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Loading rate effect on mechanical properties
of cervical spine ligaments
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Mechanical properties of cervical spine ligaments are of great importance for an accurate finite element model when analyzing the
injury mechanism. However, there is still little experimental data in literature regarding fresh human cervical spine ligaments under
physiological conditions. The focus of the present study is placed on three cervical spine ligaments that stabilize the spine and protect the
spinal cord: the anterior longitudinal ligament, the posterior longitudinal ligament and the ligamentum flavum. The ligaments were tested
within 24-48 hours after death, under two different loading rates. An increase trend in failure load, failure stress, stiffness and modulus
was observed, but proved not to be significant for all ligament types. The loading rate had the highest impact on failure forces for all
three ligaments (a 39.1% average increase was found). The observed increase trend, compared to the existing increase trends reported in
literature, indicates the importance of carefully applying the existing experimental data, especially when creating scaling factors. A better
understanding of the loading rate effect on ligaments properties would enable better case-specific human modelling.
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1. Introduction

Cervical spine ligaments play an important role in
the spinal column stability and protection of the spinal
cord [1]. The anatomical position of ligaments, bone
attachment and fibrous structure define the predomi-
nant load carrying direction of ligaments, thereby
enabling function of each ligament type. The liga-
ments limit the neck movement within the safe range.
When ligaments are injured, the vertebral column or
intervertebral discs have to carry additional load, and
are consequently also compromised.

These ligaments are likely to be injured during ve-
hicle collisions, both rear-end and frontal impacts [2]—
[6]. Even low-speed collisions [7], [8] can cause de-
formations over soft tissue injury threshold, especially
rear-end impacts [9], leaving the occupant with long-
term or even life-threatening trauma. Thus the me-

chanical properties of cervical spine ligaments are of
great importance for an accurate finite element model
of a vehicle occupant when analyzing the injury
mechanism [10]. Knowledge of mechanical properties
under different loading rates, in particular, enables
more precise analysis in different injury scenarios.
Human cervical spine ligaments have a non-linear
strain rate, temperature and an age-dependent re-
sponse [11]-[14]. In literature, there are several stud-
ies regarding mechanical properties of the three main
cervical spine ligaments: the anterior longitudinal liga-
ment (ALL), the posterior longitudinal ligament (PLL)
and the ligamentum flavum (LF). The first was the
study by Chazal et al. [15], in which the response of
ALL and PLL at 1 mm/min was evaluated. In a de-
tailed study by Myklebust et al. [16], the properties of
ALL, PLL, LF, capsular ligament (CL) and interspi-
nous ligament (ISL) were reported at 10 mm/s. Przy-
bylski et al. [17] compared the response of ALL and
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PLL at a constant loading rate of 0.33 mm/s. The first
comparison of static and dynamic properties of human
ALL and LF, at strain rates from 2.5-2500 mm/s, was
presented in the study by Butler et al. [18]. A detailed
study by Yoganandan [19] reported geometric and
mechanical properties of 5 cervical spine ligaments
in quasi-static regime. In the study by Ivancic et al.
[20], the dynamic mechanical properties of human
ALL, PLL, LF, CL, interspinous and supraspinous
ligaments (ISL+SSL) and middle-third disc (MTD)
were determined under average peak loading rate of
723 mm/s.

Although temperature dependent response of cer-
vical ligaments was reported [12], only few studies
have been made under controlled physiological con-
ditions. Failure properties of cervical spine ligaments
(ALL, PLL and LF) under the average deformation
rate of 6274203 mm/s were determined in an envi-
ronmental chamber in the study by Bass et al. [11].
Under controlled physiological temperature and hu-
midity, viscoelastic properties of ALL, PLL and LF
were determined in the studies by Lucas et al. [21]
and Troyer and Puttlitz [22]. Only recently in the
study by Mattucci et al. [23], strain rate dependent
properties of younger human cervical spine liga-
ments (ALL, PLL, LF, CL and ISL) have been dis-
cussed.

In literature, there are only recommendations for
the soft tissue testing procedure [24]. Still, there are
several documented differences in the experimental

procedure that affect tissue response, such as tissue
(re)freezing [25], preconditioning [26], [27] and do-
nors’ age [13], [28]. Different environmental conditions
coupled with the above mentioned parameters compli-
cate comparison of the existing studies, especially
when comparing results of different studies for creating
the age, gender and loading rate scaling factor.

The focus of the present study is placed on three cer-
vical spine ligaments: ALL, PLL and LF; and a better
understanding of the loading rate effect on ligaments
properties, which would enable better case-specific
human modelling.

2. Materials and methods

With the prior permission of the National Ethical
Commission, from 13 human cervical spines (average
age 68.06 + 7.64 years, range: 59 to 84 years) a total
of 13 cervical ALL, 17 PLL and 17 LF were isolated
within the 24-48 hours after donors’ death. Spinal
levels from C2 to C7 were available. Samples were
obtained and mechanical tests performed at the Fac-
ulty of Medicine, Institute of Anatomy research cen-
tre. All samples with the pre-existing bone or ligament
pathology were eliminated. Anthropometric charac-
teristics coupled with donors’ age, gender, time of
death, autopsy and isolation were recorded.
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Fig. 1. Isolated cervical spine (a); PLL column (b); isolated bone-ligament-bone samples (c)
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2.1. Specimen preparation

On an isolated cervical spine (Fig. 1a), vertebral
bodies were separated from the vertebral arches and
spinous processes. Then by sawing through the middle
coronal plate of vertebral bodies, the ALL and PLL
columns were divided (Fig. 1b). On the separated
back part of the vertebrae, the LF column was easily
observed. After inspection of ligament pre-damage,
bone-ligament-bone units on a desired vertebrae were
obtained (Fig. 1c) by cutting through adjacent inter-
vertebral discs. All surrounding non-osteoligamentous
tissue and intervertebral discs were carefully removed
using a scalpel, anatomical tweezers and a magnifier.
The LF samples were distinguished easily because of
a relatively large size and a characteristic yellow col-
our.

After isolation, dimensions of ligaments were de-
termined with digital callipers. The measured width
and thickness in the middle of a ligament were used as
ellipse axes [26], [29], when calculating the cross-
sectional area. Magnifier was used when placing cal-
liper, and special care taken not to squeeze the sam-
ples. For LF dimensions were determined on left and
right arc separately, and calculated assumed elliptical
areas summarized. The distance between the adjusted
vertebrac was used as ligament length [11], [22],
based on ligament attachment [30]. Through the iso-
lation and measurement process, tissue hydratation
was enabled with saline spray. Afterwards, prepared
bone-ligament samples were wrapped in saline soaked
gauze through the potting process.

Bony parts of each sample were potted into a two-
component polyurethane casting resin (Fig. 2a) to

enable sample attachment to a mechanical testing
frame. The central position of a sample was enabled
by special marks on the silicon mould and horizontal
position by using medical retractors. Better attach-
ment of bony parts was enabled with small pins
placed in holes drilled through the bone (Fig. 2b).

2.2. Experimental setup

A custom designed mechanical test frame (Fig. 3)
was used for a uniaxial tension test of tissue samples.
The prescribed motion was enabled by a stepper
motor (VRDM 3913, Berger Lahr) controlled with
a stepper drive (SD326 Berger Lahr) on a linear
compact module (CKK 20-145 Bosch Rexroth).
Superior cross head movement was measured with
a precision magnetic encoder (Elgo Electric EMIX3,
with resolution 0.001 mm). Forces were measured
with load cell (AEP CTS6350KC25, with 500N full
scale) placed on the bottom plate. Data acquisition
and control was enabled by NI DAQ card (NI USB
6221), NI Motion controller (NI PCI 7324) and Lab-
VIEW software.

The tests were performed in an environmental cham-
ber under physiological air temperature of 36.7 °C and
air humidity of 95%. Desired conditions were kept
with heated water and the air bubbler placed on the
bottom of the chamber, and controlled by a thermo-
hygrometer placed near the test sample.

After a 5 N tensile preload, at slow displacement
rate of 0.05 mm/s, all samples were left to fully relax
for 1000 s, and initial ligaments length was deter-
mined. After preload, all samples were preconditioned

Fig. 2. Potted samples (a); better attachment of PLL with pins (b)
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with 10% strain for 20 cycles at 1 Hz, and left to recover
for another 1000 s [26]. All samples were loaded with
constant loading rates of 2 mm/s or 15 mm/s until total
rupture. These loading rates are also expected in low-
speed collisions [8], [10]. Non-linear force-elongation
curves were plotted and failure load, failure elonga-
tion, and linear stiffness were statistically compared
among samples. Since no significant difference in the
failure force or elongation among spinal levels was
previously observed in literature [11], [20], and due to
a limited number of available tissue samples, mean
values were calculated along the cervical spine for
different adjacent vertebras in this study.

Fig. 3. Mechanical test frame

The force (elongation) after which further increase
in elongation did not produce further force increase
was defined as failure load (failure elongation). Stiff-
ness was calculated as slope of the line fitted to the
linear part of the load-elongation curve, between the
toe and damage region (Fig. 4). The transaction point
of polynomial fit to the lower portion load-elongation
curve (the toe region) and linear portion of the load-
elongation curve was defined as toe elongation [23].
Based on structural ligaments properties (failure load,

failure elongation), in combination with geometric
properties, stress-strain curves were formed, and ma-
terial properties for all ligaments calculated.

The differences among the three cervical spine
ligaments were analysed using analysis of variance
(ANOVA) with post-hoc Tukey test for multiple
comparisons. The loading rate effect on each of the
properties: failure load, failure elongation, stiffness,
failure stress, failure strain, modulus, toe elongation
and strain, for each of the ligaments was quantified
using two sample t-test. Statistical significance was
set at a level 0.05.

3. Results

Measured mean initial length and cross sectional
areas of all three cervical spine ligaments are repre-
sented in Table 1. There was no statistical difference
in initial geometric properties between samples used
for tests at two different loading rates. For both lon-
gitudinal ligaments (ALL and PLL) there was no signifi-
cant difference in initial length or initial cross sectional
area. LF, composed of two arches, has statistically
greater cross sectional area compared to both longitu-
dinal ligaments [1], [19], [21].

Table 1. Mean geometric properties of ligaments + SD

Ligament | Loading rate | Initial length Initial area
type [mm/s] lo [mm] Ao [mm’]

2 3.54+0.32 10.45+0.59

ALL 15 3.8+£0.87 10.37 £ 1.01

PLL 2 3.51+0.33 13.33+£1.01

15 3.54+0.73 13.63+1.03

LE 2 4+0.73 33.59+6.71

15 4.27 £ 0.66 34.17+£5.78

As response to uniaxial tensile load, a characteristic
4-zone (toe, linear elastic, damage, post-failure region;
Fig. 4) sigmoidal load-elongation curve [19] was ob-
served (for ALL in Fig. 5), for all ligament types and
loading rates. For ALL linear part of the load-elongation
curve was identified from mean value (standard devia-
tion) of 30.37(3.9)% to 86.33(8.12)% of failure load at
both loading rates. Similarly for PLL, from 30.87
(7.17)% to 81.52 (4.49)% of failure load, and from 32.52
(6.4)% to 82.46 (9.89)% of failure load for LF.

From multiple comparisons there was no statistical
difference between ALL and PLL for any measured
property. The difference was found between LF and both
the ALL and PLL in failure force, failure stress and stiff-
ness at both loading rates, and toe strain at 2 mm/s.



Load [N]

200

150

100

50

#— Linear|Region

Toe Region

Loading rate effect on mechanical properties of cervical spine ligaments

/ Failure

Lo

',,"Hnan

ad

age Region

—— Post-Failure Region

Toe Elongation

3

T
4

Failure

Elongation

Elongation [mm]

Fig. 4. Characteristic regions of load-elongation curve

400

N w
o o
o o

Failure Load [N]

=
o
o

wv a
L J

IS
L

[N]
L

[y
1

Failure Elongation [mm]
w

1(a)

ALL

(c)

m2mm/s
15 mm/s

PLL LF
m2mm/s
15.mm/s

o
!

[
w
o

Stiffness [N/mm]

25

15

Toe Elongation [mm)]
[

o

[N

o

o
L

50 -

ALL

| (g)

il

1(e)

m2mm/s
I 15 mm/s
PLL LF
m2mm/s
15 mm/s
PLL LF

Failure Strain [/]

Failure Stress [MPa]

Toe Strain [/]

Load [N]

350 -

300

250

200

150

100 +

50

——2mm/s
ALL

Elongation [mm]

Fig. 5. Response of ALL during failure test at two loading rates

40

w
o

N
o

=
o

=
[0}
L

[y
L

g
[
s

80

Modulus [MPa]
B D
o o

N
o
L

0.8

0.6

0.4

0.2

| (b)

m2mm/s
15 mm/s

(d)

ALL

1(f)

I
I

!

PLL

LF
m2mm/s
15 mm/s
PLL LF
m2mm/s
15 mm/s

1 (h)

ALL

ALL PLL

ﬁI

m2mm/s
15 mm/s

PLL LF

Fig. 6. The mean and standard deviation for: (a) failure load, (b) failure stress,
(c) failure elongation, (d) failure strain, (e) stiffness, (f) modulus, (g) toe elongation, (h) toe strain

15 mm/s



18 A. TRAIKOVSKI et al.

The mean failure load, failure elongation and stift-
ness, as well as calculated mean failure stress, failure
strain and modulus for all ligament types at both
loading rates are represented in Fig. 6a—h. Together
with the increase of the loading rate, the increase trend
in failure properties, stiffness and modulus was ob-
served. The loading rate had the highest impact on
failure forces for all three ligaments, a 39.1% average
increase was found. For LF, failure force statistically
significantly increased ( p < 0.05), but other parame-
ters did not significantly change ( p > 0.05), although
an increase trend in failure stress, stiffness and
modulus was observed. For both longitudinal liga-
ments (ALL and PLL) all measured parameters
increased significantly, except failure strain (ALL:
p = 0.12; PLL: p = 0.06). For the ALL, the failure
load increased by 38.2% ( p < 0.05), the value of fail-
ure stress increased by 41.34% (p < 0.05), and
modulus by 37.56% ( p < 0.05). Similarly, for the PLL,
failure load showed a 36.54% increase (p < 0.05),
failure stress showed a 27.7% increase ( p < 0.05), and
modulus increased by 29.7% ( p < 0.05).

4. Discussion

In the present study, mechanical properties of
three fresh human cervical spine ligaments (isolated
and tested within 24-48 h after donors’ death) were
determined under two different loading rates in
physiological conditions. As expected due to their
similar structure, position and function there was no
statistical difference between measured properties of
ALL and PLL at both loading rates, similarly as re-
ported earlier for failure true stress and strain in study
of Bass [11], and modulus, stiffness and energy to fail
in srudy of Przybylski [17]. Although there was no
statistical difference between ALL and PLL, PLL on
average showed higher stiffness, at both loading rates.
As the ligament with the highest elastin percentage,
LF fails at lower failure force, failure stress and has
lowest modulus as compared to both longitudinal
ligaments. Similar difference was observed in study of
Bass [11] at fast strain-rates.

The mean failure load and linear stiffness in-
creased with the loading rate, but the change is not
significant for all ligament types. Despite relatively
small loading rate increase, in both longitudinal liga-
ments (ALL and PLL), significant increase of failure
load, failure stress, linear stiffness and modulus was
observed. LF as the ligament with highest elastin-to-
collagen ratio, did not show any significant rate ef-

fects except in failure load, although an increase trend
in stiffness is also present.

Since test environmental properties (both humidity
and temperature) affect ligament mechanical proper-
ties [12], it is most appropriate to compare our study
results with the results in similar physiological condi-
tions. Compared to the dynamic failure forces and
stresses (at 627 mm/s) in the study by Bass [11], failure
forces measured at 2 mm/s in this study are 2 times
smaller for LF, to 2.41 times smaller for PLL; failures
stresses are 1.49 times smaller for LF to 2.37 times
smaller for PLL. This dynamic to quasi-static failure
force and stress ratio is in good agreement with the
recently reported ratio in younger cervical spines [23]
under physiological conditions. But this ratio is not in
good agreement with the dynamic scaling factor re-
ported in [8], [11], where scaling was based on ex-
periments at room temperature. Up to now, two stud-
ies have been performed that analyse the loading rate
effect on isolated bone-ligament-bone samples: the
study by Butler [18], where LF and ALL were ana-
lyzed from 2.5-2500 mm/s but at room temperature,
and recently the study by Matucci [23], where 5 cervi-
cal spine ligaments (among them ALL, PLL and LF)
of younger spines were tested at various loading rates
under physiological conditions. All other studies un-
der various loading rates, quasi-static [16], [17], [31]
and dynamic [11], [20], [21], although providing ex-
cellent background data on cervical spine ligament,
are performed under different conditions, and there-
fore it is very hard to compare the results, as mis-
leading estimations could be made. We believe that
our study, although in a relatively small loading rate
range, could be compared with the recently performed
experiments under physiological conditions [11], [22],
[23], giving a better insight into the loading rate ef-
fect.

The limitation of this study is related to reporting
ligament material properties, since the contact method
was used for cross sectional area determination, conse-
quently influencing failure stress and modulus. A high
resolution non-contact method would be better for
determining ligament dimensions. Ideally, dimensions
together with the dynamic cross-sectional area could
be determined using the laser-scanner method [32] or
ultrasound probe. But these methods should be spe-
cially adjusted for measuring small, wet samples in an
environmental chamber. Another problem is precise
distinguishing of ligament edges, from the surround-
ing soft tissue. Although we used a rough method, our
measurements are in fairly good agreement with the
previously reported ligament length [21], [22] and
ligament cross-sectional area [19]. Another limitation
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is the number of tested samples, so further measure-
ments are needed for analysing gender or ligament
position effect coupled with the loading rate and age
effect. For this study, based on the previous results
[11], [20], properties were averaged for different cer-
vical spine segments.

Based on the study by Panzer [8], a frontal 822 g
impact increased the predicted strain rates in all three
ligaments (from 1.4-12.85 s' in PLL, from 2.85—
12.3 s in ALL and 5.7-50 s in LF), and a similar
trend was reported for rear-end 4-10 g impacts (from
0.5-2 s ' in PLL, from 1-9.5 s ' in ALL and 2-12 s
in LF). Since this study indicated that even a relatively
small loading rate change results in an increase of
failure load and stiffness, it is of great importance to
incorporate a valid dynamic scaling factor, especially
in precise human modelling under different loading
conditions.
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