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Abstract

This paper describes realtime walking based on sen-
sory information. In this study, a biped robot having
a trunk is considered. The motion of the trunk bal-
ances the whole body of the biped robot while the legs
locomotes on the ground. How to calculate the mo-
tion of the trunk is proposed using the ZMP concept.
Also, an online walking pattern is discussed which is
generated in realtime on the basis of walking parame-
ters selected by visual and auditory sensors. In or-
der to realize biped walking, we have constructed a
forty-three degrees of freedom biped robot, WABIAN-
RV (WAseda BIped humANoid robot-Revised V). Its
height is 1.89[m] and its total weight is 131.4[kg]. Var-
ious walking experiments using WABIAN-RV are con-
ducted on the plane, and the validity of its mechanism
and control is verified.

1. Introduction

Biped humanoid robots are expected to be used not
only into industrial areas, but also into non-industrial
areas, such as to services in homes and offices and
for social welfare. To date, we have studied biped-
walking motion with two main thrusts to apply the
biped robots to the fields. One thrust has been to-
ward realizing dynamic complete walking on not only
even or uneven terrain but also hard or soft terrain.
In 1973, we developed WABOT-1 that consists of a
torso, a perceptual system and two artificial arms and
legs. The biped robot realized the static walking on
a horizontal plane [1]. In 1980, we realized the quasi-
dynamic complete walking by using WL series. In
1984, the complete dynamic walking with the walk-
ing speed 1.3 s/step was realized by using the pro-
gram control and the sequence control [2]. In addition,
the dynamic walking on the uneven terrain like stairs

and inclined planes was realized by modifying a preset
walking pattern. The other thrust has been toward
exploring robot-environment interaction and human
emotion. The dynamic biped walking was achieved
under the unknown external forces applied by an en-
vironment in 1989 [3]. Also, the emotional motion of
the biped robot was presented in 1999, which is ex-
pressed by the parameterization of its body motion
[4].

In order to realize advanced biped walking in hu-
man living/working environments, we should employ
the technologies of human-robot interaction [5, 6, 7,
8, 9, 10]. Also, human safety should be considered in
developing humanoid robots [11, 12]. However, there
are few reports on the realization of follow walking un-
der physical interaction between a human and a biped
walking robot based on various action models [13]. It
is difficult for the biped robot to achieve various inter-
active walking due to the stability. Therefore, a com-
pensatory control method is discussed in this paper,
which can cancel moments generated by the motion
of the lower-limbs. For biped locomotion, a complete
online walking pattern that is generated on the basis
of walking parameters is also described.

This paper is organized as follows. Section 2 de-
scribes a compensatory body motion to cancel mo-
ments generated by the motion of the lower-limbs.
Section 3 describes an online walking pattern genera-
tion. Section 4 illustrates an experimental system and
shows experimental results. Finally, Section 5 pro-
vides conclusions.

2. Compensatory Body Motion

To achieve biped walking, the functional roll of
parts of the biped humanoid robot should be divided.
The lower-limbs should be able to adapt to terrain,
while the upper-body should be able to maintain sta-



bility. In this section, how to get the motion of the
trunk and the waist is described

2.1 Coordinate Frames

A 43-DOF biped model with rotational joints is
considered in this study, which consists of two 6-DOF
legs, two 7-DOF arms, two 3-DOF hands, a 4-DOF
neck, two 2-DOF eyes and a torso with a 3-DOF waist.
To define mathematical quantities, a world coordinate
frame F is fixed on the floor where the biped robot can
walk and a moving coordinate frame F̄ is attached on
the center of the waist to consider the relative motion
of each particle (see Figure 1). In modeling, five as-
sumptions are defined as follows:
(1) the biped robot consists of a set of particles,
(2) the foothold of the biped robot is rigid and not
moved by any force and moment,
(3) the contact region between the foot and the floor
surface is a set of contact points,
(4) the coefficients of friction for rotation around the
X, Y and Z-axes are nearly zero at the contact point
between the feet and the floor surface and
(5) the feet of the robot do not slide on the contact
surface.
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Figure 1: Coordinate frames

2.2 ZMP Equation

Under the modeling assumptions, the moment bal-
ance around a contact point p between the foot and
the ground with respect to the world coordinate frame

can be written as
n∑

j=1

((rj − rp) × F j + M j)

−
n∑

i=1

mi(ri − rp) × (r̈i + G) = T (1)

where rp is the position vector of the point p from the
origin of F . mi is the mass of the particle i. ri and
r̈i denote the position and acceleration vectors of the
particle i with respect to the world coordinate frame
F , respectively. G is the gravitational acceleration
vector. T is the moment vector acting on the contact
point p. rj denotes the position vector of the particle j
with respect to the world coordinate frame F . F j and
M j denote the force and the moment vectors acting
on the particle j relative to the frame F , respectively.

Let ZMP be on the point p. The moment T is zero
according to the ZMP concept. To get the relative
motion of particles, Equation (1) is changed relative
to the moving frame F̄ as follows:

n∑

i=1

mi(r̄i − r̄zmp) × (¨̄ri + r̈q + G

+ ˙̄ω × r̄i + 2ω̄ × ˙̄ri + ω̄ × (ω̄ × r̄i))

−
n∑

j=1

((r̄j − r̄zmp) × F̄ j + M̄ j) = 0, (2)

where r̄zmp is the position vector of ZMP with respect
to the F̄ . rq is the position vector of the origin of the
frame F̄ from the origin of the frame F . ω̄ and ˙̄ω
denote the angular velocity and acceleration vectors,
respectively.

Equation (2) is non-linear because the three-axis
motion of the trunk is interferential each other. It,
therefore, is difficult to derive analytic solutions of the
trunk and the waist. We assume that (a) the external
forces are not considered in the approximate model,
(b) the upper body is modeled as a four-mass model,
(c) the moving frame does not rotate, (d) the trunk
and the waist do not move vertically, and (e) the trunk
arm rotates on the horizontal plane only.

In case that the moments are not generated by
the fictitious forces, the moment M generated by the
lower-limb’s motion, M = [Mx My Mz]

T , can be di-
vided as three components as follows:

−mt(z̄t − z̄zmp)(¨̄xt + ¨̄xq) − mtgz(x̄t − x̄zmp)
−mw(z̄w − z̄zmp)(¨̄xw + ¨̄xq) − mwgz(x̄w − x̄zmp)

= My, (3)
mt(z̄t − z̄zmp)(¨̄yt + ¨̄yq) + mtgz(ȳt − ȳzmp)



+mw(z̄w − z̄zmp)(¨̄yw + ¨̄yq) + mwgz(ȳw − ȳzmp)
= Mx, (4)

−msl
2(θ̈t + ˙̄ω) − mt(x̄t − x̄zmp)(¨̄yt + ¨̄yq)
+mt(ȳt − ȳzmp)(¨̄xt + ¨̄xq) − mw(x̄w

−x̄zmp)(¨̄yw + ¨̄yq) + mw(ȳw − ȳzmp)(¨̄xw + ¨̄xq)
= Mz, (5)

where ms denotes the mass of both shoulders including
the mass of the arms. mt is the mass of the torso
including the head, shoulders and arms, and mw is
the mass of the waist. r̄t = [x̄t ȳt z̄t]

T and r̄w =
[x̄w ȳw z̄w]T are the position vectors of the neck and
the waist with respect to the F̄ , respectively. r̄s =
[x̄s ȳs z̄s]

T is the shoulder position vector with respect
to the neck frame. θt is the vertical angle of the trunk.
l is the length between the neck and the shoulder.

Mx, My, Mz are periodic functions because each
particle of the lower-limbs and the time trajectory of
ZMP move periodically with respect to the moving
frame F̄ . Therefore, each equation can be represented
as a Fourier series. Comparing the Fourier transform
coefficients of both sides of each equation, the approx-
imate periodic solutions of the pitch and the roll trunk
and waist can be obtained. By regarding a complete
walking as one walking cycle and making static stand-
ing states before and after walking long enough, the
approximate solutions of the compensatory trunk and
waist for the complete walking can be derived. Also,
the strict solutions of the trunk and the waist motion
can be obtained by a recursive method.

3. Complete Walking Pattern Genera-
tion

A walking cycle consists of five phases as shown in
Figure 2: stationary, transient, steady, trtansient and
stationary phases. The transient phase is a step after
or before the stationary phase because the dynamics of
the upper-body should be considered for stability. An
online pattern generator makes a continuous walking
pattern as shown in Figure 3. First, walking parame-
ters are inputted to the pattern generator according to
the visual and auditory information and so on, which
are a step length, step height and step direction. Sec-
ond, the pattern generator makes a five-step pattern
of the lower-limbs and sets a target ZMP pattern in
the stable polygon. Third, the compensatory motion
of the trunk and the waist is calculated from the tra-
jectories of the lower-limbs and the ZMP by using a
walking motion control method. Finally, the middle

step of the five-step pattern and the compensatory mo-
tion pattern is selected for a next step and is returned
to the first step of the pattern generator to make a
future step.

We here describe how to determine the pattern of
the lower-limb more in detail as follows: (a) Five steps
are made in realtime when the biped humanoid robot
starts, which are composed of four-transient steps and
a steady step. The pattern generator selects from the
first step to the third step. (b) On the third step,
three steps (from the fourth step to the fifth step) are
generated to satisfy the conditions of the second and
the third lower-limb step. The fourth step is chosen.
(c) On the fourth step, three steps (from the fifth step
to the seventh step) are generated to satisfy the con-
ditions of the third and the fourth lower-limb step.
The fifth, sixth and seventh step are selected. (d) A
continuous walking pattern is generated in realtime
to repeat the above procedure. Figure 4 shows the
pattern generation of the lower-limb.

Standstill
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Transient

Standstill

Figure 2: A walking cycle

4. Experiments

Various walking experiments are conducted to con-
firm the validity of the walking mechanism and the
compensatory motion control. In this section, the ex-
perimental systems are described briefly, and the ex-
perimental results are presented.

4.1 System Description

To explore follow-walking motion, a forty-three me-
chanical degrees of freedom WABIAN-RV with a hu-
man configuration has been constructed as shown in
Figure 5. The height of the WABIAN-RV is about
1.89 m and its total weight is 131.4 kg.

Duralumin, GIGAS (YKK Corporation) and CFRP
(Carbon Fiber Reinforced Plastic) are mainly em-
ployed as structural materials of the WABIAN-RV.
The body and legs are driven by AC servo motors
with reduction gears. The neck, hands and arms are
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Figure 3: Online pattern generation
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Figure 4: Lower-limb’s pattern generation

Figure 5: Photo of the WABIAN-RV.

actuated by DC servo motors with reduction gears,
but the eyes by DC servo motors without reduction
gears. Two CCD cameras are used to recognize the
walking direction, which is attached on the head.

4.2 Visual System

The visual system of WABIAN-RV is designed to
mimic some of the capabilities of the human visual
system. Two tracking visions are used to sense three-
dimensional information. The realtime walking pat-
tern generation is experimented on the basis of visual
information as follow. (1) Before walking, the tracking
visions are initialized, and both hands of a human are
specified as tracking points. (2) To know simply the
walking direction, gesture recognition is conducted by
one eye. Suppose that two points tracked by one eye
are the points tracked by the right and the left eye,
respectively. According to the distance between two
points, the forth and the back direction are defined.
The differences of right and left initial and measured
values, dPr and dPl, can be obtained as

dPr = Pr − Pr0,

dpl = Pl − Pl0, (6)

where Pr0 and Pl0 denote the right and the left initial
tracking points, respectively. Pr and Pl are the right
and the left current tracking point, respectively.

The step length of forth-and-back and righ-and-
back walking, Sfb and Srf is described as

Sfb = Kfb(dPr − dPl),



Srf = Krf
(dPr − dPl)

2
, (7)

where Kfb and Krf are the gains of forth-and-back
and right-and-left walking, respectively. In this ex-
periments, Kfb and Krf are set as 0.001, respectively.

(3) A walking pattern is determined by the online
pattern generator based on the visual information.

4.3 Auditory System

IMB’s ViaVoice system is used as a voice recogni-
tion engine. In this study, we make the system rec-
ognize preset voices only. The step length is defined
by compiling the text file of Grammar Control. Ta-
ble 1 shows the step length with regard to specialized
vocabularies.

Table 1: Voice Command.

Voice SP m LP m Turnning deg
Forward 0.10 0.00 0.00

Backward -0.10 0.00 0.00
Right 0.00 -0.05 0.00
Left 0.00 0.05 0.00

Right turnning 0.00 0.00 -5.00
Left Turning 0.00 0.00 5.00

Standstill 0.00 0.00 0.00
Stop 0.00 0.00 0.00

SP: Sagittal Plane
LP: Lateral Plane

4.4 Experimental Results

In realtime walking experiments using the visual
system, continuous dynamic walking on a flat plane is
realized with the step time of 1.12 s/step, the forth-
and-back step length of 0.1 m/step, the side step
length of 0.05 m/step. Figure 6 show a scene of the
walking experiment conducted by the visual sense.
Also, continuous dynamic walking on a flat plane using
voice recognition is realized with the step time of 0.96
s/step, the forth-and-back step length of 0.1 m/step,
the side step length of 0.05 m/step and the turning
angle of 5 deg/step. Figure 7 shows a scene of the
walking experiment conducted by the auditory sense.

5. Conclusion

A compensatory control method was presented to
achieve interactive walking. Using the control method,

Figure 6: Walking experiment by visual tracking

the motion of the trunk and waist is calculated which
compensates for moments generated by the motion
of the lower-limbs, upper-limbs and head. A com-
plete walking pattern generation is also described for
biped locomotion. To confirm the control method,
we have developed a human-like biped walking robot,
WABIAN-RV. Using the biped robot and sensory sys-
tems, various realtime walking experiments are con-
ducted, and the effectiveness of the control method
and the hardware was confirmed.

Microphone

Figure 7: Walking experiment by voice
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