
Abstract:

1. Introduction
Robot and robotics technologies are expected to pro-

vide new tools for inspection and manipulation. The dy-
namics of Robot is changed by environment and state of
robots: weight, attitude and so on. Operations in several
environments and conditions of robot need switching
system, which is able to change due to a variety of cir-
cumstances. The system, which is worked, is called “Hy-
brid Dynamical System (HDS)”. HDS is able to manage
many-controlled object. Therefore, one is very complex
theory. But, in the nature, Animals are able to move and
adapt between different environments. Adaptation sys-
tem of animal is realized by Central Pattern Generator
(CPG). CPG exists in nervous system of animal and gene-
rates rhythmical pattern. Several motion patterns of ani-
mals such as swimming, waking, flapping and so on are
generated by CPG. CPG has “entrainment feature” which
synchronizes a wave that matches the resonance fre-
quency. The wave of CPG is able to be adjusted using sen-
sory feedback. Taga [1] realized simulation of biped
walking robot based on the idea that motion pattern is
generated by interaction between CPG, body-dynamics
and environment. Williamson [2] applied CPG to a huma-
noid robot that performs cranking, sawing, and hitting
drum. Matsuoka [3] developed control system of
a giant swing robot which is switched among swing mode
and rotation mode using CPG. The goal of our study is
development of bio-inspired robot control system using
CPG and application into HDS. In this paper, we report
about development of an amphibious multi-link mobile
robot for test bed of HDS and dynamics property analysis.
Additionally, distributed motion control system using
entrainment feature of CPG without sensory feedback was
developed.

Robots and robotics technologies are expected as new
tools for inspection and manipulation. The dynamics of ro-
bot always are changed by environment and robot of state
in mission. Therefore, an adaptation system, which is able
to switch controller due to environment and robot of state,
is needed. Meanwhile, animals are able to go through seve-
ral environments and adapt several own states. The adap-
tation system is realized Central Pattern Generator (CPG).
CPG exists in nervous system of animals and generates rhy-
thmical motion pattern. In this paper, a robot motion con-
trol system using CPG is proposed and applied to an amphi-
bious multi-link mobile robot.
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2. Development of Amphibious Multi-Link
Mobile Robot “AMMR”

In previous works, Hirose developed multi-link
mobile robot [4] and underwater multi-link mobile robot
[5]. These robots move forward using reaction forces
from frictional force on ground or fluid drag force in un-
derwater. Robot dynamics are different between ground
motion and underwater motion. Especially, an amphi-
bious multi-link mobile robot[6] is very interesting for
HDS to apply CPG. In this research, we applied motion
control system using CPG to amphibious multi-link mo-
bile robot. The motion mechanisms of snake-like animals
have already been studied by Hirose [7] and Azuma [8].
A snake’s body is covered with special scales that have
low friction in the tangential direction and high friction
in the normal direction. This feature enables thrust to be
produced from a wriggle motion. An eel swims under wa-
ter by generating an impellent force from a hydrodynamic
force. Snake and eel generate impellent force actuating
each joint with a certain phase difference. And, at tur-
ning motion, joint trajectories of snake and eel have
bias, which is balance of oscillation of joint.

In our previous work [9], we developed the multi-link
mobile robot, as a test bed for the evaluation of a motion
control system using a CPG. We realized wriggle motion
for forward and turning motions using periodical output
signals of the CPG control system. However, the multi-
link mobile robot was not able to evaluate HDS in which
the dynamics of a robot transfer from one mode to anot-
her because previous one was not able to move in under-
water. In previous works, electrical circuit did not have
feedback connection because servomotors, which were
not able to extract angle data, were used. Thus we deve-
loped an amphibious multi-link mobile robot (see Fig. 1)
as a new test bed for motion control and adaptation in
two different environments that require different dyna-
mics: land and underwater environments. Table 1 gives
the specifications of an amphibious multi-link mobile
robot. An amphibious multi-link mobile robot moves both
over land and under water. Therefore, waterproofness is
an important design consideration. O-rings are employed
on the shaft of each joint and under the cylinder lids to
ensure the waterproofness of the robot. The robot com-
prises eight cylinders that are joined so that each cylin-
der can rotate around a yaw axis via DC motors, a gearbox
and a control circuit, as shown in Fig. 2. A range of joint
movement is ± /3[rad]. Hydrodynamic forces produced

2.1. Motion of snake-like animals

2.2. Mechanism
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by fins and the body produce thrust forces under water
and passive wheels are used on ground (Fig. 3).

Fig. 1. Overview of AMMR.

Fig. 2. Internal architecture of a motor module.

Fig. 3. Passive Wheels and Fins.

An amphibious multi-link mobile robot consists of
two kinds of cylinders: a cylinder for the head (head mo-
dule) and seven cylinders for the body (motor modules).
Main voltage for each module is 8 V and decrease voltage
into 5 V for MPU and sensors using DC/DC converter. How-
ever, connection method of power line is a cascade con-
nection. Therefore, voltage decreases from tail to head
module. One cannot evaluate torque of each joint in this
condition. As main power, 24 V are used and voltage is
stepped down to 8 V in each module using switching
regulator, which is able to apply high electrical current.
A motor module has a motor to control the joint angle
and a circuit board. The circuit has a microprocessor unit
(MPU, PIC18F452), a potentiometer to measure the joint
angle, an RS485 transceiver (MAX1487) for communica-
tion and a current sensor to measure joint torque. The
MPU calculates the target trajectory using the neuron po-
tential of the CPG or sinusoidal function, controls the
motor using a PID control, manages sensor information
(e.g., current and angle data) and communicates with
circuits of other modules using the RS485. The head mo-
dule transfers the target behavior to other modules and
control of communication.

2.3. Electrical system

3. The experimental analysis of dynamics
property for “AMMR”

In this paper, dynamics property analyses are carried
out in 120 motion patterns which are expressed by combi-
nation of amplitude (between 10 deg and 60 deg with
a step of 10 deg), frequency (between 0.1 Hz and 0.4 Hz
with a step of 0.1Hz) and phase difference (between 20
deg and 100 deg with a step of 20 deg) on ground and in
underwater. For dynamics property analyses, travel velo-
city m/s and dissipation power per a meter J/m of
robot analyses were evaluated by average value of 3 trials
in each motion pattern. And a motion capture system was
used for measurements of robot motion. 8 markers are put
on head, tail and joints of robot and these markers were
tracked by a motion capture system. Travel distance of
head and tail markers in a straight line , m were mea-
sured and average of and was defined as travel dis-
tance m of robot. Travel velocity m/s is evaluated from
travel distance and operation time =20 s.

3.1. Method of dynamics property analysis
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Table 1. Specification of robot.



Meanwhile, in underwater motion, fastest velocity was
v=0.10m/s in white grids. Travel velocities m/s are fast
at a=50 deg by adjusting deg and by adjusting phase
difference deg, travel velocities m/s were fast at =60
deg. The parameters, which generate maximum velocity,
were difference between ground motion and underwater
motion. Robot was not able to move in parameter which
include =10 deg and =20 deg.

Next, we focused on variations of velocities. Fig. 6a)-
c) shows examples of variations of velocities in ground
motions. Fig. 6a) shows variations of velocities by adjust-
ment of deg and deg at fixed parameter of =0.4 Hz,
Fig. 6b) shows variations of velocities by adjustment of
Hz and deg at fixed parameter of =40 deg and Fig. 6c)

show variations of velocities by adjustment of deg and
Hz at fixed parameter of =40 deg. Fig. 7a)-c) shows

examples of variations of velocities in underwater motion
at same parameters as ground motions. On ground, veloci-
ties are changed by adjustment and , however velo-
cities were not changed or changed a few by adjusting
a between =40 deg and =60 deg. Velocities became max
speed at =40 deg and =0.4 Hz. These results show that
adjustment of and are more effective than adjustment
of in control of velocity on ground. Robot snakes its
way, therefore, definition of velocity is different whether
to define the distance in straight line which robot moves
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Dissipation powers per travel distance of a meter
J/m were evaluated from total dissipation power J in
operation time =20 s and travel distance m as shown in
Eq. (2) and total dissipation power were defined as Eq.
(1). V and A shows impressed voltage and carried
electrical current of motor per sampling time =0.05 s.

(1)

(2)

Fig. 4a)-d) and Fig. 5a)-(d) show velocities of robot on
ground and in underwater by adjustment of deg and
deg at four fixed frequencies of =0.1, 0.2, 0.3 Hz and 0.4
Hz. Velocities were expressed by brightness and the brigh-
ter grids are the faster velocity. In ground motions, velo-
cities were fast in white grids and fastest velocity was
=0.54 m/s at =0.4 Hz, =30 deg, =40 deg]. Travel velo-

cities m/s were fast at =30, 40 deg by adjusting deg
and by adjusting phase difference deg, travel velocities

m/s were fast at =40 deg.
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3.2. Velocity analysis on ground and underwater
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Fig. 4. Variations of travel velocity in ground motions
(a) f=0.1[Hz] (b)f=0.2[Hz] (c)f=0.3[Hz] (d)f=0.4[Hz].

Fig. 6. Variations of travel velocity on Ground.

Fig. 5. Variations of travel velocity in underwater motions
(a) f=0.1[Hz] (b)f=0.2[Hz] (c)f=0.3[Hz] (d)f=0.4[Hz].



as travel distance or define the distance which robot sna-
kes its way as one. In this paper, the distance in straight
line which robot moves is defined as travel distance.
Therefore, velocities were not changed so much by adjust-
ment of . In underwater, velocities are changed by ad-
justment , and . Velocity became max speed at =60
deg and =0.3 Hz. In underwater, robot is affected from
fluid drag force. Fluid drag force becomes big value if ve-
locity and acceleration of robot are big value. Therefore,
robot velocity decreased in high frequency ( =0.4 Hz).

Fig. 8a)-d) and Fig. 9a)-d) shows results that dissi-
pation power per travel distance of a meter J/m was
analyzed. In the analysis, is shown by brightness like
velocity analysis. The brighter grid is the lower value. In
the result of analysis, on ground, the lowest value was
23.49 J/m at =30 deg, =0.4 deg, =80 deg. Meanwhile,
in underwater, the lowest value was 103.74 J/m at =60
deg, =0.2 deg, =60 deg. Fig. 10a)-c) and Fig. 11a)-c)
show examples of variation of dissipation power per travel
distance of a meter. Fig. 10a)-c) and Fig. 11a)-c) don’t
include data at =10 deg because robot was not able to go
forward so much. Overall, underwater motions need more
power than ground motions. As shown in Fig. 10a) and
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3.3 Dissipation power analysis on ground
and underwater

Fig. 11a), if phase difference is adjusted from 20 to 100
deg, becomes minimum value at =60 deg on ground
and =80 deg in underwater. As shown in Fig. 10b) and
Fig. 11b), if frequency is adjusted from 0.1 to 0.4 Hz,

becomes minimum value at =0.3 Hz on ground and
=0.4 Hz in underwater.

Several CPG models are proposed such as Von der Pol
[10] model, Matsuoka model [11],[12], Terman-Wang
model [13], Willson-Cowan model [14], and so on. We
employed Matsuoka model. The Matsuoka model is
expressed in Eqs. (3)–(5), where is the membrane
potential of the neuron, represents the degree of
adaptation, is the external input with a constant rate,

is the feedback signal from a sensory input, , and
are parameters that specify the time constant for the
adaptation, is the neuron weighting, is output of
neuron and is the number of neurons. The CPG wave in
the Matsuoka model can entrain external oscillatory
input using sensor input . The neural oscillator wave is
able to entrain a wave that matches the resonance
frequency. Additionally, the wave in the Matsuoka model
is able to change amplitude and bias by adjusting .
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4. Motion control system using CPG

4.1. CPG Models
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Fig. 7. Variations of travel velocity in Underwater.

Fig. 8. Variations of dissipation power in ground motions
(a)f=0.1[Hz] (b)f=0.2[Hz] (c)f=0.3[Hz] (d)f=0.4[Hz].

Fig. 9. Variations of dissipation power in underwater motions
(a) f=0.1[Hz] (b)f=0.2[Hz] (c)f=0.3[Hz] (d)f=0.4[Hz].



the parameters for forward motion and Fig. 13 shows tar-
get joint angles, which are made by CPG wave. The am-
plitude of target joint angles are 40 deg and frequency
is 0.1 Hz. We determined the parameters through trial
and error using Matlab. We simulated and calculated
equation of Matsuoka model adjusting parameters for
finding parameter sets, which are able to generate waves.
And we determined parameter sets which are able to
realize a certain amplitude, phase difference and fre-
quency. Amplitude and frequency of target joint angles
are linked to robot’s speed. If amplitude and frequency
are set large value, robot’s speed becomes fast. On the
contrary, if their values are set to be small, robot’s speed
becomes slow. The motion control system changes fre-
quency adjusting and and changes amplitude ad-
justing and . Table 3 shows the relationship bet-
ween , and frequency. Other parameters are same with
Table 2. Table 4 shows the relationship between ,
and amplitude. Other parameters are same with Table 2.
The amphibious multi-link mobile robot can change dire-
ction with a change in parameter and , which
shifts the neutral position. If parameters are set
=0.99 and =0.94, the robot turns and moves toward
the right. Figure 14 shows the output of the CPG network,
which has bias 15 deg for a right turn motion. If and

are adjusted, bias is changed. Table 5 shows the
variations in bias.
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In this paper, we realized wave generation, which has
phase difference and shift neutral position of wave
oscillation adjusting CPG parameters such as , and
are used for motion control.

(3)

(4)

(5)

The CPG for the multi-link mobile robot is shown in
Fig. 12. A neural oscillator consists of an extensor neuron
( ) and a flexor neuron ( ), which connects each
other through the weights of and . means neural
oscillator number. Extensor neurons are connected to
flexor neurons of the neighboring neural oscillator, and
flexor neurons are connected to extensor neurons of the
neighboring neural oscillator. We defined weights bet-
ween neural oscillators as and . And, an external in-
put of extensor neuron and flexor neuron are defined as

and . A set of neural oscillator is assigned to each
of our robot’s seven joints. Taga[15],[16] simulated bi-
ped walking robot connecting neural oscillator to muscu-
loskeletal model. In this paper, we used same method as
neural oscillator model. The output of neural oscillator

follows Eq. (6). The network architecture is designed
as a closed loop to generate periodically successive sig-
nals with a certain phase. After CPG simulations, we em-
ployed sets of CPG parameters for generating waves with
a certain phase difference and CPG waves are converted
into target joint angles following Eq. (7). Table 2 gives
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4.2. Design of Motion Control System Using CPG
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Fig. 10. Variation of Dissipation Power on Ground.

Fig. 11. Variation of Dissipation Power in underwater.
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Fig. 12. A CPG architecture of robot.

Fig. 13. Output of CPG for forward motion. Fig. 14. Output of CPG for right turn.

Table 2. Parameters of CPG in forward motion. Table 3. Parameters for adjustment of frequency.

Table 4. Parameters for adjustment of amplitude.

Table 5. Parameters for adjustment of bias.



tually inhibiting neurons with adaptation”,
, vol. 52, 1985, pp. 367-376.

[12] Matsuoka K., “Mechanisms of frequency and pattern
control in the neural rhythm generators”,

, vol. 56, 1987, pp. 345-353.
[13] Terman D., Wang D.L. ,”Global competition and local

cooperation in a network of neural oscillators”,
, 1995, pp. 148-176.

[14] Wilson H.R., Cowan J.D., “Excitatory and inhibitory in-
teractions in localized populations of model neurons”,

, vol. 12, 1972, pp. 1-24.
[15] Taga G., Yamaguchi Y., Shimizu H., “Self-organized

control of bipedal locomotion by neural oscillators
in unpredictable environment”, ,
vol. 65, 1991, pp. 147-159.

[16] Taga G., “A model of the neuro-musculo-skeletal system
for human locomotion II. Real-time adaptability under
various constraints”, , vol. 73,
1995, pp. 113-121.

Biological
Cybernetics

Biological Cy-
bernetics

Physica
D81

Biological Journal

Biological Cybernetics

Biological Cybernetics

5. Conclusions
In this paper, an amphibious multi-link mobile robot

that has seven joints and moves on ground and under
water was developed. And dynamics property analysis
was carried out on ground and in underwater. Velocity
was max speed at =30 deg =0.4 Hz =40 deg on ground
and at =40 deg =0.3 Hz =60 deg in underwater. Ad-
ditionally, a distributed robot motion control system us-
ing a CPG was developed and realized forward and turn-
ing motion. In future work, we will include a sensor feed-
back in the bio-inspired robot motion control system.
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