Biomechanica Hungarica XI. évfolyam, 2. szdm

STIFFENING EFFECT OF HUMAN TENDONS DURING STRAIN
CONTROLLED FATIGUE LOADING

Gabor Szebényi'?, Dénes Faragé??, Rita Kiss M.2, Karoly Pap*
I Department of Polymer Engineering, Budapest University of Technology and Economics

2 Department of Mechatronics, Optics and Mechanical Engineering Informatics, Budapest
University of Technology and Economics

3 Cooperation Research Center for Biomechanics, Budapest University of Technology and
Economics

* Orthopedics & Traumatology Department, Uzsoki Hospital

szebenyi(@pt.bme.hu DOI: 10.17489/2018/2/09

Abstract

The goals of our study were to evaluate the biomechanical differences between five tendons
and the changes in biomechanical properties caused by low cycle fatigue loading. Achilles,
quadriceps, semitendinosus + gracilis (STG), tibialis anterior (TA) and the peroneus longus
(PL) were harvested from 8 donors. The grafts were removed and placed in a radio-cryopro-
tectant solution and slowly cooled and stored at -78 °C. The load was defined as a sinusoid
function, the starting values are assigned to a peak load of 250 N and a minimum load of 0 N.
Data was recorded in the 2th, 4th, 8th, 16th, 32nd, 64th, 128th, 256th, 515th and 1000th cycle.
In the given cycles the whole measured waveform was registered. Young modulus of elasticity
was calculated. To compare the biomechanical behavior of the different tendons the Young’s
modulus values were evaluated in the 64th, 128th, 256th, 512th and 1000th cycles. While in
case of PL and STG tendons the change is apperantly linear in the investigated range, in case
of the Achilles, quadriceps and TA tendons there is a region where a significant change in

modulus occurs.
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Introduction study of the knee joint>* After the cyclic ten-
sile loading of the tendons, it can be observed

The human tendons are one of the most im-  that breaking force and the modulus of elastici-

portant parts of our limbs, these help to fix and
to move the bones together. The tendons are
subjected to a continuous fatigue load during
the movement of the body? In the human
body, the knee joint is the largest and the most
complicated articulation, furthermore it owns
the highest incidence of tendons injury. Sever-
al articles have been dealt with the mechanical

ty exceeding the pre-load state can be measured,
primarily due to the fibrous structure and the
orientation of these fibers in the load-bearing
orientation.>> Fatigue of the first cross-band of
the knee joint represent an increasing propor-
tion in orthopaedic deformations. As a result the
surrounding ligaments and muscles become in-

stable, surgical treatment will be necessary!+78
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The efficiency of each new surgical method
must be demonstrated by tests performed on
in vitro specimens before introduction. The
tendons that are potentially usable to replace
the first cross-band of the knee joint should
be tested.*? The following tendons are good
candidates for substitution: achilles, quadri-
ceps, semitendinosus + gracilis, tibialis ante-
rior, peroneus longus. The question can also
be posed as follows: how should tendons be
preserved for the in vitro examination of differ-
ent surgical techniques in order that their me-
chanical properties resemble the characteristics

of live tendons the most.%*

Fitzgerald stated that the mechanical proper-
ties of bones and ligaments change significantly
5 hours post mortem this particularly applies to
tensile strengths/%!! Linde and Sorensen mea-
sured significant decrease in the Young” modu-
lus 24 hours post mortem by compressive tests
on trabecular bones extracted from the tibia.?

There are two recommended methods for stor-
age to identify strength characteristics: cooling
and freezing. Both methods of storage can be
dry or wet. In the case of storage by freezing, the
mechanical properties of human and animal
ligaments do not change significantly even after
100 days of storage. One of the best conservative
solution media for this method is the radio-cryo-
protectant solution, which is slowly cooled to -78

degrees Celsius. > IL12

The frozen ligaments must be melted correctly
before the test. This is done with one of the con-
trolled melting methods so that the mechanical
properties of the tendon do not change. Poor

melting process can damage the structure.>*

The most optimal defrost method after freez-
ing with the radio-cryoprotectant solution is to
melt the tendons at 37 degrees Celsius for 20

minutes.3

In this study, we investigated the stiffness
change of human tendons during strain con-
trolled fatigue loading. Five different tendons
were tested as in vitro samples, which have
been thawed after freezing. We have investi-
gated the Young’s modulus change in several
selected cycles. Our goal was to investigate how
the stiffness of the tendons change with the
progressing fatigue loading in case of the dif-
ferent tested samples.

Materials and methods

In the course of our experiments, potential re-
placements of the first cross-band of the knee
joint were tested: achilles, peroneus longus
(PL), quadriceps, semitendinosus + gracilis
(STG) and tibialis anterior (TA) were studied
with a constant elongation amplitude sinusoi-
dal loading during a fatigue test. We have col-
lected the five types of grafts from 8-8 human

cadaver tendons within 24 hours post mortem.

The TA, STG, PL tendons were harvested from
the musculotendinous junction. All soft tissue
including the paratenon was removed from
around the tendons. The mid-thirds of the
quadriceps and the Achilles tendons were used.

We used only the free ends of the grafts, be-
cause of the measurement difficulties, All ten-
dons were visually and mechanically screened
for degenerative changes. There was no previ-
ous history or evidence of injury or disease of
the tendons in the patient’s documentation.
We have removed and placed the grafts in a ra-
dio-cryoprotectant solution and slowly cooled
and stored them at -78 °C.

Before the test the ligaments were thawed at
37 °C for 20 minutes and then advanced for 30
seconds before testing. Using a freezer clamp
structure, 1000 cycles of 2 Hz frequency sinu-
soid waveform fatigue were performed on the
ligaments using Instron 8872 computer-con-
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trolled servo hydraulic tester equipped with an
Instron FastTrack 8800 control/data acquisi-
tion unit at the accredited material testing lab-
oratory of the BME Biomechanical Co-opera-
tion Research Center.

Before starting the load, we have waited for
freezing to fix the ligaments. Because of the
poor thermal conductivity of the tissue, the
freezing effect of the measuring length in
the clamps was minimal. Before and during
the test, the temperature of the samples was
checked using a Flir A325sc infrared (IR) cam-
era. The load was defined as a sinusoid func-
tion, the starting values are assigned to a peak
load 0f 250 N and a minimum load of 0 N. Data
was recorded with the Instron Fasttrack 8800
data acquisition device in the 2th, 4th, 8th,
16th, 32nd, 64th, 128th, 256th, 515th and 1000th
cycle. In the given cycles the whole measured

waveform was registered.

An example test setup of the fatigue test is pre-
sented in Figure 1.

Figure 1. Test setup of the fatigue test

Results and discussion

To compare the biomechanical behavior of the
different tendons the Young’s modulus values
were evaluated in the 64th, 128th, 256th, 512th
and 1000th cycles. An example curve set used for
the modulus evaluation is presented in Figure 2.
In the graph it can be seen that as the number of
cycles increases, the maximum force increases,
resulting in an increase in the inclination of the
sinus curve. The shape of the curves is also worth
investigating: while the loading strain excitation
waveform is a pure sinusoid, in case of the re-
corded load curves show an asymmetric shape.
The positive peak is a standard sinusoid, but the
negative peak corresponding to the unloading
of the tendon in each cycle is deformed. This
can be caused by the viscoelastic behavior of the
tendons: the effect of unloading is damped by
the soft material with high loss factor.

Comparing the different tendons in the same
cycles (Figure 3 and Figure 4), similar behavior
can be observed showing that the basically iden-
tical structure results in also similar mechanical
behavior.

The evaluated Young’s moduli in function of
the elapsed cycles is presented in Figure 5 and
Table 1. On the summary chart, it can be seen
that the orientation of the fibers is clearly pres-
ent during the fatigue tests. While in case of
PL and STG tendons the change is apparently
linear in the investigated range, in case of the
Achilles, quadriceps and TA tendons there is a
region where a significant change in modulus
occurs. In case of the Achilles and the quadri-
ceps tendons, which have the largest cross-sec-
tion this significant increase appears earlier,
between the 128th and 256th cycles.

In case of the TA tendon this change occurs lat-
er, between the 512th and 1000th cycle. This can
be probably explained by the differences in the
cross-sections of the tested tendons.
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Figure 2. Sample sinus curves of an Achilles tendon in the examined cycles
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Figure 3. Behavior of different tendons in the 64th cycle
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Figure 4. Behavior of different tendons in the 1000th cycle
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Figure 5. Average Young modulus of elasticity evolution in different cycles for all types of tendons
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Tendon type Achilles Perosneus Quadriceps | Semitendinosus | Tibialis ant
longus + Gracilis
Cycle number Young’s modulus of elasticity [MPa]

64 36,1 106,0 124,2 195,1 175,9
88,9 131,3 108,5 297,6 147,6

155,8 88,0 57,7 87,3 135,2

96,7 126,0 125,9 118,2 159,1

64,1 110,5 102,7 134,1 60,9

323 67,6 185,6 88,2 173,3

89,1 105,2 167,6 114,2 94,1

100,6 104,4 124,9 1479 129,9

Average 82,9 104,9 124,6 147,8 134,5
Deviation 39,6 20,2 39,2 69,8 39,8
128 342 130,3 128,9 219,8 131,0
107,8 142,5 119,3 289,6 158,8

154,3 102,2 62,8 87,8 193,1

1124 114,0 115,9 124,1 169,2

75,1 118,5 96,5 140,0 76,7

343 75,6 169,2 83,3 122,1

82,9 115,2 206,5 127,7 11,5

90,8 112,5 129,2 154,0 139,0

AVERAGE 86,5 113,8 128, 153,3 1377
DEVIATION 40,3 19,7 43,6 69,5 36,3
256 435 110,2 134,1 220,7 183,2
120,5 135,8 111,4 293,5 184,7

173,2 104,3 64,9 85,0 140,6

120,5 12,4 141,2 127,8 164,8

173,2 108,5 110,1 136,6 73,4

120,3 113,8 208,1 95,4 123,6

77.3 109,8 2354 126,5 116,6

36,5 119,8 145,2 160,8 139,9

Average 108,1 114,3 143,8 155,8 140,9
Deviation 52,4 9,8 54,8 69,5 373
512 33,8 104,5 151,2 223,0 197,3
141,1 137,8 139,0 287,9 152,5

213,8 123,1 109,3 96,2 196,6

132,9 110,7 153,9 127,2 161,1

89,4 1235 154,5 1234 72,5

40,3 138,5 150,8 100,1 119,4
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Tendon type Achilles Perosneus Quadriceps | Semitendinosus | Tibialis ant
longus + Gracilis
Cycle number Young’s modulus of elasticity [MPa]
97,2 110,2 140,9 125,0 102,8
123,1 111,2 154,2 165,2 142,8
Average 109,0 119,9 144,2 156,0 143,1
Deviation 58,2 13,0 15,4 67,1 43,7
1000 30,2 132,9 157,5 2129 158,4
165,8 137,5 114,8 2856 178,0
202,8 116,3 82,0 86,4 270,6
148,1 114,0 169,3 133,9 228.4
70,2 117,6 137,1 128,9 68,6
94,8 130,8 3497 123,8 121,1
123,6 119,2 134,9 142,5 137,0
120,2 122,8 125,9 160,2 168,2
Average 119,5 123,9 158,9 159,3 166,3
Deviation 54,7 8,7 81,5 62,4 62,5

Table 1. Young modulus of elasticity values in selected cycles for all types of tendons

In case of the wider and thicker tendons with a
higher cross-section there are more fiber bun-
dles which can be oriented simultaneously and
therefore more easily, providing a more pro-
nounced effect in the increase of the Young’s
modulus of elasticity.

Further investigations with higher cycle num-
ber fatigue tests performed on the STG and
PL tendons could further support our as-
sumptions. These tests are currently in prog-
ress and will be published in a forthcoming
article.

Conclusions

It can be stated that the Young modulus of elas-
ticity of all tendons increased during the cycles
by 20-30 MPa, due to the orientation of the fi-
bers. The most significant increase in Achilles
was between 128th and 256th cycles, the Quad-
riceps, PL.and STG tendons are increasing con-
tinuously, the TA showed the largest modulus
increase between 512th and 1000th cycles. These
results, extended by microscopic investigations
and longer fatigue tests can serve as a basis for
the description of the long term fatigue behavior
and morphological changes of human tendons.
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