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A study of the temporomandibular joint during bruxism

Marı́a S Commisso, Javier Martı́nez-Reina and Juana Mayo

A finite element model of the temporomandibular joint (TMJ) and the human mandible was fabricated to study the effect of abnormal

loading, such as awake and asleep bruxism, on the articular disc. A quasilinear viscoelastic model was used to simulate the behaviour of

the disc. The viscoelastic nature of this tissue is shown to be an important factor when sustained (awake bruxism) or cyclic loading

(sleep bruxism) is simulated. From the comparison of the two types of bruxism, it was seen that sustained clenching is the most

detrimental activity for the TMJ disc, producing an overload that could lead to severe damage of this tissue.
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INTRODUCTION

The term bruxism is defined as a repetitive jaw muscle activity cha-

racterized by clenching or grinding of the teeth and/or by bracing or

thrusting of the mandible.1 A rhythmic or sustained contraction of the

jaw closing muscles produces tooth movement without patient aware-

ness. It is believed that there are two types of bruxism with different

etiopathogenesis: asleep and awake bruxism.2–4 The first is a repetitive

sleep movement disorder primarily characterized by rhythmic mas-

ticatory muscle activity and by occasional tooth grinding and is asso-

ciated with brief cardiac and brain reactivation.5 Instead, awake

bruxism is characterized by only clenching-type activity and is asso-

ciated with psychosocial factors.6 Bruxism is a very common condition

and it is estimated that 85%–90% of the population will, at some time,

grind or clench the teeth to some degree.2 Bruxism may also entail

temporomandibular disorders (TMDs) or chronic myofascial pain in

the masticatory muscles.7–9

Even though bruxism as a whole is commonly considered the most

harmful parafunctional activity of the temporomandibular joint

(TMJ), there are many unsolved issues concerning the actual causal

relationship between bruxism and TMD.6,10 The main uncertainties

are due to lack of knowledge on the aetiology and diagnosis of bruxism

and TMD.6 While many studies support that there is a cause and effect

relationship,2,11–13 the non-unique characterisation of each makes

that relation controversial. At present, there exists a validated diag-

nostic criterion to define sleep bruxism, but as pointed out in,14 it

requires the muscle activity to be recorded in a controlled laboratory.

For awake bruxism, there is not even any definite criterion.14 For these

reasons, the ability to gather sound data on bruxism is quite limited.

Damage to the articular disc can be a cause of TMD. Some resear-

chers have shown that acute mechanical overloads in vivo can cause

severe cartilage damage.15–16 Apart from the deterioration that the

stresses can cause in the material, additional damage could be induced

because it is a living material and its capacity to repair itself can be put

in jeopardy. Particularly, the application of shear stress was seen to

induce molecular changes associated with apoptosis.17 Articular car-

tilage consists of scattered chondrocytes surrounded by an extracellu-

lar matrix composed of a highly organized macromolecular frame-

work filled with water. Chondrocytes create the molecular framework

from three classes of molecules: collagens, proteoglycans and non-

collagenous proteins.18 In experimental works, it was demonstrated

that shear stresses increased the release of nitric oxide that acts as

reactive oxygen metabolite implicated in joint pathogenesis.17 The

increase in nitric oxide was associated with an increase in chondrocyte

apoptosis. Although the precise mechanism by which mechanical

stress alters chondrocyte metabolism remains to be established, this

alteration might facilitate the damage caused by shear stresses in the

cartilage.

Such shear stresses are the main focus of this study, which tries to

shed light on the possible relationship between bruxism and TMD

caused by mechanical overloading. These abnormal loads will be eva-

luated with a finite element (FE) model. The experimental measure-

ment of in vivo joint loads is difficult to perform, and no such studies

have been reported. Then, FE analysis constitutes an adequate frame-

work to explore the interaction between the disc and masticatory

dynamics. To simulate bruxism in the FE model, muscle forces are

needed. However, from a literature review, it is difficult to precisely

define the activation of masticatory muscles during bruxism. Experi-

mentally, some authors have identified a bruxism episode when the

muscle activation is beyond 10% of the maximum voluntary contrac-

tion (MVC),19 while other authors have set the activation threshold to

20% of the MVC.13,20–21 Because there is no standard criterion to

define a bruxism episode, different muscle activation levels were studied

to analyse the effect on the joint.

Awake bruxism, characterized by clenching-type activity, has been

studied by other authors to investigate the stress distribution in the

joint.22–26 However, some of those authors applied muscle

forces,22,24,26 while others forced a displacement on the condyle23,25

to simulate clenching. Moreover, only a few works considered the
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viscoelastic nature of the articular disc to analyse the effect of sustained

clenching.22–24 Furthermore, the loading phase, during which the

muscles are being activated, was not considered in any of those studies.

Instead, those authors assumed that the onset of clenching occurred

instantaneously. This simplification is analysed here by studying the

influence of the activation rate of the masticatory muscles.

As discussed previously, an excessive loading of the hard and soft

tissues of the joint is suggested to be the cause of joint disorders. Thus,

prolonged clenching can cause degenerative changes due to the over-

loading induced with time. To observe this effect, the viscoelasticity of

the disc must be considered. Sustained muscle forces produce a re-

levant increase in the shear stresses developed in the disc due to the

creep deformation produced by the compression of the disc. In this

regard, forcing a displacement of the condyle is not equivalent to

applying sustained muscle forces.

A comparison of the effect of awake and asleep bruxism in the TMJ

does not exist in the literature. In this sense, a rigorous comparison

between the two types of bruxism is made in the current study to

establish if their repercussions on the joint are different. Thus, the

aim of this study is to further investigate the two types of bruxism,

particularly the stress state they can induce in the joint, which can

eventually produce damage in articular disc and TMD. Different fea-

tures of bruxism are studied, such as the muscle activation level, the

muscle activation rate and the type of muscle contraction (rhythmic or

sustained), in order to analyse their effect in the stresses in the articular

disc. Another objective is to determine which type of activity is more

dangerous in terms of the stresses it produces in the disc.

MATERIALS AND METHODS

FE model

A FE model of the mandible and temporomandibular joint was created

using the commercial software Abaqus FEA v6.10. The mandible model

was adapted from a previous work27 in which the TMJ, not included in

that study, has been incorporated. The FE model was created from the

mandible of a human cadaver. The teeth geometry was approximated

and a layer of elements with a thickness of 0.2 mm surrounding the

teeth was used to simulate the periodontal ligament, similarly to Ref. 28.

The mandible, teeth and periodontal ligament were meshed with linear

eight-noded hexahedral elements (type C3D8 of the elements library of

Abaqus FEA). The geometry of the articular disc and ligaments of the

joint was approximated in a manner similar to that used by Pérez del

Palomar and Doblaré.25 The TMJ components were meshed with linear

eight-noded, hybrid hexahedral elements (type C3D8H). The complete

model, shown in Figure 1, has a total of 77 490 type C3D8 elements,

3 978 type C3D8H elements and 93 584 nodes.

The TMJ was modelled by including the articular disc, the collateral

and temporomandibular ligaments, the temporal bone (as a rigid sur-

face) and the posterior part of the articular capsule. The human TMJ

disc has a biconcave profile in the anteroposterior axis. The thinner

central region, designated as an intermediate zone, has a thickness rang-

ing from 1 to 1.2 mm, while the maximum thicknesses of the anterior

and posterior bands were approximately 2.4 and 2.9 mm, respectively. In

Figure 1, the TMJ components are shown in more detail.

Boundary and loading conditions

The forces exerted by the masticatory muscles were imposed as

external loads, distributed over the insertion area of each muscle, as

performed in a previous work.27 The orientation of these forces were

taken from a similar model made by Korioth et al.,28 and the mag-

nitude was adapted from the same source used by these authors.29

To simulate different activities, the muscles’ forces were estimated

using the data from Ref. 29 and varying the level of activation (per-

centage of the maximum voluntary contraction or MVC).

Sustained clenching and rhythmic masticatory muscle activity

(RMMA) were simulated by applying the muscle activation pattern

described in Figure 2a and 2b, respectively. RMMA was simulated as a

cyclic loading using the characterisation provided by Lavigne et al.,21

with the electromyogram burst lasting 0.65 s.

A simultaneous activation of the jaw closing muscles (medial and

lateral pterygoid, masseter and temporalis) from 0 to M was assumed

in both activities, where M is the maximum muscle activation level

(given as a percentage of MVC), 20% in Figure 2.23–24 The effect of

sustained clenching in the TMJ was studied by maintaining the muscle

activation for 5 min, as performed in other works.23–24 Additionally,

the displacement of the nodes on the occlusal surface of the right and

left molars was constrained in the craniocaudal direction to simulate

the clenching against a cast placed between the upper and lower

molars.27 The temporal bone and the insertion areas of the ligaments

in the cranium were considered to be fixed.

As mentioned previously, the muscle activation level defined to diag-

nose bruxism is not precisely estimated.6 It seems to be a controversial

point because different activation thresholds have been established to

define a bruxism episode.6,13,19–21 Therefore, two different levels, M:

10% and 20% of the MVC, were analysed.
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Figure 1 Finite element model of the mandible and temporomandibular joint. The posterior part of the capsule, the medial and lateral collateral ligaments and the

TML are shown in more detail. TML, temporomandibular ligament.
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Because there are no available data describing the rate of activation

of the jaw closing muscles, three different loading rates were simulated

for the sustained clenching task. In other words, the same activation

level (20%) was reached at three different times, termed ta: 0.001, 0.01

and 0.1 s. In the RMMA, it was assumed that the activation was

reached in ta50.01 s. In the numerical studies of clenching found in

the literature,22–24 it was assumed that the onset of clenching occurs

instantaneously, so the loading phase, during which the muscle activa-

tion was neglected; this may be too profound of a simplification in a

model with a viscoelastic material such as the articular disc.

Material properties

The mechanical properties of the bone of the mandible depend on the

bone density and anisotropy and were estimated in Reina et al.27

The mechanical behaviour of the articular disc is modelled with a quasi-

linear viscoelastic formulation, proposed by Fung30 and previously used to

describe a large number of soft tissues.31–32 In the quasilinear viscoelastic

formulation, the history of the stress response to a step stretch, called the

relaxation function, s(l,t), is factorized using a normalized function of

time, called the reduced relaxation function, �GG tð Þ (Equation (2)), and a

function of the stretch, l, called the elastic response, T(e)(l), thus giving:

s l,tð Þ~�GG tð ÞT eð Þ lð Þ ð1Þ

where

�GG tð Þ~g?zg1e{t=t1zg2e{t=t2zg3e{t=t3zg4e{t=t4 ð2Þ

is normalized such that g‘1g11g21g31g451. The elastic response,

T(e)(l), is derived from the following strain energy function, y:

y~A eB I1{3ð Þ{1
h i

z
1

D1

J{1ð Þ2 ð3Þ

used in previous works to describe the behaviour of soft tissues,33

leading to the following elastic response (see Ref. 34 for further details):

T eð Þ lð Þ~2AB l2{
1

l

� �
eB l2{2

l{2ð Þ ð4Þ

Finally, the stress response to a general stretch history, l(t), is given

by:

s tð Þ~
ðt

0

�GG t{tð ÞdT e l tð Þ½ �
dl

dl tð Þ
dt

dt ð5Þ

These equations have been implemented in a user material subrou-

tine of Abaqus FEA. The material constants were obtained in stress

relaxation tests performed in articular discs of pigs (Commisso MS,

PhD thesis, 2012, unpubl. data) using the algorithm described in

Ref. 34. In this model, the following constants were used to define

the viscoelastic function: g150.28, g250.37, g350.27, g450.08,

t150.01 s, t250.1 s, t351 s and t3510 s, and A50.16 MPa, B54.18

and D150.01 MPa21 for the elastic function. The material constants

(particularly the viscoelastic constant) are similar to those obtained in

Koolstra et al.35 A friction coefficient of m50.015 was assumed in the

contact between the disc and the bony parts.36

A transversely isotropic hyperelastic model was used to describe the

behaviour of the ligaments.37 So, the strain energy function is

described as:

y~F1 I1ð ÞzF2
�ll
� �

z
1

D2

J{1ð Þ2 ð6Þ

The three terms represent the contribution of the matrix (F1), the

collagen fibres (F2) and the tissue volumetric response. The matrix is

assumed in that model to behave as neo-Hookean materials, therefore:

F1~C10
�II1{3ð Þ ð7Þ

with �II1 representing the deviatoric first invariant of the right Cauchy–

Green tensor. The derivatives of the fibre strain energy function were

defined as a function of the isochoric fibre stretch,37 �ll, which depends

on the fibre direction, a0,

�ll
LF2

L�ll
~0, �llƒ1

�ll LF2ð Þ
L�ll

~C3 eC4
�ll{1ð Þ{1

h i
, 1v

�llvl�

�ll LF2ð Þ
L�ll

~C5
�llzC6, �ll§l�

ð8Þ
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Figure 2 Mastication muscle activation pattern. (a) Sustained clenching; (b) RMMA. RMMA, rhythmic muscle activation.
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Due to the lack of experimental data describing the mechanical

behaviour of the TMJ ligaments, the properties obtained by

Gardiner and Weiss37 for the medial collateral ligament of the knee

were used for the articular capsule and ligaments of the TMJ. The

constants are: C1051.44 MPa, D250.01 MPa21, C352.4 MPa,

C4530.6 MPa, C55323.7 MPa, C652331.0 MPa and l*51.055.

The fibre directions, a0, were defined for each element following the

main direction of each ligament and can be seen in Figure 1.

RESULTS

Because the muscle forces applied and the model are symmetric, only

the results of the right half of the mandible are analysed.

Sustained clenching

Figure 3 shows the distribution of the maximum and minimum prin-

cipal stresses and the maximum shear stresses in this case. At the onset

of clenching (Figure 3a), the maximum compressive stresses, smin, are
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located at the anterior and intermediate zone of the disc and more

precisely in the medial part within the intermediate zone. The max-

imum tensile stress, smax, appears at the anterior and posterior bands

of the superior surface and at the intermediate zone of the inferior

surface due to the contact pressure applied by the condyle. The mini-

mum principal stress found on the inferior surface is 24.8 MPa and the

maximum principal stress is 3.6 MPa, while on the superior surface,

where the contact interaction is softer,25–26 the minimum principal

stress is 21.4 MPa and the maximum principal stress is 0.3 MPa. The

maximum shear stresses, tmax, are distributed similarly to the max-

imum compressive stresses, being the highest stresses concentrated at

the anterior and intermediate region of the inferior surface.

After 5 min of sustained clenching, the maximum tensile, compres-

sive and shear stresses are concentrated at the intermediate zone

(Figure 3b) and a slight shift of the disc in anterior direction was

observed. In the lateral and medial parts of the intermediate zone,

the stresses relax to 20%–30% of the stress value at the onset.

The maximum shear stress was estimated for representative nodes

at different locations of the disc, plotted in Figure 4. At the onset of

clenching, it was observed that the maximum shear stress is located at

the anterior region, followed by the intermediate region. However,

after prolonged clenching, the shear stress at the intermediate region

increases noticeably (Figure 4). The shear stresses at the anterior

region are relaxed after the onset of clenching, but a slight increase

is also observed after 100 s. The shear stresses at the posterior, lateral

and medial regions are very low during sustained clenching.

Clenching at different levels. As previously mentioned, different

muscle activation levels were attempted for sustained clenching. In

Figure 5, the shear stresses in the points plotted in Figure 4 can be seen

for different activation levels. The maximum shear stress obtained is

not directly related to the muscle activation level due to the nonlinear-

ity of the viscoelastic model.

Clenching at different rates. In Figure 6, the evolution of the maxi-

mum and minimum principal stresses in the intermediate zone of the

disc can be seen for the two extreme values of the activation rate. The

influence of the loading rate is negligible after sustained clenching.

RMMA

In Figure 7, the evolution of the maximum shear stress obtained in

different regions of the disc is shown for a RMMA with an activation

level of 20%.

Rhythmic muscle activation was simulated, reaching two different

activation levels: 10% and 20% of the MVC. To compare the stress

state in the disc in both cases, only the peaks of the maximum shear

stress are plotted together in Figure 8 (in contrast to Figure 7, where

the complete cycles were represented).
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DISCUSSION

During awake bruxism (sustained clenching), the intermediate zone is

mainly subjected to compressive stresses at the onset of clenching. The

distribution of shear stresses is similar to that of the principal stresses,

being higher in the anterior and intermediate zones, mainly due to the

high compressive stresses observed in those zones. Additionally, the

inferior surface suffers the highest shear stresses because the tensile

and compressive stresses are higher in that surface.

After 5 min of sustained clenching, the tensile, compressive and

shear stresses in the TMJ disc are higher than those at the beginning.

This result is in accordance with the measurements made by Kuboki

et al.,38 where clenching induced a significant reduction of the joint

space and the sustained condition remarkably increased that change.

This increase is particularly high on the superior surface, where the

maximum shear stresses rose from 0.6 MPa at the onset, to 5.15 MPa at

300 s. On the contrary, the extension of the area subjected to high shear

stresses decreases with time. Some authors have reported that the

degeneration of soft tissues occurs due to high shear stresses,39 and

in the case of the articular disc, perforations may be related to that type

of load.40–41

The evolution of the shear stresses in different regions of the disc

(Figures 4 and 5) shows that the anterior region is the most affected

zone at the onset of clenching; however, the stresses in this region relax

with time, with the intermediate zone becoming the most loaded area.

Sustained clenching at two different activation levels was consi-

dered. It was observed that the relationship between the applied muscle

activation and the shear stress obtained in the articular disc is not

proportional. For example, in the anterior region, the maximum shear

stress obtained is approximately 0.45 MPa when the activation level

reached is 10% of MVC and 0.75 MPa for 20%. After 5 min of sus-

tained clenching, the differences between the two cases are even greater,

with the increase in the shear stresses being greater when the muscle

activation level was 20%. At this level, the shear stress in the inter-

mediate zone is 4.2 MPa, while at the same location, the shear stress for

sustained clenching at 10% of MVC is approximately 1 MPa. This is

due to the nonlinearity of the viscoelastic model. An important con-

clusion from the simulation of awake bruxism is that there are almost

no differences in clenching at 0.001 or 0.1 s, except for the loading

phase. For example, the minimum principal stresses observed after

sustained clenching presented differences lower than 0.05 MPa.

In RMMA, like in sustained clenching, the anterior region is subjected

to the highest maximum shear stresses at the beginning of the move-

ment, and as more cycles of RMMA are applied, the stresses in this region

relax and the intermediate region becomes the region subjected to the

highest shear stresses. The posterior region is barely subjected to stresses.

Nevertheless, as it occurs at the anterior region, the stresses in the pos-

terior region relax even further as more cycles of RMMA are applied.

If the RMMA at two different activation levels are compared, the

maximum shear stresses are not proportional to the activation level, as

occurred in sustained clenching. The shear stresses in the first peak are

the same obtained at the onset of clenching, with the shear stresses at

20% of activation being 67% higher than that obtained at 10% of

activation. After 30 cycles of RMMA (reached at t<0.6 s), the shear

stresses obtained in the intermediate zone are approximately 0.28 MPa

for 10% and 0.52 MPa for 20% of activation; thus, the difference

between the two cases increases with the number of cycles.

By comparing the two simulated tasks, sustained clenching and

RMMA, the first one is clearly the most detrimental situation to the

TMJ, at least in the case analysed here. While in RMMA, the maximum

shear stress is approximately 0.8 MPa, in sustained clenching, that

stress is exceeded five times over.

A comment on the clinical relevance of this work should be made at

this point. Joint pain and occasional headaches produced by bruxism can

be explained by overloading the temporomandibular joint,5 and more

precisely by shear stresses in the articular disc, which constitute the

source of the damage induced to chondrocytes.17 The results presented

here are in agreement with these medical observations. Bruxism, espe-

cially sustained clenching, produces a noticeable increase in the shear

stress in the disc. Detamore and Athanasiou42 estimated an ultimate

tensile strength of 2.02–2.62 MPa for the articular disc. The maximum

tensile stresses estimated here for a clenching task sustained for 5 min can

double that limit. Although a duration of 5 min was also assumed in

other works,23–24 it may seem to be too long for a real sustained clench-

ing. Nonetheless, the ultimate tensile strength was exceeded only after 50 s

of sustained clenching at 20% of MVC. This fact can produce irreversible

damage to the disc, which may lead to temporomandibular disorders.

Regarding the limitations of this study, although biomechanical

models may provide an adequate framework to explore the functioning

of the TMJ without several of the drawbacks that accompany experi-

mental studies, the validity of this type of study should be analysed
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with care. FE studies are conditioned by the intrinsic nature of the

numerical method and by the hypothesis made in the model, like the

mechanical behaviour of the tissues, simplified geometry and mod-

elling of the loads applied by the muscles. All this is somehow limiting

the generalisation of the present results to immediate clinical conclu-

sions, although they can still be valid from a qualitative point of view.

CONCLUSIONS

This work presents a numerical tool to study temporomandibular

disorders. In this study, we focused on bruxism, but this tool could

be applied to different pathologies.

It was observed that the stress level observed in the disc is not

proportional to the muscle activation level due to the nonlinear beha-

viour of the articular disc. Additionally, different activation rates seem

to produce no significant changes in the stress level.

The shear stresses estimated in this work for any type of bruxism,

but especially those obtained in sustained clenching, can induce

damage in the articular disc, which, in turn, can lead to TMDs.

As a numerical model, many assumptions and hypotheses were

needed, but in light of the results, the most influential is a good char-

acterisation of the articular disc. In this regard, it seems very important

to consider the nonlinear viscoelastic behaviour of the articular disc.
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