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Abstract — A Personal robot, which is expected to become
popular in the future, is required to be active in joint work and
community life with humans. Therefore, the purpose of this
study is the development of new mechanisms and functions for a
humanoid robot that has the ability to express human-like
emotion and communicate naturally with a human, in order to
realize a personal robot. Recently, the Emotion Expression
Humanoid Robot WE-4RII was developed by integrating the
Humanoid Robot Hands RCH-1 into the previous Emotion
Expression Humanoid Robot WE-4R. It was confirmed for WE-
4RII to be able to effectively express its emotions.

Index Terms — Humanoid Robot, Robot Hand, Emotional
Expression.

I. INTRODUCTION

An Industrial robot has various functions, such as
assembly and conveyance, in a manufacturing factory.
However, an operator has to define the robot’s behavior with
complex processes or methods. On the contrary, a personal
robot, which is expected to become popular in the future, is
required to be active in joint work and community life with
humans. Adaptability to partners and/or environments through
the communication with humans is necessary for a personal
robot. Therefore, the objective of this study is to develop new
mechanisms and functions in order to realize the bilateral
interaction by expressing the emotions, behaviors and
personality in a human-like manner.

Four sensations (visual, auditory, cutaneous and olfactory
sensations), the coordinated head-eye motion with Vestibular-
Ocular Reflex and the depth perception using the angle of
convergence between two eyes have been achieved by
developing the WE (Waseda Eye) series since 1995.
However, the hands of the previous type WE-4R (Waseda Eye
No.4 Refined II) as shown in Fig.1 did not have the ability of
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Fig.2 RCH-1

Fig.1 The Previous Robot WE-4R

grasping, sensing stimuli and expressing emotions, since they
were solid mockups made by metal and styrene foam.
Therefore, the Emotion Expression Humanoid Robot WE-
4RIl (Waseda Eye No.4 Refined II) was developed by
integrating the Humanoid Robot Hands RCH-1 (RoboCasa
Hand No.1) into the WE-4R for realization of the effective
emotional expression and bilateral interaction with humans
[1][2]. This paper describes the mechanical design of WE-
4RII.

II. MECHANICAL HARDWARE

Fig.3 shows the hardware overview of the Emotional
Expression Humanoid Robot WE-4RII, which has 59-DOFs
in total as shown in Table 1. This robot can generate human-
like facial expression using eyebrows, eyelids, facial color,
lips and voice [3]. The eye unit was designed for
miniaturization of the head. The coordinated eyeball-eyelids
motion is able to be easily controlled, since the eyeball pitch
axis motion mechanically synchronizes the opening and
closing of upper eyelid motion.
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Table 1 DOFs Configuration

of WE-4RILI
Part DOF
Neck 4
Eyes 3
Eyelids 6
Eyebrows 8
Lips 4
Jaw 1
Lung 1
Waist 2
Arms 18
Hands 12
Total 59

Fig.3 WE-4RIL

The neck has 4-DOFs which are the upper pitch, lower
pitch, roll and yaw axes. The robot can jut out and draw in its
chin by using the upper pitch. In addition, the waist has 2-
DOFs which are the pitch and yaw axes. The robot pursues a
target using not coordinated head-eye motion, but coordinated
waist-head-eye motion with V.O.R. The lungs consist of 2 sets
of a cylinder and a piston, a ball screw and a DC motor. WE-
4RII can breathe air for the olfactory sensation and display
breathing motion for more emotional expressions.

Generally, a human has 7-DOFs arms: 3-DOFs shoulder,
1-DOF elbow and 3-DOFs wrist. However, there is a rotation

(e) Happiness
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center in a base shoulder whose motion is very important for
emotional expressions. For example, we square our shoulders
when we feel angry, and we shrug our shoulders when we are
weak. Therefore, the 9-DOFs Emotion Expression Humanoid
Arm, which has the yaw and roll axes in the base shoulder,
was developed [4]. The pitch axis of the shoulder was leant at
a 30-degree angle to avoid a singular point in a common use
range.

The Humanoid Robot Hands RCH-1 as shown in Fig.2
was designed and developed by ARTS Lab, Scuola Superiore
Sant’ Anna. RCH-1 with five fingers has 6 active DOFs and 10
passive DOFs. Each finger has 1-DOF for extension and
flexion motions, which are driven by single cable actuated by
a DC motor. The thumb has one more DOF for abduction and
adduction motions. RCH-1 can grasp an object following its
shape by the special mechanisms.

III. SENSORS ON WE-4RII

WE-4RII has visual, auditory, tactile and olfactory
sensations. Regarding visual sensor, WE-4RII has two color
CCD cameras (CS6550, Tokyo Electronic Industry Co. Inc.)
in its eyes. It can recognize any color as a target and recognize
eight targets at the same time. It calculates the gravity, area
and distance of the targets. Since WE-4RII keeps a distance
from its eyes to the target, it bends backward and leans
forward depending using the neck and waist. For auditory
sensation, WE-4R has condenser microphones in each ear. It

(f) Surprise
Fig.4 Emotional Expressions of WE-4RII



[ IWE-4R [__]WE-4RII

100100 944 120 100100 1_00
100 s8.9=m88.9 Il | 944 90,793 5
X g0 LT 22 BB
© | | | | 1< | |
© | | | || | |
X 60
i | | | | | | |
il N N N N N N |
‘c 40
S | | | | | | |
Q
8 || || || L | || || 1 |
x 20 HES EES B BRS BEh BEh B
Surprised = Sadness Fear Averaged
Happiness Anger Disgust

Fig.5 Results of Experimental Evaluation

can localize the sound direction from its loudness and the
phase difference in a 3D space. FSRs (model 406, Interlink
Electronics, Inc.) were set on the cheeks, forehead, top of the
head and side of the head of WE-4RII as the tactile sensors.
The robot can recognize the difference in touching behaviors
such as “push,” “hit” and “stroke”. For the olfactory sensation,
four semiconductor gas sensors (SB-19, SB-30, SB-AQIA
and SB-E32, FIC Inc.) were set in WE-4RII’s nose. WE-4RII
can distinguish the smells of alcohol, ammonia and cigarette
smoke. Finally, regarding temperature sensor, a thermistor and
a heat sheet were set on the forehead.

Fig.4 shows the emotional expressions exhibited by WE-
4RII. The robot can express an emotional pattern
corresponding to a mental state in response to a stimulus.

IV. EXPERIMENTAL EVALUATION

The recognition rate of the emotional expressions
exhibited by WE-4RII was measured in order to evaluate how
WE-4RII transmits its emotions. We showed 18 subjects
(averaged age: 21) the movies of six basic emotional patterns
expressed by the previous robot WE-4R and the new robot
WE-4RII. In the movies, WE-4R and WE-4RII generated the
same emotional patterns except for the hand motions. The
subjects chose an emotion corresponding to that expressed by
the robot. And then, we obtained the correct recognition rate
of each emotional pattern as shown in Fig.5.

As a result, “Happiness” recognition rate of WE-4RII was
5.5[points] higher than that of WE-4R. All subjects correctly
recognized the “Surprised”, “Sadness”, “Anger” and
“Disgust” emotional expressions exhibited by WE-4RIIL.
However, “Fear” recognition rate of WE-4RII was 5.5[points]
lower than the WE-4R’s since the some subjects felt that it is
not the “Fear” emotional expression but the “Disgust”
emotional expression. We consider that this “Fear” emotional
expression was not the best motion. It is necessary to
determine the optimum motion through some experimental
evaluations. In total, the averaged rate of WE-4RII’s
emotional patterns became 2.8[points] higher. As can be seen,
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WE-4RII could effectively express its emotions except for
“Fear”. Therefore, we consider that integration of the
humanoid robot hands to the robot is very effective for
improvement in the ability of emotional expressions.
However, the emotional expressions in Fig.4 are Japanese
patterns. We need to deal with cultural differences.

V. CONCLUSION

In this study, the Emotion Expression Humanoid Robot
WE-4RII was developed by integrating the Humanoid Robot
Hands RCH-1 into the previous robot WE-4R. We confirmed
that WE-4RII can effectively express its emotions.

In the future, we would like to increase the emotional
expressions and behaviors and to develop a model for
generation of most suitable emotional expression and behavior
according to the situation. In addition, a method for objective
evaluation of robots has not been proposed yet. It is very
important to objectively measure the human feelings when
interacting with a humanoid robot. Therefore, we would like
to develop new evaluation system for humanoid robots.
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Abstract— This paper describes emotion-based walking
for a biped humanoid robot. In this paper, three emotions
such as happiness, sadness and anger are considered. These
emotions are expressed by the walking styles of the biped
humanoid robot that are preset by the parameterization
of its whole body motion. To keep its balance during the
emotional expressions, the motion of the trunk is employed
which is calculated by the compensatory motion control
based on the motions of the head, arms and legs. We
have constructed a biped humanoid robot, WABIAB-RII
(WAseda BIpedal humANoid robot-Revised II), to explore
the issue of the emotional walking motion for a smooth and
natural communication. WABIAN-RII has forty-three me-
chanical degrees of freedom and four passive degrees of
freedom. Its height is about 1.84 m and its total weight
is 127 kg. Using WABIAN-RII, three emotion expressions
are experimented by the biped walking including the body
motion and evaluated.

Index Terms— Emotional walking, compensatory motion,
motion parameters, parameterization, biped humanoid
robot.

1. Introduction

It has been forecast that many robotic systems will be
employed in the non-industrial fields such as services and
social welfare in the 21st century. These robots are ex-
pected to have the human-like mechanism and function
to coexist with human beings. Especially, a two-legged
system will be effective as a locomotion system in human
living spaces, for example, homes, offices and so on.

For the last three decades, our research group has stud-
ied on human-like biped robots with two main trusts.
One trust has been toward realizing the dynamic com-
plete walking not only on an even or uneven terrain but
also on a hard or soft terrain. Takanishi and co-workers
realized the complete dynamic walking with the walking
speed of 1.3 s/step using the sequence control [1]. The
dynamic walking on the uneven terrain like stairs and
inclined planes was realized using the control algorithm
based on a virtual surface [2]. The other thrust has been
toward exploring robot-environment interaction. Also, we
achieved the dynamic walking under the unknown exter-
nal force 100 N acted on the waist of the biped robot
[3], [4]. The human-following walking control was pro-
posed which has the pattern switching technique based
on human-robot physical interaction [5].

The other research groups have researched on the anal-
ysis of biped walking control and hardware [6], [7]. Vuko-

bratovic and his co-workers [8] modeled a walking biped
that balances by manipulating the projected center of
gravity and the support area provided by the feet. Kajita
and Tani [9] developed the linear inverted pendulum mode
to control a biped walking. In a more recent research,
Honda’s humanoid robot called P2 has been constructed
and the dynamic walking on the plane and stairs has been
realized [10].

Up to the present, almost of all researches on biped
robots have covered the problems of control systems for
their stable walking, but not included an issue of emo-
tion expression for a smooth and natural communication.
However, a few of researches on a human’s walking be-
havior have been proposed. Wallbott [11], and Barclay
and co-workers [12] studied a person’s character, sex and
age from a person’s gait. Montepare and co-workers [13]
have explored human’s emotions from a human’s walk-
ing style. In addition, the study of facial expressions
has been researched by many researchers [14], [15], [16],
[17]. The research of emotion expressions using biped hu-
manoid robots has not proposed until now excepting Lim
and Takanishi [18].

In this paper, we focus on the emotion expression us-
ing the whole body motion and the walking of a biped
humanoid robot to understand a human’s emotion fully.
However, the facial expression is not included in this pa-
per. We have constructed the anthropomorphic intelli-
gent robot, WABIAN-RII, that will be contributed to the
development of “human-like biped robots”. The biped
humanoid robot has forty-three mechanical degrees of
freedom and four passive degrees of freedom (a transla-
tional motion and three rotational motions). A picture
of WABIAN-RII is shown in Figure 1. Its height is about
1.84 m and its total weight is 127 kg. Three emotions such
as happiness, sadness and anger are considered in this pa-
per. Each emotion is parameterized, and a motion pattern
of the lower-limbs and upper-limbs is determined. During
the walking, the combined motion of the trunk and waist
controls the balance of the biped humanoid robot, which
is calculated using the compensatory motion control algo-
rithm proposed already [19].

This paper is organized as follows. In Section 2, we de-
scribe motion parameters and walking patterns to realize
emotion expression. Section 3 describes emotional walk-
ing simulations. Section 4 illustrates an experimental sys-



tem and shows experimental results. Finally, conclusions
are discussed in Section 5.

Fig. 1. The Photo of WABIAN-RII.

2. Emotion Expression Based on Motion
Parameters

To identify a human walking in certain emotions, three
walking styles of a biped humanoid robot are considered:
happy, sad and angry walking. In this section, the walk-
ing pattern for locomotion and stability is described. For
stability, the motion of the waist and trunk is calculated
by the compensatory motion control method already pro-
posed [20]. Also, the motion parameters that play an
important roll in emotional walking are discussed.

2.1. General Walking Pattern

The positions and orientations of the foot, waist and
head Zfo0t € RO, Tpaist € R and Tneqqa € RE, can be
determined by a polynomial. Here, how to determine the
smooth motion of the lower-limbs is briefly discussed. The
smooth motion of the foot according to the ground is gen-
erated by using the sixth order polynomial considering
angle, angular velocity, angular acceleration, angle of the
highest position of the foot. Three constraints of the foot
position and orientation come from the selection of initial
and final values:

mfoot(tO) = Zo, a:foot(tf) =y, mfoot(tm) = T, (1)

where g, t,, and t; are the initial, intermediate and final
times of a step, respectively.

The position and orientation «f,,¢+ have an additional
four constraints that are the zero initial and final velocity
and acceleration:

d:fOOt(tO) = Oa :'Dfoot(tf) = O,
fi:foot(to) = 0, ifoot(tf) =0. (2)

These seven constraints are satisfied by a polynomial of
six degree. The sixth order polynomial is written as

Zroot(t) = ap + ait + ast® + ast® + ayt?
+a5t5 + a6t6, (3)

and the velocity and acceleration along the path are
clearly

a1 + 2ast + 3ast? + dayt® + Sast* + 6agt®,
2as + 6ast + 12a4t* + 20ast + 30ast*. (4)

& oot (1)
Efoot(t) =

Combining Equation (3) and Equation (4) with the
seven constraints, the seven coefficients (ag - - - ag) can be
obtained. Then, substituting these coefficients for Equa-
tion (3), the foot pattern will be obtained.

Also, a desired pattern of the waist can be determined
by using Equation (3). However, this desired waist motion
is changed by the compensatory motion control algorithm
to compensate for the moments produced by the motion
of the head, lower-limbs and upper-limbs during the walk-
ing. A desired knee pattern is geometrically computed on
the basis of the foot and the waist pattern. The compen-
satory motions of the waist and the trunk are obtained by
the iteration method, depending on the ratio between the
compensation moments of the trunk and the waist and
the initial position and orientation of the trunk. A de-
sired head pattern can be obtained by the fifth or sixth
order polynomial. Also, an arm desired pattern is defined
using forward kinematics, depending on the shoulder posi-
tion and orientation. After calculating the compensatory
motion, these desired patterns are recomputed based on
the foot, waist and trunk motion. The complete walking
pattern that consists of the patterns of the head, waist,
trunk, lower-limbs and upper-limbs is obtained according
to the step direction as shown in Figure 2. A general
walking pattern generation can be found in our previous
paper [21].

Preset patterns of waist and foot
depending on the walking direction

/ Preset patterns of knee,
head and upper-limbs

Compute motion of trunk and waist
by compensatory control algorithm

Planned ZMP,

/ Trunk and waist patterns /

T
Compute motions of
knee, head, upper-limbs

|
—>/C0mplete walking pattern /

End

Fig. 2. Pattern generation of complete walking pattern.



2.2. Motion Parameters

There are eight parameters and four gait characteristics
for the happy expression, while eleven parameters and two
gait characteristics for the sad expression. Also, we set
eight parameters and three gait characteristics for the an-
gry expression. Combining the parameters and the gait
characteristics, thirty-two walking motion patterns each
emotion are determined.

In the happy expression, the motion parameters are set
as follows:

e A: the normal step has toe’s middle x-position of
0.075 m and final x-position of 0.15 m, while the long
step has toe’s middle x-position of 0.10 m and final
x-position of 0.20 m.

o B: the normal foot has the acceleration of the toe of
0.002 m/s? to the Z direction in the first and the last
term of the swing phase. The M shape foot trajectory
is determined with the acceleration of 0.05 m/s? to
the Z direction in the first and the last term of the
swing phase. In the center foot, the Y position of
the toe is fixed. The side foot has toe’s y-position of
-0.20 m and roll orientation of -20 deg in the middle
term of the swing phase. The high foot has toe’s z-
position of 0.10 m and z-acceleration of 0.002 m/s>
in the middle term of the swing phase.

e C: the outward foot has with the yaw orientation of

TABLE 1

MOTION PARAMETERS FOR HAPPY WALKING.

Para- Gait Characteristics
meters
a b c d
A:step long normal normal normal
length
B:foot M-shape | M-shape | high normal
C:toe outward | straight straight straight
D:waist moving normal normal normal
up and
down
E:waist rotating | fixed fixed fixed
on roll
axis
F:trunk shaking trunk neck fixed
and front-to- | only only
head back
G:trunk shaking trunk neck fixed
and side-to- only only
head side
H:arm swinging | normally | normally | normally
largely

the toe of 30.0 deg.

D: in the middle of the swing phase, the normal waist
has the z-position of -0.1 m with respect to the mov-
ing coordinate frame set on the center of the waist.
On the other hand, the moving waist moves up and
down within 0.1 m.

E: to make the rotating waist, the roll orientation of
the waist is set as -10.0 deg in the middle of the swing
phase. Also, the initial and final angular velocities of
the waist are -1.0 deg/s and 1.0 deg/s, respectively;
F: to shake largely front-to-back the trunk, the ratio
of the pitch moments is 0.7. The pitch angle of the
head is -10.0 deg in the middle of the swing phase.
G: to shake largely side-to-side the trunk, the ratio of
the roll moments is set as 0.7. The roll angle of the
head is 10.0 deg in the middle of the swing phase.
Also, the initial and final angular velocities of the
head are 1.0 deg/s and -1.0 deg/s, respectively.

H: the amplification constant of the pitch shoulder

D: to make the dragging foot, the z-position of the toe
is 0.02 m in the middle of the swing phase. However,
the z-position of the toe is 0.10 m in the normal foot.
E: the ratio of the pitch moments is set as 0.7 for the
trunk to shake largely front-to-back.

F: the roll offset position of the trunk is set as 0.1 m
to tilt forward.

G: the pitch offset position of the trunk is set as 0.1
m to tilt sideward.

H: the ratio of the yaw moments is set as 0.7.

I: the normal step has the middle x-position of the toe
of 0.075 m and the final x-position of 0.15 m, while
the short step has the middle x-position of 0.05 m
and the final x-position of 0.10 m.

J: the initial pitch angle of the head is set as 20.0 deg
to droop forward.

K: the amplification constant of the pitch shoulder
and elbow with respect to the yaw angle of the trunk
is set as 1.0 to move the arm.

and elbow with respect to the yaw angle of the trunk
is 1.0 in the normal arm and 2.5 in the swing arm.

Table 1 describes eight motion parameters and four gait
characteristics of the happy expression.

Table 2 describes eleven motion parameters and two
gait characteristics of the sad expression. The sad motion
parameters are set as follows:

o A: the normal speed is 1.28 s/step, while the slow

speed is 1.92 s/step.

« B: the initial roll angle of the head is set as 20 deg to

tilt sideward.

o C: the yaw angle of the toe is set as -10 deg and the

foot turns inwards.

Table 3 describes eight motion parameters and three
gait characteristics of the angry expression. The angry
motion parameters are set as follows:

e A: the normal speed is 1.28 s/step, while the fast
speed is 0.96 s/step.
o B: the fist is clenched or opened.
o C: to open the armpit, the roll and yaw offset position
of the shoulder are set as -30.0 deg and 60.0 deg,

respectively.

elbow is set as -40.0 deg.
e D: the pitch offset position of the trunk is set as 0.1

m to tilt forward.

Also, the pitch offset position of the

o E: the initial and final accelerations of the toe in the



TABLE 2
MOTION PARAMETERS FOR SAD WALKING.

Gait Characteristics
Parameters
a b

A:speed slow normal
B:head tilting sideward straight
C:toe inward straight
D:foot dragging normal
E:trunk shaking front-to-back | fixed
F:trunk bending front straight
G:trunk bending sideward straight
H:trunk rotating on yaw-axis | fixed
I:step length | short normal
J:head drooping straight
K:arm fixed swing

first and final term of the swing phase are set as
0.01m/s? and 0.05m/s? to make a march step, while
the initial and final accelerations of the toe are set as
0.002m/s% and 0.002m/s? in normal step. The initial
z-position of the toe for the high foot is 0.3 m in the
middle of the swing phase.

o F: the normal step has the middle x-position of the
toe of 0.075 m and the final x-position of 0.15 m,
while the long step has the middle x-position of 0.10
m and the final x-position of 0.20 m.

o G: the initial pitch angle of the head is set as 20 deg
to make the sticking face.

o H: the initial yaw angle of the toe is set as 30 deg for
the foot to face outward.

TABLE 3
MOTION PARAMETERS FOR ANGRY WALKING.

Gait Characteristics
Parameters

a b c
A:speed fast normal | normal
B:fist clench open open
C:armpit open close close
D:trunk bending front | straight | straight
E:foot stamping high normal
F:step length | long normal | normal
G:face sticking normal | normal

forward

H:toe outward straight | straight
2.3. Analysis of Variance

To explore three emotions such as happiness, sadness
and anger, 3D walking motion simulations are conducted.
Considering the motion parameters, thirty-two walking
motion patterns are determined by the pattern generator
[21]. Using a Borland Builder C** and an Open GL soft-
ware for Windows the 3D emotional walking is animated

and videotaped. Then, the recorded 3D animations are
played for about 15 s for evaluation. In order to show
more realistically the biped model begins to walk straight
ahead and turns 90 deg to the left around the yaw axis
at the final step. In this study, seventeen undergraduates
serve as appraisers and evaluate each emotional walking as
five levels, from 0 point (lowest point) to 4 point (hightest
point). The sum of points each happy pattern is shown in
Table 4, while the sum of points each sad pattern is shown
in Table 5. Also, the sum of points each angry pattern is
shown in Table 6.

TABLE 4
EVALUATION POINTS IN HAPPY WALKING.

Parameters
Patterns A BCDTET G U Sum

1 a a a a a a a a |33
2 b a b b b a b b |6
3 a a a a b b ¢ b |22
4 b a b b a b d a|ll
5 b a a b a ¢ ¢ a |10
6 a a b a b ¢ d b |35
7 b a a b b d a b|b
8 a a b a a d b a |37
9 a b b b a a ¢ b |4
10 b b a a b a d a |24
11 a b b b b b a a|l6
12 b b a a a b b b |12
13 b b b a a ¢ a b |24
14 a b a b b ¢ b a]l2
15 b b b a b d b a |45
16 a b a b a d d b|b
17 b ¢ b a b a ¢ a |37
18 a ¢ a b a a d b |4
19 b ¢ b a a b a b |25
20 a ¢ a b b b b a |13
21 a ¢ b b b ¢ a a|l8
22 b ¢ a a a ¢ b b |29
23 a ¢ b b a d ¢ b |13
24 b ¢ a a b d d a |24
25 b d a b b a a b |6
26 a d b a a a b a |30
27 b d a b a b ¢ a9
28 a d b a a b ¢ a |10
29 a d a a b ¢ ¢ b |36
30 b d b b a ¢ d a9
31 a d a a a d a a |37
32 b d b b b d b b |2

To obtain an effective emotional walking pattern, we
analyze the variance of the motion parameters. The vari-
ability of a set of n measurements (the number of emo-
tional patterns) is the proportional of SS (sum of squares
of deviations).

SS = (sum of squares of all y values) — CM



TABLE 5
EVALUATION POINTS IN SAD WALKING.

TABLE 6
EVALUATION POINTS IN ANGRY WALKING.

Parameters
Parameters Patterns A BCDETF G H Sum
Patterns A B C D EVF G H I J K St 1 a a a a a a a a |38
1 a a a a a a a a a a a |31 2 a a a a b b b b |10
2 a b b b a a a a b b b |18 3 a a a b ¢ a a b |11
3 a a a a a a b b b b a |25 4 a a a b a b b a |26
4 a b b b a a b b a a b |28 5 a a b a ¢ a b a2l
5 a b b a a b a b a a a |20 6 a a b a a b a b |22
6 a a a b a b a b b b b |16 7 a a b b a a b b |6
7 a b b a a b b a b b a |6 8 a a b b b b a a |19
8 a a a b a b b a a a b |35 9 a b a a ¢ b a a7
9 a a b b b a a b b a a |24 10 a b a a a a b b |7
10 a b a a b a a b a b b |26 11 a b a b a b a b |12
11 a a b b b a b a a b a |31 12 a b a b b a b a6
12 a b a a b a b a b a b |37 13 a b b a a b b a|l7
13 a b a b b b a a b a a |13 14 a b b a b a a b |9
14 a a b a b b a a a b b |16 15 a b b b ¢ b b b |0
15 a b a b b b b b a b a |8 16 a b b b a a a a |12
16 a a b a b b b b b a b |34 17 b a a a ¢ b b b |2
17 b b a b a a a b b b a |22 18 b a a a a a a a |28
18 b a b a a a a b a a b |27 19 b a a b a b b a |24
19 b b a b a a b a a a a |24 20 b a a b b a a b|16
20 b a b a a a b a b b b |24 21 b a b a a b a b |17
21 b a b b a b a a b b a|l4 22 b a b a b a b a|l19
22 b b a a a b a a a a b |23 23 b a b b ¢ b a a |15
23 b a b b a b b b a a a |18 24 b a b b a a b b |10
24 b b a a a b b b b b b |18 25 b b a a a a b b |12
25 b b b a b a a a b b a |15 26 b b a a b b a a |13
26 b a a b b a a a a a b |28 27 b b a b ¢ a b a|9
27 b b b a b a b b a a a |39 28 b b a b a b a b9
28 b a a b b a b b b b b |27 29 b b b a ¢ a a b |13
29 b a a a b b a b b b a |28 30 b b b a a b b a2
30 b b b b b b a b a a b |12 31 b b b b a a a a |10
31 b a a a b b b a a a a |29 32 b b b b b b b bl
32 b b b b b b b a b b b |7
p B p T~2
SST = ni(T, —)* = > _ —+—CM,
P n; P n; P el T
222% —9)° =) u;—CM SSE =SS — SST, (6)
i=1 j=

i=1j=1

= SST + SSE,  (5)

where y;; and § denote the variance of a sample of ij mea-
surements and the mean of a sample, respectively. The
terms CM and SST denote the correction for the mean
and the sum of squares for treatments, respectively. The
term SSE denotes the sum of squares for errors. These
quantities are written as.

2
OM — (total of all observations)

n
( f=1 2?7:1 yij)2 9
= =ny,

n

where T; is the treatment totals.

Although the easy way to compute SSE is by subtrac-
tion, as just shown, it is interesting to note that SSE is
the pooled sum of squares for all p samples and is equal
to

SSE=3"3 (s — T, (7)

i=1 j=1

where T; is the mean of the treatment totals.

When the null hypothesis is true, MST(the mean square
for treatments) and MSE(the mean square for error) both
estimate the same quantity. When the null hypothesis is
false, MST will probably be larger than MSE. F' proba-



bility distribution is given as a test statistic to test the
hypothesis against the alternative.

MST
F=1rsE ®)

where MST is obtained by the relationship between the
SST and the degrees of freedom of treatments(DOF) vy
and MSE can be obtained by the relationship between
the SSE and the degrees of freedom for error v,.

SST’ MSE:SSE. )

4 Ve

MST =

The critical value of the F, statistic (o = 0.05 or 0.01)
for v; and v, is determined from the Tables of Percentage
Points of the F' Distribution [22].

TABLE 7

TABLE 9

THE ANALYSIS OF VARIANCE IN ANGRY WALKING.

Parameter SST DOF () MST F

A 16.531 1 16.531 | 0.584

B 657.031 1 657.031 | 23.213

C 42.781 1 42.781 1.511

D 81.281 1 81.281 2.872

E 219.094 3 73.031 2.580

F 30.031 1 30.031 1.061

G 195.031 1 195.031 | 6.890

H 371.281 1 371.281 | 13.117
Error 594.406 21 28.305 0

are as follows:

THE ANALYSIS OF VARIANCE IN HAPPY WALKING.

Parameter SST DOF () MST F
A 69.031 1 69.031 2.269
B 54.094 3 18.031 0.593
C 52.531 1 52.531 1.726
D 3140.281 1 3140.281 | 103.203
E 11.281 1 111.281 0.371
F 238.844 3 79.615 2.616
G 216.844 3 72.281 2.375
H 504.031 1 504.031 | 16.565

Error 517.281 17 30.428 0
TABLE 8
THE ANALYSIS OF VARIANCE IN SAD WALKING.

Parameter SST DOF(v;) | MST F

A 5.281 1 5.281 0.176

B 258.781 1 258.781 | 8.635

C 101.531 1 101.531 | 3.388

D 166.531 1 166.531 | 5.557

E 19.531 1 19.531 0.652

F 520.031 1 520.031 | 17.352

G 101.531 1 101.531 | 3.388

H 13.781 1 13.781 0.460

I 47.531 1 47.531 1.586

J 457.531 1 457.531 | 15.267

K 26.281 1 26.281 | 0.877
Error 599.375 20 29.969 0

The effectiveness of the motion parameters for each
emotion is evaluated using the analysis of variance. Ta-
ble 7, Table 8 and Table 9 show the evaluation result of
the happy, the sad and the angry walking. In happy walk-
ing, the critical values of the F,, statistic (a5 = 0.05 or
al =0.01) forvy =1 and v = 17, and v, = 3 and v, = 17

5,1 4.45
F§1,'17 = {

5.3 3.20
8.40 ’ Forar = {

5.18
where « is the probability that the test statistic will fall
in the rejection region.
In sad walking, the critical values of the F, statistic for
vy = 1 and v, = 20 are as follows:
5.1 4.34
Faao = { 8.10

In angry walking, the critical values of the F, statistic for
vy =1 and v, = 21 and v, = 3 and v, = 21 are as follows:

adb,1 adb,3
Fa1,21 - { ’ Fozl,21 - {

If the computed value of F' exceeds the critical value
F,,, there is sufficient evidence to reject the null hypoth-
esis and conclude that a real difference does exist in
the expected response in the group of subjects. In the
happy emotion, the parameters D(the waist moving up
and down) and H(the arm swing largely) have effects on
the happy walking greatly when a = 0.01 or a = 0.05. In
the sad emotion the parameters B(the head tilting side-
ward), F(the trunk bending forward) and J(the droop-
ing head) have effects on the sad walking greatly when
a =001, ry =1, v = 20. Also, the parameters B, D
(the dragging foot), F and J affect on the sad walking,
when a = 0.05, v, = 1, v, = 20. In the angry emotion the
parameters B(the hand clenching fist), G(the face stick-
ing forward) and H(the outward toe) have effects on the
angry walking largely when o = 0.01, v, = 3, v, = 21,
while the parameters B and H have effects on the angry
walking greatly when @ = 0.01, 1, = 1, v, = 21.

2.4.

Three complete emotional walking patterns such as
happy, sad and angry walking pattern are generated on
the basis of the effective motion parameters obtained by
the variance analysis. The complete walking patterns in-
clude the balance motion patterns determined by the com-
pensatory motion control that is based on the motion of

4.32
8.02

3.03
4.87

Simulation Results



the head, shoulders, lower-limbs and upper-limbs. Using
the complete emotional walking patterns, computer sim-
ulations are conducted and videotaped. The simulation
results are evaluated by seventeen people.

The emotional walking is evaluated as shown in Ta-
ble 10. The agreement rate in the happy walking was 94
percent. The reason is that the motion parameters of the
arm, head and waist were chosen effectively. Also the sad
walking was 76 percent while the angry walking was 88
percent. In these results, the trunk and head parameters
have a great effect on the sad walking while the face and
arm parameters a great effect on the angry walking. We
can observe that the emotions can be easily realized by
the parameterization of the motion.

TABLE 10
EVALUATION OF EMOTIONAL WALKING SIMULATIONS.

| Walking style | Agreement [%] |

Happy walking 94
Sad walking 76
Angry walking 88

3. Emotional Walking Experiment

Emotional walking experiments have been conducted to
confirm the validity of the motion parameters each emo-
tion.

3.1. System Description

We have constructed a forty-three mechanical degrees
of freedom WABIAN-RII with a human configuration to
realize human-like motion (see Figure 1). The biped robot
is controlled by a PC/AT compatible computer PEAK-
530 (an Intel MMX Pentium 200 MHz CPU processor)
which are govern by a OS, MS-DOS 6.2/V (16-bit). The
servo rate is 1 kHz. The computer system is mounted on
the back of the waist, and the servo driver modules are
mounted on the upper part of the trunk. The external
connection is only an electric power source. A detailed
hardware and software description could be found in our
previous paper [23].

The schemes of three emotional walking experiments
are as follows: (1) the preset walking patterns of the lower-
limbs, waist and head are planned on the basis of the mo-
tion parameters determined by various analysis: (2) the
compensatory motion of the waist and trunk is calculated
using the compensatory motion control algorithm to can-
cel the moments generated by the motion of the head,
shoulders, upper-limbs and lower-limbs: (3) the motion
of the head, shoulders, upper-limbs and lower-limbs are
recalculated according to the compensatory motion: (4)
combining the compensatory and locomotive motions, a
complete emotional walking pattern is generated and com-
manded to WABITAN-RII using the program control.

3.2.

Figure 3, 4 and 5 show the scenes of the happy, sad and
angry walking experiments, respectively. In these exper-
iments, the dynamic complete emotional walking is real-
ized with the step time of 1.28 s/step and the step width of
0.15 m/step. Each emotional walking is evaluated by sev-
enteen people as two steps (not agree (0 point) or agree
(1 point)). Table 11 shows the evaluation of emotional
walking. The agreement rates in the happy and the sad
walking are 88 percent and 71 percent, respectively. On
the other hand, the agreement rate in the angry walk-
ing is 53 percent. In the angry walking, the agreement
rate of experiment is much worse than that of simulation
because the complete walking pattern was not performed
properly due to the limited joint angles of the WABIAN-
RII. However, in the happy and sad walking, we can see
that there is a satisfactory match between experimental
and simulation results. These results clarify that the mo-
tion parameters are effective for the emotions.

Figure 6 shows the joint response histories of WABIAN-
RIT in happy walking. In Figure 6, the light thick lines
denote desired the joint angles and the solid lines indicate
the response values. We can see that each joint tracks
well the desired motion pattern as shown in Figure 6. Al-
though the joint tracking of the sad and angry walking
is not shown in this paper due to the limited space, we
have obtained the good joint responses like the result of
the happy walking.

Experimental Results

TABLE 11
EVALUATION OF EMOTIONAL WALKING EXPERIMENTS.

| Walking style [ Agreement [%] |

Happy walking 88
Sad walking 71
Angry walking 53

—> Walking
= |

Fig. 3. Scenes of happy walking experiment.



Fig. 4. Scenes of sad walking experiment.

—> Walking
- ~ | ;

Fig. 5. Scenes of angry walking experiment.
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Fig. 6. Joint angle responses of happy walking. The light thick
lines denote desired angle and the solid lines denote response
angle.

4. Conclusion and Discussion

In this paper, motion parameters were proposed to ex-
press three emotions such as happiness, sadness and anger,
which were determined by the analysis of variances. Using
these motion parameters, the initial walking patterns of
the head, waist, upper-limbs and lower-limbs are panned
by a polynomial and kinematics. To balance the whole
robot body during the emotional walking, the compen-
satory motion of the trunk and waist is calculated based
on the motion of the initial walking patterns and the ZMP
trajectory. Then, the motion of the head, upper-limbs and
lower-limbs is determined again according to the compen-
satory motion, and combining them a complete emotional
walking pattern is generated. Through computer simula-
tions and hardware experiments, the effectiveness of the
motion parameters and three complete emotional walking
patterns was confirmed.

We simply proposed the emotion expression of a forty-
three degrees of freedom biped humanoid robot using pa-
rameterization technique. In the simulation and experi-
mental tests, we can see that there is a satisfactory match
between the experimental and simulation results in the
happy and the sad walking. However, the experimental
evaluation of the angry walking is different from the sim-
ulation result. The reason is that the joint angles of the
biped robot are limited. To solve this problem, we have
been developing a new humanoid robot that has redun-
dant degrees of freedom and movable joint angles like a
human. In near future, emotion expression including fa-
cial expression will be studied for a useful communication.
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