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a b s t r a c t
This paper describes an improved three-dimensional (3D)-printed, low-cost, multi-functional, highmaneuverability, high-concealment, turtle-inspired mobile amphibious spherical robot for environmental monitoring and data collection. The major challenge in developing such a robot lies in its limited physical size and
compact structure that allows for only one type of propulsion system to be used both on land and in water. This
paper focuses on the optimization of the kinematic and hydrodynamic model of the amphibious spherical robot,
so as to improve the control accuracy and stability of the robot. In order to optimize some kinematic and dynamic
modeling parameters of the robot, such as the drag coeﬃcient of robot, the angular velocity and swing angle of
each joint, a solid model of the 3D-printed robot was built by SolidWorks. Our simulation results and theoretical
calculations conﬁrmed the validity of the virtual model and facilitated identiﬁcation of key parameters in the
design. The correctness of the modeling was demonstrated by the stability of consecutive crawling and underwater movements, providing a basis for driving and controlling methods for this amphibious robot, as well as
guidance for the robot’s gait trajectory. Combining the robot’s crawling mechanism with related simulation results, an optimized prototype of the 3D-printed amphibious spherical robot was constructed. A series of crawling
experiments on a common ﬂoor were performed with the improved robot prototype, which was also done using
the previous robot. The results were evaluated by a novel optical positioning system, NDI Polaris. Moreover,
several experiments were carried on land crawling and underwater swimming to verify the performance of the
improved amphibious spherical robot. Comparison of experimental and simulation results demonstrated the improved robot had better amphibious motion performance, as well as more potentiality and applicability to the
real structures.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
In an eﬀort to build robots that can carry out sophisticated tasks or
collect data from unstructured environments, researchers have continued to emulate living creatures and their materials, morphology, and
movements. Over the last several years, mobile robots have provided
more detailed and complex data, allowing scientists to develop new
perceptions and deeper insights into the functioning of the numerous
ecosystems on the planet. The use of mobile robots yields unprecedented
precise measurements of environmental processes and pushes forward
the frontiers of robotics and other sciences.
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Amphibious robots have generated signiﬁcant interest due to their
wide range of potential applications; this is due to their ability to operate in various surroundings, with multiple functions and high maneuverability. As a typical example, high-durability, waterproof, snakeinspired robots propel themselves by undulation movements of their
bodies on land and underwater [1]. Unlike snake robots, many amphibious robots use diﬀerent propulsion methods to adapt to diﬀerent environments. For example, the actuator of the “Whegs” amphibious robot
is a combination of propellers and legs that allows the robot to move
on rough terrain and in underwater environments [2]. AmphiRobot-II
is an amphibious biomimetic ﬁsh-like robot with a wheel–propeller–ﬁn
mechanism and a specialized swivel mechanism [3]; speciﬁcally, the
wheel–propeller–ﬁn mechanism functions as a drive wheel for crawling on land and as a common screw propeller or pectoral ﬁn in water. A salamander-like amphibious robot named Sala-mander Robot

S. Guo et al.

Robotics and Computer–Integrated Manufacturing 51 (2018) 37–52

Fig. 1. Diagram of the improved three-dimensional (3D)-printed amphibious spherical robot.

mimics the terrestrial to aquatic locomotion transition via a combination of body undulation and limb crawling [4]. As mentioned above,
there is also an amphibious mobile robot with a spherical rotary paddle
mechanism, as shown in [5]. Each of these amphibious robots has its
own characteristics and advantages. Wheeled robots have good performance on even ground, whereas tracked and legged robots have better
mobility on rough terrain. Compared with screw propellers, undulatory
and oscillatory propulsion with lower environmental disturbance can
also achieve high eﬃciency and maneuverability. Some robots use two
sets of propulsion mechanisms for terrestrial and aquatic motions, which
lead to a heavier machine body. To simplify the structure, robots such
as ACM-R5 and AQUA2 use composite propulsion mechanisms to move
in amphibious environments.
However, it is still problematic for these amphibious robots to move
in conﬁned spaces. There are no manipulators on existing amphibious
robots to improve mobility and ﬂexibility for complex terrains on land
or with underwater operations. Moreover, it is diﬃcult for these amphibious robots to achieve accurate position control underwater via a
swimming motion. For example, currents in the water prevent the amphibious robots without legs from retaining their position for precise
manipulation. In our previous study, in an attempt to address some of
the limitations of previous amphibious robot designs, we created a novel
three-dimensional (3D) printing technology-based amphibious spherical
robot with transformable composite propulsion mechanisms [6–8], to
control and carry micro-robots. A spherical body provides maximum internal space and the advantages of ﬂexibility, due to its symmetry both
underwater and on land [9–15].
Traditional methods to design quadruped robots rely on mechanical
prototype experimentation for design validation, which can be costly
and time-consuming due to the numerous calculations involved and usually provides poor visualization outcomes. However, given the complex
structure of the 3D-printed amphibious spherical robot, kinematic and
hydrodynamic characterization is important for optimal performance.
The kinematic model describes the relationship between the movement
of each leg motion rod and the position and orientation of the endactuator; a precise model is required for motion control and trajectory planning and is, thus, important basic work [16]. To date, numerous kinematic simulation studies have been performed [17–19]; some
have focused on gait planning and control algorithms for an amphibious
spherical robot [20]. For underwater robots, hydrodynamic characteristics are signiﬁcant factors that directly aﬀect the eﬃciency of the motion
control algorithm; many researchers have studied the hydrodynamic
characteristics of underwater robots and illustrated interaction eﬀects
[e.g., 21–24]. These studies used many diﬀerent methods for kinematic
and hydrodynamic analyses to improve the robot’s design eﬃciency and
reliability.

In this paper, the kinematic and dynamic model of the amphibious
spherical robot is optimized to provide some references for the controlling method and prototype production of the robot. Firstly, some
on-land kinematic and dynamic modeling parameters are evaluated in
ADAMS simulation. Then, in order to simplify the hydrodynamic model
and improve the control accuracy and stability of the robot, some simulation analysis are carried out in ANSYS-FLUENT. Finally, several experiments are carried on land crawling and underwater swimming to
verify the performance of the improved amphibious spherical robot.
For the remaining sections of this paper in Section II the mechanical
design and kinematic analysis of the improved 3D-printed amphibious
spherical robot is described. Section III is dedicated to the kinematic
simulation in ADAMS. Section IV discusses the hydrodynamic characteristics of the robot. The experimental validation is shown in Section
V. Finally, Section VI presents the conclusions of this paper and future
research directions.

2. Modeling and kinematic analysis of the robot
2.1. 3D-Printed amphibious spherical robot
As introduced in references [6,7], 3D printing technology was used
to fabricate an amphibious spherical robot. We attempted to integrate
the design and ensure seamless connections between every part to increase stability during the crawling process. To this end, and to avoid
manual errors during fabrication, we sought to maximize the use of the
upper hemispherical space and resources, to make the overall proﬁle of
the robot more compact and aesthetically pleasing. The diameter of the
upper and lower hemisphere of this improved 3D-printed amphibious
spherical robot is 250 mm and 256 mm respectively, the height of the
actuating unit in standing state is 118 mm, the weight of the robot is
approximately 2.26 kg, and the thickness of the spherical shell is 4 mm.
Some more speciﬁcations of robot are shown in Fig. 1. The hip and knee
joints of the robot have two active degrees of freedom (DOFs), referred
to as the hip ﬂexion and the knee ﬂexion. The movement mechanisms
of this improved 3D-printed amphibious spherical robot are the same as
those presented in previous reports [10–12]. With adjustable complex
actuation methods, the robot can change its movement mode between
quadruped crawling and water-jet propulsion without manual manipulation. The robot walks on land by changing the gait of its four waterjet propellers as legs, with adjustment for the desired velocity. Simultaneously, by changing the directions and propulsive forces of its four
water-jet propellers, the robot can not only move forward or backward
but can also rotate clockwise or counterclockwise, with the ability to
ascend, dive, or ﬂoat in the underwater environment.
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Fig. 2. Actuating system and a single actuating unit (leg).

Fig. 3. The movement of a single leg.

Fig. 2 shows the whole structure of the four actuating system installed under the middle plate of the amphibious spherical robot and
a single actuating unit. Actuating system is suspended under the middle plate by axles and controlled independently. Each unit (leg) is composed of one carriage, one water-jet propeller and two servo motors. As
shown in Fig. 2, each unit (leg) has 2 degree of freedom, which can generate one more actuating force in water through water-jet mechanism.
Here we use the HS-5086WP servo motors which have a compact size
of 31∗ 15.2∗ 31 mm. Each of them can rotate 120° in max and provide
a maximum torch of 3.6kg∗ cm. The output of the eight PWM control
signals is used to control eight servomotors of robot to implement the
on-land crawling of the robot, where one cycle of the single unit is shown
in Fig. 3. When the robot is in the underwater mode, the lower spherical shells will close. By changing the directions and propulsive forces of
the robot’s four water-jet propellers, the robot can motion underwater.
The water-jet propeller is sized as 15∗ 21∗ 42 mm without nozzles, and a
waterproof shell of servo motors and water-jet propellers are installed.
With this structure, both vectored water-jet and quadruped crawling
can be realized in one actuating system, this is why it is called a hybrid
actuating system.
To decrease the power consumption of the integrated circuits (ICs)
and promote modular design, an Avnet MicroZed core-board carrying a Xilinx all-programmable Zynq-7000 SoC (Z-7000) was adopted
to prepare the electronic system of the improved version of this 3Dprinted amphibious spherical robot. Zynq SoC provides an abundant set
of power reduction mechanisms that cover various dynamical power
management and dynamical voltage frequency scaling techniques. It is
a hybrid processor combined with an advanced RISC machine (ARM)
processor and ﬁeld-programmable gate array (FPGA). The microcontroller provides eight pulse width modulation (PWM) signals to control the servo motors for crawling on land; four additional PWM signals
are used to actuate the water-jet propellers by regulating the duty ratio

Fig. 4. Block diagram of the controller.

of the PWM signal. Moreover, there are twelve general purpose input–
output (GPIO) signals to control the optocoupler and relay, as shown in
Fig. 4 [25].
2.2. Relationship of kinematic parameters
To realize movement control and verify the kinematic characteristics of the robot, a Jacobian matrix based on the Denavit–Hartenberg
parameters method was used to describe the relationship between velocity and angular velocity of the joint. The Jacobian matrix oﬀers a
theoretical foundation for subsequent simulation analysis based on a
virtual prototype. Because the movement mechanism of the robot’s four
legs is basically the same, here, we present that for the right front leg as
an example. In order to express the ﬁxed coordinate system and kinematic parameters of the right front leg more clearly, we simpliﬁed the
leg as two links (Link 2 and Link 3), as shown in Fig. 5. According to
the rule of DH coordinates, the Link1 was assumed as a virtual link, and
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S. Guo et al.

Robotics and Computer–Integrated Manufacturing 51 (2018) 37–52

Fig. 5. Simpliﬁed Denavit–Hartenberg (DH) model of the right front leg.

Table 1
Denavit–Hartenberg (DH) parameters of
the right front leg.
Link i

𝛼 i-1

ai-1

di

Өi

1
2
3

1800
−900
900

0
L1
L3

L2
0
L4

Ө1
Ө2
0

ADAMS. The Jacobian matrix of the amphibious spherical robot can be
formulated as
⎡ 𝑐1 𝑐2 𝑙3 + 𝑐1 𝑠2 𝑙4 + 𝑐1 𝑙1
𝐽 = ⎢𝑠1 𝑐2 𝑙3 + 𝑠1 𝑠2 𝑙4 + 𝑠1 𝑙1
⎢
0
⎣

𝜃1 = arctan(−𝑝𝑦 ∕𝑝𝑥 )

(4)

√
(
)
𝜃2 = arctan 2(± 1 − 𝑡2 , 𝑡) − arctan 2 𝑝𝑧 , 𝑘

(5)

(
)2
𝑡 = 𝑟 − 𝑙1 + 𝑝2𝑧 + 𝑙42 − 𝑙32 ∕2𝑙4 ,
√
𝑟 = 𝑝2𝑥 + 𝑝2𝑦

𝑘=

√
𝑝2𝑥 + 𝑝2𝑦 − 𝑙1 ,

Similarly, the kinematics of the three other legs can be obtained
by the same method. For the sake of expressing the kinematics of the
amphibious spherical robot more intuitively and concisely, here we set
q = [Ө1 , Ө2 , Ө3 ]T . The positive kinematics can then be expressed as
𝑏

𝑝𝑡𝑜𝑒 = 𝐾 𝐹 (𝑞 )

(6)

= 𝑏0 𝑇 03 𝑇 = 𝑏0 𝑇 02 𝑇 23 𝑇 = 𝑏0 𝑇 10 𝑇 21 𝑇 32 𝑇
⎡0
⎢
−1
=⎢
⎢0
⎢0
⎣

−1
0
0
0

0
0
1
0

⎡ 𝑠1 𝑐2 𝑐3 − 𝑐1 𝑠3
⎢
−𝑐 𝑐 𝑐 + 𝑠1 𝑠3
=⎢ 1 2 3
⎢
𝑠2 𝑐3
⎢
0
⎣

𝑥⎤ ⎡ 𝑐 1 𝑐 2 𝑐 3 − 𝑠 1 𝑠 3
⎥ ⎢
𝑦⎥ ⎢−𝑠1 𝑐2 𝑐3 + 𝑐1 𝑠3
∗
𝑧⎥ ⎢
𝑠2 𝑐3
1⎥⎦ ⎢⎣
0
−𝑠1 𝑐2 𝑠3 − 𝑐1 𝑐2
𝑐1 𝑐2 𝑠3 + 𝑠1 𝑐2
−𝑠2 𝑠3
0

−𝑐1 𝑐2 𝑠3 − 𝑠1 𝑐3
𝑠1 𝑐2 𝑠3 + 𝑐1 𝑐2
−𝑠2 𝑠3
0

𝑠1 𝑠2
−𝑐1 𝑠2
−𝑐2
0

𝑐1 𝑠2
−𝑠1 𝑠2
−𝑐2
0

𝑐1 𝑐2 𝑙3 + 𝑐1 𝑠2 𝑙4 + 𝑐1 𝑙1 ⎤
⎥
−𝑠1 𝑐2 𝑙3 − 𝑠1 𝑠2 𝑙4 − 𝑠1 𝑙1 ⎥
⎥
𝑠2 𝑙3 − 𝑐2 𝑙4 − 𝑙2
⎥
1
⎦

𝑠1 𝑐2 𝑙3 + 𝑠1 𝑠2 𝑙4 + 𝑠1 𝑙1 + 𝑥 ⎤
⎥
−𝑐1 𝑐2 𝑙3 − 𝑐1 𝑠2 𝑙4 − 𝑐1 𝑙1 + 𝑦⎥
⎥
𝑠2 𝑙3 − 𝑐2 𝑙4 − 𝑙2 + 𝑧
⎥
1
⎦

where ci and si are deﬁned as cos Өi and sin Өi , respectively. On the
basis of the kinematic equations for the amphibious spherical robot, the
position of the right toe in the body is given by
𝑏

(3)

According to the positive kinematics of a quadruped robot, assuming
that the position of a servo-actuator can be described by the relative
coordinates location vector p = {px , py , pz }T , then the joint angles of
the amphibious spherical robot are as given as follows:

it can be assumed as a point, the Link 2 consists of L1 and L2 and can
be rotated in the Xb Ob Yb plane, the Link 3 consists of L3 and L4 , and
can be rotated in the Yb Ob Zb plane, Li represents the length of the corresponding part, each leg is composed of a hip joint (joint1), a knee joint
(joint2) and some connecting components.
Table 1 shows several related parameters of the right front leg, where
ai-1 is the distance of the common normal from Zi-1 to Zi , 𝛼 i-1 is the angle
about Xi-1 from Zi-1 to Zi , di is the distance of the common normal from
Xi-1 to Xi , Өi is the angle about Zi from Xi-1 to Xi [26,27].
In this paper, we consider a robot conﬁguration in which the proper
body ﬁxed coordinate system (Xb ,Yb , Zb ) has its origin {Ob } located in
the geometric center of the robot; the direction of Xb is the forward
direction, and the negative direction of Zb is in the direction of gravity.
Thus, the positive direction of Yb can be obtained by the right-hand rule.
Assuming that the position vector of the hip joint for the right front leg in
the coordinate system above is {x, y, z}, according to the homogeneous
matrix transformation, the toe pose matrix of the amphibious spherical
robot is given as follows:
𝑏
𝑇
3

−𝑠1 𝑠2 𝑙3 + 𝑠1 𝑐2 𝑙4 ⎤
𝑐1 𝑠2 𝑙3 − 𝑐1 𝑐2 𝑙41 ⎥
⎥
𝑐2 𝑙3 + 𝑠2 𝑙4 ⎦

𝑝𝑡𝑜𝑒

⎡ 𝑠1 𝑐2 𝑙3 + 𝑠1 𝑠2 𝑙4 + 𝑠1 𝑙1 + 𝑥 ⎤
= ⎢−𝑐1 𝑐2 𝑙3 − 𝑐1 𝑠2 𝑙4 − 𝑐1 𝑙1 + 𝑦⎥
⎢
⎥
𝑠2 𝑙3 − 𝑐2 𝑙4 − 𝑙2 + 𝑧
⎣
⎦

(1)

Correspondingly, the inverse kinematics equations of the amphibious
spherical robot are given by the following:
(
)
(7)
𝑞 = 𝐾1 𝑏 𝑝𝑡𝑜𝑒

(2)

3. Kinematic simulation in the ADAMS environment

The Jacobian matrix reveals the mapping relationship between the
velocity of the end-eﬀector and the angular velocity of each joint. If
we determine the angular velocity of each joint, we could calculate
the velocity of the end-eﬀector. Thus, this approach oﬀers a theoretical
foundation for the simulation analysis based on the virtual prototype in

To verify the stability of the robot’s movement and the rationality
of its structural design, as well as setting up the right rotation angle
of the knee joint and hip joint, in this section, we modeled a virtual
40
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Fig. 6. Crawling gait of amphibious spherical robot within one cycle. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 7. Flow chart of crawling gait.

prototype of the amphibious spherical robot under the ADAMS environment. There are two methods for the establishment of a virtual prototype model in ADAMS: one is to build the 3D model in ADAMS directly
and the other is to build the model using diﬀerent 3D modeling software (e.g., SolidWorks, Pro/E, and UG) and then import it into ADAMS.
Although ADAMS has a powerful simulation analysis function, it has
weaker entity modeling functions [28]. Taking into account precise simulation results in the presence of material non-linearities and distributed
loads, we used the second method to build our robot model. First, a 3D
model of the robot was established and simpliﬁed in SolidWorks; the
format of the model was saved as a parasolid (∗ .xt). Second, the simpliﬁed 3D model of the robot was imported into ADAMS. Given that
the simpliﬁed 3D model of the robot will lose some parameters, such
as weight and the center of gravity, it was necessary to redeﬁne these
parameters. Moreover, some related constraints, motion function, and
forces must be applied to the virtual prototype model.
The gait of a quadruped robot can be divided into four kinds: crawling, pacing, trotting, and gallop [27–30]. If the robot adopts a pacing
gait or a gallop gait to walk, it will produce serious tilt against the
robotic control. Moreover, with pacing and gallop gaits, it is easier to
cause wear and tear to the spray pipe. Thus, a stable crawling gait was
selected in this study. Fig. 6 shows that as the amphibious spherical
robot completes a cycle of crawling, one of the legs is in a lifting and
swinging state, and the other three legs are in a supporting state to provide balance and stability to the robot. In Fig. 6, LF is the left front
leg, LH is the left hind leg, RF is the right front leg and LH is the right
hind leg, the upper arrows indicate that the swing direction of joint,
and the dots represent that the leg contact with ground, and the black

stripes represents the ground. Details of the crawling motion are shown
in Fig. 7, from the initial state (a four-footed support state) to the ﬁnal
state (eighth state-motion leg lift and swing while the other legs are in
a support state).
By applying several related constraints and driving force to the virtual prototype model, its actual crawling gait was simulated in ADAMS,
as shown in Fig. 8(a). From this ﬁgure, each leg has two DOFs: outward
swaying freedom for the hip joint and rolling freedom of the knee joint.
Consequently, each hip joint adds one revolving (horizontal rotation)
DOF, and each knee joint adds one revolving (longitudinal rotation) DOF
[30]. As mentioned above, the movement of the robot is driven by servo
motors; thus, the drive function to each of the eight servo motors must
be appended. The initial state of the robot was set as four-footed support
state, the robot was assumed to be crawling on a broad ground, and the
contact force between the foot end and the ground was set as the friction force. Considering the environment of the ﬁnal experiment and the
material of the foot end, the dynamic and static coeﬃcient of friction
forces were set as 0.1 and 0.15 respectively, as shown in Fig. 8(b). In
the process of the robot crawling, each leg performs a series of cycles–
“lift–swing–fall–support.”
After the robot completed a movement cycle in the crawling gait,
the simulation animation results could be viewed in the post-processing
module of ADAMS. Simultaneously, the displacement curves of the centroid, the driving torque of each joint, and the angular velocity and angular acceleration of each joint could be obtained during the simulation
process [31–33].

41

S. Guo et al.

Robotics and Computer–Integrated Manufacturing 51 (2018) 37–52

Fig. 8. Virtual prototype model of robot based on ADAMS platform.

Fig. 9. Displacement curve of the centroid in the X direction.

Fig. 10. Displacement curve of the centroid in the Y direction.

deviations during crawling. The displacement curve of the centroid in
the Z direction represents the phenomenon of the bumping up and down
of the robot; the results showed that the translocation basically remain
at 0.007 m which is about 2.5% of the height of the amphibious spherical robot (approximately 0.27 m, Fig. 11). Consequently, jumping and
sudden changes should not appear, and the robot can implement stable
crawling.

3.1. Simulation results of the displacement of the centroid
Through the post-processing function of ADAMS/View, and after determining the angle of the hip joint and knee joint, the moving trajectory
of the centroid of the robot was obtained. These movement trajectories
also demonstrate the velocity and stability of the robot (Figs. 9–11).
In Fig. 9, we see that the change in the centroid displacement in the X
direction is stable, and the gradient remained close to 0.025. This curve
shows the displacement in the heading direction of robot, the gradient
represents the velocity of the robot; thus, this result showed that the
velocity of the robot remained stable in the process of crawling and was
basically maintained at around 0.025 m/s. Fig. 10 shows the centroid
displacement curve in the Y direction and this displacement curve indicates the deviation of the robot in its horizontal direction. Left and
right deviation can occur with robot crawling (Fig. 10) and the maximum deviation of the robot was approximately 0.011 m. Consequently,
the ﬁnal trajectory still follows the initial setting basically despite some

3.2. Simulation results of driving torque
Given that the joint motion of the robot depends on its driving force
and torque, and the selection of the servo motor has a strong relationship
with the driving torque, the size of the driving torque should be suﬃcient and reliable. Here, we only show the right front leg and left hind
leg of the amphibious spherical robot as examples. Through the postprocessing function of ADAMS, simulation results of driving torque of
the joints are shown in Figs. 12 and 13 with respect to the hip joints and
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Fig. 11. Displacement curve of the centroid in the Z direction.

Fig. 12. Driving torque of the knee joint. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 13. Driving torque of the hip joint. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

knee joints, respectively. The solid line indicates the driving torque of
the knee joint A, and the dashed line indicates the driving torque of the
knee joint C, as shown in Fig. 12. Similarly, the solid line in Fig. 13 indicates the driving torque of hip joint A, and the dashed line in Fig. 13 indicates the driving torque of hip joint C.
From these two ﬁgures we can draw the following conclusions. First,
the driving torque of the hip joint is greater than that of the knee joint;
this is due to the movement of the hip joint bringing about movement
of the knee joint. The curves of driving torque appear abrupt and form
spikes, which will induce unbalanced moment, impacting the stability
of the amphibious spherical robot. Second, the driving torque of the
supporting phase is much greater than in the swing phase; this is because the joint needs to bear part of the body load when the leg is in
the support phase. Third, the maximum driving torque of the hip joint
basically remained steady, below 94 N mm, when the hip joint was in
the supporting phase, and the maximum driving torque of the knee joint
remained steady, below 40 N mm. More importantly, little variation in
the amplitude of each joint’s driving torque was observed (i.e., it did not
generate excessive or too little torque).

3.3. Simulation results of angular velocity and angular acceleration
In the crawling process of the robot, the requirements for its movement are smooth, continuous, and without severe disruptions. The displacement trajectory of the centroid and toe of the robot were measured
above. In addition to the requirements for displacement, the angular velocity and angular acceleration of each joint also have certain requirements: slow changes, smooth transitions, and the absence of severe disruptions. We assessed the angular velocity and angular acceleration of
each joint.
Figs. 14 and 15 show the angular velocities of the knee joint and hip
joint respectively. Figs. 16 and 17 show the angular acceleration of the
knee joint and hip joint respectively. In these ﬁgures, diﬀerent colors
correspond to diﬀerent joints. As shown in Figs. 14 and 15, the angular velocity and acceleration showed periodic changes to the knee joint.
Over a period of time, the angular velocity show two major changes as
the robot leg is lifted up and down. Here we select leg B as an example
without loss of generality, the time periods of these two major changes
occurred over the 3.5–4.0 s and 6.5–7.0 s periods respectively. In the
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Fig. 14. Angular velocity of the knee joint.

Fig. 15. Angular velocity of the hip joint.

Fig. 16. Angular acceleration of the knee joint.

time period from 3.5–4.0 s, the leg B lifts its knee joint, as then the angular velocity of the knee joint increases ﬁrst and decreases later. In the
time period from 6.5–7.0 s, the leg B falls its knee joint; the angular velocity of knee joint reversely increases ﬁrst and then decreases. For the
hip joint, the angular velocity also shows the changes as the robot leg is
swing forward. Besides, the angular acceleration is the rate of change of
angular velocity. Due to the impact of contacting the ground by the supporting legs, there also exists some small changes of the angular velocity,
and the impact problem must be considered in the actual selection of a
drive servo motor. Moreover, through the angular velocity of each joint
during simulation as shown in Figs. 14 and 15, we can calculate the
velocity of robot at any time according to the Jacobian matrix.

motion, a unique propulsion system is required for the 3D-printed amphibious spherical robot. Accordingly, hydrodynamic analysis is an important requirement for the motion control system of this robot, because
water ﬂows through four holes in the robot’s hull during horizontal motion, and the streaming ﬂuid is aﬀected by the ﬁn around the robot’s
equator. Also, the propulsive force inﬂuences the ﬂexibility of the robot.
Consequently, several vital hydrodynamic parameters of the robot were
obtained from the analysis that have direct eﬀects on the eﬃciency and
performance of the robot. To estimate the parameters of dynamic model
of robot, we assumed that the robot was a static sphere and the environment of ﬂow ﬁeld was 20°C without external disturbances.
4.1. Mechanism of underwater movement

4. Hydrodynamic analysis using ANSYS-FLUENT software
It is a complex matter to design, analyze, and control soft robotic
manipulators, due to the lack of an accurate dynamic model. Previous
researchers have often used ﬁnite element and static structures. However, the description with such models is inaccurate for some of the
features of the non-linear, transformable composite propulsion mechanism; also, complex water resistance eﬀects are an important consid-

Hydrodynamic characteristics are a key parameter that determines
the eﬃciency and accuracy of the control algorithms for a vehicle operating in an underwater environment. Moreover, to optimize the structure of the underwater robot, taking into consideration that the hydrodynamic characteristics of an underwater robot are diﬀerent for each
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Fig. 17. Angular acceleration of the hip joint.

eration in these systems. In this paper, a hydrodynamic approach was
used to model four kinds of motion, considering the propulsive forces
and water resistance. By changing the directions and propulsive forces
of the robot’s four water-jet propellers, the robot can move not only forward or backward but can also rotate clockwise or counterclockwise,
with the ability to ascend or dive underwater. In the horizontal plane,
the robot adjusts a pair of water-jet propellers to implement forward and
rotational motion. In the vertical plane, adjustment of the four water-jet
propellers allows ascending or sinking motion. Fig. 18(a)–(d) shows a
bottom view of the robot and the movement mechanism of one leg while
implementing diﬀerent movements. In these ﬁgures, F1, F2, and F3 are
the thrusts generated by the water-jet propeller; T1, T2, and T3 are the
corresponding torques of the motor, respectively; the linear arrows indicate the water-jet direction [34].
It has been suggested from studies of received biases that the robot
is actuated by water-jet propellers when underwater [35]. Generally,
the movement of the robot is subject to the diﬀerent spray angles of
the water-jet propellers. The force analysis provides an estimate for the
requirements of the servo motors on the actuator units. Fig. 19 shows
the force analysis for one actuator unit during diﬀerent motions, such as
horizontal forward motion, rotating motion, vertical ascending motion,
and vertical sinking motion. By changing the angle of the vertical servo
motor, thrust can be realized in any direction. The torque of the motor
can be calculated as follows:
(
)
𝑇1 = 𝑇2 = 𝐹1 𝐿 = 𝐹2 𝐿 = 𝐿𝜌𝐴𝑉𝑎2 = 𝐿 𝑘1 𝑉𝑖 + 𝑘2 𝑉𝑐
)
(
1
= 𝐿 𝑘1 𝑉𝑓 cos 𝜃 + 𝑘2 𝐷Ω
2
(
)
1
1
= 𝐿𝜌𝜋𝐷2 𝑘21 𝑉𝑖2 + 𝑘1 𝑘2 𝜋𝐷2 𝑉𝑖 + 𝑘22 𝐷2 Ω2
4
4
𝑇3 = 𝐹3 𝐿 = 𝐿𝜌𝐴𝑉𝑐2 =

1
1
𝐿𝜌𝐴𝐷2 Ω2 =
𝐿𝜌𝜋𝐷4 Ω2
4
16

(8)

(9)

The thrusts generated by the water-jet propellers are F1, F2 and F3;
T1, T2, and T3 are the corresponding torques on the servo motor, respectively. L is the moment arm of the vertical motor, and 𝜌 is the density of
the ﬂuid. According to previous studies [35], in the nozzle view of the
small diameter, the velocity diﬀerence across the nozzle can be ignored.
Thus, the axis ﬂow velocity Va is a linear combination of the incoming
ﬂow velocity Vi and the central ﬂow velocity Vc. Ω is the rotational velocity of the motor shaft, Vf is the velocity of the ambient ﬂow, Vi is the
velocity of the incoming ﬂow, Vo is the velocity of the outlet ﬂow, Ө
is the incoming angle of the ambient ﬂow, and D is the diameter of the
nozzle.
Previous studies on amphibious spherical robots underwater emphasized a low speed state; thus, the 3D-printed amphibious spherical robot
in this research was assumed to operate with low-speed motion. Accordingly, while the robot is in the process of underwater movement,
the secondary drag force and linear damping force are two fundamental
forces that must be taken into consideration. Thus, it is assumed that

Fig. 18. Mechanisms of diﬀerent underwater motions. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Fig. 19. Fluid model of a water-jet propeller [35].

Fig. 20. Simpliﬁed 3D model in diﬀerent ﬂow ﬁeld.

Table 2
Variation in drag coeﬃcient with Reynolds numbers for a spherical particle.
Reynolds number Re

Re <10

103 <Re <3∗ 105

Re >3∗ 105

Drag coeﬃcient Cd

20.4/Re

0.4

0.1

and counterclockwise motion, Dq is 25.13, resulting in the following
[36]:
⎡25.13
⎢ 0
⎢
0
𝐷𝑞 (𝑣) = ⎢
⎢ 0
⎢ 0
⎢
⎣ 0

the velocity of ﬂuid area is low; thus, the secondary drag force of the
amphibious spherical underwater robot is given by
1 ( )
𝐷𝑞 (𝑣)𝑣 = 𝐹𝑑 = 𝐶𝑑 𝑅𝑒 𝜌𝑉 2 𝑆
(10)
2
where Re is the Reynolds number, 𝜌 is the density of the ﬂuid, V is the
relative velocity of the robot to the ﬂuid, S is the cross-sectional area,
and Fd is the thrust force, also equivalent to the water resistance. Cd
is the drag coeﬃcient, which is diﬀerent in the vertical and horizontal
directions. As a spherical object in the vertical direction, Cd is equal to
0.4. In the horizontal direction, we can calculate the drag coeﬃcient Cd
according to (3). Moreover, the drag coeﬃcient of the spherical particle
is determined by the Reynolds number Re , given by Eq. (10):
𝐶𝑑 =

2𝑇
𝜌𝑉 2 𝑆

(11)

𝑅𝑒 =

𝑉𝐷
𝜇

(12)

0
25.13
0
0
0
0

0
0
33.24
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0⎤⎡ 𝜇 ⎤
0⎥⎢ 𝜈 ⎥
⎥⎢ ⎥
0⎥⎢𝑤⎥
0⎥⎢ 𝑝 ⎥
0⎥⎥⎢⎢ 𝑞 ⎥⎥
0⎦⎣ 𝑟 ⎦

4.2. Hydrodynamic simulation results
In this section, the inﬂuence of the ﬂow ﬁeld from the amphibious
spherical robot is considered in the hydrodynamic analysis. The ﬂow
ﬁeld used in this simulation must be built, based on the 3D model of the
robot. The size of the ﬂow ﬁeld should be suﬃciently large to ensure
that the wall of the ﬂow ﬁeld cannot aﬀect the hydrodynamic analysis
results. Generally, the size and the shape of the ﬂow ﬁeld are determined
by the robot. If the speed of the robot is relatively high and has a signiﬁcant eﬀect on the ﬂow ﬁeld, then we should choose a large ﬂow ﬁeld. A
Boolean operation was then carried out between the 3D model and the
ﬂow ﬁeld. The 3D model of the robot was subtracted from the ﬂow ﬁeld
[36] to obtain the hydrodynamic analysis object, as shown in Fig. 20;
an additional four 3D models were obtained applying the same method.
In total, there were four objects to represent the four basic motions in
the analysis.
In much of the previous work on hydrodynamic analyses, the mesh
of the amphibious spherical robot and the ﬂow ﬁeld were determined
to be key factors. Moreover, the overall amount of the mesh determines
the eﬀectiveness of the hydrodynamic analysis and the computational
complexity. To account for the accuracy of the numerical calculation
and at the same time avoid a large number of computations, in this paper, the meshing size of the robot was relatively small, and the meshing
size of the cylindrical ﬂow ﬁeld was slightly larger. The meshing results
of the robotic 3D model and the ﬂow ﬁeld are shown in Fig. 21: the
total number of elements was 252,166, and the total number of nodes
was 46,810.

where μ is the viscosity coeﬃcient, which is 1 × 10−6 at 200 °C. In this
study, the maximum simulation velocity of the amphibious spherical
robot is 0.3 m/s; thus, the Reynolds number is Re = 1.2 × 105 , which indicates that the ﬂow is turbulent when the robot moves through the
water. According to Table 2, Cd =0.4 when the Reynolds number is
Re = 1.2 × 105 . For vertical ascending and sinking motions, the propulsive forces are approximately 6.93 N and 1.061 N, respectively. For
horizontal forward motion and counterclockwise rotation, ﬂuid ﬂows
through the holes, such that the robot cannot be classiﬁed as closed. After comparing the two values of the drag coeﬃcient, it is clear that the
holes in the spherical hull increase the water resistance. Accordingly, by
applying Eq. (10), Dq is 33.24 while the robot implements vertical ascending and sinking motions. Moreover, for horizontal forward motion
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Fig. 21. Meshing results of ﬂow ﬁeld and robot.

Fig. 22. Results of FLUENT simulation of forward motion.

Fig. 23. Results of FLUENT simulation of counter-clockwise motion.

After executing the meshing operation of the amphibious spherical
robot and the ﬂow ﬁeld, four meshing results ﬁles were imported into
ANSYS FLUENT. According to previous experience and research, it is
possible to set the inlet of the ﬂow ﬁeld as the velocity inlet and the
outlet of the ﬂow ﬁeld as the outﬂow. In this research, knowing the
Reynolds number criterion, it is then possible to establish a k-Ɛ model
to perform ﬂow-ﬁeld simulations, under turbulent conditions. Using this
method, we determined that the wall of the amphibious spherical robot
was static and that the ﬂow ﬁeld moves at a certain speed. The convergence criterion in this simulation calculation was 0.0001 [37].
(a) Simulation results of horizontal motion

To simulate horizontal motion underwater, we must consider the
propulsive forces generated by the water-jet propeller and the velocity
of the ﬂow ﬁeld, because the robot moves relative to the ﬂow ﬁeld. This
paper considers two types of movement: forward movement and counterclockwise movement. Accordingly, the robot was set as a static wall
while the ﬂow ﬁeld was set with a constant velocity. The velocities of
forward movement and counterclockwise movement were 0.3 m/s and
14 rpm, respectively. Past research on movements of amphibious spherical robots adjusted one pair of water-jet propellers to implement diﬀerent horizontal motions. The propulsion forces of the spherical underwater robot were actuated by two horizontal water-jet propellers for forward movement and counterclockwise movement. From (11), the drag
coeﬃcients were 0.61 and 0.099, respectively.
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Fig. 24. Results of FLUENT simulation of ascending motion.

Fig. 25. Results of FLUENT simulation of sinking motion.

After hydrodynamic analysis simulations, Fig. 22(a) shows how the
velocity of the robot was aﬀected by the ﬂow ﬁeld. In particular, the
eﬀect of the holes was not obvious. Fig. 22(b) shows a cutaway view of
the pressure aﬀected by the ﬂow ﬁeld, Fig. 23 shows the velocity vectors
and contours of static pressure for the robot implementing a counterclockwise movement. In the ANSYS FLUENT software, after operating
for 1000 steps, the drag coeﬃcients for forward movement and counterclockwise movement were constant, converging to Cd = 0.579 and
Cd = 0.079, respectively; thus, the maximum error between the simulation results and the calculated theoretical values was approximately 5%.
Consequently, the results of the ANSYS FLUENT analysis were acceptable [38,39].
(b) Simulation results for vertical motion
In addition to horizontal forward motion and counterclockwise motion, vertical ascending and sinking motions were also simulated in ANSYS FLUENT. In this section, some settings of related parameters were
the same as before, the motion of the ﬂow ﬁeld was also selected as a
reference for the motion of the robot in the simulation. From (10), while
the robot implements an ascending motion, forces were generated by the
four water-jet propellers, and the drag coeﬃcient was 1.2257. Related
force and movement mechanisms are illustrated in Fig. 18(c). From the
simulation analysis in ANSYS FLUENT, the drag coeﬃcient of vertical
ascending motion converged to approximately 1.346.
The interaction between the velocity of the ﬂow ﬁeld and robot
is presented in Fig. 24(a). Moreover, Fig. 24(b) shows that the crosssection of the pressure was aﬀected by the ﬂow ﬁeld. Next, we estimated
the sinking motion of the robot in the vertical plane. Similar to the simulation process above, the drag coeﬃcient for vertical sinking motion
converged to approximately 0.0347. The velocity vectors of ascending
motion are shown in Fig. 25(a), and the cutaway view of the static pressure contours for sinking motion is shown in Fig. 25(b). With respect to

the simulation calculation method, according to (10), the drag coeﬃcient of vertical ascending motion was 0.0332. Through a series of calculations and comparisons, the maximum error of the simulation drag
coeﬃcient for vertical motion was approximately 6%, compared with
the theoretical calculated value. On the whole, the simulation results of
hydrodynamic characteristics based on FLUENT software for horizontal
motion and vertical motion were acceptable. More importantly, these
simulation results have practical signiﬁcance.
This section mainly presented some hydrodynamic analysis of an amphibious spherical robot, and four main basic underwater motions were
described and analyzed. To estimate the parameters of dynamic model
of robot, we assumed that the robot was a static sphere and the environment of ﬂow ﬁeld was 20°C without external disturbances. From some
simulation results in ANSYS FLUENT, the velocity of the ﬂuid inside the
robot was as same as the robot for horizontal and vertical motion. Moreover, the drag coeﬃcient for horizontal and vertical motion were very
close to the theoretical values, the maximum error between the simulation results and the desired theoretical values was approximately 5%.
Consequently, the ﬂuid inside the robot could be assumed as a part of
the robot and the robot could be assumed as a sphere, the results of the
ANSYS FLUENT analysis were acceptable and the dynamic equation of
the robot could be simpliﬁed and optimized. According to these results,
we optimized the control strategy of the robot to improve the control
accuracy and stability of robot.
5. Experiments on land crawling and underwater swimming
5.1. Experiments on crawling stability
Beyond the kinematic simulations of a virtual prototype of the robot
in an ADAMS environment, a series of experiments on walking was also
48

S. Guo et al.

Robotics and Computer–Integrated Manufacturing 51 (2018) 37–52

Fig. 26. Prototype of the improved 3D-printed amphibious spherical robot.

Fig. 27. Experimental equipment and related parameters.

carried out on a common mat ﬂoor [40]. The crawling gait was adopted,
as in the ADAMS simulations, to enhance walking stability. In the crawling gait, a raised leg is set down before the next one is lifted; thus, the
timing sequence of the four actuation units must be synchronized to
achieve quadruped walking motion. Three or four legs always touch the
ground to support the robot and ensure that it remains stable, the prototype and one leg of the improved 3D-printed amphibious spherical robot
are shown in Fig. 24.
To obtain more precise experimental results, in this paper a novel optical tracking system, the NDI Polaris Vicra system, was used to evaluate
the displacement of the robot. The NDI Polaris Vicra system is an optical
measurement system that measures the 3D positions of passive markers.
The Polaris Vicra system is able to determine the position and orientation of tools within a speciﬁc measurement volume. The whole system
includes a position sensor, a host USB converter, a power adapter, and
some passive markers. The position sensor is the main component of the
NDI system; an overview of its operation is shown in Fig. 27 (left). As
can be seen, the position sensor emits infrared light from its illuminators. The infrared light ﬂoods the surrounding area and reﬂects back to
the sensor from passive spherical markers, which have a retro-reﬂective
coating to minimize scattering. Passive markers must be attached to the
tool using NDI mounting posts, which are manufactured to ﬁrmly hold
the NDI spheres. Considering the evaluation range of the position sensor,
the sensor was positioned at a slightly higher level, allowing it to monitor the motion of the robot from the back; here, four passive spherical
markers were used, as shown in Fig. 27 (right).
Because our previous research revealed that the velocity of the robot
is related to the step size and the frequency of the gait cycle, here we
used a crawling gait and reduced the swing distance for a single step. To
avoid the phenomenon of slipping during crawling, the crawling experiments were performed on a common mat, which was also done using
the previous robot. Fig. 28 shows a video sequence of crawling. The time
and displacement in the crawling experiment were recorded, including
the displacement in the forward X direction and deviations in the Y and
Z directions. The trajectory curves were generated in MATLAB. The experimental and simulation results are shown in Figs. 29–31. The dashed

blue and solid red curves correspond to the experimental results of the
previous and the improved robot respectively, while the dash dot green
curve indicates the simulation results.
Fig. 29 shows the changes in displacement in the forward direction
(X) over time. According to the slope of the experimental trajectory,
the crawling speed of the previous robot was less than 0.014 m/s, while
the crawling speed of the improved robot was about 0.024 m/s. The experimental results of the improved robot were close to the simulation
result of the robotic centroid (0.025 m/s). Fig. 30 shows the deviation
in the Y direction. The maximum deviation in the previous robot for
the Y direction was 0.14 m, while the maximum deviation in the improved robot for the Y direction was 0.024 m. Furthermore, the changing trends of the improved curve and the simulation curve were approximately consistent. As shown in Fig. 31, the maximum deviation in the
improved experimental results for the Z direction was 0.013 m, and the
maximum deviation in the previous experimental results was 0.056 m.
Consequently, the improved robot has a better performance of on-land
crawling than the previous robot.
Compared with the actual experiment, the simulation one was relatively ideal, and there existed some inevitable phenomenon in the actual experiment. In ADAMS simulation, the swing angle of each joint
was controlled by the periodic drive function. However, in the actual
experiment, it was controlled by adjusting the duty ratio of the PWM
control signal, so the control eﬀect in the actual experiment was not
as good as simulation. Moreover, there existed some slip phenomenon
on the robot’s foot end in the actual crawling experiment, which was
caused by the delay of control signal. For example, the knee joint may
have already started its falling or lifting motion before the hip joint
completes its swing motion, which will caused swing angle deviation
for joint. And if it was not corrected in time, the deviation will become
larger and larger. Thus, the experimental results are not as ideal as the
simulation results. Although there was some error between simulation
and improved experimental results, there was only a slight deviation,
less than 0.013 m, between the actual crawling trajectory and the designated trajectory. The controller module of the robot was set to ignore
small deviations. As a result, except for drift occurring at bends in the
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Fig. 28. Experiments on crawling stability.

Fig. 31. Displacement in the Z direction. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 29. Displacement in the X direction. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

5.2. Underwater motion stability experiments
To evaluate the improved amphibious spherical robot, we conducted
several underwater experiments in a pool. Firstly, we carried out a horizontal forward motion in a pool, which was also done using the previous
robot. These two experiments were carried out by the same control algorithm in a same pool and each one was repeated twenty times. Control
signals directed the robot along the desired trajectory and the average
velocity was 0.3 m/s. As the robot was symmetrical, the performance
was same in the forwards and backwards directions. The robot was programmed to move forward in a distance of 3 m in a pool, and Fig. 32
shows two snapshots of the horizontal forward movement. Fig. 33 shows
the displacement and movement time of experiment and simulation. The
average velocity of the improved robot was 0.248 m/s, and the previous
robot was 0.169 m/s. As shown in the compared results between the experiment and the simulation, the maximum error of the average velocity
of the previous robot was about 0.131 m/s. For the improved amphibious spherical robot, the average velocity error was greatly decreased to
0.052 m/s.
In addition to horizontal forward motion, we carried out several experiments for horizontal counter-clockwise rotation motion using the
improved and the previous robots. The experiments of rotating continuously were also conducted in the pool, and the angular velocity was
measured by an IMU sensor. As show in Fig. 34, the angular velocity of
the improved robot was closely coincident with simulation result. More-

Fig. 30. Displacement in the Y direction. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)

designated trajectory, the improved robot was able to follow the trajectory of the initial settings and implement stable crawling. Therefore, the
ADAMS software can provide accurate kinematic characteristics and a
theoretical foundation for robot control research.
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Fig. 32. Underwater horizontal forward motion.

water experiments to verify its motion performance, and the compared
results demonstrated that the improved amphibious spherical robot was
more helpful in enhancing the accuracy of amphibious motion. Moreover, these experimental results not only conﬁrmed the accuracy of the
simulation results in describing the kinematic and hydrodynamic characteristics of the robot, but also indicated the deﬁciency of simulation
analysis. In addition, these results provided important guidance to plan
the robot’s trajectory. Future researches will involve some dynamic onland gaits and vertical underwater experiments with diﬀerent frequencies and velocities.
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