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Abstract: - This report presents development of basic human-like motions using a research prototype 21-dof
humanoid robot called Bonten-Maru I1. The aim is to create suitable motion trajectories towards application of
humanoid robots in real environments. Kinematical analysis of 3-dof arm and 6-dof leg were presented to
generate trajectory in the robot’s arms and legs. To realize human-like motions, we proposed navigation
method based on contact interaction for humanoid robot to recognize its surrounding by grasping object surface
and then correcting its locomotion direction. We also proposed methods to avoid high and low obstacles.
Finally, we present crawling motions which can be applied during operation in emergency sites. The
experimental results utilizing Bonten-Maru II revealed good performance of the robot when performing human-
like motions in the proposed navigation method, obstacle avoidance, and crawling motions.
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1 Introduction It is apparent that to work with humans,
humanoid robots must be able to recognize and
perform human-like motion. In the past decade, we
have seen enthusiastic efforts by robot researchers
to develop anthropomorphic humanoid robots, ones
that can think intelligently and mimic human action
[3-6]. The most successful introduction of humanoid
robots nowadays probably goes to Asimo, Qrio and
HRP-2. In our research laboratory, we have
developed a research prototype 21-dof humanoid
robot called Bonten-Maru IlI. Bonten-Maru Il is a
low-cost research prototype humanoid robot and is
one of few research prototype humanoid robots in
the world which can be utilized in various aspects of
studies. It is our goal that the works done in the
Bonten-Maru II projects will give some impact on
further research in the humanoid robotics.

In this report, we present experimental results of
humanoid robot Bonten-Maru II to attain human-
like motion with the aim to operate in built-for-
human environment. Firstly, we present method to
solve kinematics problems in trajectory generation
of the robot arms and legs. Second we introduced
navigation strategy applying contact interaction
where humanoid robot touch and grasp object using
its arms and correcting its locomotion directions.
Finally we present motions of avoiding low and
high obstacles, and crawling.

Research in humanoid robotics is currently shifting
from locomotion and stability issues to interaction
between humans and robots. These motivations are
derived from the intention to develop intelligent and
human-friendly machine to replace human in
dangerous sites, to assist the elderly and the disabled,
to entertain children and to communicate in a
natural language. This will provide humans with
more safety, freedom and time.

Humanoid robots are the type of robot that
practically suitable to coexist with human in built-
for-human  environment  because  of  its
anthropomorphism, human friendly design and
locomotion ability [1][2]. Humanoid robot is
different compare to other types of robots because
the physical structure is designed to mimic as much
as human’s physical structure. Humanoid’s shape
shares many basic physical characteristics with
actual humans, and for this reason, they are
expected to coexist and collaborate with humans in
environments where humans work and live. They
may also be substituted for humans in hazardous
environments or at disaster sites. These demands
make it imperative for humanoid robots to attain
many sophisticated motions such as walking,
climbing stairs, avoiding obstacles, crawling, etc.
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Fig. 1. Humanoid robot Bonten-Maru II and
configuration of dofs.

2 Structure and Specifications of

Humanoid Robot Bonten-Maru 11

In this research we utilized a 21-dof humanoid robot
Bonten-Maru II [7]. Appearance diagram of the
humanoid robot Bonten-Maru II is shown in Fig. 1.
This figure also displays configuration of dofs in the
humanoid robot’s body. This robot is 1.25 [m] tall
and weight 31.5 [kg], which similar to an eight or
nine year old child. The Bonten-Maru II is a
research prototype humanoid robot, and such has
undergone some refinement as different research
direction is considered. During the design process,
some predefined degree of stiffness, accuracy,
repeatability, and other design factor have been
taken into consideration.

The Bonten-Maru II was designed to mimic as
much as human characteristic, especially for
contribution of its joints. Bonten-Maru II is consists
of total of 21-dofs: six for each leg, three for each
arm, one for the waist, and two for the head. The
high numbers of dofs provide the ability to realize
complex motions. Furthermore, the configuration of
joints that closely resemble those of humans
provides the advantages for the humanoid robot to
attain human-like motion. Each joint feature a
relatively wide range of rotation angles, shown in
Table 1, particularly for the hip yaw of both legs,
which permits the legs to rotate through wide angles
when correcting the robot’s orientation and avoiding
obstacles. The specification of each joint rotation
range is considered factors such as correlation with
human’s joint rotation range, manipulability of
humanoid’s manipulator, and safety during
performing motions [8]. Every joint is driven by DC
servomotor with a rotary encoder and harmonic
drive reduction system, and PC with Linux (CPU:
Celeron 2.4 GHz) is utilized for control. The
sampling frequency is 200 Hz.

ISSN: 1991-8763

Hanafiah Yussof, Mitsuhiro Yamano,
Yasuo Nasu, Masahiro Ohka

Table 1. Joint rotation range of Bonten-Maru I1.

. Bonten-Maru 11
Axis Human (de
(deg) (deg)

Neck (roll and pitch) -90 ~ 90 -90 ~ 90
Shoulder (pitch)
rght & left -180 ~ 120 -180 ~ 120
Shoulder (roll) | -135~30/-30 ~ -135 ~30/-30 ~
right/left 135 135
Elbow (roll)
right/left 0~135/0~-135 | 0~135/0~-135
Waist (yaw) -90 ~ 90 -45 ~ 45
Hip (yaw) right/left -90 ~ 60/-60 ~ 90 | -90 ~ 60/-60 ~ 90
Hip (roll) right/left -90 ~22/-22 ~90 | -60 ~ 45/-45 ~ 60
Hip (pitch) right & 130 ~ 45 130 ~ 45
left
Knee (pitch) right & 20 ~150 0~150
left
Ankle (pitch) right _ ~
& left -90 ~ 60 -30~90
Ankle (roll) right/left | -20 ~90/-90 ~20 | -20 ~ 30/-30 ~ 20

459

The power is supplied to each joint by timing
belt and harmonic drive reduction system. Gear
number at the DC servomotor side is 60; while at
the harmonic drive side is 16. Therefore, it makes
reduction ratio at the harmonic side to be 1:100,
while overall reduction ratio is 1:333. The motor
driver, the PC and the power supply are placed
outside of the robot. Bonten-Maru II is equipped
with a force sensor in both arms. As for the legs,
there are four pressure sensors under each foot: two
under the toe area and two under the heel. These
provide a good indication that both legs are in
contact with the ground. The head part is equipped
with two color CCD cameras (542 x 492 pixels).

3 Trajectory Generation

Trajectory generation to perform motions for biped
locomotion robots is normally defined by solving
forward and inverse kinematics problems [9].
Calculation to solve kinematics problems for robotic
joints is a complicated and time-consuming study,
especially when it involves a complex joint structure.
In a forward kinematics problem, where the joint
variable is given, it is easy to determine the end-
effector’s position and orientation. An inverse
kinematics problem, however, in which each joint
variable is determined by using end-effector
position and orientation data, does not guarantee a
closed-form solution. Traditionally three methods
are used to solve an inverse kinematics problem:
geometric, iterative, and algebraic [10]. However,
the more complex the manipulator’s joint structure,
the more complicated and time-consuming these
methods become.
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In this paper, we propose and implement a
simplified approach to solving inverse kinematics
problems by classifying the robot’s joints into
several groups of joint coordinate frames at the
robot’s manipulator [11]. To describe translation
and rotational relationship between adjacent joint
links, we employ a matrix method proposed by
Denavit-Hartenberg [12], which systematically
establishes a coordinate system for each link of an
articulated chain in the robot body.

3.1 Kinematical Solutions for 3-dof Arm

The humanoid robot Bonten-Maru II has three dofs
on each arm: two dofs (pitch and roll) at the
shoulder joint and one dof (roll) at the elbow joint.
Figure 2 shows the arm structure and configuration
of joints and links. The coordinate orientation
follows the right-hand law, and a reference
coordinate is fixed at the intersection point of two
joints at the shoulder. Figure 3 displays a model of
the robot arm describing the configurations and
orientation of each joint coordinates. To avoid

confusion, only the x and z-axes appear in the figure.

The arm’s structure is divided into five sets of joint-
coordinates frames as listed below:

2o : Reference coordinate.

27 & Shoulder joint pitch coordinate.
25 ¢ Shoulder joint roll coordinate.
25 ¢ Elbow joint roll coordinate.
25 . End-effector coordinate.

Consequently, corresponding link parameters of the
arm can be defined as shown in Table 2. From the
Denavit-Hartenberg convention mentioned above,
definitions of the homogeneous transform matrix of
the link parameters can be described as follows:
Y T= Rot(z,0)Trans(0,0,d) Trans(Z,0,0)Rot(x,a). (1)
Here, variable factor 6; is the joint angle between
the x;.; and the x; axes measured about the z; axis; d;
is the distance from the x;; axis to the x; axis
measured along the z; axis; ¢; is the angle between
the z; axis to the z;; axis measured about the x; axis,
and /; is the distance from the z; axis to the z,; axis
measured along the x;; axis. Here, link length for
the upper and lower arm is described as /; and /1,
respectively. The following is used to obtain the
forward kinematics solution for the robot arm:
yT=IT;TiT;T

$;C3 =SS5 ¢ s(ley+lhe53)
| Sz €23 0 ;s +15853 Q)
—ciCo3 ¢Sz sp —cplie; +he53)

0 0 0 1
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Table 2. Link parameters of the robot arm.

Link Orarm d a /
0 01arm-90° 0 90 ° 0
1 Ozarm 0 -90 ° 0
2 Ozarm 0 0 U
3 0 0 0 b

Yaw

. Shoulder
~l\ joint
A Y
Uppq ¥—_ Elbow
Prich arm link joint
Roll

Lower
arm link

Fig. 2. Arm structure of Bonten-Maru I1.
Zol
o

X
h
Fig. 3. Configurations of joint coordinates at the
robot arm.

The end-effector’s orientation with respect to the
reference coordinate (§ R) is shown in (3), while the
position of the end-effector (°P,) is shown in (4).
The position of the end-effector in regard to global
axes P,, P, and P.can be define by (5). Here, s;and
¢; are respective abbreviations of sinf; and cos6,,
where (i=1,2,...,n) and n is equal to quantity of dof.

Si€23 T8S3 €
0
hRarmZ 873 Cy3 0 (3)
—CiCr  CpSyz S
) si(ges +15¢53)
g arm = Ly +15853 “4)

—c;(lje;+15e53) |

P = s;(Licy +15c53)
P, =15, +15553 ®)
P =—1(jc5 +15¢53)
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As understood from (3) and (4), a forward
kinematics equation can be used to compute the
Cartesian coordinates of the robot arm when the
joint angles are known. However, in real-time
applications it is more practical to provide the end-
effector’s position and orientation data to the robot’s
control system than to define each joint angle that
involved complicated calculations. Therefore,
inverse kinematics solutions are more favourable for
generating the trajectory of the humanoid robot
manipulator. To define joint angles @;.m, G2arms F3arm
in an inverse kinematics problem, at first each
position element in (5) is multiplied and added to
each other according to (6), which can also be
arranged as (7). Thus, 65, 1s defined in (8).

P_’+pP 4P

Xarm Yarm Zarm

P17+, 4 205 (6)
Py +P, PP =7 +17)

Cy; = =
’ 20,1,

c

O3rm = atanZ(i 1-C? ,C) ®)

Referring to the rotation direction of O3y, if
sinBsz.m 1s a positive value, it describes the inverse
kinematics for the right arm, while if it is a negative
value it described the left arm. Consequently, 63,
is used to define 65,m, as shown in (9) ~ (13), where
newly polar coordinates are defined in (11).
Consequently, 6;,., can be defined as in (14).

ky=1+1e;5, ky=-l5s; ©
Py =kjcr+kysy, p, =k, —k;s, (10)
¢ =atan2(k;,k,) (11)

P+0;,., = atan2(&,&J
roor (12)

= atan2(pxz,py)
020 = atanZ(pxz,py )— atan2(k1,k2) (13)
Oaem = atanz(&,&J
pXZ pXZ
=atan2(p,, p.)

(14)

3.2 Kinematical Solutions for 6-dof Leg

Each of the legs has six dofs: three dofs (yaw, roll
and pitch) at the hip joint, one dof (pitch) at the knee
joint and two dofs (pitch and roll) at the ankle joint.
In this research, we solve only inverse kinematics
calculations for the robot leg. Figure 4 shows the
structure and configuration of joints and links in the
robot’s leg. A reference coordinate is taken at the
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intersection point of the 3-dof hip joint. In solving
calculations of inverse kinematics for the leg, just as
for arm, the joint coordinates are divided into eight
separate coordinate frames as listed bellow.

2o . Reference coordinate.
2 : Hip yaw coordinate.
2> : Hip roll coordinate.
25  Hip pitch coordinate.
2+ : Knee pitch coordinate.
25 : Ankle pitch coordinate.
2% . Ankle roll coordinate.
2 - Foot bottom-center coordinate.
Table 3. Link parameters of the leg.
Link Oiiee d a )
0 O11e,90° 0 0 0
1 O1ee-90 °© 0 90 ° 0
2 Os1eq 0 90 ° 0
3 O g1ee 0 0 l;
4 Hﬂeg 0 0 ) 2
5 Os1ee 0 -90 ° 0
6 0 0 0 IE
NI
} Hip joint
«—— Thigh link
¢ [0
Knee joint
A I N Shin link
<4— Ankle joint
Fig. 4. Leg structure of Bonten-Maru I1.

llZO’Zl

|

Fig. 5. Configurations of joint coordinates at the
robot leg.
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Figure 5 shows a model of the robot leg that
indicates the configurations and orientation of each
set of joint coordinates. Here, link length for the
thigh is /;, while for the shin it is /,. The same
convention applies for the arm link parameter
mentioned earlier. Link parameters for the leg are
defined in Table 3.

Referring to Fig. 5, the transformation matrix at
the bottom of the foot (§ T) is an independent link

parameter because the coordinate direction is
changeable. Here, to simplify the calculations, the
ankle joint is positioned so that the bottom of the
foot settles on the floor surface. The leg’s
orientation is fixed from the reference coordinate so
that the third row of the rotation matrix at the leg’s
end becomes like (15).
Pleg=[0 0 1] (15)
Furthermore, the leg’s links are classified into
three groups to short-cut the calculations, where

each group of links is calculated separately as
follows:

1) From link O to link 1 (Reference coordinate to
coordinate joint number 1).

ii) From link 1 to link 4 (Coordinate joint number 2
to coordinate joint number 4).

iii) From link 4 to link 6 (Coordinate joint number 5
to coordinate at the bottom of the foot).

Basically, 1) is to control leg rotation at the z-axis,
ii) is to define the leg position, while iii) is to decide
the leg’s end-point orientation. A coordinate
transformation matrix can be arranged as below.

pT=T T T=GDGTITI TG TET,T) (16)
Here, the coordinate transformation matrices for ; T

and; T can be defined as (17) and (18), respectively.

T-iT3TT

$2C34  —SxS3 —Cp  1psyes
_| 7534 ~C34 0 —1;s5 (17)
—CxC3y €283 =Sy —liceg
0 0 0 1
ST={T,TOT
cs¢s —Cs5Sg —85 1, +1zc5¢4
_[Ss¢s —SsSs ¢s 1385¢4 (18)
-85  —Cg 0 —1;54
0 0 0 1

The coordinate transformation matrix for ! T,

which describes the leg’s end-point position and
orientation, can be shown with the following
equation.
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Trp T 13 Py
r T r
ZT= 21 T22 123 Py (19)
I3 T3 133 P
0o 0 0 1

From equation (15), the following conditions were
satisfied.
13 (20)

Hence, joint rotation angles 6;1,~0sic, can be defined
by applying the above conditions.

First, considering 1), in order to provide rotation
at the z-axis, only the hip joint needs to rotate in the
yaw direction, specifically by defining 6. As
mentioned earlier, the bottom of the foot settles on
the floor surface; therefore, the rotation matrix for
the leg’s end-point measured from the reference
coordinate can be defined by the following equation.

» R=Rot(z,6,,)

=ty =ty =r;=0, r;3=1

COneg —S0neg 01 |7y 112 0
= 5911eg C‘gueg 0|=|1y 15, 0 (21)
0 0 1 0 0 1
Here, 0,1, can be defined as below.
Oleg = atan2(ry,, 75, ) (22)

Next, considering ii), from the obtained result of
Oneg, 4 T is defined in (23).

_S[ _C] 0 I)Xleg
c -5, 0
pT= Vieg (23)
0 0 1 leeg

0 0o 0 1

Here, from constrain orientation of the leg’s end
point, the position vector of joint 5 is defined as
follows in (24), and its relative connection with the
matrix is defined in (25). Next, equation (26) is
defined relatively.

T
=0 TPs= P, P Pug=l]» (2%
1 2 kg (25)
S,C34  —8,83 —c;  Iisyes ||l
—S34 —034 0 —ZIS3 0
—C,C3y CyrS3y ey _ZICZC3 0
0 0 0 1 1
(26)
-s; ¢ 0 Py
| =Sy 00} p,
- 0 0 1 0 pz_l.?
0 0 0 1 1
Xleg S2(11C3+12C34)
Therefore, | P, |=|~(l,c;+1s5,) (27)
1 —C) (1103 +12C34)
Zeg
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Grasp wall surface Correction locomotion direction

To define joint angles Oeg, O31cq, Osicg, €qUAation
(27) is used, and it is similar to the calculation for
solving inverse kinematics using equation (5) for the
arm. Therefore, the rotation angles are defined as

the following equations:
0,10 = atan2(i 1-C? ,c) (28)

1o = atan2(;5 )+ atan2(k,,k,) (29)

9216g = atanz(ﬁxleg’f)zleg) (30)
Eventually, C, p.. ..k, .k, are defined as follows.

¥zleg? pyleg

A 2 A 2 ~ 2 2 2
_pxleg +pyleg +pzleg _(ll +12)

31

210, Gl

ﬁleeg = V ﬁxlegz +ﬁzleg2 (32)
k,=1,+1,c,, k,=-l,s, (33)

Finally, considering iii), joint angles s, and O 1o
are defined geometrically as following equations.

951eg = _H3leg - 04leg (34)
06leg = _QZIeg (35)

4 Motions of Contact Interaction-

Based Navigation

The application of humanoid robots in the same
workspace with humans inevitably results in direct
physical-contact interaction. Besides vision based
interaction which obviously provides better
information about the environment, the ability of the
robot to operate in darkness is inevitably important.
Eventually, contact interaction-based method is
practically suitable for application in hazardous sites,
dark areas or during operation in confined spaces.
This is because the non-contact interaction method
which usually used cameras, radar sensors, etc. are
easily interrupted by environment factors such as
darkness, smoke, dusts, etc. Meanwhile, contact
interaction offers better options for humanoid robots
to accurately gauge the structure of their
environment [13]. As blind people convincingly
demonstrate, physical contact interaction alone can
support extremely sophisticated motions.
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Walk forward
Fig.6. Motion planning of humanoid robot in contact interaction-based navigation.

Avoiding obstacle

376

— Position of end
effector

r374

r372

r 370

Distance X-axis [mm]

r 368

T T T T 366
135 130 125 120
Distance Y-axis [mm]

150 145 140 115

Grasping
angle

Fig. 7. Grasping motion (fop). Graph of end-
effector position in grasping front wall (middle).
Robot orientation after grasping process (bottom).

In this research we have proposed a navigation
method based on contact interaction for the
humanoid robot to recognize its surroundings and
define self-localization by touching and grasping
object’s surface [14]. Figure 6 shows motion
planning in this research. All motions are derived by
previously explained formulations of trajectory
generation. Grasping of humanoid robot arm is a
process in which the robot keeps its arm in contact
with the wall’s surface while performing a rubbing-
like motion. The robot arms are equipped with force
sensor as end-effector for force control. Figure 7
(top) shows photograph of the robot’s arm during
grasping on object surface. During grasping process,
position data of the end-effector are defined, which
described the object’s surface orientation.

Based on the object’s orientation, relative
relations of distance and angle between the robot
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Fig. 9. Photographs of grasping side wall and correction of robot’s locomotion direction experiment.

and the wall are obtained. The robot then responds
to its surroundings by performing corrections to its
orientation and locomotion direction. Basically, the
application of sensors is necessary for a humanoid
robot to recognize its surroundings. In this research,
six-axis force sensors were attached to both arms as
end-effectors that directly touch and grasp objects to
provide force data that are subsequently converted
to position data by the robot’s control system.

The grasping process in the proposed navigation
method is classified into two situations: grasping the
front object and grasping the side object. For
example, for grasping front object, the end-effector
position data are plotted in graph as shown in Fig. 7
(middle), which described the object surface
orientation that positioned at the robot’s front. The
end-effector data obtained during grasping process
are calculated with the least-square method to define
the wall orientation. Based on the object’s
orientation obtained in grasping process, relative
relation of humanoid robot’s position and angle are
defined, like shown in geometrical analysis in Fig. 7
(bottom), where ¢ is grasping angle, and 90° — ¢ is a
correction angle. Meanwhile L is the shortest
distance from the humanoid robot to the object.

Humanoid robot correcting its orientation and
locomotion direction based on the grasping result.
This motion is important to avoid collision with any
object especially wall during operation in human’s
environment. The algorithm of correction is consists
of two: Correction of distance and correction of
angle. In grasping front object, position of the object
facing the robot creates possibility of collision
during correction of the robot’s orientation.
Therefore, correction of robot’s distance was simply
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performed by generating trajectory for legs to walk
to backwards direction.

In grasping side object, correction of distance
involves trajectory generation of legs to walk side-
step away from the object. However, if the grasping
angle ¢ is 0<¢<45°, it is still possible for the robot
to collide with the object. In this case, the robot will
walk one step to backward direction, before proceed
to walk side-step. Eventually, if the grasping angle ¢
is 45°<¢<90°, the robot will continue to correct its
position by walking side-step away from the object.
Correction of the robot’s angles is performed by
changing the robot orientation to 90°—¢, so that the
final robot’s orientation is parallel with object’s
surface orientation. Correction of angle is focus on
trajectory generation of the humanoid robot legs,
especially for hip-joints.

Experiments with humanoid robot Bonten-Maru
1I were conducted to evaluate the performance of
the proposed navigation method. Figures 8 and 9
show photographs of humanoid robot performing
navigation experiments when objects are located at
the robot’s front and right-side area, respectively.
The object in this experiment is a flat surface wall
made from wood. After grasping process finished,
the robot performed correction process of its
orientation and locomotion direction. The robot’s
orientation after correction process is about parallel
with the object’s surface orientation. These
experimental results indicated that the humanoid
robot smoothly recognized the wall orientation and
performed correction of locomotion direction by
generating suitable leg trajectories. This will help
humanoid robot to operate in dark area, and assist
visual-based navigation.
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(b) Rotate to back-left (¢) Confirm obstacle
position

5 N -

(d) Side-step to left (e) Confirm obstacle (f)  Walk forward
Fig. 10. Photographs of humanoid robot motions during avoiding high obstacle.

5 Motions of Obstacle Avoidance maximum length in order to instruct the robot’s
In humanoid robots to effectively operate and system either to proceed with the correction or to
collaborate with humans in real environments, the proceed with the next process of obstacle avoidance.
abilities to recognize and avoid obstacles are If an obstacle is detected, the robot will rotate to the
inevitably important. In this research, we proposed back-left position, changing its orientation to face
obstacle avoidance method, which is developed in the obstacle. The robot will then continuously

conjunction with the proposed navigation explained recheck the existence of the obstacle by performing
in previous section. the “confirm obstacle” process. If no obstacle is

detected, the robot will walk forward. However, if
5.1 Avoiding high obstacle an obstacle was detected, instead of walking to
In avoiding high obstacle, the obstacle height is forward direction, the robot will walk side-step

about the same height of the Bonten-Maru II. The towards its left side direction, and repeat again the
concept of the obstacle-avoidance algorithm is confirmation process until no obstacle is detected.

based on trajectory generation of the humanoid Then it wi.ll walks forward and complete the
robot’s legs, with reference to the grasping results obstacle avoidance process.
[15]. Leg positions are decided by interpolation

using polynomial equations, and each joint position 5.2 Avoiding low obstacle

is given via angle data from calculation of the In avoiding low obstacle, the obstacle height is

inverse kinematics needed to move the legs to the about the height from Bonten-Maru II’s foot to knee.

desired positions. The robot performs motion to hop over the obstacle
Obstacle avoidance is performed after correcting with the help of both arms [16]. This motion is very

the robot’s distance to the wall, before proceeding to critical especially for joints at hip and legs.

the correct angle. As shown in Fig. 10, while In this motion, the robot may detect the obstacle

checking the obstacle to the left, the left arm will by visual sensors at the eyes, or range sensors at the

search for and detect any obstacle that exists within bottom of its feet. Figure 11 shows demonstration of

the correction angle’s area and up to the arm’s the humanoid robot stepping over a low obstacle.
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Crawl to backward direction

Fig. 12. Crawling motions of humanoid robot
Bonten-Maru I1.

6 Motions of Crawling

The ability to crawl on floor is developed and
demonstrated with humanoid robot Bonten-Maru 11
as shown in Fig. 12 for application in hazardous site
[17]. This motion considers the humanoid’s joint
structure design, joint rotation range and analysis of
centre of gravity. In humanoid robot design, joint
rotation angle are decided from consideration of
elements such as correlation with human joint
rotation angles, position of body parts, and body
structure design. These elements lead to mobility
and flexibility of humanoids’ manipulators to attain
complicated trajectories. Motion planning was
designed considering joint rotation range in the
robot’s body to provide manipulability and
flexibility to perform human-like motions, in
addition to provide safety for the humanoid robot
during locomotion.

Figure 13 shows joint structure of humanoid
robot Bonten-Maru II’s arm and leg. Refer to Table
1, for example, the yaw component of the hip joint
of both legs is rotated open wide until 90 degrees in
the outer rotation direction and 60 degrees in the
inner direction. Also for hip-joint-roll, the angle is
90 degrees in the outer rotation direction and only
22 degrees in the inner rotation. These angles
provide an advantage to the humanoid robot in
attaining difficult motion, as well protecting body
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Shoulder joint pitch
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Fig. 10. Joint structure and rotation direction of Bonten-
Maru II's arm and leg.
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parts from colliding with each other. For ankle
joints (pitch and roll), the joint rotation range is
designed to be wider than humans’ in the outer
rotation direction for the pitch and in the inner
direction for roll, as shown in Fig. 13. The purpose
is to compensate for the flexibility of shin muscles
and the functions of toe joints in humans that not
available in a humanoid’s body structure. This is
useful for performing difficult motion, especially
crawling motion which can be applied in hazardous
location.

7 Conclusions

In this research, we developed a basic motion in a
biped humanoid robot Bonten-Maru Il with the aim
to contribute in human-robot interaction researches.
We present experimental results of humanoid robot
Bonten-Maru 1l to attain human-like motion. We
managed to demonstrate a basic navigation method
based on contact-interaction where humanoid robot
used its arm to grasp wall and defined self-
localization, then continuously correcting its
position and locomotion direction, and avoiding
obstacle. Related with obstacle avoidance, we have
demonstrated methods to avoiding high and low
obstacle. In this report also, we presented crawling
motion of the robot to crawl on floor in numerous
directions.

The experimental results reveal good
performance of the robot when performing human-
like motions in the proposed navigation method,
obstacle avoidance, and crawling motions. In the
experiments of  contact-based navigation,
autonomous motions of the robot’s manipulators are
managed to demonstrate. These satisfy the objective
of this research to develop autonomous navigation
system based on contact interaction to improve
visual-based navigation. This will help the robot to
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operate effectively and safely in built-for-human’s
environments. The results presented in this report
provide basic foundations for further research and
development of humanoid robots performing
human-like motion. It is anticipated that using this
fundamental research will help advance the
evolution of humans and robots working together in
real life. In addition, the proposed idea should
contribute to better understanding of interactions
between robots and its surroundings.

Future work will include further development of
the contact-based humanoid robot navigation system
project for real-time applications. To generate
optimal gait energy in bipedal walk of the
navigation tasks, we consider a real time generation
of optimal gait by using Genetic Algorithms (GA).
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