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Summary

Wallaby tail tendons fail after repeated application of
stresses much lower than would be needed to break them
in asingle pull. We show that thisisafatigue phenomenon,
distinct from the creep rupturethat occur s after prolonged
application of a constant stress. The two phenomena are

distinguished by experiments in which tensile stress is
cycled at different frequencies, ranging from 1 to 50Hz.

Key words: fatigue, fatigue rupture, creep rupture, wallaby, Macropus
rufogriseus.

Introduction

Fatigue leadsto failure after repeated application of stresses,
which may be much lower than the ultimate tensile stress. The
phenomenon is well known in metals and in man-made
polymers (Hearle, 1967; Rabinowitz and Beardmore, 1974,
Takemori, 1984). It has been demonstrated in a carbon fibre
composite (Poursartip et al. 1986) and in bone (Carter and
Caler, 1983). This paper will show that it also occursin tendon.

Materials may aso fail after prolonged application of a
constant stress that is lower than the ultimate stress. This is
known as creep rupture. Failure in creep and fatigue both result
from cumulative damage. For most materials, they seem to be
clearly distinct from each other; a test in which the applied
stress fluctuates sinusoidally around amean of zeroisgenerally
considered to involve fatigue without creep. The distinction is
more difficult with pliant materials such as tendons, which
cannot easily be subjected to negative stresses. A dynamic
tensile test subjects the tendon to a positive mean stress, so that
any fatigue test is in effect superimposed on a creep test.

In the accompanying paper (Wang and Ker, 1995), we
showed that tendon is liable to creep failure. Here we show
that it isalso liableto fatigue, distinguishing fatigue from creep
using tests at different frequencies. Idedly, if fatigue alone
occurred, cyclic tests over any given stress range should lead
to failure after the same number of cycles, at all frequencies.
If creep aone occurred, the same tests should lead to failure
after the same time, at al frequencies.

Carter and Caler (1983) have shown that creep failure and
fatigue failure are distinct phenomenafor bone. Here we show
the same for tendon.

Many tendons are subject to frequently repeated stresses.
For example, leg tendons are stressed in every stride, the

tendons of jaw muscles are stressed in every cycle of chewing
and the tendons of a typist’s fingers are stressed in every
keystroke. The stresses involved in repetitive activities are
generally much larger than the prolonged stresses required, for
example, to maintain posture. This point is illustrated by the
human Achilles tendon, which transmits peak forces of about
seven times the body weight during running (Ker et al. 1987)
but only about the half body weight while standing (cal culated
by taking moments about the ankle joint, assuming that aforce
equal to half the body weight acts on the sole of each foot at
the position of the centre of pressure indicated in Fig. 11.1 of
Basmajian and De Luca, 1985). The occurrence of relatively
large repetitive loads on tendons under natural conditions
suggests that tendon fatigue, if it occurs, may be an important
phenomenon. We will return to this possibility in the
Discussion.

Materials and methods

The experiments were performed on tail tendons from two
wallabies (Macropus rufogriseus (Desmarest)), weighing
13kg and 25kg, which arrived in our laboratory on the day
following death. The carcasses were stored at —20°C and the
tendons were subsequently dissected out and stored, at the
same temperature, in plastic bags. No significant difference in
properties was found between tendons from the two animals.
The cross-sectional areas of the tendons were calculated by
weighing a measured length and assuming a density of
1120kgm—3 (Ker, 1981). The tests were performed at room
temperature, in an Instron 8031 dynamic testing machine, with
the tendon completely immersed in liquid paraffin, as
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described in detail in Wang et al. (1991). The paraffin was
saturated with water buffered to pH 7, to maintain the water
content of the tendon.

In preliminary experiments, the tendon usually failed at one
or other of the clamps, presumably due to stress concentrations.
This problem was largely overcome by the following
procedure. Before being placed in the apparatus, each tendon
was wrapped in paper tissues soaked in liquid paraffin, leaving
20mm exposed at each end. It was then left for several hours
to alow the exposed ends to dry. The dry ends were then
fastened in the clamps and the experiment performed. When
this precaution was taken, failure usually occurred well away
from the clamps.

The dynamic testing machine was used in load control, to
impose on the tendon a sinusoidal pattern of force. A chart
recorder was used to obtain plots of actuator movement against
time. The outputs representing load and actuator displacement
were also stored in a two-channel digital recorder and used to
produce plots of force against displacement.

Tensile stress—strain curves for tendon show a ‘toe’ at low
stresses, which seems to be due to straightening of crimped
fibres (Diamant et al. 1972). To ensure that the tests were
stretching the fibres and not merely straightening the crimp, the
stress range was adjusted in all tests so that the minimum stress
on each cyclewas 11.5MPa. Thisistowards the end of the toe
region (see Fig. 2 in Wang and Ker, 1995).

Tests were performed over various stress ranges, at
frequencies of 1.1, 2.1, 5.3, 10 and 50Hz. The length of the
tendon samples tested at 1.1, 5.3 and 10Hz was about
120mm. At 50Hz, shorter tendons (40mm) were used
because the amplitude that the Instron machine can achieve
is limited at high frequencies. To control for possible effects
of specimen length, 40 mm specimens were also used in the
tests at 2.1Hz. The length of specimens may affect their
mechanical properties (Wang and Ker, 1995), so we do not
attempt to compare the results between different specimen
lengths in this paper.

Most tests were performed as described above, using the
testing machine in the conventional way (see Wang and Ker,
1995). However, the arrangement shown in Fig. 1 was used for
some of the longest tests. At the lowest stresses, the tests lasted
for up to 16h, and it proved necessary to use this modified
procedure because the dried ends of the tendons became moist
during very long tests and slipped in the clamps. In this new
arrangement (Fig. 1), the dried ends of the tendon were
clamped as aready described, but the tendon was horizontal
and the load cell was mounted on the testing table instead of
in its usual position on the machine. The tendon was wrapped
in paper tissues soaked in liquid paraffin, enclosed in an outer
layer of plastic film. The weight of the tendon and wrappings
was very small compared even with the minimum loads
imposed in the tests.

Results
Plots of actuator displacement against time (Fig. 2) show
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Fig. 1. Modification of the apparatus described in Fig. 1 of Wang and
Ker (1995) used for some of the longest tests. The tendon was
horizontal and the load cell was mounted on the testing table instead
of itsin usua position on the Instron machine.
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Fig. 2. Strain increases slowly throughout most of each test, but much
faster prior to rupture. This record is from a fatigue test at 5.3Hz at
a peak stress of 40MPa. The paper in the chart recorder was moving
too slowly to show the cycles separately, so the record appears as a
solid black band.

that mean extension increased slowly for most of the duration
of each test, but much faster just before rupture.

Wang and Ker (1995) showed that creep lifetimes decrease
exponentially with stress. A plot of log(lifetime) against stress
gives a straight line at stresses from 20 to 80MPa. Similar
semi-logarithmic plots are presented here for fatigue lifetime.
Fig. 3 is for the specimens approximately 120mm in length
and shows results for the three frequencies used. The
continuous line labelled ‘creep’ in Fig. 3 shows the expected
lifetime with an oscillatory stress, if creep were the only
contributor to damage. The derivation of this line from the
creep theory of Wang and Ker (1995) is described in the
Appendix.

If the ‘ pesk stress’ were to be reduced towards the minimum
stress (11.5MPa in every test), oscillation would be lost and
the plots for different frequencies would converge on asingle
point, which is the lifetime for creep under a constant applied
stress of 11.5MPa. In the Appendix, creep lifetimes for the
25kg wallaby are calculated (see Fig. 9). Extrapolation of the
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Fig. 3. In fatigue tests, rupture occurs after shorter times than would be predicted from creep alone. The continuous lines show rupture times
predicted from the results of creep tests, as explained in the Appendix. (A) The points show results of fatigue tests at frequencies of 1.1Hz
(N=6), 5.3Hz (N=17) and 10Hz (N=11). Where more than two results are available at the same frequency and peak stress, means and error
bars, with 95% confidence limits, are shown rather than the individual points. The broken lines are the respective linear regressions, on this
semi-logarithmic plot, calculated on the assumption that the lines go through a common point when the amplitude of oscillation is zero. (B) As
A, but including the 95 % confidence limitsfor the regression lines. The points have been omitted for clarity. Specimen length 120 mm; minimum
stress 11.5 MPa; room temperature.

regression line to a stress of 11.5MPa gives a lifetime of
3.03x10°s. Theregression linesdrawn in Fig. 3 use thisvalue
as a fixed point. An uncertainty arises in this procedure, 108} \
because the actua lifetime in creep at low stresses such as \ N 10Hz
11.5MPa is longer than is indicated by extrapolation of the \
exponential (Wang and Ker, 1995). We therefore cannot be \\
certain that the extrapolations to zero-amplitude oscillation \\
must exactly coincide at different frequencies. 105 B
The slopes (95 % confidence limits) for the three regression N
lines are: at 1.1Hz, —0.0430+0.0040MPa~1; at 5.3Hz,
—0.0470+0.0027MPa"1; and a 10Hz, —0.0513+
0.0059MPa1. The confidence limits for the results at a
frequency of 5.3Hz clearly overlap with those on either side. 104 - \-'
However, the results at frequencies of 1.1 and 10Hz are almost \\\
distinct from each other and the regression lines are all clearly . \ .
distinct from the creep line. \f
In Fig. 4, the same data are displayed in terms of the number \\\
of cycles prior to rupture. Fig. 4 is derived from Fig. 3 by 103 '\ .
adding to each log(lifetime) the relevant log(frequency). The : \\
‘creep’ curve is, of course, no longer applicable. The 95% N
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Fig. 4. The data shown in Fig. 3B plotted herein terms of the number 102 l 1 | L | L |
of cycles of oscillation prior to rupture (i.e. the relevant 115 20 40 60 80
log(frequency) has been added to each log(lifetime) value. Peak stress (MPa)
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Fig. 5. Theresults of fatigue tests at frequencies of 2.1Hz (N=17) and
50Hz (N=62) with specimens of length 40mm. Other details as in
Fig. 3. The broken lines are the respective linear regressions and their
95 % confidence limits on this semi-logarithmic plot. Minimum stress
11.5MPa; room temperature.

confidence limits overlap at frequencies of 5.3Hz and 10Hz,
but these are both distinct from the results at 1.1 Hz.

Figs 5 and 6 correspond to Figs 3 and 4, respectively, but
show the results using the shorter (40mm instead of 120 mm)
specimens. Theregression linesin Fig. 5 have not been forced
to go through a fixed lifetime value at peak stress 11.5MPa,
because we do not have the relevant creep data for 40mm
samples, which would be needed to determine the fixed point.
The 95 % confidence limits for the linear regressions, over the
range of stress from 20 to 80MPa, do not overlap in either
Fig. 5 or Fig. 6.

Figs 3 and 5 show that tendon failurein our experimentswas
not simply aresult of creep: failure occurred after shorter times
in oscillatory tests than would be predicted from the results of
creep tests and after shorter times at high frequencies than at
low ones. Also, Figs 4 and 6 show that failure was not simply
the result of fatigue: it occurred after fewer cycles at low
frequencies than at high ones. Creep failure and fatigue failure
of tendon are distinct phenomena.

Plots of force against displacement for selected cycles of
fatigue tests showed a gradual decrease in stiffness throughout
each test (Fig. 7). These changes continued at accelerated
rates, immediately prior to rupture. This faling stiffness is a
symptom of the accumulation of damage (Beaumont, 1989;
Wang and Ker, 1995).

Specimens examined by eye after high-frequency (50HZz)
tests showed pull-out over a much shorter length from the two
sides of the break than did specimens tested at lower
frequencies. This suggests that the damage in higher-frequency
fatigue is more likely to be locally concentrated.
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Fig. 6. The data shown in Fig. 5 plotted here in terms of the number
of cycles of oscillation prior to rupture; calculation detailsasin Fig. 4.
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Fig. 7. Therate of fal of stiffness accel erates during each fatigue test.
The ordinate, ‘stiffness ratio’, is the fraction of the initial stiffness
remaining at agiven time. Each curve shows stiffness ratios measured
from force—displacement plots for selected cycles of one test. The
tests were for peak stresses of 25, 35 and 50MPa, respectively, as
indicated. The lines, which are intended only to give a generd
indication of the trends, are of the form s=1+at3, where s is the
stiffness ratio and t is the time. The parameter a was found, for each
curve, by a least-squares fit of the points to this equation. Specimen
length 40 mm; frequency 50Hz; room temperature.

Discussion
Sincewallaby tail tendons are typical of mammalian tendons
generaly in Young's modulus and energy dissipation (Bennett



et al. 1986; Wang and Ker, 1995), it seems reasonable to
suppose that their fatigue failure properties are aso typical.
Their Young's moduli and energy dissipations are amost
independent of frequency over the range 2.2—70Hz (Fig. 8),
which gives us confidence in the conclusions we have drawn
from comparisons between the results of fatigue tests at
different frequencies.

We should consider whether the phenomenon described in
this paper is likely to have biological significance. Consider
first the wallaby tail tendons used in our experiments. The tail
swings up and down in each hopping stride, at a frequency
of the order of 3Hz (Alexander and Vernon, 1975). We do
not know what stresses this imposes on the tendons, but
measurements of the physiological cross-sectional areas of
the tail muscles show that stresses of about 14 MPa would
occur in the tendons if the muscles were to contract
isometrically (Wang and Ker, 1995). The stresses occurring
in hopping may be smaller than this (if the muscles are not
fully activated) or up to almost twice this (if the muscle fibres
are fully activated while being stretched; Woledge et al.
1985). Extrapolation of the data in Fig. 3 suggests that
stresses of around 14 MPa, applied at a frequency of 3Hz,
should cause failure after times of the order of 2x10°s (56 h).
Lower stresses would give longer fatigue life. Fatigue
damage is presumably repaired in living tendons, but not
during our experiments. We do not know the rate of repair,
but cannot exclude the possibility that tail tendons suffer
appreciable fatigue damage.

Most tendons experience stresses of 10-20 M Pa when their
muscles contract isometrically (Ker et al. 1988). In thisrespect,
wallaby tail tendons are typical of tendons in general.
However, some leg tendons, which function in running as
energy-saving springs, experience much higher stresses. For
example, the human Achilles tendon suffers a peak stress of

10Hz  70Hz  22Hz
f | |

Stress (MPa)

11.5%-

2.5% strain

Fig. 8. Hysteresis loops at frequencies of 10, 2.2 and 70Hz. Young's
modulus (i.e. slope) and energy dissipation (i.e. loop area) are almost
independent of frequency. These records are all from the same tendon
and were taken in the order shown.
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about 50MPa in each running stride (calculated from data in
Ker et al. 1987). Fig. 3 suggests that, at a typica stride
frequency of 1.4Hz (Cavanagh and Kram, 1990), this should
cause failure after running for times of the order of only 1h.
Achilles tendons survive much longer runs than that, and it
seems possible that such highly stressed tendons are more
resistant to fatigue than wallaby tail tendons. We are
investigating the question.

Appendix: creep lifetimes with sinusoidal stress
Creep inevitably accompanies fatigue. The continuous lines
in Fig. 3 show our estimate of the lifetime which would be
obtained under sinusoidal loading if creep were the only
contributor to damage. This appendix explains how this line
was derived using the creep damage theory of Wang and Ker
(1995). Equation 12 of that paper is:

D = —A'be®o/(1-D), M)

in which oo is the applied stress and D is the damage
parameter D differentiated with respect to time. Prior to
damage, D=0 and at rupture D=(1—od/o%), where ot is the
yield stress. Wang and Ker (1995) give measured values of the
parameters A’, b and B’ for the tail tendons of a particular
wallaby. However, different values are to be expected for other
wallabies, corresponding to the observed variations in creep
lifetimes (Wang and Ker, 1995). For our present
phenomenological assessment of creep lifetimes, the two
parameters —A'b and B" are best considered as arbitrary, to be
chosen by fitting.

Fig. 9 shows lifetimes, on a logarithmic scale, plotted
against stress, for tendons from the tail of the 25kg wallaby in
this study. The continuous line is the least-squares linear
regression for these experimental points and the dotted line is
the theoretical curve obtained by integrating equation 1, with
—A’b=5.61x10"7 and B'=0.06759MPa~1. o was taken as
144MPaasin Wang and Ker (1995), but the exact value is not
critical over the range of stresses used. The theoretical line is
not quite straight but, over the range of stresses used, the
curvature on this semi-logarithmic plot is slight enough for
fitting to be straightforward. Since —A’b does not affect the
slope, B’ is adjusted first to make the slopes match. Thelineis
then positioned by changing —A’b.

In the experiments described in the present paper, the
applied stress oscillates sinusoidally with time, t, the minimum
stress being 11.5MPa. In equation 1, oo is replaced by
[11.5+0a(1+sin2#ft)], where oa is the amplitude of the
oscillation (MPa) and f is the frequency (Hz). The peak stress,
Opesk, IS (20a+11.5) MPa. We used the Runge—K utta method to
integrate this version of equation 1 step-by-step starting from
the initial conditions D=0 when t=0 and continuing until
D=(1— opeak/ o). The number of time steps required to follow
each oscillation properly is very large. Fortunately, a much
smaller number of steps (say 1000) is adequate, because the
damage due to creep depends only on the accumulated time in
each stress range. The range of stresses can be adequately
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Fig. 9. The points show observed creep lifetimes, with a constant
applied stress, for tendons from the tail of the 25kg wallaby. These
points appear in Fig. 4 of Wang and Ker (1995), where thisindividual
is described as wallaby I11. The continuous line is the least-squares
linear regression on this semi-logarithmic plot. The dotted line shows
the result of fitting equation 1 to the regression line.

sampled even with a step period much longer than the period
of oscillation. To obtain the creep line plotted in Fig. 3, for
f=5.3Hz, we used about 4000 steps at each of 120 values of
peak stress. To confirm that this procedureisvalid, we checked
the lifetime at 02=18.5MPa with a step period of 0.006s,
giving 31 steps for each oscillation. Over 2x 106 steps were
required and gave the same result, to four significant figures,
as 4000 steps. A similar argument indicates that creep lifetime
isindependent of frequency, aslong as the period of oscillation
is much less than the lifetime. Therefore, the one creep linein
Fig. 3 covers dl frequencies.
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