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Abstract—The Achilles tendon is one of the most frequen
injured tendons in humans, and yet the mechanisms underl
its injury are not well understood. This study examines theex
vivo mechanical behavior of excised human Achilles tendons
elucidate the relationships between mechanical loading
Achilles tendon injury. Eighteen tendons underwent creep t
ing at constant stresses from 35 to 75 MPa. Another 25 tend
underwent sinusoidal cyclic loading at 1 Hz between a m
mum stress of 10 MPa and maximum stresses of 30–80 M
For the creep specimens, there was no significant relation
between applied stress and time to failure, but time to fail
decreased exponentially with increasing initial strain~strain
when target stress is first reached! and decreasing failure strain
For the cyclically loaded specimens, secant modulus decre
and cyclic energy dissipation increased over time. Time a
cycles to failure decreased exponentially with increasing
plied stress, increasing initial strain~peak strain from first load-
ing cycle!, and decreasing failure strain. For both creep a
cyclic loading, initial strain was the best predictor of time
cycles to failure, supporting the hypothesis that strain is
primary mechanical parameter governing tendon damage a
mulation and injury. The cyclically loaded specimens fail
faster than would be expected if only time-dependent dam
occurred, suggesting that repetitive loading also contribute
Achilles tendon injuries. ©2003 Biomedical Engineering So
ciety. @DOI: 10.1114/1.1569267#

Keywords—Damage, Fatigue, Mechanical testing, Injury, Ru
ture.

INTRODUCTION

The Achilles tendon is among the most frequen
injured tendons in the human body.7,9 It often experi-
ences overuse injuries such as tendinitis and tendino5

These injuries occur when repetitive loading crea
damage in the tendon faster than it can be repair5

Repetitive loading may also contribute to traumatic in
ries such as ruptures and partial tears. In most ca
ruptures occur only after damage has accumulated in
tendon, causing degeneration which predisposes the
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don to failure.9 Achilles tendon injuries therefore resu
from functional demands that create excessive dam
through sustained or repetitive loading. In this study,
examine the effects of prolonged~creep! and repetitive
~cyclic! loading on the mechanical properties and failu
of human Achilles tendonsex vivo.

Two sets of investigators have previously studied
ex vivo behavior of tendons under creep and/or cyc
loading. Wanget al.20,21 studied creep and cyclic loadin
of wallaby tail tendons, and Schechtman and Bader17,18

examined cyclic loading of human extensor digitoru
longus ~EDL! tendons. Time and cycles to failure de
creased exponentially with increasing stress for
wallaby tail tendons under both creep20 and cyclic21

loading. Cycles to failure also decreased exponentia
with increasing stress for the cyclically loaded hum
EDL tendons.17,18

Both sets of investigators found stiffness or modu
ratios to be useful measures of damage accumulatio
tendons. These ratios are calculated as the stiffnes
modulus following a period of loading divided by th
stiffness or modulus when loading was first impose
Wang and colleagues defined their ratio in terms of
secant slope of the force versus displacement curve
individual loading cycles.20,21 For the creep tests, loadin
cycles were interposed at specified intervals during
test to allow for stiffness measurements.20 The stiffness
ratio decreased at an increasing rate as the cyclic t
progressed. During the creep tests, the stiffness ratio
proportional to the yield stress of damaged tendons
therefore served as a useful indicator of diminished t
don strength. Schechtman and Bader defined damag
tios in terms of the dynamic and storage moduli det
mined by their dynamic characterization tests.18 They
found a linear relationship between damage ratios
these moduli and both the tangent moduli and ultim
tensile stresses of partially damaged tendons.

While it is well accepted that cyclic mechanical loa
ing contributes to tendon injury, the specific mechani
stimuli driving damage accumulation and injury have n
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711Creep and Cyclic Loading of Human Achilles Tendons
yet been determined. We have previously shown t
tensile strains may be the stimulus that most direc
influences normal tendon development and functio
adaptation.24,25 We hypothesize that tensile strains sim
larly govern damage accumulation in tendons and, c
sequently, tendon injury. Schechtman and Bader fo
that tendons cycled to failure all failed at approximate
the same strain regardless of load magnitude
frequency.17 They also found that partially damaged te
dons exhibited much less variation in failure strain th
in modulus or failure stress. Wang and Ker observe
linear relationship between the stiffness ratio duri
creep and the strain sustained beyond that from the
tial loading.20 Strains may therefore govern changes
mechanical properties during creep and cyclic loading
well as the failure characteristics of both normal a
damaged tendons.

In this study, we examine the mechanical behavior
excised human Achilles tendons undergoing creep
cyclic loading ex vivo. We examine time-dependen
changes in the tendon’s modulus and energy dissipa
characteristics. We also look at possible predictors
time or cycles to failure and consider the relative con
butions of time-dependent and cycle-dependent dam
Finally, we evaluate the hypothesis that tensile strain
the primary mechanical parameter governing Achil
tendon damage accumulation and injury.

METHODS

Forty-three fresh-frozen human Achilles tendons fro
41 donors were procured from the International Instit
for the Advancement of Medicine~Scranton, PA! and the
Northern California Transplant Bank~San Rafael, CA!.
Each specimen was carefully dissected from its calcan
insertion, and all soft tissue including the paratenon w
removed from around the tendon.

High-frequency ultrasound was used to measure
cross-sectional area of each tendon. Previous stu
have shown that this method of measurement has g
accuracy with average error less than 5%.19 For each
specimen, transverse ultrasound images were recorde
locations 2, 4, and 6 cm proximal to the tendon’s ins
tion. National Institutes of Health Image was used
measure the tendon’s cross-sectional area on each im
and the smallest area for each specimen (Amin) was used
in stress calculations.

Mechanical testing was performed using a ser
hydraulic materials testing system~MTS, Eden Prairie,
MN! ~Fig. 1!. The ends of each specimen were gripp
using insulated liquid nitrogen-cooled freeze clam
maintained at215 °C. Pilot tests showed that this tem
perature allows the insulated clamps to remain froz
without freezing the tendon between the clamps. At
distal end of the tendon, the specimen was gripped o
.

l

s
d

at

e,

r

approximately 1 cm of the insertional region. At th
proximal end, the specimen was gripped so that the
tial grip-to-grip gage length (L0) was approximately 10
cm. Throughout testing, the specimen was immersed
phosphate-buffered saline maintained at 37 °C and cir
lated throughout the environmental chamber. Loads~F!
and crosshead displacements~d! were recorded during
testing by a computer attached to the materials tes
system. Stress was calculated as applied load divided
the tendon’s cross-sectional area (s5F/Amin). Nominal
strain was calculated as displacement divided by ini
gage length («5d/L0).

Prior to the specimen’s immersion in saline, four c
cular marks were made on the surface of the tend
using black India ink. The marks were approximately
mm in diameter and were placed along the centerline
the tendon adjacent to the clamps and at two eve
spaced intermediate points. Markers were also presen
the edges of the clamps. The six visual markers w
numbered 1–6 starting at the most distal marker~Fig. 1!.
A charge coupled device camera recorded movemen
the markers during testing. The contrast between
markers and the light colored tendon and clamps allow
subsequent identification and location of the markers
ing MATLAB ~Mathworks, Natick, MA! with an accuracy
of approximately60.25 mm ~accuracy varies slightly
depending on the field of view imaged for each spe
men!. These data were used to examine strains in su
gions of the tendon. The regions are identified by th
bounding markers, e.g., Region 1–2 represents the re
between markers 1 and 2.

Creep testing was performed on 18 specimens, w
25 specimens underwent cyclic tests~Table 1!. For the

FIGURE 1. Experimental setup.
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TABLE 1. Specimen and donor information.

Number of
specimens

Age (yr)
Mean6SD

Gender
Cross-sectional area (mm2)

Mean6SD% Male % Female

Creep 18 60610 61 39 75611
Cyclic 25 75612 44 56 63613
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creep tests, two specimens were tested at each of
following stress levels: 35, 40, 45, 50, 55, 60, 65, 7
and 75 MPa. The stress was held constant at the sp
fied level following a 2 sramp increase in stress to th
level. For the cyclic tests, sinusoidal loading was i
posed at 1 Hz between a minimum stress of 10 MPa
a constant maximum stress. The maximum stresses w
distributed across the 30–80 MPa range without pre
lection of specific stress levels.

For the cyclic tests, a secant modulus was calcula
from the stress versus strain curve for each cycle. T
modulus was defined as the slope of a line pass
through the point with the lowest stress and the po
with the highest stress during the loading phase of
cycle. The secant modulus from the first cycle was u
to calculate normalized modulus values for each sp
men. Cyclic energy dissipation was defined as the a
between the loading and unloading stress versus s
curves and was calculated using the trapezoidal meth

For both the creep and cyclic tests,STATVIEW ~SAS
Institute Inc., Cary, NC! was used to perform linear re
gression of log~time or cycles to failure! versus peak
stress, initial strain, and failure strain. For the creep te
initial strain was defined as the strain when the tar
stress was first reached. For the cyclic tests, initial str
was defined as the peak strain from the first load
cycle. The creep data were used to predict the lifeti
that would be expected for the cyclically loaded spe
mens if only time-dependent damage occurred~see the
Appendix!. These predictions were compared with t
cyclic loading data to determine the contribution of tim
dependent damage to tendon failure in the cyclic load
tests.

RESULTS

The creep specimens exhibited normal creep beha
with primary, secondary, and tertiary creep regions@Fig.
2~a!#. The cyclically loaded specimens exhibited simil
behavior with an expanding cyclic strain range super
posed on a creep curve@Fig. 2~b!#. During the cyclic
tests, the stress versus strain curves for individual lo
ing cycles became less linear and less steep with incr
ing area of the hysteresis loop@Fig. 2~c!#. These changes
reflect progressive extension of the toe region, reduc
of modulus, and increasing cyclic energy dissipati
~Fig. 3!.
e
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The most distal region~Region 1–2! experienced
much higher strains than the other regions. Subfail
strains in this region were generally.20% and some-
times as high as 40%–50%. In the other regions, s

FIGURE 2. Typical results for: „a… time-dependent strains
during a creep test, „b… time-dependent strains during a cy-
clic test, and „c… stress vs. strain cycles during a cyclic test.
The cycles shown represent times „t … corresponding to 1%,
10%, 50%, 90%, and 99% of the specimen’s lifetime „t f….
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713Creep and Cyclic Loading of Human Achilles Tendons
failure strains were generally,10%. Several specimen
had slightly higher strains in the 10%–15% range in
most proximal region~Region 5–6!. Despite the high
strains in Region 1–2, failure did not occur in th
region.

Strains increased initially in all regions when loadin
was first applied. Following this initial increase,
gradual increase or no increase in strains was usu
observed in all regions until the specimen was close
failure. As failure approached, most specimens exp
enced rapidly increasing strains in Region 2–3 and
Region 3–4. Strains generally did not increase throu
failure in the other regions.

All failures occurred in the tendon midsubstance aw
from the clamps~Regions 2–3 and 3–4!. It appeared that
most of the failures began in the distal 4 cm of t
tendon, although it was difficult to determine the exa
location at which failure was initiated. Four creep spe
mens failed before reaching their preassigned stres
For these specimens, results are given using the m
mum stress achieved before failure. One creep speci
loaded to 35 MPa exceeded the available supply of
uid nitrogen without failing. This specimen is shown o
the plot of applied stress versus time to failure@Fig. 4~a!#
but was excluded from the data analyses.

For the creep tests, applied stress did not predict t
to failure (p50.29) @Fig. 4~a!#. Creep lifetime was bes
predicted by initial strain (p50.0008) @Fig. 4~b!#. Fail-
ure strain also showed a significant relationship w
creep lifetime (p50.03) @Fig. 4~c!#.

For the cyclic tests, there was a significant relatio
ship between peak stress and time or cycles to fai
(p50.002) @Fig. 5~a!#. This relationship was consisten
with the results of monotonic failure tests on ten ad
tional specimens~unpublished data! assuming that the
monotonic failures occur after half a cycle of loadin
@Fig. 5~a!#. As with the creep tests, initial peak strain w

FIGURE 3. Normalized secant modulus and cyclic energy
dissipation for a typical specimen undergoing cyclic testing.
.
-
n

the best predictor of cyclic lifetime (p,0.0001) @Fig.
5~b!#. There was also a significant relationship betwe
failure strain and cyclic lifetime (p50.02) @Fig. 5~c!#.

The cyclic loading results differed from what woul
be predicted if failure were due to time-depende
mechanisms alone~see the Appendix!. Lifetime under
cyclic loading is shorter than predicted with only tim
dependent damage@Fig. 5~b!# suggesting that the cyclic
nature of the loading accelerates failure.

DISCUSSION

This study examined the creep and cyclic behavior
a clinically important tendon, the human Achilles tendo

FIGURE 4. Creep lifetime results for: „a… applied stress, „b…
initial strain, and „c… failure strain. Initial strain was the best
predictor of creep lifetime. There was no significant relation-
ship between applied stress and creep lifetime. Data point
with arrow represents specimen that did not fail. This speci-
men was excluded from data analyses.
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714 WREN et al.
This tendon poses a greater challenge for mechan
testing than the tendons previously tested by other inv
tigators, namely, the human extensor digitoru
longus17,18 and wallaby tail tendons.20,21 First, only two
Achilles tendons are available from each donor co
pared with a potential of eight EDL and 60 wallaby ta
tendons. Because of the high variability of tendo
among individuals, this restriction likely increased t
scatter of our data, although it may also make our res
more applicable to the general population. In additio
because of the Achilles tendon’s large size and l
length-to-width ratio, it is difficult to position the tendo
exactly in line with the axis of loading to assure unifor

FIGURE 5. Cyclic lifetime results for „a… peak stress, „b…
initial peak strain, and „c… failure strain. Initial peak strain
was the best predictor of cyclic lifetime. Cyclic lifetime was
shorter than predicted for exclusively time-dependent dam-
age.
l
-

loading and measurement of maximal mechanical pr
erties. The Achilles tendon also has a less uniform cr
section than the other tendons, making the stresses
strains variable along the length of the tendon.

Most of our results are presented using nomin
strains based on the entire length of tendon tested~;10
cm!. This was done for two reasons. First, the stra
distributions varied among tendons, and it was diffic
to determine the location at which failure began. Seco
since accuracy of the measurement system is cons
with respect to displacement, the global strains are m
accurate than regional strains calculated using m
smaller initial lengths. The regional strains are used p
marily to understand the patterns of strain distributi
along the length of the tendon. Strains usually increa
significantly in the distal 4 cm of the tendon immediate
prior to failure. This region has a smaller cross-sectio
area than the rest of the tendon, and it corresponds w
the location of mostin vivo ruptures.6 Much higher axial
strains were observed in the insertional region. Wh
these strains could have been affected by the gripp
technique, other studies using bone–tendon preparat
have reported similar results.22,26 It appears that, for rea
sons yet unknown, the insertional region is able to wi
stand higher strains than the rest of the tendon with
failing.

As in the studies by Wanget al.21 and Schechtman
and Bader,17 we found that tendon lifetime under cycli
loading decreases exponentially as the applied stress
creases. We also found that both creep and cyclic l
time decrease exponentially with increases in the ini
strain. This suggests that low strains create relativ
little damage consistent with the finding of Provenza
et al.16 that strains below 5% caused no lasting structu
damage in rat medial collateral ligaments.

Because the cyclic loading applied to tendons dur
mechanical testing does not have a mean stress of
as required for pure fatigue, tendon ‘‘fatigue’’ tests c
include both time-dependent creep as well as cyc
dependent fatigue damage components. Compariso
our creep and cyclic loading results suggests that sign
cant damage occurred through both mechanisms. Un
tunately, we did not control for donor age and gend
which differed between the creep and cyclic loadi
groups. It is therefore possible that the older age
higher proportion of females~with smaller tendon cross
sectional areas! in the cyclic loading group contributed t
that group’s accelerated failure. However, using simi
methods Wanget al. also found that both creep and fa
tigue damage mechanisms affect tendon lifetime.21 While
idealized creep and cyclic loading may not reflect t
full complexity of in vivo loading, investigation of these
simple loading patterns provides insight into the like
contributions of prolonged and repetitive loading in te
don damage accumulation and injury.
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715Creep and Cyclic Loading of Human Achilles Tendons
In many ways, the human Achilles tendon behav
like other tendons. We reported previously that this te
don has material properties consistent with the proper
of other tendons.26 In this study, we observed creep an
cyclic behavior similar to the behavior reported f
wallaby tail tendons.20,21 While immersion in saline
causes swelling, which increases tendon viscoelastic4

the general behavior should be similar for this comm
testing environment and the liquid paraffin environme
used in the wallaby tail tendon studies.20,21 We also ob-
served a progressive and accelerating decrease in s
modulus during cyclic testing similar to that reported f
wallaby tail tendons.20,21 As the modulus decreased, c
clic energy dissipation increased. This behavior has b
reported previously for bone,15 but to our knowledge it
has not been addressed previously for tendon. The
creased modulus and increased cyclic energy dissipa
may serve as indicators of tendon damage.

Although the human Achilles tendon has mater
properties similar to other tendons, it likely experienc
higher in vivo stresses. While most tendons experien
peak stresses below 30 MPa, peak stresses in the hu
Achilles tendon may approach 70 MPa during isome
triceps surae contraction.10,12,13Even higher stresses ma
be achieved with dynamic and eccentric loading, as
dicated by buckle transducer studies that have repo
Achilles tendon stresses up to 111 MPa during runnin11

These stresses exceed the failure stresses of many o
specimens, possibly due to younger subject age or m
odological issues, but it is clear that the Achilles tend
experiences highin vivo stresses. In the absence of
correspondingly high modulus, the Achilles tend
would be expected to experience high strains. In t
study, we observed initial strains in the 4%–12% ran
for applied stresses of 30–80 MPa. Recent ultraso
studies have also measured Achilles tendon strains
5% for stresses around 40 MPa during maximal isom
ric contractions of the triceps surae.13,14 These strains are
much higher than the 1.5%–3.0% strains expected
most tendons and ligaments.1,12,23 Higher strains likely
create more damage in the tendon and may accoun
the high incidence of Achilles tendon injuries.

We have previously shown that tensile strain may
the mechanical stimulus that most directly influenc
normal tendon development and function
adaptation.24,25 We hypothesize that strains similarly in
fluence tendon injury. Because physiologic and failu
strains are well conserved during development and fu
tional adaptation and across species and anato
locations,24 it seems probable that strains govern tend
development, adaptation, and injury. This hypothesis
supported by our finding that initial strain is the be
predictor of time to failure for both creep and cycl
loading. Higher strains create more damage, leading
earlier failure. They should also, however, stimula
nt

-
n

n

ur
-

r

r

functional adaptation which reduces strain magnitude
stiffening and strengthening the tendon. There may
limits to the adaptive capabilities of a tendon, howev
due to physiologic and anatomic constraints on tend
size and collagen packing.24 A secondary adaptive re
sponse may occur in the Achilles tendon in which e
tended lifetime is achieved by increasing failure strai

Wang and colleagues20,21 and Schechtman and
Bader18 both proposed indices of tendon damage ba
on stiffness or modulus ratios. They showed that th
ratios change in proportion to the reductions in modul
yield stress, and ultimate stress of partially damaged t
dons. In light of our hypothesis that tendon adaptat
and injury are most directly influenced by strains, ho
ever, we propose that strains may provide a more dir
measure of tendon damage. Increased strains, in
reflect reductions in modulus as indicated by the line
relationship between stiffness ratio and ‘‘extra strai
reported by Wang and Ker.20 Since noninvasive measure
ment of in vivo strains is now possible,12,14 strains may
be used as a future indicator of tendon damage and
of injury.

Clinically, tendons are most susceptible to inju
when the cumulative damage from mechanical load
exceeds the reparative ability of the tendon.5,7,8 This is
the case for acute ruptures as well as chronic over
injuries since ruptures are almost always preceded
tendon degeneration.8,9 The current study helps elucidat
the mechanisms of Achilles tendon injury by examini
the damage created under well-defined, nonphysiolo
loading protocols. An understanding of the damage
sponse to these simple loading protocols provides a b
for understanding the effects of more complex phy
ologic loading. Additional studies would be needed
determine how variable load magnitudes, different loa
ing rates, and rest periods affect the damage respo
Additional studies are also needed to elucidate the r
of biologic repair processes that this study has not
tempted to address. To fully understand the mechani
underlying Achilles tendon injury, all of these facto
must be considered.

In summary, we have investigated the mechanical
havior of human Achilles tendons subject to creep a
cyclic loading ex vivo. This tendon is of great clinica
interest because it is frequently injured. The sustain
and cyclic natures ofin vivo loading both contribute to
damage and subsequent injury of the tendon. The red
tion in modulus and increase in cyclic energy dissipat
during testing can serve as indicators of tendon dama
With initial strain being the best predictor of time o
cycles to failure, however, we propose that strain is
mechanical parameter that most directly influences t
don damage accumulation and injury. Because the Ac
les tendon is subject to highin vivo strains, it experi-
ences a high incidence of injury.
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APPENDIX

Failure of a cyclically loaded structure can occ
through time-dependent mechanisms, cycle-depen
mechanisms, or a combination of both. Since creep t
eliminate any contribution from cycle-dependent mec
nisms, the results from creep tests can be used to pre
time to failure for arbitrary loading profiles assumin
that only time-dependent damage occurs.2,3

We found in this study that creep lifetime can b
related to initial strain through an exponential@Fig. 4~b!#
such that the creep lifetime is

TC5Ae2B« init, ~A1!

where « init is the initial strain andA and B are experi-
mentally determined constants. We define a creep d
age parameterDC which is zero for undamaged tissu
and one at failure (0<DC<1). If damage occurs at a
constant rate, the rate of damage accumulation du
creep is

dDC

dt
5

1

Ae2B« init
. ~A2!

Because our cyclic loading history is defined in term
of stress rather than strain, we must express the dam
equation in terms of stress. We therefore define an in
modulus for each specimen:

E* 5smax/« init , ~A3!

wheresmax is the peak cyclic or creep stress and« init is
the initial strain for the specimen. The rate of dama
accumulation during creep is then

dDC

dt
5

1

Ae2Bsmax/E* . ~A4!

For an arbitrary stress history, the cumulative creep da
age can be calculated as

DC~ t !5E
0

t dt

Ae2Bs/E* . ~A5!
t
s

t

-

e

At failure, DC51 so that the time-dependent failure life
time tc can be determined from the equation

E
0

t dt

Ae2Bs/E* 51. ~A6!

The cyclic loading used in this study followed a sin
soidal profile with a frequency of 1 Hz. The time
dependent stress history can therefore be described

s~ t !51/2~smax1smin!11/2~smax2smin!sin~2pt !,
~A7!

where smin is the minimum andsmax is the maximum
cyclic stress. In this study, the minimum stress was se
10 MPa, and the maximum stress varied between 30
80 MPa. Dividing through Eq.~7! by E* gives

s/E* 51/2~« init1smin /E* !

11/2~« init2smin /E* !sin~2pt !. ~A8!

The time-dependent failure lifetime can be determin
by substituting Eq. ~8! into Eq. ~6! with A55.29
3108 s andB5158 as determined from the regression
Fig. 4~b!. The resulting equation was solved using t
trapezoidal numerical integration function ‘‘trapz’’ in
MATLAB ~Mathworks, Natick, MA! to predict the time-
dependent failure lifetimetc for each specimen@Fig.
5~b!#. This lifetime is compared with results from th
cyclic tests to determine the relative contributions
time-dependent and cycle-dependent damage@Fig. 5~b!#.
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