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A cadaveric study on the rate of strain-dependent behaviour
of human anterior cruciate ligament
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Purpose: Failure of anterior cruciate ligament often occurs in young sports personnel hampering their career. Such ACL ruptures are quite
prevalent in sports such as soccer during dynamic loading which occurs at more than one rate of loading. In this work, a structural constitutive
equation has been used to predict the forces acting on ACL for different rates of loading. Methods: Ligaments with distal femur and proximal
tibia were subjected to tensile loading to avoid crushing of tissue ends and slipping at higher rates of strain. Custom designed cylindrical grippers
were fabricated to clamp the distal femur and proximal tibial bony sections. To estimate parameters for the model, eighteen fresh cadaveric
femur-ACL-tibia complex (FATC) samples were experimented on by pure tensile loading at three orders of rates of strain viz., 0.003, 0.03, and
0.3 s–1. The experimental force-elongation data was used to obtain parameters for De-Vita and Slaughter’s equation. The model was validated
with additional tensile experiments. Results: Statistical analysis demonstrated failure stress, Young’s modulus and volumetric strain energy to
vary significantly as a function of rate of strain. Midsection failure was observed only in samples tested at 0.03 s–1. Femoral or tibial insertion
failure were observed in all other experiments irrespective of rate of strain. Conclusion: Human FATC samples were tensile tested to failure at
three rates of strain using custom-designed cylindrical grippers. A structural model was used to model the data for the ACL behaviour in the
linear region of loading to predict ligament behaviour during dynamic activities in live subjects.

Key words: femur-anterior cruciate ligament-tibia complex (FATC), rate of strain, tensile properties, structural model, force-length behaviour,
dynamic loading

Abbreviations

ACL – Anterior Cruciate Ligament
FATC – Femur ACL tibia complex

1. Introduction

Being a prominent ligament in the knee joint anterior
cruciate ligament (ACL) has the highest rate of injury
[24]. Non-contact ACL injuries occur during (i) a sudden
change in the direction of running at full or near full

extension of the knee such as in soccer during plant and
cut movement (ii) landing from a jump etc. [2]. ACL is
a viscoelastic soft tissue whose failure force and elonga-
tion vary as a function of the rate of strain or rate of
loading. For a material exhibiting viscoelastic behaviour,
the failure force increases with the rate of strain, while
the elongation at failure decreases with an increase in
the rate of strain [27]. The viscoelastic behaviour can
be modelled with short-term and long-term variables.
The short-term variables are rate of strain-dependent,
while the long-term variables involving time constants
are dependent on the stress relaxation of the material
[1]. A structural model relating the stress on the liga-
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ment as a function of the rate of strain was proposed by
De Vita and Slaughter [29]. Further, the parameters
used in the structural model are related to the tissue’s
structure. Hence, the structural model is entirely coher-
ent as the tissue morphology is taken into account.
Other types of mathematical models, including phe-
nomenological models, however, do not relate directly
to the tissue morphology [23], [25].

In order to simulate dynamic activities, the need for
the rate of strain dependent force-length behaviour is
cardinal. Tensile stretch-induced failure or rupture of
human ACL, as well as femur – ACL– tibia complex
(FATC), has been studied earlier, either at quasi-static
rate of strain (i.e., very low rates of strain in the order of
0.075 s–1 or lesser) or at very high rates of strain (1 s–1).
Currently, the number of studies reported on the tensile
characteristics of human FATC samples at various rates
of strain are quite scarce [15], [16]. Hence, experimenta-
tion of ACL at various rates of strain is essential.

Cadaveric studies on human knee ligaments were
performed by various research groups for understand-
ing the injury mechanics of pedestrian crash accidents
[3], [17]–[19]. In Table 1, studies on tensile testing of
human/animal ACL tissues at single and multiple rates
of strain are reported. Details on the rate of strain used,
number of samples, age and sex of subjects, methods of
sample preservation, preparation, testing and significant
findings of studies were summarized in the Table 1.
However, the study on human FATC has been reported
only by a few research groups [21], [28], [30]. The
authors had tested FATC for a given rate of strain. Ar-
noux et al. [3] reported tensile testing of human isolated
knee cruciate and collateral ligaments potted in resin at
2 ms–1 speed corresponding to the impact injury on
knee in pedestrians during accidents. Mo et al. studied
the effects of automobile crash on pedestrian knee
ligaments. Lateral impact on knee and tibia (on different
locations) were evaluated for high-speed impact. The
data obtained from these studies were used to obtain the
parameters for a finite element model [3], [17]–[19].
Chandrashekar et al. [5] evaluated the effect of sex on
the tensile properties of ACL. All of the above-men-
tioned tensile studies were performed on one given rate
of strain, and hence the development of a mathematical
model was not feasible. Only Kennedy et al. [11] re-
ported tensile testing of human ACL for two rates of
strain. Recent articles are focused more on simulating
running or walking kinematics in an isolated cadaver
leg and observing the failure mechanics [12], [13].

The significance of the current study is to under-
stand the behaviour of human ACL at multiple rates
of strain and adopt a structural constitutive model to
predict forces acting on it. When various kinematics

are performed involving lower limb, the anterior cru-
ciate ligament at the knee joint is loaded at different
rates. Hence, experimental force-elongation data on
eighteen fresh cadaveric femur-anterior cruciate liga-
ment-tibial complex (FATC) were obtained at three
rates of strain (0.003, 0.03 and 0.3 s–1). This experi-
mental data was used to obtain parameters for the
structural model. To validate the constitutive model,
additional experiments were conducted.

2. Materials and methods

2.1. Sample acquisition
and preparation

In Figure 1, the experimental and modeling work-
flow in brief are described. Samples obtained during
the autopsy of unclaimed bodies at All India Institute
of Medical Sciences, New Delhi, were used for this
study. Eighteen FATC samples were obtained from
nine fresh-frozen cadavers (during the autopsy). Cada-
veric knee samples of human male subjects aged be-
tween 60 and 70 years were used in this study. Only
male subjects’ samples were used in this limited study
due to scarcity of female cadaveric samples. Subjects
with knee deformity, tuberculosis and osteoarthritis
(evaluated by visual observation) were excluded from
the study. Details on design of cylindrical gripper has
been provided in the supplementary section.

All necessary ethical approval and documentation
were carried out in obtaining the samples. The knee
of the cadavers were dissected from the cadavers at
four inches above the knee joint on the femur and
four inches below the knee joint on the tibia. Patella
and patellar tendon were removed at the time of dis-
section. Lateral collateral ligament, medial collateral
ligament, and posterior cruciate ligament were sev-
ered, while fat tissues were removed, leaving merely
the ACL intact, which constitutes the FATC sample.
Only samples with intact ACL without any deforma-
tion or hole at insertion regions were used for the
experiments. A universal testing machine (model:
Tinius Olsen, H5K5, UK), with a maximum load cell
of 5 kN was used to perform the tensile test at a sam-
pling frequency of 100 Hz. Pre-conditioning of samples
was not performed before testing. The resting length
and cross-sectional area of samples tested at three rates
of strain are reported in the Table SI in supplemen-
tary section. Post experimentation, the samples were
disposed at department of anatomy.
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Table 1. List of rate of strain studies on human and animal ACL/FATC

Reference
number

Sample source,
method of gripping,

age of subject

Sample preservation,
experiment protocols

Rates of strain,
(number

of samples used)

Observation
/remarks

1 2 3 4 5
[20] FATC from male

rhesus monkey were
experimented.
Details on the age
of animals, were not
provided.

Samples were tested as right-left pairs. One
sample was strained at lower rate of strain
and the other at higher rate of strain.
Samples were used immediately after
sacrificing the animal. Six contoured
serrated grips were used to fix tibia
and femur at 135˚ with reference to each
other. Steinmann pins were passed through
the hole drilled in the middle of the bones.
The entire set up was mounted on the slotted
plate attached to the testing machine.

0.662 (n = 17)
and 0.00662 (n = 17)

Difference between
the Force-deformation
plots for different rates
of strain occurs after the
linear region. At faster
loading rate 2/3rd
of specimens were
ligamentous failure
and remaining 1/3rd,
were tibial avulsion
fracture. At slower rate,
it was reverse [20].

[11] Human isolated ACL.
Details on the sex
of samples were
not mentioned.
Age – 20–75 years.

Samples were wrapped in gauze and soaked
in isotonic saline. Sample were collected
within 12 hours of death and experimented
within 4 hours of harvest. The ligament was
fixed to upper clamp initially and allowed
to hang freely along its orientation. Then the
lower clamp was applied. Care was taken not
to have twists in the sample while clamping
and testing.

0.075 (n =10)
and 0.3 (n =10) /s.

Bone-ligament junction
is the weakest in the
FATC, hence testing
of isolated ligaments
was preferred. At higher
rate of strain, failure
is ligamentous. Failure
load and strain increased
for higher rate of strain
[11].

[21] Human FATC, Young
age 16–26, old age
48–86, samples were
obtained from both
male and female
donors.

Samples were obtained during autopsy
or amputation and preserved at –4 °C for
a week and –15 °C for four weeks. The
sample loading and testing procedure used
in earlier published work ([20])
of the research group were followed.

1 s–1, n = 6 for young
age group and n = 2
– for old age group

Younger subjects
reported failure force,
energy to failure
and Young’s modulus
two to three times
higher than the older
subjects did [21].

[30] Human FATC, young
age 22–35 years,
middle age 40–50 years,
old age 60–97 years.
Sex of the subject
was not mentioned.

Knee samples were obtained during autopsy
and stored at –20 °C. Before
experimentation, the samples were thawed
for 24 hours at room temperature. All soft
tissues except ACL were removed. Femur
and tibia were cut 15 cm from the joint line
and fixed to an aluminium cylinder using
6 mm bolts. One FATC from a cadaver was
tested in tibial orientation,
and the contralateral FATC was tested
in anatomical orientation. Samples were
tested at 30 ° flexion angle. ACL tissue
was kept moist using physiological saline
solution during sample preparation and testing.

0.1 s–1, n = 10
in each age and
orientation group.

Effect of age of subject
and orientation
of sample (anatomical
and tibial) on the
mechanical properties
were evaluated. Higher
failure force and stiffness
were observed for
samples obtained from
younger subjects
and for samples tested
in anatomical orientation
[30].

[28] Human FATC, age
29–55 years, sex
of the subject
was not mentioned.

Samples were obtained from autopsy
and tested immediately. Femur and tibia
were cut 15 cm from the joint line. All soft
tissues except ACL were removed. Femur
and tibia were potted in methylmethacrylate
and held in position using special grippers.

0.03 s–1, n = 10 The average values
for failure force
and stiffness were
634 N and 144 N mm–1

[28].

[3] Human ACL with bone
plugs, age –
60–90 years, samples
were obtained from
both male and female
donors.

Cadavers preserved using Winkler’s solution
were used for this study. After dissection,
the knee samples were preserved at 3 °C.
On the day of testing, samples were thawed
in room temperature for 3 hours. The bone
plugs were fixed in resin and mounted.

66.6 s–1, n = 4 Tensile testing of knee
ligaments at high rate
of strain was performed
to study failure
of ligaments during
pedestrian impact.
Stiffness and Young’s
modulus were reported
in the following range
– 50 to 145 N mm–1

and 25 to 210 MPa [3].
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Fig. 1. Flowchart depicting the process followed in the study

2.2. Tensile experiments
at various rates of strains

The rate of strain was calculated from the ratio of
crosshead speed (mm⋅s–1) to the average length of the
ACL sample (30 mm). Three crosshead speeds of 0.083,
0.83, and 8.33 mm⋅s–1 were selected for the study. The
corresponding mean rate of strain for each experi-

mental group can be approximated to 0.003, 0.03 and
0.3 s–1. The highest rate of strain of the universal
testing machine and two orders below the maximum
rate of strain were chosen for the study. This range is
reported to include the rates of strain at which dy-
namic activities occur in knee ligaments [7]. Cleaned
FATC samples were loaded in the universal testing
machine using the cylindrical grippers (Fig. 2). The
tensile experiments were performed until failure to
obtain the elongation behaviour as a function of ap-
plied force with a single loading cycle. As other liga-
ments and soft tissues have been removed before the
tensile tests, the loading tends to act in line or very
close to the axial direction of the ligament. Hence, the
loading direction in the current FATC experiments is
slightly different from the loading direction in real-life
conditions. Zero-degree extension of the knee joint is
approximately maintained at the start of the tensile
experiments. The gripping method allows for unidi-
rectional translation of femur and tibia in superior-
inferior direction and not in other planes. The cross-
sectional diameter and length of ACL were measured
using digital vernier caliper, before the start of the

1 2 3 4 5
[5] Human ACL with bone

plugs, age 26–50
years for male subjects,
17–50 for female
subjects.

Knee samples were harvested within
12 hours after death and preserved at
–20 °C. Femur and tibia were cut 3 inches
from the ACL attachment site. The lateral
and medial edges of the cut femur and tibial
fragments were cut parallel to the longitudinal
axis of ACL. Bone plugs were potted
in aluminium cylinders using cerrobend. The
Tibial bone plug was oriented at 45 ° to the
longitudinal axis of ACL and tested.

1 s–1, n = 8
(samples from female),
n = 9
(samples from male)

Tensile properties of ACL
samples obtained from
male and female
subjects were compared.
Samples obtained from
male subjects reported
higher tensile properties
compared to samples
obtained from female
subjects [5].

Fig. 2. (a) Femur-ACL-Tibia Complex, (b) gripper, and (c) sample loaded in cylindrical gripper



A cadaveric study on the rate of strain-dependent behaviour of human anterior cruciate ligament 49

experiments. The length of the ligaments was meas-
ured after rotating the femur laterally (to get the full
view of ACL). Approximate location of the midpoint
of the insertion regions was identified and the distance
between them was measured. The width of the liga-
ment tissue at the femoral insertion point and thick-
ness of the tissue in midsection on the ligament were
measured. The product of the measured width and
thickness yields an approximate cross-sectional area.
It should also be noted that the human ACL tissue has
an irregular geometry and hence requires some ap-
proximations for calculation of the cross-sectional area.
Also, to eliminate the errors arising from the calcula-
tions of cross-sectional area, only the force versus
elongation values were used to obtain the parameters
for the mathematical model.

For each of the three rates of strain, six samples
were tensile tested until failure. The samples were
randomly assigned to three different rates of strain.
The point of failure for each sample was noted down
for each sample. Details on the De Vita and slaughter
model used for capturing rate of strain behaviour is
provided in the supplementary section.

2.3. Statistical analysis

Statistical analysis was performed to observe
the variations in the tensile properties measured at
different rates of strain. As there were three gropus

(three rates of strain) of tensile properties, Kruskal–
Wallis H-test (non-parametric equivalent of One-
Way ANOVA) was selected for the statistical analy-
sis. As per the reference cited, the number of sam-
ples in each group shall be greater than 5 [6]. Hence,
the tests have been conducted on 6 samples per rate
of strain. Two-stage analysis consisting of Kruskal–
Wallis H-test and Mann–Whitney U-test were per-
formed on the tensile properties. The tests were car-
ried out using IBM SPSS (IBM Analytics, Chicago,
Illinois, USA).

3. Results

The numerical values of the tensile properties for
each sample are reported in Table S2 and S3 in sup-
plementary section. The variation of average values
of the measured tensile properties as a function of
rates of strain are reported in Figs. 3 and 4. The mean,
median, and results of the Kruskal–Wallis H-test for
tensile properties measured at three rates of strain
are reported in Table 2. Values of stiffness, failure
stress, Young’s modulus, and volumetric strain en-
ergy were observed to be varying significantly across
rates of strain (in Kruskal–Wallis H-test) indicating
that at least values at one of the three rates of strain
differ significantly from values at other rates of
strain (s–1). Multiple pairwise comparisons using the

Fig. 3. Variation of: (a) failure force, (b) failure elongation, (c) stiffness, and (d) failure energy
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Mann–Whitney U-test were performed for tensile
properties, which were significant in Kruskal–Wallis
H-test. The results of the multiple pairwise compari-
sons are provided in Table 3. The pairs, which are
significantly different from each other, are indicated
in Fig. 4. The values of tensile properties were sig-

nificantly different for the following rates of strain
pairs 0.003 s–1 versus 0.03 s–1 and 0.003 s–1 versus
0.3 s–1. In Figure 5, the failure modes of FATC sam-
ples tested at various rates of strain are reported.
Femoral insertion and tibial insertion failure were
observed at 0.0003 and 0.3 s–1. At 0.03 s–1, all three

Fig. 4. Variation of: (a) failure stress, (b) failure strain, (c) Young’s modulus, and (d) Volumetric strain energy

Table 2. Overall p-value by Kruskal–Wallis H-test for tensile properties at various rates of strain

Rate of strain (s–1) Kruskal–Wallis
H-test

0.003 (A) 0.03 (B) 0.3 (C)
Tensile

Properties

Mean ± SEM Median
(Min-max)

Mean ± SEM Median
(Min-max)

Mean ± SEM Median
(Min-max)

ψ2 P

Failure
force [N]

659.96 ± 54.18 661.15
(440.50–841.00)

688.44 ± 15.62 681.97
(645.60–756.80)

954.33 ± 87.23 984.00
(594.00–1173.00)

5.836 0.054

Failure
elongation [mm]

13.96 ± 0.80 14.26
(10.71–16.69)

13.95 ± 0.49 13.47
(12.85–15.61)

14.77 ± 0.97 15.31
(10.21–16.89)

1.766 0.414

Stiffness
[N⋅mm–1]

53.74 ± 3.63 53.25
(42.94–69.16)

64.87 ± 5.92 63.45
(46.81–87.20)

69.92 ± 3.38 69.28
(60.90–80.56)

6.678 0.035

Failure
energy [N⋅mm]

4113.35 ± 380.43 4181.26
(2919.28–5449.92)

3994.80 ± 195.48 4086.25
(3256.41–4495.50)

6137.64 ± 733.33 6900.10
(2687.34–7391.88)

5.064 0.079

Failure
stress (MPa)

8.94 ± 0.24 8.78
(8.25–10.02)

14.30 ± 0.30 14.13
(13.35–15.25)

15.46 ± 1.93 15.49
(8.84–21.52)

10.246 0.006

Failure strain 0.44 ± 0.03 0.44
(0.31–0.55)

0.42 ± 0.02 0.42
(0.36–0.52)

0.45 ± 0.03 0.47
(0.29–0.54)

1.211 0.546

Young’s
modulus (MPa)

24.39 ± 2.17 25.51
(15.69–30.87)

43.48 ± 4.67 42.22
(27.71–57.28)

36.97 ± 4.90 41.38
(18.54–48.78)

7.240 0.027

Volumetric
strain energy
(mJ⋅mm–3)

1.8 ± 0.15 1.93
(1.07–2.06) 2.57 ± 0.14 2.63

(2.06–2.99) 3.02 ± 0.44 3.11
(1.55–4.76) 8.433 0.015
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modes of failure (including midsection failure) were
equally observed.

The parameters of the constitutive equation for
variable rate of strain experiments were estimated
numerically [29]. The values of the parameters to best
fit the experimental data were α = 1.14, β = 2.0, η =
70 MPa⋅s–1, and K = 1000 MPa. The average experi-

mental data and model-simulated data (till 30% strain)
for the three rates of strain are shown in Figs. 6a, b
and c. For the validation of the model, simulation of
the force vs. elongation was carried out for 0.03 and
0.1 s–1. Later, experiments were performed at 0.03
and 0.1 s–1 to confirm the prediction. The plot is shown
in Fig. 6d.

Fig. 5. Failure modes of FATC as a function of strain rate used for tensile testing until failure

Fig. 6. Simulated and average experimental force-length behaviour of FATC at: (a) 0.003 s–1, (b) 0.03 s–1, (c) 0. 3 s–1

and (d) Validation of model: Simulated and experimental force-length behaviour of FATC at 0.03 s–1 and 0.1 s–1
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Table 3. Pairwise comparisons (Mann–Whitney U-test)
for stiffness, failure stress, Young’s modulus

and volumetric strain energy

Stiffness [N/mm] A B C
A NA
B 0.093 NA
C 0.015 0.394 NA

Failure stress [MPa] A B C
A NA
B 0.002 NA
C 0.009 0.589 NA

Young’s modulus [MPa] A B C
A NA
B 0.004 NA
C 0.132 0.485 NA

Volumetric strain energy
[mJ⋅mm–3] A B C

A NA
B 0.002 NA
C 0.041 0.310 NA

4. Discussion

4.1. Effect of rate of strain

In the current study, the failure force of FATC was
observed to be higher with an increase in the rate of
strain. This behaviour of samples is close to the be-
haviour of ideal viscoelastic material, as reported in
the literature [4]. In a previous study reported by Ken-
nedy et al. [11] on human ACL (the only rate of strain
study on human ACL), an increase in both failure
force and elongation at failure were observed at higher
rates of strain. This is not in accordance with a typical
viscoelastic behaviour and can be attributed to the use
of isolated ACL samples. In Table 4, the human ca-
daveric studies on ACL with details on rate of strain
used, mechanical properties, nature of the sample and
age of the subject are summarized. Kennedy et al. [11]
had reported tensile testing of human ACL at multiple
rates of strain. However, other research works in-
volving single rate of strain study of human cadaveric
ACL are also provided in the Table 4.

The average values of failure force and energy for
failure from the current study are in range with those
values from the literature for the age group and rate of
strain involved [11], [21], [28]. Average failure force
reported by Trent et al. [28] at 0.03 s–1 has been ob-
served to match the corresponding values in the cur-
rent study for the same rate of strain. Average failure

forces reported in the current study at 0.3 s–1 has been
approximately by 300 N higher than the correspond-
ing value reported by Kennedy et al. [11] for the same
rate of strain. Woo et al. [30] has tested FATC of old
aged subjects (60–97 years) in anatomical orientation
at 0.1 s–1 and reported failure force values similar
to the ones reported in the current study for 0.003
and 0.03 s–1. Noyes and Grood have experimented
human FATC at 1 s–1 from old aged subjects and re-
ported failure force values comparable to the corre-
sponding values at 0.3 s–1 from the current study [21].
Chandrashekar et al. [5] tested ACL bone plugs from
the male subjects (aged 26–50) at 1 s–1. They reported
failure force twice the magnitude obtained in the cur-
rent study for FATC obtained from male subjects
(aged 60–70) tested at 0.3 s–1.

Failure elongation has been reported only by two
research groups [5], [11]. The average value of failure
elongation reported in the current study is approxi-
mately 4 to 5 mm higher than the corresponding values
reported by Kennedy et al. [11] and Chandrashekar et
al. [5]. In the current study, the femur condyles were
made to touch the tibial plateau in the extended knee
position. The samples were loaded from this point.
The initial data points with negligible force values
were discarded. Kennedy et al. [11] experimented on
isolated ligament tissue. It is hypothesized that some
portion of the natural ligament was scarified during
harvesting and for the purpose of gripping (for tensile
testing). Hence, the total elongation of the ligament at
failure was lesser than in the current study. In another
study, Chandrashekar et al. [5] experimented on liga-
ment with bone plugs at 45° to the longitudinal axis of
ACL. In this case, the ligament is already pre-stretched
and, therefore, the total elongation was lesser than the
current study. Other research groups [21], [28], [30]
who have studied FATC samples have not reported
the values of elongation at failure. As all soft tissues
other than ACL were removed from the knee joint in
the present study, the ACL tissue is strain-free as
compared to the intact knee (i.e., knee with all other
ligaments in place). The above points are the rationale
for higher value of elongation at failure as reported in
the current study.

Uniform and reproducible gripping of the non-
uniform as well as slippery surface is quite challeng-
ing. Studies on variable rate of strain of human ACL
or FATC is scarce. Further, biomechanical studies of
human biological tissues are quite challenging due the
unavailability of a large number of similar samples,
variations in medical history and non-standard sizes of
human tissues, thereby demanding customized solu-
tions [9].
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Several three-dimensional visco-hyperelastic mod-
els provide us the relation between rate of strain and
the mechanical behaviour [10], [22], [29]. Danto and
Woo used a simple exponential function with two
constants to curve fit the experimental stress-strain data
obtained at various rates of strain [8]. Pioletti et al.,
Limbert and Middleton had proposed phenomenologi-
cal models on the basis of the experiment, however,
without any correlation or correspondence with the
structural elements of the material [14], [22]. De Vita
and Slaughter proposed a structural model for ex-
pressing stress on the ligament as a function of rate of
strain [29]. The parameters used in the structural
models are related to the structure of tissue. Hence,
structural models are more advanced than phenome-
nological models as the tissue morphology is taken
into account.

Experimental force-length characteristics of any
connective tissue can be used by researchers to predict
force-length characteristics at user-defined rate of strain
provided the appropriate constitutive equation is avail-
able. There are a few limitations to the study. The
failure force reported in this work is not a measure of
the failure force occurring during ACL injury in live
subjects. The anatomical angle of the femur and tibia
were not maintained as only axial testing of ACL was
the purpose of the study. The highest rate of strain
reported in the experimental section is limited by the
maximum crosshead speed of the testing machine.
Only cadavers of subjects in a small range in age were
used for this study. In future studies, the same sample
may be tested at multiple rates of strain within the
yield point to eliminate sample based variations. Re-
producibility of the sample loading in the linear region
may also be verified.

5. Conclusions

Tensile tests carried out on fresh human cadaveric
FATC at approximately three orders of rates of strain
caused noticeable variations in the force-length be-
haviour. Stiffness, failure stress, Young’s modulus and
volumetric strain energy were observed to increase
significantly at higher rates of strain tested. The non-
linear viscoelasticity was modeled using De Vita and
Slaughter’s parameters. The model was validated via
additional experimental tests conducted at different
rates of strain. This validated model can be used to
simulate the force-length behaviour in linear region
for dynamic activities of live subjects involving mul-
tiple rates of strain. This study has focused on conduct-

ing experiments on fresh human cadaveric FATCs to
obtain the tensile properties and parameters for an
established De Vita and Slaughter rate of strain struc-
tural model.

Ethical approval for the study

Ethical approval for this study was obtained from the Insti-
tute Ethics Committee of All India Institute of Medical Sci-
ences (AIIMS) Delhi (reference number: IEC/NP/-332/07.08.2015
and IEC-637/03.11.2017, RP-29/2017). The samples from fresh-
-frozen cadavers were obtained during the autopsy of unclaimed
bodies. The anatomy act of 1959 (Indian government), allows
for usage of human dead body for teaching and research activi-
ties when (i) death happens in a state-run government hospital or
in a public place within the prescribed zone of the hospital or
(ii) police had clarified that the body is unclaimed (declared
after 48 hours) [26].
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Supplementary information

S1. Design of cylindrical gripper

Both femur and tibia are irregularly tapered long
bones, with larger dimensions at the epiphysis (ex-
treme ends) than the diaphysis (mid-section). The
dimensions of the bones can vary to a maximum of
30% amongst subjects. Therefore, to grip larger
bones, larger forces shall be employed to avoid slip-
page at higher rates of strain. Bones can potentially
be crushed when larger perpendicular forces are ap-
plied via a conventional screw gripper. As higher
clamping force cannot be used, screw grippers are
ruled out. Wedge type of grippers is another type of
commonly used gripper. Owing to the direction of
the taper in the bones, wedge grippers are not suit-
able for such geometry. Holes of diameter 6.5 mm
were drilled into the femur and tibia in coronal plane
in line with ACL tissue at approximately 90–120 mm
apart each for insertion of metallic rods. The tensile
forces on the samples were applied via metallic rods
punctured through the bones [S2]. It is evident that
the rods used for pulling the femur and tibia apart,
need a structural frame to distribute the load. The
metallic rods can either be supported on to a plate
holder [S3] or by other designs of the gripper. The
cylindrical gripper (Fig. S1) fabricated in-house trans-
forms the bending forces into circumferential stress.
The anterio-posterior diameter and medio-lateral
diameter of distal femur for Indian population are no
more than 80 mm [S5]. For the ease of handling, the
inner diameter was fixed at 5 inch. The bones can be
easily clamped and de-clamped in the cylindrical
gripper with the rods. The cylindrical gripper was
fabricated using EN 31 and the rods were made of
hardened steel. The cylindrical gripper was finally
chrome plated. The portion of gripper attached to the
UTM was machined as such it fits precisely to the
machine.

S2. Modeling of rate
of strain behaviour

A structural constitutive equation developed by
De Vita and Slaughter was adopted in this work to
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model the rate of strain dependent force-length
behaviour of the ACL [S6]. The constitutive law was
derived from earlier model of Lanir [S1]. Tissue
anisotropy, non-linearity and incompressibility com-
bined with rate of strain were accounted for in the
model. Collagen fibers of the ACL were assumed
to be the significant load-bearing component of the
tissue. Before loading, the fibers were oriented in
different directions. The fibers gradually become taut
upon loading, by fiber-recruitment process. The fiber
recruitment has been represented statistically by
probability density functions. A three-parametric
Weibull model was used to define the probability
distribution of uncrimping of the collagen fibers. The
detail structural constitutive modeling for dense con-
nective tissue is available in the previous work of the
authors [S4]. The taut collagen fibers were modeled
by Kelvin–Voigt-type viscoelastic behaviour. The
model assumes that ligamentous tissue endures an
isochoric and axisymmetric deformation. The model
provides a relation between nominal axial stress PZZ
as a function of rate of strain ε&  and logarithmic axial
strain εS

SSSZZ dKeP
S

εεηεεεβα
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β
ε

αα
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Table S1. Resting length and cross-sectional area
of samples tested at three rates of strain

Rate of strain
tested [s–1]

Resting length
of ACL [mm]

Cross-sectional
area of ACL [mm2]

0.003 31.50 ± 0.66 74.00 ± 5.77
0.03 32.33 ± 0.84 48.33 ± 0.96
0.3 32.43 ± 0.77 65.16 ± 7.38

The constants α and β relate to the sequential
straightening of collagen fibers as the tissue elongates
and the constants represent the probability distribution
function for sequential straightening of collagen fibers
under tensile loading. The constant K defines the elastic
modulus of collagen fibers, while η represents the ab-
solute viscosity. The tensile behaviour within the lower
limit of 0.003 and the upper limit of 0.3 s–1 can be
modeled using the equation with the values of the
parameters (α, β, K, η). Experimental data is available
at three orders of rates of strain within the above-
mentioned limits. Equation (S1) was used to model
the behaviour of the ligament at other rates of strain.
The instantaneous force was calculated by Eq. (S2).

Table S2. Structural properties of FATC specimens tested at 0.003, 0.03, 0.3 s–1.
FI – Femoral insertion failure,

MS – Midsection failure, TI – Tibial insertion failure

Sample
Rate

of strain tested
[s–1]

Failure force
[N]

Failure elongation
[mm]

Stiffness
[N/mm]

Energy for failure
[N mm]

Point
of rupture

S1 0.003 440.50 14.20 42.94 3245.48 FI
S2 0.003 621.00 14.33 51.74 4280.45 TI
S3 0.003 660.80 10.71 69.19 2919.28 FI
S4 0.003 841.00 16.69 48.03 5449.92 TI
S5 0.003 735.00 14.73 54.77 4702.89 TI
S6 0.003 661.50 13.13 55.81 4082.08 FI
S7 0.03 671.30 15.33 56.25 4416.1 FI
S8 0.03 756.80 13.73 72.05 4495.50 FI
S9 0.03 692.64 13.21 87.20 4191.19 MS

S10 0.03 645.60 12.85 70.45 3256.41 TI
S11 0.03 667.50 13.01 56.46 3628.34 MS
S12 0.03 696.80 15.61 46.81 3981.31 TI
S13 0.3 1115.00 16.89 61.80 7234.22 FI
S14 0.3 876.00 16.44 60.90 6665.80 FI
S15 0.3 1076.00 15.11 80.56 7391.88 TI
S16 0.3 1173.00 14.51 77.69 7134.40 TI
S17 0.3 594.00 10.21 72.57 2687.34 TI
S18 0.3 892.00 15.51 66.00 5712.25 TI
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The symbol A refers to the average area of the ligament
tissue. The average cross-sectional area of ACL (across
samples) was used. The elongation in ACL was defined
as an exponential function of strain (εS) and resting
length (L0) as depicted in Eq. (S3). An average resting
length (30 mm) was assigned to the ligament in the
model and was defined as the length of ACL at 0° of
flexion, 0° of rotation and 0° of adduction for the study.
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Table S3. Material properties of FATC specimens tested at 0.003, 0.03 and 0.3s–1

Sample Rate of strain
tested [s–1]

Failure stress
[MPa] Failure strain Young’s modulus

[MPa]
Volumetric strain
energy [mJ/mm3]

S1 0.003 8.81 0.44 27.53 2.02
S2 0.003 8.63 0.47 21.23 1.98
S3 0.003 8.25 0.31 30.87 1.07
S4 0.003 8.76 0.55 15.69 1.89
S5 0.003 9.18 0.44 24.40 1.78
S6 0.003 10.02 0.43 26.63 2.06
S7 0.03 15.25 0.43 40.90 2.86
S8 0.03 15.13 0.45 43.55 2.99
S9 0.03 13.85 0.41 57.28 2.61
S10 0.03 14.34 0.36 55.75 2.06
S11 0.03 13.35 0.40 35.72 2.26
S12 0.03 13.93 0.52 27.71 2.65
S13 0.3 14.48 0.54 25.90 3.03
S14 0.3 8.84 0.54 18.54 2.24
S15 0.3 21.52 0.48 45.87 4.76
S16 0.3 19.55 0.41 42.00 3.39
S17 0.3 11.88 0.29 48.78 1.55
S18 0.3 16.51 0.47 40.77 3.20
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