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ABSTRACT
The purpose of ‘this 1nvest1gat1on was to develop an in
vitro model and a.mathematical model of the human mandxble
"to determine the effect of occlusal p051t10n; occ}usal
angle, and muscle‘forces upon occlusal loads and joint
reactions. The two models agreed with each other and
collaberated with most in vivo experimental findings and
showed. that (1) for unilateral occlusion in the molar
region, contralateral T™MJ loads exceeded ipsilateral TMJ
loads; (2) as the p01nt of occlusal contact was moved from
the first bolar distally, occlusal loads increased and TMJ
loads decreased: (3) contralateral TMJ loads decreased as
" occlusal angle was chahged from that of anlunworn dentition
to a worn dentition while ipsilaté?el TMJ loads increased.

and occlusal loads remained fairly .constant.
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LIST OF NOMENC(&ATURE

Angles Class I Occlusion: a 'norméi' occlusion;

Balancing Side: the opposite‘side of the méndible'on which
occlusion is occuring.

Bilateral: affecting both sides.

Bolus: a small round lump or mass.

Cathetometer Comparator: an optical device used to measure
changes in angle. |

Compact’Bone:‘densgly packed béﬁe consisting largely
of concentric lamellar osteons and interstitial
lamellae. | |

Condyle: the rounded process ;t the end of a bone.

Contralateral: the opposite. side. '

Cranial: pértéining to the skull

CurQe of Spee: anatomicai curvature of the occlusal -
alignment of teeth beginning & t.= tip of the

g lower‘cuspid following the bu:zcal cusps .of the natural
bicuspids and molars, continui- to the anterior border
of the rqmué. | )

_ o , L

Cusp: the elevat}ons‘qn the chewing surface of a tooth.

Dentition:s relating to‘the arfangement of teeth in the
mogthp |

Electromyography: the electrical response of a muscle tissue
to nerve stimulation.

Eminence: a raised area of bone.

Eoramen Magnum: the opening ét the base of the skull thfough
which the spinal cord passes.

xii



Force Vector: a vector which defines both the direction
and the magnitude of the force.

Fossa: a cavity or small hollow.

Incisal: referingnto the front teeth between the canines in
either jaw.

Insertion: the point of aftachdent of a muscle to the
bart that it move&i

In Vitro: isolated from the living organism.

In Vivo: occuring within a living ofgahism.

Ipsilateral: the same side

Ligament: a band of tough tissue connecting bones.

Mandible: the lower jaw.

Mastication: chewing or grinding of food.

Maxilla: the upper Jjaw.

Moment : the product of a'force and its distance from a point
béf reference.

O;clusal Angle: the anglé between the occlusal plane and
the line of action of the occlusal force.

Occlusion: the way in &hich the upper and lower teeth fit

| together. : : —' .

Origin: the less moveable of the two points of attachement
of a'muscle, usually to the more rigid'part of the

) skeleton.

Orthoganél: aftright angles.

Ossebus: bony

position Vector: a vector which defines the position of a
~point in relation té an origin,

v
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Process: a projection or outgrowth of bone.

Reaction: ah>opposing force. : ‘

Staticaliy Determinate: a problem which is solvable.

Strain Gauge: a wire foil which changes résistance in direct
proportion to changes in strafn.

Synovial Fiuid: clear lubricating fluid secreted by the
‘membranes of joint cavities.

Temperature Compensated: a circuit insensitive to changes
in electrical resisténce‘from changes in temperature.

Trabecular Bone: bo&e in which trabeculae are
interconnected to form a latticework with
intefstices filled with connéctive tissue or bone
marroy.

-Un?latefal: one side only.

Ungt Vector: a vector whose length is ﬁnify.

Vertical Vernier: a measuring instrument which measures
length vertically.

Wheatstone Bridge: a divided circuit used to determine
change$ in electrical resistance.

Working Side: the side of the mandib1e on which unilateral

mastication is occuring.
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1. INTRODUCTION AND Ol}AL ANATOMY
The human temporomandibular joint (TMJ) is cohprised of soft
tlssue and osseous components The soft tissue components of
each joint 1nclude an articular disc, fibrous connective
tissues, and four major ligaments. "The osseous components
include the condylar process of the mandible and the
articular eminence and glenoid ﬁosea of the temporal EOne
(figure 1). This joint, which is involved in the movements
of the mandible, including speech, ingestion, and |
maétication, is perhaps the most complex joint in the body.

Its' complexity arises from the ability of this joint to

facilitate both rotation and transletion, unlike any other

human joint.

Recent'studies neve shown that the TMJ is often subject
to dysfunction and disease [25, 26]. Mandibular dysfunction
is a musculo-skeletal disorder that involves tissue injury
[84]. These tissue injuries involve a spectrum of change
from remodelling to éegeneretive joint disease within the

3

joint. It has also been noted that'hypefactivity of the

~muscles of mastication may damage these muscles leading to

pain and altered muscle function [83]. In generai
investigators of mandlbular dysfunctlon have concentrated on

the structure and function of the jaw including the

‘structure of the .TMJ, muscles of mastication, and.the dental

occlusion. The present study considers all of’gkese areas

but the focus will center around the TMJ components.
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There has been increased evidence that a.major factor
involved in development of these clinical problems is joint
force which exceeds the. adaptive capab111t1es of the joint
(61, 64, 65]. Clinical studies have also indicated a strong
possibility that TMJ dyefunction is correlated to the loss
of posterior teeth and dento-skeletal abnormalities such:as
mandibular asymmetries [20]. It is therefore hypothesized
ehat the loss of posterior teeth or.dento-skeletal, |
abnormalities alter the resultant joint forces during normal
mandibular function.

The purpose of this study was to develop both in vitro
and mathematical models of the human masticatory system,
Whlch allowed examination of. the effect of occlusal p051t10n
(missing teeth), occlusal angle, and bite load upon ]Olnt
reections. The in vitro model was developed first, as it
established the correct anatomical probortions. The | |
mathematical model was then developed from measurements of

the in vitro model. Once the two models were in agreement,

the mathematical model was further utilized to investigate
the effect of occlusal angle, muscle force, and occluding
pes'tions~upon joint reactions.

ANATOMY

.1.1 STRUCTURE

Refer to figure 2 for anatomical reference planes and

/di:ections. The human TMJ includes the condylar process, an
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articular disc, the articular eminence and gleniod fossa of
the temporal bone, and assoc1ated l1gaments (figure 3). The
-fossa, em1nence, and condyle are made of compact bone on
their outer surfaces ‘supported by an 1nner network of
trabecular bone and are covered by a thin layer of fibrous
connective tissue. The articular disc is a pad of fibrous
connecti?e tissue which is interposed between the condyle
and the eminence/fossa structure, separating the joint into
~upper and lower compartments. Lubrication for the joint is
provided by synoviél fluid. The following ligamgnts
~encapsulate and stabilize the joint: the tapquE; ligament,
‘the‘lateral ligament, the sphenomandlbular lldgment and the
stylomandibular ligament (figure 4). Because’ éf the unique
structure of this joint, the condyle can be t nslated
- forward onto the eminence, rotated in’ the saglttal plane,
and :otated in the coronal plane‘(flgure 5). ﬂ

The mandible (figure 6) is a structure made of an outer
layer of. compact bone, supported by an inner network of
trabecular bone. One of 1its functlons ¥; to ;ﬁpport teeth
and the occlusal loads resu1t1ng from them. The teeth are
held.to the méndible in bony sockets by periodontai
ligaments. During'forceful occlusal contact, the forhes are
"transferred from the teeth by the periodontal ligaments into
the supporting structure of trabecular bone and from‘thence

into the dense compact bone of . the mandible [76, 77].
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1.1.2 MOVEMENTS i

The mqvementé of the mandible can in general.be
categorized in;o two divisions: free movements. and
masticatory.movéments. gfee movements inciude_Opening,
_.closing, prot;usion, retrusion, and lateral movements.
Masticatory movements- are those which involve forcéful
5cclusal'contact, such as iﬁcisal biting and grinding
movement< (mastication). In this study, only the forces N ;
developed in mastication are examined. | . \

Mastication can be subdivided into three basic
. movements: opening,‘closing, and power strokes (figure 7).
In the opening stroke, the-molar teetﬁ on the.occludiﬁé Sidé
of the mandiblesare moved laterally and inferiorly. To |
accomplish this, thg ipsilateralf condyle rotates and shifts
laterally while the cqnt:alaﬁera13 condyle is translated
anteroinferioriy and mediélly onto the eminence. Thevclosing
.stfoke follows, in which the ocqluding molar teet" are moved
superiorly and mediélly into the bolus of food. To
facilitate this ﬁovemeﬁt, the ipsi;éteral-condyle rotates in
its fossa while the contrélateral'condyle_is translated
posterosuperiorly and lateraIl& back into its fossa. The

power stroke then occurs, in which occlusal contact takes

'ipsilateral refers to the same side of the mandible on
which-occlusion is occuring -for example: if occlusion is
occuring in the left molar reégion, the ipsilateral condyle
would be the left condyle.-Another common word used for
ipsilateral is "working". » ) -
zcontralateral refers to the opposite side of the mandible
on which occlusion is occuring. Another common expression
for contralateral is "balancing”.
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1.1.3 MUSCLES
‘The muscles involved.fn the power stroke of mastication
are the deep and superficial masseter, the temporalis,-the
medial.pterygoid, and the lateral pterygoid muscles. The
tempofalis muscle is fan;shaped ahd briginates from the
lateral surface of the temporal bone (figure 8). The muscle
fibres converge and pass between the lateral surface of the
"skull and the root of the zygoma, inserting primarilly into
the medial side ofvthe'coronoid process&élong its anterior,
superior, and posterior borders.
The deep and superficial massetér musples both .
‘originate-at the antenibr port;on of the zygoma&ic arch and
;nsert on the.lateral extgfnal'surface of tﬁe mandibular
;amL (figure 9).- The superficial maéseter muscle is lateral’
¢ the _eep masseter muscle, and originatgs anterior to the
deep masseter mﬁécle. | |
” The medial (internai) pterygoid muscle originates from
the pterygoid plate of the sphénoid bone and inserts on the
medial side of the manﬁibular angle and ramus, rising
superiorly to the mandibular foramen (figure 10). This
muscle is a counterpart of the masseter muscles and its
direction in the sagittal .plane is somewhat between the deep
%Egﬂsuperficial masseter muscles. H

The lateral (external) pterygoid is composed of two

.heads. The larger inferior head has its o:igin at the
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lateral ptery901d plate, whlle the superlor head orlglnates
from the greater spen01d wing. The superlor head attaches to
the anterior portion of the artlcular disc and condyle and
the inferior.head'inserte into the medial and anterior.
surfaces of the neck and condylar process (figure 11).
During the power stroke, the 1nferlor head is inactive,

while the super1or head .exerts a stablllzlng force, helplng

to hold the condyle against the articular eminence [a6].

1.2 LITERATURE REVIEW

For many years researchers have debated as' to whether
the mandible functions as a 1e¢§£ or link. By functioning as
a lever, it 1s meant that‘the T™™J functions as the fulcrum
of a lever system, in which trhe condyles are loaded;: a link
_refers to a case where the condyles are off-loaded during
forceful occlusal contact. Due to the variability in'nuscle
forces and'directions, both possibilitiestcould exist: At |
the heart of this debate was the issue of TMJ loading: could
-the joint support a load? Proponents of the link theory
presented a seemingly convincing argument that the joint was
poorly suited to support loads (based primarily on the fact
that the roof of the glenoid fossa was extremely thin) (71,
78, 821, “bnt recent research has shown that this is not
correct (1t is the eminence which supports the load not the
fossa) [30]. It is now generally accepted that the ]01nt is

capable of supporting substantial loads and is functionally

loaded [6, 7, 15, 30, 66, 75].
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Recent experiments by Hylander [31, 33, 34] using
honkeys (macaques) have further substantiated the lever
theory. Macaques were chosen since their masticatory system
is somewhat'similar to mans'. By implénting'strain gauges in
vivo on fhe.neCk of the mandible, it was found that the
condyles were loaded during mastication and that’fof
unilateral occlusion in the molar region the contralateral
condyle supported more of the load. It is suggested that
this is also the case in man.

Much work has been done Fo measure Qcélusal forces.
Most researchers have found that occlusal forces increase as
the point of occlusion moves from the inéisors distally,
although some reseércheqs-have found that forces on the
second molar (M2) are sometimes le$s than those on fhe first
molar (M1) [22, 23, 24, 43,44, 58, 60].

Electromyography (EMG) has provi@ed researchers with a
bétter'understanding.of'muécie activity. By inserting |
eiectrodes into the muscle‘fibers, the eléctrical activity’
of the muscle can be monitored. The gréater the electrical
activity of‘the muscle, the greater the forcé the muscle is
exerting [37]. The masseter and.temporafis muscles have been
studied in much detail, but studies on the pterygoid muscles
are few due»té their inaccessibility. While EMG is |
inaccurate at predicting the éxéct force a muscle is
exerting [67], it is a good predictor of when a muscle is
active and can give’some measure of the degfee of activity.

One important finding is that the anterior and posterior
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fibers of the temporalis muscle function independently so
that the direction of the force of this muscle and its
"magnitude can vary considerably with the point of occlusal
eontact [2;: 3]. -

Substantial research has been done in the area of joint
remodelling and degeneratlon. There are several ways the‘TMJr
remodels itself in resbonse to increased joint loads: the
shape of the condyle ehanges through bone deposition‘and
resorbtion to distribute ‘the load over a larger area in
torder to reduce stress levels; the thickness of the fibrous
connective tissues 1ncrease~ and the qualities of these
tissues improve (resiliancy is 1ncreased) [47].

As the functional loads exceed the adaptlve
capabilities of the articular osseous and soft tissue,
degenerationibegins to occur. The thickness of the fibrous
connective tissues decrease, their properties deteriorate,
and much bone resorbtion occurs [54]. Failure to adapt to

these excessive loads has been shown to lead to degenerative

joint disease (osteoarthritis) [25, 36, 64].



2. PHYSICAL AND MATHEMATICAL MODELS

Two models were developed: an in vitro model and a
mathematical model. The in vitro model was developed from
modifying an existing human skull while the mathematical
model- was based upon measurements from the in vitro model,
allowing comparisons to be made. The in vitro model is
described in section 2.1, and the mathematicel model in
section 2.2.

. The in vitro model’was developed to aid in
conceptualization of the masticatory'systeﬁ and te<make.
development of the methemafical,model easier. It ensured
acc&ratersseous anatomical proportions aed allowed for
modelling muscles in locations and directions as close to |
the in vivo situation as pessible. Results from the in vitro
modelvcould‘then be compared with the mathematical model to
check the accuracy of the matﬁemetical model. The
mathematieal model alldwedAtests to be performed over a wfde
range of occlusal angles, occlusal positions, and muscle

forces with much greeter ease and accuracy than the jin -

vitro.

2.1 IN VITRO MODEL
‘The in vitrobmodel utilized a skull with Anéles' Class
1 occlusion [51]. The skull was attached to a test frame an&
"muscle" forces were applied.to the mandible (figure 12).
, L

Unilateral occlusal loads were then measured together with

the resulting bilateral TMJ loads.

20
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2.1.1 SKULL MODIFICAfIONS - PHYSICAL ARRANGEMENT

In order to hold the skull securely, it was attached to
the test frame through'the forahen magnum. The base of the
posterior cranial fossa was filled with epoxy’ along with
the exterior shrface~of the occipital bone surrounding tﬁe
forémen magnum to create two. flat and parallel surfaces. A
hole was drilled through the epoxy and foramen magnum,
allowing the skull to be bolted to the test frame (figure
13). To prevent the possibility 'of fracturing the facial
bones, the maxilla was reinforced with a steel plate
- anchored to the foramén magnum supportA(figuré 14).

Since the test was static, the articular disc was
modelled simply bf uéihg a matefial which would giv; a close
approximation of the disc thickness between the condyle and
eminence. This was facilitated by using Reprosil Putty'.to
fill the space between the'condyles and their ﬁoése and
eminences while maintaining full occiusal contact in tﬁé_
molar region.

As ocqlﬁsal loadg are greatest when the bite opening is
small [3], it was decided to keep the bite opening at a
minimum while measuring occlusal loads. Since ﬁhe smallesi‘
.praétical design for a bite force transducer (BFT) was 8.9

“mm thick, the molar section of both the maxilla and the

mandible were modified. The molar teeth were encased

3 Araldite 509 combined with micro glass spheres -
CIBA-Geigy Canada Limited.
‘Reprosil Putty, DeTrey AG.



SKULL MODIFICATION —'i'OP VIEW
o FIGURE 13
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SKULL MODIFICATION — BOTTOM VIEW
| FIGURE 14
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in quartz resin® and then milled on a vertical m{iling
machine to obtain two flat and parallel suffaées séparated
on both the left and right sides by 8.9 -mm with a bite
opening of 2.0 mm (blte opening measured at the central
incisors) (figure 15). This ‘allowed the BFT to be ea51ly“
placed anywhere in the molar region to measure occlusal
loads at a small bite opening. The removal of the cusps of
the molar teeth was also desirable to énable contact over
the fullimeasuring surface of the BFT to avoid errors {9
occlusal force measurements. The occlusal angle thus formed
was 90 degrees (angle between coronal plane and the line of"
action of the occlusal force as viewed in the axial plane)
(figure 16).

‘The BFT was fabricated from tool steel and consisted of
two beams clamped at one end and beld apart by knlfe edges
at the other end and-at the centre (figures 17 and 18).
Brass plates (slightly narrower than the bite table of the
in vitro model) were bonded to tﬁe beams to ensure that the
occlusal load would always be applied to the. same place on
“the transducer. Strain gauges were mounted on the outer

ﬁ‘surface of the thinner sectlon of ‘the beams, éo that thé

o

;/ transducer would be very sensitive to small 1oads. These
i

!

/ gauges were both in tension when the bite force was applied.

Each gauge was connected in a Wheatstone quarter bridge

circuit . (figure 19).— -

N

sConcise Comp051te, 3M Dental Products.

4
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'MOLAR-TEETH ALTERATION -
B FIGURE 15
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FIGURE 18
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The muscles of mastication were modelled usihg
kevlar*. The muscles modelled were: the deep mas;eter, the
superficial masseter, the medial pterygoid, the anterior l
tempor;lis and the posterior femporalis. The latefal
pterygoid.wés not'ihciuded: as the force exerted by'thié
muscle was ‘believed to be‘comparitiVely sméll and it pdsed
gfeat difficulties to include it intthe model (refer to
‘sectaon'3.3‘fo: an analysis of this muscles’ significance).
The origin and insertion of the mgscles were determined by
‘inte;preting oéseous irrequlartities produced by the
driginal musclevattachments and ‘'were refined with reference
to several anatomy texts’[TZ, 29, 68, 72]. The kevlar
strands were bdnded to the mandible with epoxy’ along tbé
area of muscle insertion (figure 20). The area of insertion
was first_etched with phospho:ic,acid, rinsed with distilled
‘wagér, and then:ai;‘dried to obtain a éurface suitable for
the application of the epoxy. The "muséles" were aligned by
‘passing the kevlar throdgh the area of origin to a muscle
force transducer (MFT). The medial pterygoid‘muscles
‘required removal of boﬁe in‘the anterior cranial fossa
lateral to the crista galli and sections lateral to the
midline of the frontal bone in order to pass the kevlar
through the skull (figure 21). The zygomatic arch was also
partially removed in order to align the masseter muscles

correctly (figure 22). Care was taken not to modify any

anatomical parts critical to subsequent testing.

¢ Uniaxial kevlar - Hallcraft Plastics Limited.
” Araldite 502, CIBA-Geigy Canada Limited.



KEVLAR ATTACHMENT
| FIGURE 20
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| FIGURE 21
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The kevlar strands were attached to the MFT'sh which
were attaehed to turnbeckles suppor ted from the test freme.
"Mﬁscle" forces-were applied by tightening'the kevlar with
the turnbuckle and the forces were measured by the MFT's.
These transducers were fabricated from -aluminium (figures 23
end 24).. The of fset centre section of each transducer caused
one side tofbe in tension and the other sfde in compression
due to the bending moment involved. By mounting one strain
gauge on the ten51on side and one on the compression 51de, a
temperature compensated'half bridge circuit was formed
(flgure 25) '

Measurlng the TMJ loads was difficult for two reasons:
the size of the joint was small and the force had to be
.measured in three orthogonal planes. This was done by
utilizing two strain gauge instrumented cantilevered beams
of aluminum, one for each joint (figure 26). Eech beam was
centered superior to the glenoid fossa, followed by bondlng
to the superior surface with epoxy"*. The fpssa and eminence
were then cut‘awey from the rest of the skull, so that aﬁy
force applied by the condyle would by éupported by the beam
'_alone (figures 2? and 28). Eedh beam was instrumented with
~eight etrain gauges; each gauge was connected in a quarter
bridge configuration (fiéure 19); By analysing the output of

each gauge, the direction and magnitude of the condylar load

could be .determined.

saraldite 502, CIBA-Geigy Canada Limited.
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Each transducer was calibrated to determine strain

output as a function o% force. Refer to Appendix A for'a

detailed description of this calibration. All transducer§
were connected to;a Vishay/Ellis Digital Strain Indicator’
eq;ipped‘for autométic scanning. Output from the |
Vishay/Ellis'was read by a Hewlett Packard calculator'®
programmed to convert the strains into the épplied and
resultant forces.

Although the MEFTs were temperature-compensated; the BFT
and CFTs were not. Potential problems stemming from the
vndﬁ—compensated‘bridge circuits were avoided by making use
of the Vishay Ellis 20's capabilit?.to scan from bridge to
pridge. Thus each'indiv;dual bridge was exéited only for a

short period

.

‘Guring data acguisition (less than two seconds

A

per bridge), so that errors due to bridge imbalance caused
by resistance heating of the strain gauges were not-a

significant factor. Furthermore, as all tests were done at

-

room temperature (constant over the test period), bridge . 'r;

o

imbalance due to changing ambient temperature was avolded.
2
2.2 MATHEMATICAL MODEL

The mathematical model was based upon measurements

-

aken from the skull used in the in vitro model. Force
A -

vectors were used tc represent the muscle forces and vector
analysis determined the resulting occlusal and_joint loads.

'Vishay/Ellis 20 combined with Vishay/Ellis 21 and
Vishay/Ellis 25. o
‘9Hewlett Packard 9825A desktop calculator.

.

ﬁﬁf._
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£

A computer program was used to carry out the analysis once

f

muscle forces and directions were specified.

2.2.1 PHYSICAL DESCRIPTION

The areas of muscle insertion were carefully marked out
on the mandible of the in vitro model as previously
mentionéd. They were subsequently measured along with the
position of thé molar teeth and condlyes using a machinists
microscope'' and a vertical vernier'?. The centroid of the
~area of muscle attachment was then evaluated ;%d taken as
the pbintkof application of the muscle force according to
the method of Dostal and andrews [11]. Thé angles at which
. the szcles aﬁtached (with respect tc the Saéittal and axial
planes) were measured fromv;he in vitro model with a
cathetometer cohparafor‘i. The muscles considered'were the
témporalif (divided into posterior and anterior sections),
”the deep masse&er, the supérficial masseter, the‘méégal

pterygoid and he lateral pterygoid (inferior head) m.: .c

L1}

A Cartesian coordinate systeﬁ.centered at the acex
the ieft condylar process was used (figure 29), with ot
vectors i, j, and k in the x, y, ané z directions
respectively}bThe centroid of the aréa‘of muscle attachment
was then expressed as a positibn vectdr in ;ermé of i, %,
and k. The muscle fofce vector was expressed in,térms 55

‘“Leitz Universal Toolmakers Microscope Model UwWM.
“:Brown and Sharpe Vernier Height Gauge.
i sprecision Tool-and Instrument Company Limited.
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_its:‘magnitude and a normalized vector in the direction of
the force. Table 1 lists thé mucle force vectors and their
position vectors. The model Qas made symmetric about the-
hid-sagittai plane, removing ény‘minér asymmetries of the in
vitro model.

After specifying the muscle forces and the angie of
occlusal contact, vector analysis was used to solve for the
-condyiar forces and directionS-,.as well as the occlusal
forces. The éqUationé used weré: the sum of the forces must
be zero in the x, y, and z directions; and the sum of the
‘moments about the x, y, and z axes must bé zero. It was aiso
assumed that the reaction on the left conayle would be the
same as that upon the right condyle in the direction
»perpendicular to the sagittal plane (ie.‘in the
y-direction). This assumption was necessary to reduce the
problem to a staticaily determinate one. The error generated
by this assumption was small»since the reaction in the
y—di;ection‘was small in comparison with the totai joint 3

L0

load.

2.3 MUSCLE FORCES

One of the major unknoyns in both models was the valﬁe
of the various musclexforces in the configurations tested.
Because d%‘fhegun¢ertainty of theéé force values, muscle
forces were dgtermined from two'paraheters: muscle

cross-sectional area and electromyographical (EMG) data. The

in vitro model was tested with forces based on
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TABLE 1: HUSCLE-PARAMETERS

MUSCLE . I 50SITION VECTOR prT_SORca VECTOR -
v**.{;************* . *****‘****‘;******‘*‘ ’ **t******-****}****
LEFT POST. TEMP. | 1.35}-@.185{0;00k -0.76i+0.105+0.64K
LEFT ANTR. TEMP. {.48i-0.203-0.26k -—0;34ﬁéo.o7j+o.94k
'LEFT DEEP MASSR. v’.25i+0.0Cj—’;75k ';0\181+o}27j*o.94k
CrEFT SUP. MASSR. 1ﬂ251{;.05j&1.?5k  L0.i5i-0.275+0.95k
- .LEFT MED. PTERY. - ‘O.88i-_O.25j—'1'.'7~_5.k 4 .+O.03"i—0232j+0-94k
LEFT LAT. PTERY..  C.25i+0.00j-0.25k.  +0.94i-0.253-0.25k
. RIGHT POST. TEMP. | 1.351-3.42j+0.00k -0.761-0.103+0.64k
RIGHT ANTR. TEMP. .. 4Bi-3:405-0.26k - -0.341-0.073+0.94k
RIGHT DEEP MASSE. .'1.251—3.60jfi,75k' 20.181-0.273+0.94k
RIGHT SUP. MASSR. w}zsi—3;65j1r.§5k ~0.151-0.273+0.95k
RIGHT MED. pTER§.L "o.éai-a.SSjQw.75k ~ +0.031+0.323+0.94k

RIGHT LAT. PTERY. . 1 0.25i-3.601-0.25k ~0.94i+0.257-0.25k
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cross-sectional area only (Type I), while the mathematical

model used both these forces (Type I) and forces based upon -

cross-sectional area and EMG data (Type I1).

2.3.1 TYPE, I

This scheme was based‘upon muscle cross-sectional area
only. Muscle cross—sectlonal reas measured by Schumacher .
[16] were used. If a muscle/g:d a cross-sectional efea of
ten square centlmeters, it was glven a force of ten units.
' The sum of all muscle forces was set to add to 100 un1ts
w1thout the lateral pterygoid muscle force. With the lateral
pterygoid muscle (superior head) force included, the muscle
forces summed to'108 units; Research has indicated that the
Abalancing_side Wysculatufe is not;ae'active as ‘the working
side during unilateral mastication [50], therefore the
rcontribution of the.balancing side muecles was decreased
incrementally. The. 100% case used Edeetical musele-ferces on
the working and balanc1ng sides. The éOW,case used the same
forces on the worklng side as in the 100% case, but only 90%
of the forces were used on the balancing side. TheABO% case
used only 80% of the workinéleide forces on the. balancing
side; the 70% case used only 70% on the balancing side; and
so on. The contributioh of the balancing side musculature |
wes‘iné:ementallf reduced_by 10% ‘each time, from 100% down

to 50% (figures 30 and 31).
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2.3.2 TYPE 11
This.scheme was based on cross-sectional area and EMG

data. EMG data from Carlsoo, Pruim et al, Mushinoto et al,

and Moller [8, 50, 52, 59] was used to form a basis of

_relative muscle activity. This was then used together with

. By . . ..
muscle Cross- sectlonaL etermine indivrdual muscle

v

forces. For example qrf
of 10 square cen;ymet

capablllty of 10“u5rt§k

TN T ‘,

"was 85%- act1ve,‘then the” force exerted by this muscle was
set at 8.SVUDits; As in Type'I, the sum of all muscle forces
was set to 100 .units Qithoqe~phe Lateraidpterygoid mqscle.
force (figure 32). With the lateralepterygoid muscle
(superior. head) force included, the muscle forces SUmeed to

v

* 108 units.

2.4 METHOD OF TESTING

Tests QEre'performed on the in vitro model using Type I
muscle forces (at 100%, 80%, and 60% levels, without
inclusion of the lateral pterygoid muscle>force). A minimum
of three tests were performed at each ocFﬂusal positon at
each force level. Each test was performed ;>dependently (ie.
for each test, the BFT was rep051tlooeéi arl,brldges were
balanced, and muscle forces were ?eé;plied); Teéts were also

performed ‘on the mathematlcal model u51ng Type I muscle

forces (without 1nclu51on of the latera; pterygoid muscle
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forces; at }00%, 80%, and 60% levels) to compare resulté
with the jn vitro tests, M

Further testing was done én the mathematical model
using Type I (at 100%, 90%, 80%, 70%, 60% and 50% levels)
and Type I1 muscle forces with the lateral ptery901d
.(superlor head) muscle forces 1ncluded and the occlusal
“angle (Figure 16) was varied from 75 degrees to 105 degrees
in 5 degree increments. Tests to determine the resulting
occlusal and ™J loads to éhénges in muscle forces, muscle

positions, and muscle angles were also performed on the’

mathematical model.



3. RESULTS AND DISCUSSION

"3.1 MODEL COMPARISON
Tﬁe in vitro model was tested with Type I muscle’
forces, without lateral pterygoid muscle force, at the 100%

80%,‘agd 60% levels, with the occlusal angle set to 90
degrees. Occlusal loads were .measured at M1, M2, and M3
unilaterally. The mathematical model was also tested uoder
the same conditions for comparison. These results are ‘shown
in figures 33, 3§qhand 35. |

The results‘lndlcate that the models correlate

reasonably well, asﬁihe same' general trends are ev1den8 for
occlusal and ™I ld:&g 'The greatest deviation between‘test
systems occurs in the ipsilateral TMJ loads for unilateral
'occlu51onrat M3 (30% for Type I muscle forces at the 100%
level; 37% for Type I muscle forces at the '80% level; 34%
for Type I muscleldorces at the - 60% level). Occlusal loeds
correlated muchvbetter, the largest'dlfference was 19%‘E13%
for Type I muscle forces at the 100% level at M2r 19% for
Type 1 muscle forces at the 80% level at M3; 19% for Type I
muscle forces at the 60% level at M2) The best‘correlation
between models was found for contralateral TMJ loads,‘wﬂere
the largest difference was 13% (13% for Type I muscle?fortes
at the 100% level,éf M2; 5% for Type I muggig'forces ét:the
80% level at M1: 6% for Type I muscle forces at -the 60%f |

ji_%gyel at M3).

Yz?_l.: P
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. The deviation begfween the in vitro and mathematical
models can be accounfed for by several factors. First of
all, due to the small forces which were to be measured, the

force transducers were designed to be very sensitive. In the

case of the MFTs, this also created sensitivity to torsional

" - . ’
; . , L

loads, which were often present from turnbuckle adjustments.

[ 21

Errors in measurement of muscle

T v - .

as large as twenty per cent.

orces were estimated TC be.

The second factor causing discrepencies between models

) . e Q
was the difference in musele'attachment»points. The
. o

mathematical model used a single point (the centroid of the

areaf the of insertion); the in vitro model used kevlar

-t
ot
o]
8]
jos
Vs
-]
[fe]

bonded over the full area of insertion. Wien a

kevlar strands from -he mandible to the MFTs, it was

1mp0551ble to ensure that all strands were evenly tlanLened
Thus, when muscle forces were applied, some st:ahds were
sub]ected to greater loads thaneothers. The net ef ect of

this was ﬁhat the centrcid of thevaoplied muscle force no

»

longer coincided with the centr01d cof the area ofJJnsertlon

s

creating a discrepency between quels.

_Further- inaccuracies between models resulted from the

difficulty in-positioning‘ihe kevlar "muscles" cf the in

& Ll

VItPo model. The angles at wn;ch the muscles were positioned

-~
are only within £ive degrees of tite.desirec angie. This“

resulted from problems associated w:th bonding the kevlar tc

‘the mandible. Although great care-was taken to attach the

kevlar at the ccrrect angle, this proved to be exceedingly ",
- . Ty B . L - . N
- )

’ Aatiae .
"'60»'1' ’ .
I - : .
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. ¥
L fficylt. Alsc, the keviar st rands exhibited a tendency to

omy
[

wick the epcxy away from the manclbxe pefore fhe epexy

X

'

cured, causing fibers to become na*cened ‘or up to 2 Lo
centimeters from the point of attachment. Thls created

fur-her ‘problems, as the-kevlar no longer had the

‘.

the attachment angle
‘“’L,"%

e errcrs i~ force measurement 1o the mathemagical

'

model and differerces tetween models In muscle attachment

{m-g and muSc.e attachment ang.es can be shown to account

tnr -he deviation in results of the models, as will be

discussed fTrther in -he .sensitivity analysis in section

tred from the in

(t-
o]

“

o)

2y ncred =ha: each po
U itrc model represernts the average of several tests (minimum

cf three). If sre were -o seiectiveiy disregard points which

red erronenus, -he [n vitro model would correlate much

.ne‘*wa¢m ce. iliustrate that, for unilateral

ccclusioﬁ;u*q».TMv ‘s_woaoed .This was "found to be the case

in every St J rion ot § 72 FJ**ne*mo e, contralateral TMJ
_lcacs wiZ?%tsua;ly ex ~eed *cs-ﬁa*erc ''TMJ loads. Flgure~35
int could bhe é;:éinec wHere the 1ps*. eral
= R ETAES .
o LA B S

i comn *axatera- ™J ioads. Thls occurs when

i

-he ‘contralatera. muscle fo:”eS‘have been'*eﬁucpc to.60% or
) . . : @

-

ggs‘ci -ne ipsilateral muscle forces. Howeve:,;i; is not
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likely that this would occur, as EMG data\indicates that the
contralateral muscle forces -are generally in the order of 70
to 100 per cent as active as.the ipsilateral side.
urthermore, as prev1ously mentloned studies by Hylandér
[33, 34] have shown the contralateral TMJ loads to be hlgher
for monkeys with a fused symphisis (an animal with a
somewhat similar masticatory system to the human system).
Research by Caputo et al [66,75] has also indicated higher:
contralateral TMJ loads for gnilateral occlgsion.
Thus it can be said with some cqnfidence that the TMJ

ié loaded, and contralateral TMJ loadé will excegd
ipsilaééral TMJ loads for unilateral occlusion in the molar

n losing te®th

region. This illustrates a p0551ble danger i
in the molar reglon if, for-example, molariﬁ%eth were lost
un{laterally, the 1ndlv1dual would be forcejwto mastlcate '
primagily on-one sidefof;thegmandible only. The resulp of
this wOuid be that Bne TMJ (the contralatep%&)”wouidAalwayé'
b§ subjected to hlgher loads than the other TMJ (the
1p51lateral). Thus it 1is 1mportant to malntaln occlusal

surfaces in tbe molar region to avoid subjecting one TMJ to

consiétently highét‘loads than the'other.

3.3 EFFEC.T OF LA'i‘ERAL ?TERY‘GOI.’I')\MUSCLE FOR&E
The mathemat cal model’ was .t testec ‘with Type I muscle
forces f(at '00%, 90%, 80%, 70%, 60%, and 50% levels) both

with and without lateral pterygoid muscle (superior head)

force. Occlusal angles (Figure 16) were varied from 75
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. : 5
~degrees to 105 degrees in 5 degree ‘ncrements. Figure 36

| compares results of these tests at the Type I - 100% level.
at an ¢ *iusalbangle‘of 90 degrees; These results are
”typlcal for all cases tested and shoﬁ’that, while lateral
ptery901d muscle'(superlor head) forde may siightly affect
the magnltude of the TMJ loads, 1t w1ll not change the
trends involved. It was found that the major effect of this:
muscle wasdto change the angle of- the TMJ reactlon, which
-sdppontssghe.contentlon of McNamara [46] that the superior‘
»head of the latetal ptery901d is pr1mar1%¥ used for ’

'U.' ‘1 o

zdefull occlusal conxact
w'

StabllIZIDg the condyle durlng.fo

The effect on occlusal loads was m1n1mal asggne would

\

expect from the p01nt of 1nsertlon of this muScle
P

3.4 EFFECT OF OCCLUSAL POSITION
| Tests were performed with the mathematlcal model to
.enalpate the effect of occlusai p051t10n, using both Type I
(at the 100%, 90%; 80%, 70%, 60%, and 50% levels) and Type
I1 musqle forces Occlusal posdtion was tested at M1; M2 and
M3 for occlusal angles of. 75 to i05 degrees.. f?ﬁ

Flgures 37 38 and 39 1llustrate‘the effect of
‘occlusal p051t10n on occlusal force and TMJ reactions. As
the occlusal p051t10n %s moved from M1 to M3 (from the first
jmolar dlstally) occlusal loads 1ncrease,‘1psilatera; TMJ
}oads decrease;, and contralateral TMJ loads decrease
slightly. Figures 37; 38[ and 39 are results for:an occlusal

" angle” (Figure 16) of 90 degrees; sdmilar trends were

..
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observed for a.lL occlusal angles examined (75 to 105

degrees).

As men:ioned in section 1.2, some researchers have
ound that owgiusal *5ads increase, while others have found

[ 4)

that occlusal loads decrease, as the.point.of occlusal

-cntac+t {s moved jistally. Both the in vitro model (with

Typé I musc.e-icrces' and ~he @a:hemati:al model (with Type
© and Type 1. muscle forces) suppert the finding of
~-reased co-.usa. .oads as the. point cf occlusal - ntact 1is
moved i -he Zistal Girection.

Lowewer, -here are two distilnct areas in which both
models Siffer fror che 17 VIVO situation. The flrst.is that
~ ~la f-r-ss were ~CT ad-usted for the three different

coints i occiusion. Since MU erupts much sooner that the’

rirely possible that the musciles

t
Y
D
2]
(@}
t
o
LY
t
1Y
[§
[
o)
Ve
ot
+
wn
(4]
3
ot

¢ mas-ication may De selective.y more developed for

applying scclusal force at M: in some individuals. This
~oul3 Foocount for the finding of decreased occlusal loads as

-he pcint of ocolusion was moved from M1 distally.
-ne second difference between the in vivo situation-.and

;hegméﬁe;% <~ -n:s study was that thé Curve of Spee was
hé:gﬁ'if ’ée model.s lie. an:eropoéterior inclination of
::;:saéipléne~was not changed from M! to M3). Studies.
~v Ckane ez a. (53] nave shown ~hat bite force decreased
wne wne o2cIlusal f:ane was changed‘+/1§,degrees (in the

; .
_ar-erccpostericr sensel) IrOm ~he normal bite plane. Thus 1t

y
4]
1,

%
@]
[34]
)
(R4
14
[N
[ 1
]
W
ot
[
wy

he deviaticp of the occlusal plane from
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the Curve of Spee in the models should cause a decrease of

occlusal force.
o

"

3.5 COMPARISON OF MUSCLE FORCES

Figures 37, 38, and-39 also show the effect °
utilizing the varidus Type‘I and Type II muscle forces. As
the contralatefal muscle force contribution‘is decreased
(ie. from Type I at 100% tp TypevI at 50%); occlusal loads
and contralateral ™J 1oads decrease, whlie ;p51lateral T™J
loads increase. AsS previously mentloned this will cause a
_p01nt*to be reached where 1p51latera1 T™J 1oads exceed

-

Coﬁﬁhﬂ?ateral TMJ loads

Do

I at 100m, as this is the only case where Type I muscle
forces sum to the same total as Type II muscle forces.
Figure 37 reveals that both schemes develop nearly 1dent1cal
occlusal loads (Type I1 occlusal loads are slightly less
that’TYpe I at 100%). Figure 38-shows that ipsilateral TMJ
loads are greater fof theeType 11 muscle.forcee; Figure 38
indigcates that contralaterel TMJ loads are less for the Type
II muscle'fofces. | | |

Since the peak T™MJ loads‘areereduced (contfaLateral ™2
loads are‘decreased)Qwithout siggificantly aléeffng bhe‘;
oeclusal forces whee:Type 11 muscle,forces are used ¥s:tcead
of Type I puecie forces, the Type IIvmus:le forces,:esui: in

an improved situation from the point of view of TMJ .ocacsy

Although ipsilateral TMJ loads are increased, they are still’

ype 11 muscle forces shoqu only be compared w1th Type -

R



‘unilateral occlusion at M2 and M3. Occlusal loads are

The effect of occlusal angle on 1p51lateral and

R | ' 67

beWow the contralateral TMJ. loads. Thus is expected that the
TypesI1 muscle force scheme more closely models the in vivo

situétion (on the basis that the in vivo system would mast

certainly adapt itself to keep TMJ.loads at a minimum

without sacrificing occlusal force). v

3.6 EFFECT OF OCCLUSAL ANGLE
The mathematical model was tested with both Type I and
Tvpe 11 muscle.forces-(Type I at 100%, 90%, 80%, 70%, 60%

and 50% levels). The occlusal angle was varled from 75

-

degrees:to 105 degrees in 5 degree 1ncrements for unllateral

occlusion at M1, M2 and M3. : “&Q*

Figures 40, 471, and 42 show the efféct of bcclusal_lf

angle (Figure 16) on occlusal force and joint reactlons for

C.‘z, .
1 N a

unilateral’bcclusion-at M1, Slmllar trends were found for

affectedibery little by occlusal«angle, as showr Fibuﬁe'

]

40. A mlnlmgm,ls reached at an occlusal angle’ of 90 deg;ees.

! D 4
FE LR
: : ’-Jﬁ.

contralateraltTMJ loads is guite marked vAs the angte,,su

R
i

~ -\‘

varied from 105 to 75 degrees (unworn dentlt;pn‘to worn

dentition), insilateral TMJ Yoads increasé, while

czontralateral TMJ loads decrease L ' . ¢

e
&

The efFect of occlusal angle_ on TMJ and occlusal lo ads

s

‘was determined w1thout adjusting muscle forces w1th changlng

occlusal angle. Studles have not been conducted to 1solate¢’

the effect of tooth wear upon EMG activity of the muscles of.
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mastication, s it @ not ‘mpssible tc de efm he Lhe va;zclty
oo C e ‘*-*’ |
cof not changing r _e forces as the PTG USE: angle 1s Y
’ v ‘:, N . '3 B
changed. All tha an be conclude@ is fthat”the mathematical

) . . .
. x“ - Y A - -
model’ chows an-¢mprovea division of the\i9acs cn¥the TMJs

with, incregsed tooth wear. -
. u b3 o,
5 ' bt . .

L ) foy . ‘ ;

A . C e '

3.7 SENSITIVITY.A o .

- . . L ¢
B ) ”Het~a*"eme-Lca“mddel was unill
b
v
k""_\ . :r‘ % — . L :
s leye.ssvarying from i00% <o 5C% in 0% increments. The Type
% - .
4 hd M "

11 resulss aré the averages of tesys run at M!, M2, and M3

L " ‘. ) R . E . ) )

with occlusa. angles wvarying .from {7% degrees tqg/ 105 ~degrees

‘ : . ' AL ok '

1n-:=d gr e.:ncrementg, » . “3? i . J

..+ The effect.cf muscle fo:cé is shown in figure 43. Ih i

thlS case each muscle eorce was increa d by 20%

sequentlal}y and the resulting change in loads expressed 3

a.percentage,for both Type I and Type IL muscle forces.
/ ¢ )‘ ' . B . » ./',..(

(\‘\'
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The ipsiiateral TMC loads are the most *sensitive to
o e : . g

changes ir, muscle fcrce. As one would expect, :the ' <
) . o ‘:«(‘% - n
ipsilageral TMZ loads are mcsi¥affected by changes 1n the.
ipsilateral muscle forces, while the contralateral TMJ loads
are most mffected by changes :n the contralateral muscT O

forces,. Alsc, L MCSt cases,

_ocads tc be aga:in mcre aifect
T '
TMJ lcads or occiusa: icads.

changed by S degrees 1n the

_the axial plane for each. muscle 1nd1v1dually

the musc.e positions siowed

f.24

ipsilateral TMS

atera.

}—

~her

[oN

e Tnany el contra

Occliusal .cads wWere somewhat

‘e
ffected, while contralateral TMJ loads'seemed,very
) K ’ e - &
insensitive. The anterior remporarls and deep masseter
: ‘ <
muscles caused theg largest changes in loads when the:ir
N TR : -
positions were~varred.' ‘\5\ ¥
. o R ‘ A _ S T
Finally, the ef ect of muScle angle was examined. The
angles at: wp;chhthe muscles lnserted%gﬁ‘xhe mandlble were o

sagittal plane and 5- degrees in

The_change in

loads resultlng from these ﬁhanges in muscle angles were - o

expressed as a percentage. These -are shown in flgure 45
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TM3 loads betfween the models; this is certainly
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explainable with reference to the sensitivitles discussed.
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5% the mandible were iost,-tgrc1ng the majorlty of

4. CONCLUSIONS

4.1 MODEL DEVELOPMENT

I" virho and mathematical models have been developed.
. . 9 )
The mode.s were found to be 1n agreement with ‘each other
uL:h.":%roér.men:ag sncertainties. The mathematical model
was fff:oer stilized Q: examine the effect og occlusal ‘
angle, lcTiusa. %{Simionj and muscleoforcés on occlusal aha*
™C -oags The séooztj;i:ies of theo;alcolated'loads oo thé‘

Ciss.iLie variaz:ons i the {Apur variables were examined.
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“The models showed that, 14 a-.: cases “es-2d, the TMJ

1

g

was .cagec and -t

e -onrra.atera. TMJ lcad was usually larger

whan che ipsilateral TMJ load for unilateral'occlusion.'The

ficance of this :s that if the mo L ar Leeth on one 51de
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 mastjcation:to occu:.onoune oppo? evside"one TMJ would

.then. be subjected.to con51stenbly hlgher loads than the

other. Thus 1t 1s 1Mpor_ant tomaintain occlusal ;ontactS'in
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: R . .
"the molar reglon on both &eft ‘and rlght,sides-to'mainuain a.
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more even glstrlbutlon of TMJ loads , . IR L
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# ¥ 4.2.2 OCCLUSAL POSITION -~ - ’
e . )
. Unilateral occlusal .oads increased as tne scolosa.
. 3 . N ,

_position was moved from M' =t M3, wn..e bowh Tontralatera.
and ipsilatera. TMJ loads decreased..Th:is resyult was
“obtair. T without adusting muscleni-rzes for diiferent

! ) N . : * . : . . . , .
. occlusal pesitions. Some researchers nave Itunl tnac
o ~eclusal’ lcads decrease from MIoto MIL o wi.e TTners ma .
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resu;t was:determinci without adjustingfﬁuscle forces with
oL . C A JrCE: .
-, g - s ﬁ 3 . ’: . ) ) .
. chang ng occl gsal angi e. "Occlu 5{1 loads were fgund to remain
. . ﬁ»?‘ ‘ .. ‘ ‘ - . IR : .
<, Falfly constanL[ whlle/the 1DSllateral TMJ. loads increased
sllghtly The net result is that the hlgnest WMJ loads (the
o _comtralateral TMJ loads) are decreased w1thout Loss of
occlusal force as teeth wear, prov1ded the muscle forces do
not change W1th tooth ‘wear. Thus there s a more favourable
i .N\‘. -~ -
. A
: i



e

':3n:ralateral TMJ.loads‘than Type‘i,'while occlusal loads

idento—Skeletal-abno;maliﬁies upon TMJ loads.~The muscle
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distripurion ©f ‘TMJ loads with increased wear of the molar

[
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4.2.4 LATERAL PTERYGOID

.

“he _ateral pterygoxd muscle (superlor head) has no

iirecr effect upon occlusal loads. Its 1nfluence on TMJ

S-ads was alsc minimal in comparison to-the other .musc¢les

-~ns:.:jered. I'ts major function during unilateral occlusion

) . . 4 . ARY

wiold appear o be in lendinq stability to the condyles.
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5 MUSCLE FORCES 0’  fU- o
fype T and II muscle force sc“emes botﬁigevealed the. e'ft
"G A —' -~ ? | ‘,. ,.‘ 1 - - "71 a v .
sare :trenas I coTtclysgl ana TMI Icaas For occlusal p051t10n
) .o e ”TJ“

ard ang.e. Howewer, Type Il muscle’ forces resulted in lower
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remained Virtualiy -the same. Thus @ybe I

b
<

mpscleﬁﬁdrces werev‘
better chan.Type‘Z muscle forees, as an imp:oyed'eitUaﬁion'
is:treeEeda&ie;.the cbntralagerél TMQ load, which wa's the
highest TMJ load, was, reduced“at the expense of an 1ncreaeed

. S

ipsi ilat }al'TMﬁ-load). Thi 4;llustrates the 1mportance of ol
. Sy : e

"stng e;ectromyograph1cal déta 1n evaluatin? muscIe forces.
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v' Kaving developed a nathematlcal model further research

can Aow‘be conducéeg?to determlne the effect of ’
'antero—posterlof 1ncllnat10n Cof the occlusal plane end i ‘3
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forces used in the mode:
.accurate measurements of,
position ‘and electromyogr
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APPENDIX A

CALIBRATION

1 BITE FORCE TRANSDUCER (BFT)

The BFT was calibrated by applying a known torce to the |
brass plates on the transducer (refer to figure 17L, and
measuring the corresponding output from both strain gauges.
The force was_applied in 5 1bf- (22 N) 1ncrements from 0 to
lOOilbf (0 to 445 N) by an Instron test machine', and the
strain output was measured with a Vishay/Ellis digital
strain indicator?. Several tests Qere run to ensure
repeatability,vThe transducer-yas found to be linear in
response, but quite sensitive to alignment (with respect to
the applied load direction) ‘Misalignments of approxiamately
5 degrees produced errors as large as 19%. For ‘the force
levels measured in the in vitro testing, the error in

4

readings taken from the BFT was less than 10%.

2 MUSCLE FORCE TRANSDUCER (MFT)

The MPFT was calibrated using dead weights suspended
from the transducer through a kevlar sling and weight ’
" hanger. weights/were applied in 5‘lhf (22 N) increments,.up
.to 30 lbf\te 3 N), and the corresponaing strain output was
measured w1th the- Vishay/Ellis dlgital strain 1nd1cator. The

! 50 000 1bf Instron Open Loop Test Machine set .in
compression mode: 0-100 lbf range.

1vishay/Ellis 20 combined w1th Vishay/Ellis 21 and "
Vishay/Ellis 25. )
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output of these transducers nas not lineaf and each{one
requ1red a fourth order least squares curve to accurately
represent’ the response. The repeatablllty ‘of these
transducers was not .good, due to a su;prlslng sensitivity\ to
torsional loads. Repeatability was éreatly improved if‘care
was taken to eliminate- any tor51onal loads on the |
transducer. Even so, the MFT's were only con51dered accurate

LY

within 20%.

'3 CONDYLAR FORCE TRANSDUCER\ )ZFT)

The condylar force transducers (CFT's) were also
calibrated with dead-welghts. Weights were applled in 2.0
1bf (8.9 N) increments, up to 20 lbf (89N), and each gauge
was monitored wi;n.the.Vishay/Ellis digital strain
indiéator. Loads were applied at an angle to theitransducer
in'5 degree increments, with angles varying +/- 30 degrees
in the aagittal plane, and +/- 15 degrees in the axial
plane. Output of these transducera nas bdtnvlinear and
highly repeatable. The maximum error was in the’order of

v

©0.3%.



