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Computational modeling has improved our understanding of how muscle forces are coordinated to
generate movement in musculoskeletal systems. Muscular-hydrostat systems, such as the human
tongue, involve very different biomechanics than musculoskeletal systems, and modeling efforts to
date have been limited by the high computational complexity of representing continuum-mechanics.
In this study, we developed a computationally efﬁcient tracking-based algorithm for prediction of
muscle activations during dynamic 3D ﬁnite element simulations. The formulation uses a local
quadratic-programming problem at each simulation time-step to ﬁnd a set of muscle activations that
generated target deformations and movements in ﬁnite element muscular-hydrostat models. We
applied the technique to a 3D ﬁnite element tongue model for protrusive and bending movements.
Predicted muscle activations were consistent with experimental recordings of tongue strain and
electromyography. Upward tongue bending was achieved by recruitment of the superior longitudinal
sheath muscle, which is consistent with muscular-hydrostat theory. Lateral tongue bending, however,
required recruitment of contralateral transverse and vertical muscles in addition to the ipsilateral
margins of the superior longitudinal muscle, which is a new proposition for tongue muscle coordination. Our simulation framework provides a new computational tool for systematic analysis of muscle
forces in continuum-mechanics models that is complementary to experimental data and shows
promise for eliciting a deeper understanding of human tongue function.
& 2012 Elsevier Ltd. All rights reserved.

Keywords:
Tongue
Muscle function
Finite-element methods
Forward-dynamics tracking simulation
Muscular-hydrostat modeling

1. Introduction
Muscular-hydrostats are complex biomechanical systems
found in nature as tongues, tentacles, and trunks. These solely
muscular organs are biomechanically distinct because they
generate deformation, articulation, and movement without
the mechanical support of a rigid skeletal structure (Kier and
Smith, 1985). Instead, mechanical support is thought to be
achieved by the incompressible nature of muscle tissue, as well
as synergistic activation of orthogonally oriented muscle ﬁbers
(Gilbert et al., 2007). Muscular-hydrostats share common
architectural features for which a biomechanical explanation
has been posited: longitudinal muscle ﬁbers are arranged at the
peripheral margins of the organ to create bending movements
through unilateral recruitment (see Kier and Smith, 1985,
Fig. 7), and muscle ﬁbers are arranged perpendicular to the
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longitudinal direction (either transverse, vertical, radial or
circular) to create longitudinal elongation by reducing the
transverse cross-sectional area of the organ (see Kier and
Smith, 1985, Fig. 5). While muscle architecture appears linked
to biomechanics in muscular-hydrostat systems, the way in
which muscle forces are coordinated to control movement and
shape deformation remains unclear.
Computational modeling has been widely used to analyze
musculo-skeletal biomechanics; however, modeling muscularhydrostat systems entails a number of speciﬁc challenges as
compared to musculoskeletal systems. Musculoskeletal models
typically represent muscles as massless springs and neglect the
effects of soft-tissues (Pai, 2010), whereas muscular-hydrostat
models require a continuum mechanics approach to represent
soft-tissue deformations. Finite-element (FE) methods are commonly used to represent the large number of degrees-of-freedom
associated muscular-hydrostat movements, including bending,
twisting, grooving, elongating, and shortening.
A number of macro-scale FE models have been developed to
simulate 3D deformations of tentacles (Yekutieli et al., 2005; Liang
et al., 2006) and tongues (Wilhelms-Tricarico, 1995; Buchaillard
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et al., 2009; Fang et al., 2009; Wang et al., 2011; Stavness et al., 2011).
Previously reported muscular-hydrostat models are commonly based
on idealized morphology, however Mijailovich et al. (2010) developed
a highly detailed 2D mid-sagittal model of the tongue derived directly
from myoﬁber tracts measured with DTI. Mijailovich et al. used an
inverse technique to predict muscle activations during swallowing,
however, the majority of previous FE muscular-hydrostat models rely
on manually tuned muscle activations to generate biomechanical
simulations.
For musculoskeletal systems, inverse simulation techniques,
such as forward-dynamics tracking simulation (see Erdemir et al.,
2007, for review), have been applied to automatically predict
muscle forces for prescribed kinematics, including lower limb
(Thelen and Anderson, 2006; Hamner et al., 2010), hand (Sueda
et al., 2008), and face (Sifakis et al., 2005) movements. Little
work has been reported for inverse simulation methods applicable to FE models. Inverse methods are particularly useful for
models of high complexity, such as muscular-hydrostats, where
the relationship between force and movement is not readily
apparent from inspection and manual tuning of muscle activations is tedious if not impossible. Forward-dynamics tracking
simulation is a promising inverse approach because the target
movement can be speciﬁed in a sub-set of the degrees-offreedom, and the system dynamics are used to ﬁll in the other
unknown/unconstrained kinematics. To the best of our knowledge, forward-dynamics tracking simulation has not previously
been used to analyze biomechanical systems without skeletal
support.
The purpose of this study was to uncover the coordination of
muscle forces during muscular-hydrostat movement using
forward-dynamics tracking simulation. We developed a tracking
controller for FE muscle models and used it to predict muscle
forces for hydrostatic tongue movements, including anterior
protrusion, upward bending, and lateral bending. We hypothesized that contralateral transverse and vertical muscle recruitment
would contribute to lateral bending in additional to lateral longitudinal muscle recruitment described by Kier and Smith (1985).
Moreover, we expected that the muscle activations predicted by
our inverse simulations would be consistent with electromyographic recordings for tongue protrusion (Pittman and Bailey,
2009) and tissue strains measured by tagged Magnetic Resonance
Imaging (MRI) for tongue bending (Napadow et al., 1999).

2. Methods
We developed a tracking-based inverse controller for FE muscle models and
compared tongue muscle forces predicted by the controller to published data for
number of putative tongue movements. The tongue model and controller were
implemented in the ArtiSynth biomechanical modeling toolkit (University of
British Columbia, Vancouver, Canada, www.artisynth.org). For a detailed description of the ArtiSynth forward-dynamics and FE simulation framework see Lloyd
et al. (2012).
2.1. Inverse simulation framework
We formulated a tracking-based inverse controller, similar to the ‘‘Computed
Muscle Control’’ algorithm (Thelen and Anderson, 2006) that is generally applicable to
both FE and rigid-body biomechanical models. The controller solves a local optimization problem at each time step of a forward-dynamics simulation in order to ﬁnd a set
of muscle activations that drive a biomechanical model through a target movement
trajectory.
Forward-dynamics simulation involves solving for the motion that results
from applied forces, using Newton’s second law
Mu_ ¼ fðq,u,tÞ,

ð1Þ

where is M is the system’s composite mass matrix, f, q, and u are the composite
generalized forces, positions, and velocities, and t is time. Modeling muscularhydrostats with FE results in a stiff mechanical system, and so (1) was
integrated using a semi-implicit integrator. We also considered mechanical

systems with bilateral constraints, 1 such as joints and FE incompressibility,
leading to the following linear system for determining the velocities uk þ 1 at the
next time step
!
!
!
^ GT
Muk þ hf^
uk þ 1
M
:
ð2Þ
¼
g
k
G
0
^ and f^ are the mass matrix and force vector augmented with force
Here M
derivative terms, uk denotes the previous velocities, h is the step size, G is a matrix
of bilateral constraints, k are the impulses that enforce the constraints, and g is a
_
term arising from G.
The inverse controller determined muscle activations at each integration
time step using a quadratic program that minimized the tracking errors for a
target movement trajectory while resolving muscle redundancy. For this
purpose, the mechanical system forces were divided into passive and active
components, so that
f ¼ f p ðq,u,tÞþ f a ðq,u,aðtÞÞ,
where a is a vector of muscle activations, a  ða0 a1 . . . am ÞT , and each
activation is bounded, 0 r ai r 1. For Hill-type muscle models, which are
commonly used in biomechanical models, the activation ai(t) denotes the
fraction of isometric force at time t to the maximum active force that can be
generated by a muscle ﬁber at its instantaneous length and velocity (Zajac,
1989). Therefore, the active muscle force is locally linear with respect to
activation, so that
f a ¼ Lðq,uÞa,

ð3Þ

where L is a matrix that maps muscle activations to the applied system forces.
The L matrix captures the force-length and force-velocity behavior of Hill-type
muscle models, as well as how muscle forces are spatially distributed and
applied to the mechanical system.
The movement target was speciﬁed by a target velocity vn deﬁned in a subspace of the total system velocities. The target velocity sub-space v was related to
the system velocities u via a Jacobian matrix Jm , so that v ¼ Jm u. For time step k þ 1,
it is easy to see from (2) that uk þ 1 is linear with respect to a, so that
uk þ 1 ¼ u0 þ Hu a,
where u0 is the solution of uk þ 1 for (2) with a set to zero, and each column j of Hu
is the solution of uk þ 1 for (2) with a right hand side of
!
Lk ej
,
0
with ej denoting the elementary unit vector with the jth element equal to one and
other elements zero. We minimized the velocity tracking error Jvn Jm uk þ 1 J,
which can be expressed in quadratic form as

fm ðaÞ  12JvHm aJ2 ,
with
v  vn Jm u0

and

H m  Jm H u :

Muscle redundancy makes it possible for multiple different muscle activation
patterns to give rise to the same observed movement. To resolve muscle
redundancy in our controller, we included an l2-norm regularization term, 12 aT a,
which has shown to be effective in tracking-based inverse simulations of gait with
data from healthy subjects (Hamner et al., 2010). Combining the movement target,
regularization, and muscle activations bounds, along with appropriate weighting
terms, we constructed the following quadratic program:
min
a

wa T
a a,
2
0 r a r 1,

wm fm ðaÞ þ

subject to

ð4Þ

where wm and wa are weights used to trade-off between cost terms.
The optimization program (4) was solved to ﬁnd activations before each
forward-dynamics time step. The ArtiSynth system solver was used to compute v
and Hm , which took the majority of the computational time. The resulting
quadratic program was dense but small since its dimension was the size of a,
i.e. the number of activations solved for.
2.2. Tongue model
The human tongue has a complex arrangement of muscle ﬁbers, with intrinsic
muscle groups located within the tongue body at approximately orthogonal orientations and extrinsic muscle groups originating from surrounding bony structures in the
oral cavity and inserting into the tongue body. In order to capture this complexity, we
have developed an anatomically representative 3D FE tongue model, as pictured in

1
Unilateral constraints (such as contact) leads to a more complex mathematical programming problem with complementarity constraints (MPCC).
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Fig. 1. Front, back, and sagittal cutaway views of tongue model. Attachment nodes are also shown for the jaw (front view, red spheres) and the hyoid bone (back view, blue
spheres). Muscle groups are outlined with black lines and include the genioglossus (GGA, blue; GGM, brown; GGP, red), styloglossus (STY, cyan), geniohyoid (GH, magenta),
mylohyoid (MH, orange), hyoglossus, (HG, red), vertical (VERT, green), transverse (TRANS, blue), inferior longitudinal (IL, cyan), and superior longitudinal (SL, magenta)
muscles. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)

Fig. 2. Predicted peak muscle activations (%) for simulated tongue movements: bilateral activations for protrusion (PR_Bi), bilateral activations for upward bending
(UB_Bi), left-side activations for left-lateral bending (LB_Lt), and right-side activations for left-lateral bending (LB_Rt).

Fig. 1. The model was based on a reference model published by Buchaillard et al. (2009)
and has been described in detail elsewhere (Stavness et al., 2011). It included 740
hexahedral elements (2493 degrees-of-freedom) with ﬁxed boundary conditions for
the muscle attachment sites on the mandible and hyoid bone. In order to simulate
hydrostatic effects, we implemented tissue incompressibility using a constraint based
mixed u–P formulation. We used hexahedral elements because incompressibility
constraints with tetrahedral meshes can lead to artiﬁcial stiffening due to volumetric
locking (Hughes, 2000).
Published values for the mechanical properties of tongue tissue vary widely
in the literature (Cheng et al., 2011b). We chose material properties consistent
with the reference model by Buchaillard et al. (2009): a ﬁfth order incompressible
Mooney–Rivlin
material
with
c10 ¼ 1037,
c20 ¼ 486,
and
c01 ¼ c11 ¼ c02 ¼ 0 Pa, density of 1040 kg/m3, and Rayleigh damping coefﬁcients
of a ¼ 40 s1 and b ¼ 0:03. The Mooney–Rivlin material parameters were
derived from ex vivo tongue tissue measurements (Gerard et al., 2005) and
scaled by a factor of 5.4 in order to better match the in vivo Young’s modulus of
skeletal muscle at rest (see Section 2B, Buchaillard et al., 2009). The shear
modulus of the material at rest is 2.04 kPa, which is similar to the mean shear
modulus of 2.67 kPa that was measured by MR elastography (Cheng et al.,
2011b).
Muscle mechanics were implemented with 1574 Hill-type muscle ﬁber
elements distributed throughout the FE mesh and spatially organized into 21

canonical muscle groups (depicted as colored lines in Fig. 1). We used the active
force-length curve from the along-ﬁber stress term in Blemker et al. (2005). The
maximum active isometric force of each muscle group was based on its maximum
physiological cross-sectional area (see Table 1 in Buchaillard et al., 2009)
assuming a muscle speciﬁc tension of 22 N/cm2. The instantaneous active muscle
ﬁber force was scaled by activation, as described by Eq. (3) above. Our present
study only examined slow speed tongue movements, therefore we neglected
excitation dynamics (the time delay from muscle excitation to muscle activation),
as well as force-velocity effects in the Hill-type model.

2.3. Target movements
We simulated three putative tongue movements: anterior protrusion, upward
bending, and lateral bending. Target position trajectories for fourteen nodes on the
anterior surface of the tongue model were smoothly interpolated between the rest
and deformed positions. Target velocities were calculated by central differencing.
Simulations were performed on a 2.2 GHz Intel Core i7 processor. On average,
each 10 ms forward-dynamics step took 1047 8 ms to compute. The inverse
controller solve at each step took 386 7 5 ms for protrusion and upward bending
simulations (with 11 bilateral activations) and 643 78 ms for lateral bending
simulation (with 22 unilateral activations).
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Fig. 3. A sequence of video frames showing predicted muscle activations (colored lines) and resulting movements with the 3D ﬁnite-element tongue model. (For
interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)
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Fig. 4. Lateral and frontal views of the tongue model in the ﬁnal protruded posture (upper-panels; black dashed lines denote rest posture). Plots show the position
trajectory of tongue tip (lower-left panel; dashed lines denote target trajectory) and the predicted muscle activations for simulated protrusion (lower-right panel).

3. Results
A video of the resulting tongue simulations is shown in multimedia Fig. 3 and is available online at www.artisynth.org/inverse/
tongue.mov. Predicted maximum muscle activation levels for each
simulation are summarized in Fig. 2. For all simulations, tracking
errors were small, but not zero, which was expected since the target
movements were deﬁned as a rigid movement of the tongue tip
while the simulated movements required deformation of the tongue.
Anterior protrusion (Fig. 4) was achieved by synergistic bilateral activation of genioglossus and intrinsic (transverse and
vertical) muscles. The superior longitudinal muscle was also
activated to counteract the downward pull of the anterior part
of the genioglossus muscle. The mylohyoid muscle was activated
to stiffen and raise the ﬂoor of the mouth.
Upward bending (Fig. 5) was primarily achieved by superior
longitudinal muscle activation. Bilateral transverse and mylohyoid
muscles were also activated to stiffen the tongue body and stiffen

and raise the ﬂoor of the mouth. Middle genioglossus was activated
to depress the middle tongue dorsum. (Which is observed
during retroﬂex tongue postures, such as in the production of an
English/r/sound.)
Left lateral bending (Fig. 6) was primarily achieved by unilateral activation of the contralateral (right-side) genioglossus
and intrinsic (transverse and vertical) muscles, which elongated
the right side of the tongue. Unilateral (left-side) styloglossus,
superior longitudinal, and hyoglossus muscles were also activated
to compress and retract the left-side of the tongue.

4. Discussion
4.1. Model limitations
The resolution of the current FE tongue model is coarse, which
was a design decision to reduce the computational cost of
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Fig. 5. Lateral and frontal views of the tongue model in the ﬁnal upwardly bended posture (upper-panels; black dashed lines denote rest posture). Plots show the position
trajectory of tongue tip (lower-left panel; dashed lines denote target trajectory) and the predicted muscle activations for simulated upward-bending (lower-right panel).
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Fig. 6. Top and front views of the tongue model in the ﬁnal laterally bended posture (upper-panels; black dashed lines denote rest posture). Plots show the position
trajectory of tongue tip (lower-left panel; dashed lines denote target trajectory) and the predicted muscle activations for simulated left-sided bending (lower-right panel).

simulations (e.g. the forward-dynamics simulation was only 10
times slower than real-time). Our other assumptions include:
attachment locations for muscles, muscle force generating capacity
per unit physiological cross-sectional area, and the passive material
properties of tongue tissue based on ex vivo measurements
(Gerard et al., 2005). MR elastography has recently been used to

measure tongue tissue mechanical properties in vivo (Cheng
et al., 2011b). Also, diffusion-tensor MRI shows promise for
eliciting detailed data on muscle ﬁber architecture in the tongue
(Gilbert et al., 2006). These advanced MRI-based measurements
could potentially be used to better calibrate the location,
physiological cross-sectional area, ﬁber directions, and
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mechanical properties of muscles in a future high-ﬁdelity subject speciﬁc tongue model.
Our model incorporates muscle mechanics with Hill-type muscle
ﬁber elements. A more detailed distribution of muscle stress would
require an active muscle stress term in the constitutive equation of
the FE material, such as in the muscle model by Blemker et al. (2005).
A more detailed analysis of tongue’s myoarchitecture would require a
multiscale conceptualization of tongue muscle mechanics, such as in
the approach by Mijailovich et al. (2010). Our current muscle model
includes the active force-length properties of muscle and relative
muscle strengths derived from physiological cross-sectional area
measurements. Therefore, we are conﬁdent that the relative contributions of the muscle activations predicted with our technique are
plausible. Our tracking-based controller is sufﬁciently general to be
used with more sophisticated FE-based muscle models, which is
planned as future work.
Despite these limitations, a pertinent factor is that our model
represents the tongue in 3D. Since the mechanical support is
attributed to volume-preservation in muscular-hydrostat models,
it follows that 3D models are required to accurately represent the
volumetric aspects of muscular-hydrostat movement. A 2D analysis,
as ﬁrst proposed by Kier and Smith (1985), illustrates the effect of
longitudinal muscle forces in bending, but is insufﬁcient to capture
volumetric effects. Only by employing a 3D analysis, were we able to
illustrate how contralateral transverse muscle forces contribute to
lateral tongue bending.

4.2. Comparison with electromyography
Previous studies using tracking-based simulation to predict
muscle activations in musculoskeletal systems have compared their
results to electromyographic recordings of limb muscles (Thelen and
Anderson, 2006; Hamner et al., 2010). Fine-wire electromyography of
the tongue is more challenging than surface electromyography of
limb muscles, because of the inter-digitation of ﬁbers from different
muscles and wire movement during tongue deformation. However, a
recent study has reported electromyographic and single-unit recordings during tongue protrusion (Pittman and Bailey, 2009). Our
predicted muscle activations during simulated unimpeded tongue
protrusion were consistent with these electromyographic recordings
showing that both extrinsic (genioglossus) and intrinsic (transverse
and vertical) tongue muscles were recruited.
4.3. Comparison with tagged MRI strains
Tagged MRI measurements of tissue strain have been reported for
static tongue postures (Napadow et al., 1999) as well as repeated
tongue movements in speech (Parthasarathy et al., 2007). The muscle
stresses that give rise to observed tissue strains however are not
directly measured and must be interpreted from the strain data. For
this reason, forward-dynamics simulations with FE models provide a
complementary approach to tagged MRI, by directly estimating the
effect of muscle stresses to produce tissue strains.
Our simulation results are qualitatively consistent with the tongue
strain distributions reported by Napadow et al. (1999). For anterior
protrusion, strain was observed within the tongue body (see
Napadow et al., 1999, Fig. 2), which is consistent with our predicted
recruitment of bilateral intrinsic muscles. For upward bending, strain
was observed along the upper tongue surface (see Napadow et al.,
1999, Fig. 1) consistent with our predicted superior longitudinal
recruitment. Strain was also observed throughout the lower tongue
body consistent with our predicted transverse and mylohyoid muscle
recruitment. For lateral bending, strain was observed in the contralateral tongue body (see Napadow et al., 1999, Fig. 3) consistent with
our predicted contralateral intrinsic and genioglossus muscle

recruitment. Napadow et al. suggested that the contralateral muscle
activation stiffened the tongue to enhance the bending effect of
ipsilateral longitudinal muscle activation. Our results suggest a
stronger contribution of contralateral muscle activation to cause
unilateral protrusion of the tongue and bending toward the
ipsilateral side.
4.4. Lateral tongue bending
The simulation results support our hypothesis that contralateral transversely oriented tongue muscles would be required in
addition to the ipsilateral portion of the superior longitudinal
muscle in lateral tongue bending. For upward tongue bending,
recruitment of the superior longitudinal muscle alone was sufﬁcient, which is consistent with the muscular-hydrostat theory
proposed by Kier and Smith (1985). However, for lateral bending
the lateral portions of the superior longitudinal muscle in the
tongue were too small to generate sufﬁcient force to produce
signiﬁcant lateral tongue bending and therefore the contralateral
muscles were also recruited. This auxiliary mechanism of bending
– synergistic activation of ipsilateral longitudinal ﬁbers and
contralateral transverse and vertical ﬁbers – is diagrammed in
Fig. 7 for an idealized muscular-hydrostat beam.
The relationship between contralateral muscle activation and
lateral tongue bending can also be observed in unilateral stroke
patients. Unilateral stroke commonly results in lateral deviation
of the tongue toward the side of limb weakness during attempted
tongue protrusion (Umapathi et al., 2000). The deviation is caused
by unilateral activation of contralateral protrusion tongue muscles (genioglossus and intrinsic muscles) due to paralysis of the
ipsilateral muscles. During lateral-bending, tongue muscles on
the contralateral side can be thought of as pushing the tongue
toward the opposite side due to hydrostatic effects. Interestingly,
lateral deviation of the jaw is also generated by contralateral
muscle recruitment, namely, the lateral pterygoid muscle in the
case of the jaw (Murray et al., 2007).
4.5. Muscle redundancy
Muscle redundancy in biomechanical systems prevents muscle
activations from being uniquely predicted by inverse analysis
techniques. Muscle redundancy is observed in our predictions of
synergistic recruitment of extrinsic and intrinsic tongue muscles
for protrusion. In our current simulations, muscle redundancy
was resolved with a regularization term in the optimization that
minimized the sum-square of muscle activations. This is a
common assumption in static-optimization studies (Erdemir
et al., 2007) and has been shown to be effective for predicting
muscle excitations that match electromyography in gait with
healthy subjects (Hamner et al., 2010).
In the tongue, redundancy between extrinsic and intrinsic
muscles may also be resolved by auxiliary biomechanical factors,
such as tissue stiffness caused by co-activation of orthogonally
arranged muscle ﬁbers. Interestingly, intrinsic muscle activity
alone, and not genioglossus muscle activity, increases during
tongue protrusion against an external obstruction (Pittman and
Bailey, 2009), which suggests a simultaneous increase in tongue
stiffness. We are currently extending our forward-dynamics
tracking method to include stiffness targets in addition to movement targets, which could be used to systematically investigate
the role of stiffness in resolving tongue muscle redundancy.
4.6. Simulation methods
Our current analysis used nodes at the tongue tip to characterize
the target movement. Our simulation framework permits the use of
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Fig. 7. Mechanisms of lateral bending in an idealized muscular-hydrostat model (left image; shown at rest) with orthogonal muscle ﬁbers (inset). The direction of muscle
forces are illustrated with white arrows and the direction of resulting movement with black arrows. Lateral longitudinal muscle forces caused lateral longitudinal
compression and lateral vertical expansion (center image). Contra-lateral vertical muscle forces caused contralateral vertical compression and contralateral longitudinal
expansion (right image). Both lateral longitudinal compression and contralateral longitudinal expansion contributed to lateral bending.

any type of target movement, so long as it can be characterized as a
linear combination of the model’s degrees-of-freedom. Biomechanical
variables other than movement could also be used as targets in our
formulation. These variables could include tissue stiffness as well as
tongue-palate contact pressure (Ono et al., 2009). Contact pressure
targets have been used in a previous study with a rigid-body jaw
model to control bite force (Stavness et al., 2010).
We have reported a qualitative comparison of muscle activations
predicted by our simulations and muscle activations interpreted from
tagged-MRI data. Our analysis technique could also be used to
perform quantitative comparisons of tissue strain, however such a
study would require a high-ﬁdelity subject-matched tongue model.
This type of quantitative analysis with a detailed model has been
reported for 2D simulations of mid-sagittal tongue deformations
during swallowing (Mijailovich et al., 2010). Within our framework
for 3D FE simulations, a quantitative comparison would use tagged
MRI to directly specify boundary conditions and target motion for the
inverse FE simulation. The resulting internal tissue strains predicted
by the simulation would be quantitatively compared to the tissue
strains derived from tagged MRI data.
Although the present study has focused on muscular-hydrostat
systems, our simulation framework is generally applicable to coupled
hard–soft tissue musculoskeletal systems (Stavness et al., 2011). This
permits a similar automatic analysis of muscle forces in high-ﬁdelity
limb models that combine rigid bone structures with detailed 3D FE
models of skeletal muscles (Blemker and Delp, 2005). For such
models, the target movement would be experimentally recorded
skeletal kinematics, while the simulation output would be muscle
stress distributions.

forces consequent to mandibular resection (Stavness et al., 2010)
using forward-dynamics tracking simulation with a rigid-body jaw
model. A similar approach could be employed to predict compensatory tongue muscle forces and guide post-operative therapy following
glossectomy.
Another relevant clinical application of our analysis technique is
the pathophysiology of obstructive sleep apnea (OSA). OSA involves
constriction of the airway during sleep and its cause has been
attributed to a number of separate biomechanical factors, including
air pressure, tissue compliance (Schwab, 2003), and muscle activity
(Schwartz et al., 2008). Our inverse simulation technique could be
used in combination with reported measurements of genioglossus
electromyography (Malhotra et al., 2002) and tagged MRI of
the tongue (Cheng et al., 2011a) to predict the muscle forces
that contribute to tongue root motion during breathing, given the
boundary conditions and air pressure forces imparted on the tongue.
To summarize, we have demonstrated a forward-dynamics
tracking simulation for automatically predicting muscle recruitment patterns to perform protrusion and bending movements
with an FE tongue model. The resulting simulated tongue deformations were consistent with published data on tongue strain
during matched tongue movements. Moreover, the predicted
muscle activation patterns provide a theoretical proposal for
how muscle forces contribute to observed tongue strain. Our
tracking-based controller, forward-dynamics simulator, and FE
tongue model are open-source and freely available for download
with the ArtiSynth modeling toolkit at www.artisynth.org.
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