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Abstract: Traditional mobile robots with fixed structures lack the ability to cope with complex
terrains and tasks. Reconfigurable modular mobile robots have received considerable attention as
they can automatically reassemble according to the changing environment or task. In this paper, a
new self-reconfiguration wave-like crawling (SWC) robot is presented to improve the mobile robots’
locomotion capacity. First, the mechanical design of the wave-like crawling mechanism is detailed.
Then, the series and parallel connections are introduced to achieve self-reconfiguration. In addition,
the kinematic model of the SWC robot is established. Finally, experiments were performed to verify
the robotic system with wireless data transmission.
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1. Introduction

Mobile robots have been widely used in transportation, rescue, service, and secu-
rity [1]. However, traditional mobile robots’ structures are fixed and unable to adapt to
complicated environments, so they lack the ability to cope with complex terrains and tasks.
Different from fixed structures, self-reconfiguration would improve mobile robotic systems’
efficiency and locomotion capacity, a behavior that can often be observed in social insects.
For example, army ants assemble their bodies in the form of a bridge to fill holes or span
gaps on the ground, which can provide a roadway for their nestmates [2]. Inspired by
such organisms, reconfigurable modular mobile (RMM) robots consist of multiple mobile
robot modules that can automatically reassemble according to the changing environment or
task [3]. Recently, RMM robots have received considerable attention, and they can be gen-
erally divided into three categories: wheeled robots [4–6], tracked robots [7,8], and legged
robots [9,10]. Compared with fixed-structure mobile robots, RMM robots can self-assemble
to avoid obstacles that a single mobile robot cannot. In addition, RMM robots are very
robust; that is, when an RMM robot module fails, it can be rapidly replaced by a redundant
module, referred to as self-repair [11]. Furthermore, RMM robots have stronger reusability
and can be built with various configurations to reduce the economic costs. However, the ex-
isting RMM robots encounter the following problems: (1) the obstacle-crossing ability of
the wheeled or tracked robots still needs to be improved when facing complex surfaces,
even with the ability to reconfigure; (2) the legged mechanism is complex and needs to be
driven by multiple actuators, increasing the energy costs.

Bioinspired crawling robots have generated significant interest due to their ability to
move on various surfaces and around multiple obstacles, which can be categorized into
inchworm-like robots [12,13], earthworm-like robots [14,15], and snake-like robots [16,17].
Recently, a novel wave-like mechanism has been proposed, which imitates the locomotion
of snakes and the flagellar swimming of microscopic organisms and can advance over
anisotropic and flexible terrains with varying surface properties [18–21]. Based on this, it
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uses a single motor to actuate the locomotion of the entire mechanism, which meets the
requirement of the high integration of RMM robots.

In this paper, a new self-reconfiguration wave-like crawling (SWC) robot is presented
to fully use the advantages of being modular and crawling while avoiding the shortcomings
of its separate applications. SWC robots comprise several independent modules, each with
a power supply, control board, communication module, and mechanism system. Then,
the wave-like crawling mechanism is used in the SWC robot to realize its locomotion.
Furthermore, many connection methods of modular robots have been proposed, such as self-
soldering [22] and electromagnets [23]. However, most of the existing connection methods
suffer from significant energy costs. Based on this, the series and parallel connection
mechanisms were designed to perform self-reconfiguration with less energy. Moreover, 3D
printing was applied to manufacture the robots and shorten the manufacturing cycle.

The main contributions of this paper are as follows:

1. The wave-like crawling mechanism was applied in the SWC robot and improved the
robot’s ability to move on various surfaces and around multiple obstacles.

2. The series and parallel connections were designed to achieve self-reconfiguration so
that the SWC robots can cooperate to perform complicated tasks.

3. The kinematic model of the parallel-connected SWC robot was established to provide
a basis for future work.

This paper is organized as follows. The mechanical design of the SWC robot is
introduced in Section 2. Section 3 presents the kinematic model of the SWC robot. Section 4
details the experiments to verify the robotic system.

2. Mechanical Design

Figure 1 shows the overview of the SWC robot. The wave-like crawling mechanism
driven by a direct current (DC) motor is applied to perform the locomotion of the robot.
In addition, the series and parallel connection mechanisms are designed to implement
the self-reconfiguration. In particular, passive connectors were designed to enhance the
parallel connection’s stability. The joint with two degrees of freedom (DoFs) was utilized to
achieve the pitch and yaw rotations in the series connection. The wave-like crawling and
connection’s mechanical design is detailed in this section.

Servo motor

Wave-like mechanism

2-DoFs joint

Linear motor

DC motor

Parallel connection

Series connection

Passive connector

Figure 1. The overview of the SWC robot.

2.1. The Wave-like Crawling Mechanism’s Design

Figure 2 shows the wave-like crawling mechanism’s design and the definition of
the helix’s and links’ mechanical specifications. More specifically, the wave-like crawling
mechanism is composed of a helix and 17 links. Among them, the helix can be characterized
by the helix pitch L (60 mm), the shaft diameter φs (6 mm), and the helix diameter φh
(12 mm). Furthermore, the links have a length ll of 40 mm and a height hl of 12.5 mm.
Increasing φh/L and hl would improve the robot’s velocity at the same motor speed;
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however, it may result in collisions between the links [18]. A compromise between the
desired speed and collision avoidance was considered in our design.

A DC motor (rated voltage: 6 V, rated torque: 0.6 kg · cm) was installed in the motor
base, and its output shaft rotates three gears with a gear ratio of 4:7. The lowest gear
rotates the helix, which produces the wave-like locomotion through the links. In particular,
the motor tail is connected to an encoder, which can accurately measure the motor speed.

Link

Helix

Motor base

Gears

Head base

DC motor

L

φs

φh

hl

ll

Figure 2. The wave-like crawling mechanism.

2.2. The Connection Design

In this subsection, two connection structures of the SWC robot are introduced, includ-
ing the series and parallel connections.

A. The Series Connection
Figure 3 illustrates the series connector’s mechanical structure, which was designed to

enable the SWC robots to perform more complex tasks, such as crossing gaps and climbing
steps. The series connector mainly consists of an active lock and an arc slider. The above-
mentioned active lock comprises a sliding rail, two linear servo motors (working voltage:
5 V), and two sliding blocks. Two arc guide rails were designed at the end of the arc slider
to improve the fault tolerance of the docking. The number of robot modules must be at
least three to ensure the stability of the robot’s center of mass.

In the series connecting process, two linear servo motors drive the sliding blocks
to move on the sliding rail after one robot’s active lock slides into another robot’s arc
slider. Then, the pins on the sliding blocks are inserted into the holes of the arc slider, thus
achieving a series connection.

Sliding rail

Sliding block

Arc slider

Linear servo motor

Active Lock

The rear 

robot

The front robot

Figure 3. The series connector of the SWC robots.

Figure 4 illustrates the mechanical design of the 2-DoF joint, which is connected to
the active lock to achieve a pitch rotation (−45◦ to 45◦) and a yaw rotation (−15◦ to 15◦).
More specifically, the 2-DoF joint of the robot module is composed of two linear motors,
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four spherical joints, a connecting base, a yaw joint, and a pitch joint. The linear motors
(rated voltage: 6 V, length: 50 mm) connect to the connecting base and active lock through
the spherical universal joints. Their lengths can be determined to achieve the target pitch
and yaw angles based on the kinematic inverse solution [8].

Spherical  joint

Connecting base

Yaw  joint

Pitch  joint

Linear motor

Figure 4. The joint with two DoFs.

B. The Parallel Connection
Figure 5 details the parallel connection’s mechanical structure, which enables the robot

to realize steering through the differential speeds of the robots. To be more specific, a servo
motor (rated voltage: 6 V) is installed at the rear of the SWC robot as a parallel connector.
Based on this, two robots with the mirror-symmetrically installed servo motors can be
connected in parallel through a servo arm. The angle between two servo motors’ horizontal
central axes is defined as α with a range from 0◦ to 30◦. Furthermore, the number of SWC
robots in the parallel connection is limited to 2.

Servo arm

Servo motor

Concave connector

Convex connector

α

Figure 5. The parallel connection of the SWC robots.

As shown in the right of Figure 5, the convex and concave connectors were designed
to be distributed on the left and right sides of the SWC robot, respectively. As α equals
zero, the convex connectors are inserted into the concave connectors to enhance the parallel
connection’s stability.

3. Kinematic Modeling

In this section, the kinematic model of the parallel-connected SWC robots is established
as a basic locomotion mode. A single SWC robot can only move forward or backward in a
straight line, so its linear velocity can be used to describe the locomotion. The linear velocity
vs of a single SWC robot is equal to the motion velocity of the links contacting the ground
and is approximately proportional to the rotation frequency f of the helix. The relationship
between vs and f is [18]

vs = π2 φhhl
L

f , (1)

where φh is the helix diameter, hl is the link height, and L is the helix pitch.
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Based on this, Figure 6 shows the rotation motion of the parallel-connected SWC robot.
The states of the parallel-connected SWC robot are defined as q = [x, y, θ]T , referring to
the system’s position and orientation in the world frame. In addition, the system’s linear
velocity is defined as vc and the angular velocity is defined as ω = θ̇.

Rc d
vs,l

vs,r

vc
ω

x

y

Figure 6. The rotation motion of the parallel-connected SWC robot.

Considering that the system moves in a circle [24], the rotation equation of the system
can be obtained as

ω =
vs,l

Rc − d
=

vs,r

Rc + d
, (2)

where vs,l and vs,r are the linear velocities of the left and right SWC robots, respectively, Rc
is the rotation radius, and d is the distance between the central axis of one SWC robot and
the central axis of the system. From (2), the rotation radius can be calculated as

Rc =
d(vs,r + vs,l)

vs,r − vs,l
. (3)

By substituting (3) into (2), the system’s angular velocity can be obtained as

ω =
vs,r − vs,l

2d
. (4)

Then, the system’s linear velocity can be expressed as

vc =
vs,r + vs,l

2
. (5)

Finally, the kinematic model of the parallel-connected SWC robot can be established as

q̇ =

ẋ

ẏ

θ̇

 =

 1/2cosθ 1/2cosθ
1/2sinθ 1/2sinθ
−1/(2d) 1/(2d)

[vs,l

vs,r

]
, (6)

where vs,l and vs,r can be approximately estimated by (1).

4. Experiments

Figure 7 shows the diagram of the SWC robotic system with wireless data transmission,
where two SWC robots are connected in parallel. Each robot weighs 0.487 kg, with a length
of 25.88 cm, a width of 6.44 cm, and a height of 12.45 cm. Furthermore, an Arduino
UNO microcontroller is used as the control module. In addition, a lithium polymer battery
(voltage: 7.4 V, capacity: 1000 mAh) is used as a power supply, and the tb6612FNG chips are
used to drive the main DC motor and linear motors. Moreover, a wireless serial port module
(working frequency: 410 to 441 MHz) is applied to realize the wireless communication
between the robot and the upper computer system. In particular, three reflective markers
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are pasted on the top of the robots to record the motion trajectory using a motion capture
system. Based on this, the upper computer receives the robots’ motion data from the motion
capture system (Qualisys A12). It is also linked to a wireless transmitter consisting of a
wireless serial port module and a USB-TTL module. Thus, the upper computer runs the
ROS nodes and transmits the control commands (based on the JSON format) of the moving
direction, active lock, and 2-DoF joint through the wireless transmitter in broadcast mode.

Reflective 

markers

Wireless 

transmitter
Control commands

Motion capture system

Motion data

Computer

SWC 

robots

Figure 7. The SWC robotic system with wireless data transmission.

Four advancing and circular trajectory motion experiments were performed to test
the SWC robotic system. In the experiments, the control commands of the motors’ speeds
were sent to the robot by the upper computer. First, the upper computer sends a forward
command to the parallel-connected SWC robot, and the robot moves in a straight line after
receiving the command. Then, 30 s later, the system sends the robot a left turn command,
while the left and right modules’ speeds are different, and the robot performs a circle
trajectory. After another 120 s, the system sends the robot a stop command.

Figure 8 shows the screenshots of the experimental results, and Figure 9 shows four
trajectories of the parallel-connected SWC robot recorded by the motion capture system.
According to the experimental results, the parallel-connected SWC robot can efficiently
perform linear motion and differential steering, and the wireless control system and cir-
cular motion hypothesis was effectively verified. However, the trajectories of the four
experiments were not repeated due to the lack of closed-loop control and the influence of
disturbances, such as slight differences in initial states and ground friction anisotropy.

t = 0 s t = 30 s t = 50 s

t = 90 s t = 120 s t = 150 s

Figure 8. The screenshots of the experimental results.
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Figure 9. Four trajectories of the parallel-connected SWC robots in the experiments.

5. Conclusions

This paper presented a new self-reconfiguration wave-like crawling robot. The wave-
like crawling mechanism was applied to the SWC robot to move on different terrains.
Then, the series and parallel connection mechanisms were designed to realize the self-
reconfiguration of the SWC robots. Furthermore, the kinematic model of the SWC robots
was established. In addition, the experiments were performed to verify the robotic system.
In the future, further experiments of the series-connected SWC robot will be performed,
and the kinematic model of the parallel-connected SWC robot will be improved.
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