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Abstract. Different kinds of articulators, such as the
upper and lower lips, jaw, and tongue, are precisely coor-
dinated in speech production. Based on a perturbation
study of the production of a fricative consonant using the
upper and lower lips, it has been suggested that increas-
ing the stiffness in the muscle linkage between the upper
lip and jaw is beneficial for maintaining the constriction
area between the lips (Gomi et al. 2002). This hypothesis is
crucial for examining the mechanism of speech motor con-
trol, that is, whether mechanical impedance is controlled
for the speech motor coordination. To test this hypothesis,
in the current study we performed a dynamical simulation
of lip compensatory movements based on a muscle linkage
model and then evaluated the performance of compensa-
tory movements. The temporal pattern of stiffness of mus-
cle linkage was obtained from the electromyogram (EMG)
of the orbicularis oris superior (OOS) muscle by using
the temporal transformation (second-order dynamics with
time delay) from EMG to stiffness, whose parameters were
experimentally determined. The dynamical simulation
using stiffness estimated from empirical EMG success-
fully reproduced the temporal profile of the upper lip com-
pensatory articulations. Moreover, the estimated stiffness
variation significantly contributed to reproduce a func-
tional modulation of the compensatory response. This
result supports the idea that the mechanical impedance
highly contributes to organizing coordination among the
lips and jaw. The motor command would be programmed
not only to generate movement in each articulator but also
to regulate mechanical impedance among articulators for
robust coordination of speech motor control.

1 Introduction

Speech articulations, which produce sound pressure vari-
ations that are perceived by a listener as linguistic infor-
mation, are readily accomplished by skillful cooperative
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movements (Stevens 1998). Investigating this coopera-
tive mechanism is imperative not only for constructing
speech models but also for illuminating the brain func-
tion involved in speech production. Previous research
(Abbs et al. 1984; Folkins and Abbs 1975; Gracco and
Abbs 1985; Kelso et al. 1984; Shaiman 1989) has investi-
gated compensatory articulatory movements of the upper
lip induced by perturbation of the jaw or lower lip in
the production of the bilabial explosive consonants /p/
or /b/. The compensatory movements act effectively to
achieve the intended acoustic sounds against unpredict-
able perturbation. Because the corresponding EMG activ-
ity of the primary upper-lip muscle (OOS) increased,
it was suggested that an active compensatory mecha-
nism, recruited by somatosensory feedback, contributes
to the generation of these compensatory movements.
However, the time delay due to nerve conduction and
mechanochemical dynamics might present a problem for
explaining the rapid regulation of fast speech movements
by sensorimotor coordination. Actually, in a recent study
of jaw perturbation (Gomi et al. 2002), when the jaw
was forced to open by perturbation during the produc-
tion of the bilabial fricative consonant /�/, we found that
the upper-lip compensatory response, which contributed
effectively to maintaining a labial aperture, was faster than
the EMG response of the OOS. This suggested that the
compensatory movement is driven not by sensory feed-
back, but by another, more rapidly acting mechanism.

In a mechanical system, regulating a mechanical imped-
ance, such as stiffness, could induce a rapid reaction
against a disturbance. Arm studies have shown that a con-
siderably high mechanical impedance is required to stabi-
lize posture in interaction with the external environment
(Hogan 1984; Mussa-Ivaldi et al. 1985) and that stiffness
spatial characteristics (orientation and shape of stiffness
ellipse) at the hand position can be changed by alter-
ing the cocontraction ratio of arm joints (Gomi and
Osu 1998). Based on these findings, we hypothesized
an alternative mechanism where preprogrammed stiff-
ness of the muscle linkage between the articulators in-
duces the lip compensatory movements in order to
maintain the fricative sound. To examine this hypothesis,
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Gomi et al. (2002) proposed a method of stiffness esti-
mation in which a relative stiffness value is calculated
for the perturbed displacements. This method enabled
us to compare the stiffness between different timings in
speech. The results indicated that muscle stiffness varied
according to the speech task and there was a large compen-
satory movement of the upper lip under the high-stiffness
condition. However, the dynamical forces of inertia and
viscosity were not taken into account in estimating stiff-
ness, mainly because of experimental limitations. If these
forces were great, the estimated stiffness would be impre-
cise.

To verify the hypothesis of Gomi et al. (2002) that ini-
tial compensatory movements are due to preprogrammed
muscle stiffness, we reproduced the upper-lip compen-
satory movement by using the upper-lip jaw dynamical
model, in which the stiffness is varied according to mus-
cle activity level. In Sect. 2, the complicated muscle con-
nections between the upper lip and jaw are modeled by a
simple mechanical dynamics (inertia, viscosity, and stiff-
ness). In Sect. 3, in order to estimate the stiffness variation
from the muscle activation level, the transformation from
EMG signal to muscle stiffness is modeled as second-order
dynamics with time delay and identified from indepen-
dent experimental data that were derived from responses
to electrical stimulation. We examine the temporal pat-
tern of the reproduced lip movement and the modulation
of compensatory articulations according to the particu-
lar speech task (/�/ utterance) by comparing simulated
behaviors with corresponding actual behaviors.

2 Modeling the upper-lip dynamics

The mechanical linkage model of the upper lip–jaw is
shown in Fig. 1a. The jaw (mass: mj), upper lip (mass: mu),
and upper lip elevating muscles, including soft tissues, are
serially connected by two springs (stiffness: k1, k2) and two
dampers (viscosity: c1, c2). Based on the facts that muscles
have viscoelasticity (Gomi and Osu 1996; Kearney and
Hunter 1990; Osu and Gomi 1999) and that characteristics
have often been modeled as a linear spring (with damper)
(Agarwal and Gottlieb 1977; Kearney and Hunter 1982;
Bennett et al. 1992; Lacquaniti et al. 1993), the upper-lip
elevation muscles (ULEM), which consist of levator la-
bii superior, levator anguli oris, zyogomaticus major, and
zyogomaticus minor, are modeled as the upper spring k1
and damper c1, and the muscles between the upper lip and
jaw [OOS and depressor angri oris (DAO)] are modeled
as the lower ones. According to this model, the upper-lip
dynamics can be represented by the following equation:

muẍu + c1ẋu − c2(ẋj − ẋu)

=−k1(x
e
u −xu)+k2

{
(xe

j −xj)− (xe
u −xu)

}
, (1)

where xe
u and xe

j are the equilibrium trajectories, which rep-
resent the time series of equilibrium positions of muscle
dynamics. The first term on the right-hand side indicates
the force generated by the upper spring and the second
term that generated by the lower spring (Fig. 1a).
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Fig. 1. a Model of mechanical linkage of upper lip–jaw. b Stiffness
estimation from EMG signal

The viscosity coefficients, c1 and c2, are set in propor-
tion to the stiffness k1 and k2, respectively, as follows:

ci =αki (i =1,2) . (2)

Previous studies of limb biomechanics have shown a
roughly linear relationship between muscle stiffness and
EMG activity under isometric conditions (Gomi and Osu
1998; Kearney and Hunter 1990). Other studies have
shown that the joint stiffness (or force) can be estimated
from an EMG signal (Osu and Gomi 1999; Meek et al.
1990; Koike and Kawato 1995). Thus, for the articulatory
organs it is quite likely that stiffness of the muscle link-
age between articulators varies according to the muscle
activity. Gomi et al. (2002) demonstrated that there is no
remarkable change in EMG activity of ULEM during a
sentence and that the EMG activity of the OOS and DAO
increases for the production of the bilabial fricative conso-
nant /�/. These observations suggest that stiffness k1 does
not vary and stiffness k2 varies according to the speech
task. Thus, we define k1 as being constant and k2 as being
dependent on the EMG activity level.

3 Muscle dynamics of the upper lip

3.1 Modeling

Obtaining the stiffness k2 from an EMG signal is based on
the following two facts. The first is that the transformation
between the EMG and force, H(s), can be represented as
second-order dynamics with a time delay, D(s), such that



277

H(s)=G1D(s)=G1 · ω2
n

s2 +2ζωns +ωn
2

e−sτ , (3)

where ωn denotes the natural frequency, ζ the damping
ratio, τ the time delay, G1 the gain, and s a Laplacian
operator, as studied in skeletal muscle modeling (Mannard
and Stein 1973; Koike and Kawato 1995). The temporal
variation of the force estimated from an EMG signal was
determined according to the dynamics D(s). This relation-
ship is referred to here as muscle dynamics. The second
relationship, according to previous studies (Kearney and
Hunter 1990; Gomi and Osu 1998) that describe the linear
relationship between stiffness and torque, is that the esti-
mated force is linearly transformed into stiffness by a pro-
portional gain G2. This transformation from EMG signal
to stiffness is illustrated in the block diagram in Fig. 1b.
In the next section we will describe how the dynamic part
D(s) (ωn, ζ , and τ ) is estimated. Gains G1 and G2 are
determined together as the total gain (G = G1 × G2) in
Sect. 4.2.

3.2 Experiment and parameter identification

To obtain the muscle activation impulse response, we
induced a low-level contraction of the lip muscle by elec-
trically stimulating the motor nerves that innervate the
OOS and measured the upper-lip force generated by the
contraction. Three subjects [two male (A and B), one
female (C)], who had never experienced peripheral neu-
ropathy of the facial nerves, participated in this exper-
iment. The subject’s upper lip rested on a cantilever
beam, whose opposite end was attached to a six-axis
force sensor (Nitta UFS-3012A15). The force signal was
sampled at 2 kHz. The pulse stimulus signal (duration:
300 µs) was generated by an electrical stimulator (Nihon
Kohden SEN-3301) and isolator (Nihon Kohden SS-104J)
and excited the motor nerve that innervates the OOS with
a pair of surface electrodes (Nihon Kohden NM-430S).
The stimulus site with the largest upper-lip response was
determined by searching exhaustively beneath the zygo-
matic bone, under which lie the motor nerves that inner-
vate the OOS. We confirmed by visual inspection or EMG
(ipsilateral OOS, DAO, and ULEM) that other facial mus-
cles, such as orbicularis oculi, were hardly stimulated. The
stimulus intensity was set at a painless level for each sub-
ject.

The obtained muscle force response (average of 100
trials) is represented as the solid line in Fig. 2. This re-
sponse can be regarded as the impulse response of the
muscle dynamics in (3) since the pulse signal was used as
an input stimulus. The best-fit parameter values [ωn, ζ and
τ of D(s)] were obtained by nonlinear optimization using
the “lsqcurvefit” function in the MATLAB software (The
Mathworks, Inc.). The identified parameter values of ωn,
ζ , and τ in (3) are shown in Table 1. Note that G1 is the gain
for the electrical stimulation (not for actual neural input,
because of the impedance of the skin and other orofacial
tissue), so it was not evaluated here. How we determined
G1 as used in the simulation is described in Sect. 4.2. The
dotted line in Fig. 2 shows the best-fit impulse response

0 0.1 0.2 0.3 0.4

0

0.2

0.4

0.6

actual
estimated

Time [s]

F
or

ce
 [N

]

Fig. 2. Measured (solid) and estimated (dotted) force responses of the
upper lip elicited by electrical stimulation of the motor nerve (sub-
ject A). The left end of the horizontal axis indicates the start time of
the stimulus. The measured force signal is the average of 100 trials.
The estimated force response is derived from the impulse response of
muscle dynamics estimated by nonlinear optimization

Table 1. Muscle dynamics parameters estimated by nonlinear opti-
mization

Subject

A B C Average

Natural frequency 6.26 5.54 5.29 5.70 (0.50)
(ωn) (Hz)

Damping ratio (ζ ) 0.682 0.740 0.842 0.755 (0.08)
Time delay (τ ) (ms) 14.5 15.7 12.3 14.2 (1.72)
RMS error/Peak 3.17 3.53 3.54 3.41 (0.21)

response (%)

corresponding to the experimental data [subject A, vari-
ance accounted for (VAF) = 0.99]. The mean and standard
deviation of VAF for all subjects was 0.99±0.001.

4 Dynamical simulation

4.1 Jaw perturbation experiment

In previous studies (Gomi et al. 2002; Ito et al. 2000),
we observed the compensatory movement of the upper
lip in response to jaw perturbation. Details of the sys-
tem, experimental procedure, and data collection are de-
scribed elsewhere (Gomi et al. 2002). In brief, four sub-
jects (all males, Japanese native speakers: A, B, D, and E)
were instructed to say a carrier sentence “kono /a�a�a/
mitai” for each trial. The subject’s jaw was connected to
a jaw manipulandum system, which can disturb or as-
sist jaw movement. Note that this connection did not
interfere very much with speech movements under the
unperturbed condition. A downward perturbation, which
was stepwise in shape (4.0 N), disturbed the jaw move-
ment by suddenly acting in the jaw-open direction and
was triggered 0 (P1), 30 (P2), 60 (P3), 90 (P4), or 120
(P5) ms (the five triangles in the bottom graph of Fig. 3)
after the start time of jaw elevation during the /a1/ utter-
ance. Fifty trials were randomly selected among all trials
(500) as perturbed trials. The EMG signal of the OOS
was amplified and filtered (bandpass: 50–1,500 Hz) with
biomedical-amplifier (Nihon Kohden, MME-3116) and
sampled at 2 kHz. Typical data are shown in the mid-
dle panel in Fig. 3. EMG activity of the OOS increased
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Fig. 3. Measured audio and raw EMG data of OOS are shown in
top and middle panels, respectively (one typical trial, subject A). The
bottom panel shows a temporal pattern of stiffness k2[= H(s)E(t)]
in the simulation. E(t) was obtained by rectifying, smoothing, and
averaging raw EMG data. The five triangles indicate perturbation
onsets (P1 ∼P5)

prior to the production of labial utterances (/�/and/m/)
because of a delay of muscle contraction and the influ-
ence of inertia. Articulatory movements [upper lip (UL),
lower lip (LL + J: lower lip position in space), and
jaw (J)] were measured at 250 Hz with a three-dimen-
sional optical position sensor (OPTOTRAK 3020). In
Fig. 4a, the dotted line indicates perturbed trajectory,
which was obtained by adding the perturbation-induced
component to the control trajectory. The LL + J was sud-
denly shifted by jaw perturbation and almost recovered
the control trajectory around production of /�2/. The
upper lip immediately shifted downward in response to
the jaw perturbation. Consequently, this upper-lip shift
compensated for labial distance widened by jaw pertur-
bation to produce /�1/ utterance. In addition, for /a/
utterance, which does not require keeping a precise labial
constriction, the response was less induced than that
for /�/ utterance. Thus, this compensatory response was
functionally modulated according to task requirements.

4.2 Simulation procedure

As shown in Fig. 1a, the jaw-perturbing force comprises
two components. One force component affects the upper
lip–jaw spring k2 in our model, and the other, the head–jaw
spring, which consists of jaw-closing muscles, such as the
masseter and tempolaris (not described in Fig. 1a). Since
the jaw inertia and the stiffness of the jaw-closing muscles
are not known, the jaw movement cannot be predicted
by a dynamical equation; consequently, the interaction
force between the upper lip and jaw cannot be estimated in
this way. To estimate it, we utilized the experimentally ob-
tained perturbed jaw trajectory instead. The perturbed jaw
trajectory x

p
j can be expressed by the sum of its control tra-

jectory xc
j and the perturbation-induced component δx

p
j

as

x
p
j =xc

j + δx
p
j .

By replacing xj in (1) by x
p
j ,

muẍu + c1ẋu − c2(ẋj − ẋu)

=− (k1 +k2)
(
xe

u −xu
)+k2

{
xe

j − (xc
j + δx

p
j )

}

=− (k1 +k2)


xe

u −xu −
k2

(
xe

j −xc
j

)

(k1 +k2)


−k2δx

p
j

=− (k1 +k2) (v −xu)−k2δx
p
j , (4)

where

v =xe
u −

k2(x
e
j −xc

j )

k1 +k2
.

Here, the first term on the right side of the last line of
(4) is the force applied to the upper lip by both springs
under an unperturbed (control) condition, and the sec-
ond term corresponds to the perturbation-induced forces.
The upper-lip behavior perturbed at the particular timing
(P1 ∼ P5) could be simulated by applying the perturba-
tion-induced trajectory δx

p
j of the corresponding timing.

In order to simulate the upper-lip movement xu, the cor-
responding trajectory v has to be determined. In this case,
v can be obtained by using the control trajectories (ẍc

u, ẋc
u,

xc
u, and ẋc

j ) with δx
p
j = 0 (for all temporal steps) in (4) as

follows:

v =
−muẍ

c
u − c1ẋ

c
u + c2(ẋ

c
j − ẋc

u)

k1 +k2
+xc

u . (5)

Thus, by using the trajectory v, control trajectory xc
u can

be reproduced in dynamical simulation with δx
p
j =0.

The control trajectories xc
u and xc

j were obtained by
averaging 70∼100 out of 450 control trajectories. The con-
trol trials were selected so that there would be a small devi-
ation from each perturbed trajectory during the period
between the speech sound onset and perturbation onset.
The perturbation-induced component, δx

p
j , was obtained

for each perturbation pattern (P1 ∼P5) by subtracting the
control trajectory, xc

j , from perturbed jaw trajectories x
p
j

[see Gomi et al. (2002) for details]. The jaw velocity ẋj was
obtained as the first derivative of measured jaw trajectory
xj.

The mechanical parameters could not be obtained
experimentally because the jaw-perturbing force could not
be determined, as described at the beginning of this sec-
tion. We instead determined them as follows. The mass of
the upper lip mu was set at 0.05 kg as a rough estimation.
Considering previous studies of cross-joint arm muscles
(0.016–0.031) (Gomi and Osu 1996, 1998), the ratio in
(2) was fixed at α = 0.02. Both were fixed for all subjects
throughout. The temporal variation of the stiffness k2, i.e.,
D(s)× EMG, was calculated from averaged EMG signals
during the unperturbed utterance “kono /a�a�a/ mitai”.
The EMG patterns for averaging were selected among all
the control trials. The total gain G(=G1 ×G2) for obtain-
ing stiffness k2 (Fig. 1b) and stiffness k1 was determined
to minimize the sum of the squared error between the
actual and simulated shifts of the upper lip only for two
data points [40 ms after the perturbation onsets in two of
the five cases (P1 ∼P5)]. (See Fig. 3, a particular case, as
an example.)
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Fig. 4. a An audio signal of the utterance /a�a�a/, trajectories of
the upper lip [simulation (solid thick line), and experimental (dotted
line: perturbed, solid-thin line: control)] and trajectories of the lower
lip for the perturbation P3 (subject A). The thick bar indicates the
duration of perturbation. Vertical dotted lines indicate perturbation

onset of P3 and release. b The upper-lip trajectories for all pertur-
bation timings (P1 ∼ P5) from perturbation onset to 120 ms after
perturbation onset (subject A). The two displacements 40 ms after
perturbation onset (marked “∗”) were used for gain adjustment of
the model

5 Results

5.1 Estimated stiffness

As shown in the bottom panel of Fig. 3, the stiffness k2 var-
ied during the speech task, which was determined by using
muscle dynamics from the EMG signal and optimization
of gain G. The three peaks of stiffness k2 in the range of
0.4 ∼ 1.0 s corresponded to an increase in EMG activity
for labial utterances (/�/ and /m/). As indicated by the five
triangles, stiffness values were different in each perturba-
tion onset (P1 ∼P5). Since the stiffness, k1, is constant, this
variable stiffness, k2, would be critical to a response varia-
tion for the upper-lip compensation according to the jaw
perturbation. The maximum value of the stiffness k2 was
108 N/m among all subjects. Mean and standard devia-
tions of k1 were 120 ± 31.1 N/m. Although, as described
in Sect. 2, the EMG of ULEM showed a low activity com-
pared with the OOS and DAO during /�/ utterance, the
k1 value is relatively higher than the k2 value. This might
be due to passive tight linkage between the perioral region
and skull.

5.2 Temporal profile of the upper-lip compensatory
articulation

The middle panel of Fig. 4a shows a typical simulated
upper-lip trajectory (solid thick line) superimposed on
the corresponding perturbed (dotted line) and control
(solid thin line) trajectories obtained in the experiment
(subject A, P3). In the initial downward shift (0 ∼ 40 ms)
after perturbation onset the simulated upper-lip trajectory
almost mimics the actual perturbed trajectory, indicating
that the simulated upper-lip dynamics (i.e., stiffness) is
almost the same as the actual one in that phase.

This good performance in simulation is generally con-
sistent for all five perturbation patterns (P1 ∼P5) as seen
in Fig. 4b, which shows the control, actual perturbed, and
simulated perturbed trajectories 120 ms after the pertur-
bation onset. In all panels, the downward shifts closely
match during the initial 40 ms after perturbation onset.
Response variation among perturbations [large and quick
responses in (i, iii, iv) and small and slow responses in
(ii, v)] are reproduced successfully. Similar results were
observed for the other subjects (B, D and E). The corre-
lation coefficient between actual and simulated response
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variation (displacements 40 ms after perturbation onset in
P1 ∼P5) was 0.83 (±0.09) for the four subjects.

Small discrepancies between actual and simulated
responses remain because we used only two data points
among 150 [30 points (120-ms, 250-Hz sampling) of five
patterns]. The difference at the very beginning of the re-
sponse (around perturbation onset) to the perturbation
observed in Fig. 4b(ii) could be due to an unexpected bias
error contained in the averaged EMG pattern of the con-
trol trials or in the jaw-perturbed component δx

p
j . After

the initial response (i.e., > 40 ms), on the other hand, the
simulated trajectory differs from the actual one in P2, P3,
and P4 cases [panels (ii–iv), respectively]. These differences
could be due to additional influences on the lip move-
ments. Details will be discussed in Sect. 6.2.

5.3 Variable stiffness contribution

Gomi et al. (2002) hypothesized that variable stiffness is
important in generating a response variation of the upper-
lip compensation according to speech tasks. To evaluate
the model performance by muscle stiffness contribution,
we calculated the error ratio (ER) between simulated and
actual trajectory for initial response (<40 ms):

ER=

√√√√
∑

i

(
δx

p
sim(Pi)− δx

p
act(Pi)

)2

∑
iδx

p
act(Pi)2

, (6)

where δx
p
sim represents the perturbation-induced displace-

ment of ten data points (during a 40-ms period after
perturbation onset) × 3 cases (nontraining data sets in
P1 ∼ P5) in the simulation, and δx

p
act that in the experi-

ment. The mean (±SD) of ER for four subjects was 16.14
(±5.88)%, indicating that actual perturbed lip movement
can be mostly represented by the simulation.

To consider the alternative possibility that the stiff-
ness change does not produce the variation of positional
shifts, we performed a simulation assuming constant stiff-
ness during the utterance. The stiffness k2 was assumed
to be a constant value × total gain G. The stiffness k1
and the total gain G were optimized in the same man-
ner as in the variable stiffness case. The other parameters
[mu in (4) and α in (2)] and trajectories [ẋj, x

p
j in (4) and

control trajectories in (5)] were the same as those in the
variable stiffness simulation. In this case, the simulated
upper-lip responses were found to be roughly proportional
to the perturbed jaw behaviors. As a result, these simu-
lated responses poorly fitted the actual lip responses to the
five perturbations (P1 ∼P5). The ER = 28.77 (±8.50)% of
this case is significantly larger (p < 0.05) than that using
variable stiffness, indicating that the stiffness variation is
required in order to induce the response variability accord-
ing to speech task.

Moreover, to examine the fitting performance of the
muscle dynamics shown in Sect. 3, we also calculated the
performance of the simulated upper-lip movements using
the alternative muscle model of the finger [Akazawa et al.
(1988), natural frequency: 1.73 Hz, damping ratio: 1.29,

no time delay]. Note that the total gain G and the stiffness
k1 were adjusted for this simulation. ER = 27.31 (±6.97)%
for this model was significantly greater (p<0.05) than for
the current muscle model, indicating that the transforma-
tion from EMG signal to the muscle stiffness identified in
this study is more suitable for describing the articulatory
muscle dynamics.

6 Discussion

6.1 Muscle dynamics of force generation

Several studies have attempted to elucidate the rela-
tionship between muscle force and EMG signals and
concluded that second-order dynamics with a time de-
lay could satisfactorily represent that relationship in hu-
mans (finger, Akazawa et al. 1988; arm, Koike and Kawato
1995; jaw, Cooker et al. 1980) and in cat (limb, Mannard
and Stein 1973). The identified muscle dynamics in this
study has a higher natural frequency (5.7 Hz) than that of
the human finger (Akazawa et al. 1988: 1.73 Hz) and jaw
(Cooker et al. 1980: 3 Hz), and is similar to the cat limb
muscle of Mannard and Stein (1973) (5 Hz). The reason
for this difference may be as follows. When we had four
subjects attempt to rapidly generate muscle force by volun-
tary contraction under isometric conditions as in previous
studies (Akazawa et al. 1988; Cooker et al. 1980; Koike
and Kawato 1995), it was difficult for them to generate
OOS force regularly beyond a rate of 4 Hz (unpublished
data). Cooker et al. (1980) reported that 4 Hz is the rate
limit for the voluntary contraction of the jaw-closing mus-
cles. On the other hand, the motion frequency for the lips
during repetitive speech production has been measured as
being around 6 Hz in Kelso et al. (1985), and the mini-
mum time taken to maneuver the lips from an unrounded
to a rounded configuration is in the range of 50–100 ms,
which corresponds to the range of 5–10 Hz (Stevens 1998).
These findings suggest that the dynamics relating force to
the EMG for lip muscle should have a higher natural fre-
quency than those identified in previous studies. There-
fore, EMG and force data from voluntary contraction
might be inadequate for identifying muscle dynamics for
speech articulation.

Inthecaseofelectricalstimulation,especiallypulsestim-
ulation,ontheotherhand,wecouldreadily induceamuscle
contraction at a sufficient frequency range. Consequently,
we could identify the muscle dynamics with a higher natu-
ral frequency as in Mannard and Stein (1973). These data
suggest that pulsatile electrical stimulation might be useful
in obtaining the physiological limit of muscle response.

6.2 Modeling and simulation performance

In order to examine the task-dependent contribution of
the stiffness between the upper lip and jaw, it is very impor-
tant to determine quantitatively the temporal variation of
the stiffness. We here estimated the temporal variation of
stiffness from EMG signal based on the fact that the stiff-
ness and EMG are correlated (Agarwal and Gottlieb 1977;
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Osu and Gomi 1999). This method allows us to estimate
temporal variation of the stiffness. As a result, it enables
dynamical simulation of the lip–jaw linkage to explore the
coordinative articulatory mechanism, which is under the
control of the central nerves system (CNS).

In order to determine the stiffness, the gain parame-
ter G(=G1 ×G2) is still needed. However, this could not
be measured directly, as mentioned before. Alternatively,
this coefficient was determined by minimizing the error of
the two data points selected from two of five perturbed
behaviors. Thus, the model must predict the other three
temporal patterns of the lip movement [in Fig. 4b(ii, iii, v)],
which were not used in gain optimization. For these three
patterns, the error, ER, in the simulation using variable
stiffness was significantly smaller than that using the con-
stant stiffness as described in Sect. 5.3. Note that we also
confirmed, by considering muscle size, that the stiffness
in the simulation was of the same order of the arm mus-
cle stiffness measured in previous studies (Gomi and Osu
1996; Osu and Gomi 1999). From the above consideration,
it is suggested that the temporal stiffness variation is effec-
tive in producing the task-dependent cooperative speech
articulation.

As described in Sect. 5.2, there were discrepancies
between the simulated and actual trajectory after the ini-
tial response (>40 ms), especially in P2 ∼ P4 cases. One
major cause of these discrepancies could be the upper-lip
lateral contact with the lower lip (the contact at the lateral
part of the lips near the corner of the mouth). Since the
upper-lip downward force was produced around the first
upper peak of the upper-lip trajectory, the equilibrium
position of the upper lip would move downward. Due to
the application of perturbations, the equilibrium position
of the upper lip further shifted downward, which would
produce large downward shift of the actual position of
the upper lip. However, this lowering could be interrupted
by the lateral contact with the lower lip. The discrepancy
between the actual and simulated trajectories can be as-
cribed to this interaction effect, which was not included in
the simulation dynamics. For the responses of P1 and P5,
on the other hand, equilibrium positions of the upper lip
would not shift downward significantly because of the up-
ward movement of the control trajectory of the upper lip
[see panels (i, v) in Fig. 4b]. In addition, neither this contri-
bution of the contact dynamics nor the sensory feedback
was taken into account in the current simulation, both of
which may affect the upper lip movement over 40 ms after
perturbation onset. By introducing these effects, the latter
part of the response could be reproduced more accurately,
but this requires further discussion and is beyond the main
scope of this study.

6.3 Speech articulation target

Due to the complex process of speech production (motor
commands, articulator movements, vocal tract configu-
ration and vocal fold vibration, and speech sounds), the
target or goal in speech motor execution is controversial.
Houde and Jordan (1998) provided evidence of an audi-
tory target in speech articulation by demonstrating for-

mant frequency tracking in auditory alteration. However,
Tremblay et al. (2003) recently showed articulatory read-
justment in a force field jaw movement without acoustical
feedback. This suggests that speech articulation and asso-
ciated somatosensory inputs constitute a target of speech
production (i.e., motor target). The muscle stiffness var-
iation for bilabial fricative production we examined here
can be regarded as one control strategy for maintaining
the vocal tract configuration. It is therefore important to
examine this stiffness hypothesis in speech articulation,
which supports the target representation in the “motor”
rather than “acoustic” domain.

Because of inherent somatosensory feedback in real
human articulation, it would be intriguing to examine
the possibility of this stiffness hypothesis in dynamical
simulation rather than in experiment. In this study, the
initial and dominant components of compensatory artic-
ulation (<40 ms) were successfully reproduced by using
a mechanical linkage model of the upper lip and jaw.
The stiffness transformed from the empirical EMG data
nicely reproduced the variation of upper-lip compensa-
tory movements. This suggests that muscle mechanical
dynamics plays a significant role in coordinating multiple
articulators for achieving speech tasks and could be inter-
preted to mean that the mechanical impedance, as well as
movement, is taken into account in motor control of the
orofacial system. Considering the impedance (or stiffness)
control of arm studies (Hogan 1984; Mussa-Ivaldi et al.
1985; Gomi and Osu 1998; Burdet et al. 2001; Osu et al.
2001) and the task-dynamics model (Saltzman 1986), it is
likely that the CNS regulates motor commands not only
for movement but also for dynamical interaction between
articulators. In the production of a bilabial fricative con-
sonant, since the increase of muscle stiffness would be re-
quired to produce a labial constriction at any jaw position
and maintain a precise constriction against airflow pass-
ing between the upper and lower lips, the muscle stiffness
could be considered a control variable rather than a by-
product of movement. This idea is further supported by
the observation of Ito et al. (2003) that OOS muscle activ-
ity does not correlate with the jaw-closing position for
/�/ production in unperturbed (normal) speech, while the
upper lip position does. That OOS muscle activity is less
correlated with upper-lip position might be closely associ-
ated with the muscle stiffness regulation. If so, then mus-
cle stiffness would also be represented as the articulatory
target.

Note that, even though this study provides supporting
evidence for the importance of mechanical dynamics, we
do not deny the importance of sensory feedback and
auditory feedback mechanisms in speech production. It
is evident that speech production is severely impaired by
anesthesia and delayed auditory feedbacks (Abbs et al.
1976; Hain et al. 2001). It is necessary to clarify the roles of
these feedbacks and mechanical dynamics to understand
the precise mechanisms of speech motor control.
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