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Interpersonal Synchronization of Body Motion and the
Walk-Mate Walking Support Robot

Yoshihiro Miyake

Abstract—Everyone has probably experienced the phenomenon where
their footsteps unconsciously synchronize with their partner while walk-
ing together. This interpersonal synchronization of body motion has been
widely observed and is significant in the context of social psychology. How-
ever, the mechanism of this embodied cooperation still remains obscure and
has not been substantially developed as an engineering application. In this
study, by assuming “mutual entrainment” as an interpersonal synchroniza-
tion mechanism, we establish a new cooperative walking system between
a walking human and a walking robot (an agent as a virtual robet). In
this system, rhythmic sounds corresponding to the timing of footsteps are
exchanged between them on the basis of our previous studies. As a result, it
was demonstrated that the two walking rhythms adapt mutually after the
start of interaction, and stable synchronization is generated automatically.
This global entrained state exhibits dynamic stability with small fluctua-
tion in the walking period. Applying this method to walking support for
Parkinson’s disease and hemiplegia patients, its effectiveness in stabilizing
the walking of the patient was shown. These results indicate the impor-
tance of interpersonal mutual entrainment of rhythmic motion for walking
support, and new human—robot interaction technologies are expected as an
extension of this framework.

Index Terms—Human-robot interaction, mutual entrainment, walking
support, Walk-Mate,

1. INTRODUCTION

Everyone has probably experienced the phenomenon where their
footsteps unconsciously synchronize with their partner while walk-
ing together. This interpersonal synchronization of body motion has
been widely observed and is significant in the context of social psy-
chology [1]-[3] and developmental psychology [4]-[6]. However, the
mechanism for this type of embodied cooperation still remains obscure
and has not been substantially developed as an engineering application.
This study therefore hypothesizes “mutual entrainment” [7]-[9] as a
synchronization mechanism, and we establish a new cooperative walk-
ing system between a walking human and a walking robot (an agent as
a virtual robot; Walk-Mate).

Automatic interpersonal synchronization of body motion is widely
observed in social communication and collaboration. Condon and
Sander, for example, analyzed the onset timing of an infant’s body
motion with his mother’s utterances and reported an interpersonal syn-
chronization between them [2]. Matarazzo er al. analyzed the conversa-
tional process between an interviewer and an interviewee and clarified
a similar phenomenon in which the utterance duration, utterance speed,
and switching pause are tuned among speakers [1]. Our group has al-
ready reported a similar synchronization phenomenon between walking
rhythms during interpersonal cooperative walking [10].

This type of automatic synchronization can be considered to be an
effect of dynamic interaction between nonlinear oscillators. In the co-
operative walking mechanism, the interaction between neural rhythms
generated by a central pattern generator (CPG) [11] is considered to be
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a key mechanism of this phenomenon. Their intersegment and inter-
limb coordination has also been analyzed as a synchronization phe-
nomenon [12]-[14]. Yuasa and Ito, for example, have reported an
interlimb synchronization model using nonlinear dynamics, such as
“entrainment” [15]. Taga also proposed a similar “global entrainment”
mechanism between a neural rhythm generator and body motion to
explain bipedal locomotion [16}, [17]. However, these researches still
remain at the stage of intrapersonal control, and the problem of coop-
erative walking involving interpersonal synchronization has yet to be
clarified.

In terms of an engineering application, on the other hand, this syn-
chronization phenomenon is thought to be applicable to walking sup-
port for gait disturbance. Cooperative behavior between therapist and
client has already been reported in this area [18]. Similar synchronized
walking is widely observed in gait rehabilitation training, which further
suggests its effectiveness [19]. However, walking support robots, such
as RoboKnee, are passive systems, which are operated by physiologi-
cal information obtained from human motion {20]. Recently, walking
support systems, such as HAL-3, that use electromyography (EMG)
have also been proposed to construct power assist robots for walk-
ing [21]. These approaches still remain at the stage of master—slave
control in human-robot interaction, and no mutual interaction dynam-
ics, such as synchronization in cooperative walking, has yet to be
considered.

From this background, in this study, we aim to investigate interper-
sonal synchronization in cooperative walking and hypothesize “mutual-
entrainment” dynamics as a mechanism. We also implement this con-
cept as an engineering application by way of a new human-robot
interaction system that provides walking support for gait disturbance
on the basis of our previous studies [22]-{25].

In the next section, we show how this is implemented as a system
in which rhythm sounds corresponding to the timing of footsteps are
exchanged between a human and a virtual walking robot. In Section II1,
we show that these two walking rhythms mutually adapt to each other,
and its effectiveness for walking support is tested on Parkinson’s dis-
ease and hemiplegia patients. Finally, the importance of interpersonal
synchronization of rhythmic motion in walking rehabilitation and pos-
sibilities for a new human-robot interaction technology are discussed.

II. METHODS
A. Fundamental Framework

The fundamental framework of the cooperative walking robot is
shown in Fig. 1(a). The timing of a footstep on the human side is trans-
mitted to the robot side as the timing of sensory input and, similarly,
the timing of a footstep (motor output) on the robot side is transmit-
ted to the human side as the timing of sound stimulus. As illustrated
in Fig. 1(b), the contro] model for interpersonal cooperative walking
is a hierarchical nonlinear oscillator system comprising a module for
attaining mutual entrainment between an artificial rhythm generator
and human walking rhythm (module 1) and a module for adjusting
the timing difference (phase difference) between the sensory input 8,
and the motor output §,, (module 2). This arrangement is utilized be-
cause control of human walking is hierarchized into a synchronization
mechanism dependent on the CPG and a feedback mechanism through
the cerebellum and brainstem [26], [27]. Module 1, in particular, was
constructed by using a nonlinear phase oscillator [7]-[9], and module
2 controls the phase difference A8, (= 6,, — 6,) to converge on a
target phase difference A#,. Our previous studies on timing control of
human motion also support such modeling [28], [29].
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Fig. 1. Cooperative walking system. (a) Cooperative walking system utilizes
a cross-feedback system to share the walking rhythm between a human and a
walking robot. (b) Cooperative walking control model has a module attaining
mutual entrainment between walking rhythms and a module for controlling the
timing difference between sensory input and motor output. (¢) Experimental
system consists of a PC that simulates the virtual walking robot, foot (accel-
eration) sensors for detecting footsteps, and headphones for providing sound
stimuli. The foot sensors are attached to both ankles, and the PC can be placed
in a waist pouch.

B. Walk-Mate System

Fig. 1(c) shows an example of how the system is actually imple-
mented. In this experimental system, the cooperative walking is per-
formed by a walking agent serving as a virtual biped robot and a
human subject. The footstep timing of the walking robot is presented
as sound stimuli (duration 100 ms) to the human through headphones,
and the footstep timing of the human is detected by acceleration sensors
(ADXL.202E, Analog Devices) and transmitted to the walking robot
that is simulated by a portable PC (PCG-U101, SONY). The footstep
measurement, simulation of the virtual walking robot, and storage of
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the experimental data were performed every 10 ms. These tasks were
controlled using a multimedia timer on Windows XP (Microsoft). This
experimental system is called “Walk-Mate.”

C. Control Model of Cooperative Walking

The hierarchical control model for cooperative walking has two
modules. Module 1 consists of a phase oscillator (7], 8], which is
considered an appropriate model for a CPG [12]-{14]. This generates
a walking rhythm as

O = Wy,

- [\7”1, Sin(Aem) (1)

where 6, is the phase of the robot walking rhythm, and w,, is the
natural frequency of the walking rhythm. The timing at which 4,
becomes a multiple of 27 is defined as the footstep timing, and the
sound stimuli are provided discretely to the human at this timing. Here,
Ad,, is the phase difference between the sensory input 8, and the motor
output 4,, . Since ¢, is the phase of human walking rhythm estimated
from the discrete timing of the human footsteps, the phase difference
Ad,, is discretely updated (see Section II-D for details). Here, I(,, (>0)
is the coupling constant, and the coupling function is assumed to be
symmetrical for purposes of simplicity. Mutual entrainment between
the human and robot is therefore obtained when the following condition
is satisfied:

(wy —wy)
(K, + Ky)
where w, and K, are, respectively, the natural frequency and the
coupling constant for the human subject.

The timing control between sensory input and motor output in the
module 2 is as follows. It is known that in a steady state in which two
rhythms are synchronized by mutual entrainment, the rhythm having
the higher natural frequency is relatively advanced in phase [12], [ 13].
This is called the travelling wave. Feedback control of the timing differ-
ence between input and output in the module 1 is therefore implemented
by utilizing this dynamic relation. By defining the phase difference in
the module I as A, (=6,, — 6, ), a method to control the natural
frequency w,, that attains the target phase difference can be expressed
as

<1 2)

Wy, = —psin(A8,, — Aby) 3)
where A#, is the target phase difference, and g (> 0) is the control gain.
Here, the phase difference A#,, is discretely updated, and therefore,
wy, 18 also updated discretely.

The set of equations is applied to both the right and left legs. In the
case of a nondisabled subject, the right and left legs move at a phase
difference of #. In this study, K, = 0.5, and p = 0.32 are used.

D. Definition of Period and Phase Difference

Sensory input corresponding to the phase of the human walking
rhythm 6, cannot be measured continuously because the input signal
from the human subject is only the footstep timing. This phase dif-
ference is therefore discretely calculated based on the time difference
between the sensory input corresponding to the human footsteps and
the motor output corresponding to the robot footsteps. The walking
period is also defined as the time difference between two successive
footsteps by the same leg, and these discretely estimated values are
used in the aforementioned model.

The walking period on the robot side T, is defined by (4), shown
below. The difference between the time ¢,, ;1 of the footstep in the
(i+ 1)th step and the time ¢,, ; of the footstep in the ith step with the
same leg is defined as the walking period 7}, (t,, ;) in the ith step as
follows:

T (tm.l) = tm,i,+l - tm:i,- €]
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A similar definition is also used to calculate the human walking period
Th .

The phase difference Ad,, (t,, ;) in the ith step at the robot is de-
fined based on the difference between the time ¢, ; of human footsteps
corresponding to sensory input to the robot and the time ¢,, ; of robot
footsteps corresponding to motor output to the human subject. This can
be regarded as the approximate phase difference A6, of the control
model at the footstep timing, which is described as

2T

Aﬁm (tm .r) - %T (f ) .

_(tm,/ - t/y,'i) (5)

E. Task and Subjects

The subjects were put on the cooperative walking system Walk-Mate
and instructed to walk in time with the specified rhythm but without
concentrating on the sound stimuli itselt. They walked for a fixed time
interval in a corridor, which was flat and straight and was about 60 m
long (for nondisabled persons) or about 30 m long (for patients). The
room temperature, lighting intensity, etc., were adjusted to comfortable
levels, and the measurement was made under the condition that there
were no other walkers except the subject.

To estimate effectiveness as walking support, a pseudogait distur-
bance was applied to nondisabled subjects in the first stage and was
then applied to actual patients. In pseudogait disturbance, the subject’s
left knee was clamped with tape (Kinesio Tex Tape, KINESIO) and a
load (12 kg) was attached to the ankle (Ankle Weight H8540, TOEI
LIGHT) of the same leg. Six male students in their twenties (mean age
25.6 years) volunteered to serve as the nondisabled subjects.

Patients without any hearing disorder and who could walk without
a stick or a walker served as subjects with gait disturbances. These
subjects were six patients with hemiplegia due to brain infraction (H1:
43-year-old male, H2: 47-year-old male, H3: 71-year-old male, H4:
72-year-old female, HS: 83-year-old female, H6: 86-year-old male,
Brunnstrom’s stage {30] 1V to V) and two Parkinson’s disease patients
(P1: 72-year-old male, P2: 87-year-old female with drug-induced park-
isonism). This experiment involving patients was approved by the ethics
committees from Takamori-so Daycare Center (Atsugi, Kanagawa,
Japan) and Nissan Tamagawa Hospital (Setagaya, Tokyo, Japan).

{I1. RESULTS AND DISCUSSIONS
A. Dynamics of Cooperative Walking

Fig. 2 shows an example of the temporal development of walking
periods. At first, the human subjects and the robot walked at different
periods (mean period between 30 and 60s, T), = 1.245,T,, = 1.00s).
After the cooperative walking started, these gradually became closer to
each other and were then synchronized at a period approximately at a
midpoint between them until the end of this interaction (mean period be-
tween 90 and 120 s, 7}, = T, = 1.16s), with no significant difference
observed (two-tailed ¢-test, 1(50) = 0.85, P = 0.40). The target phase
difference A, inthis cooperative walking was 0 rad. This synchroniza-
tion was observed in all subjects (N = 6), and a similar phenomenon
has already been reported in cooperative walking between two hu-
mans [10]. Mutual-entrainment dynamics was in this way shown to be
a key mechanism for interpersonal synchronization of the walking.

An interesting phenomenon in terms of walking support was also
found in the amplitude of the fluctuation in the walking period through
this mutual entrainment. As shown in Fig. 2, the fluctuation in the pe-
riod for human subjects during cooperative walking (mean fluctuation
of period between 90 and 120 s, F), = 0.024 s) decreased significantly
(two-tailed ¢-test, t(51) = 2.12, P < 0.05) as compared with that before
the start of cooperative walking (mean fluctuation in period between
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Fig. 2. Interpersonal mutual entrainment of walking rhythms. An example of

temporal development of walking period. The left broken line indicates the start
of cooperative walking, and the right broken line indicates the end of it,

30 and 60 s, £}, = 0.040 s), and this phenomenon was also observed in
all the subjects (N = 6). Here, fluctuation was estimated by (6). This
result strongly suggests the effectiveness of mutual entrainment in dy-
namically stabilizing the walking process. A movie of this phenomenon
can be seen on our Web site.!

In a spectral analysis of these fluctuations in the period, a 1/f" -
type power spectrum was observed during independent walking by
nondisabled persons [see Fig. 3(a)] as in previous studies [31] but dis-
appeared in the subjects with a pseudogait disturbance [see Fig. 3(b)].
However, a similar 1/ -type power spectrum was restored in the case
of cooperative walking with the Walk-Mate system [see Fig. 3(c)]. Par-
ticularly, in the average of gradients o among the subjects (N = 6)
obtained from regression lines, no significant difference was found
between cooperative walking (mean gradient, ¢, = 0.50) and inde-
pendent walking of nondisabled persons (mean gradient ¢, = 0.66)
(two-tailed ¢-test, ¢(10) = 1.44, P = 0.18). However, the 1/ f* -type
power spectrum was not restored when they walked in synchronism
with sound stimuli having a fixed rhythm {see Fig. 3(d)] (walking with
fixed rhythm: mean gradient «v;, = 0.08, cooperative walking: mean
gradient o), = 0.50, two-tailed ¢-test, t(10) = 7.47, P < 0.01). Reha-
bilitation in which the patients walk in synchronism with fixed rhythmic
sounds (such as a metronome) or a regular stripe pattern on the floor
has been proposed [32], {33]. The results here indicate that cooperative
walking through mutual entrainment is essential for recovery to a stable
and natural walking state. All subjects (N = 6) also stated that they
feel greater stability and more of a sense of togetherness in cooperative
walking with Walk-Mate than when walking at a fixed rhythm,

Furthermore, the mechanism of mutual entrainment was revealed.
Fig. 4(a) shows examples of temporal development among phase differ-
ences Af,, and walking periods of human subjects 7, when the target
phase difference Af, was changed to 0.5 rad from O rad. This in-
dicates that stable synchronized walking occurred between the human
subjects and the robot and that the phase difference Af,, converged
to the target value. Under this condition, the human walking period
decreased when the motor output timing preceded the sensory input
timing (A#,, > 0) and increased in the opposite case. This means that

'Movie of independent walking of gait disturbance is available at http://
www.myk.dis.titech.ac.jp/2007hp/theme/DVwalk-mate | .mpg and cooperative
walking with Walk-Mate is shown at http://www.myk.dis.titech.ac.jp/2007hp/
theme/DVwalk-mate2.mpg
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Fig. 3. Power spectra of fluctuations in walking period. The power spectrum

was obtained by applying a discrete Fourier transtorm (DFT) to the time series
of walking period data for 256 steps. The frequency is a relative value obtained
using the length of time for one step as the interval size. Regression lines were
added in double logarithmic plots. Each graph is for (a) independent walking
by nondisabled subjects, (b) independent walking with pseudogait disturbance,
(c) cooperative walking with pseudogait disturbance, and (d) fixed-rhythm walk-
ing with pseudogait disturbance.

the human walking period decreases when the robot footstep timing
precedes the human footstep timing and vice versa. The relationship
between the target phase difference and the change in the human walk-
ing period is further estimated in Fig. 4(b). This result also supports the
aforementioned interpretation. In other words, a sensory-motor cou-
pling to realize the mutual entrainment by which the walking period
is controlled such that the phase difference decreases was indicated
on the human side. This demonstrates the validity of our cooperative
walking model based on mutual-entrainment dynamics.

B. Application to Gait Disturbance

We next explored the possibilities of this interpersonal mutual-
entrainment mechanism as walking support for actual patients. We first
of all focused on the festinating gait, which is one abnormal postural
reflex caused by Parkinson’s disease. The festinating gait is a symptom
where the walking period gradually becomes shorter, and the patient
eventually falls down [32], {33].

Fig. 5(a) shows an example of temporal development of the walking
period of an 87-year-old female patient (P2). In the first 1 min, the
characteristics of festinating gait were obvious, and the walking period
gradually became shorter. However, after starting cooperative walking
with Walk-Mate, the decrease in the walking period slowed, and her
walking stabilized. When the gradients ~ of regression lines obtained
from rates of change in the walking period were compared as an index
of acceleration, a significant difference was observed between inde-
pendent walking (gradient between 20 and 60 s, v, = —0.0052) and
cooperative walking (gradient between 120 and 160 s, v, = —0.0001).
This tendency was observed in two out of two patients. Here, mu-
tual entrainment with a negative target phase difference (—0.25 rad)
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Fig. 4. Timing control of mutual entrainment. (a) Examples of temporal de-

velopment of phase difference on the robot (upper) and walking period on the
human (lower) when the target phase difference A8, was controlled. The left
broken line indicates the change in target phase difference from 0 rad to a des-
ignated value (0.5 rad), and the right line indicates the restoration to 0 rad.
(b) Relationship between target phase difference and the change in the walking
period of the human subject is shown. This period change was obtained by
subtracting the average between 120 and 180 s from the average between 0 and
60 s.

representing the delay in robot footstep timing relative to the human
footstep timing was utilized. This timing is thought useful for decelerat-
ing the festinating gate. These results suggest that interpersonal mutual
entrainment is effective in stabilizing the festinating gait of patients
with Parkinson’s disease.

We next focused attention on the unstable gait of hemiplegia patients.
In hemiplegia, there is a delay in the footstep timing of the affected leg
compared with the unaffected leg | 34]. Fig. 5(b) shows temporal devel-
opment of the fluctuation in walking period and left—right asymmetry
in the walking pattern of an 86-year-old male patient (H6).

The fluctuation in walking period Fj, (f,, ;) in the ith step of the
human subjects was evaluated as an absolute value of the variation in
walking period within p steps (in this study, we used p = 3), which is
shown as

Fy (b a) = T (aiey) — T (i) - (6)
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Fig. 5. Application to gait disturbance. (a) Example of temporal development

of walking period in festinating gait of Parkinson’s disease. The broken line
indicates the start of cooperative walking. (b) Example of temporal development
of walking period fluctuation (upper) and left-right asymmetry of walking
(lower) in unstable gait of hemiplegia. The left broken line indicates the start of
cooperative walking, and the right line indicates its end.

We use the averaged value of this fluctuation within a fixed time inter-
val as an index of the stability of walking motion. The smaller value
corresponds to the smaller fluctuation (stable walking).

The left-right asymmetry of walking A, (¢, ;) in the ith step by
the human subject is defined as a value obtained by normalizing the
difference between the time length from the right footstep to the left
footstep and the time length from the left footstep to the right footstep
in successive steps in the walking period at that time, which is shown
as

(thrier —tnai) = (Gnri —ths)
Alr(f’/u/ul) T’h (th«r;/) (7)
where t), ., and t;, ; ; are the respective times of the footstep in the ith
step of right and left legs. We use an averaged value of this asymmetry
within a fixed time interval as an index of the left-right symmetry of the
walking motion. The 0 value denotes symmetry, and the larger absolute
value results in greater asymmetry.
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After cooperative walking started, the fluctuation in the period ob-
served during independent walking (mean fluctuation between 0 and
60 s, I}, = 0.091 s) decreased to a small fluctuation (mean fluctua-
tion between 120 and 180 s, F), = 0.050 s), suggesting significant
stabilization (two-tailed f-test, £(88) = 3.63, PP < 0.01) (see Fig. 5(b),
upper). The left—right asymmetry observed in independent walking
(mean asymmetry between 0 and 60 s, A, = 0.028) was also signifi-
cantly reduced during cooperative walking (mean asymmetry between
120 and 180 s: A;, = 0.013, two-tailed ¢-test, £(84) = 2.87, P < 0.01)
(see Fig. 5(b), lower). This was effective in reducing the fluctuation
period in five patients out of six. The remaining one patient (H4) also
suffered from gait disturbance due to a bone fracture and was the most
critical patient. However, asymmetry was significantly reduced in all
the patients (N = 6). Here, mutual entrainment with a positive target
phase difference (0.25 rad) was used to accelerate the walking rhythm
on the affected leg side, and a negative target phase difference (—0.25
rad) was set to decelerate the walking rhythm on the unaffected leg.
These results suggest that interpersonal mutual entrainment is effective
in restoring symmetry during walking on hemiplegia patients.

Moreover, a type of developmental process that can be applied to
rehabilitation was also observed. As shown in Fig. 2, both the human
subject and the walking robot were restored to their original watk-
ing periods when cooperative walking was completed (mean period
between 150 and 180 s, T, = 1.20 s, T, = 1.12 ). These original
periods were close to each other as compared with those before co-
operative walking (mean period between 30 and 60 s, T}, = 1.24 s,
T,, = 1.00 s), suggesting that this interaction is not a simple mutual
entrainment but a process including “mutual adaptation” of the natural
frequency of walking period. As a result, dynamic stability of walking
as measured by fluctuations in the walking period was retained even
after cooperative walking (mean fluctuation Fj, = 0.024 s (90-120 s),
F, = 0.024 s (150-180 s), two-tailed t-test, t(46) = 0.09, P = 0.93),
as shown in Fig. 2. This phenomenon was also observed in hemiplegia
patients, as shown in Fig. 5(b). A small fluctuation in walking pe-
riod observed during cooperative walking still remained after stopping
it (mean fluctuation F;, = 0.050 s (120-180 s), F}, = 0.059 s (180—
240 s), two-tailed t-test, t(98) = 1.04, P = 0.30). These results suggest
the dynamic stability of walking is sustained even after completing the
cooperative walking with Walk-Mate. This type of adaptive property is
an effective means to support rehabilitation. If we could further sustain
this dynamic stabilization, then patients could walk without Walk-Mate
after completing their rehabilitation using this system.

C. Conclusion

In this study, a human—robot interaction system based on mutual en-
trainment of walking rhythms was constructed to clarify the mechanism
of interpersonal synchronization, and we demonstrated its potential ap-
plications to provide walking support of patients with gait disturbance.
Although further systematic clinical evaluation is needed, the signif-
icance of this dynamic walking support based on mutual entrainment
should be emphasized. Moreover, to improve the effectiveness of the
present system, interaction between the virtual robot and human should
be extended to include actual robots and human subjects. One possibil-
ity is a power assist robot system for walking. We have already started
developing a robotic system using this dynamic interaction [37] and
have demonstrated its usefulness in helping to support patients who
cannot walk by themselves. We anticipate that this new framework
will have vast potential applications not only to rehabilitation robots
but also to a wide range of embodied and social communications for
human-robot interaction {35], [36].
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