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Mechanical Response of the Porcine
Temporomandibular Joint Disc to an 
Impact Event and Repeated Tensile Loading

Osteoarthritis is a progression of degenerative changes
occurring within articular tissues in response to joint load-
ing.  Although its etiology appears to be multifactorial,

trauma and the subsequent fatigue failure of the cartilage collagen
matrix are predominant factors.1–5 Degeneration of the cartilage is
first recognizable as fibrillation and splitting of collagen on the
cartilage surface, with an increase in joint friction and wear, and
eventual thinning of the cartilage.6,7 Chondrocyte death and
changes in matrix composition are associated with changes in
peak mechanical stress, stress rate, and loading duration.8–10

The temporomandibular joint (TMJ) is a heavily loaded struc-
ture, and the TMJ disc possesses a limited capacity for distributing
stress and lubricating the joint.11–15 Recent evidence suggests that
the TMJ disc’s mechanical behavior is intricately linked to its
highly oriented collagen fiber network, which comprises a large
component of the cartilage. The TMJ disc is mechanically
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Aims: To test for orthotropy in the stress-strain behavior of the
temporomandibular joint (TMJ) disc under repeated physiologic
loading before and after an impact event. Methods: Two groups,
each consisting of 10 discs,  were subjected to repeated tensile
cycling in the dorsoventral (group 1) and mediolateral (group 3)
direction. Two additional groups, each consisting of 10 discs, had
preconditioning in the form of a 1.18 N·s impulsive load before
tensile cycling in either the dorsoventral (group 2) or mediolateral
(group 4) direction. Physiologic loads of 1 to 3 N were cycled at
0.1 Hz, and stress-strain responses were recorded every cycle
between 1 to 10 cycles, and then periodically at 50, 100, 500, 750,
and 1,000 cycles. The properties of elastic modulus, residual strain
upon unloading, and area contained within the hysteresis loop
were measured. Results: Dorsoventral loading produced 5-fold
higher elastic modulus, 5-fold lower residual strain, and 5-fold
lower hysteresis compared to mediolateral tensile loading (P ≤
.001). Repeated loading effectively reduced the viscous response
for all discs, as the elastic modulus increased while residual strain
and hysteresis decreased. Impulsive loading caused elastic modulus
to increase for dorsoventrally cycled discs, whereas hysteresis
decreased for mediolaterally cycled discs (P ≤ .05). Conclusion:
The findings suggest that damage from the impact load may have
increased the porosity of the extracellular matrix, which ultimately
resulted in additional stress transfer to the collagen fibers during
loading.  Impulsive loads may be an important preconditioning
factor in the fatigue failure of the TMJ disc in vivo.
J OROFAC PAIN 2003;17:160–166.
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orthotropic in nature, with high tensile modulus
and strength observed along the dorsoventral axis
of the disc. Histologic evidence suggests that within
the load-bearing “intermediate zone,” major colla-
gen fiber bundles are oriented parallel to the
dorsoventral axis of the disc.16 Depending upon
strain rate, stresses on the order of 28 to 38 MPa
are required to extend and ultimately fracture the
collagen when the load is applied along this axis.17

In comparison, the density of lateral collagen
branches and intermolecular crosslinks, oriented
along the mediolateral and superior-inferior axes, is
very low.16 As a result, stresses of only 1 to 2 MPa
will cause disc failure to occur when tension is
applied along the mediolateral axis.17 The failure
pattern typically shows a splaying apart of
dorsoventral fibers, suggesting that initial tissue
failure most likely occurs along the weaker medio-
lateral- and superior-inferior–oriented fibers. Crack
orientation is expected to follow the dorsoventral
orientation of primary fibers. Although data are
limited, cracks induced from rapid impulse loading
appear to follow a dorsoventral orientation.7,17

It has been shown that critical threshold values
exist for the TMJ disc’s ability to resist static and
impulse loads, above which surface damage
occurs.7,18 Surface cracks appear, thereby increas-
ing the porosity of the extracellular matrix.
Excessive hydration of the proteoglycan-water
complex ensues, which introduces additional ten-
sile stress into the collagen fibers surrounding a
defect. Subsequent joint loading causes the water
to flow outward, thereby collapsing the collagen
network and reducing the disc’s ability to provide
weeping lubrication19 to the joint.  In time, friction
and wear of articulating surfaces increase, exacer-
bating the degenerative process.7

A goal of this study was to gain an understand-
ing of the TMJ disc’s early fatigue behavior fol-
lowing exposure to an impulsive load. Tensile tests
were used to measure mechanical property changes
since it has been shown that tensile property
changes precede surface damage caused by com-
pressive loading.20 A key feature of this project
was that all stresses were maintained at physio-
logic levels of no more than 0.4 MPa. The first
hypothesis tested was that mechanical property
values would differ based on the orientation of the
tensile stress axis. A second hypothesis was that
the structural damage introduced into the TMJ
disc following impulsive loading would signifi-
cantly change its mechanical properties. The prop-
erties evaluated in this study were tensile elastic
modulus, residual tensile strain, and the amount of
hysteresis occurring during a loading-unloading

cycle. Due to its functional and anatomic similarity
to the human TMJ disc, a porcine model was cho-
sen for testing.18,21

Materials and Methods

Specimen Preparation

Specimen preparation procedures followed those
described previously.17 Briefly, fresh porcine TMJ
discs were obtained from a local abattoir. The discs
were dissected from a posterior auricular approach.
Right and left disc pairs were identified for each
animal and stored at room temperature (25ºC) in
0.1 M phosphate buffer saline (pH 7.3) for 1 hour.
The discs were frozen at –15ºC for no more than
14 days. At the time of mechanical testing, the discs
were thawed in 37ºC phosphate buffer saline and
trimmed into dumbbell shapes with a metal die cut-
ter. The long axes of the dumbbells were oriented
along the mediolateral axes of the right TMJ discs
and along the dorsoventral axes of the left TMJ
discs. One dumbbell was constructed from each
disc. Gauge width was measured with a translating
stage measuring microscope, disc thickness was
measured with a calibrated linear voltage differen-
tial transformer (LVDT), and grip distance served
as gauge length. Due to inherent biologic variation
in disc thickness occurring within the biconcave
region of the intermediate zone, each disc was cho-
sen to fall within the range of 1.7 to 2.2 mm thick-
ness. This produced dumbbell gauge dimensions of
4 mm width � 7.5 mm length � approximately 2
mm thickness. Ten dumbbells were fabricated for
each of 4 test groups. Group 1 was subjected to
repeated tensile cycling in the dorsoventral direc-
tion and group 3 was cycled in the mediolateral
direction. Two additional groups were subjected to
a 1.18 N·s impulsive load before tensile cycling in
either the dorsoventral (group 2) or mediolateral
(group 4) direction. 

Tensile Testing Procedures

A servo-hydraulic testing machine loaded all speci-
mens in cyclic tension between 1 to 3 N for 1,000
cycles. This loading regimen represented a range of
load magnitude that produced stresses approximate
to stresses reported for human mastication,22,23

and it represented a small portion of the stress-
strain response typically reported (Fig 1). A sinu-
soidal waveform was followed during loading, and
each specimen was bathed continuously in 37ºC
phosphate-buffered saline during cyclic testing. 
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A 0.1 Hz cycling frequency was chosen to provide
thorough specimen hydration throughout the test.
Stress-strain curves for complete loading-unloading
cycles were recorded at cycles 1 to 10, 50, 100,
500, 750, and 1,000. To collect stress-strain data
from an unloaded state, loads in the range of 0 to 3
N were applied at these cycles. The properties of
tangent elastic modulus, residual (unrecovered)
strain, and area contained within the loading-
unloading hysteresis loop were measured (Fig 2).
These properties were chosen as measures of the
elastic, viscous, and combined elastoviscous
responses to loading, respectively.

Impulse Loading Procedures

Specimens from test groups 2 and 4 were impul-
sively loaded prior to being cut into dumbbell
shapes. Impulsive loads were delivered using a cus-
tom-built apparatus,7,17 which dropped a mass
from a specific height onto an instrumented inden-
ter resting on the disc’s surface. India ink was
applied to the surface of the indenter prior to
indentation, which later facilitated positioning of
the metal die cutter during dumbbell fabrication.
The magnitude of the impulse was determined
from the expression:

Impulse magnitude = 

where F was the force associated with the impulse,
dt was time, m was the mass, g was the gravita-
tional constant, and h was the height from which
the mass was dropped. The height and mass were

held constant for all tests, and the discs were
exposed to average impulse magnitudes of 1.18 ±
0.182 N·s prior to mechanical testing.

Data Analyses

Means and standard deviations were calculated for
each TMJ disc group for the 3 dependent variables
of elastic modulus, residual strain, and hysteresis
area. The entire data set was subjected to a 2-way
analysis of variance (ANOVA)24 to determine a
presence of significant differences (P ≤ .05) based
on loading orientation (dorsoventral, mediolateral)
and number of tensile cycles. If significant differ-
ences were observed, a Tukey-Kramer post hoc
test24 was used to identify pairwise differences 
(P ≤ .05). To study the effects of impulsive loading
over time, 2-tailed t tests for each mechanical prop-
erty were conducted between pristine and impul-
sively loaded groups for each loading orientation at
cycles 1 to 10, 50, 100, 500, 750, and 1,000. Each
cycle contained its own unique data subset, there-
fore only 1 t test was applied to each dorsoventral
and mediolateral group pair. An � value of 0.05
with 8 degrees of freedom was chosen.

In the event disc failure occurred before reaching
1,000 load cycles, the number of cycles at failure
was recorded and the data were used to construct
survival curves. The Kaplan-Meier product-limit
method25 was used to calculate the probability of
survival S(t) for each group, and a Log Rank test25

was applied to compare survival of pristine discs
and impulsively loaded discs for cyclical tensile load-
ing along the dorsoventral and mediolateral axes.

∫ Fdt = m[2gh]1/2
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Fig 1 Typical stress-strain curves for 1-time tensile test to
failure of porcine TMJ disc. Boxed area represents loading
range used in this study. A 500 mm/min displacement rate
was used to determine the curves.17 D-V = dorsoventral
loading axis, M-L = mediolateral loading axis.

Fig 2 (Right) Magnified view of boxed region shown in
Fig 1, with measured stress-strain properties identified.
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Results

Results obtained from the 2-way ANOVA indicated
that tensile axis orientation and the number of
loading cycles significantly affected the properties of
elastic modulus, residual strain, and area within the
loading-unloading hysteresis loop (P ≤ .001).
Significant 2-way interaction terms were noted for
residual strain and hysteresis area, indicating that
the effect of dorsoventral and mediolateral orienta-
tions on these 2 properties were dependent on the
number of cycles. Tukey-Kramer comparisons
demonstrated that dorsoventrally loaded groups
exhibited 5-fold higher values for elastic modulus,
and 5-fold lower values for both residual strain and
hysteresis area, compared to mediolaterally loaded
samples (all P ≤ .001, Table 1). With pristine and
impulsively loaded groups pooled, values for elastic
modulus were significantly higher for dorsoven-
trally loaded discs at each recorded cycle (P ≤ .05,
not shown). However, the effects of loading orien-
tation on residual strain was limited to cycle num-
bers 1 to 6 and hysteresis area for cycle numbers 1
to 5 (P ≤ .05, not shown). 

Figures 3 to 5 illustrate the effects of repeated
tensile cycling on the 3 mechanical properties.
Early changes in stress-strain behavior were char-
acterized by an increase in elastic modulus and
closing of the hysteresis loop. For all groups, the
most dramatic change in mechanical behavior
occurred between cycles 1 and 2. Elastic modulus
values increased while values for residual strain
and hysteresis substantially decreased. With
repeated loading this overall trend continued, but
changes in residual strain and hysteresis area were
smaller after approximately 10 cycles (Figs 4 and
5). By 100 cycles, maximum values of elastic mod-
ulus were recorded, which were nearly double
those observed for the first cycle. The maximum
values were maintained until approximately 500
cycles, at which point the elastic moduli decreased,
eventually attaining 68% to 85% of the maximum
value at 1,000 cycles (Fig 3).

Differences in mechanical properties between
pristine and impulsively loaded discs at each cycle
generally were small and not statistically significant,
based on results from t tests (P � .05). The mechan-
ical property curves presented in Figs 3 to 5 are
nearly identical for pristine and impulsively loaded
groups, with 2 exceptions. Significantly different
values were observed for elastic modulus in
dorsoventrally loaded discs at cycle 1 (Fig 3), and
for hysteresis area in mediolaterally loaded discs at
cycles 50 and 100 (Fig 5, P ≤ .05).

Table 1 Mechanical Properties Based on Tensile Axis
Orientation (mean ± SEM)

Modulus Residual strain Hysteresis area
Orientation (MPa) (mm/mm) (MPa · mm/mm) 

D-V 33.8 ± 1.29 0.0046 ± 0.00067 0.0022 ± 0.00015
M-L 7.35 ± 0.23 0.0265 ± 0.00488 0.0094 ± 0.00098

Mean values are pooled for pristine and impulsively loaded specimens, and for number of ten-
sile cycles. For all 3 properties, differences between D-V and M-L are significant at a P ≤ .001
confidence level. Results from ANOVA and Tukey-Kramer test. D-V = dorsoventral, M-L =
mediolateral. 
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Disc failure was uncommon during tensile cycling
for the pristine mediolateral disc group and for all
dorsoventral disc groups, as Kaplan-Meier estimates
demonstrated a 90% to 100% probability of sur-
vival after 1,000 cycles (Fig 6). However, discs that
were impulsively loaded and subsequently subjected
to repeated mediolateral tensile forces demonstrated
a 70% survival probability after 1,000 cycles.
Results from the Log Rank test indicated a tendency
of this group to fail more frequently (P = .065).

Discussion

Since primary collagen fibers located on bearing
surfaces of the TMJ disc are oriented predomi-
nantly in the dorsoventral direction,16 the tissue’s
response to mechanical loading is expected to be
nonuniform and highly dependent upon the magni-
tude, direction, and duration of local tensile stress.
Results from this study showed that tension applied
parallel to the predominant axis of collagen orien-
tation (dorsoventrally) generated an initial stress

response that was mostly elastic in nature, as evi-
denced by a high elastic modulus during loading
and low amounts of unrecovered strain during
unloading. By comparison, tension applied perpen-
dicular to the collagen fiber alignment (mediolater-
ally) demonstrated an initial stress-strain response
that contained a greater viscous component, typi-
fied by lower elastic modulus, greater unrecovered
strain during unloading, and greater hysteresis.
These results support those reported previously for
1-time tensile tests, in which mechanical properties
differed along D-V and M-L orientations.17 

In this study, repeated loading was accompanied
by a stiffening of the extracellular matrix and a loss
of viscous response, regardless of loading axis direc-
tion. Consistent with the behavior of cartilage under
load, early stress-strain changes observed during the
first 10 tensile cycles suggested fluid movement out
of the porous extracellular matrix. As a result, a
greater share of the load was borne by the collagen
component of the disc matrix, which in turn under-
went changes in its viscoelastic response. Subsequent
decreases in elastic modulus observed between 500
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and 1,000 cycles, with little accompanying change
observed in residual strain and hysteresis, suggested
that over time the collagen network structure may
have become altered, even when loads low in magni-
tude and frequency were applied. Under normal cir-
cumstances the mechanical changes in the collagen
component of the disc’s matrix would not occur as
quickly as seen in the results shown here.
Mastication usually is limited to approximately 10
loading and unloading cycles, punctuated by vari-
able periods of rest, which presumably allows for
rehydration of the tissue. Therefore, it is likely that
fatigue in these circumstances will take a consider-
ably larger number of cycles, if it occurs at all. It is
possible that nocturnal bruxism more closely resem-
bles the experimental protocol used in this study.
During bruxism, loads of significant magnitude are
maintained on the disc for up to and exceeding 300
seconds. It is possible that under these circum-
stances, disc matrix rehydration is less likely, and
the probability of fatigue is much greater.   

Results reported in previous research suggest that
mediolaterally oriented collagen fibers undergo frac-
ture under impact, which likely results in a loss of
intermolecular crosslinking between adjacent
dorsoventrally directed collagen fibers.7,17 This
occurrence further reduces the low collagen fiber
density present in the mediolateral direction and
increases the mobility of dorsoventral fibers. The
net result would be an increase in porosity, followed
by excess hydration of the proteoglycan-water com-
plex. As a result, higher tensile stresses would be
placed on the collagen network at rest. Any subse-
quent loading of the tissue would result in more
rapid fluid flow out of interfibrillar spaces, thereby
increasing the elastic and decreasing the viscous
responses at a faster rate, as compared to a healthy
disc. Support for such phenomena was provided by
the results of this study, where elastic modulus in
the dorsoventral direction was consistently higher
for damaged discs, and hysteresis area in the medio-
lateral direction was consistently lower (Figs 3 and
5). In contrast, few differences were observed
between pristine and impacted discs for other stress-
strain properties. This may be explained by consid-
ering that for dorsoventral tensile loading, an inher-
ently low viscous response was observed in healthy
discs. Any further reductions produced by impulsive
loading caused values for residual strain and hys-
teresis area to fall into the range of inherent biologic
variation occurring among tissue samples, which
could not be differentiated by the present measuring
system. For tensile loading mediolaterally, the low
collagen density in this direction produced elastic
modulus values for pristine discs that were 5 times

lower than those observed dorsoventrally, and dam-
age caused by impulsive loading did not addition-
ally lower the modulus to impart statistical signifi-
cance. The fact that differences were seen between
pristine and impulsively loaded discs for hysteresis
area, but not residual strain, suggests that the prop-
erty of residual strain may not be a sensitive enough
measure for detecting tissue damage within the
loading regimen used in this study.

Disc failures presented in Fig 6 were observed fol-
lowing the delivery of an impulsive load, and all fail-
ures were seen during the first 8 cycles of tensile
loading along the mediolateral axis. The data sug-
gest that even when an impulsive blow of moderate
magnitude was delivered (1.18 N·s), this exceeded a
threshold value for failure. Clinically this implies
that following a traumatic event, localized failure
may occur during the first few chewing cycles in
regions of the disc where mediolateral tensile stresses
are imposed. It is conceivable that subcritical thresh-
old damage also may have occurred in discs that did
not fail by 1,000 cycles, and flaw propagation to
failure would occur only with additional cycling or
through delivery of increased tensile load.
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The results presented here generally supported the
first stated hypothesis, that mechanical property
values for the porcine TMJ disc are different along
the dorsoventral versus mediolateral axis. However,
repeated loading effectively reduced the viscous
component for all discs, and property differences
observed between the 2 loading directions for resid-
ual strain and hysteresis became less conspicuous
with increasing numbers of cycles. The second stated
hypothesis was only partly supported, namely, that
an impulsive blow delivered to the TMJ disc signifi-
cantly alters the tensile properties of elastic modulus,
residual strain, and hysteresis. The inconsistencies in
satisfying the second hypothesis are rooted in errors
of 2 underlying assumptions of the hypothesis, (1)
that the viscous and elastic responses to tensile load
do not act together and (2) that the stress response
in the dorsoventral and mediolateral directions are
separate entities. In reality, the disc’s mechanical
response to load is completely congruous, where a
significant viscous component present mediolaterally
acts in concert with the predominant elastic compo-
nent present dorsoventrally. When the disc is dam-
aged by impact, its porosity presumably increases,
the collagen is altered, and the mechanical response
in both directions is affected. An important area for
future study will be to measure changes in apparent
porosity present in healthy and damaged TMJ discs,
and to determine if the degree of porosity increases
when both the load magnitude and number of load
cycles increase.
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