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ABSTRACT

Honda has been conducting research on biped walking humanoid robots as a challenge toward a new field of mobility.
This paper discusses ASIMO, the Advanced Step in Innovative MObility devel oped as aresult of our effortsin thisfield. Our
target in this development was arobot that could co-exist with humans and that could actually be useful to humans. Thistarget
was achieved through the development of aminimally sized robot (height: 1200 mm, weight: 43 kg) that could conform to a
real living environment. Also, by further fostering past research we were able to advance the functionality of the robot. In
particular, by adding “ free walking technology,” which includes predictive control technology, to the existing walking stability

control, we were able to achieve a biped robot that can move more smoothly and continuously.

1. Introduction

Since 1986, Honda has been engaged in research on a
humanoid robot that would generate new value to human
society through coexistence and useful cooperation with
human beings. Honda' s aim has been to develop a robot
that would be able to function in people’s living spaces, as
part of its program to create innovative mobility. In the
course of that research, we obtained gait datafrom an analysis
of human walking, and made use of designs for actuators
and mechanisms for bipedal walking, control processes for
bipedal walking, and other such technologies to create our
P2 prototype cordless biped humanoid robot.® The first
such robot in the world, the P2, was announced in 1996. In
1997, after studying the place of the humanoid robot in the
human life environment and in society, we further completed
the P3 prototype model, which is closer to human size.

At the end of October 2000, we brought out the humanoid
robot ASIMO (Fig. 1). Thisisof the minimum size suited
to the human life environment (1200 mmin height, 43kgin
weight), and our goa was both to further develop the above
technol ogies and to make arobot that could actually perform
useful functionsin close association with people. ASIMO,
which stands for Advanced Step in Innovative MObility, is
the collective name for Honda s humanoid robots. Herewe
will introduce ASIMO’s specifications and the walking
technology that givesit the capability for smooth, continuous
motion.
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Fig. 1

Humanoid Robot ASIMO
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2. Development concept

This project has engaged in research and development
of new technologiesfor the practical application of ASIMO,
and particularly the resolution of technical issues in the
following three areas:

(1) Compactness and light weight

(2) Advanced arm and hand functions

(3) Enhanced intelligent walking

Size and weight are the most important factorsin having
arobot function in close association with peoplein their life
environment. It will be necessary to seek greater
compactness and lighter weight relative to the previous P3
in order for ASIMO to demonstrate its practicality in the
human life environment.

It will also be necessary to expand the compact robot’s
range of arm motion in order to minimize limitations on its
range of activities. In addition, we will have to develop
simple mechanisms to make hands capable of grasping
objects gently with uniform force.

In order for ASIMO to work in collaboration with
humans, we must al so devel op walking functionsand control
that enable smoothness of movement in addition to stability
in walking. This will be crucial in achieving practical
application.

3. Main specifications

3.1 Size

The objective in fabricating the previous P3 prototype
was to create a humanoid robot equivalent in size to an
adult human. With ASIMO, however, we sought to
determine what size arobot should be to actually be useful
in the human life environment. The point was for ASIMO
not simply to move and transport objects, but also to be of a
size suited to its environment. Therefore, we studied the
vertical height of arm extension and the squatting position
intermsof enabling accessto items such as doorknobs, light
switches, electric outlets, and other such items in the life
environment, as shown in Fig. 2. We also determined the
elbow and shoulder locationsfor ASIMO fromwork posture
at desks and workbenches that we ordinarily use.

ASIMO was given ashoulder height of 910 mm when it
stands erect. That location served as the criterion for an
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Fig. 2 Life environment and working space

upper working space that extends to a height of 1290 mm
with ASIMO’ s arms extended above, and a lower working
space that allows ASIMO to work below while crouching.
As shown in Fig. 3, the legs had to be 610 mm in length
from the hip joint down in order to enable the robot to go up
and down stairs. The results of this study led us to make
ASIMO 1200 mm in height. The robot’s width was set at
450 mm and its depth at 440 mm in consideration of its
passage through narrow corridors and doorways. Table 1
compares these sizes with those of the P3. Assigning these
dimensions also made the robot more approachable and
allows easier communication with it when we are seated on
chairs.
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Table 1 Size of ASIMO/P3

ASIMO P3
Height (mm) 1200 1600
Width (mm) 450 600
Depth (mm) 440 555
Weight (kg) 43 130

3.2 Weight

As shown in Fig. 4, we reduced ASIMO'’s bulk and
weight relative to the P3, which was 1600 mm in height and
130 kg in weight. Where a weight of 54kg would have
followed proportionately from the reduction in bulk, we
pressed to make ASIMO lighter by another 20% and
achieved aweight of 43 kg. The frame utilizes magnesium
alloy materialsin an H-shaped cross-sectional structure made
up of three-sided elements. The thin-wall casting method
was used for the 1.5-mm thick basic structure. Theelectrical
equipment, control units, and so on were al so made compact
and lightweight by means of optimum design. This robot
weighs approximately twice as much as the 22-23 kg of a
human being of the same height, but it can be transported by
two adullts.
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Fig. 4 Weight reduction

3.3 Joint structure

Thestructure of thejointswas determined with reference
to the human skeletal structure, while maintaining simplicity
and basic movement functions. Fig. 5 shows the joint
structures and degrees of freedom. The legs are similar to
those of the previous P3 robot in that the ankle, knee, and
hip joint structures have six degrees of freedom, and they
are of course capable of walking aswell as such actions as
going up and down stairs and striding over obstacles. The
hands, which can open and closetheir fivefingers, have one
degree of freedom. The arms are constructed to have five
degrees of freedom in the shoulder, elbow, and wrist joints
to alow free positioning of handheld implements. The head
is constructed with two degrees of freedom to give it the
ability to nod.

Head Arm
Neck joint Shoulder joint
(UID, RT) 2 DOF (F/B, U/D, RT) 3 DOF
Elbow joint
(F/B) 1 DOF
Leg Wrist joint
R 1 DOF
Hip joint Bk (RM °©
(F/B, LIR,RT) 3 DOF 5 DOF x 2 arms = 10 DOF
Knee joint
(F/B) 1 DOF Hand
Ankle joint 5 fingers
(F/B, LIR) 2 DOF (Grasping) 1 DOF
6 DOF x 2 legs = 12 DOF 1 DOF x 2 hands = 2 DOF

Fig. 5 Joint structure and DOF (Degree of Freedom)

3.4 Arm and hand functions

Study of the work posture of a 1200-mm high robot
showed that movements at a high workbench resulted in a
posture that brings the elbow joint immediately beside the
shoulder joint, as shown in Fig. 6. With this kind of
movement, the direction of axial rotation of the shoulder
joint and of the elbow joint arein a straight line. This can
cause points where their directions of movement overlap,
thusrestricting the degree of freedom. In order to avoid this
limitation, the shoulder joint was built to tilt upward at an
angle of 20°, which allows the arm a greater range of
movement. As aresult, ASIMO can work with its elbow
raised as high as 105°, giving it the same working area as
the 1600-mm tall P3.

The hand is configured so the five fingers are actuated
by pulling a single wire. This makes both grasping and
opening movements possible. When therobot startsto grasp
an object, onefinger will stop onthat spot as soon asit comes
in contact with the object and the remaining fingers then
come in contact with it one after the other in an enfolding
movement. In other words, the hand is capable of grasping
objects gently with uniform force. The simplicity of the
mechanism also improvesits access in confined spaces.
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““Shoulder joint
mounting angle: 20°
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Range of movement
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Range of movement

Fig. 6 Range of arm movement

3.5 Operating method

The previous P3 was operated entirely from a
workstation. In addition to that method, ASIMO utilizes
another, portable remote controller, as shown in Fig. 7, to
achieve more intuitive, direct operation.

The use of the workstation as in the past allows startup
and standard movements to be carried out automatically.
The use of a portable controller makes it possible for the
robot to easily perform flexible walking (forward, reverse,
sideways, diagonal, turning) . Stored movements (grasping
with the hand, waving both hands, waving goodbye,
responding with a bow, etc.) can be selected and executed
by pressing a button on the portable controller.

3.6 Walking method
Aswill bediscussed in detail inthe next section, ASIMO
hasrealized aflexible walking technol ogy that incorporates
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Fig. 7 Operation system
Table 2 Specifications for ASIMO
Height 1200mm
Weight 43kg
Walking speed 0~ 1.6km/h

Walking cycle

Cycle adjustable, Stride adjustable

Grasping force

0.5kg/hand (5-finger hand)

Actuator

Servomotor + Harmonic speed reducer + Drive unit

Control unit

Walk/Operating control unit, Wireless transmission unit

Sensors | Foot

6-Axis foot area sensor

Torso

Gyroscope & acceleration sensor

Power section

38.4V/10AH (Ni-NH)

Operating section | Workstation or portable controller

predictive movement control. Thisisin addition to thewalk
stabilizing control that was developed in previous research.
The new technology has made it possible for ASIMO to
change its walking pattern continuously and freely at any
moment.

The main specifications of ASIMO described above are
shown together in Table 2.

4. Walking technology

4.1 Walk stabilization

When humans are on the point of falling over while
walking or standing erect, they (a) push down forcefully on
the ground with one part of the sole of thefoot, and if that is
not enough to hold them up, they (b) change the way they
are moving or take a step forward to try and recover their
posture. These human movementscan beanayzed according
to the study of dynamics asfollows:

The point where the line of action for the combined
gravity and inertiaforces intersects with the ground surface
is termed the zero moment point (ZMP).@® On the other
hand, the point where the ground reaction force operatesis
known as the central point of the ground reaction force (C-
ATGRF). Basically, robots generate their desired walking
pattern from that dynamic model using their CPUs, and they
walk by making their joints track through the resulting
pattern. The ZMP of the desired walking pattern is called
the desired ZMP.

While an actua robot is walking in a desirable manner,
the line of action of the desired combination of gravity and
inertia forces and the line of action of the actual ground
reaction force coincide. However, when the robot steps on
an uneven ground surface, for example, the lines of action
diverge. Then, as shown in Fig. 8, the robot becomes
unbalanced and atipping moment isimposed. Thistipping
moment isroughly proportional to the discrepancy between
the desired ZMP and the central point of the actual reaction
force. In other words, the discrepancy between the desired
ZMPand the central point of theactua ground reaction force
is the greatest cause for loss of balance. The walk
stabilization control used in the P2 and P3 instead restored

Tipping moment
—_

Desired
inertia

force Desiled gravity force

Desired
total

inertia
force

reaction
force

Desired ZMP +—|C-ATGRF
Distance between desired ZMP and C-ATGRF

Fig. 8 Unbalance of the legged robot
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the posture when the robot | ost balance and was on the point
of falling over by actively controlling that discrepancy.
Ground reaction force control, desired ZM P control and foot
landing position control, which are the key technologiesin
posture stabilizing control, will be discussed below.
4.1.1 Ground reaction force control

Not only does the ground reaction force control absorb
unevennessin the ground, but it also acts by controlling the
force with which the robot presses the sole of its foot down
when it is on the point of falling over. Thus it can be
considered a kind of active suspension. In concrete terms,
the robot usesthe 6-axisforce sensor in each ankle to detect
the central point of the actual reaction force. While doing
this, it changesthe positions and the attitudes of the front of
thefeet, rotating them around the central point of the desired
ZMP, in order to control the correct location of the central
point of the actual ground reaction force and thus keep a
balanced posture. On the kind of unfamiliar upward slope
shownin Fig. 9, for example, the central point of the actual
ground reaction force shifts toward the front of the feet.
However, the ground reaction force control function raises
the fronts of the feet dlightly to return the central point of
the actual ground reaction force to the desired ZMP. When
both feet are touching the ground on an unfamiliar upward
slope as shown in Fig. 10, the ground reaction force in the
forward foot increases and that in the rear foot decreases so

Desired
inertia

force Desired gravity force

Desired
total

inertia
force

Rotation{-

=

Desired ZMP = C-ATGRF

reaction
force

Fig. 9 Compliant motion during single support phase

Desired
inertia
force Desired gravity force

Desired
total
inertia

Up

Desired ZMP ‘<—>‘ C-ATGRF
Distance between desired ZMP and C-ATGRF

Fig. 10 Compliant motion during double support phase

that the central point of the actual reaction force ends up
shifting forward. The control function then raises the front
of the leading foot and lowers the front of the rear foot in
order to rotate the fronts of the feet around the desired ZMP
and in this way bring the discrepancy back to zero. In
addition to making movements that absorb the influence of
such unevennessin the ground, the control function also acts
when the robot tipsforward for somereason, by shifting the
central point of the actual ground reaction forceto befarther
forward than the desired ZMPin order to generate aposture-
restoring force. However, the central point of the actual
ground reaction force cannot go beyond the area where the
soles of the feet are touching the ground. Therefore there
arelimitsto the posture-restoring force, and if the robot tilts
very far, it will fal over.
4.1.2 Desired ZMP control

The desired ZMP control operates when the robot tilts
significantly to prevent it from falling over. If therobot is
in danger of falling forward, for example, the desired ZMP
control accelerates the upper body trajectory of the desired
walking pattern more strongly forward than the ideal
trgjectory, as shown in Fig. 11. As a result, the desired
ZMP is shifted to the rear of the central point of the actual
ground reaction force so that a force is applied to tilt the
robot backward and the postureisrestored. In other words,
the control restores the robot’s posture by deliberately
unbalancing the desired walking pattern.

Restoring moment

Stronger acceleration
Desired
inertia

reaction
force

. ®
Modified
desired ZMP F—»‘ C-ATGRF (= Original desired ZMP)

Distance between modified desired ZMP and C-ATGRF

Fig. 11 Model ZMP control

4.1.3 Foot landing position control

The operation of the desired ZMP control causes the
desired position of the upper body to be accelerated more
forcefully forward and so to be displaced. When this
happens, and the next step is taken with the stride length
that was originally ideal, the feet end up being left behind
by the upper body. The foot landing position control then
operates to correct the stride length in order to bring the
upper body and the feet back into an ideal spatial
configuration.
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4.2 Enhanced intelligent walking

The previous method for generating the robot walking
pattern involved designing several dozen kinds of basic
walking patterns offline and having the robot memorize them
astime-seriesdata. The combination of these data (weighted
averages) would then be used to generate flexible walking
patterns. Thereare, however, severa drawbacksarising from
thisprinciple, such as: (a) therobot must cometo atemporary
stop while making the transition from straight-ahead walking
toaturn; (b) itsturningwalk isflat-footed; and (c) itislimited
to several kinds of walking cycles. These drawbacks were
resolved in ASIM O by the development of anew predictive
movement control technology that seeks to improve the
intelligence of walking.

Let us take the example of a continuous transition from
straight-ahead walking to turning. Asshown in Fig. 12, it
is necessary to shift the center of gravity toward the inside
of the turnin order to balance the centrifugal force. When
ASIMO makes the transition from straight-ahead walking
to aturn, predictive calculations are made starting before
the turn to determine the optimum shift of the center of
gravity at every instant while generating a walking pattern
inreal time.

In this way, the previous walk stabilizing control is
augmented by incorporating additional predictive movement
control to form a new flexible walking technology.
Realization of thistechnology has madeit possibleto change
the robot’ swalking pattern smoothly, freely, and flexibly at
any moment without first coming to a stop.
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Fig. 12 Center-of-gravity shift when cornering

5. Conclusion

The development of ASIMO realized significant
advances in compactness and lighter weight by means of
our reassessment of dedicated electrical equipment designs
and structures. The newly developed walking technology
asogaveit the capability for walking flexibly. For thefuture,
we are planning to make further improvements in
compactness and motor functions for a robot that will be
useful in our life environments, and we will also promote
development of advanced intelligence for a robot that can
perform avariety of tasks.

We wish to express our gratitude to the many people
here and elsewhere who cooperated with us in numerous
and important ways on bringing this robot to completion.
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