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SYNOPSIS. During feeding in anurans, the mouth opens while the tongue, which
is attached to the mandible at the front of the mouth, rotates forward. Due to the
relative simplicity of its anatomy and the complexity of its motion, tongue pro-
traction in frogs presents an ideal system for exploring the neural control of mul-
tijoint movements. In this study, we used a forward dynamic, rigid body model
with four segments and two muscles to investigate open loop control of tongue
protraction in the Australian white-lipped tree frog, Litoria caerulea. Model pa-
rameters include the mass distribution, initial position and initial angular velocity
of each segment and the anatomy and physiology of each muscle. Model variables
include the level of muscle activation at each time step and impulsive torques to
open and close the mouth. The model gives X,Y coordinates of each segment and
joint angles at each time step as output. The model was tested using scaled, nor-
malized EMG signals and impulsive joint torques to predict the paths of the lower
jaw tip and tongue tip. Predicted paths were compared to experimentally observed
paths using Pearson product-moment correlation coefficients. Simulations dem-
onstrate that the genioglossus muscles likely play a minor role, if any, in deter-
mining the trajectory of the tongue in most anurans. Most of the force for tongue
protraction comes from angular momentum transferred to the tongue by the open-
ing jaws. In anurans, tongue protraction is dynamically stable and will occur as
long as the musculoskeletal elements are in the correct initial position.

INTRODUCTION

In many anuran species, feeding is a pre-
cise, target-oriented, prehensile movement
that resembles human reaching in many re-
spects. Specifically, both reaching and feed-
ing require precise multijoint coordination
such that the vectors of rotational move-
ment at the joints sum to produce a nearly
straight end-point trajectory (Nishikawa
and Gans, 1996). In these species, tongue
projection during feeding is also ballistic
and like jumping (Lutz and Rome, 1994),
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requires high power output from the mus-
cles and is planned in advance with no con-
trol after launch (Nishikawa, 1999).

In contrast to the arms of humans, the
anatomy of the anuran tongue and jaws is
relatively simple. Whereas arms and legs
have more muscles than segments, the jaws
and tongues of anurans are composed of
relatively few muscles. Anurans generally
possess a single depressor mandibulae mus-
cle for opening the mouth, a complex of six
adductor mandibulae muscles for closing
the mouth, and two extrinsic muscles in the
tongue (Magimel-Pelonnier, 1924; Horton,
1982; Regal and Gans, 1976). The m. ge-
nioglossus is involved in tongue protrac-
tion, whereas the m. hyoglossus is involved
in tongue retraction (Nishikawa, 2000). Due
to the relative simplicity of its anatomy and
the complexity of its motion, tongue pro-
traction in frogs presents an ideal opportu-
nity for exploring the neural control of mul-
tijoint movement using a forward dynamic,
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FIG. 1. Tongue protraction in the Australian white-
lipped tree frog, Litoria caerulea. In Litoria, the an-
teriorly attached tongue rotates about the mandibular
symphysis as the mouth is opened. The tongue short-
ens during protraction.

FIG. 2. Tongue protraction in Woodhouse’s toad,
Bufo woodhousii. In Bufo, the anteriorly attached
tongue rotates about the mandibular symphysis as the
mouth is opened. The tongue lengthens during pro-
traction due to transfer of angular momentum from the
opening mouth to the tongue.

FIG. 3. Tongue protraction in the African pig-nosed
frog, Hemisus marmoratum. In Hemisus, the tongue
lengthens during protraction due the contraction of the
m. genioglossus dorsoventralis, an intrinsic tongue
muscle that translates a decrease in tongue thickness
into an increase in tongue length.

rigid body model to simulate the kinematics
of tongue protraction.

Recent studies have shown that anuran
species exhibit at least three different, non-
exclusive mechanisms of tongue protraction
during feeding (Nishikawa, 2000). These
are: 1) mechanical pulling (Fig. 1), in which
the tongue shortens as the genioglossus
muscle contracts, pulling the tongue pad
forward over the mandibular symphysis; 2)
inertial elongation (Fig. 2), in which the
tongue lengthens during protraction due to
transfer of angular momentum from the
opening mouth to the tongue pad; and 3)
muscular hydrostatic elongation (Fig. 3), in
which the tongue lengthens due to the con-
traction of an intrinsic tongue muscle, m.
genioglossus dorsoventralis, which trans-
lates a decrease in tongue thickness into an
increase in tongue length (Nishikawa et al.,
1999). Although our long term goal is to
model the evolution of frog tongues, we be-
gin here with a model of a mechanical pull-
er, the Australian white-lipped tree frog Li-
toria caerulea (Fig. 1).

During feeding in anurans, the mouth
opens while the tongue, which is attached
to the mandible at the front of the mouth,
rotates forward over the mandibular sym-
physis. In the present study, we used a for-
ward dynamic, rigid body model to inves-

tigate the open loop control of tongue pro-
traction in Litoria.

MODEL DEVELOPMENT AND TESTING

Biomechanical models may use either an
inverse or forward dynamic approach. In
inverse dynamic models, the joint torques
that must have acted at joints are inferred
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from kinematic accelerations (e.g., Bermejo
and Ziegler, 1989). In contrast, forward dy-
namic models predict movement trajecto-
ries from the anatomy and physiology of
the musculoskeletal system (Yamaguchi
and Zajac, 1990). The predictions can then
be tested with kinematic data. In general,
forward dynamic models represent the neu-
ral computations associated with motor
control more realistically than inverse dy-
namic models and require fewer assump-
tions (Yamaguchi et al., 1995).

To study the dynamics of tongue protrac-
tion in anurans, a planar, forward dynamic
musculoskeletal model was developed for a
mechanical puller, Litoria caerulea. The
model has four degrees of freedom and two
muscles (Fig. 4). The muscles are the m.
genioglossus and the m. hyoglossus. In the
model, these muscles are used to actuate the
tongue, whereas impulsive joint torques are
applied at the proximal end of the lower
jaw to open or close the mouth. Several an-
atomical features were not included in the
model. In particular, the hyobranchium and
mentomeckelian joint were omitted. The
tongue pad rests on the hyobranchium,
which is protracted and retracted during
tongue protraction (Emerson, 1977). Most
anurans also have a mentomeckelian joint
within the mandible that flexes downward
during mouth opening (Deban and Nishi-
kawa, 1992).

Based upon the geometry of the jaws and
tongue, the system was divided into four
linked segments (Fig. 4). The most proxi-
mal segment represents the lower jaw and
the remaining three segments represent the
tongue. The locations of hypothetical
‘‘joints’’ within the tongue were chosen
based upon tongue geometry. The most
proximal segment of the tongue begins at
the origin of the m. genioglossus and ex-
tends to the proximal end of the lingual si-
nus, the middle segment extends from the
proximal to the distal end of the lingual si-
nus, and the distal segment extends from
the distal end of the lingual sinus to the
tongue tip. Neither the m. genioglossus nor
the m. hyoglossus insert in the proximal
segment, and both muscles have fibers that
insert in the middle and distal segments.
Adding more tongue segments would in-

crease the complexity of the model without
improving precision.

The parameters of the forward dynamic,
rigid body model include: 1) the mass, cen-
ter of mass, moment of inertia, initial po-
sition and initial angular velocity of each
segment; 2) the origin, insertion, fiber
length, thickness, physiological cross-sec-
tional area, active force-length behavior,
passive force-length behavior, rate of force
development and force-velocity relationship
of each muscle. Model variables include the
level of muscle activation at each time step
and impulsive torques to open and close the
mouth. The model gives the X,Y coordi-
nates of each segment and the joint angles
at each time step as output.

The equations of motion for the muscu-
loskeletal model were derived via Kane’s
method (Kane and Levinson, 1985). For a
model with n degrees of freedom, the pla-
nar, dynamic equations of motion for the
rigid-body model are as follows:

W W W W WMü 5 [T 1 V 1 G 1 E] (1)

where:

M 5 a [n 3 n] mass matrix that describes
the mass distribution at time t;

Ẅu 5 a [n 3 1] vector that contains the
second time derivatives of n joint
angles;

WT 5 a [n 3 1] vector of segmental
torques;

WV 5 a [n 3 1] vector that describes the
moment contributions of inertial
forces;

WG 5 a [n 3 1] vector that describes the
moment contributions of
gravitational forces;

WE 5 a [n 3 1] vector that describes the
moment contributions of external
forces.

For the tongue muscles, joint torques
were obtained using a lumped-parameter,
Hill-type muscle model (Fig. 5) that con-
sists of a damping element, a contractile el-
ement and a parallel elastic element which
simulate muscle force-length and force-ve-
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FIG. 4. Four degree of freedom, forward dynamic,
rigid body model of the tongue and jaws of the white-
lipped tree frog, Litoria caerulea. Segment 1 is the
lower jaw and segments 2–4 are segments of the
tongue. u1–u4 represent the joint angles. HG 5 hyo-
glossus muscle, GG 5 genioglossus muscle.

FIG. 5. Hill-type muscle model. Fmt 5 overall mus-
culotendon force, Kt 5 tendon stiffness, a(t) 5 percent
of active muscle fibers, CE 5 contractile element, DE
5 damping element, PE 5 parallel elastic element, and
a 5 pennation angle.

FIG. 6. Force–length behavior of the parallel elastic
elements as described by Equation 2. The variables Ppo

and Lpo were modified to match the passive behavior
of the m. genioglossus and m. hyoglossus of Litoria
(Peters and Nishikawa, 1999).

locity behavior, as well as muscle activation
and contraction dynamics (Zajac, 1989).
The damping element was assigned an ar-
bitrarily high value to prevent oscillations,
which are not observed in vivo. The force-
length behavior of the parallel elastic ele-
ment is given by:

PE MF 1 L
5 P exp 2 1 2 1 (2)poM M5 1 2 6[ ]F L Lo po o

where FPE is the force generated by the par-
allel elastic element, Fo

M is the maximum
isometric muscle force, LM is the muscle
length and Lo

M is the optimal muscle fiber
length. Values of the variables Ppo and Lpo

were chosen so that the shape of the curve
(Fig. 6) matches the experimentally mea-
sured passive behavior of the genioglossus
and hyoglossus muscles of Litoria (see Pe-
ters and Nishikawa, 1999). Time-dependent
material behavior at extreme loading rates,
while probably important in inertial elon-
gators, was not included in the model.

The force generated by the contractile el-
ement is modeled as a multiplicative func-
tion of activation dynamics, isometric prop-
erties and isotonic behavior. This is ex-
pressed as:

M M M MF 5 a(t)ISOM(L )ISOT(V )Fo (3)

where a(t) is the percentage of actively con-
tracting muscle fibers, VM is the muscle’s

lengthening or shortening velocity, and Fo
M

is the muscle’s maximum isometric force.
The functions ISOM and ISOT are repre-
sentations of the muscle’s normalized iso-
metric (Fig. 7) and isotonic (Fig. 8) behav-
ior. The shapes of these curves are gov-
erned by equations 4 and 5:

M MF (L )
MFo

 2pX1 pp1 2 cos 2 A 1 1p1 2[ ]2 Pt 2 Pt2 1
M L5 (4)0.405 # # 1.625
MLo

0.0 elsewhere

where
3M B AL p pX 5 1pp M 2L Mo L

22 C 1 Ap pM1 2Lo
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FIG. 7. Isometric force-length behavior of the con-
tractile elements as described by Equation 4. The var-
iables Ap, Bp and Cp were modified to match the iso-
metric force-length behavior of the m. genioglossus
and m. hyoglossus of Litoria (Peters and Nishikawa,
1999).

FIG. 8. Force–velocity behavior of the contractile el-
ements as described by Equation 5.

M MF (V )act

MFo

M V
1 2

MV Vmax , $ 0.0
MV Vmax1 1

kVmax
5 (5)

MV 
1 B 

M1 V V max  ln , , 0.0
A C V  max

where values of the variables Ap, Bp, Cp,
Pt1, Pt2, A, B, C, Vmax and Fo

M were chosen
to match the experimentally measured
force-length behavior of the genioglossus
and hyoglossus muscles (see Peters and Ni-
shikawa, 1999). Because neither the genio-
glossus nor the hyoglossus muscle possess-
es a tendon, no model of tendon elasticity
was required. In the model, we used a very
short tendon with infinite stiffness.

Actuation of the musculoskeletal model
occurs through 1) impulsive mouth opening
and closing moments at the jaw joint; and
2) excitation-contraction dynamics of the
tongue muscles. To simulate opening and
closing of the mouth, impulsive joint
torques were applied at a specific moment
in time. For each trial, the timing and mag-
nitude of the opening and closing torques
were chosen to best match the observed jaw
kinematics for that trial. For each trial, only
one impulsive opening torque and one im-

pulsive closing torque were applied at the
jaw joint. In the forward dynamic model,
these torques not only open and close the
mouth but also propagate to the tongue and
thus affect the kinematics of tongue pro-
traction.

For the tongue muscles, activation dy-
namics were modeled as follows:

dA
5 2A[k 1 k C(t)]2 1dt

1 (k 1 k 2 k A )C(t) 1 k A2 1 2 min 2 min

(6)

where k1, k2 and Amin are muscle specific
constants. The function C(t) models the
neural input to the muscles and is based on
experimentally measured electromyograph-
ic data. The rectified experimental EMG
signal is low-pass filtered with a cut-off fre-
quency in the range of 3 to 7 Hz. The re-
sulting waveform is then normalized to the
maximal occurring value, such that all val-
ues are between 0 and 1. Normalization al-
lows for scaling of the C(t) profile. Scaling
is required because the maximal level of
muscle excitation is unknown. During com-
puter simulations, the scaling factor for
each muscle is varied until the best fit to
the kinematic data is found.

The model was tested by using the
scaled, normalized EMG signals and im-
pulsive joint torques to predict the paths of
the lower jaw tip and tongue tip. The pre-
dicted paths of the lower jaw and tongue
tip were compared to the experimentally
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observed paths using Pearson product-mo-
ment correlation coefficients.

MEASUREMENT OF MUSCLE ACTIVATION AND

MOVEMENT KINEMATICS

For practical reasons, we chose to model
tongue protraction in the white-lipped tree
frog, Litoria caerulea, a pelomedusine hy-
lid from Australia. Simulations were based
on data collected from three individuals of
Litoria caerulea, ranging from 20.3 to 37.9
g in body mass. Two to three trials were
simulated for each individual. After video-
taping 2–3 feeding trials for each individual
with simultaneous electromyography, the
frogs were sacrificed. For each individual
frog, the mass and center of mass of each
segment was measured. Moments of inertia
for the proximal segment were calculated as
for a wedge, and for the distal segments as
for a cylinder. For each muscle, the origin,
insertion, fiber length, thickness and phys-
iological cross sectional area were mea-
sured. The passive and active force-length
behavior and the rate of force development
of each muscle were based on measure-
ments from the m. genioglossus and m.
hyoglossus of Litoria (Peters and Nishika-
wa, 1999). The force-velocity relationship
has not yet been measured for these mus-
cles and was assumed to be similar to that
of vertebrate skeletal muscle in general.

Feeding behavior was videotaped at
room temperature (21–258C) with simulta-
neous electromyography. Waxworms (Gal-
leria sp.) were used as prey and were
placed at a distance of approximately 5 cm
from the frog. A Display Integration Tech-
nologies model DIT 660 high-speed, multi-
framing video camera was used to film the
frogs at 120 fields/sec with synchronized
stroboscopic illumination. Kinematic anal-
ysis of feeding behavior follows Nishikawa
and Roth (1991) and Deban and Nishikawa
(1992). In each video field, the X,Y coor-
dinates of the prey item, a nonmoving ref-
erence point, and several points on the head
were digitized from the video monitor. The
digitized points included: (1) the tip of the
upper jaw; (2) the jaw joint; (3) the tip of
the lower jaw; and (4) the tongue tip. The
locations of all digitized points were mea-
sured with the jaw joint at the origin (0,0).

The X,Y coordinates of the lower jaw tip
and tongue tip, and the gape angle were
measured in each video field.

Electromyographic recordings of muscle
activity were obtained using bipolar, enam-
el-coated, stainless steel electrodes with a
bared tip length of 1 mm. Electrodes were
implanted percutaneously into the muscles
of anesthetized subjects using 23–25 gauge
hypodermic needles. The signals were am-
plified 1,000 times and recorded on an A.
R. Vetter 8-channel FM tape recorder. An-
alog EMG signals were converted to digital
data using a Datatran 50 kHz A/D conver-
sion board, Peak Performance Technologies
A/D acquisition software, and Run Tech-
nologies Data-Pac II waveform and signal
processing software. The analog-to-digital
conversion was performed at a sampling
rate of 10 kHz. The digital signal was band-
pass filtered with a pass band of 300 to
3,000 Hz. The filtered waveform was rec-
tified and the average baseline noise sub-
tracted. Electrodes were placed in the bel-
lies of the m. genioglossus, m. hyoglossus,
m. depressor mandibulae, and m. adductor
mandibulae posterior longus.

Pearson product-moment correlation co-
efficients were used to compare the exper-
imental data, obtained from digitized feed-
ing sequences, to the movements predicted
by the model. For each simulation, the X,Y
coordinates of the lower jaw tip and tongue
tip, and the gape angle were compared at
each time step (8.33 msec).

SIMULATION RESULTS

Forward dynamic simulations of a model
with four degrees of freedom represents a
fairly formidable problem. To achieve a
model with realistic tongue and jaw move-
ment, it was first necessary to approximate
normal jaw movements. Once a realistic
gape profile was achieved, it was relatively
straightforward to achieve realistic tongue
motion. However, this required that the
tongue shortens initially as the m. genio-
glossus contracts. If the tongue doesn’t
shorten during the initial stages of tongue
protraction, then its moment of inertia is too
large. The result is that the mouth fails to
open completely and the tongue accordions
onto itself instead of unfolding.
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TABLE 1. R-squared values from seven simulations of
tongue protraction in Litoria caerulea (Pearson prod-
uct-moment correlation).

Individual Trial
Gape
angle

Lower jaw

X Y

Tongue

X Y

L-1 1
2

0.84
0.96

0.81
0.92

0.87
0.97

0.42
0.97

0.69
0.83

L-2 1
2

0.95
0.90

0.83
0.77

0.98
0.93

0.42
0.56

0.95
0.99

L-3 1
2
3

0.99
0.91
0.89

0.99
0.99
0.52

0.99
0.99
0.85

0.90
0.01
0.65

0.11
0.80
0.79

The model demonstrates that a two im-
pulse mouth opening and closing torque
profile explains the observed gape angle
profile with a relatively high degree of ac-
curacy. The r2 values ranged from 0.84 to
0.99 (Table 1). The model also does a fairly
good job of predicting the horizontal (r2 5
0.52–0.99) and vertical (r2 5 0.85–0.99)
position of the lower jaw over time. For
each trial, single impulsive torques acting
at a specified time were used to simulate
mouth opening and closing. The magnitude
of the opening torque ranged from 2345 to
2585 g cm sec22, and the time of activation
ranged from 0.4 to 10 msec. The magnitude
of the closing torque ranged from 271 to
549 g cm sec22, and the time of activation
ranged from 15 to 35 msec. On one hand,
the good fit between the simulation and the
observed kinematics is not surprising be-
cause the timing and magnitude of the
torques was chosen to match the observed
gape profile. On the other hand, it is some-
what surprising that such a simple model of
mouth opening and closing, with open loop
control and a single impulsive torque for
each, does such a good job of predicting
mouth opening in most trials (Table 1).

It is interesting to note that, if the mouth
closing torque is not included in the model,
then both jaw and tongue paths deviated
significantly from the experimental data.
The jaw path deviates because braking of
mouth opening by the mouth closing torque
is an important feature of the gape profile.
The tongue path deviates because the
change in direction of the jaw acceleration
imparts significant angular momentum to

the tongue pad, which helps to propel the
tongue out of the mouth.

It is also interesting to note that there was
significant variation among the trials of a
single individual in how well the model
predicted the gape angle and the position of
the lower jaw tip. For example, for individ-
ual L-3, the r2 values for the X and Y co-
ordinates of the lower jaw tip were 0.99 in
the first two trials, but were 0.52 and 0.85,
respectively, in the third trial. These results
suggest that, although the neural control of
the mm. depressor and levator mandibulae
during mouth opening in Litoria is well
predicted by simple open-loop control, it is
likely that the level of recruitment of indi-
vidual muscles may vary from trial to trial
within an individual.

The model performs less well in explain-
ing the horizontal (r2 5 0.01–0.97) and ver-
tical (r2 5 0.11–0.99) position of the tongue
tip, although the model performs well in at
least some trials (i.e., Individual L-1, trial
2, Table 1). In general, the model per-
formed better at predicting the Y-position
of the tongue tip than at predicting the X-
position, and it performed better at predict-
ing tongue tip position for L-2 than for L-
1 or L-3. In all cases in which the model
performs less well in predicting feeding ki-
nematics, the movements are somewhat
more complex in the animals than in the
simulations (Fig. 9). The more complex
shape of the experimental jaw and tongue
tip paths probably reflects online feedback
correction in the animals, which was not
included in the model.

An interesting result of the simulations is
that the genioglossus muscle is ten times
too small to affect the trajectory of the
tongue tip. To investigate model sensitivity,
the activity of the genioglossus muscle was
scaled over a range of 0–100, well beyond
the maximum value of 1 allowed by nor-
malization. The activity of the genioglossus
muscle had a negligible effect on tongue tip
path below a scaling factor of 10. When the
activity of the genioglossus muscle was
scaled to 0, the tongue tip path was un-
changed. In contrast, when the activity of
the genioglossus muscle was scaled high
enough to affect the tongue trajectory, the
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FIG. 9. Simulation results for individual L-1, trial 2 (see Table 1). Solid lines represent experimental data and
dashed lines represent simulated data. A. Gape angle vs. time (r2 5 0.96). The experimental gape angle profile
is more complex than the simulated gape angle profile. B. Experimental and simulated paths of the lower jaw
tip (below, more vertical path) and tongue tip (above, more horizontal path) in the X,Y plane. There is a good
fit between the experimental and simulated lower jaw tip paths (r2 5 0.92 and 0.97 for X and Y, respectively).
The fit between the experimental and simulated tongue tip paths is not as good, especially in the vertical
dimension (r2 5 0.97 and 0.83 for X and Y, respectively).

resulting tongue movement was difficult to
control.

This result suggests that the motion of
the tongue during feeding is dynamically
stable. The mouth opening torque produced
by the m. depressor mandibulae causes the
tongue pad to move upward due to its in-
ertia. Transfer of angular momentum from
the lower jaw to the tongue propels the
tongue pad over the symphysis and onto the
prey. This result is unlikely to be an artifact
of the model for several reasons. First, the
physiological cross-sectional area of the ge-
nioglossus muscle is in fact very small. In
Litoria, it is 4–5 times smaller than that of

the hyoglossus muscle. Secondly, the pa-
rameters of the muscle model were chosen
to match values measured empirically for
Litoria by Peters and Nishikawa (1999).

In fact, muscle stimulation experiments
in toads (Bufo marinus) have found that su-
pramaximal stimulation of the genioglossus
muscle is not sufficient to produce tongue
protraction (Emerson, 1977; Gans and Gor-
niak, 1982; Nishikawa and Gans, 1992).
These studies are consistent with the sim-
ulation results and support the hypothesis
that the genioglossus muscles are too small
to affect the tongue trajectory in Litoria.

This result leaves us with the question of
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the role that the genioglossus muscles play
during prey capture. At least three non-ex-
clusive functions are possible. First, con-
traction of the genioglossus muscles pulls
the tongue mass closer to the symphysis,
reducing the force required to flip the
tongue out of the mouth. Second, shorten-
ing of the tongue also reduces the moist
contact area between the tongue and the
buccal floor, thus reducing the surface ten-
sion between them. Third, contraction of
the genioglossus muscles aids tongue pro-
traction by changing the moment of inertia
of the tongue pad.

DISCUSSION

The results of the simulations demon-
strate that, in general, a four degree of free-
dom, forward dynamic, rigid body model
predicts the gape angle and the X,Y posi-
tion of the lower jaw tip very well in most
trials. The X,Y position of the tongue tip is
predicted reasonably well at least in some
trials. It is somewhat surprising that the rig-
id body model works as well as it does in
predicting tongue position, given that the
tongue itself is not a rigid body and has no
joints. We conclude that the muscular hy-
drostatic shape changes that the tongue un-
dergoes during protraction are not critical
for predicting the location of the tongue in
the X,Y plane. Likewise, the anatomical de-
tails that were lacking in the model, includ-
ing forward movement of the hyoid and
bending of the mandibles, are not critical
for simulating tongue protraction. However,
because the forward movement of the hyoid
affects the fiber length of the hyoglossus
muscle, it might be more important in a
model of tongue retraction.

Forward dynamic models underscore the
amount of information that is necessary to
predict the kinematics of movement. For
each segment, it is necessary to measure the
mass, center of mass, moment of inertia,
initial position and initial angular velocity.
For each muscle, it is necessary to measure
the origin, insertion, fiber length, thickness
and physiological cross-sectional area. In
addition, it is necessary to specify the active
and passive force-length behavior, the rate
of force development and the force-velocity
relationship for each muscle. Finally, one

needs to know the level of muscle activa-
tion at each time step from electromyogra-
phy. In our model, all variables except the
force velocity relationships were measured
for the genioglossus and hyoglossus mus-
cles of Litoria. The model also demon-
strates that open loop control without feed-
back does a reasonably good job at pre-
dicting tongue and jaw movement. Al-
though the fit between experimental and
simulated data would undoubtedly be im-
proved by adding feedback to the model,
the fit is remarkably good without such
feedback.

The results also underscore the value of
using a forward dynamic versus inverse dy-
namic model to study the neural control of
movement. In forward dynamic models,
forces generated at any given joint are prop-
agated to all other joints. In contrast, joint
torques are inferred from kinematic accel-
erations in inverse dynamic models. Our
use of a forward dynamic model was ab-
solutely critical in understanding the role of
interjoint coordination during tongue pro-
traction in Litoria. Because we used a for-
ward dynamic model, we were able to dem-
onstrate that more than 90% of the force of
tongue protraction comes from angular mo-
mentum transferred to the tongue by the
opening jaws. Less than 10% of the force
comes from the contraction of the genio-
glossus muscles themselves. Had we used
an inverse dynamic approach, we would
have inferred a large joint torque from the
kinematic data, but would have been unable
to resolve whether the force was generated
by the m. genioglossus vs. transferred to the
tongue by the opening jaws.

The model demonstrates that tongue pro-
traction in Litoria is dynamically stable. In
other words, the observed movement will
occur, without feedback control, as long as
the musculoskeletal elements are in the cor-
rect initial position. Increasingly, a variety
of complex movements have been found to
exhibit dynamic stability. For example, an
open loop, dynamic model of a running
cockroach was found to resist a variety of
perturbations in the horizontal plane with-
out any feedback control (Kubow and Full,
1999). The stability of the model comes
from the mechanical relationship of the leg



1373BIOMECHANICAL MODEL OF ANURAN FEEDING

joints, although the particular aspects of leg
morphology and force production that con-
tributed to stability remain unknown. Sim-
ilarly, control of the anuran tongue is
achieved largely through its mechanical re-
lationship with the lower jaw. It is not nec-
essary for the central nervous system to
perform either complex open loop multi-
joint coordination or to provide feedback
control. In fact, what the nervous system
must do is provide neural input to the mus-
cles that does not interfere with the me-
chanically stable movement.

For us, an important question is whether
or not this model of tongue protraction in a
mechanical puller, Litoria caerulea, can be
extended to other anuran species, particu-
larly species like toads which use inertia to
elongate their tongues during ballistic
tongue protraction (Nishikawa, 1999). In
fact, there are relatively few differences in
the anatomy of the feeding apparatus be-
tween Litoria and Bufo (Nishikawa, 2000).
Our current hypothesis is that the major dif-
ferences between mechanical pullers like
Litoria and inertial elongators like Bufo are
in the velocity of mouth opening (hence in
the transfer of angular momentum from the
opening mouth to the tongue) and in the
amount and orientation of epimysial con-
nective tissues surrounding the genioglos-
sus muscles. Fewer collagen fibers in gen-
eral, and fibers oriented at angles greater
than 548440 relative to the long axis of the
tongue (Kier and Smith, 1985), will facili-
tate elongation of the tongue upon transfer
of angular momentum from the opening
jaws (Nishikawa, 2000; Zepnewski and Ni-
shikawa, 2000).

If our hypothesis is correct, then the re-
sults from this model should apply to Bufo
and other inertial elongators as well. In fact,
the physiological cross-sectional area of the
genioglossus muscles is proportionally even
smaller in Bufo than in Litoria because the
muscle is relatively less massive and the fi-
bers are longer. Thus, the genioglossus
muscle likely contributes little to tongue
protraction in Bufo as well.

In summary, simulations of tongue pro-
traction using a forward dynamic, rigid
body model demonstrate that the genio-
glossus muscles likely play a minor role, if

any, in determining the trajectory of the
tongue in most anurans. Most of the force
for tongue protraction comes from angular
momentum transferred to the tongue from
the opening jaws. These results are consis-
tent with experiments demonstrating that
stimulation of the genioglossus muscle is
not sufficient for protracting the tongue
(Emerson, 1977; Gans and Gorniak, 1982).
On the other hand, muscle denervation ex-
periments show that no protraction occurs
without contraction of the genioglossus
muscles (Nishikawa and Gans, 1992, 1996),
suggesting that they may play some other
critical role, such as breaking wet adhesion
between the tongue and the buccal floor,
shifting the tongue mass forward, and/or
overcoming the inertia of the tongue pad.
Tongue projection is dynamically stable in
anurans and will occur as long as the mus-
culoskeletal elements are in the correct ini-
tial position.
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biens. Thése, Fac. Sci. Paris. A. Saugnac et E.
Provillard, Bordeaux.

Nishikawa, K. C. 1999. Neuromuscular control of prey
capture in frogs. Phil. Trans. Roy. Soc. London,
Biol. Sci. 354:941–954.

Nishikawa, K. C. 2000. Feeding in frogs. In K.
Schwenk (ed.), Feeding: Form, function and evo-
lution in tetrapod vertebrates, pp. 117–147, Aca-
demic Press, San Diego, California.

Nishikawa, K. C. and C. Gans. 1992. The role of hy-
poglossal sensory feedback during feeding in the
marine toad, Bufo marinus. J. Exper. Zool. 264:
245–252.

Nishikawa, K. C. and C. Gans. 1996. Mechanisms of
prey capture and narial closure in the marine toad,
Bufo marinus. J. Exp. Biol. 199:2511–2529.

Nishikawa, K. C. and G. Roth. 1991. The mechanism
of tongue protraction during prey capture in the
frog Discoglossus pictus. J. Exp. Biol. 159:217–
234.

Nishikawa, K. C., W. M. Kier, and K. K. Smith. 1999.

Morphology and mechanics of tongue movement
in the African pig-nosed frog (Hemisus marmor-
atum): A muscular hydrostatic model. J. Exp.
Biol. 202:771–780.

Peters, S. E. and K. C. Nishikawa. 1999. Comparison
of isometric contractile properties of the tongue
muscles in three species of frogs, Litoria caerulea,
Dyscophus guinetti and Bufo marinus. J. Morphol.
242:107–124.

Regal, P. J. and C. Gans. 1976. Functional aspects of
the evolution of frog tongues. Evolution 30:718–
734.

Yamaguchi, G. T. and F. E. Zajac. 1990. Restoring un-
assisted natural gait to paraplegics with functional
neuromuscular stimulation: A computer simula-
tion study. IEEE Trans. Biomed. Eng. 37:886–
902.

Yamaguchi, G. T., D. W. Moran, and J. Si. 1995. A
computationally efficient method for solving the
redundant problem in biomechanics. J. Biome-
chanics 28:999–1005.

Zajac, F. E. 1989. Muscle and tendon: Properties, mod-
els, scaling and application to biomechanics and
motor control. CRC Critical Reviews in Biome-
chanical Engineering 17:359–411.

Zepnewski, E. and K. C. Nishikawa. 2000. Connective
tissue in ballistic tongues. J. Morphol. 248:304.


