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over the past decades. There are some animals that can adapt
well to the amphibious environment. Therefore, inspired by
the bionics principle and the amphibian behavior, some
research has aroused great concern among relevant scholars in
various countries. Many researchers have developed
amphibian bionic robots, and gained plenty of remarkable
achievement and progress.

Abstract - With the exploration of the ocean, the conventional
underwater or the terrestrial robot cannot meet the needs of the
work in the littoral amphibious environment. Therefore the study
of amphibious robots has great significance. This paper presents a
platform design that aims at constructing a natatores-like
amphibious robot. Inspired by the movement of natatores, this
robot is designed to be suitable for multi-mode locomotion both
on land and in water, which even can dive underwater. On the
base of investigations about the natatores' swimming stroke and
dynamic analysis, a novel robot prototype is constructed adopting
the bionic structure and movement mode to generate force to
push its body forward. The description of the robot includes
mechanical design, system design, as well as ADAMS modeling.
Meanwhile, multi-function motion modes will be adopted under
dynamically changing environments with the sensor subsystem
processing the gathered robotic and environmental information
effectively. Preliminary testing partly verifies the feasibility of the
amphibious robotic prototype.

(a) Whegs
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(d) Turtle-imitated robot
(e) ACM-R5
(f) AmphiBot
Fig.1. Leg-type and snake-like amphibious robots

I. INTRODUCTION

According to the application of the bionic principle in the
different robot, the existing amphibious robot can be divided
into two main categories, including leg-type amphibious robots
and snake-like amphibious robots, as shown in Fig.1. The legtype amphibious robots have rich bionic objects, such as the
cockroach-inspired wheel-leg robot Whegs [1]-[2], the lobsterbased robot for neural control [3], the cockroach-like robot
with transformable leg-flipper composite propulsion
mechanism called AmphiHex [4], the turtle-imitated robot
which has symmetrical structure and smooth motion [5]-[6],
etc. Meanwhile, some researchers have tried to simulate sea
snakes swimming in the water, as well as the transverse
movements on land. The snake-like amphibious robots involve
the modular-designed ACM-R5 by Tokyo Institute of
Technology [7], and the AmphiBot developed by Swiss
Federal Institute of Technology [8], etc.
For the two different types of bionic templates, the legtype and snake-like robots have the characteristics suitable for
different applications. Traditional legged robots are exposed to
the ground and use friction to move forward that mainly for
movement on land or seabed. Separately, ordinary snake robot
can perform planar crawling, enter narrow space, and even can

Nowadays, robots have been widely used in resource
exploration and environmental protection. With the
exploration of ocean resources, especially the coastal
environment, the conventional robot accustomed to a single
environment cannot adapt to littoral amphibious environment
well. To achieve these goals, we need to improve the
efficiency, dynamic performance and environmental
suitability of the robot. However, when it comes to efficiency,
mobility, and suitability, there is no positive advantage for an
amphibious vehicle that has pre-existing types of the propeller
to move forward in water and has another structure to move on
land. Besides, it has low energy utilization which may lead to a
shorter search distance. Also, the increase of battery may lead
to the robot being overweight, and a decrease in carrying
capacity.
As we all know, bionics is a frontier subject which
combines biological science and engineering technology.
Many tools are designed through bionic principles. Robot
bionics is an important branch in the field of robotics from the
perspective of bionics, and bio-inspired robots have drawn a
great deal of interest from the robotics and biology community
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complete 3D swimming when the structure is modified.
Relative to the leg-type robots having good performance in
rugged terrain, the snake robots can partially or completely
move into soft wetlands with a slower velocity.
Compared to salamanders, crabs, turtles, cockroaches, and
snakes-like bionic objects [9]-[11], the study of amphibian
bionic robots based on natatores is extremely rare. However,
natatores also have good adaptability and flexibility on land
and in water. Facing the complex space environment
exploration tasks, such as submarine pipeline detection,
biological monitoring, and mineral exploration in the crack of
the seabed, this paper proposes a novel design of an
amphibious robot. Focused on the disadvantages and difficult
problems on the amphibious robot, the amphibious bionic
robot capable of multi-mode motion is developed, which
utilize the coordinated movement of webbed feet, neck, and
body to realize the efficient, fast, and flexible motion features.
The rest of the paper is structured as follows. Section II
describes bionic principle based on Natatores-like motion.
Section III presents the mechanical design of the amphibious
robot. Section IV introduces the control modeling. Section V
gives a kinematic model based on virtual prototype technology
and ADAMS. Section VI address remarks and directions of
ongoing work.

power stroke and recovery stroke [13]-[15], as shown in Fig.2
[15]. The swimming mechanism of the paddle is to move
backward in the power stroke stage, and the webbed toe is
expanded to increase the flow area. The toe folds in the
stroking stage to reduce the response resistance. Moreover, the
propulsion is intermittent. Meanwhile, there is some living
experiment about natatores. Christoffer et al. [13] found that
natatores do not merely adopt the resistance mode to push
water through the paddles, but the lift mode also plays a
positive role. Based on previous researches, Lei Liu et al. [16]
found the power stroke stage mainly adopts the resistance
mode, and lift mode plays the main role in recovery stroke
stage through the thorough analysis of natatores paddle
propulsion mechanism. Besides, this dynamic model is similar
to that of some fish with more developed pectoral fins.
B. The biomimetic principle on land
Natatores can be divided into two categories, wading and
diving, according to different physical structure and behavior.
Wading natatores have small feet that close to the front of its
body. However, the common natatores belongs to diving class.
Diving natatores’ body is wider, and its legs are shorter than
the others. Also, the position of the leg is near its tail, which is
convenient for diving. However, this structure is not easy to
balance on land during walking. To prevent falling, overcome
the imbalance caused by short legs, they need to lift their chest
and stretch their necks while walking.

II. BIOMIMETIC PRINCIPLE ON NATATORES
Inspired by the movement of natatores that can move on
land and swim in water utilizing its webbed feet, it is necessary
to study the fundamental principle on the biomimetic motion.
The discussion will be divided into two aspects based on the
amphibious environment.
A. The biomimetic principle in water
To facilitate the analysis of biological underwater
propulsion mechanism, Lighthill [12] roughly divided aquatic
organisms into five categories, such as oscillating wave
propulsion, jet recoil propulsion, paddling propulsion,
crawling forward, flapping wing propulsion, according to the
different methods of generating underwater propulsion.

Fig.3. Natatores walking track and its center of gravity moving curve

Experiments by other researchers have shown natatores
walking tracks and its center of gravity moving curve [17], as
shown in Fig.3. When natatores walking, the gravity center
amplitude range of body is much larger than human and fowl,
and its stride length is smaller, so the natatores show rocking
forward as its walking posture. Moreover, natatores have no
slender, powerful toes as the fowl. Thus, it does not appear to
be as smooth as fowl during walking on the ground. However,
the ability to swim in water, the ability to dive in water, and
the ability to walk in mud that natatores have are all worthy of
study and imitation, even if its performance on land is not
perfect.
Bionic movement provides main energy source for robot,
and an observation of real natatores shows that this kind of
propulsion is less noisy, more effective, and more
maneuverable than propeller-based propulsion.

Fig.2. Flippers’ flapping motion attitude for water skiing [15]

Paddling propulsion means that the creature relies legs,
paddles or feet to produce thrust. Amphibian salamanders,
frogs, natatores, platypuses and so on belong to this
classification. The motion process usually includes two stages:

III. MECHANICAL DESIGN
Inspired by natatores body structure, the whole design of
the robot is to simulate real creature. The mechanical design of
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the Natatores-like Amphibious robot can be divided into four
primary aspects, include head and neck design, leg design,
webbed feet design and body waterproof design, and have
multiple degree of freedom (DOF), as shown in Fig.4. It's
powered by the oscillation of the leg joints, and imitate power
stroke and recovery stroke stage through control the expansion
of its feet, and utilize its head and neck for balance and
supplementary motion.

The support leg is a vertical DOF structure controlled by a
servo motor, and it has a universal wheel structure that
supports the robot walk steadily and turns safely on the road,
as shown in Fig.6.

Fig.6. Support leg design

The power leg is also a vertical 3-DOF structure. It is
divided into three parts, includes hip joint, knee joint, and
ankle joint, as shown in Fig.7.

Fig.4. Overall design of the Natatores-like amphibious robot

A. Head and Neck Design
The head and neck design is a 3-DOF structure, including
two vertical DOF structure and one horizontal DOF structure,
as shown in Fig.5.

Fig.7. Overall design of the power leg

It consists of a crank connecting rod structure and two
worm gear structures, corresponding to the left and right sides,
respectively. Take one side as an example.

Fig.5. Head and neck design

The first DOF implements control over the head in the
vertical direction. It controls a wire transmission structure
which have two rotating joints by a servo motor to drive the
rotation of head, as shown in Fig.5. Therefore, the angle
change generated by the wire transmission is amplified, which
is the sum of two angles.
The second DOF is also vertical to achieve the control of
the vertical angle of robot neck. The third DOF is horizontal to
reach the control of the whole head and neck structure in
horizontal direction.
The overall design of the head and neck structure is
similar to that of the snake-like robot, which aims to provide
directional control and auxiliary motion for the robot.

Fig.8. Crank connecting rod structure in robot

The crank connecting rod structure is driven by a stepper
motor, as shown in Fig.8. This step motor can provide enough
speed, and has a higher torque than general motors.
Meanwhile, the speed and the number of revolutions about
stepper motors can be controlled more conveniently through
software than general motors and servo motors. This crank
connecting rod structure is the power source of continuous
cycle movement of the whole leg. Because of this structure, we

B. Leg Design
Considering the complex environment that the robot needs
to adapt, the whole leg design is divided into two parts,
support leg design, and power leg design, and the support leg
is an auxiliary leg.
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avoid using the motor to rotate in reverse to generate the
flapping, and protect motor to extend the service time.

D. Body Waterproof Design
Waterproof structures are used to protect internal
electronics and batteries. We designed a nearly rectangular,
conventional shell to protect the circuit board and batteries.
Waterproof the external stepper motors and servo motors so
that they can work underwater for a long time.
IV. CONTROL STRATEGY
The control principle of the natatores-like amphibious
robot is described below. It is a multi-sensor sensing system
that implements multiple control of four modes.

Fig.9. Worm gear structure in robot

Two worm gear structures are also be supported by step
motors, as shown in Fig.9. The first worm gear structure is the
knee joint of the robot. It supports the leg have a wide range of
angles and high torque. Besides, the leg can be standing while
the power is off because the worm gear structure has the
ability to self-locked. The ankle joint is also a combination
with worm and gear to support the same function.
C. Webbed Feet Design

Fig.11. Flow diagram of mode conversion

When the amphibious robot is active, there will be
frequent changes in environment between the water and the
land, so it is necessary to switch motion mode in real time. The
flow diagram of mode conversion is shown in Fig.11. First of
all, based on pressure data and visual data, the environmental
judgment is determined to distinguish the level surface mode,
rough surface mode, water surface mode and underwater
mode, continuously. Then, the robot check the mode if
changed by sensors. If the mode is correct, maintain it and
keep motor running, or initialize the corresponding position of
legs according to the characteristics of different mode and
back to work. Therefore, due to high requirement of real-time
control, the control system should guarantee fast response to
control parameters and environmental conditions. Thus, we
adopt multi-control-module. Raspberry Pi 3B and STM32 is
used to form basic control system. The Raspberry Pi 3B has
strong computing power and is suitable for handling multiple
data. STM32 has many GPIO, which is suitable for connecting
various sensors and transmitting control signal of servo motors
and stepper motors.
On relatively level land surface, the robot will take up the
auxiliary leg, and swinging the power legs to achieve walking.
In the uneven land environment, it will put down the auxiliary
leg and use universal wheel to achieve the overall push

Fig.10. Webbed feet design

The webbed feet design is a telescopic rod structure,
which controlled by a servo motor for each one. The telescopic
rod has three branches nested within buckets like a whimsical
fan, as shown in Fig.10.
The middle branch has a moved and hollow sleeve to
support and track it. The middle hollow sleeve has two rods to
support and connect the other two branches. Meanwhile, the
hollow sleeve of the other two branches is fixed, and one of
them is active that controlled by a servo motor. So the active
branch can move the passive branch and the middle branch
together. Besides, the three branches have an intersection with
the extension of the rod, which is almost like the heel of
natatores. Similarly, the three branches are like the front toes
of natatores. The folding structure will be installed in the three
branches that form the webbed feet of natatores. Because the
motion process has power stroke stage and recovery stroke
stage, this transmission structure can control the opening and
closing of the webbed feet by using the servo motor.
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forward through the power legs. Besides, the 3-DOF head can
help the body maintain balance.
In water, the 3-DOF head is used to play the role of
rudder to implement change of movement direction on water
surface or underwater. On water surface, the robot stretches its
legs, and the hip joint provides the power to support the leg
swinging forth and back periodically to achieve sustained
thrust for movement. A sudden movement of the ankle and
knee joint causes the upward movement of water from lower
position to surface, will give the energy to dive forward. At the
same time, during the whole process of moving in water, the
robot’s foot is stretched by servo motor at the power stroke
stage to provide thrust, and it is closed at the recovery stroke
stage to reduce resistance, periodically.
Besides, the output shaft of the stepper motor of the hip
joint keeps turning to drive the crank connecting rod. The
crank pulls the slider to scale in the rectangular hollow tube on
thigh part. Because there is a passive rotating shaft on the
motor shell, the slider can drive the motor shell to oscillate
periodically around the rotating shaft, and provide power for
motion persistently, without the need for changing motor
direction of rotation.

The terminal coordinates can be expressed as follows:
(1)
x p l1 cos1 l2 cos(1  2 )
y p l1 sin1 l2 sin(1  2 )
(2)
The terminal velocity equation is obtained by
differentiating the terminal coordinates, can be expressed as:
(3)
x p   l11 sin1 l2 (1 2 ) sin(1  2 )
(4)
y p   l11 cos1 l2 (1 2 ) cos(1  2 )
Assuming that s12  sin(1   2 ) and c12  cos(1   2 ) .
The system kinetic energy is Ek, and the system potential
energy is Ep. The Lagrange function can be expressed as:
1
L  Ek  E p  (m1r12  m2l12 )12  m2l1r2 (12  12 )cos 2 
2
1
m2 r22 (1  2 ) 2  (m1r1  m2l1 ) g (1  cos1 )  m2 gr2 (1  c12 )
(5)
2
According to the Lagrange equation, the torque of each
joint is calculated, and can be further expressed as:
d L L
1 

 (m1r12  m2 r22  m2l12  2m2l1r2cos 2 )1 
dt 1 1
(m r 2  m l r cos  )  (2m l r sin )   (m l r sin )2 
2 2

21 2

2

2

21 2

(m1r1  m2l1 ) gsin1  m2 gr2 s12

2

1 2

21 2

2

2

(6)
d L L
2
2
2 

 (m2 r2  m2l1r2cos 2 )1  m2 r2 2 
dt 2  2
(m2l1r2 sin 2  m2l1r2 sin2 )12  (m2l1r2 s2 )12  m2 gr2 sin12 (7)
According to the torque of two joint motors, the equation
of angle, angular velocity and angular acceleration, and
Lagrange equation, we can build a dynamic equation.
As a new engineering technology, virtual prototype
technology can be complete in the early stages of product
design and performance analysis, and vividly simulate the
actual action and optimal design for a physical prototype. As a
mainstream software in the field of virtual prototype, ADAMS
combines multi-body dynamics modeling with large
displacement, nonlinear analysis and solving function. We use
ADAMS to simulate the kinematics and dynamics of the robot
and analyze the stability, as show in Fig.13.

V. PRELIMINARY MODELING
The establishment of the dynamic model provides a
theoretical basis for building a platform. At the same time, we
can get the intuitive result through ADAMS modeling.

Fig.12. Robot knee joint and ankle joint diagram

The base coordinate system (x, y) is fixed on the base.
(x1,y1),(x2,y2) are the conjoined coordinate systems, which are
attached to knee joint and ankle joint respectively, and move
with them. The clockwise joint angle is negative, and the
counterclockwise joint angle is positive. The kinematics
equation is established with simple plane geometry. The θ1 is
the rotation angle of knee joint, θ2 is the rotation angle of ankle
joint. The corresponding torque are τ1 and τ2. The m1 and m2
are the mass of robot shank and foot, respectively. The l1 and
l2 are the length of robot shank and foot. The r1 is the distance
between knee joint and the center of mass of shank, r2 is the
distance between ankle joint and the center of mass of foot, as
shown in Fig.12.

(a) Initial posture

(b) Left leg raised posture

(c) Right leg raised posture
(d) Standing posture after walking
Fig.13. Simulation of kinematics and dynamics in ADAMS

We carried out a preliminary simulation for hip joint, knee
joint and ankle joint of walking gait, as shown in Fig.14. The
results show that, except for some occasional peaks, the
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required torque of all joints can be satisfied by current motors
in most cases, which verifies the feasibility of robot design.
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Fig.14 Torque of hip joint, knee joint, and ankle joint

A variety of data is still further to be solved, and soon
there will be a welcome reply. Based on the above mechanical
and system design, specific performance of the first prototype
amphibious robot prototype will be tested and developed, and
the results will be announced soon. The simulation results in
ADAMS will be compared with the test data of physical
prototype as the basis for mechanism optimization.
VI. CONCLUSION AND FUTURE WORK
Based on the principles of bionics, we use natatores that
has excellent adaptability in a variety of environments as a
biomimetic template to develope a novel amphibious robot.
Regarding the mechanical and system design, we adopt 3-DOF
structure as head and neck structure to provide more flexible
motion, use crank connecting rod structure and worm gear
structure as a key structure in leg design to provide more
sustained and vigorous movement, utilize the telescopic rod
structure to simulate the real webbed feet of natatores, take
advantage of Raspberry Pi 3B and STM32 to form basic
control system to process large amounts of sensor data.
In this paper, we have carried out a preliminary
simulation, laying a foundation for further multi-mode
switching and multi-terrain adaptation. The robot will make
full use of body devices to realize switch mode freely in water
and ground environment, and achieve swimming and walking.
At present, to realize multi-mode switching and autonomous
control, the next step will be to do a variety of tests and
amphibious robot kinematics simulation, to provide the basis
for the research of coupling dynamics.
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