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Abstract

The role of mechanics in degenerative joint disease of the temporomandibular joint (TMJ) is 

largely unknown. Objectives were to: 1) develop an empirical model to relate variables of 

cartilage mechanics and tractional forces; and 2) use the empirical model to estimate tractional 

forces for calculations of work done (mJ) and energy densities (mJ/mm3) in living human TMJs. 

Sixty-four porcine discs were statically, then dynamically loaded. Aspect ratios and velocities of 

stress-fields, compressive strains, and tractional forces were recorded and fit to a quadratic 

equation to derive the empirical model. Aspect ratios and velocities of stress-fields and cartilage 

thicknesses then were measured via dynamic stereometry in 15 humans with healthy TMJs and 11 

with TMJ disc displacement. These data were used in the empirical model to estimate tractional 

forces for each TMJ, and then mechanical work done and energy densities were calculated. 

Mechanical work (mJ) was on average 20 times greater in TMJs with disc displacement than in 

healthy TMJs (P<0.02). TMJs with disc displacement showed 350% more mechanical work (mJ) 

and 180% higher energy densities in women compared to men (P<0.02). A power analysis 

(α=0.05, β=0.90) indicated that 40 women and 40 men would be required to detect a 50% 

difference in TMJ energy densities between genders. Mechanical work was significantly higher 

(P≤0.05) in TMJs with disc displacement compared to healthy TMJs, and mechanical work done 

and energy densities were significantly higher (P≤0.05) in TMJs with disc displacement in women 

compare to men.

Degenerative joint disease (DJD) of the temporomandibular joint (TMJ) is evident in 3-29% 

of the population age 19-40 years (Pullinger et al., 1988) and shows an age-dependent 

increase in the severity of tissue degeneration to about age 60 years (Luder, 2002). Persistent 

pain associated with the TMJ is estimated to affect 10% of the adult population at any one 

time (Stohler, 1995). Notably, women are 2-3 times more likely than men to be afflicted 

(Warren and Fried, 2001; Velly et al., 2003). DJD of the TMJ can lead to a major disruption 

in daily activities and can impair social and personal functioning (Storey, 1995; Dworkin, 

1997).

To date, therapeutic interventions to address DJD and to improve the quality of life for those 

afflicted have not been predictably successful. Aggressive therapies such as surgical 

reconstruction of the TMJ have resulted in severe disabilities (Fontenot, 1995). Insufficient 

knowledge of the contact mechanics within the TMJ and the mechanisms involved in tissue 

breakdown are, at least in part, to blame.

The mean age of onset of DJD in the TMJ is between 25 and 35 years (Heloe and Heloe, 

1975; Solberg et al., 1979; Nilner, 1981; Pullinger et al., 1988), which is a decade earlier 

than DJD in the hip (Lawrence et al., 1989; Felson et al., 1997; Vingard et al., 1997). 

Although considerable efforts are being made to uncover the molecular biology and genetics 
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of chronic pain associated with disorders of the temporomandibular apparatus (Flores et al., 

2003; Neugebauer et al., 2003; Zubieta et al., 2003; Diatchenko et al., 2005), the variables 

associated with mechanical failure of articulating tissues in young synovial joints have been 

investigated rarely (Gallo et al., 2000, 2006).

Energy density is the mechanical work imposed on a volume of TMJ disc cartilage 

(mJ/mm3) and is balanced by internal strain energy. Some studies have explored the effects 

of energy density on growth, adaptation and fatigue of living tissues (Carter et al., 1987; 

Krishnan et al., 2003; Fitzgerald, 2006). The biomechanical and biochemical integrity of 

tissues such as the TMJ disc is dependent on energy density transfer to the solid matrix of 

the cartilage. Biphasic modeling of the contact kinetics of the TMJ disc cartilage has 

demonstrated that stress-field translation and subsequent shear strain localization is greatest 

in the lateral portion of the disc (Donzelli, 2004). This also is where the greatest frequency 

of disc degeneration has been observed (Oberg, 1971).

Stress-field translation (Fig. 1) and resultant tractional forces may contribute to cartilage 

wear and fatigue (Dunbar et al., 2001; Nickel et al., 2004, 2006), in particular if the 

translation is mediolateral, because the disc is relatively weak in this aspect (Beatty et al., 

2001, 2003). Given that the TMJ disc has the function of stress distribution and lubrication 

in the TMJ (Nickel et al., 1994a,b, 2001), the mechanical failure of the disc may be an 

important predisposing factor leading to the relatively early degenerative changes seen in the 

TMJ. Tractional forces are the result of frictional and plowing forces produced by the 

deformation of the cartilage matrix as a stress-field translates over the surface (Fig. 1; Linn, 

1967; Mow et al., 1993; Ateshian et al., 1994; Gallo et al., 2000). 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 (Nickel et al., 1994b, 2001), and tractional forces 

associated with plowing on the surface of the TMJ disc are 10 times greater than static 

frictional forces (Nickel et al., 2004, 2006). Peak velocities of stress-field translation used in 

the laboratory experiments were like those demonstrated in vivo in humans (Gallo et al., 

2000). Tractional forces increased with duration of static loading prior to the start of 

movement and with increasing velocity of stress-field translation. The tractional coefficients 

reported were consistent with the tractional forces measured in whole TMJ experiments 

(Kawai et al., 2004; Tanaka et al., 2004).

Recently, it was reported that during movement of a load over the surface of the TMJ disc, 

compressive strains and tractional forces were correlated in a non-linear manner (Nickel et 

al., 2006). These results demonstrated that tractional forces were strain-related at the start of 

movement and velocity-dependent during movement and should be considered in analyses 

of mechanical work and energy densities imposed on the articulating surfaces during normal 

function.

For the current project, ex vivo tests of 64 porcine TMJ discs were used to develop an 

empirical model to relate the variables of stress-field geometry and dynamics and tractional 

forces on the surface of the disc. This empirical model then was used with data measured in 

humans by means of dynamic stereometry of the TMJs to determine: 1) if there were 
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differences in the work done to discs in healthy TMJs and those with disc displacement; and 

2) if there were gender differences in work done and energy densities in TMJs with disc 

displacement.

Materials and Methods

Ex vivo Tests for Development of the Empirical Model

Tests were conducted on 64 TMJ discs from 32 pigs which were obtained from a local 

abattoir in a manner consistent with institutional regulations. This empirical approach was 

necessary at present, due to the paucity of data from human TMJs in vivo and the difficulty 

in obtaining pristine, unpreserved human TMJ discs for testing.

Right and left discs were identified and stored separately in 0.1 M phosphate buffered 

physiological saline solution (PBS, pH = 7.3) for approximately 45 minutes while in 

transport. Tests were either performed on the same day or discs were frozen in PBS at 

-15°C, and then thawed within two weeks for use. During the tests the TMJ discs were 

maintained at 39°C in PBS.

Each disc was tested once using equipment and methods described previously (Fig. 2A and 

B; Nickel et al., 2004, 2006). A static 10 N load was applied to the condyle-facing surface 

for 1, 5, 10, 30, or 60 s, and then moved along the mediolateral axis of the disc. This normal 

(perpendicular) load was imposed using a hinged beam via an acrylic indenter shaped to 

produce a mediolateral radius of contact similar to that measured in humans (Gallo et al., 

2000), and reflected the minimum condylar load expected during a light bite force. 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. Transducer sensitivities were ±10 kPa. Instantaneous disc thickness and 

compressive strain measurements were recorded continuously to within 0.05 mm using a 

calibrated linear voltage differential transformer (LVDT).

Aspect ratio (a/h) was determined by dividing the radius of the stress-field (a) by the 

instantaneous thickness of the TMJ disc (h). The radius of the stress-field for each disc was 

established by identifying which pressure gauges recorded stress during the time period 

between the point when the acrylic indenter began to translate following static loading and 

the point at which maximum or minimum thickness was measured immediately following 

the start of movement. The gauges that registered at least 10% of the peak stress during this 

period were included and the 3 mm distance between each of the included pressure gauges 

were added together to calculate the radius.

Following the static loading period, electrical output from a calibrated accelerometer 

indicated the start of movement of the indenter. Position and velocity of the indenter were 

determined by calibrated electrical output from a second LVDT and controlled through a 

hinged pendulum connected to an electromagnetic force generator and a computer (Fig. 2B). 

Instantaneous velocity was the distance traveled by the indenter divided by time. The 

sampling frequency allowed instantaneous velocities to be calculated every 0.003 s using 

custom software. Total translation of the center of the stress-field during dynamic loading 
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was approximately ± 4 mm and occurred at velocities between 5 and 120 mm/s, a range that 

was consistent with in vivo conditions where stress-field translation was recorded during 

symmetrical human jaw movement (Gallo et al., 2000).

Tractional forces were measured every 0.003 seconds from the start of movement. 

Calibration of the instrumented strut permitted measurement of tractional forces to an 

accuracy of ± 0.05 N. Data were recorded at 300 Hz and stored on magnetic tape using 

commercial computer hardware and software.

Data describing instantaneous geometry and velocity of the stress-field and tractional 

coefficient (f = tractional force/normal force) for each disc were fit to a quadratic regression, 

the empirical model, which was of the following form:

where a, b, c were constants and the variables of interest were tractional coefficient (f), 

velocity of movement (y), and the product of aspect-ratio and the cube of the compressive 

strain (x).

Work and Energy Densities in the Human TMJ Disc

Fifteen subjects with healthy TMJs and 11 subjects with TMJ disc displacement consented 

to participate in the study in accordance with the appropriate Institutional Review Board. 

Mean ages (± standard deviations [SD]) of subjects in the two groups were 29 (± 4) years 

and 25 (± 7) years, respectively. Status of the TMJ disc was determined by history, clinical 

examination, and magnetic resonance imaging (MRI). In addition to MRI, all subjects 

performed jaw opening and closing tasks for jaw tracking recordings. MRI and jaw tracking 

data were integrated through dynamic stereometry (see below) and used to measure 

variables applied to the empirical model and thus to estimate in vivo tractional forces for 

subjects' TMJs. These tractional forces then were used in calculations of mechanical work 

done and energy densities.

An initial analysis determined if there were group differences in mechanical work done (mJ) 

in the TMJ. In a secondary analysis, eight subjects (four women and four men) from the 

group with TMJ disc displacement provided data to test for gender differences in work done 

(mJ) and energy densities (mJ/mm3).

In vivo Dynamic Stereometry

Dynamic stereometry of the TMJ consisted of the 3D reconstruction of real anatomical 

structures, captured from MRI (Fig. 3A), and the animation of these structures by 

application of corresponding real motion data tracked with six degrees of freedom (Fig. 3B; 

Krebs et al., 1995). MR images of each subject were made from serial oblique sagittal slices 

perpendicular to the main condylar axis of each TMJ using a 1.5 T MRI tomographic 

apparatus (Gyroscan ASC-II) with TMJ surface coils of 12 cm radius. During the process of 

scanning, each subject bit into a custom occlusal registration appliance that carried a head 
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reference system (three contrast spheres) to enable integration of MR images with 

recordings from jaw tracking.

Static recordings of the subject biting into the occlusal appliance carrying the head reference 

system and motion recordings of the jaws (jaw tracking) of each subject, performing 10 

symmetrical opening and closing movements, were made by means of the opto-electronic 

system (Fig. 4; Mesqui et al., 1985; Krebs et al., 1995; Gossi et al., 2004). Two triangular 

target frames, carrying three non-collinear light emitting diodes (LEDs) each, defined 

maxillary and mandibular coordinate systems. The target frames were fixed temporarily to 

vestibular surfaces of maxillary and mandibular canines and first premolars on one side by 

means of custom splints. The LEDs determined head- and mandible-related coordinate 

systems. The time-varying maxillary and mandibular LED positions were recorded by three 

linear cameras (Fig. 4) with fixed geometry and resolution of better than 10 μm at a 

sampling frequency of 200 Hz. Motion of the lower jaw was calculated relative to the head, 

thus, head motion was eliminated.

Reconstruction and animation of the TMJ were performed on a graphics workstation by 

means of custom software (Krebs et al., 1995; Gossi et al., 2004). MR scans segmented for 

extraction and vectorial description of anatomical structures as well as for determination of 

the centers of the reference spheres. Segmentation of the anatomy was obtained first by 

tracing on each MR slice object contours defined by driving points of spline functions. To 

reconstruct the MR image in 3D (Fig. 3A), the contour sets were triangulated and the 

resulting surfaces were represented realistically by means of shading algorithms. Resolution 

was improved by calculating inter-slice surface points and applying a smoothing algorithm 

(Fig. 3A). Animation of the TMJ (Fig. 3B) was achieved by means of mathematical 

transformations, using the computer to calculate continuously the spatial positions of all 

vertices of polygons describing the recorded surfaces. Tests of the system showed maximum 

errors of 0.9%.

Magnitudes of the variables of interest (a/h, Δh/h, ΔD, V, Q) for each subject were 

determined from the reconstructed and animated MR images for each subject over 5 ms time 

intervals. The stress-field in the TMJ was located by finding the area of minimum condyle-

fossa/eminence distance (Nickel and McLachlan, 1994; Gallo et al., 2000, 2006). For each 

sampling time of mandibular motion, the 30 smallest adjacent condyle-fossa/eminence 

distances, measured between polygon vertices, were identified. These distances were 

averaged to determine the minimum condyle-fossa/eminence distance or disc thickness, h. 

The centroid of the area defined by these 30 minimum distances was calculated and defined 

the mediolateral position of the stress-field, D. The standard deviation of the positions of the 

30 minimum distances about the centroid also was calculated to determine the radius of the 

stress-field, a. The path of D was displayed graphically in a planar coordinate system 

representing the condylar surface (Fig. 3B). The mediolateral axis corresponded to the 

direction of the condylar long axis. The coordinates of the mediolateral position of D were 

smoothed over 30 ms, and velocity of the stress-field translation (V, mm/s) calculated. 

Volume of cartilage (Q, mm3) under the leading edge of the translating stress-field also was 

measured. The magnitudes of these variables were used in the empirical model and the 
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results employed to determine instantaneous mechanical work and energy densities in the 

right and left TMJs of each subject during jaw movement.

Mechanical Work Done and Energy Density Equations

Data collected from individual subjects were input to the empirical model describing the 

relationship between tractional coefficient (f = tractional force/normal force) and stress-field 

geometry and dynamics. Tractional force (Ftraction) estimates were determined assuming a 

normal force of 10 N, and then employed in work and energy density calculations using two 

equations. Instantaneous mechanical work done (W, mJ) was calculated continuously over 5 

ms intervals during cyclic movement of the mandible by the equation:

Instantaneous energy density calculations over 5 ms time intervals during cyclic movement 

of the mandible were accomplished using the equation:

Analysis of variance compared average cumulative work done per open-close cycle of the 

jaws for subjects with healthy TMJs and those with TMJ disc displacement. Average 

instantaneous work done and energy density per cycle were tested for significant gender 

differences within the disc displacement subjects.

Results

The ex vivo experiments produced surface tractional forces and mediolateral movements of 

the stress-field like those reported for the human TMJ (Gallo et al., 2000, 2006), as 

confirmed by variation in the outputs from pressure transducers under the TMJ disc (Fig. 

5A). In addition, instantaneous measurements of tractional forces and cartilage thicknesses 

varied with position and velocity of the stress-field (Fig. 5B). Data collected from 64 

porcine discs were fit to a quadratic equation (Fig. 6; R2 = 0.83), defined as the empirical 

model, which showed non-linear increases in tractional forces with increasing velocity of 

stress-field translation and aspect ratio X compressive strain3.

Data recorded from subjects with healthy TMJs (n = 15) and with TMJ disc displacement (n 

= 11) during jaw opening-closing were used in the empirical model (Fig. 6) to estimate in 

vivo tractional forces based on stress-field geometry and dynamics. The tractional forces 

were used in the calculation of average cumulative work done per cycle for each TMJ. 

Average cumulative work done (± SD) per cycle was significantly higher (P = 0.014-0.015) 

in TMJs with disc displacement (4445 ± 1008 mJ at 1.0 Hz) compared to healthy TMJs (191 

± 165 mJ at 0.5 Hz; 251 ± 210 mJ at 1.0 Hz) by 18-23 times (Fig. 7).

In a secondary analysis of gender differences in TMJs with disc displacement, the average 

instantaneous work values per jaw opening-closing cycle were over 350% higher (P < 0.01; 
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Fig. 8) in women (71 ± 85 mJ) compared to men (20 ± 14 mJ), whereas, average 

instantaneous energy density per cycle was about 180% higher (P < 0.02; Fig. 8) in women 

(2.4 ± 1.9 mJ/mm3) compared to men (1.3 ± 1.5 mJ/mm3). The regional distribution of 

instantaneous energy density varied for TMJs with disc displacement (Fig. 9). TMJs with 

disc displacement in women, however, had higher average energy densities, with peak 

energy densities located primarily in the lateral aspect of the joint (e.g. Fig. 9). In contrast, 

TMJs with disc displacement in men had lower average energy densities and energy 

densities were distributed more evenly (e.g. Fig. 9).

Discussion and Conclusions

It was possible that the large gender differences seen in the secondary analysis were due to 

the small number of women and men providing data. A power analysis was performed to 

determine the numbers of subjects expected to discriminate clinically significant gender 

differences in work and energy densities. In order to detect a more modest difference of 50% 

(α = 0.05, β = 0.90), 40 men and 40 women would be required.

It remains to be determined whether the effects of loading on tractional forces and 

compressive stresses in laboratory tests are like those produced in vivo. The applied static 

loads of 10 N were lower than loads in the human TMJ during mastication and bruxism but 

not unlike the loads typical of symmetrical opening and closing (Nickel et al., 1997; Iwasaki 

et al., 2004). In addition, stress-relaxation behavior of cartilage is affected by the radius of 

the contact area relative to the thickness of the cartilage (Suh and Spilker, 1994). The 

standardized indenter used in the current study did not reproduce exactly the area of loading 

that occurs in vivo and possibly had a smaller radius of contact area. Overall, these data 

represent a “best-case scenario,” where it is evident that tractional forces occur during light 

loading on the surface of the TMJ disc.

Plowing forces acting on cartilage cause dynamic compressive and shear strains within the 

collagen-proteoglycan matrix, leading to hydraulic pressures and fluid movement through 

this porous matrix (Donzelli et al., 2004). The current results appear to be consistent with 

those previously reported (Nickel et al., 2004; Tanaka et al., 2004). In a study of whole 

TMJs, 5 seconds of static loading with 50 and 80 N produced tractional coefficients of 

0.0145 and 0.0191, respectively (Tanaka et al., 2004). These measurements were reported as 

“friction,” but were an order of magnitude greater than previously reported values for 

coefficient of static friction (Nickel et al., 1994b, 2001), and comparable to the values for 

tractional coefficients at the start of movement in the ex vivo tests of the current study. It has 

been noted that whole joint measurements of friction cannot eliminate the plowing forces 

produced by stress-field translation (Linn, 1967; Mow et al., 1993). Therefore, rather than 

classical frictional forces, plowing forces were likely the most significant element of 

tractional forces produced during the aforementioned whole-TMJ experiments (Kawai et al., 

2004; Tanaka et al., 2004).

The consequent strain energy imposed on the matrix is likely to be influenced by magnitude 

and frequency of the forces applied to the surface of the cartilage, properties of the TMJ disc 

such as the anisotropic nature of its yield strength (Beatty et al., 2001) and propensities for 
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crack propagation and fatigue failure (Beatty et al., 2003, 2008). Specific mechanisms, by 

which static and dynamic strains in the matrix affect the fibrochondrocytes of the TMJ disc 

to promote either repair or failure of the matrix, remain unknown. However, the importance 

of cyclic matrix strain in chondrocyte mechanotransduction has been emphasized by 

experiments involving dynamic shear strain of hyaline cartilage (Fitzgerald et al., 2006). 

These experiments have demonstrated that, in the absence of fluid flow or hydrostatic 

pressure gradients which are normally associated with dynamic compression, there was an 

increase in synthesis of cartilage matrix components such as glycosaminoglycans and 

collagen, but also in production of the enzymes which break down the matrix, such as 

metalloproteinases (Fitzgerald et al., 2006).

The balance between anabolic and catabolic activities of cartilage cells may be influenced 

by factors that affect the internal strain conditions. For example, the hormone relaxin is of 

interest because of gender differences in its expression and its potential to affect strain 

energy concentrations in cartilage. This 6-kDa polypeptide hormone is related structurally to 

the insulin family of hormones and has been shown to have a particular affinity for the 

fibrous connective tissues of the symphysis pubis and TMJ. The effects of matrix 

remodeling on tissue mechanics were proposed in early work when it was unknown what 

molecules initiated the changes seen in the symphysis pubis during pregnancy (Aspden, 

1988).

Recent work (Hashem et al., 2006) suggests that concentrations of relaxin in the blood 

stream are correlated with matrix remodeling of the symphysis pubis and the TMJ disc. It is 

yet to be determined, but relaxin may induce matrix reorganization of the TMJ disc to an 

extent that there is a reduction in yield strength of the matrix and increased susceptibility to 

fatigue. That is, the effect of relaxin could be the chemical equivalent of blunt trauma, where 

impulse magnitude is correlated positively with area of surface microfractures (Nickel et al., 

2001). Surface cracking increases the local strain energies necessary for fatigue-related 

crack propagation of the matrix (Beatty et al., 2008). Thus, a previous history of exposure to 

relaxin or physical trauma, or both, could lead to a mechanically compromised TMJ disc. 

Whether or not the disc fails may depend ultimately on individual-specific differences in the 

magnitude and frequency of energy densities imposed on the disc during function.

In conclusion, amounts of work done (mJ) were significantly higher in TMJs with disc 

displacement compared to healthy TMJs. A pilot analysis of TMJs with disc displacement 

found that women imposed greater work on their TMJ discs and the energies input were 

concentrated compared to men. The current study suggests that future investigations should 

confirm the gender differences and whether or not energy density-related strain results in 

changes in cell metabolism within the TMJ disc in a dose-dependent manner.
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Figure 1. 
Plowing as a source of surface tractional forces in articulating tissues (modified from 

previously published work; Mow et al., 1993). Loading of the articular surfaces causes 

pressurization of the fluid phase of the cartilage matrix. As a static load is maintained, 

compression of the cartilage occurs as fluid moves laterally along the hydraulic gradient. If 

lateral movement of the stress-field occurs, further pressurization of the fluid phase of the 

matrix occurs ahead of the encroaching stress-field because the porosity of the matrix limits 

the velocity of the fluid phase. The result is a “bow wave” and plowing forces produced by 

the pressurized fluid within the cartilage.

Nickel et al. Page 12

Craniofac Growth Ser. Author manuscript; available in PMC 2015 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Equipment (modified from previously published work; Nickel et al., 2004). A: Loading 

beam: a hinged beam facilitated placement of a static load at one end of the beam, which 

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. B: Indenter: the 

acrylic indenter had a major radius of 125 mm and a minor radius of 31 mm, polished 

loading surfaces, and milled holes to reduce the effect of mass on tractional forces 

measurements. The indenter was connected to a pendulum by an instrumented steel strut. 

Strain gauges attached to the surfaces of the strut (see B) measured bending of the strut 

during movement of the indenter over the surface of the cartilage. Tractional forces were 

measured in real time via calibration of output voltages from gauges for given loads. C: 

Electromagnetic force generator: a computer and custom-built software controlled the 

position and velocity of force generator displacement. D: Linear voltage differential 

transformer used to measure cartilage thickness during translation of the indenter over the 

surface of the disc. E: Linear voltage differential transformer used to measure real-time 

horizontal position of the indenter relative to the disc. F: Accelerometer: output of the 

accelerometer was used to identify the start of movement of the indenter across the 

mediolateral axis of the disc. G: Pressure sensitive array: an array of transducers lined the 
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inside of the loading tray and measured pressure along the mediolateral axis of the disc. The 

most medial portion of the disc was positioned over pressure transducer #1 or #9.
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Figure 3. 
Healthy TMJ (disc not shown), right. A: Frontal view, where the condyle is at the end of the 

jaw-opening phase and the 3D reconstruction of the stress-field reveals the congruence of 

the surfaces of the condyle relative to the crest of the TMJ eminence. B: Superior view, with 

the center of the stress-field (minimum condyle-fossa/eminence distance) during jaw 

opening and closing identified by the red dots. The center of the stress-field depended on the 

congruence of condyle-fossa/eminence surfaces at a given jaw position. In this case, it 

tracked along the mediolateral axis of the condyle during the movements associated with 
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jaw opening and closing, starting in the lateral aspect of the joint when the teeth were in 

maximum intercuspation.
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Figure 4. 
Opto-electronic tracking and capture of movement of the mandible in real-time. Three 

triangular target frames, carrying three non-collinear light emitting diodes (LEDs) each (A) 

are shown for the left side. The most posterior target frame is attached to the head reference 

system and occlusal registration appliance. The two anterior target frames defined maxillary 

and mandibular coordinate systems and were fixed temporarily to the vestibular surfaces of 

maxillary and mandibular canines and first premolars on one side by means of custom 

splints. The LEDs determined head- and mandible-related coordinate systems (B). The time-

varying maxillary and mandibular LED positions were recorded by three linear cameras (C) 

with fixed geometry and resolution of better than 10 μm at a sampling frequency of 200 Hz. 

Motion of the lower jaw was calculated relative to the head, thus, head motion was 

eliminated. Motion was viewed in real time during the experiments (B).
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Figure 5. 
Data measured during ex vivo tests on the surfaces of porcine discs. A: Data shown are for 

time during Cycle 1 of indenter translation on disc pair 22 (R = right, L = left). Discs 22R 

and 22L were oriented with medial aspect over pressure transducer #1. Compressive stresses 

(MPa) are plotted on vertical axes and color-coded according to the key. B: Instantaneous 

tractional force and thickness data recorded for disc pair 22. Indenter position (x) and 

velocity (✱) were the same for all discs. Instantaneous tractional forces (Discs 22, R = ■, L 

= □) and disc thickness (Discs 22, R = ◆, L = ◇) were recorded during movement.
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Figure 6. 
An empirical model of the relationship between velocity of stress-field translation, aspect 

ratio of the stress-field, compressive strain3 and tractional forces. Data collected from 64 

porcine discs were fit to a quadratic equation (R2 = 0.83). The tractional forces were 

expressed as a coefficient, where the Fnormal = 10 N. The non-linear increases seen in 

tractional coefficient reflect the effects of stress-field velocity, geometry and compressive 

strain on the pressurization of the fluid within the TMJ disc.
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Figure 7. 
Average cumulative work done per cycle in healthy TMJs and TMJs with disc displacement. 

Data were calculated over 10 symmetrical opening-closing movements of the mandible at 

0.5 and 1.0 Hz in healthy subjects, and 1.0 Hz frequency in subjects with disc displacement.
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Figure 8. 
Gender differences in work done and energy densities in TMJs with disc displacement. 

Average instantaneous values per cycle were normalized to the peak value for all subjects 

for work done and for energy density to illustrate these results in the same figure.
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Figure 9. 
Magnitudes and distributions of instantaneous energy densities in TMJs of one female (top) 

and one male (bottom) subject with disc displacement. Mediolateral position (mm) along the 

mandibular condylar axis is plotted horizontally, where + values are medial and – values are 

lateral. Instantaneous energy density is plotted vertically (mJ/mm3).
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