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Deficits in movement and bite force are common in patients following segmental resection of the mandible consequent to
oral cancer or injury. We have previously developed a dynamic model to analyse the biomechanics of an ungrafted
segmental jaw resection with unilateral muscle and joint loss and post-surgical scarring. Here, we describe an
inverse-modelling algorithm for automatically predicting muscle activations in the model for prescribed jaw movement and
bite-force production. We present the results of simulations that postulate combined muscle activation patterns that could
theoretically be used by patients to overcome post-surgical deficits. Such predictions could be the basis for future muscle

retraining in clinical cases.

Keywords: biomechanics simulation; inverse modelling; muscle forces; optimisation; dynamic jaw modelling;

hemimandibulectomy

1. Introduction

Segmental resection and reconstruction of the mandible
can result in the permanent loss of some jaw muscles,
altered articular function and significant soft-tissue
scarring, all of which can be expected to affect system
biomechanics. Depending upon the extent of the resection,
post-operative deficits have been reported in jaw move-
ment, bite-force generation and mastication (Urken et al.
1991; Marunick et al. 1992; Schmelzeisen et al. 1996;
Curtis et al. 1997; Roumanas et al. 2006). There are
compelling reasons for defining what is physically possible
for a patient, and whether particular patterns of muscle use
could be employed to compensate for given deficiencies.

Recently, we have been using forward-dynamics
modelling to analyse jaw function with and without
mandibular continuity (Hannam et al. 2010). Simulated
external forces on the jaw and muscle activation, either
singly or in groups, have provided insight into the
movement patterns and jaw instabilities seen clinically.
A particular instance is the resting jaw’s posture after
hemimandibulectomy, which is deviated to the side of the
deficit accompanied by rotation of the mandible when
viewed frontally.

Without experimental data upon which to base muscle
input, however, forward-dynamic simulations require
trial-and-error approaches to determine whether a
particular jaw posture or movement can be attained by
activating the remaining jaw muscles. Here, we describe
an alternative method based on inverse dynamics, to reveal

the muscle forces needed to maintain a midline jaw resting
posture and to perform unilateral clenching in a mandible
without continuity.

Model-based predictions of muscle forces during
movement have been proposed for a variety of
musculoskeletal systems because muscle force is difficult
to measure in vivo (Erdemir et al. 2007). Electro-
myography (EMG) involves transducing electrical signals
associated with muscle activation; however, EMG can be
difficult to record for small, deep muscles in the head and
neck, and the relationship between EMG and muscle force
is complex for dynamic movements (Sherif et al. 1983).
Movement and contact forces are easier to measure
directly than muscle forces, making model-based inverse
techniques which predict muscle forces from kinematic
records an attractive option in future clinical experiments.

Our approach to predicting patterns of muscle
activation is classified in Erdemir et al. (2007) as
‘forward dynamics assisted data tracking’. We formulate
an optimisation to predict muscle activations that drive the
system’s forward dynamics through a prescribed target
movement trajectory. A computationally efficient algo-
rithm to solve the movement tracking problem has been
proposed for gait analysis (Thelen and Anderson 2006)
and hand animation (Sueda et al. 2008). Here, we extend
this approach to include constraint force targets in addition
to movement targets. The constraint force targets are used
to predict muscle activations needed to generate desired
reaction forces in the system, such as a target bite force
during unilateral tooth clenching.
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2. Material and methods
2.1 Inverse-dynamics tracking algorithm

The tracking algorithm was implemented within the
ArtiSynth biomechanics simulation toolkit (www.
artisynth.org, Department of Electrical and Computer
Engineering, University of British Columbia, Vancouver,
Canada; and see Fels et al. (2009)). ArtiSynth is designed
to simulate the dynamics of hard and soft-tissue structures
using coupled rigid-body and finite-element models
(FEMs).

Within ArtiSynth, a mechanical system consists of an
assembly of rigid bodies and particles (which include FEM
nodes). Let x, v and f denote the composite position,
velocity and force vectors for these components, and let f
be partitioned into f = f, +f,, where f, are the passive
forces arising from muscle stretch, ligaments and scar
tissue, and f, are the active forces arising from muscle
activation. The system’s dynamic behaviour is then
determined by Newton’s second law:

My = f(x,v,7) = f,(x, v) + fu(x, v, a(1)), ey

where M is a block-diagonal mass matrix.

We use Hill-type muscle models that are linear in
activation and non-linearly dependent on the length and
shortening velocity, so that

f. =A(x,v)a,

where a is a vector of activation levels bounded between 0
and 100% for each muscle. The matrix A relates muscle
activations to system forces and can be determined either
analytically or numerically; we currently use an analytic
formulation. We neglect the calcium-dependent activation
dynamics of muscle tissue, which are typically modelled
as a first-order low-pass filter (Zajac 1989). The
consequence of this assumption is that predicted muscle
forces could change faster than physiologically possible;
however, this was not found to occur for target movements
with physiologically plausible velocities.

The mechanical system may also contain bilateral and
unilateral constraints; the former include articulating joints
between rigid bodies and FEM incompressibility, while
the latter include contact conditions and joint limits.
Unilateral constraints are not considered in this paper
(as discussed in Section 4), but we do utilise bilateral
constraints, which take the form of linear equality
constraints on the velocity:

Gx)v=0. 2)
Differentiating this also leads to acceleration constraints
Gxv=g g=-Gv. 3)

For example, to constrain one point of a rigid body
to a planar surface, a constraint is formed to prevent

translation of the point normal to the plane, i.e.
G = (ny,ny,n;,0,0,0), where (n,,ny,n;) is the normal
vector of the plane.

Constraints are enforced by forces applied to G7, so
that (1) becomes

Mv = f,(x,v) + A(x,v)a + G (x)A, 4)

where A are Lagrange multipliers giving the magnitudes of
the constraint reaction forces.

Solving the system dynamics involves integrating (4)
forward in time. At present, this is done using a first-order
integrator that is semi-implicit with respect to the passive
forces f, (which are often stiff). Letting /& equal the
timestep, and using a superscript to denote values at step i,
this leads to

Myt =MV + A (x, v) + hA'(x, v)a + G (X)), (5)

where A now denotes constraint impulses. f;“ is
approximated using

, ) § of

i+1 __ i P p

fp ~fp+§AX+WAV
of of

— g Dpgyirt  Op it iy
pt X + v ( )

Combining this with (5) and (3) leads to the system

M —GT)\ [vi*! Mv' + hf, + hAa
= , 6
G 0 A g ©

where

M = (M—h%—}ﬂ%) and f,=f ~ o
v 0x Poov
are the mass matrix and force term augmented with
Jacobian terms required for the implicit solve. Unlike M,
M is neither block diagonal nor symmetric positive
definite, but it is sparse and (for the applications
considered in this paper) symmetric.
Solving for A in Equation (6) we find

A= (GM 'G") 'g — Qk + hAa), @)

where Q = (GM 'G")"'GM ™! and k = Mv' + hf,.
Back substituting for A and solving for v'*! in Equation
(6) yields

vitl — QTg_|_1\7[—1Pf(k+hAa), ®)

where Py = (I — G”Q) is a matrix that projects forces into
the range compatible with the constraints G, and Q7 =
M~ 'GT(GM~'G”)"! (by the symmetry of M). Equations
(7) and (8) relate muscle activations to future constraint
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forces and velocities and can be used to formulate an
optimisation over muscle activations with a cost function
that includes desired movement and constraint force goals.

The movement goal of the algorithm is given as a
target velocity trajectory v*, and we desire to find muscle
activations that minimise (1/2)|lv* — vi*! 1. Substituting
for v from Equation (8), the optimisation term for the
movement target can be expressed as a quadratic form in a:

1
bn(@) =S|IV — H,a|*, )

where v =v* — Q"g — M~ 'P;k and H,, = hM~'P/A.
For a rigid body, such as the jaw, the target movement
can be specified as either the full 6D position and
orientation of the body, the 3D position of a single point on
the body (in which case the body’s motion is partly
unconstrained), or the 3D position of multiple points on
the body (in which case a best least-squares fit to the points
is used). Target velocities can be computed from the target
position trajectory at each timestep providing online
correction to position errors.

The constraint force goal is given as target values for
Lagrange multipliers, A, which are the magnitudes of the
constraint reaction impulses. Given target constraint forces
¢, the corresponding impulses are i¢ and so we desire to
find muscle activations that minimise (1/2)|2&— AP,
which leads to a second term in the optimisation cost
function which is also a quadratic form in a:

1, -
¢¢-<a)=5|\A—Hca||2, (10)

where A = hé — (GM~'G”) " 'g + Qk and H. = —hQA.

We can selectively include a subset of the constraints
into the optimisation term. Static clenching is achieved by
specifying a constant movement target and a non-zero
force target on the bite constraint. The bite constraint is
modelled as a planar constraint surface, and therefore
has a single constraint dimension and a scalar Lagrange
multiplier.

The optimisation problem is underdetermined for a
biomechanical system with redundant muscle activations.
We include a weighted £°-norm regularisation term,
(1/2)a”W™'a, where W is a diagonal matrix of muscle
cross-sectional areas, in order to select the most efficient
set of activations (Ait-Haddou et al. 2004). Other
regularisation terms may be used within our formulation,
such as an £'-norm term, ||al|,, to select the smallest set of
non-zero activations or a damping term, (1/2)|la — ai~!||,
to enforce smooth activations.

Combining the movement and constraint force goals,
regularisation and muscle activations bounds, we arrive at
the complete optimisation problem, which takes the form

of a quadratic programme:
NN Wi (@) + We (@) + %aTW*la
a
subjectto 0 =a =1, (11)

where w,,, w. and w,, are weights used to trade-off between
cost terms. For all simulations, the weights were set to
w,, = 1,w.=1and w, = 0.1 so that minimising tracking
error was preferred over small activations.

The inverse dynamics optimisation is solved at each
timestep to provide muscle activations to the forward
dynamics simulation. The hemimandibulectomy model
considered in this paper contains only one rigid body;
however, other biomechanics models, especially those that
include FEM models, can have many dynamic components
resulting in a large, sparse KKT system in Equation (6).
We use the KKT system solver in ArtiSynth to compute v
and A as well as H,, and H,, which are formed by solving
the system for each column of A. The resulting quadratic
programme is dense but tends to be small since its
dimension is the size of a, i.e. the number of activations
being solved for. The quadratic programme is also convex,
which means it can be solved as a linear complementarity
problem, which is done using an implementation of the
Cottle—Dantzig algorithm (Cottle et al. 1992) contained
in ArtiSynth.

2.2 Model

The hemimandibulectomy model is depicted in Figure 1
and is based on a previous model of the intact jaw system
(Hannam et al. 2008) with modifications including
resection of the mandible proximal to the left canine,
removal of the left joint constraint, removal of a number of
left-side muscles and the addition of a damped spring to
simulate soft-tissue scarring. The inertial properties of the
mandible fragment were computed based on its new shape
resulting in a new mass of 126 g from 200 g for the normal
jaw and a new centre-of-mass shifted from midline in the
normal jaw to inside the body of the fragment inferior to
the second molar.

The intact muscle groups included the right anterior,
middle and posterior temporalis (RAT, RMT and RPT),
right deep and superficial masseter (RDM and RSM), right
medial pterygoid (RMP), right superior and inferior lateral
pterygoid (RSP and RIP), right mylohyoid (RMY), right
and left geniohyoid (RGH and LGH) and right and left
digastric (RDI and LDI) muscles. Hill-type muscle models
simulated individual muscle cross-sectional areas and
length—tension properties and produced passive forces
proportional to muscle stretch and active forces pro-
portional to muscle activation. Muscle cross-sectional
areas are based on previous studies of jaw (Peck et al. 2000)
and floor-of-mouth muscles (Buchaillard et al. 2009) and
are listed in Table 1.
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Figure 1. A model of the jaw after segmental resection with
unilateral muscle and joint loss. Intact muscle groups included
the RAT, RMT and RPT, RDM and RSM, RMP, RSP and RIP,
RMY, RGH and LGH, RDI and LDI muscles. The effect of post-
operative scarring is represented by the SCAR spring element.

The intact joint was modelled as a bilateral constraint
surface, curvilinear in the anterior—posterior direction
to represent the articular fossa and eminence, with no
medio-lateral constraint. A posterior constraint was

included to represent the posterior aspect of the articular
fossa. In all simulations, the joint worked in compression,
i.e. the forces in the system never worked to pull the joint
apart; therefore, it was modelled with bilateral constraints
as shown in Equation (6). For clenching simulations, we
added an additional planar constraint at the right first
molar to simulate tooth contact.

Passive soft-tissue forces representing scarring were
modelled with a linear spring with 200 N/m stiffness that
drew the end of jaw fragment backwards, downwards and
towards the left-side from its initial location in the
intercuspal position (IP). The hyoid was fixed in the
model, which would be achieved by activation of
infrahyoid muscles to stiffen the hyoid; hyoid movement
in hemimandibulectomy patients has not been reported,
but likely differs from normal subjects due to missing
muscle and scar tissue on the affected side.

2.3 Hinge movement simulations

Lateral deviation of a segmental jaw fragment towards the
affected side during opening is likely due to the effect of
post-operative scarring and the unilateral loss of the lateral
pterygoid muscles (Schmelzeisen et al. 1996; Roumanas
et al. 2006). We were interested in determining the muscle
forces needed for midline jaw movements with the model.
Therefore, we simulated movement between three jaw
postures that are illustrated in Figure 2:

e REST a relaxed rest posture deviated towards the
affected side and rotated clockwise in the frontal-
plane.

e OPEN a midline opening posture with 20 mm
interincisal separation and no frontal-plane rotation,
a typically maximal opening gape during chewing.

e CLOSE a midline posture with the jaw closed to just
before first tooth contact.

Two movement simulations were performed: from
REST to OPEN moving the jaw fragment from the
deviated rest posture to the midline, and from OPEN to
CLOSE moving the jaw fragment in centric relation
relative to the maxilla, for a ‘hinge-like’ movement with no
frontal-plane rotation. Smooth target position trajectories
were generated with quintic splines from the start posture
to the end posture over a 0.5 s duration. The target velocity
trajectories were computed online with finite-differencing

Table 1. Physiological cross-sectional area for remaining jaw muscles.

Jaw closer muscles

Name RAT RMT RPT
CSA (mm?) 395 239 189
Jaw opener muscles

Name RSP RIP LDI

CSA (mm?) 72 167 100

RSM RDM RMP

476 204 437

RDI RMY LGH RGH
100 88 80 80
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Figure 2. Sagittal and frontal-plane views of the jaw postures for
relaxed rest (REST), 20 mm retrusive midline open (OPEN) and
retrusive midline close to before tooth contact (CLOSE). The lower
mid-incisor point at IP is denoted by +. Grid spacing is 10 mm.
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which provided online correction of position errors as the
simulation progressed. We specified the full six degrees-
of-freedom position trajectory of the jaw in order to control
its orientation. The target trajectories referenced to the 3D
incisor point movement are shown for REST-to-OPEN in
Figure 3(A) and for OPEN-to-CLOSE in Figure 4(A).

2.4 Unilateral clench simulations

Forward dynamics simulations activating individual
closer muscles in isolation illustrate that unilateral
clenching with a segmental jaw fragment is a potentially
unstable act. The jaw fragment exhibits large frontal-
plane rotations; either clockwise due to masseter activity
or counter-clockwise due to medial pterygoid activity.
We were interested in determining if a stable unilateral
clench could be achieved through the recruitment of an
ensemble of closing muscle groups with appropriately
balanced activation. We performed clenching simulations
with different jaw postures to investigate the effect
of jaw position on the ability of the model to generate
bite force.

oe]

25

Muscle activations (%)

Muscle forces (N)

0 0.1 0.2 0.3 0.4 0.5

Time (s)

Figure 3. Movement simulation from REST (0s) to OPEN (0.5s). (A) Target position and velocity trajectories for mandibular mid-
incisor point in lateral (solid lines), vertical (dotted lines) and antero-posterior directions (dashed lines). (B) Muscle activations and forces

of the primary muscles used to track target trajectory.
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60

Time (s)

0.5

Figure 4. Movement simulation from OPEN (0s) to CLOSE (0.5s). (A) Target position and velocity trajectories for mandibular mid-
incisor point in lateral (solid lines), vertical (dotted lines) and antero-posterior directions (dashed lines). (B) Muscle activations and forces
of the primary muscles used to track target trajectory.

3. Results

3.1 Deviated rest to midline retrusive open

The muscle patterns predicted by the inverse simulation for
the REST-to-OPEN movement are shown in Figure 3(B)
and Table 2. Incisor point movement to midline along with
counter-clockwise rotation of the jaw fragment to a neutral
orientation was accomplished by co-activation of the
right-sided digastric and posterior temporalis muscles.

The average position error of the incisorpoint during the
movement was 0.36, 0.22 and 0.39 mm in the left, anterior

intact mandible.

Table 2. Muscle activations (%) and forces (N) for movements between REST, OPEN and CLOSE postures.

and inferior directions, respectively. Posterior temporalis
inserts into the coronoid process and has a force vector best
angled to apply the required torque to rotate the fragment to
a symmetric midline posture. Digastric is activated to open
the jaw to 20 mm as is the case in retrusive opening with an

Res

t posture % (N)

Peak rest — open % (N)  Open posture % (N)

Peak open — close % (N)

Close posture % (N)

RPT
RSM
RDM
RMP
RSP
RIP
RDI
RMY

2.3 (1.8)
0.0 (0.6)
0.0 (0.2)
0.1 (0.9)
0.7 (0.2)
1.2 (0.8)
1.5 (0.3)
0.4 (0.1)

112 (7.9)
0.0 (1.3)
0.0 (0.3)
1.1 (1.9)
8.6 (2.5)
6.1 (4.1)

20.2 (2.5)
4.2 (0.7)

0.2 (0.3)
0.0 (1.3)
0.0 (0.3)
0.1 (1.0)
4.6 (1.3)
0.0 (0.0)
11.7 (1.0)
3.4 (0.5)

64.9 (49.0)
0.0 (1.3)
7.4 (5.8)
1.1 (2.0)

14.8 (4.3)

38.1 (25.5)

23.1 (5.5)
3.4 (0.5)

40.2 (30.4)
0.0 (0.0)
2.7 (2.2)
0.0 (0.0)
8.7 (2.5)

23.9 (16.0)
6.7 (2.7)
0.0 (0.0)

Note: Muscle force includes both passive force due to muscle stretch and active force proportional to activation.



[University O British Colunmbia] At: 16:59 20 July 2010

Downl oaded By:

Computer Methods in Biomechanics and Biomedical Engineering 489

3.2 Hinge closing from midline open posture

The muscle patterns predicted to move the jaw fragment
along a midline hinge closing trajectory in the OPEN-to-
CLOSE movement are shown in Figure 4(B) and Table 2.
The average position error of the incisor point during the
movement was 0.08, 0.02 and 0.03mm in the left,
posterior and inferior directions, respectively. Posterior
temporalis was again recruited in order to keep the
fragment at midline and its activity increased during the
closing movement. Lateral pterygoids were also co-
contracted, presumably to balance the lateral temporalis
force and to maintain a midline movement.

3.3 Unilateral clench

The three simulated clenching postures are illustrated in
Figure 5 and the predicted muscle activation and force
magnitudes are provided in Table 3. For comparison,
maximal first molar bite force for an intact mandible is
within the range of 216—-740N (Waltimo and Kononen
1993). Clenching with the jaw fragment deviated towards
the affected side was the most stable act. Moving towards
a midline position required muscle recruitment to maintain
the posture and reduced bite-force magnitudes. At 15 mm
lateral and backward deviation of the mandibular
mid-incisor point, the simulation was able to generate
124 N of force at the bite constraint; however, positioning
the jaw medially to a 10 mm deviation reduced the bite
force to 111 N and greatly increased the co-activation of
opener muscles. In the midline posture, the inverse
simulation with a high target bite force was unstable;
however, a stable intercuspal posture was achieved with

WL WL
| /]
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1
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Figure 5. Horizontal and frontal-plane views of jaw postures
for the different clenching tasks. The model was able to generate
a 124 N bite force at 15 mm incisor deviation (15DEV); a 111 N
bite force at 10 mm incisor deviation (I0DEV) and a 25N bite
force at midline IP. The lower mid-incisor point at IP is denoted
by +. Grid spacing is 10 mm.

Table 3. Muscle activations (%) and forces (V) for unilateral
clenching simulations.

124 N Clench 111N Clench 25N Clench
at 1SDEV % (N)  at 10DEV % (N) at IP % (N)

RAT 89.9 (140.9) 90.1 (141.7) 16.3 (25.8)
RMT 0.0 (0.1) 0.0 (0.0) 4.7 (4.5)
RPT 0.0 (0.1) 0.0 (0.1) 2.8 (2.1)
RSM 16.0 (29.2) 19.3 (36.5) 6.8 (13.0)
RDM 41.9 (34.1) 86.8 (70.2) 1.2 (1.0)
RMP 88.8 (154.5) 89.0 (155.5) 11.5 (20.1)
RSP 4.5 (0.8) 15.6 (2.7) 0.3 (0.0)
RIP 5.0 (2.5) 78.0 (39.0) 5.1 (2.5)
LDI 27.2 (4.8) 14.9 (5.1) 0.0 (0.0)
RDI 44.2 (20.0) 77.5 (37.2) 0.0 (0.0)
RMY 4.7 (0.5) 2.3 (0.3) 0.0 (0.0)
LGH 5.3 (0.6) 8.3 (1.3) 0.0 (0.0)
RGH 5.7 (0.7) 8.5 (1.4) 0.0 (0.0)

Note: Muscle force includes both passive force due to muscle stretch and active
force proportional to activation.

a bite force of 25N. The main closer muscles recruited
for clenching were anterior temporalis, medial pterygoid
and deep masseter.

4. Discussion

The simulated recruitment of antagonist muscles for both
free jaw movements and unilateral clenching suggests that
functional deficit caused by unilateral muscle and articular
loss may be at least partly overcome by stiffening the
system with opposing muscles. The current simulations
thus serve as a proof-of-concept of an inverse modelling
approach to determine the biomechanical plausibility of
hypothesised movements and associated muscle patterns
in an altered jaw system. Comparison of the model
predictions with patient data will require significant
quantitative clinical measurements on patients.

In the reported movement simulations, the posterior
temporalis was used to provide a torque to move the
incisor point to the midline in a right lateral movement to
compensate for the left lateral deviation caused by passive
scar-tissue forces. Such a movement would normally be
accomplished by the contralateral lateral pterygoids which
are missing in the hemimandibulectomy case. Ipsilateral
temporalis contributes to normal lateral movement
(Miller 1991); therefore, it is plausible that the right-side
posterior temporalis is recruited to compensate for the
missing lateral pterygoid muscles in a left-sided deficit.
Ipsilateral lateral pterygoids co-activate with posterior
temporalis, which is atypical but necessary in the model to
generate medial forces at the condyle to balance the lateral
forces generated by posterior temporalis. We expect that
the inclusion of lateral constraint at the joint, such as the
lateral aspect of the articular fossa or the temporoman-
dibular ligament, would reduce the need for lateral
pterygoid co-activation.
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Predicted muscle activations are affected by the choice
of regularisation term in the optimisation (Equation (11)).
Different optimality conditions have been proposed for a
variety of physiological and numerical reasons (see Ait-
Haddou et al. (2004) and Erdemir et al. (2007)). We use an
£%-norm weighted by the inverse of each muscles cross-
sectional area. The main difference observed with
weighted regularisation was in the relative contribution
of synergistic muscles. In the lateral pterygoids, for
example, the inferior-head activity was increased and
superior-head activity decreased when using the weighted
regulariser as compared to an unweighted £%-norm,
because the inferior-head is a significantly larger muscle.
The relative scaling of antagonist groups was unaffected
by regulariser weighting as it is prescribed by the
requirements of tracking the target trajectory.

Our current tracking algorithm is formulated only for
bilateral constraints. Contact modelling requires unilateral
constraints that add inequality conditions on the dynamics
equation of the form Nv = 0 (see Fels et al. (2009)). This
limitation reduces the number of tasks we can currently
model: in hinge jaw opening, the condyle does not move
forward off the posterior joint constraint, and in clenching
the teeth are always in contact. It is possible to model
contact as bilateral constraints that appear and disappear as
contact is made and broken; however, this can lead to
oscillating or sticking behaviour. We are investigating
methods to formally include unilateral constraints in the
inverse formulation.

The model currently has a number of limitations.
Lacking literature on the mechanical properties of wound
scarring after mandibular resection, we currently model
post-operative scarring by a simplified spring element.
The scar force determines the model’s rest posture and,
therefore, has a significant effect on muscle activations
predicted to move the jaw fragment back to midline.
Clinical measurements of the functional effect of scar
tissue, such as jaw stiffness at different postures, are
needed to adapt the scar-tissue model in an individual
subject to predict subject-specific muscle activations.

The bite constraint, modelled here as a planar contact
surface aligned to the occlusion plane, simulates a patient
with flat teeth. Here, we found it impossible to hold a
midline IP and generate a bite force more than 25N.
Moreover, all bite forces were considerably less than those
normally generated in the intact jaw during tooth
clenching, i.e. 216—740 N (Waltimo and Kononen 1993).
A reduced capacity to generate bite force in the present case
can be expected given the loss of half the closing muscles.
Notwithstanding the additional, atypical contributions of
antagonistic muscles made available in our simulations, the
postural effect on bite-force generation reflects the extreme
biomechanical conditions needed to create any significant
unilateral bite force in the hemimandibulectomy patient,
and it is unlikely that the eccentric jaw positions in our

study are achievable in practice. It remains possible,
however, that the dental interface has a significant effect on
inverse predictions of muscle activity during clenching.
In future work, the shapes of the occlusal surfaces
commonly used in post-surgical dental reconstruction can
be incorporated in our model, making it possible to study
the effects of occlusal configurations on system bio-
mechanics and predicted muscle patterning.

To conclude, we believe that computer modelling
presents a promising approach for understanding the
biomechanics of surgically altered musculoskeletal
systems. Inverse modelling techniques allow for systema-
tic analysis of muscle forces rather than trial-and-error
specification of input muscle patterns to a forward
dynamics simulation. The inclusion of constraint forces
in addition to movement targets in our inverse modelling
scheme allows us to simulate dynamic clenching with the
jaw model. In future studies with models of normal
subjects, where simultaneous movement and EMG records
are available, we hope to refine the inverse optimisation
parameters and evaluate predicted muscle patterns for
stereotyped movements.
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