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Abstract - In recent years, a variety of underwater
microrobots were applied widely to underwater operations in
limited spaces. The robots had some limitations of locomotion
velocity and enduring time because of their compact structures.
For solving these problems, we proposed a mother-son robot
cooperation system and designed a novel amphibious spherical
robot as the mother robot to carry the microrobots as son robots
for collaboration. The spherical mother robot consisted of a
sealed hemispheroid, two openable quarter spherical shells, a
plastic circular plate, a plastic shelf for carrying microrobots and
four actuating units. Each unit was composed of a water jet
propeller and two servo motors, each of which could rotate 90° in
horizontal or vertical direction respectively. The robot could
implement on-land locomotion, as well as underwater
locomotion. In this paper, a prototype spherical mother robot
was developed and three walking gaits, decided by the duty
factory, were designed for the on-land motion of the robot. Then
the walking experiments were carried out in different terrains for
evaluating the performance of the robot. From the results, the
robot has a higher walking performance on ftile floor. Under a
control frequency of 3.33 Hz in Gait 3, we got a maximal walking
velocity of 22.5 cm/s. For climbing performance, Gait 2 has the
best performance on a steep slope with the inclination angle of 8°.

Index Terms — Spherical robot, Amphibious robot, Quadruped
walking, Mother robot, Walking gait.

[. INTRODUCTION

Underwater robots have been widely used in submarine
topography survey, pipeline cleaning, water samples
collection, and recovering underwater objects for several
years. However, it 1s hard for normal underwater robots to do
operations in limited spaces. For having the compact structure,
microrobots actuated by smart actuators including ICPF
actuators [1]-[6] and SMA actuators [7]-[9] are utilized to
work 1n narrow spaces. Nevertheless, the compact structure
also brings limited multi-functionality, locomotion velocity
and enduring time to microrobots. Microrobots usually have a
lower speed because of the properties of the smart actuators.
And it 1s difficult for the wireless microrobots to achieve a
long enduring time by a compact structure, with which the
robot 1s unable to carry large power supply. For wire
microrobots, they can get enough energy supply from power
supply through the cable, but at the same time limited in the
range of movement.
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In this paper, we proposed a mother-son robot cooperation
system to solve the problems mentioned above. A mother
robot can carry son robots to a proper place near the target
firstly during the operations under the water. When getting
close to the target or encountering a narrow space that the
mother robot cannot get through, it will reel out the son robots
to get the target A mother robot, which carried the power
supply and the control circuit of the son robots, can provide
the power supply to the son robots and control them by cables.
Till now, there are fewer researches using this mother-son
underwater robot cooperation system. Hence we designed and
built a novel amphibious spherical robot as the mother robot to
carry the microrobots actuated by ICPF actuators as son robots
for collaboration. The spherical robot can move under the
water as well as walk on land.

Compared to individual microrobots, mother-son robot
system can perform a wide range of movement, by reason of
spherical mother robot [10]-[14] having a relatively high
moving speed and a long enduring time.

Compared to a single spherical robot, mother-son robot
system can be applied in various practical environments,
especially limited spaces. Compact structure of the
microrobots can also provide a more precise control than
spherical robots.

In comparison with other shapes, spherical robot has the
maximum inner space. Besides, by having the symmetry,
spherical robot has the advantage of flexibility. We proposed
the design of the first generation of the spherical robot, which
has the compact structure and the large inner space, in 2012,
To improve the performance of the spherical robot, we
redesigned the size of the structure. In this paper, we designed
and developed a novel amphibious spherical mother robot in
the first place. And a lot of walking experiments were carried
out in different terrains for evaluating the performance of the
spherical robot. And also the climbing experiments on a slope
were done.

This paper consists of five parts. In section II, we
described the structural design of the spherical robot and
introduced the motion mechanisms of the robot on the land.
Then we proposed three kinds of walking gaits and analyzed
the characterization of each gait in section III. And a prototype
was given in section I'V and experiments were conducted to
evaluate the performance of walking velocity in different
terrains. And we discussed the results of the experiments.
Finally, we drew the conclusions in section V.



II. STRUCTURAL DESIGN OF THE SPHERICAL ROBOT

The mother-son robot cooperation system is composed of
an amphibious spherical robot as mother robot and several
microrobots as son robots. In order to adapt to different
environments, the mode of locomotion of the spherical robot
can change between water-jet mode and quadruped walking
mode. During the actual operation, the spherical robot moves
close to the target first and then keeps still. And microrobots
move out of it and get in the narrow spaces like the pipeline to
do operation. After finishing the work, microrobots will be
taken back to the mother robot.

A.  Proposed Spherical Robot Structure

Fig.1 shows the proposed spherical mother robot, which
consists of a sealed transparent hemispheroid, two openable
transparent quarter spherical shells, a plastic circular plate, a
plastic shelf and four actuating units. Several sensors are
carried on the sealed hemispheroid with control circuits and
batteries to be waterproof. Two servo motors are used to
control these two quarter spherical shells to open and close
simultaneously. The plastic plate in the lower hemisphere of
the robot is set for carrying microrobots. Each actuating unit is
made of a water jet propeller and two servo motors. The two
servo motors on the same actuating unit are mutually
perpendicular, with which each actuating unit can realize two
degrees of freedom movement. The diameter of the upper
hemisphere is 234 mm and the diameter of the lower
hemisphere is 250 mm. The height of actuating unit in
standing state is 108 mm, and the length of it is 85 mm.

Transparent
Hemispheroid

Actuating
Unit

Fig. 1 Spherical mother robot structure

B.  Actuating System Mechanisms

As the mechanisms of the actuating system, the spherical
mother robot can move both on land and under water. The
actuating system consists of four main actuating units. Each
unit includes a water jet propeller, two servo motors and a
stainless steel stand. The motor connected to the upper
hemisphere is controlled to move in horizontal direction.
While another motor fixed on the water jet propeller is
controlled to move in vertical direction.
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For the walking movements on land, actuating units are
considered as legs, each of which has two degrees of freedom.
The robot can realize walking and rotating motions on land as
a quadruped robot. However, under the water, water jet
propellers are the main actuators of the robot. By controlling
the rotating angles of the servo motors, spray angle of each
water jet propeller can be changed to realize the moving
forward and backward, rotating, rising and diving motions.

Two servo motors, which are set on the surface of the
plastic circular plate outside the upper hemisphere, are used to
control the spherical shells open or closed on land and under
water.
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(a) Standing state

(b) Walking state

Fig. 2 Force analysis for standing state (a) and walking state (b) on land

In order to choose the appropriate servo motors used on
the four legs of the robot, we did the following force analysis
and calculations. Fig. 2 shows the on-land force analysis of the
robot. When the robot in standing state, cach vertical servo
motor will be forced on the torque of M,. And in walking
state, each vertical servo motor of the still legs and each
horizontal servo motor of the moving legs will be forced on
the torque of M, and M, separately. Here we pretended that in
one moment the supporting force forcing on each leg
contacting with the ground is the same. Considering that the
torque forced on each servo motor cannot exceed its rated
torque, M, we did the calculations as follows.

mg = 4Fy, = 2Fy, gh]
M, = Fy %1 2)
My = Fy, X1 3)
M,=FXs=uFy,Xs )

Where: Fy,, Fy, are the normal force exerted by each surface,
F is the force of friction, p is the friction coefficient of the
contact surface, [ is the moment arm of vertical motor, s is the
moment arm of horizontal motor.

max(M,, M,, M) < M (5)

The upward force of Fy is different depending on the
different walking gaits. As equation (1) shows, the force of
Fyy, 18 the minimal force which supports the ground, when
robot stand with four legs. While the robot walks on land,
there is an instant that only two legs of the robot contact with



the ground. The supporting force is Fy,, which is maximal
supporting force. After making sure that equation (5) holds,
servo motors are decided.

C. Control System Mechanisms and Batteries

The control center of the spherical robot is AVR
ATMEGA2560 micro-controller. We use ten channels of
PWM signals to control the eight servo motors on the legs to
actuate the robot, and two servo motors on the upper
hemisphere to open and close two quarter spherical shells. Use
eight Input/output ports to control four water jet propellers for
positive rotating and negative rotating motion. Another four
Input/output ports are contacted to the remote controller with
four channels which controls the movement of the robot.

For the power supply, we use three batterics, one of
which, 6TNH22A/8.4 V, is for providing the power to AVR
micro-controller, other two of which, YBP216BE/7.4 V, are
used to provide the power to ten servo motors and four water
jet propellers.

III. GAIT CHARACTERIZATION

For adapting to different environments, quadruped robots
applied several walking gaits [15]. Three kinds of walking
gaits were implemented on the spherical robot. The first
walking gait (Gait 1) is a statically stable regular symmetric
gait, that in an event ¢ at least three legs contact with the
ground at all times. Accordingly, the gait event sequences and
the gait timing sequences can be defined by the duty factor
and the relative phase of the left hind leg @;y. The relative
phases of all the legs are set that @ i1s 0, @gg 1s 0.5 and RH
has a phase difference of 0.5 with LH. Fig. 3(a) shows the
event sequences of the first walking gait following the duty
factor B of 0.8.
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(a) Gait 1 with the duty factor $ =0.8

PLF PrH PRF Pin PLF PLF PrRH PRF PLH PLF
LF [ LF

RH T RH ]

RF | RF [ e —————
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(b) Gait 2 with the duty factor  =0.75 (c) Gait 3 with the duty factor g = 0.67

Fig. 3 Event sequences of one step cycle for different gaits. The legs: LF, left
foreleg; RF, right foreleg; LH, left hind leg; RH, right hind leg. Blue bars
indicate that legs contact with ground.

As Fig. 3(b) and Fig. 3(c) shows, the second and third
walking gaits follow a rule that the front leg is lifted while the
ipsilateral hind leg is set down, which can achieve a maximal
stability margin. The rule means that the relative phase of the
left hind leg ¢y follows the duty factor B. The duty factor of
the second walking gait is set to 0.75, which can achieve a

1175

maximal time of contacting the ground among the walking
gaits following the rule. As the speed increases, the duty factor
decreases. While the duty factor of the third walking gait is set
to 0.67. There is a moment that the robot only uses two legs to
support the body.

As equation (6) shows, the velocity of the robot is related
to the step size of the robot and frequency of one step cycle.
And the step size is in proportion to the rotating angle of the
leg which is the rotating angle of the horizontal motor and
duty factor of the gait timing sequences, as shown in equation
(7). Hence, by plugging equation (7) to equation (6), we can
get equation (8), which is related to the frequency and duty
factor. of the robot.

v=dxf (©)
d=(=+ms)/f =01483+60/f 7
v =0.1483 %0 * f/B ®)

Where: v is the velocity of the robot, d is the step size of the robot, f is the
frequency of one step cycle, f is the duty factor of the gait timing sequences,
6 is rotating angle of the horizontal motor.

IV. PROTOTYPE SPHERICAL ROBOT AND EXPERIMENTS

A. Prototype Spherical Robot

A prototype amphibious spherical mother robot was made
with quadruped walking mode and water-jet mode, as shown
in Fig. 4. The robot consists of two main parts, the upper
hemisphere and two transparent quarter spherical shells. The
actuating system and the plastic shelf for microrobots were set
in the lower hemisphere. We chose to use HS-3086WP
waterproof servo motors made by Hitec Company and the
water jet propellers produced by Raboesch Company. The
whole robot is 2.1 kg weight.

Fig. 4 The prototype spherical mother robot

B.  Velocity Experiments in Different Terrains

In order to make the robot to implement practical
applications, we did plenty of experiments for the spherical
robot in different terrains, not just in the laboratory, including
tile floor, asphalt road, cement floor, brick road, sand and



grass. As Fig. 5 shows, these terrains are different in friction
coefficient and roughness, so the adaptability on these
environments can illustrate that of the robot on a wide range of
on-land environments. Also, we evaluated the robot’s walking
ability on slope. For evaluating the on-land performance of the
spherical mother robot, we implemented three gaits with duty
factor of 0.8, 0.75 and 0.67 respectively on the robot.

Asphalt road

Cement floor Brick floor

Fig. 5 Walking experiments in different terrains

Fig. 6 indicates the walking velocity of robot in different
terrains, including the tile floor in the laboratory, asphalt road,
brick road and sand outside. For evaluating the on-land
performance, we detected the robot walking velocity under
different frequency for different gaits. The blue, red and green
points in these figures show the speed of Gait 1, Gait 2 and
Gait 3 respectively. As the graphs show, with the frequency
increasing, the walking velocity will increase at first and then
decrease to zero in each walking gait and each terrain. Under a
relatively low frequency, the walking velocities of the robot in
one terrain are roughly equal in three kinds of gaits. While
under a relatively high frequency, walking velocity increases
by changing the gait from Gait 1 to Gait 3.

Fig. 6 (a) shows the experimental results on the tile floor.
As the tile floor is a smooth ground, robot can move in a faster
speed than on the other grounds. From Fig.6 we know that
under a low frequency the walking velocities of the robot are
almost the same on four kinds of grounds. With the control
frequency increasing, the rougher the ground is, the faster the
velocity decreases to zero.

Fig. 7 indicates the theoretical value of robot walking
speed under three kinds of walking gaits. By calculating the
equation (8), the theoretical value of robot walking speed was
gotten. In one kind of walking gait, the theoretical value of
walking speed is in proportion to the control frequency and
has a linear relationship. Under a given control frequency, the
walking speed is in inverse proportion to the duty factor of the
gait timing sequences. However, the experimental results
show a non-linear relationship between the velocity and
frequency. Under a high control frequency, the walking speed
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is incompletely in inverse proportion to the duty factor of the
gait timing sequences, as shown in Fig. 6 (¢) and Fig. 6 (d).

By equation (6), we know that the velocity of the robot is
related to the step size of the robot and frequency of one step
cycle. With the same walking gait, the velocity is distinct
under a fixed frequency in four kinds of terrains. Hence, the
different step size loss causes different decrease of the speed
of the robot.
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Fig. 6 Walking experiments in different terrains
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Fig. 7 Theoretical value of robot walking speed in different gaits

By equation (6), the step size of the robot in one step
cycle can be calculated. As the step size is in proportion to the
rotating angle 8 of the leg that is the rofating angle of the
horizontal motor, so we set a constant rotating angle 60° for
the spherical robot. By the equation (7), with s being equal to
8.5 c¢m, duty factor B, theoretical value of the step size is
calculated as a constant value, 8.898/8 cm.

While, the experimental results of the walking speed in
Fig. 8 are not constant values. In a fixed walking gait, the step
size increases at first then decreases to zero with the control
frequency increasing. That is because that there are three kinds
of losses affecting the step size, including the error distance
caused by the limited response time of servo motor, which is
the main loss, the slip distance between leg and contact
surface during one step, and the error distance caused by robot
vibrancy. Due to the error distance caused by the limited
response time of servo motor, when moving forward, the
driving leg moves to the opposite direction before getting the
target position under a high control frequency, which causes
the decreases reduced to zero.

For the walking forward motion, step size of gait C has
the slowest decrease and gait A has the fastest decrease, which
is because the on-land phrase of gait C is almost equal to in-air
phrase of that. Thus, the actuating ability of servo motor can
be fully used under a high control frequency.

Comparing the results among different terrains with the
theoretical value, we found that under a low frequency the
experimental value is approximately equal to the theoretical
value, while under a high frequency there is a big difference
between the two values. Under a high frequency, rotating
angle error of servo motors exists not only in horizontal
direction but also in vertical direction, which is the reason of
the decrease of the height of legs in in-air phrase. The rougher
the ground is, the faster the leg height decreases. As Fig. 8
shows, in a high frequency, the step size on the roughest
ground such as sand and brick road is the shortest, while that
on the tile ground is the longest.

To evaluate the robot's climbing performance on a slope,
the experiment was also done. The robot was controlled to
climb a slope with wood-made surface. The inclination angle
of the slope was measured by a protractor and a plumb bob.
We measured the climbing velocity of the robot on the slope
with increasing the inclination angle from 0°. Similar to the
walking experiments on flat ground, the robot was controlled
to move in three gaits. To simplify the experiment, only one
frequency was applied for three kinds of gaits. We set a
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frequency of 0.63Hz for Gait 1, 0.78Hz for Gait 2 and 1.04Hz
for Gait 3. The crucial point of climbing a slope is to keep the
balance, which means that the robot’s center of gravity needs
to be maintained inside the polygon formed by the supporting
legs.

Fig. 9 shows the climbing experiments results. Although
Gait 3 has a higher velocity on a gentle slope, with the slope
getting steep, velocity of the robot decreases to zero faster.
Gait 2 shows the best performance on a steep slope with the
inclination angle of 8°. From the results, Gait 2 is the best
walking gait for robot to climb the slope.
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V. CONCLUSIONS

For making up for the limitations of microrobots, we
proposed a mother-son multi-robot system. And we also
proposed a novel amphibious spherical robot. The robot can
move under a relatively high velocity and in a relatively long
time to transport microrobots, on land and under the water.
The spherical robot is also used to control and provide the
power to microrobots.

In this paper, in order to make the robot to implement
practical applications, we did plenty of experiments for the
spherical robot in different terrains, not just in the laboratory,
including tile floor, asphalt road, cement floor, brick road,
sand and grass. And we also did the climbing experiments.

Under a relatively low frequency, the walking velocities
n three gaits are roughly equal in each terrain. While under a
relatively high frequency, walking velocity increases from
Gait 1 to Gait 3. The robot has a higher walking performance
on tile floor. Under a control frequency of 3.33 Hz in Gait 3,
we got a maximal walking velocity of 22.5 cm/s. For climbing
performance, Gait 2 has the best performance on a steep slope
with the inclination angle of 8°.
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