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Abstract. Based on the kinematic topology of bionic robot and robot motion
planning modeling, this paper designs the mechanical structure of highly inte-
grated robotic joint module, the fast self-reconfigurable module, the drive
control software, and the hardware for the system. Through the experimental
verification and simulation data analysis, the robot joint module and the fast self-
reconfiguration module designed in this paper meet the performance require-
ment of the reconfigurable intelligent robot. Finally, the prototype verification of
the reconfigurable intelligent robot is realized in this paper.
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1 Introduction

In the early 1990s, researchers proposed a recombination system based on chain
structure [1] and dot matrix format [2], on which the future development trend of
modular robots were based. Subsequently, self-reconfigurable robots have been greatly
developed in countries around the world, and Japan and the United States have
developed most rapidly in this regard. Some universities and research institutions [3–8]
in the United States and Japan have conducted extensive and in-depth research on
reconstruction techniques, deformation strategies, motion planning, control algorithms,
architecture, and collaborative control of reconstructed robots. The reconstruction
method of the robot also evolved from the initial static reconfigurable method to the
dynamic self-reconfiguration method, and established a variety of model experiment
systems. This research has made great progress both in technology and in performance.

In addition, the controller and the driver are embedded in the joint module with the
internal wiring, that is used to obtain a modular joint module with light weight, large
load-to-weight ratio, and low power consumption. As the core component of the robot,
the modular joint module uses a quick connection mechanism for easy maintenance
and robot configuration changes.

Therefore, this paper studies the design of the joint module that constitutes the
necessary components of the robot, the quickly carried out the self-reconstruction
module between the joint modules, and the corresponding drive controller that can
realize the motion control of the joint module. Through the corresponding gait simu-
lation analysis and research, this paper completed the design and integration of
reconfigurable intelligent robots.
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2 Reconfigurable Intelligent Robot Overall Design

The overall system of the reconfigurable intelligent robot mainly includes the robot
joint module, the fast self-reconfiguration module, the drive controller, and the central
control system. The main functions of these four parts are as follows.

The robot joint module is mainly used to construct the robot body shape, and
configure the appropriate motion freedom to facilitate the robot to walk or fine
manipulation. The rapid self-reconfiguration module is mainly used to realize the
reconfigurable transformation mode of the robot, and to realize more possible
manipulation of the robot by expanding the degree of freedom of the robot arm. The
drive controller is mainly used to realize the motion control of the robot joint module
and rapid self-reconfiguration module, and communicate with the robot central con-
troller. The robot central controller mainly realizes robot motion planning, motion
pattern and motion mode, and controls the robot intelligent reconfigurable according to
the requirements.

3 Design of Important Parts of Reconfigurable Robot

3.1 Reconfigurable Intelligent Robot Topology

According to different bionic objects, the bionic quadruped robot can be generally
divided into mammalian robots [9], reptile robots [10] and insect animal robots [11], as
shown in Fig. 1. The quadruped reptile and insect animal robots have lower center of
gravity and higher stability. However, these two types of robots require large joint
torque to bear their own weight and therefore have poor load capacity. But, the legs of
the quadruped mammal are basically under the torso, which has a strong load capacity,
can load heavier cargo and can move forward at a faster speed, and the stability control
stability is also higher. In view of the advantages of quadruped mammalian robots in
terms of weight and flexibility, this paper will focus on the study of reconfigurable
intelligent robots in the form of quadruped mammals.

(a) Bionic quadruped mammalian (b) Bionic quadruped reptile robots (c) Bionic quadruped insect animal robot

Fig. 1. Bionic quadruped robot topology.
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The reconfigurable intelligent robot three-dimensional model designed in this paper
is shown in Fig. 2. The robot adopts a symmetrical regular quadrilateral arrangement.
Each leg is evenly distributed around the body and has three rotational degrees of
freedom. The foot end has a passive cushioning mechanism and a six-dimensional
force sensor used to measure the change of the foot end force during the walking of the
quadruped robot.

3.2 Reconfigurable Intelligent Robot Kinematics Modeling

At present, the methods of kinematics modeling of quadruped robots include D-H
method [12], Lie algebra method [13] and spiral theory [14]. Among them, the D-H
method is a more common method, which can solve the forward kinematics problem of
a series mechanism with arbitrary degrees of freedom. In view of the fact that the
reconfigurable intelligent robot has only three degrees of freedom in one leg, it is
suitable to establish the kinematic equation of the robot by D-H method. In addition,
since the four legs of the reconfigurable intelligent robot are identical in structure, it is
only required to solve the kinematic equation of one leg. As shown in Fig. 3, it is a
three-dimensional model diagram of one leg and a corresponding coordinate system.

The one-legged D-H kinematics model was established according to the Craig
method [15]. The D-H parameters are shown in Table 1.

Fig. 2. The three-dimensional model of the reconfigurable robot

Table 1. D-H parameters of one-leg.

Joint j aj�1=
�ð Þ aj�1= mmð Þ dj= mmð Þ hj= �ð Þ

1 0 0 87 h ið Þ
1 � 90

2 −90 0 107 h ið Þ
2

3 0 260.3 −107 h ið Þ
3
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In Table 1, a, a, and d is the torsion angle, length, and offset distance of joint
connecting rod, respectively, and h is the joint angle.

Based on one-legged kinematic D-H parameters of the quadruped robot, this paper
establishes the positive kinematics model on it. The transformation matrix of the
quadruped robot joint established by the D-H parameter method is as shown in the
formula (1).

ð1Þ

In formula (1), represents the coordinate transformation matrix from joint j� 1
to joint j. By substituting the D-H parameters of each joint in Table 1 into formula (1),
the transformation matrix of each joint can be obtained.

Fig. 3. Three-dimensional model diagram of one leg and a corresponding coordinate system
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3.3 Design of Reconfigurable Intelligent Robot Joint Module

This paper presents a highly integrated modular joint design. The joint adopts the
hollow wire routing mode, the driving mechanism is a DC brushless motor [16], and
the harmonic reducer [17] is used as the transmission mechanism to increase the output
torque and has a strong load capacity. The joint has a wealth of sensor resources with
greater precision, and has better environmental adaptability. In addition, a motion
control driver is integrated inside the joint, and the overall structural composition of the
joint is shown in Fig. 4.

3.4 Design of Fast Self-reconfigurable Module

The fast self-reconfigurable module interface adopts permanent magnet connection
technology [18], and realizes power-off locking and power-on disconnection. So, this
paper adopts plug and socket design, as shown in Fig. 5. Both the plug and the socket
are designed with a large tolerance cone angle structure to facilitate connection and
separation of the interface. The mating section of the plug and socket is designed with a
spline-like structure for transmitting torque. The outer surface of the plug and the inner
surface of the socket are provided with elastic electrical connecting sheets. When the
plug is inserted into the socket, the elastic electrical connecting sheet is deformed to
generate sufficient contact stress and contact area to form a reliable electrical connection.
The plug and the socket are connected to the joint module through the connecting flange.

Fig. 4. The design drawing of reconfigurable intelligent robot joint module

Fig. 5. The plug and socket of the fast self-reconfigurable module
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3.5 Drive Controller Hardware Design of the Joint

In this paper, the drive controller is designed for joint module and self-reconfiguration
module of the reconfigurable intelligent robot. The main functions of the drive con-
troller include emergency brake enable, self-reconfiguration mechanism control and
joint motor drive.

The drive controller system solution consists of two parts: the control board and the
drive board. The control board adopts a processor [19] with an ARM core as the main
control unit, executes the control commands from the host computer, collects the data
information of various sensors, realizes the drive control and emergency braking of the
servo motor, and controls self-reconfigurable module. The drive board mainly imple-
ments the power conversion function and completes the drive enable of the servo
motor, as well as the functions of current acquisition and temperature acquisition.

Figure 6 shows the block diagram of the design of the reconfigurable intelligent
robot drive controller.

3.6 Drive Controller Software Design of the Joint

In this paper, a software system is designed for the hardware system of the robot joint
module and the fast self-reconfiguration module, and ensures them can work safely and
efficiently. After the entire software solution is powered on, the initialization operation
is completed. Under normal circumstances, it is completely controlled by the upper

Fig. 6. The block diagram of the drive controller design
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computer, and the operation command can be executed only after receiving the
instruction of the upper computer. The flow chart of the entire system is shown in
Fig. 7.

4 Simulation and Verification

This paper studies the motion planning of the reconfigurable intelligent robot and uses
the robot three-point gait method [20] to verify the performance of the reconfigurable
intelligent robot. The three-point gait is a slow, static steady motion gait, suitable for
motion in complex terrain environments, such as stairs, ruins, and other terrains with
large undulating obstacles. In the face of this environment, the robot can swing at most

Fig. 7. The flow chart of the drive controller software design of the joint
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one leg at any time, and at least three legs are supported simultaneously. So there is
always a support domain during the movement, so that the quadruped robot can
maintain static stability.

According to the gait characteristics, one gait cycle can be divided into eight state
phases: front left leg swing phase, transition support phase, hind right leg swing phase,
transition support phase, front right leg swing phase, transition support phase, hind left
leg swing phase, transition support phase. In here, the algorithm introduces a state
machine based on a combination of time triggering and event triggering for gait
control. In the single-leg swing phase, the swing leg landing triggers the next state
phase; in the transitional support phase, the time of the currently planned transitional
support phase triggers the next state phase. The control system real-time monitors the
state of each leg of the reconfigurable robot, and outputs the state phase control signal
according to the state transition.

4.1 Simulation Results of the Robot Three-Point Gait

In this paper, the dynamic simulation of the single-step motion time of the robot is 0.8 s
by performing three-point gait simulation on the reconfiguration intelligent robot. The
output of this simulation including joint position, joint speed, and joint torque, and the
results are as follows.
Simulation Results of the Robot Joint Position
The simulation results are shown in Fig. 8, the root joint motion range is
−16.331*15.896°, the hip joint motion range is −20.324*57.215°, and the knee joint
motion range is −101.387*−24.263°.

Fig. 8. The position curve of the robot joint
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Simulation Results of the Robot Joint Speed
The simulation results are shown in Fig. 9, the maximum speed of the root joint, the
hip joint, and the knee joint is 40.551°/s, 312.924°/s, and 412.605°/s, respectively.

Simulation Results of the Robot Joint Torque
The simulation results are shown in Fig. 10, themaximum torque of the root joint, the hip
joint, and the knee joint are 28.947 Nm, 31.211 Nm, and 39.327 Nm, respectively.

Fig. 9. The speed curve of the robot joint

Fig. 10. The torque curve of the robot joint
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4.2 The Test Results of the Joint of the Reconfigurable Intelligent Robot

The joint module designed in this paper can realize single-circle 360° position detec-
tion, maximum 3850 RPM speed operation, and 49 NM torque output. Figure 11
shows the speed, position and current feedback curves of the single joint under max-
imum load conditions during the actual test.

According to the above test results and the simulation results in Sect. 4.1, the joint
module designed in this paper satisfies the performance requirements of the recon-
figurable intelligent robot.

4.3 The Simulation of the Fast Self-reconfigurable Module

When the static magnetic field is used to simulate the different axial distance among the
moving armature and the magnetic core seat and the magnetic conductive shell, the
attractive force of electromagnet of the core component of the fast self-reconfigurable
module can provide in the case of power-off, and is shown in Fig. 12.

As shown in Fig. 12, the static attraction of the electromagnet of the core component
of the rapid self-reconfiguration module can fully meet the requirement of more than
500N, and the closer the moving armature is to the magnetic core, the greater the
attraction.

Fig. 11. The motion feedback curves of the single joint
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5 Conclusions

This paper designed and implemented a reconfigurable intelligent robot. First, the
topology of the reconfigurable intelligent robot is determined by the topology analysis
of the bionic robot. After the kinematics modeling of the reconfigurable intelligent
robot, the performance parameters of the robot joint module are obtained. In addition,
through the reconfigurable intelligent robot gait planning simulation to confirm the
range of motion of the joints of the robot, the speed of motion, and the maximum
torque of motion. On this basis, the paper completed the software and hardware scheme
design and rapid self-reconfiguration module design of the robot joint module. Finally,
the experimental results show that the design indicators meet the performance
requirements of reconfigurable intelligent robots.
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