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Abstract

In this paper, a biped water running robot is developed by mimicking the water-running pattern of basilisk lizards. The
dynamic mechanism of the robot was studied based on Watt-I planar linkages, and the movement trajectory of the double bar

Assur Group was deduced to simulate the water-running foot trajectories of the basilisk lizard. A Central Pattern Generator

(CPG)-based fuzzy control method was proposed to control the robot for realizing balance control and gait adjustment. The

effectiveness of the proposed control method was verified on the prototype of a water running robot (weight: 320 g). When the
biped robot is running on water, the average force generated by the propulsion mechanism is 1.3 N, and the robot body tilt angle

is 5°. The experiment results show that the propulsion mechanism is effective in realizing the basilisk lizards-like water running

patterns, and the CPG-based fuzzy control method is effective in keeping the balance of the robot.
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1 Introduction

The requirement of the amphibious function of
robots is brought out to implement the works such as
military surveillance, water quality monitoring, wetland
detection, and search in complex environments. The
technologies of legged robots walking on hard land
surface are mature relatively!'?), so it has been a hot
research topic in robotics area to study the key tech-
nologies of legged robots walking on different kinds of
material surface, such as water and soft sand, to expand
their application range.

Boxerbam et al.”** developed an amphibious robot,
Whegs IV, which used three simplified wheeled legs to
imitate the functions of the cockroach legs. The robot
can walk on land and swim in water. Hobson ez al.”!
developed an amphibious robot, Madeleine, which has
two parallel fins as the actuating devices. The robot can
walk on seabed and beach, and swim in water.

However, the aforementioned amphibious robots
can only move in water slowly, which can not satisfy the
requirements of rescue and military surveillance on
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water surface. Under such condition, several amphibious
robots that can run on water have been developed. Song
et al'® developed a robot with twelve legs, which can
run on water by mimicking the water strider. The robot
floats by using the surface tension of water and moves
by driving the special paddle-type legs, which results in
low payload (9.3 g) and low walking speed (3 cm's ).
Floyd et al'! developed a quadruped robot, which re-
alized the water running function by its four disk feet
striking water”). The payload of this robot is about 50 g.
Basilisk lizards are capable of walking across the
water surface at approximately a speed of 1.5 m's '
using their hind legs with a stride frequency of 5 Hz to
10 Hz (per leg). Compared with ships, the basilisk liz-
ards” movement can reduce the viscous drag of water
surface, which can improve the propulsive efficiency.
In this paper, a novel biped robot inspired by basi-
lisk lizards was developed to improve the payload and
simplify the control method of the water running robot.
Firstly, we emulated the water running function of basi-
lisk lizards by a Watt-I six-bar linkage, and developed
the propulsion mechanism. Secondly, a CPG-fuzzy
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control method was adopted to design the robot’s control
system. Finally, we implemented the prototype of the
robot and tested its water running ability. The experi-
mental results confirmed the effectiveness of the pro-
posed propulsion mechanism and control method.

Different with the quadruped water running robot
developed by Stitti e al.”®) the robot in this paper is
biped. Compared with the quadruped robot foot moving
with a constant angle, the angle of the biped robot foot
varies to be parallel to the water surface when it is slap-
ping the water surface. The biped method is more bene-
ficial for robot energy saving and balance keeping when
compared with the quadruped water running method, and
the biped robot gait is more simple to control.

2 Dynamics of biped water running robot

The stride of a basilisk lizard in water running can
be divided into three phases: slap, stroke, and recovery,
as shown in Fig. 1. The propulsion forces generated by
the feet are different in each phase. Surface tension ef-
fects on the ability to run on water are much less than the
propulsion forces, and which are neglected in this case.
The trajectories of the knee, the ankle and the foot of one
leg of the lizard can be considered in a plane approxi-
mately, as shown in Fig. 218,

We implement the water running function of the
biped robot by simulating the foot trajectory of basilisk
lizard. The stride of the robot is also divided into three
phases: slap, stroke and recovery. In the slap and stroke
phases, the lizard pushes against the water beneath its
foot by stroking downward the foot and creating an air
cavity in water. The momentum transfers from the foot
to the water during this slap, and stroke phase generates
the lift force to stay afloat and the main propulsion force

to thrust forward. The force for a foot entering the water
;L8]
is

F,()=Cyl0.55pV +Sp-gh)], (1)

where Cp ~ 0.703 is the constant drag coefficient, p is
the density of water, g is the acceleration of gravity, S is
the area over which drag is occurring, and /4(¢) is the time
varying depth of the foot. As reported in Ref. [8], this
equation holds true over a large range of velocities for
both lizards and experimental equipment.

The water reaction force curve on the foot in a
stride can be formulated with respect to the above
equation, as shown in Fig. 3. The water reaction force on

Slap Stroke Recovery

300 (63.6%)

Fig. 1 Pictures of a basilisk lizard running on water’™.

Fig. 2 Movement trajectories of a basilisk lizard running on
water!®],
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Fig. 3 Force curve during the robot running on water surface in
simulation environment

the foot is positive during the slap and stroke phases,
namely, 7€[0,0.12), so the force will lift and propel
the robot during the slap and stroke phases. The force
is negative during the recovery phase, namely,
t€[0.12,0.25), so the force will lower and resist the ro-
bot.

3 Propulsion mechanism design

The double bar Assur Group of Watt-1 linkage
moves with similar method of the foot of basilisk lizards,
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which can produce not only translational but also rotary

(19 The motion method can make the robot foot

motion
parallel to water surface at the beginning of the slap
phase, and make S be zero at the beginning of the re-
covery phase, so the lifting and propulsion will be bigger
and the drag force will be smaller. Therefore, an im-
proved Watt-1 linkage is adopted to design the propul-
sion mechanism. Watt-I linkage is shown as Fig. 4, and
the double bar Assur Group are the rod group which link
the connecting linkage and output linkage of the

grounded four-bar linkage.

A
A /
Fig. 4 Watt-I planar linkage.

3.1 Kinematic analysis of double bar Assur group of
Watt-I linkage
The double bar Assur group will not constrain the
four-bar linkage as long as the following conditions are
satisfied

{max|EF| <|EG|+|FG| @

|EG|-|FG| < min| EF|

In Fig. 4, the links of AB, BC, CD and AD constitute
the grounded four-bar linkage, whose lengths are rep-
resented by [y, 5, 5 and Iy, respectively. Suppose that the
angles between the links 4B, BC, CD and the x-axis are
@1, ¢, @3 respectively, and the interior angles of ABCE
and ADCF are 6, and ¢; (i = 1, 2, 3), respectively. The
link 4B is the driving rod with a constant angular ve-
locity of @. So the angular displacements can be de-
scribed as!'

M +1, cos @,

M’ +N*+L =L

where M =[,—l cosg,, N=—Ising, O= 5
3

b

and ¢ =t .
The trajectory of the point C can be deduced from

X l,cosg, +1,cosp,
= _ : 4
Ve [, sing, +1,sing,
The mechanism of 4BCD is a quadrilateral, and
ZBCD=2n—¢ — (@, +n—¢)—(n— ;)
=0 =0, (5)
Let ZECF = ¢s, and ¢s can be deduced as
¢)5=2TE—92—772—((03—¢)2). (6)

A new coordinate system x'Cy’ is built by setting
the point C as the origin and CF as the x'-axis, the angle
between the x'-axis and the x-axis is then formulated as

o=n—n,—(n—(@,—1)) =0, —1;, — 1. (7

The links of CE, EG, GF and CF constitute a
four-bar linkage also, and the lengths are represented as
82, Is, I and kj respectively. The link CE is used as the
driving link. Suppose that the angles between the rods
EG, FG and the x'-axis are ¢7 and ¢, respectively, and
the angular displacements can be known as

LJHNH +J =K

=2tan
s H_K
| : ®)
¢, —tan"" J+[ sing,
H +1[ cos ¢,

H+J+[-I

where H=k,—s,cosp;, J==s,sing,, K= 5y
6

So the trajectory of the point G in the coordinate
system x'Cy’ can be deduced from

X, ) (s,co8¢;+Icosq,
= : €]
Ve ) \s,sing+;sing,
The trajectory of point G in the coordinate system
xAy can be got by the coordinate transformation

X; | [xicosd—ySsind+x,
= . (10)
Vo) \yisind+y. cosd+y,

The trajectory of point G is shown in Fig. 4.
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3.2 Virtual design of propulsion mechanism

The trajectory of point G shown in Fig. 4 is similar
with the foot trajectory shown in Fig. 2, so we can use
the improved Watt-I mechanism as the propulsion
mechanism of the biped robot.

The number F}, of the Degree-of-Freedom (DOF) of
the mechanism is got as

F,=3n-2P —P,=3x5-2x7-0=1,  (11)

where # is the number of moving links of the mechanism,
Py is the number of lower pairs of the mechanism, and

Py is the number of high pairs of the mechanism. Eq. (11)
shows that the input number equals the degree number of
the mechanism freedom, so the mechanism has a certain

law of motion.

We use G as the center point of the robot’s foot, and
let it move under the x-axis to realize the stroke function
of the propulsion mechanism. Simultaneously the trian-
gle plates are replaced by the slender rods. So 6= 7 and
m=0, and from the above equations we have 6= 6= 1,
=0, 73=mand

{¢5=2T[—¢3+¢2 (12)

o=@, -1

Moreover, we rotate the link 4D with an angle less
than /4 around point 4 to ensure the foot be parallel to
the water surface, which makes the lifting and propul-
sion force may be bigger. The final skeleton of the lifting
and propulsion mechanism is shown as Fig. 5.

It can be known from Fig. 1 that the two feet slap the
water surface alternatively during the lizard running on
water. To mimic the water-running function of basilisk
lizard, we use the same mechanisms for both side feet of
the robot. The mechanisms are driven by one servo-motor,
but the phase difference between them is n. The major

structure of the biped robot is shown in Fig. 6!'%].

Fig. 5 Skeleton of the robot propulsion mechanism.

Bevel gear pair

Motor and
reducer

Main frame

/ Steering engine

Tail fin

Propulsion
components

Fig. 6 Major structure of the biped water running robot.

Inspired by the balance systems such as an inverted
pendulum, a balance apparatus is attached to the robot as
Fig. 6. The apparatus is a tail fin powered by a steering
engine, which uses the torque compensation to keep the
body balance.

4 Robot motion control method

The Zero Moment Point (ZMP) criterion is adopted

13,14
I However,

by most biped robots to keep balance!
when the biped robot is running on water, the air caves
will come into being, and the disturbances of water blast
and splash are more complex than typical land walking
biped robot. We thus present a CPG-based effective gait
adjustment method for the balance control of the biped
water running robot.

Furthermore, since fuzzy control method has the
characteristics of fuzziness, empirical and robustness,
and normally the accurate mathematical model of the
controlled object is not necessarily required, so
fuzzy-based control method is especially suitable for
complex system with nonlinearity, time-varying and
large time delay.

In the following, we propose a CPG-based fuzzy
control algorithm for the biped water running robot for
realizing balance control and gait adjustment.

4.1 Modeling of CPG-based fuzzy controller

The CPG-based fuzzy control is a control method
inspired by the lower nerve center of living beings!'*.
The CPG controller for the water running robot is built

by two improved Hopf models

mi’:(ﬂi_7,'2)mi+wni+ z a,m; (13)

J=L g 5

ni' =(u, - 71‘2 n, —om,
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where y, =\m’ +n’ (i = 1,2), m; are the output signals
of the CPG controller, n; are the intermediate variables
of the CPG controller, x; and w are the state variables of
the CPG controller, and Za;m; are the connective signals
of the other oscillators,

We set different values (Table 1) for the variables
of Eq. (13), and the outputs of the CPG controller are
shown as Fig. 7.

Table 1 Corresponding output of the different variables

0 0 w a a Oscillogram
No.1 1 5 1.0 0.1 0.1 Fig. 7a
No.2 1 1 0.2 0.1 0.1 Fig. 7b
No.3 1 1 0.4 0.3 -0.3 Fig. 7¢
No.4 1 1 0.4 -0.3 0.3 Fig. 7d

2+

Output of CPG
(=}

Output of CPG

[\S}

Output of CPG
(=]

|
—_

Output of CPG
o —_

|
—_
v

Time (s)

Fig. 7 Outputs of the Hopf controller with different variable
values.

It can be known from Fig. 7 that the output signals
with different phase relations such as 0, 7, 7/2 and so on
can be got by setting the parameters of the Hopf model.
The feet gait controlled by the CPG controller is shown
in Fig. 8. In Fig. 8, the threshold is a value for controlling
the duty cycle of the CPG controller.

The time scales of the upward and downward
movements of the robot feet can be regulated by
changing the threshold. The foot is under the water when
the output curve is greater than the threshold, and it is on
the water when the output curve is smaller than the
threshold. If the robot is disturbed when running on
water, its balance keeping ability will be decreased. We
can increase the balance keeping ability of the robot by
reducing the frequency of water surface slapping
through regulating the output threshold.

—

-1
Threshold

Output of CPG
controller

Sole under water = Sole sbove eater

Fig. 8 Feet gait controlled by the CPG controller.

4.2 Fuzzy rules of the biped robot

Gait transition and balance control are two main
control objectives. Denote J (see Fig. 9) as the tilt angle
between the robot body symmetry plane and the vertical
plane, d|d|/d¢ as the input linguistic variables, and the
torque 7 generated by the balance apparatus as the output
linguistic variables. The Mamdani inference algorithm
of the parallel fuzzy inference algorithms and the cen-
troid method of the defuzzification methods are adopted
to build the fuzzy controller of the robot. The conversion
of the input linguistic variables of the fuzzy controller
from the basic universe to the discrete universe of fuzzy
sets is shown in Table 2.

Fig. 9 Body tilt angle when the robot running on water.
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Both ¢ and d|d|/d¢ have the following seven lin-
guistic variables: NB, NM, NS, Z, PS, PM and PB, so
the robot fuzzy controller has 49 rules, which are listed
in Table 3. It can be known from Table 3 if 6 = NB and
d|o|/dt = NB, then 7 = NB, and the other fuzzy inference
rules can be deduced in a similar manner.

Table 2 Conversion of the input linguistic variables

Ranges of 5 (degree) Values | Ranges of d|d|/d¢ (degree's ) Values
6>30 -6 djo|/dr <—60 -6
6=25 -5 d|d)/dt =-50 -5
5=20 —4 d|d)/dt =—40 —4
5=15 -3 d|ol/dt=-30 -3
5=10 -2 d|ol/dt=-20 -2
5=5 -1 d|d/de=-10 -1
5=0 0 dloj/de=0 0
6=-5 1 d|o/dt=10 1
5=-10 2 d|d)/de =20 2
5=-15 3 djo|/dt =30 3
5=-20 4 do|/dt =40 4
6=-25 5 d|d)/de =50 5
5<-30 6 d|d)/dt > 60 6

Table 3 Fuzzy control rules of the biped robot running on water
J

T

djs)/

NB NB NB NB NM NM NS Z
NM NB NB NM NM NS Z PS
NS NB NM NM NS Z PS PM
Z NM NM NS Z PS PM PM
PS NM NS Z PS PM PM PB
PM NS Z PS PM PM PB PB
PB z PS PM PM PB PB PB

NB NM NS V4 PS PM PB

4.3 CPG-based fuzzy controller design

The robot body should keep balance when running
on water, so we have to keep the tilt angle around zero,
which can be achieved by incorporating the CPG con-
troller with the fuzzy control method. In Fig. 10, the
control inputs are the tilt angle dand the time differential
of its absolute value d|d|/d¢. The simulation result of the
robot CPG-based fuzzy control system can be got as

Fig. 11, where the horizontal axis represents time ¢ and
the vertical axis represents o, and the maximum value of
o'is about 22°. When ¢€[0,0.75), the body tilt angle in-
creases constantly. When ¢€[0.75,1.25), the body tilt
angle is converging. After 1.25 s, the system oscillates
around 0. The simulation results prove that the robot can
keep balance when running on water.

Saturation

Gainl

Tilt angle

Saturation] controller

ay
Transport delay

Derivative

Robot model

Fig. 10 CPG-fuzzy control system of the water running biped
robot.

J (degree)
[=]

L
S
—
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Fig. 11 Simulation result of the CPG-fuzzy control system.

5 Experiments

The prototype of the biped water running robot is
shown in Fig. 12. As shown in Fig. 6, the driving system
is composed of a motor and a reducer, which are fixed on
the main frame. The transmission structure includes a
bevel gear pair and a transmission shaft. The bevel gear
pair turns the linear motion to the rotational motion
around the shaft, and the driving torque is passed to the
two propulsion components. A balance apparatus is fitted
on the back of the frame, which can keep the robot bal-
ance when running on water. When the right foot slaps
water surface, the tail fin rotates to left to balance the
torque around the body, and rotates to the right

Right plate

Steering motor

Tail fin
Fig. 12 Prototype of the biped water running robot.

Cable

Triaxial
iccelerometer

Single shaft
inclinometer

Feet

Left plate

Control module
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when the left foot slaps water surface.

Two foamed plastic plates are used to provide the
robot buoyancy as shown in Fig. 12. The volumes of the
left and right plates are 91.605 cm?® and 97.712 cm?® re-
spectively, and the total buoyancy is 1.856 N when they
are fully under water. The whole gravity of the robot is
3.2 N, which is larger than the total buoyancy, so the
robot will sink when it is placed on the water surface
statically. The sequence diagrams of the robot sinking are
shown in Fig. 13.

A series of images of the robot running on water are
shown in Fig. 14. The robot can walk on water due to the
lifting and propulsion force produced by the feet slap-
ping during 1 s to 4 s. We cut off the power supply after
4 s, and the robot stopped slapping and began to sink in
water. At last the robot sank totally when the time is 6 s.

The lifting and propulsion force is the decisive
factor of the robot’s load capacity, that is, the larger the
force, the higher the load capacity. We build an ex-
perimental platform to test the lifting and propulsion
force of the robot. We mount the strain gages on each
foot, and the voltage variation of the strain gage is shown

Fig. 14 Sequence diagrams of the robot running on water.

by an oscillograph, from which the lifting and propul-
sion force can be got. The curve of the lifting and pro-
pulsion force is shown in Fig. 15.

The actual force curve in Fig. 15 is similar to that in
the simulation as shown in Fig. 3. The peak value of the
actual lifting and propulsion force is 2.6 N, which is less
than the force value of 4 N in simulation; the valley value
of the actual force is about 0.8 N, which is also less than
the value of 1.3 N in Fig. 3. The simulation force values
are larger than the realistic ones because the transmission
efficiency, the pressure of the atmosphere and the de-
formation of the feet are not considered in simulation.

When the steering engine does not work, the
real-time tilt angle curve is shown in Fig. 16. It can be
known that the tilt angle is big, and the maximum value
is about 13° at the speed of 0.6 m's"'. When the steering
engine works with the CPG-fuzzy control system, the
real-time tilt angle curve shown that the tilt angle is
smaller, whose maximum value is about 5° at the speed
of 0.6 m's', as shown in Fig. 17.
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Fig. 15 Force curve measured by the strain gauge.
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The speed of the robot can be adjusted by control-
ling the motor speed, and the maximum speed is
0.9 m's ' before the robot losing balance.

6 Conclusion

Inspired by basilisk lizards, a novel biped water
running robot was designed in this paper, which offers
theoretical and design foundations for developing bionic
amphibious biped robot. The virtual prototype of the
robot was built by designing the propulsion mechanism
with Watt-1 planar linkage. Then the CPG-based fuzzy
control method was developed to keep the biped robot
balance during running on water. The prototype of the
robot was made and the water-running experiments were
performed. The mean value of the lifting and propulsion
force generated by the propulsion mechanism is about
1.3 N, and the maximum speed of the robot running on
water is about 0.9 m's ™.

There still remains lot of work to be done in the
future. The algorithms for the robot in straight walking,
turning and obstacle avoidance should be further de-
veloped, the composite propulsion mechanism of the
amphibious biped robot should be designed, and the
propulsion movement on both land and water should be
implemented by using mode switching control methods.
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