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Rest Cannot Always Recover the Dynamic Properties of
Fatigue-Loaded Intervertebral Disc

Jaw-Lin Wang, PhD,* Tai-Kuan Wu, BS,* Tzu-Cheng Lin, BS,* Chih-Hsiuch Cheng, PT,*
and Shyh-Chin Huang, PhD†

Study Design. An in vitro biomechanical study using
adolescent porcine discs.

Objective. To find the effect of fatigue loading and rest
on the dynamic properties of healthy intervertebral disc.

Summary of Background Data. The fatigue loading is
a risk factor for low back pain. The disc dynamic proper-
ties describe the shock attenuation capability of disc.
Knowledge of effect of fatigue loading and rest on the disc
dynamic properties can be beneficial for the study of
fatigue loading induced spinal disorder.

Methods. Specimens were divided into short-term (0.5
hours at 5 Hz, n � 9) and long-term (2 hours at 5 Hz, n �
9) fatigue loading groups. The specimen was applied with
fatigue loading, followed by a 12-hours rest, and then
applied with the second fatigue loading again. The im-
pulse loading was applied at 0, 10, 20, and 30 minutes
during short-term group and at 0, 0.5, 1, and 2 hours
during long-term group using a drop-tower apparatus.
The stiffness, damping coefficient, and ratio were calcu-
lated using impulse loading information. Dynamic prop-
erties between first and second fatigue loading were com-
pared.

Results. The stiffness increased, but the damping co-
efficient and ratio decreased with fatigue loadings. A 12-
hours rest can fully restore the dynamic properties of
fatigue loaded disc to original status. However, the deg-
radation of dynamic properties during the subsequent
fatigue loading was faster than the previous fatigue load-
ing if the disc experienced a long-term fatigue loading.

Conclusion. A 12-hours rest can largely restore disc
dynamic properties during fatigue loading; hence fully
recover disc dynamic properties. A long-term fatigue
loading squeezes the disc fluid and injures the disc integ-
rity. The 12-hours rest can recover the fluid loss but not
the injury of disc. Hence, the disc degradation during the
second fatigue loading was faster than the first fatigue
loading.

Key words: disc, stiffness, damping coefficient, damping
ratio, impulse loading, fatigue. Spine 2008;33:1863–1869

Epidemiologic studies have suggested highly repetitive
activities as a risk factor for low back pain.1,2 Occupa-
tions that require higher cumulative spinal compression
often led to low back pain problems.3 The fatigue load-
ing due to exposure to whole body vibration has also
been pointed out as a risk factor for occupational low
back disorders.4,5 The safe limits of repetitive activities
and whole body vibration that prevent spinal disease are,
however, not reliably defined, and the consequences of
disc function following fatigue loading are also not
clearly understood.

The mechanism of fatigue failure is a complex pro-
cess, leading to the acceleration of the degenerative pro-
cesses and development of low back disorders. The fail-
ure can be observed primarily at the vertebral body and
endplate because of axial compressive cyclic loading2,6,7;
at the anulus fibrosus because of flexion cyclic loading8;
and at the endplate, facet, anulus fibrosus, and capsular
ligament because of torsion fatigue loading.9 The failure
would also lead to disc protrusion due to frequent bend-
ing and lifting in living people.10,11 During the submaxi-
mal cyclic loading, microfailures may be generated12 and
lead to spinal instability, which is frequently observed in
chronic patient with low back pain.6 Most of the mech-
anisms of above-mentioned motion segment failures are
directly or indirectly related to the degeneration13–15 or
treatment16 of disc.

The disc is a structure of a nucleus pulposus sur-
rounded by anulus fibrosus and endplate, and the dy-
namic properties of disc depend on the degree of disc
hydration and integrity.17 During the fatigue loading,
the fluid of disc is squeezed out and the disc may be
injured. The rest can restore the fluid content of disc, but
may not be able to heal the disc in short time. The in-
equality of fatigue loading or rest may be the reason that
both reversible and irreversible changes of disc mechan-
ical properties following fatigue loading were reported in
literature (Table 1).18–23 The quantitative links of dy-
namic properties of disc (including the stiffness and
damping coefficient of disc and damping ratio of disc
construct) following fatigue loading and rest recovery
were not conclusively determined yet. The objective of
this study is to find this links and mechanism of disc
degradation following fatigue loading.

Materials and Methods

Specimen Preparation
Fresh vertebral body-disc-vertebral body specimens (L1–L2,
L3–L4) of 6-month-old swine were obtained immediately after

From the *Institute of Biomedical Engineering, National Taiwan Uni-
versity, and †Department of Mechanical Engineering, National Tai-
wan University of Science and Technology, Taipei, Taiwan.
Supported by the National Science Council, Taiwan (NSC 95-2221-E-
002-031) and National Health Research Institute, Taiwan (NHRI-
EX96-9425EI).
Acknowledgment date: December 11, 2007. Acceptance date: March
17, 2008.
The manuscript submitted does not contain information about medical
device(s)/drug(s).
Foundation funds were received in support of this work. No benefits in
any form have been or will be received from a commercial party related
directly or indirectly to the subject of this manuscript.
Address correspondence and reprint requests to Jaw-Lin Wang, PhD,
Professor, #1, Section 1, Jen-Ai Road, Institute of Biomedical Engineer-
ing, College of Engineering & College of Medicine, National Taiwan
University, Taipei 10051, Taiwan, Republic of China; E-mail:
jlwang@ntu.edu.tw

1863



death. Each specimen was carefully cleaned of muscle tissue.
The posterior process and facet joint were also removed. The
specimens were mounted at both ends, i.e., the proximal half of
cranial vertebra and the distal half of caudal vertebra, using
quick setting epoxy. The specimens were placed in double plas-
tic bags and frozen at �20°C for storage. Before experiments,
the specimens were removed from freezer and kept in room
temperature for at least 6 hours, which is sufficient to fully
defrost the disc. The specimens were wrapped with gauze and
saline during the defrosting period. All discs were rated Grade
1 according to criteria defined by Galante.24 The size of tested
porcine disc was similar to the size of human lumbar disc (Ta-
ble 2).25–27

Impulse Testing Apparatus and Protocol
A “drop-tower type” testing apparatus was used for impulse
testing (Figure 1). The impulse energy was generated by the free
fall of impactor and was transmitted to the specimen through
the impounder. The shock absorber was placed on top of the
impounder to control the impulse contact period. The contact
period is the time interval that impactor compresses the im-
pounder before it bounces back. The shock absorbers were
designed to give the contact periods at level of 20 millisec-
onds.28 The specimen was mounted vertically below a uniaxial
load cell (STC-500 kg, Vishay Intertechnology, Inc., Malvern,
PA). The measured force was the resultant force due to impulse
energy. The displacement of the specimen was measured using
a linear potentiometer (25 mm, Gefran Inc., Italy). A high-
speed data acquisition card (PCI-6071E, National Instrument,
Inc., Austin, TX) was used to record the signals of force and
displacement. Half seconds data were recorded at 10 kHz sam-

pling rate. The signals were low-pass filtered at 500 Hz fre-
quency using Butterworth filtering algorithm. The impulse
weight was 12 kg and the impulse height was 1 cm, which
resulted in 1.2 J impulse energy. The averaged peak loading
during impulse was 1200 N. The force required to injury por-
cine disc was less studied, but since the peak compressive load
of the human spine was greater than 8600 N in blocking ma-
neuvers during football linemen,29 17,000 N in weight lift-
ers,30 and 5500 N in tricked fall,31 and the strength of porcine
disc is generally stronger than human one, the damage of por-
cine disc due to impulse loading was minimal.

Fatigue Loading Apparatus and Protocol
A vibrator composed of 2 eccentric rotors and 1 motor was
mounted into the impactor of the impulse testing apparatus to
create the fatigue loading. The fatigue loading was produced by
the rotation of 2 counter-rotated eccentric rotors driven by a
motor. The vibration was transmitted to the specimen through
the impounder (Figure 1).32 The root mean squared averaged
axial loading of cyclic loading was 420 N (peak to peak; 190–
590 N). The magnitude of fatigue loading was kept constant
through out the study. The loading frequency was 5 Hz. Eigh-
teen specimens were used. The specimens were divided into
short-term (0.5 hours, 9000 cycles, n � 9) and long-term (2
hours, 36,000 cycles, n � 9) fatigue loading groups. In the
short-term fatigue loading group, the specimen was loaded
with 0.5 hours fatigue loading, followed by a 12-hours rest,
and then applied with the second 0.5 hours fatigue loading
again. During the fatigue loadings, a 1.2 J impulse loading
was applied periodically on the specimen at 10 minutes in-
terval. In the long-term fatigue loading group, the specimen
was loaded with 2 hours fatigue loading first, followed by a
12-hours rest, and then applied with the second 2 hours
fatigue loading again. During the fatigue loading, the im-
pulse loading was applied at 0, 0.5, 1, and 2 hours (Figure 2).
The specimen was wrapped with saline-soaked gauze and
sprayed constantly with saline through out the fatigue load-
ing to prevent the disc from dehydration. During the rest
recovery, the specimen was immersed in 5°C physiologic
concentration saline bath.

Mathematical Model and Data Analysis
A one degree of freedom vibration system (Figure 1) was used
to simulate the dynamic behavior of disc as follows.

Mẍ � Cẋ � Kx � 0 (1)

Table 1. Studies of Effect of Fatigue Loading and Rest Recovery on Disc Mechanical Properties

Loading
Type Subject

Loading Period, Magnitude,
and Frequency Rest Time Measurements Recovery

Ekstrom et al
199618

Dynamic Pig 1 h, 50 N, 5 Hz and 1 h,
100 N, 5 Hz

1 h Deformation No

Johanessen et al
200419

Dynamic Sheep 2.7 h, 50 to 400 N, 1 Hz 18 h Stress relaxation and
stiffness

Yes

Van der veen et al
200520

Static Pig Three 0.25 h, 2 MPa Three 0.5 h at 0.025
MPa

Deformation and
pressure

No

Vresilovic et al
200621

Dynamic Sheep 2.7 h, 50 to 400 N, 1 Hz 18 h Stress relaxation No (nucleus
removed)

Van der Veen et al
200722

Static and
dynamic

Goat Four 0.25 h, 2 Mpa Three 0.5 h plus 10 h
at 20 N

Deformation and stiffness Yes

MacLean et al
200723

Static Rat 4 h, 0.2 MPa and 4 h, 1.0
MPa

Two 6 h at 0.04 MPa Deformation No

Table 2. Dimensions (mm) of Human and Porcine
Lumbar Discs

Porcine Lumbar Disc
of Current Study

Human Lumbar Disc
in Literature

Disc height 7.0 (0.8) 10.7 (0.5),25 8.9 (0.11)26

Disc width 36.5 (1.8) *EP_Wu � 44.4 (2.6)27

*EP_Wl � 47.1 (2.7)27

Disc depth 24.9 (1.0) *EP_Du � 34.8 (0.5)27

*EP_Dl � 34.4 (0.9)27

Data is mean (standard deviation).
*Data is based on the measurement of endplate.
EP_Wu indicates upper endplate width; EP_Wl, lower endplate width; EP_Du,
upper endplate depth; EP_Dl, lower endplate depth.
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The system is composed of a mass, spring, and damper. The
mass (M) is the weight of surrogate including the upper
vertebra, mount, and impounder jig (9 kg in total). The
spring stiffness (K, N/mm) and damping coefficient (C, Ns/
mm) of intervertebral disc, and the damping ratio (�) of the
disc construct (disc with surrogate) can be calculated by the
displacement curve of impulse history. The impulse loading
of the specimen generated the first peak. After the impulse
loading, the specimen was at the phase of free vibration,
which generating the second and third peaks (Figure 3).
The K, �, and C can be calculated by the displacement

(x1 and x2) and the time period (�d) between the second and
third peaks using the following equations.33

K � M�2�

�d
�2

(2)

� �
1

2�
ln

x1

x2
(3)

C � 2��KM (4)
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Shock absorber

Fixed frame
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Figure 1. Impulse testing appa-
ratus and fatigue testing module.
The impulse energy, generated
by the free fall of the impactor,
was transmitted to the specimen
through impounder. The fatigue
loading was generated by the vi-
brator, which is composed of 2
counter-rotated eccentric rotors.

12 hr rest

Impulse test

First 30 min fatigue loading

Impulse test

Second 30 min fatigue loading

Impulse test

12 hr rest

Short Term Fatigue Protocol

Long Term Fatigue Protocol

nim 03nim 02nim 010nim 03nim 02nim 010

0 1 hr 2 hr0.5 hr

First 2 hr fatigue loading

0 1 hr 2 hr0.5 hr

Second 2 hr fatigue loading

Figure 2. Loading protocol. Dur-
ing the short-term fatigue load-
ing, the specimen was loaded
with 0.5 hours fatigue loading,
followed by a 12-hours rest, and
then the second 0.5 hours fatigue
loading. During the fatigue load-
ings, a 1.2 J impulse loading was
applied periodically on the spec-
imen at 10 minutes interval. Dur-
ing the long-term fatigue loading,
the specimen was loaded with 2
hours fatigue loading first, fol-
lowed by a 12-hours rest, and
then the second 2 hours fatigue
loading. During the fatigue load-
ing, the specimen was the im-
pulse loading was applied at 0,
0.5, 1, and 2 hours.
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It should be noted that the damping ratio (�) is also a function
of surrogate mass (M) and disc stiffness (K) and damping coef-
ficient (C) (� � C/2�KM).

Statistical Analysis
The spring stiffness (K, N/mm) and damping coefficient (C,
Ns/mm) of intervertebral disc, and the damping ratio (�) of the
disc construct between first and second fatigue loading were
compared using dependent t test. Each test was considered
significant at P � 0.05.

Results

The averaged stiffness of intact discs was 781 (SD: 58)
N/mm, and the damping coefficient was 0.65 (SD: 0.08)
Ns/mm. The damping ratio of intact disc construct was
0.123 (SD: 0.015). In the end of the second long-term
fatigue loading, which can be considered as the steady
state, the stiffness increased to 1010 (SD: 34) N/mm, the
damping coefficient decreased to 0.42 (SD: 0.04) Ns/mm
and the damping ratio decreased to 0.069 (SD: 0.007).

During the first short-term (0.5 hours) fatigue load-
ing, the stiffness increased from 783 (SD: 48) N/mm to
924 (SD: 30) N/mm (P � 0.000). The damping coeffi-
cient decreased from 0.68 (SD: 0.05) Ns/mm to 0.55 (SD:
0.05) Ns/mm (P � 0.000). The damping ratio decreased
from 0.128 (SD: 0.010) to 0.095 (SD: 0.008) (P �
0.000). After 12-hours rest, the stiffness recovered to 771
(SD: 51) N/mm, the damping coefficient recovered to
0.67 (SD: 0.04) Ns/mm, and the damping ratio recovered
to 0.126 (SD: 0.006). At the end of second fatigue load-
ing, the stiffness increased to 928 (SD: 34) N/mm, the
damping coefficient decreased to 0.55 (SD: 0.08) Ns/mm,
and the damping ratio decreased to 0.095 (SD: 0.014).
The stiffness, damping coefficient, and damping ratio of
same intervals (0 10, 20, and 30 minutes) all showed no
statistically differences between first and second fatigue
loading (all P � 0.05) (Figure 4).

During the first long-term (2 hours) fatigue loading,
the stiffness increased from 767 (SD: 62) N/mm to 1018
(SD: 54) N/mm in 1 hour (P � 0.000). The increase of

stiffness from 1 hour to 2 hours is not statistically signif-
icant (P � 0.219). After 12-hours rest, the stiffness re-
covered to 803 (SD: 70) N/mm, which is not statistically
different from the original status of first fatigue loading.
During the second fatigue loading, the stiffness reached
steady state (1017 N/mm) in 0.5 hours. The increase of
stiffness from 0.5 to 2 hours is not statistically significant
(P � 0.301). Comparing the stiffness history curve of the
2 fatigue loading, the stiffness of second fatigue loading
at 0.5 hours is significantly higher than the one of first

dτ

x1 x2

Impulse
period

Free vibration period

Figure 3. A typical displacement curve of the specimen during an
impulse loading. The impulse loading generated the first peak
displacement. After the impulse loading, the specimen was at the
phase of free vibration, which generating the second and third
peaks. The displacement (x1 and x2) and the time period (�d)
between the second and third peaks are used to calculate the
stiffness (K), damping coefficient (C), and damping ratio (�).
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Figure 4. The stiffness (K), damping coefficient (C), and damping
ratio (�) as a function of loading history during the short-term (0.5
hours) fatigue loading.
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fatigue loading at 0.5 hours, whereas the stiffness of
other time intervals (0, 1, and 2 hours) between 2 fatigue
loading showed no statistically differences (all P � 0.05)
(Figure 5A).

The damping coefficient decreased from 0.63 (SD:
0.10) Ns/mm to 0.42 (SD: 0.09) Ns/mm in 1 hour during

the first long-term fatigue loading. The decrease of
damping coefficient from 1 hour to 2 hours is not statis-
tically significant (P � 0.467). After 12-hours rest, the
damping coefficient recovered to 0.64 (SD: 0.09) Ns/mm.
The damping coefficient decreased to 0.45 (SD: 0.06)
Ns/mm in 0.5 hours. The decrease of damping coefficient
from 0.5 to 2 hours is not statistically significant (P �
0.108) (Figure 5B).

The damping ratio decreased from 0.119 (SD: 0.021)
to 0.070 (SD: 0.015) in 1 hour during the first long-term
fatigue loading. The decrease of damping coefficient
from 1 hour to 2 hours is not statistically significant (P �
0.414). After 12-hours rest, the damping ratio recovered
to 0.121 (SD: 0.018). The damping ratio decreased to
0.075 (SD: 0.011) in 0.5 hours. The decrease of damping
ratio from 0.5 to 2 hours is not statistically significant
(P � 0.126) (Figure 5C).

Comparing the damping properties (including coeffi-
cient and ratio) history curve of the first and second fa-
tigue loading, the damping properties of second fatigue
loading at 0.5 hours is significantly lower than the one of
first fatigue loading at 0.5 hours (damping coefficient,
P � 0.020; and damping ratio, P � 0.005), whereas the
damping properties at other time intervals (0, 1, and 2
hours) between 2 fatigue loading showed no statistically
differences (all P � 0.05).

Discussion

The mechanical disc functions such as sustaining exter-
nal loading and attenuating impulse loading is provided
by the mechanical interaction of anulus fibrosus, end-
plate, and nucleus pulposus. The fluid content and disc
integrity are the 2 major roles in maintaining the disc
mechanical functions. Our study found that 12-hours
saline bath rest can recover the disc dynamic properties.
This may suggest that the saline bath can recover the
fluid loss during fatigue loading, hence restoring stiffness
and damping properties to the beginning of fatigue load-
ing. The recovery of stiffness was also reported in human
and sheep spine motion segments.34,35

In the test of long-term fatigue loading, the stiffness
and damping properties reached steady state in 1 hour
during the first fatigue loading, but in 0.5 hours during
the second fatigue loading. It was speculated that the
annular fibrosus or endplate was damaged during the
first fatigue loading, causing the fluid to flow out the disc
more rapidly during the second fatigue loading. In the
test of the short-term fatigue loading, the disc was not
damaged, hence the degradation of stiffness and damp-
ing properties remained similar between first and second
fatigue loading. This may explain why the in vitro bio-
mechanical experiments showed both the reversible and
irreversible changes of disc mechanical properties fol-
lowing fatigue loading.

The outcome of biologic structure (e.g., spine) after
fatigue loading was complicated and difficult to compare
among different researches. It was because the type and
loading condition of fatigue loading were not consis-
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Figure 5. The stiffness (K), damping coefficient (C), and damping
ratio (�) as a function of loading history during the long-term (2
hours) fatigue loading.
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tently defined. Differentiating type of fatigue loading
may help synthesize experimental results. Two types of
fatigue loading were categorized in engineering material
tests, i.e., the high cycle fatigue and the low cycle fatigue.
The high cycle fatigue was defined as high cycle number
with mild loading magnitude, whereas the low cycle fa-
tigue was defined as low cycle number with large loading
magnitude. In the study of spine biomechanics, there is
less discussion about the high cycle and low cycle fatigue
loading. Nevertheless, the type of fatigue loading may be
roughly categorized by the purpose of simulation. For
example, the high cycle fatigue may simulate the loading
during a vibratory environment without excessive bear-
ing [e.g., 260 N (mean) for 86,400 cycles36]. The low
cycle fatigue may simulate the loading during repetitive
lifting with mild to heavy weight [e.g., 3 Nm for 9000
cycles,37 500-3150 N, for 8253, 3257, and 263 cycles at
0, 22.5, and 45 degree flexion,38,39 1472 N (mean) for
6000 cycles,32 and 3076 N (mean) for 9600 cycles40].
The loading magnitude of this study was fixed at 425 N
(mean), hence the 2 hours (36,000 cycles) fatigue loading
may be attributed to the high cycle fatigue loading.

The disc stiffness of current study (ranged from 800 to
1000 N/mm) is lower than the range of human lumbar
disc (3660 N/mm, test environment: 30 Hz, free vibra-
tion with 400 N surrogate),35 and human cervical disc
stiffness (4000 N/mm, test environment: 400 N, 10 Hz,
31.4 mm/s).41 The disc damping coefficient of current
study (ranged from 0.4 to 0.7 Ns/mm) is a little bit higher
than the range of human lumbar disc (0.3 Ns/mm, test
environment: 30 Hz, free vibration with 400 N surro-
gate).35 The reason that the stiffness of porcine disc is
lower than the human disc may be due to the anatomic or
the physiologic condition of disc. The porcine spine is
analogue to human spine in terms of anatomic, geomet-
ric, and functional characteristics.36,42 Because the size
of porcine lumbar disc is close to the human lumbar disc
and smaller than the human cervical disc, the effect of
geometrical differentiation on the dynamic properties be-
tween human and porcine disc may be minimal. The
tested specimen was from 6-month-old swine, and the
physiologic condition of specimen was close to the one of
young human adult. The soft stiffness of porcine disc
may be largely due to the highly hydration content of
healthy disc. The results of current study may be similar
to the results of human healthy disc, but different from
the human degenerated disc.

In conclusion, the dynamic properties of interverte-
bral disc depend on the degree of disc hydration and
integrity. During the short-term fatigue loading, the fa-
tigue loading squeeze out the fluid within the disc, and
attenuate the disc properties. After the rehydration, the
disc properties can be recovered to the original status.
During the long-term loading, the fatigue loading not
only squeeze the fluid out, but also may have damaged
the disc integrity. Therefore, although the disc properties
recovered to the original status after rest because of the
rehydration, the rate of attenuation disc properties dur-

ing the second fatigue loading is faster than the one dur-
ing first fatigue loading because of the damaged disc.

Key Points

● The compressive stiffness of healthy porcine lum-
bar intervertebral disc is 781 (SD: 58) N/mm, and
the damping coefficient is 0.65 (SD: 0.08) Ns/mm.
The damping ratio of disc with 9 kg surrogate is
0.123 (SD: 0.015).
● The stiffness of disc increased, but the damping
coefficient of disc and damping ratio of disc con-
struct (i.e., disc with surrogate) decreased with the
fatigue loading.
● A 12-hours saline bath rest following a short-
term fatigue loading (0.5 hours at 5 Hz) can fully
restore the disc dynamic properties.
● A 12-hours saline bath rest following a long-
term fatigue loading (2 hours at 5 Hz) can also
restore the disc dynamic properties to the original
condition. However, the degradation of disc dy-
namic properties during the subsequent fatigue
loading was faster than the previous fatigue load-
ing.
● Rest cannot always recover the dynamic proper-
ties of fatigue-loaded intervertebral disc. It depends
on the degree of fatigue loading.
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