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Abstract

This paper used three on-land locomotion gaits and underwater

swim for an amphibious spherical robot, which is controlled using

a closed-loop method. The aim of varying the on-land gaits and

underwater swim was to improve the motion performance and

stability of robot. To control the angle of joint, the displacement

and depth of robot, a PID method was used to control the robot.

Adams and MATLAB/SIMULINK were used to set the control

parameters; simulation results are presented for the three on-land

locomotion gaits and underwater swim, in terms of the motion

performance, stability, and velocity of the robot. Finally, the

effectiveness of the proposed methods was demonstrated by showing

that the on-land and underwater horizontal motion was stable.
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1. Introduction

Researchers around the world have been inspired by am-
phibians to develop amphibious robots. Wheeled robots
perform well on even ground, whereas tracked and legged
robots have good mobility on rough terrain. Compared
with screw propellers, undulatory and oscillatory propul-
sion mechanisms disturb the environment only slightly and
are highly efficient and manoeuvrable. Some robots uti-
lize two sets of propulsion mechanisms for their terrestrial
and aquatic motions, which makes them heavy. To sim-
plify the structure, robots like Whegs and AQUA2 use
a composite propulsion mechanism to move in amphibi-
ous environments [1], [2]. However, it is still difficult
for these amphibious robots to move in complex terrains;
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additionally, accurate control over the underwater posi-
tion remains a challenge. To overcome the limitations of
these amphibious robot, we developed a three-dimensional
(3D) printing technology-based amphibious spherical robot
with transformable composite propulsion mechanisms [3]–
[6]. The robot is capable of moving from the water to
the ground without manual intervention, and vice versa
[4]–[9].

There is already extensive literature concerning on-
land gaits of quadruped robots, including the crawling gait,
trotting gait, etc.; these modes enable the robot to move
efficiently and remain stable in different environments.
The literature covers a range of issues such as modelling
and adaptive gait transition, and a number of mechanisms
to control these robots have been investigated, and many
studies have been conducted on robot design, modelling,
and control [10]. However, there are no accurately con-
trollable robots capable of performing a range of land-
based gaits and underwater movements with a water-jet
propeller, with a composite mechanism designed to switch
between the water-jet propeller and legs.

To have better adaptability and performance of am-
phibious motion in our robot, we used three locomo-
tion gaits guided by a closed-loop controller to ensure
that the motion remained stable. A PID closed-loop
method is used to control the robot. We confirmed the
correctness of the proposed method using Adams and
MATLAB/SIMULINK, which we used to demonstrate the
stability of amphibious movements. This enabled us to
determine parameters for controlling the robot, as well as
guided our selection of practical tests. We describe exper-
iments in which we investigated three on-land gaits on a
common mat floor. The choice of these experiments was
guided by our simulation results. Underwater experiments
were conducted to examine the performance of the robot
as it moved horizontally.

The paper is organized as follows. Section 2 describes
the design of robot. In Section 3, three on-land gaits
are described, and the PID controllers were designed to
facilitate co-simulation of on-land motion of robot. Section
4 is dedicated to the cooperative simulation of underwater
motion. Some amphibious experimental is discussed in
Section 5. Finally, Section 6 presents our conclusion.
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Figure 1. Structure of the amphibious spherical robot.

2. General Design of Amphibious Spherical Robot

In our previous research, we developed an amphibious
spherical robot capable of motion on land and underwater.
The design of the robot is shown in Fig. 1, which is able
to move from underwater to the ground without manual
intervention, and vice versa. The robot is composed of
two sealed transparent upper hemispheroids, two openable
transparent quarter spherical shells, and four actuating
units, each of which consists of a water-jet propeller and
two driving motors [3]–[13].

We used 3D printing technology, a minimal Xilinx
Zynq-7000 SoC system, and an embedded computer
equipped with an Intel Atom processor to fabricate the
robot. We used an Avnet MicroZed core-board carrying
a Xilinx all-programmable Zynq-7000 SoC, which is a
hybrid processor combined with an advanced RISC ma-
chine processor and field-programmable gate array. The
microcontroller provides eight pulse-width modulation
(PWM) signals to control the servomotors; four PWM
signals are used to actuate the water-jet propellers by
regulating the signal duty ratio, and there are 12 general
purpose input–output signals to control the optocoupler
and relay [14].

3. On-Land Locomotion Gaits and Co-Simulation
Analysis

3.1 On-Land Gait Characterization

We have implemented three on-land gaits for our robot
[15]. Figure 2 shows the event sequences of a one-gait cycle

Figure 2. Event sequence of one gait cycle for each of the gaits: (a) crawling; (b) trotting; and (c) pacing.

for each of the three gaits. The shadow indicates that the
legs are in contact with the ground. The legs are labelled
as follows: left front (LF), right front (RF), left hind (LH),
and right hind (RH). The duty factor of the crawling gait
is β=0.75; the duty factor of the trotting and pacing gaits
is β=0.5. There are times when the robot only has two
legs in contact with the ground.

The velocity of the robot is related to the step size and
cycle of the gait as follows [6]:

v =
0.1483 ∗ θ
T ∗ β

, (1)

where v is the velocity, T is the motion cycle, β is the duty
factor, and θ is the rotation angle of hip joint.

3.2 On-Land Mathematical Modelling

As the movement mechanisms of four legs are essentially
the same, we present the analysis of RF leg. As shown
in Fig. 3, the inertial coordinate frame with respect to
the ground was denoted XYZ, the body fixed coordinate
system {Xb, Yb, Zb} has its origin {Ob} located in the geo-
metric centre of robot. Assuming that the position vector
of the rotational axes of the hip joint in the coordinate is
{X0, Y0, Z0}, the position vector of the rotational axes of
the knee joint in the coordinate is {X2, Y2, Z2}, and the
relationship between rotational axes of the actuators with
respect to body fixed coordinate can be obtained accord-
ing to the homogeneous transformation matrix. Each leg
is composed of a hip joint, a knee joint, and connecting

Figure 3. Force analysis and coordinate system of the
amphibious spherical robot on land.
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components. The dynamic Lagrange equation of robot is
given below [16]:

L = Ek − Ep =

[
1

2
(m1 +m2)v

2
1 +

1

2
(m3 +m4)v

2
2

]

+(m1+m2)gl2+(m3+m4)g(l2+ l3 cos θ2+ l4 sin θ2)

(2)

where Ek and Ep are the total kinetic and potential ener-
gies; m1 and m2 are the corresponding qualities of l1 and
l2; m3 and m4 are the corresponding qualities of l3 and l4;
and θ1 and θ2 are generalized coordinate variables.

The torque of the joint can be expressed as follows:

Ti =
d

dt

∂L

∂θ̇i
− dL

dθi
(3)

The driving torques of the hip joint (T1) and knee joint
(T2) are as follows:

T1 =
d

dt

∂L

∂θ̇1
− dL

dθ1
= [(m1 +m2 +m3 +m4)l

2
1 + (m3 +m4)(l

2
3 sin

2 θ2 + l24 cos
2 θ2 + 2l1l3 sin θ2 − l3l4 sin 2θ2

− 2l1l2 cos θ2)]θ̈ + [(m3 +m4)(l
2
3 sin 2θ2 − l24 sin 2θ2 + 2l1l3 cos θ2 − 2l3l4 cos 2θ2 + 2l1l4 sin θ2θ̇1θ̇2)]

(4)

T2 =
d

dt

∂L

∂θ̇2
− dL

dθ2
=
1

2
(m3+m4)[(2l

2
3 sin

2 θ2+2l24 cos
2 θ2 − 2l3l4 sin 2θ2)θ̈2−(l23 sin 2θ2− l24 sin 2θ2+2l1l3 cos θ2−2l3l4cos2θ2

+2l1l4cos2θ2+2l1l4 sin θ2)θ̇
2
1+(l23 sin 2θ2− l24 sin 2θ2 − 2l3l4cos2θ2+2l3l4cos2θ2)θ̇

2
2 − 2g(l4 cos θ2 − l3 sin θ2)]

(5)

These general equations have been simplified and can
be represented in simple matrix forms:

⎡
⎣ T1

T2

⎤
⎦ =

⎡
⎣D11(θ2) D12(θ2)

D21(θ2) D22(θ2)

⎤
⎦
⎡
⎣ θ̈1

θ̈2

⎤
⎦+

⎡
⎣D111(θ2) D122(θ2)

D211(θ2) D222(θ2)

⎤
⎦
⎡
⎣ θ̇21

θ̇22

⎤
⎦+

⎡
⎣D112 (θ2) D122 (θ2)

D212 (θ2) D221 (θ2)

⎤
⎦
⎡
⎣ θ̇1θ̇2

θ̇1θ̇2

⎤
⎦+

⎡
⎣D1

D2

⎤
⎦ (6)

where D11 and D22 are the effective inertia; D12 and
D21 are the coupling inertia; D111, D122, D211, and D222

are the coefficients of the centripetal acceleration; D112,
D121, D212, and D221 are the coefficients of the coriolis
acceleration; and D1 and D2 are the gravity terms.

D11 =

[(
4∑

i=1

mi4

)
l21 + (m3 +m4)(l

2
3s

2θ2 + l24c
2θ2

+2l1l3sθ2 − l3l4s2θ2 − 2l1l2cθ2)

]
(7)

D22 =
1

2

(
4∑

i−3

mi

)
(2l23s

2θ2 + 2l24c
2θ2 − 2l3l4s2θ2) (8)

D211 = −1

2
(m3 +m4)(l

2
3s2θ2 − l24s2θ2 + 2l1l3cθ2

− 2l3l4c2θ2 + 2l1l4sθ2) (9)

D211 =
1

2
(m3 +m4)(2l

2
3s2θ2 − 2l24s2θ2 − 4l3l4cθ2

− l23s2θ2 + l24s2θ2 + 2l3l4s2θ2) (10)

D112 = D121 =
1

2
(m3 +m4)(l

2
3s2θ2 − l24s2θ2 + 2l1l3cθ2

− 2l3l4c2θ2 + 2l1l4sθ2 (11)

D2 = −2g(l4cθ2 − l3sθ2) (12)

3.3 On-Land Control System Design and the
Process of Co-Simulation

This section describes the modelling of robot in Adams.
The 3D model of robot was simplified in SolidWorks and
saved as (*.xt) format, and then the model was imported
into Adams; some parameters were redefined and some
constraints were applied. The initial state of robot was
set as four-footed and assumed to be motioning on a
ground; the contact force between the foot end and ground
was set as friction force. Considering the experiments
environment, the dynamic/static coefficient of friction force
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Figure 4. Virtual prototype of the robot developed using
the Adams platform.

was set as 0.1/0.15, and the red portion in Fig. 4 represents
the ground.

Eight driving torques were set as input variables in
the co-simulation and can be expressed by the following
equation:

T = [TorqueLF1,TorqueLF2,TorqueLH1,TorqueLH2,

TorqueRF1,TorqueRF2,TorqueRH1,TorqueRH2]

(13)

where TLF1, TLF2, TLH1, TLH2, TRF1, TRF2, TRH1, and TRH2

are the single-component torques of hip/knee joint of the

Figure 5. Structure of the co-simulation.

LF/RF/hind leg. The eight output swing angle variables
of each joint can be expressed as follows:

A = [AngleLF1,AngleLF2,AngleLH1,AngleLH2,

AngleRF1,AngleRF2,AngleRH1,AngleRH2] (14)

where ALF1, ALF2, ALH1, ALH2, ARF1, ARF2, ARH1, and
ARH2 are defined as the swing angles of the hip/knee joint
of the LF/RF/hind leg.

We used PID algorithm to control the velocity of joint,
and its driving torque can be expressed as follows:

T = kpe+ kdė+ ki

∫
edt (15)

where T is the driving torque of joint; kp, ki, and kd are the
proportionality, differential, and differential coefficients;
and e is the difference between the intended angle and
actual angle.

There are eight input and eight output in the sub-
system. The angle of joint is used as feedback and mea-
sured in Adams; through a mathematical operation, the
displacement and velocity of joint can be determined, and
a closed-loop control system was developed. Details of the
control system are shown in Fig. 5 [17]–[22]; we can set dif-
ferent on-land locomotion gaits in MATLAB and measure
their results.

4



Figure 6. Displacement of the centroid of the robot as it moves with crawling gait: (a) X-axis direction; (b) Y -axis direction;
and (c) Z-axis direction.

Figure 7. Tracking error of joint as the robot moves with crawling gait: (a) hip joint and (b) knee joint.

Figure 8. Tracking error of joint as the robot moves with trotting gait: (a) hip joint and (b) knee joint.

3.4 Co-Simulation Results and Analysis of Three
On-Land Gaits

First, we studied the crawling gait and created a simula-
tion of control system in MATLAB/SIMULINK, and then
adjusted the control parameters of robot; the trajectory of
the centroid of robot in three directions are presented in
Fig. 6. In Fig. 6(a), we see that the change in X-direction
is relatively stable, and the velocity of robot is around
20 mm/s. Figure 6(b) shows the deviation displacement
in Y -direction; the maximum deviation of robot was ap-
proximately 6.2 mm, which is about 2.4% of the height
of robot. Figure 6(c) shows the vibration in Z-direction;
the maximum translocations is 0.028 mm, which is about
0.01% of the height of robot. Thus, the PID control is
an effective method for controlling the crawling gait of
robot.

The trajectory tracking error of hip and knee joints
when guided by PID are shown in Fig. 7. In Fig. 7(a),
except the maximum tracking error (0.08 mm) caused by
the instantaneous driving force when the hip joint swings,
the tracking error is small and tends to zero in other time
periods. In Fig. 7(b), the tracking error of knee joint is
closed to zero too. Consequently, the proposed control
methods are able to track the intended trajectory of each
joint when the robot moves with crawling gait.

From the trajectory results of the centroid of robot
in the three directions with trotting gait, the velocity of
robot is 43.3mm/s; the maximum deviation is 9.8mm.
The maximum translocation is approximately 0.035mm.
The trajectory tracking errors of hip and knee joints are
shown in Fig. 8; as we can see, with the exception of
several individual large errors caused by the joints swing,
the tracking error is minor.
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Figure 9. Tracking error of joint as the robot moves with pacing gait: (a) hip joint and (b) knee joint.

The results showed that the pacing velocity of robot
was 50mm/s, the maximum deviation of robot was ap-
proximately 88mm, and the translocation remained at ap-
proximately 0.037mm. The maximum errors in the hip
and knee joints were approximately 20◦ and 18◦, as shown
in Fig. 9. Although the pacing gait were not stable as for
the crawling and trotting gaits, the final trajectory was
still essentially as desired.

4. Underwater Movement and Co-Simulation
Analysis

When the robot in underwater environment, the four vec-
tored propellers can change the directions and propulsive
forces of its. We carried out force analysis on an actuator
unit performing motions; and based on the leverage prin-
ciple, we measured the thrust of a water-jet propeller for
better control [3]–[6]. The results showed that the thrust
increases as the input voltage increases, and at the max-
imum voltage of 16V, the maximum thrust in two spray
directions were 58.2mN and 38.8mN. At a voltage of 8V,
the maximum thrust in two spray directions were 13.4mN
and 6.4mN [23].

4.1 Underwater Control System Design and the
Process of Co-Simulation

When the robot moves in the horizontal direction, we
mainly control its displacement and yaw angle [24]. As
shown in Fig. 10, αi and αo are the input and output angles
of robot, respectively. ri and ro are the displacement input
and output of robot, respectively. The driving force and
torque are given as follows:

MTi = kp1(αi − αo) + kd1
d

dt
(αi − αo) + ki1

∫
(αi − αo)dt

(16)

FTi = kp2(ri−ro)+kd2
d

dt
(ri−ro)+ki2

∫
(ri − ro)dt (17)

where ri=

√
x
2\
i +y

2\
i ;αi=arctan(yi/xi); ro=

√
x
2\
o + y

2\
o ;

αo = arctan(yo/xo)
The motion of robot in the vertical plane is controlled

by the depth, pitch angle, and roll angle. The block

Figure 10. Block diagram of horizontal motion control.

Figure 11. Block diagram of vertical motion control.

diagram of the algorithm is shown in Fig. 11. θi and θo
are the input and output angle of robot, respectively. Di

and Do are the displacement input and output of robot,
respectively. The driving force and torque are given as
follows:

MTi = kp1(θi − θo) + kd1
d

dt
(θi − θo) + ki1

∫
(θi − θo)dt

(18)

FTi = kp2(Di−Do)+kd2
d

dt
(Di−Do)+ki2

∫
(Di −Do)dt

(19)

5. Motion Stability Experiments on Land and
Underwater

5.1 On-Land Gait Stability Experiments

We evaluated the motion of robot in terms of stability
and velocity, and an NDI Polaris Vicra system was used
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to evaluate the results, some of the control parameters
were not varied during the co-simulations. The robot
was programmed to move on a common mat floor; the
experimental setup is shown in Fig. 12.

Figure 12. Experiments to evaluate the stability of the
crawling gait.

Figure 13. Displacement of the robot as it moves with
different gaits.

Figure 14. Amplitudes of the vibrations that occur when the robot moves with crawling gait.

Figure 15. Attitude angle of the robot moves with trotting gait: (a) with PID control and (b) without PID control.

The displacement of three on-land locomotion gaits
of the PID-controlled robot are shown in Fig. 13. The
velocity of the trotting gait increased quickly and became
stable. The crawling gait was the slowest. The pacing
gait was larger than the trotting gait due to the large yaw
angle, the crawling gait was the most stable and the pacing
gait was the least stable. Consequently, the crawling gait
and trotting gait were selected as two common on-land
movement gaits.

Figure 14 shows that the robot moved in a crawling
gait, which is controlled using the PID method and the
open-loop method. When the crawling gait was guided by
the PID controller, it pitched and rolled in a stable manner,
and the trajectory converged to the desired trajectory. The
robot’s walk was also less bumpy than when it was guided
using the open-loop controller. When the PID-controlled
robot moved with trotting gait, the pitch and roll angles
were relatively small, and the yaw angle was large because
the robot has only two legs in contact with the ground, as
presented in Fig. 15, and the yaw angle gradually stabilized
although there exist some deviations. The pacing gait is
inherently unstable, and the yaw angle was slightly larger
than it was with other gaits; but overall, the pacing motion
was relatively stable.

These experimental results show that when these three
on-land locomotion gaits are controlled using PID algo-
rithm, the robot deviates far less from the desired trajec-
tory, and its motion is smoother than when it is controlled
by open-loop method. Overall, the motion on land meets
our requirements. Consequently, PID controller is suitable
for practical applications.
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Figure 16. Underwater horizontal motion: (a) at 50 s and (b) at 3 s.

Figure 17. Trajectory comparison of the robot: (a) trajectory and (b) yawing angle.

5.2 Underwater Motion Stability Experiments

We evaluated the underwater performance of robot with
both PID control and open-loop control experimentally.
Each experiment was repeated 10 times. Control signals
directed the robot move forward for 200mm. The distance
and angle were measured by using a ruler and an IMU
sensor, respectively [24]. Figure 16 shows a video sequence
of the horizontal motion; the red arrow indicates the
moving direction.

The resulting trajectories and angles are shown in
Fig. 17. As shown in Fig. 17(a), when the robot was
guided by PID controller, the horizontal motion proceeds
along the desired trajectory, although there were some
deviations. However, when the robot was guided by open-
loop controller, the errors were larger and the robot did
not arrive at the target position. Fig. 17(b) shows
the yaw angle of robot, the deviation at the start was
large in both cases, and as the PID controller adjusts
its control parameters, the deviation of the yaw angle
gradually decreased and stabilized.

6. Conclusion

We aimed to improve the motion performance and sta-
bility of our amphibious spherical robot. We devel-
oped a PID closed-loop control method to guide the
robot on land and underwater. To demonstrate the ef-
ficacy of the proposed method, we developed on-land
and underwater co-simulations in an Adams and MAT-
LAB/SIMULINK. Informed by the simulation results, we
performed experiments on a common mat floor to evalu-
ate the stability and velocity of three on-land gaits, and
we also conducted horizontal underwater experiments to

evaluate our control method. Finally, we compared the
performance of PID controller with the open-looped con-
troller, and our proposed controller attained the best
motion performance, with less deviation and vibration.
In the future, we will improve on-land movement perfor-
mance by developing new gaits and other adaptive control
algorithm.

Appendix A Derivation of Robot Dynamic

According to Fig. 5, each leg consists of two links and two
joints. Link 1 consists of L1 and L2 and can be rotated
in the XbObYb plane; Link 2 consists of L3 and L4 and
can be rotated in the YbObZb plane; m1, m2, m3, and m4

are the corresponding qualities; li represents the length
of the corresponding part; θ1 and θ2 represent generalized
coordinates variables.

Kinetic energy and potential energy of Link 1 can be
expressed as follows:

K1 =
1

2
(m1 +m2) l

2
1θ

2
1

P1 = − (m1 +m2) gl2

The centroid of Link 2 in Cartesian coordinate system
can be expressed as follows:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
x2 = (l1 + l3 sin θ2 − l4 cos θ2) cos θ1

y2 = (l1 + l3 sin θ2 − l4 cos θ2) sin θ1

z2 = −(l2 + l3 cos θ2 + l4 sin θ2)
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It can be obtained from the upper equation derivative:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ2 = −θ̇1 sin θ1(l1 + l3 sin θ2 − l4 cos θ2)

+ cos θ1(l3θ̇2 cos θ2 + l4θ̇2 sin θ2)

ẏ2 = θ̇1 cos θ1(l1 + l3 sin θ2 − l4 cos θ2)

+ sin θ1(l3θ̇2 cos θ2 + l4θ̇2 sin θ2)

ż2 = l3θ̇2 sin θ2 − l4θ̇2 cos θ2

v̇2 = ẋ2 + ẏ2 + ż2 = θ̇21l
2
1 + θ̇21l

2
3 sin

2 θ2 + θ̇21l
2
4 cos

2 θ2

+2l1l3θ̇
2
1 sin θ2 − 2l3l4θ̇

2
1 sin θ2 cos θ2

− 2l1l4θ̇
2
1 cos θ2 + l23 θ̇

2
2 sin

2 θ2

+ l24 θ̇
2
2 cos

2 θ1(l3θ̇2 cos θ2 + l4θ̇2 sin θ2)

So, the kinetic energy and potential energy of Link 2
can be expressed as follows:

K2 =
1

2
mv2 =

1

2
(m3 +m4) v

2

P2 = − (m3 +m4) g(l2 + l3 cos θ2 + l4 sin θ2)

The dynamic Lagrange equation of robot is given
below:

L = Ek − Ep = (K1 +K2)− (P1 + P2)

= [
1

2
(m1 +m2)v

2
1 +

1

2
(m3 +m4)v

2
2 ] + (m1 +m2)gl2

+(m3 +m4)g(l2 + l3cθ2 + l4sθ2)

=
1

2
(m1 +m2)l

2
1 θ̇

2
1 +

1

2
(m3 +m4)[θ̇

2
1l

2
1 + θ̇21l

2
3 sin

2 θ2

+ θ̇21l
2
4 cos

2 θ2 + 2l1l3θ̇
2
1 sin θ2

− 2l3l4θ̇
2
1 sin θ2 cos θ2 − 2l1l4θ̇

2
1 cos θ2 + l23 θ̇

2
2 sin

2 θ2

+ l24 θ̇
2
2 cos

2 θ2 − 2l3l4θ̇
2
2 sin θ2 cos θ2]

+ (m1+m2)gl2+(m3+m4)g(l2+ l3 cos θ2+ l4 sin θ2)
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