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This study was designed to investigate stresses in tbe TMJ during
ctencbing in patients ivith skeletal discrepaitcies in the vertical
direction. A tbree-dimensional model of the mandible including the
TM] was used for finite element analysis for the stresses. Tbe
model, referred to as a standard model, consists of 2,088 nodes
and 1,105 solid elements, comprising tbe cortical and cancellous
bones, articular disc and cartilage layer, and periodontal ligament.
Tbe standard model was modified by varying tbe gonial and
mandibular plane angles to simulate vertical discrepancies between
the maxilla and mandible observed in open and deep bites. Stresses
were analyzed on the surfaces of tbe condyle, tbe glenoid fossa, and
the articular disc, and the values were compared to tbose found
with tbe standard model. Stresses increased substantially for the
condyle, tbe glenoid fossa, and tbe articular disc with greater
gonial and mandibular plane angles, and tbose changes were more
obvious in association witb tbe divergent mandihular plane. Tbus,
tbe nature of stress distributions in tbe TMJ was substantially
affected by vertical discrepancies of the craniofacial skeleton. It is
also suggested that these changes in stresses produce a lack of
biomechanical equilibrium in the TMJ, wbich may bave some asso-
ciation with temporomandibular disorders.
J OROFACIAI PAIN !995;9:lí3-léO,
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Temporomandibular disorders (TMD) have become an
important topic in the field of dentistry and orthodontics.
Various studies have been conducted to elucidate the nature

of TMD and the relevant causes,' ' Variable factors have been indi-
cated in these studies as the cause of TMD; thus, the etiology of
TMD is assumed to be multifactorial. Among these factors, it has
been speculated that malocclusion associated with skeletal and den-
toalveolar problems is related in part to the occurrence of TMD,
With respect to this matter, clinical and experimental studies have
been carried out to elucidate the nature of TMD in association
with malocclusion as an etiologic factor.'""'

Stresses in the temporomandibular joint (TMJ) during jaw move-
ments are considered to be of great importance for maintaining
normal structure and function of the TMJ components, as is the
case for other synovia! joints in the human body," Various
approaches have been attempted for measuring mechanical loading
in the TMJ,'-̂ "'" Scott'' and Steinhardt" examined the human TMJ
histologically and revealed a lack of the protective epiphyseal carti-
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Figs la and Ib Three-dimensional model of rhe mandible including the TMJ (¡eft) and blowup (right) nf the TMJ for
finite element analvsis. The model consists of 2,088 nodes and 1,105 solid elements.

läge layer in the TMJ commonly observed in other
synovial joints. From a biomechanical aspect,
Hylander'"* and Brehnan and associates'-' revealed
that substantial loads were induced in the TMJ
during )aw movements and that the loads were the
largest during maximum elenehing. Further,
Haskell et al" and Maeda et al'" demonstrated by
means of finite element analysis that stresses were
induced by clenching in the forward and upward
directions relative to the glenoid fossa. Tanaka and
associates'" investigated stress distributions in the
TMJ in more detail and described that stresses in
the TMJ produced by clenching were substantially
different from area to area and that the compres-
sive sttesses were the greatest in the anterior and
lateral areas of the TMJ. From a clinical aspect,
deformations of the condyle such as erosion, flat-
tening, and eburnation are occasionally observed
in the anterior area of the condyle in patients with
TMD.""-'Frequently these patients exhibit vertical
discrepancies between the maxilla and mandi-
ble.-''"From these findings, it is suggested that
biomechanical changes from stresses may be asso-
ciated with deformation of the hard and soft tis-
sues in the TMJ. However, the association of such
skeletal discrepancies with stresses in the TMJ has
not been investigated.

The purpose of this study was to investigate the
influences of vertical discrepancies of the craniofa-
cial skeleton on stresses in the TMJ during clench-
ing by use of finite element analysis.

Materials and Methods

A three-dimensional model of the mandible includ-
ing the TMJ was created for finite element analysis
from rhe dry skull of a young human being. First,
the skull was cut into transverse sections parallel
to the Frankfort horizontal plane. Photographs of
both the dorsal and ventral aspects were taken of
the sections, and the anatomic structures observed
on the photographs were traced on acerare paper.
These two-dimensional drawings were divided into
a finite number of elements, ensuring that the geo-
metric shape of the model matched the anatomic
structures. All the meshed sections were stacked
perpendicular to the Frankfort horizontal plane to
create a three-dimensional configuration of the
model.

Ihe articular disc was developed between the
mandibular condyle and glenoid fossa, establishing
elements approximately 2.0 mm thick.'' The sur-
face of the condyle was designed to be covered
with the articular cartilage layer 0.2 mm thick on
average."'' Finally, the model was constructed with
2,088 nodes and 1,105 solid elements'* (Figs la
and lh). Hereafter this model is referred to as a
standard model. Five components were integrated
in the model, and the material constants were
defined for each of the components on the basis of
previous experimental data-'"" (Table 1).

For loading conditions, muscle forces and the
lines of actions were determined. The force vec-
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tors were first determined according to the
anatomic areas of muscle insertion and origin; ie,
two points or nodes located in the center of the
areas of muscle insertion and origin were defined
as the points for the line of muscle force. The
magtiitude of muscle forces was determined to
exert a resultant force of 500 N under such an
assumption that the forces are proportional to the
cross-sectional areas.-*"'' During loading, the
model was restrained at the superior region of tbe
temporal bone to avoid sliding movement of the
model.

For stress analysis, the standard model was
modified to represent vertical discrepitncies in the
comple.x, maintaining the number of nodes and
elements for the standard model. The shape of
the mandible was changed by varying the gonial
and mandibular plane angles ro simulate vertical
discrepancies clinically observed in open and deep
bites. The gonial angle in Japanese women vvas
changed from 110.1 degrees to 134.1 degrees in
6.0-degree increments (mean, 122.1 degrees), Tbe
mandibular plane angle to the Frankfort horizon-
tal plane (FMA¡ was similarly varied from 18.5
to 42.5 degrees in 6.0-degree increments.

Stress analysis was executed on a Titan com-
puter (Kubota, Osaka, Japan) by use of an analysis
program (ANSYS, Swanson Analysis Systems,
Houston). Three principal stresses were analyzed
for the condyle and glenoid fossa. For the articular
disc, octahedral normal and shear stresses were
obtained from the three principal stresses. These
stresses were evaluated for five different areas
(anterior, middle, posterior, medial, and lateral) of
the TMJ=- in association with various skeletal pat-
terns.

Results

Mean stresses in the condyle and glenoid fossa
changed with varying gonial angles in a similar
manner (Fig 2). The stresses were almost invari-
ably within the range of llO.i to 122.1 degrees of
the angle. The stresses exhibited an increase in the
absolute value when the angles were more than
322.1 degrees. It is interesting that changes in
stresses are nonlinear in nature and more promi-
nent on the condyle in the anterior and posterior
regions than in the glenoid fossa and other areas,
eg, stresses in the anterior and posterior areas of
the condyle changed from -1.64 and 0.66 MPa at
122.1 degrees to -2.09 and 1.19 iVlPa at 134.1
degrees, respectively. For the articular disc, pat-
terns of normal and shear stresses were somewhat

Table I Mechanical Properties of Different
Components of the Model

Elastic modulus (MPa) Poisson's ratio

Cortical bone 1.37X10* 0.30
Cancellous bone 7.93 x 10' 0.30
Articular disc 4 ,41x10 0.40

(Stress range < 1.50 MPa)
9.24 X 10

(Stress range > 1.50 MPa)
Peno do lita I
membrane 4 90 x 10 ' 0.49

Articular cartilaqe 7 9 0 X 1 0 ' 0.49

different (Fig 3), Normal stresses in the anterior
and posterior areas tended to increase in the abso-
lute value with gonial angles greater than 122.1
degrees, whereas the stresses in the remaining
areas were almost constant. Meanwhile, shear
stresses experienced substantial increases in most
areas, almost 1.5 times the values at 122.1 degrees,
when the angles became greater than 122.1
degrees.

Stresses associated with varymg mandibular
plane angles exhibited more obvious changes
than those with varying gomal angles. Changes in
stresses were nonlinear and particularly drastic
when the angle became more than 36.5 degrees
(Figs 4 and 5). Mean principal stresses on the
glenoid fossa and condyle were almost constant
within the range from 18.5 to 36.5 degrees, and
increased substantially in the anterior and poste-
rior regions with angles greater than 36.5
degrees. Stresses varied from -1.64 MPa at 30.5
degrees to -2.70 MPa at 42.5 degrees in the ante-
rior area of the condyle and from 0.66 MPa at
30.5 degrees to 1.99 MPa at 42.5 degrees in the
posterior area (Fig 4). Normal stresses in the
articular disc showed tendencies similar to those
in the bony structures; however, shear stresses in
all the five areas exhibited substantial increases
when the angles became greater than 36.5
degrees. In particular, the stresses in the posterior
area at maximum were approximately 2.4 times
more than those at 30.5 degrees (Fig 5). These
findings indicate substantial shear deformation of
the articular disc associated with more severe ver-
tical discrepancies.
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Discussion

In etiologic surveys, some specific types of maloc-
clusion were shown to have higher TMD preva-
lences than others.' '" In particular, malocclusions
associated wich vertical discrepancies between the
maxilla and mandible exhibited a substantially
greater incidence ot TMD,""* The present srudy
was thus designed to investigate the association of
vertical discrepancies with biomechanical stresses
in the TMJ with maximum loading during clench-
ing,"'-'

To this end, an analytic model was developed
for finite element analysis. The model was ascer-
tained to be geometrically equivalent to an actual
skeleton used as a standard reference,'" Previously,
biomechanical equivalence was demonstrared in
terms of the mechanical properties of the elements
and by simulating the loading conditions of actual
clenching, as was described in detail in a prelimi-
nary report,"* In this model, the magnitude of the
resultant force from the masticatory muscles was
defined as a constant 500 N. This constant allows
for the exclusion of miscellaneous factors in order
to study the influences of only the skeletal discrep-
ancies on TMJ loading. It is important to take into
consideration that maximal biting force is less in
TMD patients than in control subjects when stresses
in the TMJ are evaluated. However, the present
analysis, as an initial approximation of TMJ load-
ing, provides an insight into the nature of TMJ
loading associated with various skeletal factors.

In the present study, skeletal discrepancies
between the maxilla and mandible in rhe vertical
direction served as the target. Larger gonial and
divergent mandibular plane angles produced
greater stresses in each of the five areas of the
TMJ, although the nature of stresses was invari-
able. Meanwhile, smaller gonial and convergent
mandibular plane angles generated only slight
changes in stresses with a decreasing magnitude in
most regions of the TMJ, Changes in stresses
revealed in this analysis biomechanically depend
on the alterations in the force vectors due to
mandibular rotations.''' Another explanation for
the changes in stresses may be the fact that biome-
chanicai equilibrium in the TMJ is affecred by ver-
tical discrepancies and hence residua! stresses in
theTMJ,''-'-

The present results may be compared with previ-
ous anatomic and experimental findings. Oberg
and associates" demonstrated in a study with
cadavers that erosion and ruggedness of the bony
structures and thinning and/or perforation of the
articular disc were more frequently observed in the

anterior and lateral areas of the TMJ, Kopp" also
reported a higher concentration of ¡;lycosamino-
glycan, which is regarded as a marker of compres-
sion, in the anterior and lateral areas of the TMJ.
Thus, the greater compressive stresses in the ante-
rior and lateral areas revealed in this study may
account for various findings pertinent to deforma-
tions of the bones and articular disc demonstrated
in previous studies-"'"

Further, the present srudy may help explain a
previous finding that occlusions with vertical dis-
crepancies have a higher prevalence of TMD tlian
others,"'" This may be the reason for malpositions
of the condyle in rhe glenoid fossa. Weinberg''"'*
suggested that malposition of the condyle in the
anteroposterior, lateromedial, and vertical direc-
tions is a cause of TMD. In a preliminary study,"̂
the distance measured from the condyle to the
glenoid fossa in patients with internal derangement
of the TMJ was significantly correlated with such
measurement items as the gomal, ramal plane, and
mandibular plane angles. These findings emphasize
that condylar position is more directly relevant to
displacements of the articular disc and rhe subse-
quent internal derangement in the TMJ, Further,
lack of biomechanical equilibrium in the TMJ
induced by the skeleral discrepancies may produce
nonlinear or plastic deformation of the articular
disc, as is observed in tensile tests of the disc,'"
Clinical implications may also be derived from
these observations. Orthodontic patients with ver-
rical discrepancies may easily experience extrusion
of the molars and subsequent clockwise rotation of
the mandible during orthodontic treatment.
Therefore, orthodontists should carefully manage
such patients during treatment because positional
changes of the mandible may produce a biome-
chanical imbalance of stress distribution in the
TMJ, as was indicated in the present study. In the
future, integrated experimental studies will hope-
fully support the above speculations.

Summary and Conclusions

This study was conducted to investigate stresses in
the TMJ during clenching associated with skeletal
discrepancies in the vertical direction m a three-
dimensional model. The model was modified by
varying the gonial and mandibular plane angles to
simulate vertical discrepancies in open and deep
bites. Stresses were analyzed on the surfaces of
condyle and glenoid fossa and in the articular disc,
and the values were compared with those without
any skeletal discrepancies.
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The following results were found:

1, Stresses increased for the condyle, glenoid
fossa, and disc with larger goniai and mandibu-
lar plane angles; these changes were more obvi-
ous with the divergent mandibular plane.

2. The nature of stress distribution in the TMJ
was substantially affected by vertical discrepan-
cies of the craniofacial skeleton, indicating a
possible model for the association between lack
of biomechanical equilibrium and TMD in
patients with such skeletal discrepancies.

References

1. Soiberg WK. Tempo romand ¡bular disorders: Function And
radiological considerations. Br DentJ 19 86;22:195-200.

2. Perry HT. Temporomandibular joint and occlusion. Angle
Orthod l976;46^284-293.

3. Nilner M, Lassing SA. Prevalence of functional distur-
bances and diseases of rhe stomarognathk system in 7-14
years old. Swed Dent J 19S1;5:173-187,

4. Seligman DA, Pullinger AG. Tbe role of intercuspal
occlusal relationships in temporomandibular disorders: A
review. J Craniomandib Disord Facial Oral Pain 1991:
5:96-106.

5. Larsson E, Ronnerman A. Mandibular dysfunction symp.
toms in orthodonrically treated patients ten years aftet the
completion of treatment. Eur J Orthud 1981;3:89-94.

6. Egermark-Eriksson I, Carlsson GE, Magnusson T. A long-
term epidemiologic study of the relationship between
occlusal factors and mandibular dysfunction in children
and adolescents. J Dem Res 1987;6É:67-71.

7. Tanne K, Tanaka E, Sakuda M. Association between mal-
occlusion and temporomandibular disorders in orthodon.
tie patients before treaimeni, J Orofacial Pain 1993;7:
156-162.

8. Mohlin B, Prevalence of mandibular dysfunction and rela-
tion between malocclusion and mandibular dysfunction in
a group of women in Sweden. Eur J Orthod 1983;5:
115-123.

9. Williamson EH. Temporomandihular dysfunction in pte-
treatmenc adolescent patients. Am J Orthod 1S77;72:
429^33.

10. Riolo ML, Brandt D, Ten Have TP. Association between
occlusal characteristics and signs and symptoms of TMJ
dysfunction in children and young adults. Am J Orthod
Dentofadal Orthop 1987;92:467-477,

11. Mow VC, Mak AF. Lubricación of diarrhrodial joints. In:
Skalak R, Chien S leds). Handhook of Bioengineering.
New York: McGraw-Hill, 1988:1-34.

12. Scotr JH. A contribution to rhe study of mandibular joint
function. Br DentJ 1955;17:345-34B.

13. Steinhardt G. Anatomy and physiology of the temporo-
mandibular jointi Effecr of function. Int Dent J 1958;8:
155-156.

14. Hylandet WL. Mandibular function and temporo-
mandibular joint loading. In: Carlson DS, McNamara JA
Jr, Ribbens KA (eds). Developmental Aspects of
Temporomandibular Joinr Disorders. Ann Arbor, iMI:
Center for Human Growth and Development, Univ of
Michigan, Î988a9^35,

Brehnan K, Boyd RL, Laskin J, Gibbs CH, Mahan P.
Direct measurement of loads at the tempotomandibular
joint in macaca atctoides. | Dent Res 1981;60i
1820-1B24,
Haskell B, Day M, Tetz J. Computer-aided modeling in
the assessment of the biomechanital determinants of
diverse skeletal patterns. Am J Orthod 1986;89:
363-3S2,
Maeda Y, Mori T, Maeda N, Tsutsumi S, Nokubi T,
Okuno Y, Bio mechanical simulation of the morphological
change in the temporomandibulat joint. Part I: Factors
influencing stress distribution, J Jpn Soc TMJ 1991;3:l-9.
Tanaka E, Tanne K, Sakuda M, A three-dimensional finite
element model of the mandible including the TMJ and its
application to stress analysis in the TMJ during clencblng.
Med Eng Phys 1994il6:3]ft-322.
Schellhas KP. Internal derangement of the temporo-
mandibulat joint: Radiologie staging with clinical, surgi-
cal, and pathologic correlation. Magn Reson Imaging
198?;7:499-515-
Wilkes CH. Internal derangement of the temporo-
mandibular joint: Pathological variations. Arch
Otolaryngol Head Neck Surg 1989;115^469^77.
Ozawa S, Kyomen S, Oda Y, Okimura A, Tanne K.
Association of craniofacial morphology witb intraarticular
pathosis in internal derangement (closed lock) of the tem-
potomandibular ¡oint. J Jpn Soc TMJ 1994;6:300-314.
Kikuchi K, Tanne K, Takeuchi S, Tanaka E, Sakuda M.
Association between ctaniofacial morphology and condy-
lar position to the glenoid fossa in patienis with internal
derangement of the TMJ. J Jpn Soc TMJ 1994;6:444-A54.
Hansson T, Notdstrom B. Thickness of rhe soft tissue lay-
ers and articular disk in temporomandihular joints wirh
deviations in form. Acta Odontol Scand 1977;35;
281—288.
Pullinger AG, Baldioceda F, Bibb CA. Relationship of
TMJ articular soft tissue to underlying bone in young
adult condyles, J Dent Res 1990;69;li 12-1518,
Carter DR, Hayes WC, The behavior of bone as a two-
phase porous structure, J Bone Joint Surg |Am] I977;59A:
954-962.
Woo SL-Y, Mow VC, Lai WM. Biomehamcal properries
of articular cartilage. In; Skalak R, Chien S (eds).
Handbook of Bioengineering. New York; McGraw-Hill,
1988:H4,
Tanne K, Tanaka F, Sakuda M- The elastic modulus of
the temporomandibular joint disc from adult dogs. J Dent
Res 1991;70:1545-1548.
Schumacher GH. Funktioiielle Morphologie der Kau-
muskuiatur. Jena, Germany: VEP Gustav Eishet, 1961:
l-2é2.
Grant PG. Lateral pterygoid: Two muscles? Am J .^nat
iS73;138:l-10,
Maughan RJ, Watson JS, Weir J. Strength and cross-sec-
tional area of human skeletal muscle. J Physiol 1983;
33:37-^9.
Weijs WA, Hillen B. Correlations between the cross-sec-
tional area of rhe jaw closing muscles and craniofacial size
and shape. Am J Phys Anthropol 1986;70:423^31.
Rees LA. The structure and function of the mandibular
)oint. Br Dent J 1954;9É:125-I33.
Frankel VH, Burstein AH. Orlhopaedic Biomuchanics.
Philadelphia: Lea & Febiger, 1971:19-21,
Oberg T, Carlsson GE, Fajers C-M. The tempoto-
mandibuiat joint, A morphologic study on a human
autopsy material. Acta Odontol 5cand 1971;29:349-3S4,

Journal of Orofacial Pain 159



Tanne el al

35. Kopp S. Topographical distribution of siilphaied gly-
cosaminoglycans m human tcni poro man dibular joint
disks. A histochemical study oí an autopsy material. J
Oral Pathol 197é;5:26.5-276.

36. Wemberg LA. Anterior condylai- displacementi Its diagno-
sis and treatment. J Piosthet Den: l97S;34il9.S-207.

37. Weinberg LA. Posterior bilateral condyiar displacement;
Its diagnosis and trearment. J Prosthet Dent
1976-M-A26-AW.

38. Weinberg LA. Superior condylar displacement: Its diagno'.
sis and treatinent. J Prosthet Dent 197Si34;59-76.

Resumen

Distribuciones del Estrés ert la Articulación
Temporomandibular Cuando los Pacientes con
Discrepancias Verticales del Complejo Craneofacial
Aprietan Sus Dientes

Este estudio fue diíefiado para investigar el estrés en la articu.
lación temporomandibular (ATM) CJando los pacientes con dis-
crepancias esqueléticas en la dirección vertical aprietan sus
dientes. Se ijtilizó un modelo tridirnensianai de la mandíbula
incluyendo la ATM en el análisis del elemento finito para el
estrés. El modelo, considerado como un modelo estándar, con-
sistió de 2 088 nudos y 1.105 elementos sólidos, comprendi-
endo el hueso cortical y canceloso, el disco articular y la capa
del cartílago; y el ligamento periodontai. El modelo estándar iue
modificado variando los ángulos de los planos goniano y
mandibijiar para simular las discrepancias verticales entre el
maxilar superror y el inferior, observadas en las mordidas abier-
tas y profundas. El estrés fue analizado sohre las superficies del
cóndilo, ia fosa glenoidea. y el disco articular, y los valores
fueron comparados a aquellos encontrados con el modelo están-
dar. El estrés incrementó substancial mente en el cóndilo, la fosa
glenoidea. y el disco articular a medida que los ánguios de los
piaros goniano y mandibuiar aumenlaban; y aqueiios cambios
fueron mas obvios cuando estaban asociados a los pianos
mandibulares divergentes. Por io tanto, ia naturale?a de las dis-
tnbuciones dei estrés en la ATM fue afectada substancial m ente
por discrepancias verticales dei esqueleto craneofaciai También
se indica que estos cambios en ei eslrés producen una falta de
equiiibrio biomecánico en ia ATM, lo cuai puede tener alguna
asociación con los desórdenes temporomandibu i ares.

Zusamenfassung

Befaslungsverteiiung im Kiefergelenk während des
Pressens bei Patienten mit vertikalen Abweichungen des
Gesichtsschädels

Diese Studie wurde entworfen, um Belastungen im Kiefergelenk
während des Pressens bei Patienten mit skeiettalen
Abweichungen in vertikaler Richtung zu untersuchen. Ein dreidi-
mensionales Modeli des Unterkiefers einschhesslich des
Kiefergelenkes wurde fiJr eine finite Element-Anaiyse der
Belastungen benutzt. Das Modeii. ais em Standard-Modeli,
besteht aus 3038 Knoten und I 105 festen Elementen, ein-
schiiesslich des korlicaien und Ifabekulären Knochens, des
DISCUS articularis. der Knorpel-Schicht und des parodontaler
Ligamentes. Das Standard-Modeii wurde modifiziert, indem
Gonionwinkei und Winkel der Unterkieferebene vaniert wurden,
um vertikaie Diskrepanzen zwischen dem Ober- und Unterkiefer
zu simuiieren. wie sie in offenen und tiefen Bissen beobachtet
werden können. Die Belastungen wurden auf den Oberfiächen
des Kondylus. der Fossa gienoidaiis und des Diskus articulans
anaiysiert und die Werte mit jenen verglichen, die im Standard-
Modeli gefunden worden waren. Die Beiastungen für den
Kondyius. die Fossa gienoidaiis und den Diskus nahmen mit
grösserem Gonion. und Kieferbasenwinkel wesentiich zu, und
diese Veränderungen verdeutiichten sich mit zunehmender
Divergenz Die Belastungsverteiiung im Kieferegelenk wurde von
vert i ka i en Diskrepanzen des Gesichtsskelettes wesentiich beein-
fiusst. Man gehl auch davon aus. dass diese Beiastungsveran-
defungen ein gestörtes biomechanisches Gieichgewicht im
Kiefergelenk verursachen können, was einen Zusammenhang
mit Myoarthropathien des Kausystems haben mag.
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