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Objectives – To determine the combined effects 1) of stress-field aspect ratio and

velocity and compressive strain and 2) joint load, on temporomandibular joint

(TMJ) disc mechanics.

Setting and Sample Population – Fifty-two subjects (30 $; 22 #) participated in

the TMJ load experiments.

Material and Methods – In the absence of human tissue, pig TMJ discs were used

to determine the effects of variables 1) on surface plowing forces, and to build a

biphasic finite element model (bFEM) to test the effect of human joint loads and 2) on

tissue stresses. In the laboratory, discs received a 7.6 N static load via an acrylic

indenter before cyclic movement. Data were recorded and analysed using ANOVA. To

determine human joint loads, Research Diagnostic Criteria calibrated investigators

classified subjects based on signs of disc displacement (DD) and pain (+DD ⁄ +pain,

n = 18; +DD ⁄ )pain, n = 17; )DD ⁄ )pain, n = 17). Three-dimensional geometries

were produced for each subject and used in a computer model to calculate joint

loads.

Results – The combined effects of compressive strain, and aspect ratio and velocity

of stress-field translation correlated with plowing forces (R 2 = 0.85). +DD ⁄ )pain

subjects produced 60% higher joint loads (ANOVA, p < 0.05), which increased

bFEM-calculated compressive strain and peak total normal stress.

Conclusions – Static and dynamic variables of the stress-field and subject-

dependent joint load significantly affect disc mechanics.

Key words: biphasic finite element model; cartilage; mechanics; plowing;

temporomandibular joint

Introduction

Degenerative joint disease (DJD) of the temporomandibular joint (TMJ)

is evident in 3–29% of the population aged 19–40 years (1) and shows

an age-dependent increase in the severity of tissue disintegration to
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about age 60 years (2). The mean age of onset of DJD

in the TMJ is between 25 and 35 years (1, 3–5), which

is over a decade earlier than DJD in the hip (6–8).

The variables associated with mechanical failure of

the articulating tissues in young synovial joints are

rarely investigated (9, 10). Donzelli et al. (11) per-

formed dynamic numerical simulation of the TMJ

using physiologically relevant geometry and kinetics

derived from a human subject by dynamic stereom-

etry (9, 10). They reported that stress-field translation

and subsequent shear strain localization is greatest in

the lateral portion of the disc where disc degenera-

tion often occurs (12).

Tractional forces on the surface of the TMJ disc are

produced by friction and plowing forces. Stress-field

translation and consequential plowing forces (13–15)

may contribute to cartilage wear and fatigue, in

particular if the translation is mediolateral, because

the disc is relatively weak in this aspect (16, 17).

Given that the TMJ disc has the function of stress-

distribution and lubrication in the TMJ (13–15,

18–20), the mechanical failure of the disc may be

an important predisposing factor leading to early

DJD.

For the TMJ disc, plowing forces are expected to be

the dominant component of tractional forces. This is

because laboratory studies have shown that static and,

especially, dynamic frictional forces measured on the

surface of the TMJ disc are low (13, 18, 21), and trac-

tional forces associated with plowing on the surface of

the TMJ disc are 10 times larger (13, 14), and consistent

with the tractional forces measured in whole TMJ

experiments (22, 23).

It is unknown whether or not inter-individual

differences in TMJ loads will also have a significant

effect on tissue mechanics. Computer-assisted

modelling of the muscle and joint forces in the

human craniomandibular system has become an

attractive method of studying the control of the

mandible during loading. Numerical models based on

minimization of joint loads and muscle effort have

consistently produced biologically feasible results for

static tasks (24–31).

The current project tested the effects of static and

dynamic variables associated with loading of the TMJ

disc on production of surface tractional forces and

tissue stresses. To accomplish this:

1 Laboratory experiments used static and dynamic

loading of pig TMJ discs to test the hypothesis that

compressive strain, stress-field geometry and

velocity of translation influence surface tractional

forces.

2 A validated numerical model was used to calculate

TMJ loads to test the hypothesis that there were

significant differences in TMJ loads amongst

humans.

3 A biphasic finite element model (bFEM) was built

using the data collected from the TMJ disc experi-

ments, and applied to test the hypothesis that dif-

ferences in TMJ loads produced significant effects

on tissue stress.

Material and methods
Laboratory experiments testing the effects of static and dynamic

loading of the pig TMJ disc

Ideally, the study of the effect of loading on TMJ disc

mechanics requires non-preserved human specimens.

Given the difficulty in procuring and maintaining fresh

human tissue, 187 fresh porcine TMJ discs were used.

The porcine disc was chosen based on geometric,

microstructural and biochemical similarities (32–34).

Temporomandibular joint discs were obtained from

a local abattoir in a manner consistent with institu-

tional regulations. Discs were identified and stored

separately in 0.1 M phosphate buffered physiological

saline solution (PBS, pH = 7.3). During experiments,

discs were maintained at 39�C in PBS.

Each disc was tested once employing equipment and

methods described previously (13, 14). A load was

applied, first statically for 1 (n = 30), 5 (n = 47), 10

(n = 22), 30 (n = 25) or 60 (n = 63) s, and then

dynamically along the mediolateral axis of the disc

using a hinged beam apparatus (Figs 1A,B and 2A).

A normal (perpendicular) load of 7.6 N was imposed on

the disc via an acrylic indenter, shaped to produce a

mediolateral radius of contact similar to that measured

in humans (10). Stress-field translation following static

loading was confirmed by fluctuating compressive

stresses with respect to time measured by a linear array

of nine pressure transducers, 3 mm apart, under the

disc (Figs 1B and 2B).
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The application of load and the time-dependent

changes in compressive strains of the TMJ disc were

recorded continuously to within 0.05 mm using a cali-

brated linear voltage differential transformer (LVDT,

Fig. 1A). Following the period of static loading, a com-

puter-controlled electromagnetic force generator was

Fig. 1. Plowing equipment and data output [A, B, C; modified from (13)]. (a) Pressure sensitive array: pressure gauge (PG) transducers

measured pressure along the mediolateral axis of the disc. (b) Indenter and (c) pendulum arm: the acrylic indenter had polished loading

surfaces. An instrumented steel strut measured tractional forces in real-time. (d) Electromagnetic force generator: a computer and custom-

built software controlled the position and velocity of force generator displacement. An accelerometer output identified the start of movement.

(e) Counter-weight: this mass countered the mass of the loading tray and housing supporting the transducer array. (f) Loading beam: the

hinged beam caused the acrylic indenter to load the TMJ disc at the other end of the beam. During experiments, the disc was supported by a

curved acrylic base and tray. (g) LVDT used to measure real-time horizontal position of the indenter relative to the disc. (h) LVDT used to

measure cartilage thickness. (i) Static load platform: the 7.6 N mass was placed in this position to produce the static loads prior to the start of

movement. (j) Power supply ⁄ Amplifier box: analogue signals from the pressure transducer array were amplified before digitizing and storing on

a 16 channel recorder. Fig. 1C demonstrates real-time recording of indenter position and velocity, and instantaneous measurement of

tractional coefficient.

A B

Fig. 2. Indenter movement, disc thickness and stress-field translation. (A) Disc thickness (mm) was continuously measured as the position

(mm) of the loaded indenter moved over the surface of the disc. (B) Data from the transducer array recorded the temporospatial changes in

total normal stress (MPa) along the mediolateral axis of the disc.
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used to move the loaded indenter. Position and velocity

of the indenter were determined by calibrated electrical

output from a second LVDT (Fig. 1C). Calibration of the

instrumented strut permitted measurement of trac-

tional forces to an accuracy of ±0.05 N (Fig. 1B,C).

Determination of inter-individual differences in TMJ loads

Fifty-two subjects (30 $ and 22 #) at the University of

Buffalo gave informed consent to participate. The study

was approved by the Institutional Review Boards affil-

iated with the investigators. Research Diagnostic

Criteria (35) calibrated investigators used clinical

examination and magnetic resonance imaging (MRI)

to classify subjects into three groups: +DD ⁄ +pain –

subjects with disc displacement (DD) and masticatory

muscle pain, +DD ⁄ )pain – subjects with DD but free of

masticatory muscle pain, and )DD ⁄ )pain – healthy

subjects. Average age of subjects in the +DD ⁄ +pain

(n = 18), +DD ⁄ )pain (n = 17), and )DD ⁄ )pain (n = 17)

groups were 37 (range: 21–62), 35 (range: 19–62) and

34 (range: 20–57) years respectively. Using previously

described methods (24, 25, 29, 30) the relative positions

of the condyles, teeth and five pairs of masticatory

muscles (masseter, anterior temporalis, medial ptery-

goid, lateral pterygoid, anterior digastric) were deter-

mined from standardized lateral and postero-anterior

cephalometric radiographs, according to a three-

dimensional (3D) coordinate system (Fig. 3).

The ability of the numerical model, based on mini-

mization of joint load to predict the morphology TMJ

eminence morphology in each subject, was used to test

accuracy. The 3D anatomical data were used in the

numerical model (31) to predict TMJ eminence mor-

phology.

Three-dimensional numerical modelling was used to

predict TMJ forces per unit of bite-force (BF) using an

objective function of minimization of muscle effort

(MME) based on previous evidence that modelling via

this function consistently predicted accurate muscle

activation patterns for a variety of bite forces (25–27,

29). The MME model calculated muscle and joint forces

for 13 BF angles (Table 1) on the incisor, canine and

molar teeth. ANOVA was used to test for differences in

TMJ loads between diagnostic groups.

A bFEM of TMJ disc

The plowing experiments were modelled as a sliding

contact problem involving a rigid, impermeable in-

denter and a linear biphasic tissue. The tissue was

considered to be biphasic, a mixture of solid and fluid

phases that interacted through diffusive body forces

(36).

Fig. 3. 3D forces on the mandible (bite-force), joints (Fcondyle), and force vectors of five muscle pairs [m1,2 = masseter; m3,4 = anterior tem-

poralis; m5,6 = lateral pterygoid; m7,8 = medial pterygoid; m9,10 = anterior digastric muscles; modified from (25, 38)]. The azimuth angle (QXZ, �)

is parallel to the occlusal plane and varies between 0� and 359�. The vertical angle (QY, �) describes the angle of the biting-force relative to

normal to the occlusal plane (QY = 0�). Angles within the range of QXZ = 270� produced laterally directed loads on the tooth, whereas QXZ = 90�
produced medially directed loads. QXZ = 0� produced posteriorly directed loads, while QXZ = 180� produced anteriorly directed loads. The 13

biting-force angles used to test for effects on joint loads (see Table 1).
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The protocol used to conduct the plowing experi-

ments on the TMJ disc resulted in a mixed experiment

where, in phase I, the indenter was under static load

control for approximately 1 s. As an example, disc 9

(Fig. 2) was modelled such that phase 1 ended at

0.887 s. Phase II followed, where the indenter was

moved under displacement control lateromedially in a

sinusoidal manner, first to the right, then to the left,

resulting in a repeated sinusoidal spatial variation over

a period of 0.35 s.

The TMJ disc was modelled two-dimensionally

(Fig. 4), with linearly varying thickness of 2.15 mm at the

left (medial), 1.7 mm at the right (lateral) and 24 mm in

length. The lower surface was supported by a flat, rigid,

impermeable surface (no normal flow, no displace-

ment). The left and right boundaries, and the portion of

the upper surface outside of the indenter area, were free

to displace and for fluid to flow (zero pressure, zero

traction). In phase I, the region between points PT1 and

PT2 was 13.36 mm long and with mid-point · assumed

to be loaded at x = 1 mm by an indenter of 60 mm major

radius and 31 mm minor radius of curvature (Fig. 1B).

The tissue was indented 19% of original thickness, based

on real-time data from the bench-top experiment. The

total centred section was 13.36 mm long, centred at

x = 1 mm. To simulate the rigid impermeable indenter

in the region of PT1–PT2, total normal traction distri-

bution, parabolic in shape, was applied along with the

boundary condition of no normal fluid flow. In the

biphasic model, this total normal traction was shared

between the solid and fluid phases. Phase II modelling

involved movement of the indenter over the TMJ disc

surface. This was accomplished using Arbitrary

Lagrange Eulerian moving mesh capabilities (37) in

the latest version (3.4) of COMSOL Multiphysics�

(COMSOL, Inc., Burlington, MA, USA) to move the

indenter area and corresponding mesh. The biphasic

material properties used were Young�s modulus

(0.0867 MPa) and Poisson�s ratio (0.125) of the solid

phase, and permeability (7.6 · 10)15 m4 ⁄ Ns). The solid

content was 17%, and fluid content was 83%.

Results
Variables affecting tractional forces during the start of movement

The combined effects of velocity of stress-field trans-

lation, aspect ratio and cube of the compressive strain

were found to be correlated with a nonlinear increase

in the tractional coefficient (Ftraction ⁄ Fnormal; Fig. 5,

R2 = 0.85).

Variation in human TMJ Loads

Significant inter-group differences in ipsilateral and

contralateral TMJ loads were found (Fig. 6A-ipsilateral,

B-contralateral), where the +DD ⁄ )pain group had

Table 1. Definitions of biting angles (see Fig. 3)

Biting angle

Bite force direction

QXZ QY

1 0 0

2 270 20

3 270 40

4 90 20

5 90 40

6 355 20

7 355 40

8 5 20

9 5 40

10 175 20

11 175 40

12 185 20

13 185 40
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Fig. 4. Two-dimensional geometry of the bFEM (e.g. disc 9). Tissue length was 24 mm, and the tissue thickness changed linearly from 2.15 mm

on the left (medial edge, x = )12 mm) to 1.7 mm on the right (lateral edge, x = 12 mm). Points P1 and P2 were located at x = )5.68 and

7.78 mm, respectively, and were the limits of the applied contact traction. This region of contact length was 13.36 mm, and was centred at

x = 1 mm. The quadrilateral mesh had 2935 elements and 61 799 degrees of freedom. Horizonatal axis – mediolateral position (mm). Vertical

axis – disc thickness (mm).
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higher ipsilateral and contralateral joint loads for biting

angles 1,2,3 and 12 (all p < 0.05).

bFE modelling of load and TMJ disc stress

As part of bFEM validation, calculated temporospatial

changes in total normal stresses at the inferior surface

of the disc (y = 0, Fig. 4) during phase 1 of static load

(t = 0–0.887 s, Fig. 7A), were compared to the experi-

mental data (Fig. 7B). Specifically, experimental and

bFEM total normal stresses from pressure gauges 4, 5,

and 6 were compared. bFEM and experimental peak

total normal stresses were within ±20%, indicating

acceptable model accuracy. In response to a 7.6 N load,

Fig. 8A shows bFEM-calculated total normal stresses

Fig. 5. Effect of strain, aspect ratio, velocity of translation on tractional

forces. The regression equation form is: f ¼ að�0:5ðððx�x0Þ=bÞ2þððy�y0Þ=cÞ2ÞÞ,
with constants a = 0.18; b = 0.52 and c = 106 (mm ⁄ s). Variables were

tractional coefficient, velocity of movement (Y0 = 183 mm ⁄ s), and the

product of aspect ratio and the cube of the compressive strain

(X0 = 0.91). The combined effects of the variables correlated with a non-

linear increase in the tractional coefficient (Ftraction ⁄ Fnormal; R2 = 0.85).

Fig. 6. The effect of biting angle on differences in condyle loads: Biting

angles 1–13 (horizontal axis) are defined in Table 1. Difference in TMJ

load between the +DD ⁄ )pain group or +DD ⁄ +pain group and )DD ⁄
)pain are plotted on the vertical axis. (A) Ipsilateral and (B) contralat-

eral differences are shown. The �*� indicates ANOVA calculated p < 0.05.

A

B

Fig. 7. Tests of bFEM accuracy: (A) bFEM-calculated time-dependent

response of the total normal stress (MPa) to 7.6 N load. The stress is

the result of solid and fluid phase contributions. The stresses were

calculated for positions x = )1, 2 and 3 mm on the disc inferior

surface (y = 0). These locations correspond to pressure gauges #4, 5

and 6 (Fig. 7B, MPa). Experimental data from these gauges showed

that bFEM accuracy of peak stresses was ±20%. Horizontal axis – time

(s). Vertical axis – Total Normal Stress (MPa).
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(MPa) at the end of phase I (t = 0.887 s). Total normal

stress includes both solid and fluid phase contribu-

tions. Figure 8B shows pressure from the fluid phase

alone, demonstrating the overwhelming significance

of the fluid phase in the support of a 7.6 N load

(Fig. 8A,B). Peak fluid pressures of 0.176 MPa (Fig. 8B)

represented 94% of the 0.187 MPa peak normal stress

(Fig. 8A).

In accordance with joint load data, a 60% increase in

load (12.2 N) increased total normal stresses (7.6 N,

Fig. 8A; 12.2 N, Fig. 9) and compressive strain (28% for

10 N, 45% for 16 N) by 1.6 times at the end of phase I.

Discussion

The likelihood of fatigue failure of biomaterials, such as

the TMJ disc, depends on the magnitude and frequency

of applied stress. During daily activities, +DD ⁄ )pain

subjects were capable of producing total normal

stresses 1.6 times higher than healthy subjects. The

data also showed that there were no significant differ-

ences in loads between +DD ⁄ +pain and )DD ⁄ )pain

groups. It is possible that load distribution over the

surfaces of discs in +DD ⁄ +pain subjects produced

stress-field geometries and compressive strains which

increased tractional (plowing) forces, and thus pro-

moted disc failure. Also possible are differences in

frequency of loading between +DD ⁄ +pain and

)DD ⁄ )pain groups, where more frequent application

of TMJ loads would fatigue the disc and contribute to

the development of myofascial pain. Future work

should focus on differences in biobehaviour and

intracapsular mechanics in subjects.

Data recorded from the experiments on TMJ discs

showed the nonlinear relationship between the vari-

ables and tractional forces. The term tractional coeffi-

cient was used in this study because the tractional

forces measured were the sum of classical frictional

and plowing forces on the disc surface. The results of

the bFEM calculations showed that the fluid phase

carried 94% of the total normal stress. Future work in

this area will focus on validation of bFEM during phase

II loading of the disc, and the circumstances under
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Fig. 8. bFEM-calculated stresses in

response to a 7.6 N load: (A) shows

the distribution of total normal

stress (MPa) at the end of phase I

(t = 0.887 s). Total normal stress

included both solid and fluid phase

contributions, with peak values of

0.187 MPa. (B) Shows pressure (MPa)

from the fluid phase alone, with peak

values of 0.176 MPa. Horizontal axis –

mediolateral position (mm). Vertical

axis – disc thickness (mm).
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calculated for a 7.6 N, total normal

stresses increased to 0.299 MPa.
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which there is transfer of stresses from the fluid to the

solid components of the TMJ disc. It is under these

circumstances that mechanical fatigue of the disc is

promoted.

Conclusions

Inter-group differences in joint load, together with

parameters, such as compressive strain produced

during a static period of loading, geometry of the

stress-field and velocity of translation, are likely to

significantly increase tissue stresses and increase the

risk of mechanical fatigue of the TMJ disc.

Clinical relevance

Several factors are likely to determine the longevity of

the TMJ disc, which is the primary stress-reduction

mechanism of the joint. The data presented shows that

subjects with TMJ displacement (+DD), but free of

myofascial pain ()pain) produce very large TMJ loads.

The distribution of loads over the articulating surfaces

produces plowing forces which are likely to cause

mechanical fatigue of the tissue.
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