchers have used a variety of displace
rates to fail ankle ligaments, ranging from quasi-static~0.53
mm/s! @11# to dynamic~1000 mm/s! @10#. A few studies@10,11#
have presented stiffness constants for ankle ligaments, impli
modeling the ligament as a linear elastic spring. Although non
ear and viscoelastic behavior in ankle ligaments has been
served@10#, no viscoelastic model for any ankle ligament h
been published, to our knowledge.

Injuries to the ankle are common and debilitating@13#. Numer-
ous studies have looked at ankle injuries both experiment
@14,15# and with computational models@16–19#. Computational
modeling has the advantage of being a low-cost, flexible way
study ankle kinematics and injury. Many current lower extrem
models lump the effects of ankle ligaments into joint properti
and therefore cannot predict injuries to individual ligamento
structures@20,21#. Models that do include individual ankle liga
ments in the geometry are limited to elastic models of ligam
behavior@19,22,17#. However, the viscoelasticity of a tissue’s m
chanical response is an important aspect of its physiological fu
tion @23#. The lower extremity MADYMO model by Hall et al
@16# includes viscoelastic ankle ligaments based on data prese
here.

The eight ligaments chosen for this study represent the m
ligamentous structures affecting ankle joint motion~Fig. 1!. The
ATT, TiC, and PTT ligaments comprise the deltoid, which is
triangular fan of fibers originating at the medial malleolus th
stabilizes the ankle joint on the medial side. The ATaF, CF, a
PTaF ligaments stabilize the ankle joint on the lateral side. T
ATaF ligament is the most commonly injured ligament in late
ankle sprains, followed by the CF ligament@24#. The ATiF and
PTiF ligaments are very stiff ligaments that comprise the dis
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syndesmosis and stabilize the ankle mortise. Injury to these l
ments is known as a ‘‘high ankle sprain’’ and is associated w
prolonged disability@25#.

Theory
In viscoelastic theory, constitutive equations are usually form

lated in terms of stress and strain. However, this paper pres
experimental data in terms of forceF and displacementx, which is
normalized to engineering strain«5x/L0 , whereL0 is the initial
length. All formulations presented here are therefore in terms
force and engineering strain. The force response of a material
step input in strain is given by the relaxation function of th
material,R(t). The relaxation functionR(t) can be used to cal-
culate the force response of a linear viscoelastic material ove
arbitrary strain history by applying Boltzmann’s principle of s
perposition. The result is the hereditary integral@2#:

F~ t !5E
2`

t

R~ t2t!
d«~t!

dt
dt

A linear viscoelastic model can be represented by a discrete c
bination of springs and dashpots that model the elastic and vis
components of the material, respectively. A common linear v
coelastic model that approximates ligament force-relaxation

-
ech-Fig. 1 Locations of the eight major ankle ligaments examined
in this study
000 by ASME FEBRUARY 2000, Vol. 122 Õ 15
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havior ~finite peak force response that decays to a nonzero va!
is the generalized Maxwell model@26#. For example, the force
relaxation response to a step displacementx for the generalized
Maxwell model shown in Fig. 2 is given by

R~x, t !5Fk1 exp
2k1t

h1
1k2 exp

2k2t

h2
1k3 exp

2k3t

h3
1k4G•x

The linear model has the advantage of being simple and co
nient to use in many computer modeling packages.

Although most biological materials are expected to behave
early for small deformations~,2–3 percent!, biological materials
typically exhibit nonlinear behavior at greater strains. Many no
linear viscoelastic models have been formulated, but Fun
theory of quasi-linear viscoelasticity~QLV! is probably the most
widely used due to its simplicity. Fung’s QLV theory assum
that a material’s response can be separated into strain-depe
and time-dependent components@2#. Fung formulates the relax
ation function of a quasi-linear viscoelastic material as:

R~«, t !5G~ t !•T~«!

whereG(t) is the reduced relaxation function normalized by t
peak force or stress value, andT(«) is called the instantaneou
elastic response function, which may be nonlinear. Assuming
the principle of superposition remains valid, the hereditary in
gral for a quasi-linear viscoelastic material takes the form

F~ t !5E
2`

t

G~ t2t!
f T@«~t!#

f «

f «~t!

f t
dt

In practice, functions forT(«) andG(t) are obtained by curve
fitting experimental data. It is physically impossible to obta
these functions precisely, because they require experimental
from an instantaneously applied step. In reality, a step functio
more like a ramp with a finite rise time. Typically, the rise time
ignored, and the relaxation functionG(t) is calculated by defining
the time of peak force response ast50. Because the portion of th
relaxation function between time zero and the rise timet r cannot
be determined, it is desirable to minimize the rise time as muc
possible, so as not to lose information pertaining to very sh
time constants less thant r . Likewise, it is not possible to continu
a step relaxation test for an infinite period of time, and the poin
which the step relaxation test is ended is commonly approxima
as infinite time. It is therefore desirable to continue step relaxa
tests for as long as possible so as not to lose information a
very long time constants beyond the hold time of the test.

The elastic response functionT(«) is also subject to experimen
tal error due to the inability of experimental testing equipment
perform an instantaneous step test. Often,T(«) is approximated

Fig. 2 Spring-dashpot model of an ankle ligament
16 Õ Vol. 122, FEBRUARY 2000
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from the stress versus strain response during the ramp portion
step test.T(«) can also be approximated by curve-fitting th
stress-strain isochrone at time zero from the peak stress va
seen in step tests or cyclic tests of various strain magnitudes@27#.

The linearity of a material can be evaluated by plotting t
elastic function at the strain levels of interest. A high degree
nonlinearity in the elastic function indicates that a linear mo
may not be appropriate. For a material to be considered lin
viscoelastic, it must not only exhibit linearity in the spatial d
main, but it must also have a characteristic reduced relaxa
function G(t) that is independent of strain level. The strain ind
pendence of the reduced relaxation function is a result of
application of the Boltzmann principle of superposition, and
therefore a necessary, though not sufficient, condition for a m
rial’s behavior to be described as either linear or quasi-linear.
principle of superposition holds over the range of strain mag
tudes in which the reduced relaxation functions are the same
the reduced relaxation function of a material is not strain indep
dent at the strain levels of interest, then a fully nonlinear v
coelastic model, such as the multiple integral formulation p
posed by Green and Rivlin@28#, may be necessary to describe th
material. Unfortunately, fully nonlinear models are extreme
complex, require the experimental determination of an unwie
number of constants, and usually cannot be implemented in s
dard computer modeling software. The quasi-linear model has
advantage of being simpler than a nonlinear model, more accu
than a linear model for most biological materials, and suitable
computer models that allow nonlinear spring and dash
functions.

Methods

Specimen Preparation. Three pairs of below-knee amputa
tion specimens were acquired from male donors, ages 45, 47,
58. The individuals had no record of joint disease or injury. Spe
mens were used in accordance with local and federal laws per
ing to cadaveric testing. The specimens were frozen within
week postmortem and were thawed for 24 hours prior to diss
tion. Although stature and body mass were unknown for two
the donors, one donor was 58109 tall and 187 lb., which is com-
parable to the size of a 50th percentile male@29#. The foot lengths
of the other two donors were measured to be 26 cm and 27.5
which are comparable to the foot length of a 50th percentile m
26.9 cm@29#.

Twenty-nine ~29! bone-ligament-bone specimens were h
vested from the six foot/ankle complexes. It was not possible
dissect out bone-ligament-bone specimens for all eight ligam
of interest from each foot/ankle, due to their proximity to ea
other. Two dissection schemes were developed to maximize l
ment yield: one that obtained four ligaments and one that obta
six ligaments. The dissection process involved sectioning bo
into halves or quadrants, which may have weakened the bone
to the point that they failed at lower loads than they otherw
would have during failure testing. This limitation was deem
acceptable since the ultimate strengths of many of the ligam
have already been reported@12,10#, and because the intent of thi
study was to focus on the subfailure viscoelastic properties of
ligaments.

For each pair of limbs, the calcaneofibular~CF!, anterior ti-
biofibular ~ATiF!, posterior tibiofibular~PTiF!, and tibiocalcaneal
~TiC! ligaments were harvested from one limb, while the anter
talofibular~ATaF!, posterior talofibular~PTaF!, anterior tibiotalar
~ATT!, posterior tibiotalar~PTT!, ATiF, and PTiF ligaments were
harvested from the contralateral limb. The sample size for
ATiF and PTiF ligaments was therefore twice as large (n56) as
the sample size of the other six ligaments (n53). One PTiF liga-
ment was damaged during the dissection process and could n
used for testing. After dissection, the bone-ligament-bone sp
mens were frozen and stored at24°C. All specimens were teste
within one week of dissection.
Transactions of the ASME
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Testing Protocol. On the day of testing, specimens we
thawed, and the relaxed lengths of the ligaments were meas
with calipers. Due to difficulties encountered in measuring
cross-sectional dimensions of the very soft ligaments, force d
could not be normalized by cross-sectional area. However, fo
was deemed the parameter of greatest interest. In the futur
may be possible to scale the force data to stress if ligament cr
sectional area can be related to some other anthropometric pa
eter, such as ligament length or body size. The bone ends
mounted in aluminum potting cups using a low melting po
alloy ~Ceralow™, 158°F!. The bone ends were placed in the po
ting cups such that the in vivo anatomical orientation of the bo
ligament-bone complex was maintained, and the long axis of
ligament was oriented along the direction of loading of the t
machine~Fig. 3!. Several 1/8 in. holes were drilled in the bon
ends to allow the potting material to permeate the bone and f
a more effective mechanical interlock. The heated metal was
poured into the cup and allowed to cool around the bone e
Potted bone-ligament-bone specimens were then wrappe
gauze soaked in phosphate-buffered saline~PBS, pH 7.4!, placed
in a servo-hydraulic materials testing machine~MTS 858 Bionix,
Eden Prairie, MN! and subjected to a battery of viscoelastic ch
acterization tests~Fig. 4!.

Ligament zero strain was defined by pretensioning the sp
men until it began to resist with a nominal load~2 N!
@12,7,30,8,4#. First, the unpreconditioned ligament was subjec
to a step relaxation test~;180 mm/s! up to the level of maximum
strain. Initially the maximum strain value was chosen to be
percent, because it was believed that none of the ligaments w
yield or fail at 10 percent strain. As testing progressed, it w
noted that a 10 percent step strain often produced very low lo
in the ligament, so the maximum strain level was raised to
percent. No damage was apparent in the ligaments after testin
20 percent strain. The step strain test continued until force re
ation appeared complete or 1000 s had elapsed@23#. The ligament
was allowed to recover at zero strain for a period of time grea
than the force relaxation time.

The ligament was then preconditioned by applying 10 s
strains up to the level of maximum strain and back down to z
strain. The preconditioned ligament then underwent a batter
five successive force relaxation tests at strain levels of 10, 8,
and 2 percent strain, or 20, 15, 10, and 5 percent strain. Fo
least one sample of each ligament type, every step strain was
for 1000 s. For other samples, only the step at the maximum s
level was held for the entire relaxation time, while the smaller s
strains were held for 10 s to reduce testing time. In all cases,
ligament was allowed to recover at no load for the full relaxat
time between steps and afterward. For some samples, afte
final step test, a series of triangle waves at varying strain r
~1/s, 0.1/s, and 0.01/s! were applied up to the maximum strain an
back down. The ligament was allowed to recover at no load
tween triangle waves and afterwards. All samples were subje
to a final failure test~;280 mm/s!. Step tests were applied at th

Fig. 3 Specimen mounting scheme
Journal of Biomechanical Engineering
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maximum rate attainable by the test machine. Due to the de
eration associated with stopping the crosshead at a given
displacement, the machine was able to attain a higher rate
the failure tests~;280 mm/s! than the step and hold test
~;180 mm/s!.

Data Processing. For each step test, load, displacement, a
time data were recorded at 1000 Hz for the first one second, t
at 10 Hz thereafter to reduce file size. Time zero was defined
the initial rise in displacement. Based on the observation tha
large, oscillating shock wave occurred as an immediate respo
to the step displacement, force data for the first 0.1 s after t
zero were deemed artifactual and ignored. The artifactual na
of the shock wave was confirmed by performing a Fast Fou
Transform~FFT! on data from step tests with and without a spe
men in the machine. In both cases, peaks were seen nea
frequency of 20 Hz, which was the frequency seen in the sh
wave and likely represents the natural frequency of the test
chine. Mechanical vibrations have been known to contamin
data from step tests@27#, but in this case, the shock wave appear
almost completely damped out 0.1 s after the initial rise in d
placement. For all step tests, the relaxation function was regre

Fig. 4 Schematic illustrating all possible phases of the test
battery applied to ligament specimens

Fig. 5 Example of the large shock wave vibrations seen in
step tests. The curve fit of the relaxation function is shown with
the back-extrapolated portion „0 sËtË0.1 s… indicated by the
dashed line.
FEBRUARY 2000, Vol. 122 Õ 17
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to data beginning at time 0.1 s and back-extrapolated to time z
Peak force values were taken as the back-extrapolated valu
time zero~Fig. 5!.

Reduced relaxation functions were obtained by normalizing
relaxation data by the peak force value. All curve-fitting was p
formed using a standard statistical software package~NCSS ’97!.
Several equation forms were fit to a few sample reduced re
ation functions in order to determine how many exponent
would be necessary to achieve a good fit. It was found tha
single exponential did not produce a very good fit. Two expon
tials produced a very good fit as measured by the coefficien
determinationR2 (R2;0.99), but the fit was not always goo
when visually inspected. Three exponentials produced an ex
lent fit both statistically (R2;0.999) and visually. No appreciabl
gain in accuracy was achieved by extending the equation form
more than three exponentials, so the final equation form for
reduced relaxation function curve-fit was chosen to be

Gr~ t !5G1e2t/t11G2e2t/t21G3e2t/t31G`

For specimens where multiple relaxation time histories w
obtained at different strain levels, a single reduced relaxa
function was obtained by curve-fitting all of the reduced rela
ation output data from the multiple tests. It was found that cur
fitting all of the time histories produced the same coefficients
curve-fitting a point by point mean of each of the time histor
~although theR2 values were different!. The goodness of fit as
measured by the coefficient of determinationR2 was therefore one
method used to assess the validity of the principle of superpos
at those strain levels. The strain dependence of the reduced r
ation functions was further analyzed by comparingG` values for
reduced relaxation functions at different strain levels. Values
G` were compared statistically using a two-tailed, paired sampt
test for means~significance level ofp,0.05!. For each ligament
type, data from the reduced relaxation functions for each sp
men were combined and curve-fit together. The goodness of fi
measured by the coefficient of determinationR2 was used to as-
sess the interspecimen variability for each ligament type.

The elastic response functionT(«) was obtained by regressin
the force-strain isochrone at time zero for each sample. D
points were curve-fit to the commonly used equation fo
@31,32,3#:

T~«!5A~eB«21!

The coefficient of determinationR2 was again used to assess i
terspecimen variability.

In addition to producing viscoelastic models of ankle ligame
at subfailure levels, this study also examined failure characte
tics and some other viscoelastic properties of ankle ligame
Failure data obtained from these tests were compared to valu
the literature. Hysteresis loops were obtained from the respo
of specimens to triangular waves applied at strain rates span
three decades. The effects of preconditioning were evaluate
comparing the step response of specimens in the unpreconditi
state to their step responses after preconditioning.

Results

Curve-Fits. Reduced relaxation functions from individua
specimens that were curve-fit to three exponentials plus a con
were found to have an excellent goodness of fit~R2.0.99 in most
cases!. However, interspecimen variability in the reduced rela
ation functions of a given ligament type was found to be relativ
high ~averageR250.655! ~Table 1! ~Fig. 6!. Nevertheless, mean
reduced relaxation functions were quite similar between ligam
types. Average long-time~1000 s! relaxation was between 44 an
73 percent~mean 61.769.7 percent! of the peak force for the
eight ligament types tested. In addition, time constants of
18 Õ Vol. 122, FEBRUARY 2000
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mean reduced relaxation functions were generally similar for
ligament types and over an order of magnitude apart~approxi-
mately 0.5 s, 10 s, and 200 s! ~Table 1!.

Curve-fits of the elastic response functionT(«) for individual
specimens were found to have an excellent goodness of fit~R2

.0.99 in most cases!. Interspecimen variability differed depend
ing on the ligament type, but was generally good. The ela
responses of the ATaF, ATT, PTaF, and PTT ligaments w
found to be extremely consistent among specimens (R2.0.96)
~Table 2!. Interspecimen variability was somewhat higher for t
ATiF and CF ligaments (R2.0.75), and very high for the PTiF
and TiC ligaments (R2,0.6). The elastic response varied grea
among ligament types. Due to the nonlinear form of the ela
function, it is difficult to rank the ligament types in order of rela
tive stiffness. If the instantaneous forces in the ligaments are c
pared at 10 percent strain, then the rank of ligaments from stif
to least stiff is: TiC, ATiF, PTiF, CF, PTT, ATaF, ATT, and
PTaF. If the instantaneous strains are compared at an arbi

Fig. 6 Reduced relaxation function G„t… data and curve fit for
the posterior tibiofibular „PTiF… ligament „nÄ5…. Inter-specimen
variability was fairly low for this ligament type „R 2Ä0.793….

Table 1 Reduced relaxation function curve fit data

Table 2 Elastic response function curve-fit data
Transactions of the ASME
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force of 100 N, then the rank of ligaments from stiffest to lea
stiff becomes: TiC, CF, ATiF, PTiF, PTaF, PTT, ATT, and ATa
The rank of ligaments from strongest to weakest in terms of av
able failure data from this study is ATiF, CF, PTaF, TiC, ATa
and ATT ~Table 3!.

Preconditioning Effects. Preconditioning was found to affec
the short-time behavior of ligament relaxation, but not the lon
time behavior. Ligament specimens were found to experienc
higher peak force value in response to a given step strain be
preconditioning as compared to after preconditioning. This eff
is described by an unpreconditioned scale factor~USF!, defined
here as the ratio of the peak force in the unpreconditioned sta
the peak force in the preconditioned state~Table 3!. However, it
was found that ligament specimens eventually relaxed to the s
force level for a given step strain, regardless of whether they w
in a preconditioned state or not. Furthermore, time constants w
found to be similar regardless of the state of preconditioning.

Strain Independence of Relaxation Function. In several
cases, step tests at low strains produced low forces, and th
duced relaxation functions had to be thrown out due to the h
level of noise. In the five cases where data from multiple s
responses at different strain levels were taken from a single sp
men and the reduced relaxation functions were curve-fit toget
the goodness of fit was generally good~R2.0.6 in all cases!.
However, the reduced relaxation functions were not the sam
every strain level for a given specimen. In general, the greater
strain level of the step, the greater the relative degree of relaxa

Fig. 7 G` versus strain for serial step relaxation tests on the
same specimen at various strain magnitudes. NÄ1 for each of
the five ligament types. Statistically significant „pË0.05… differ-
ences were found between the values of G` at 15 percent and
20 percent strain.

Table 3 The relaxed length, unpreconditioned scale factor,
failure loads, and failure test sample size for all ligament types.
Values given as a mean Ástandard deviation.
Journal of Biomechanical Engineering
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over time. In four out of five specimens, theG` value of the
reduced relaxation function decreased with each level of incre
ing strain~Fig. 7!. In one ATaF ligament, theG` value remained
fairly constant over the range of strains tested~10–20 percent!.
Overall, statistical analysis showed no significant (p,0.05) dif-
ferences in the values ofG` at 10 percent strain compared t
either 15 or 20 percent strain. However, there was a signific
difference (p,0.05) between the values ofG` at 15 and 20 per-
cent strain.

Rate Sensitivity. Hysteresis loops were plotted to evalua
the response of ankle ligaments to triangular waves applied
different ramp rates. A certain amount of strain-stiffening beh
ior was observed in all cases. However, there was very little
ference in the hysteresis energy over the three decades of s
rates tested, even when testing to high forces and strains~Fig. 8!.
This confirms the observation by Woo et al.@3# and others that
ligaments are generally rate-insensitive.

Discussion
This study characterized the viscoelastic properties of eight

jor ankle ligaments. The results of this study can be used to
prove the constitutive modeling of ankle ligaments in compu
models. When modeling biological systems computationally,
desired application of the model should govern the choice of
constitutive model. All constitutive models are an approximati
of the actual mechanical behavior of the tissue of interest.
pending on the application, certain approximations may justify
use of a simpler or different constitutive model. Also, modeli
software may be limited in the degree of complexity available
a constitutive model. Therefore, this study presents data that
be applied to several different constitutive models of varying
grees of complexity, including linear elastic, nonlinear elastic, l
ear viscoelastic, and quasi-linear viscoelastic~QLV! constitutive
models.

Modeling of the Unpreconditioned State. In situations
when the ankle is assumed to have remained motionless for a
period of time, it may be desirable to create a model of the li
ments in the unpreconditioned state. This can be done by line
scaling the model parameters given in Tables 1 and 2. The ela
response function should be multiplied by the unprecondition
scale factor USF, such that

Fig. 8 Hysteresis loops for an anterior tibiofibular „ATiF … liga-
ment specimen. The stiffness of the specimen is seen to in-
crease at higher strain levels. Although stiffness also increases
somewhat at higher strain rates, the data demonstrate that the
ligament is not largely rate sensitive.
FEBRUARY 2000, Vol. 122 Õ 19
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Aunpre5A•USF

andB remains unchanged. The reduced relaxation function c
ficients can also be linearly scaled to represent the ligament i
unpreconditioned state.G1 , G2 , and G3 are scaled differently
thanG` , andt1 , t2 , andt3 remain unchanged:

Gi unpre
5

Gi~USF2G`!

USF~12G`!
G`unpre

5
G`

USF

The observation that preconditioning only affects short-time v
coelastic behavior of ligaments is consistent with the hypoth
that preconditioning causes fluid exudation from the tissue, wh
in turn reduces the viscous component of the ligament’s respo
@30#.

Spring-Dashpot Configurations. Linear and nonlinear elas
tic and viscoelastic models can all be created using spring-das
configurations. Spring and dashpot parameters can be calcu
from the elastic response and reduced relaxation function
~Tables 1 and 2!. Strain« can be converted into displacementx by
using the relation«5x/L0 , where L0 is the relaxed ligamen
length~Table 3!. A linear elastic model consists only of a sprin
Therefore, the spring constant should be selected such that:

k~x!5F/x5
A

x
~ ēBx/L021!

at the reference displacement levelx of interest. This equation is
itself the spring function for a nonlinear elastic model.

Viscoelastic models will include dashpots. The linear viscoel
tic model shown in Fig. 2 can be transformed into a quasi-lin
model by making the spring and dashpot parameters nonli
functions with respect to displacement. The spring functions
be calculated by multiplying the reduced relaxation function
efficients by the instantaneous force over displacement:

ki~x!5
GiA

x
~ ēBx/L021!

The dashpot functions should be modified accordingly to main
the strain independence of the time constants:

h i~x!5ki•t i

The quasi-linear model can be made linear simply by apply
these equations at some reference displacementx to obtain spring
and damper constants. The reference displacementx should cor-
respond to a strain level of interest, such as 10 percent strain

Evaluation of Various Constitutive Models. Given these
possible models, probably the most important degree of comp
ity to include in a constitutive model of any soft tissue, includi
human ankle ligament, is nonlinear elasticity. Almost all soft t
sues exhibit a nonlinear elastic response to strain, beginning
an initial, soft ‘‘toe region’’ that is followed by a progressivel
stiffer ‘‘loading region.’’ Data from this study demonstrate th
the elastic response of ankle ligament is highly nonlinear a
variety of loading rates~Fig. 8!. A linear model is only accurate
near the reference strain used in the model, and will not be a
rate for strains even a few percent greater or less than the r
ence strain. Therefore, it is recommended that a nonlinear el
response be modeled whenever possible.

An additional degree of complexity in the constitutive behav
of soft tissues is their viscoelasticity. To illustrate the difference
the behavior of the elastic and viscoelastic models, and linear
nonlinear models, ramp responses were calculated for all
models of the ATaF ligament at varying strain rates~Figs. 9~a!
and 9~b!!. Of course, the elastic models are insensitive to str
rate, because they represent an infinite strain rate. Fast strain
~1/s! approximate the elastic response of most ankle ligament
both the linear and quasi-linear viscoelastic models. Mode
20 Õ Vol. 122, FEBRUARY 2000
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~0.01/s! and slow ~0.0001/s! strain rates produced considerab
lower forces because they include a greater amount of relaxa

Although viscoelasticity can have a considerable effect on li
ment behavior, it may be neglected for very fast or very sl
strain rates. At very fast strain rates~. 1/s!, there is not enough
time for the ligament to relax appreciably, and the viscoelas
model approximates the elastic model. And at very slow str
rates~, 0.0001/s!, the ligament is almost fully relaxed throughou
the event, and the viscoelastic model is essentially the ela
model scaled down by a factor ofG` . Therefore, depending on
the application of the model, it may not be necessary to inclu
the viscoelastic component of ligament behavior. For exam
computational models intending to study the lower extremity in
impact environment such as a car crash may be able to m
ligament behavior realistically with a nonlinear, elastic consti
tive model. In addition, for computer models focusing on t
long-time behavior of ankle ligaments, such as distraction os
genesis, a nonlinear elastic model may also be appropriate. H

Fig. 9 „a… Linear elastic and viscoelastic models of the ante-
rior tibiofibular „ATiF … ligament in response to ramp displace-
ments at varying strain rates. In the linear models, the stiffness
of the material stays constant or decreases with increasing
strain, a characteristic not seen in the experimental data „see
Fig. 8 …. „b… Nonlinear elastic and viscoelastic „QLV… models of
the anterior tibiofibular „ATiF … ligament in response to ramp
displacements at varying strain rates. The nonlinear models
show an increasing stiffness in the material at higher strains,
as seen in the expeirmental data „see Fig. 8 ….
Transactions of the ASME
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ever, for applications involving intermediate strain rates, such
gait analysis, the inclusion of a nonlinear viscoelastic model m
be warranted.

Experimental Limitations. The data presented here is su
ject to experimental limitations at very fast and very slow str
rates. The accurate region of the reported relaxation functio
bounded by the short and long time limits of the step relaxat
test. The short time limit is the rise time of the applied step, wh
was effectively .1 s for data reported here, due to the contam
tion of short-time data from mechanical ringing of the test m
chine. The long time limit imposed on the experimental data is
hold time of the step relaxation test, which is 1000 seconds in
data presented here. Any time constants shorter than .1 secon
longer than 1000 seconds would not be apparent in the data
sented here. These experimental limitations would tend to resu
an underestimation of the elastic response and an overestim
of the fully relaxed force.

Previous investigators have derived complex algorithms to c
rect for the finite rise time seen in real step relaxation te
@31,32,26,7#. These algorithms assume a strain history for the r
time portion of the test, typically a ramp. The method used in t
study to correct for the finite rise time of the step was sim
back-extrapolation of the relaxation function curve-fit. The ba
extrapolation technique implicitly assumes the strain history of
ideal step applied at time zero. In reality, the strain history of
actual step relaxation test must include some sort of ramp du
the rise time. However, the rise time of the ramp in this study w
on the order of 0.02 s, so the strain history more closely resem
an ideal step with an instantaneous rise at time zero than it d
ramp with a rise time of 0.1 s. In addition, given that bac
extrapolated peak forces were almost always less than 5 pe
greater than the force values recorded at 0.1 s, error from b
extrapolation is likely to be small.

In addition to time limitations imposed on the data, there
strain limitations, as well. One possible error in strain measu
ment may derive from the fact that bone-ligament-bone sam
were used in these tests. Woo et al.@3# noted that the total strain
experienced by the bone-ligament-bone complex may not be i
tical to the strain experienced by the ligament alone. However,
difference is probably very small given that the elastic modulus
bone~;20 GPa! @33# is on the order of 100 times greater than t
elastic modulus of most ankle ligaments~;200 MPa! @11#. More-
over, the bone–ligament–bone complex represents a functi
unit whose behavior may actually be more applicable to comp
models than the behavior of the ligament substance alone.

Accurate strain measurement may also have been comprom
by methodological weaknesses. For example, the ligament sp
mens in this study were kept moist during testing by wrapp
them in gauze soaked in PBS at room temperature. Placing t
in a 37°C bath of PBS may have simulated in vivo conditio
more closely@30#. Also, allowing a recovery time at least te
times greater than the hold time of the relaxation tests may h
led to more repeatable results@23#. In addition, the use of a
smaller test machine may have reduced or eliminated the prob
of mechanical ringing contaminating the test data. In spite of th
methodological shortcomings, the data presented here are in
eral agreement with the literature and represent the only publis
viscoelastic characterization of any human ankle ligament.

It should be noted that while most of the elastic response fu
tion curve-fits are valid up to 20 percent strain, the elastic
sponse functions given for the CF, PTaF, and TiC ligaments
only valid up to 10 percent strain due to a lack of data beyond
strain level. Extrapolation beyond these strain levels will like
result in an overestimation of the ligament force. Obviously, no
of the elastic response functions is valid when extrapolating p
the failure force of the ligament.

The assumption that relative relaxation is independent of s
strain level may not be valid at all strain levels of interest. Sta
tical results suggest that the average value ofG` can be assumed
Journal of Biomechanical Engineering
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to remain constant only up to 15 percent strain at most~Fig. 7!.
Although this calculation is based on a small number of samp
it is likely that the quasi-linear model of viscoelasticity is on
theoretically valid up to a certain strain level. Beyond that str
level, a fully nonlinear model may be required to adequately
scribe the data.

Failure Data. Failure loads reported in this study are quite
bit higher than what has been previously reported in the literat
For example, Attarian et al.@10# reported average ultimate load
of 138.9 N for the ATaF, 345.7 N for the CF, and 261.2 N for t
PTaF. Siegler et al.@11# reported failure loads of 231 N for the
ATaF, 307 N for the CF, and 418 N for the PTaF. Parenteau e
@15# reported failure loads of 0–286 N for the ATaF, 120–290
for the CF, 307 N for the PTaF, and 467 N for the PTT. All
these failure strengths are lower than the failure loads reporte
this study~Table 3!. One possible explanation for this differenc
is that our specimens came from 50th percentile, middle-a
male donors, as opposed to older, smaller and/or female don
Also, failure tests in this study were performed at a fast r
~;280 mm/s!, as opposed to the quasi-static rates used by Sie
et al. @11# and Parenteau et al.@15#. Unfortunately, cutting and
drilling the bone ends of each specimen caused most of them
fail at the potting, reducing the sample size of successful fail
tests considerably.

Conclusions
This study has produced data for modeling the behavior of e

major ankle ligaments at a wide variety of strains and strain ra
Failure data was reported, as well as a method to model the
ments in an unpreconditioned state. All ankle ligaments w
found to be nonlinear viscoelastic. Nonlinear constitutive mod
are recommended for every application, and viscoelastic cons
tive models are recommended for applications involving str
rates between 1/s and 0.0001/s. The quasi-linear model was f
to be valid up to 15 percent strain. It is anticipated that the ad
tion of quasi-linear viscoelastic ankle ligaments will improve t
biofidelity of computational models of the lower extremity.
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