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Abstract: In this paper, an optimized kinematic modeling method to accurately describe the actual
structure of a mobile manipulator robot with a manipulator similar to the universal robot (UR5)
is developed, and an improved self-collision detection technology realized for improving the de-
scription accuracy of each component and reducing the time required for approximating the whole
robot is introduced. As the primary foundation for trajectory tracking and automatic navigation,
the kinematic modeling technology of the mobile manipulator has been the subject of much interest
and research for many years. However, the kinematic model established by various methods is
different from the actual physical model due to the fact that researchers have mainly focused on the
relationship between driving joints and the end positions while ignoring the physical structure. To
improve the accuracy of the kinematic model, we present a kinematic modeling method with the
addition of key points and coordinate systems to some components that failed to model the physical
structure based on the classical method. Moreover, self-collision detection is also a primary problem
for successfully completing the specified task of the mobile manipulator. In traditional self-collision
detection technology, the description of each approximation is determined by the spatial transfor-
mation of each corresponding component in the mobile manipulator robot. Unlike the traditional
technology, each approximation in the paper is directly established by the physical structure used in
the kinematic modeling method, which significantly reduces the complicated analysis and shortens
the required time. The numerical simulations prove that the kinematic model with the addition of key
point technology is similar to the actual structure of mobile manipulator robots, and the self-collision
detection technology proposed in the article effectively improves the performance of self-collision
detection. Additionally, the experimental results prove that the kinematic modeling method and
self-collision detection technology outlined in this paper can optimize the inverse kinematics solution.

Keywords: mobile manipulator robot; kinematic modeling; self-collision detection; actual physical
structure

1. Introduction

The mobile manipulator robot fixes the traditional manipulator on the mobile platform,
thereby extending the substantial potential applications of the fixed manipulator [1,2]. Due
to the combination of the high mobility of the mobile platform and the dexterous ma-
neuverability of the manipulator, it can be widely used in current life and work, such as
in planetary exploration, nuclear reactor maintenance, landmine detection, agriculture
missions, and fire rescue operations [3-5]. The mobile manipulator will be able to smoothly
complete several complex tasks if the degree of freedom of the manipulator system is
increased and a more reasonable structure for the entire system is designed. [6-8]. How-
ever, improving the accuracy of the kinematic model and avoiding self-collision remain
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challenging problems in robot operations [9,10]. The resolution of these challenges is
extremely promising for the development of mobile manipulator systems.

Kinematic modeling is a fundamental problem and a commonly discussed issue in
regard to the high-precision control of the mobile manipulator robot [11-13]. The current
methods of kinematic modeling include the standard Denavit-Hartenberg (SDH) method,
the modified Denavit-Hartenberg (MDH) method, the screw theory method, and the
dual-quaternions method. As the most typical methods, SDH and MDH are based on the
homogeneous transformation matrix, but the description of the two matrices are very differ-
ent [14-17]. The difference between the two methods is mainly caused by the differences in
selecting the origin of the joint-fixed frames and the direction of three axes. Meanwhile, due
to the difference in the number of input and output variables, the mobile platform includes
holonomic and non-holonomic constraint equations. The non-holonomic constraints of
the mobile platform increase the complexity of system control [18-20]. Researchers com-
bined screw theory and Lie algebra to simplify the kinematic modeling of the manipulator
robot in order to solve the kinematic modeling of the manipulator robot. However, the
computational complexity of screw theories is not significantly reduced since the analysis
process is still carried out via matrix operations [21-24]. With the rapid development of
mathematical theory, researchers have successfully established the kinematic modeling
of the manipulator robot based on dual-quaternions to reduce computational complexity.
However, the dual-quaternions method is still in the research stage due to incompleteness
of the theory [25-27]. Therefore, the SDH and MDH methods are the main methods in the
kinematic modeling process.

The kinematic modeling of the mobile manipulator robot consists of two parts: mo-
bile platform modeling and manipulator modeling. For the mobile platform subsystem,
researchers regarded the mobile platform as two translation joints and one rotation joint.
Then, they added the nonholonomic constraints in the kinematic modeling to establish
the kinematic model of the mobile platform. For the manipulator subsystem, researchers
have successfully developed and designed a variety of mature arms, including UR series
robots, KUKA LBR series robots, and the Jaco arm robot. According to the difficulty in
completing tasks and the requirements of work performance, UR series manipulators have
become more commonly used manipulator systems. For the UR-serial robot, researchers
have established the corresponding coordinate system directly at the end position of the
link according to the SDH method. Then, they solved the position and posture of the tool
end of the robotic arm via the homogeneous transformation matrix.

Nevertheless, the kinematic modeling result is notably different from the actual model
of the mobile manipulator. For example, the structural parameters of the manipulator
subsystem in Figure 1 are similar to that of the typical UR5 robot shown in Figure 2a, we
mark these motors from the base to the end-effector as the joint i (i = 1,2, ......,6), and define
link 1 (link 2) as the connecting part between motor 2 and motor 3 (motor 3 and motor 4).
The positions of joints 2 and 3 cannot be solved in the mathematical model established by
the traditional method; the position of connecting link 1 cannot be accurately expressed in
the mathematical model. Therefore, according to the mathematical model, the control of
the mobile manipulator robot may not be able to meet the actual motion requirements. For
example, the end tool of the robot cannot reach the specified position due to the limitation of
the physical structure of the connecting link 2; the above-mentioned joints and connecting
link may collide with the external environment. By comparing the kinematic model and
the actual physical model, we found that researchers are mainly focused on the relationship
between the rotation angle of the driving joints and the position and posture of the robot.
In order to ensure that the mathematical model is more consistent with the physical model
of the mobile manipulator with the UR-like arm, we should consider the actual physical
structure of the manipulator system in the kinematic modeling process.

Self-collision detection is another major problem in controlling the mobile manipulator,
and it has been concerned and studied by various researchers for many years [28-30].
According to the literature on self-collision detection without external sensors, the self-
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collision detection of mobile manipulators mainly includes three steps: approximating
each component, describing the position of each approximate object, and determining
self-collision judgment. The first step aims to simplify each component through standard
geometry to facilitate the mathematical analysis of self-collision detection. Owing to
the complex structure of the mobile manipulator, the standard geometry, also called an
approximate element, mainly includes the ellipsoidal object [31], the cylindrical object [32]
and the spherical object [33]. Furthermore, multiple approximate elements are utilized to
simplify each component for improving the approximating performance [34]. The second
step describes the actual position of each approximation in the three-dimensional space
during the movement of the mobile manipulator robot. Currently, the basic principle of the
second step is the spatial transformation method, which needs to consider the positional
relationship of each component at different times [35]. After completing the above steps,
various self-collision detection technologies are proposed according to the actual needs of
a given task. The simplest collision detection method directly uses the shortest distance
between the surface points of different components as the primary judgment [36]. However,
this method takes a long time and cannot be used for real-time collision detection. To reduce
the required time for collision detection, the researchers proposed to use the relationship
between spatial geometric objects as the principle of determination [37]. Additionally, the
researcher reduced self-collision detection of components that never collide for optimizing
self-collision detection technology [38].

In this paper, we developed a kinematic modeling method to accurately describe
the actual structure of the mobile manipulator robot with a UR-like arm. Meanwhile, we
specifically improved the performance of the self-collision detection process by reason-
ably approximating the structure of the mobile manipulator robot and reducing the time
required for position description. The main contributions of this study are as follows:

(1) This paper proposes a new type of kinematic modeling method for mobile manipulator
robots. We optimized the difference between the kinematic model and the actual
physical model by considering the structure of the manipulator subsystem. Therefore,
the new modeling method can make the kinematic model similar to the actual model.
Moreover, the modeling method of the manipulator subsystem is also applicable to
other UR series robots.

(2) We improve self-collision detection technology by considering the structural charac-
teristics of the mobile manipulator robot. To improve the accuracy of self-collision
detection, we approximate each component by using different spherical objects in-
stead of a uniform one. Meanwhile, the positioning of each approximate object is
described by the structural parameters instead of the previous spatial transformation,
which can effectively reduce the required time for preparing self-collision detection.

(3) The simulations prove the correctness of the kinematic modeling method for the
mobile manipulator robot with a UR-like arm. By comparing with other studies, the
improvement proposed in the approximation and the positioning of each approximate
object can enhance the performance of self-collision detection.

The rest of the article is structured as follows. In Section 2, the physical model of the
mobile manipulator with a UR-like arm is developed. Section 3 proposes a new kinematic
modeling method to compensate for the defects in classical kinematic modeling. Section 4
describes the optimization of the self-collision detection technology in the approximation
and positioning of each component based on the actual physical structure. In Section 5, the
basic parameters of the mobile manipulator robot with a UR-like arm are identified for the
design of simulations, and the results demonstrate the validity of the kinematic modeling
method and the improvement in self-collision detection proposed in this paper. Section 6
summarizes the full text and describes the future work.

2. Physical Structure of Mobile Manipulator Robot

The object studied in this paper is shown in Figure 1. The physical structure of the
mobile manipulator robot is composed of three parts, namely the mobile platform subsys-
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tem, the mechanical manipulator subsystem, and the carrying load. The mobile platform
subsystem is controlled by the differential rotational speed of two driving wheels, it is
mainly used to transport the robot to the location near the task position. The manipulator
subsystem is composed of motors and links, and it serves as the end actuator to detect
the location environment and grab the target object. Finally, the carrying load can handle
maintenance items and place various tools.

Figure 1. The physical structure of the mobile manipulator robot.

The various coordinate frames should be primarily established to determine the
position and posture of the mobile manipulator robot. Generally, the position and posture
of the manipulator subsystem are determined by the homogeneous matrix after establishing
the coordinate frame based on the standard Denavit-Hartenberg (SDH) method and
the modified Denavit-Hartenberg (MDH) method. The SDH and MDH methods have
significant differences in choosing the origin and the z-axis of each coordinate system. In
the SDH method [39], the next motor rotation direction is regarded as the z-axis of each
joint-fixed frame. In contrast, the current motor rotation direction is regarded as the z-axis
of each joint-fixed frame in the MDH method [40]. To determine the position and posture
of the manipulator subsystem in the world frame, we need to acquire the fixed position
and posture of the manipulator’s base in the mobile coordination frame. Moreover, the
position and posture of the mobile platform in the world frame must be determined during
the movement.

To accomplish the specified tasks, we established the following different types of
coordinate systems in the mobile manipulator robot:

(1) The world frame Oy. The origin of the world frame is fixed at the specified position
and remains unchanged. It is also defined as the global coordinate system in the space
in which the robot is located.

(2) The body-fixed frame O.. The origin of the body-fixed frame is attached to the center
of the mobile platform, and the direction of each axis is defined according to the
motion requirements. It is used to describe the position and posture of the mobile
platform.

(3) The base-fixed frame Oy. The origin of the base-fixed frame is fixed at the connection
position of the manipulator subsystem on the mobile platform, and the direction of
each axis is established according to the manipulator coordinate system. It is used to
describe the position and posture of the manipulator’s base.

(4) The end-fixed frame O,. The origin of the end-fixed frame is attached to the end of
the manipulator subsystem, and the direction of each axis is established based on
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the principle of robotic arm modeling. It is mainly used to describe the position and
posture of the end of the manipulator robot.

3. The Optimized Kinematic Modeling Method

This section mainly examines the forward kinematic modeling method of mobile
manipulator robots with UR-like arms. According to the defects in classical modeling
methods, this paper proposes an optimized kinematic modeling method to ensure that the
mathematical model is similar to the actual physical model.

3.1. Traditional Kinematic Modeling of the Mobile Manipulator Robot

For the mobile manipulator robot in Figure 1, the manipulator subsystem is composed
of two links and six motors. To establish a mathematical model, the subsystem can be
simplified to six joints and seven links according to the standard Denavit-Hartenberg (SDH)
method. Then, the position and posture of the end tool of the manipulator subsystem can
be solved by the homogeneous matrix transformation between adjacent coordinate frames.
Assuming the mobile platform moves on the horizontal plane, since the mobile platform is
driving by the rear wheels, the position and posture of the midpoint of the driving wheels
can be solved by the movement along the x-axis and y-axis and the rotation around the
z-axis of the world frame. Therefore, the control variables of the entire mobile robotic arm
system can be specifically expressed as
g = [qm qa)" = [dx,dy, Gz, 41,92 sG] 1)
where ¢, g, and g, indicate the control variables of mobile manipulator subsystem, the
mobile platform, and manipulator subsystem, respectively; dy and d, indicate the distance
moved along the x-axis and y-axis; q, indicates the rotation angle around the z-axis of the
world frame; and g; indicates the rotation angle of the 7 joint in the manipulator subsystem.

In practical tasks, the matrix transformation from the midpoint coordinate frame of
the driving wheels to the center of gravity of the mobile platform is fixed. Moreover, the
transformation matrix from the mobile-fixed frame to the base-fixed frame does not change.
According to the SDH method, we can obtain the position and posture of the end-effector
of the mobile manipulator in the world frame, which is expressed as

ng :oTC-CTh~le' ....... 'nilTn'nTe (2)

where °T; indicates the position and posture of the center of gravity of the mobile platform
in the world frame, T}, indicates the position and posture of the manipulator’s base in
the body-fixed frame, *T; indicates the homogeneous transformation matrix from the 1-th
joint to the base-fixed frame, " T, indicates the homogeneous transformation matrix from
the end-fixed frame to the n-th joint-fixed frame, and '~ T; indicates the homogeneous
transformation matrix from the i-th joint-fixed frame to the (i — 1)-th joint-fixed frame.

3.2. Limitations of Kinematic Modeling

The forward kinematic of the mobile manipulator robot is mainly used to solve the
position and posture of the mobile manipulator. In this article, the mobile manipulator
is composed of two parts: the mobile platform and the manipulator system. Therefore,
kinematic modeling is established based on the basic parameters of each link and the
essential parameters of the mobile platform. However, many shortcomings have been
observed in the kinematic modeling results of the mobile manipulator robot based on other
studies [41,42].

3.2.1. Limitations of Kinematic Modeling of the Manipulator

In this article, the initial parameters and installation positions of these motors are
similar to the typical UR5 robot. To simplify the control of the UR arm, researchers have
developed a classical kinematic modeling result based on the Standard Denavit-Hartenberg
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(SDH) method [41]. Therefore, the kinematic modeling of the manipulator subsystem based
on the classical method is shown in Figure 2a. In the classical method, motor 2, link 2 and
motor 3 are regarded as a complete connecting link. With the comparison between the
actual physical model and the mathematical model, we found that (1) the huge difference
between the position of the second joint and the location of the actual motor cannot be
ignored, and it can also be seen in the third joint; (2) the position of the connecting link
between the second joint and the third joint acquired by the classical method is unable to
match the actual position.

Comparing kinematic modeling results, we can find that the mathematical model
based on the classical kinematic modeling method by only establishing the local coordinate
frame at each joint cannot accurately describe the actual physical model. Due to the great
difference between the mathematical model and the physical model, the collision between
one component and another component or the external environment cannot be accurately
judged. Furthermore, the establishment of each coordinate frame needs to be complicated
according to the specified requirement, which is not suitable for quickly establishing a
kinematic model for the UR5 robot. With in-depth research on the SDH method, we
can establish seven local coordinate frames for the UR series robot based on the driving
joints, but more coordinate frames were required to describe the basic structure of the
manipulator. Therefore, the inability to establish some coordinate frames on the structure of
some components is the primary factor that leads to the inaccuracy of kinematic modeling.

(b)

Figure 2. Some coordinate frames established for the kinematic modeling of the manipulator subsys-

tem. (a) Kinematic modeling based on the classical method; (b) Kinematic modeling based on the
optimized method.

3.2.2. Limitations of Kinematic Modeling of the Mobile Platform

To determine the position and posture of the mobile platform during the movement,
we need to simplify the mobile platform into two translation joints and one rotation
joint. After simplifying the mobile platform, we still need to establish the corresponding
coordinate system on the center of gravity of the mobile platform, which can be seen
in Figure 3a. However, three different coordinate systems were established at the same
location according to the SDH method, which inevitably increased the difficulty of system
analysis and reduced the speed of the solution.
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Figure 3. The kinematic modeling of the mobile platform. (a) Kinematic modeling based on the DH

method; (b) Kinematic modeling based on the optimized method.

3.3. Optimized Kinematic Modeling of the Mobile Manipulator Robot

In order to improve the accuracy of the kinematic model for a UR-like manipulator
subsystem and reduce the complexity of the coordinate frames for the mobile subsystem,
this paper optimized the kinematic modeling technology of each subsystem of the mobile
manipulator robot.

3.3.1. Optimized Kinematic Modeling of the Manipulator

When establishing kinematic modeling using the classical method, the physical struc-
ture of the actual links and the actual position of the joint are ignored to emphasize the
relationship between the location of the end tool and the driving joints. At the same time,
the establishment of the joint-fixed coordinate frame is very complicated. To meet the
structural requirements of the mathematical model and reduce the complexity of kinematic
modeling, we optimized the kinematic modeling method by re-establishing the coordinate
frames on the joint and adding some coordinate frames on the physical structure of the
connecting links. Therefore, we selected the key points both on each joint and on the
conversion positions in the actual connecting link, which is shown in Figure 2b. Some key
points are mainly used to express the location of joints, but two adjacent points can be
used to describe the structure of each link. The specific steps of the optimized kinematic
modeling method are as follows:

Step 1: Number links and joints.

For the manipulator robot with n-degree-of-freedom, the links are marked from the
base (0) to the final end-effector (n). Furthermore, the joints are identified from 1 to n, the
joint i is established between the link (i — 1) and the link i.

Step 2: Judge whether to add the key point on the structure.

After connecting the adjacent joints through a straight line, we need to observe
whether the straight line between the corresponding joints is similar to the structure of the
connecting link. If they are the same, we do not need to add other key points. Otherwise,
the key points must be added to the location where the structure changes. After establishing
the key points, we connect the joint points and the key point again to determine whether
the structure of the connecting link can be expressed by these lines. If it cannot be expressed,
we add the other key points again until the structure of connecting link can be expressed
by these straight lines.

Step 3: Establish all coordinate frames.

(1) Establish the joint-fixed coordinate frame. The origin of the joint-fixed coordinate
frame was established at the location of the corresponding joint. The direction of one axis
needs to be the same as the rotation direction of the joint, and the other axis directions need
to meet the left-hand rule.

(2) Establish the key points-fixed coordinate frames. We establish the coordinate frame
at the positions of key points, and the three-axis directions of those coordinate frames need
to meet the left-hand rule.

(3) Establish the other coordinate frames. We establish the base-fixed coordinate frame
at the base position according to the actual requirement. The origin of the base-fixed
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coordinate frame is fixed in the convenient position of the robot’s base, and three-axis
directions need to meet the left-hand rule.

Step 4: Identify transformation parameters.

(1) Obtain three distances (d, d;, d.). The origin of the coordinate frame (O;) moves
to the origin of the next coordinate frame (O, 1) along the three coordinate axes with the
order of x;-axis, y;-axis, and z;-axis.

(2) Obtain three angles (g, q;, q.). The three-axis directions of the i-th coordinate
frame are rotated to the three-axis directions of the (i + 1)-th coordinate frame around the
three coordinate axes with the order of x;-axis, y;-axis, and z;-axis.

(3) Determine the angle variable which is controlled by the driving joint.

Step 5: Determine the homogeneous transformation matrix.

The current coordinate frame can reach the adjacent coordinate frame through rotation
and translation relative to the current coordinate frame. Therefore, the corresponding
homogeneous transformation matrix is as follows:

HIT = Trx(d;)Try(d;)Trz(d;)Rx(qi)Ry(q;)Rz (%) @)

where Tr;() represents the translation transformation matrix along the corresponding
coordinate axis, and R;() represents the rotation transformation matrix around the corre-
sponding coordinate axis. The specific representation of various transformation matrices is
expressed as:

0 0 0 Cp 0 Sg O Cp. —Sp 0 0

Copo ~Sqe 0| | 01 0 0f 1S G 00]

Spe Cp 0|V Sey 0 Cp 0| o o0 10/

0o 0 1 0 0 0 1 0O 0 01 @
0 0 dx 100 0 100 0

100 |. |o1o0d/|.. |o10 0]

01 0™ o010 '™ 001 dz |

00 1 0o o0 1 000 1

where C;, indicates cos(g;) and S, indicates sin(g;).

Step 6: Determine the position and posture of the coordinate frames in the base-fixed
frames.

The position and posture of each coordinate frame in the base-fixed coordinate system
can be described by the homogeneous transformation matrix from the base-fixed coordinate
frame to the corresponding coordinate frame, which can be expressed as:

"=t ATy 2Ty AT (1= 1,2, 0, m); )
T
hpi = [bTi (1’ 4)/bTi(2/ 4)/bTi (3, 4)} ’

where !'T; indicates the position and posture of each coordinate frame in the base-fixed
coordinate frame, and ‘~!T; indicates the homogeneous transformation matrix from the
(i — 1)-th coordinate system to the i-th coordinate frame.

By adding the point on the structure of the connecting link, the kinematic modeling
result is similar to the actual physical model rather than the kinematic model based on the
classical method, as shown in Figure 2. The position of the manipulator’s joint met the ac-
tual position requirements, and the structure of the kinematic model has a small difference
from the actual physical model. Meanwhile, the establishment of each local coordinate
frame and the acquisition of key parameters are simpler than the classical methods.

Many different coordinate frames are attached to each joint, some structures of the
connecting links, and the end-effector. The relationship between each coordinate frame can
be determined by the homogeneous transformation matrix. Therefore, the position and
posture of the end-effector of the manipulator in the base-fixed frame can be directly solved
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by the homogeneous transformation matrix multiplication from the base-fixed frame to the
end-fixed frame, which can be described as

br, =t AT, 1T, T, (6)

where ’T, indicates the homogeneous transformation matrix from the end-fixed coordinate
frame to the base-fixed frame, " T, indicates the homogeneous transformation matrix from
the end-fixed frame to the n-th joint-fixed frame, and '~ T; indicates the homogeneous
transformation matrix from the i-th joint-fixed frame to the (i — 1)-th joint-fixed frame.

3.3.2. Optimized Kinematic Modeling of the Mobile Platform

We assume that the mobile manipulator robot is mainly composed of rigid components
to guarantee the stability and precision of the manipulator robot’s movement. Meanwhile,
the mobile platform mainly moves on the road with high friction and no slide or slip
during movement. Therefore, the mobile platform is directly driven by the angular velocity
of the motors mounted on the left and right wheels. With in-depth research on mobile
manipulator robots, the mobile platform mainly realizes the movement of the mobile ma-
nipulator, which can be regarded as the transformation of the based-fixed frame. Therefore,
we can determine the position and the posture of the mobile platform by the homogeneous
transformation matrix from the world frame to the midpoint of the driving wheels.

We directly established a coordinate system at the midpoint of the two driving wheels
to replace the three coordinate systems previously established at the center of gravity of
the mobile platform, which can be seen in Figure 3b. This method can reduce the difficulty
of establishing the coordinate system of the mobile platform and increase the speed of the
kinematic modeling. The homogeneous transformation matrix from the world frame to
the midpoint of the two driving wheels can denote the position and posture of the mobile
platform, which can be expressed as follows:

C(zcs) S(qzes) 0 Ppxa

op _ | S(gzes) C(gzes) 0 Pya
Ta 0 0 1 pu @

0 00 1

where O T, indicates the position and posture of the midpoint of the driving axis in the
world frame; C() and S() indicate cos() and sin(), px4, pya, p-a indicate the position of the
midpoint of the drive axis in the world frame; and 4. indicates the rotation angle around
the z-axis of the body-fixed frame.

3.3.3. Optimized Kinematic Modeling of the Entire System

Since the manipulator’s base is fixed on the mobile platform subsystem, the position
and posture of the manipulator’s end-effector in the frame will inevitably be affected
by the fixed position and posture. To determine the position of the manipulator’s end-
effector, we need to convert the reference coordinate system from the base-fixed frame to
the world frame by considering the homogeneous transformation matrix expressing the
different fixing positions. Therefore, the position and posture of the base-fixed frame can
be denoted as:

dTb = dTC ' CTb = ch ' Trx(xcb)Try(ycb)Trz (Zcb)Rx(Qxcb)Ry(chb)Rz(q,zcb)

1 0 0 x4 +xg

_ 101 0 vic+ya 8)
0 0 1 zg+zy
0 0O 1

where Tr;() indicates the translation transformation matrix; Ry (), Ry(), Rz () represent the
rotation transformation matrix; x.p, y.p, and z., indicate the translational distance of the
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base-fixed frame along the three axes of the body-fixed frame; gy, 4y, and g, represent
the rotation angle of the base-fixed frame around the three axes of the body-fixed frame;
Xdcr Yder and z. indicate the translational distance from the midpoint of the driving axis to
the body-fixed frame along the three axes.

According to the above Equations (6)—(8), the position and posture of the end of the
mobile manipulator can be specifically expressed with the homogeneous transformation
matrix in Equation (2). For the designated task, the position and posture of the robot’s end
are mainly described as follows:

°T, =°T; T, - 'T, ©)

where °T, indicates the position and posture of the manipulator’s end-effector in the world
frame, °T; indicates the position and posture of the midpoint of two driving wheels in
the world frame, T;, indicates the position and posture of the manipulator’s base in the
midpoint-fixed frame, and T, indicates the position and posture of the manipulator’s end
in the base-fixed frame.

The position and posture of the manipulator’s end are mainly described as six vari-
ables in the Cartesian coordinate system. To improve the efficiency of performing tasks,
we generally only set the position requirements to complete the given task. Therefore, it is
necessary to convert the homogeneous transformation matrix into the position and angle
in the Cartesian space:

I °T,(1,4) 7
Py °T,(2,4)
(53
0T, (3,2)
z | = atan ( (10)
0] T¢(3,3)
Ox atan| — “Te(31)
Oy VPT.(32)2+°T,(33)2
z tan ((Te21)
I a ””(m(l,l)) 1

where P, Py, P, indicate the position of the end of the manipulator subsystem in the world
frame, and Oy, Oy, O; indicate the Euler angle of the end of the manipulator subsystem
around the world frame.

4. The Improved Self-Collision Detection Technology

This section mainly focuses on the improvement of the self-collision detection tech-
nology of the mobile manipulator robot. Self-collision detection needs to be processed
through multiple key steps, which affect the result. Research on the optimization of each
key step can not only improve the accuracy of self-collision detection but also reduce the
time required for it. The remainder of this section specifically shows the optimization steps.

4.1. Approximate Improvement Via Multiple Sphere Elements

Approximating the components is the first key step in self-collision detection, which
mainly simplifies the description of the robot to make the component more suitable for
self-collision detection than the actual physical structure. However, the objects used by
researchers to approximate the structure shapes of various components mainly include
the spherical element, the cylindrical element, and the elliptical element. When approxi-
mating the components of the robot, the standard approximate element needs to meet the
following basic conditions: for the spherical element, the sphere’s radius is regarded as
the largest value to ensure that it surrounds the outer boundary of each component; for
the cylindrical element, the length of the cylinder is equal to the maximum distance in
the three directions, and the radius of the cylinder can envelop the lateral boundary of
each component; finally, for the elliptical element, the longest axis of the ellipse needs to
envelop the longest endpoint of the component, in addition to the shortest axis also being
required to envelop the shortest cross-sectional length of the component, and the length of
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the other axis is selected as the minimum distance. The approximate results of the same
components utilizing different approximate elements are shown in Figure 4. The basic
conditions can completely distinguish the possible collisions between the surface points of
different components.

| ]
<a

Figure 4. The basic approximate elements. (a) Rough spherical approximation of a motor; (b) Rough

e

ellipsoidal approximation of a motor; (c) Rough cylindrical approximation of a motor.

Currently, spherical elements are commonly selected to approximate each component.
This is because other elements have many defects in approximating some components
of the mobile manipulator robot. For example: first, collision detection is impossible to
be determined by using the cylindrical element to approximate each component of the
entire system, which is caused by different types of collisions in different positions of
two cylindrical objects, including the arc surfaces of two cylindrical objects, the horizontal
surface of two cylindrical objects, and the horizontal surface of one cylindrical object and
the arc surface of another cylindrical object; second, collision deletion cannot be quickly
determined using elliptical elements to describe each component, as the collisions of two el-
liptical objects can only be determined by the shortest distance between two surface points;
third, collision detection of two spherical objects can be determined by the shortest distance
between two surface points as well as by the shortest distance from the center of the radius
of one sphere to that of another. Therefore, to accurately describe the various components
and quickly determine the real-time self-collision detection, spherical elements were used
to pre-process the self-collision detection of the mobile manipulator robot. As such, various
suitable spherical objects were selected for the approximation of each component.

One spherical element cannot simplify all components of the mobile manipulator
robot, and we should simplify the special parts by using multiple sphere elements. In
the mobile manipulator robot, self-collision detection requires different approximations of
various components, including the mobile platform subsystem, the manipulator subsystem,
and the carrying load. The mobile platform has a complete and closed structural feature,
and the motors of the manipulator subsystem were also designed with a complete and
closed structural feature. However, the connecting link between the adjacent joints of the
manipulator subsystem are designed according to the actual requirements and appearance
beautification. To quickly establish the approximation of the entire system for collision
detection, each component needs to be rapidly approximated by selecting a simplified
approximate object. For these motors in the manipulator subsystem, we can directly select
a single sphere element to approximate, which can be seen in Figure 4a. However, some
components cannot be directly regarded as a single spherical object, such as the connecting
link and the mobile platform. In this case, we should select multiple sphere elements to
describe the component in order to achieve a specific structure shape, which is shown
in Figure 5.
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a

Figure 5. Multi-element approximation of the component. (a) The approximation of the component
in the manipulator subsystem; (b) The approximation of the mobile platform.

4.2. Determine the Position of Each Approximation Object

During the movement of the robot, the description of the position and posture of
the approximation of each component in the three-dimensional space are carried out
during the second key step. The specific structural shape of each component can be
described by the spherical element, but the actual position and posture of each component
in three-dimensional space cannot be represented by the approximation obtained by the
above method, which is only described in the local self-coordinate system. To acquire the
actual position of each compartment in three-dimensional space, the traditional method
needs to transform the approximation from the local self-coordinate system into the world
frame through the homogeneous transformation matrix. The traditional methods and the
transformation results can be found in [30,36].

However, the traditional method has many defects in the positioning of approxima-
tion, and these defects will seriously affect the efficiency of robot expansion detection. For
example, (1) to acquire the surface point and the center point of each spherical object, the
most time required for the self-collision detection is spent on determining the position of the
surface point and the center of the spherical objects by corresponding homogeneous trans-
formation; (2) in the movement of the robot, the positioning of different approximations
requires the spatial transformation matrix corresponding to the component at different
times to be solved, which increases the complexity of the positioning of approximation;
(3) during the positioning of each component, the surface points of each approximation re-
quire spatial transformation by the homogeneous matrix of the corresponding component,
which will inevitably increase the required time for positioning the entire approximation
of the mobile manipulator robot.

To reduce the complexity of the solution and shorten the required time for the posi-
tioning of approximation, we improved the positioning of approximation based on the
structure of the mobile manipulator robot. In Section 3, the mathematical model is similar
to the actual physical model of the mobile manipulator robot. Therefore, the position
of two adjacent key coordinate systems can directly describe the position and shape of
the corresponding component in the world frame. The surface point and the center of
the spherical objects can be obtained by effectively dispersing the component, which re-
duces the required time for approximating each component and improves the efficiency of
collision detection. The specific steps are described as follows:

4.2.1. Determine the Position of the Motor and the Carrying Load

For the motor and the carrying load of the manipulator subsystem, we can directly
describe the positioning of each motor by the corresponding joint-fixed coordinate frame,
and we can also confirm the radius of the spherical approximation based on the basic
parameters of the motor. Therefore, the corresponding spherical myopic object space is
defined as
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pii = C,]C(z) + Rg(i) cos(m]),
pii = Cé(i) + Rg(i) -sin(m) - cos(n)); (11)

where pii, pii, pii represent the positioning result of the corresponding approximation

of the i-th motor; R/ (i) represents the radius of the corresponding approximation of the
i-th motor; C(i), C;(i), Cl(i) represent the position of the center of the corresponding
approximation; and m/, n/ represent the minimum divided distance. The value range of m
and n is [0,27], [0, 7t].

4.2.2. Determine the Position of the Link and the Tool

For the link or the tool of the manipulator subsystem, we can directly describe their
positioning by two adjacent joint coordinate systems, such as the second link in Figure 5a.
The lower-key pointis p; = [x1,y1,21]7, the upper-key point is p» = [x2,12,2>]7, the radius
of the corresponding link is R;5, and the height is Hy,, so the unit vector of the straight
line regarded as the corresponding link at any time can be expressed as

e _ [x2,y2,22]" = [x1,51,21]" (12)
P e y2 )T = ey )T
where e, , represents the unit vector of the straight line for the corresponding link.

We determined the center of each spherical object. Due to analysis of the basic
structural parameters of the connecting link, the radius of the corresponding multiple
spheres is determined as k(). For the surrounding outer boundary of the connecting link
and the motors with multiple spheres, the small spherical objects envelop the connecting
link from the center to the two ends, and the large sphere envelops the motors at both ends
of the link. Thus, the center position of multiple spherical objects can be expressed as

L [ txLy v,z )T

Ci - 2 _k.ep1p2

k:—%:l:%,‘ (13)
Hjp

i .

V2RE(D)’
where CF represents the position of the center of the corresponding approximation for the
link, and Hj, represents the length of the corresponding link.

We determined the location of the surface point. After determining the center and the
radius of each sphere based on the basic structure of the corresponding component and
Formula (13), the location of the surface point can be acquired via the surface expression of
each sphere, which can be denoted as

Py = Cx (i) + Ry (i) - cos(m");
p; = CyL(i) + RE(i) - sin(mt) - cos(nl); (14)
pei = C(i) + Rg (i) - sin(m") - sin(n");

where p{a., pii, pii represent the positioning result of the corresponding approximation

of the corresponding link; Ck (i), CyL (i),F C;(i) represent the center of the spherical object

approximated the corresponding link; and m*, n" represent the minimum divided distance
of the corresponding spherical object. The value range is [0, 27|, [0, 7T].
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4.2.3. Determine the Position of the Mobile Platform and the Support Frame

For the mobile platform or the support frame of the manipulator subsystem, we can
directly describe their positioning by the mobile-fixed coordinate frame and the basic
structural parameters, and we can also confirm the radius of the spherical approximation
based on the basic parameters of the mobile platform or the support frame. For example,
for the mobile platform, the positioning of the midpoint of the driving wheels of the mobile
platform is expressed as [py4, Py, P=a); the positioning of the center of gravity of the driving
wheel of the mobile platform is expressed as [pxc, Pyc, Pzc]. Therefore, the unit vectors along
the x- and y-axes of the body-fixed frame can be expressed as

€xdc =

[de/ Pyd. 0] T— [ch/ Pye, 0] T .
| 1P, Pya, O — [pxc, pye, O I (15)
€ydc = €xdc X €z;

where e, represents the unit vector along the x-axis of the body-fixed frame; e; = [0,0, 1]
represents the unit vector along the z-axis of the body-fixed frame; and e 4. represents the
unit vector along the y-axis of the body-fixed frame.

We determined the center of each spherical object. The length, width, and height of
the mobile platform are three fixed known quantities, and the radius of the corresponding
myopic sphere is expressed as RM. Thus, the center position of multiple spherical objects
can be expressed as

Ci]}A:CM_p'eydcr(p:_%:1:%})

i
CM:[ch/Pyc/ch]T_k’exdc/(k:_E5135)} (16)
. Ly, . By
V2RI VR
where Cf}d represents the position of the center of the corresponding approximation for the
mobile platform, Ly, represents the length of the mobile platform, and By, indicates the
width of the mobile platform.

We determined the location of the surface point. After determining the center and the
radius of each sphere based on the basic structure of the corresponding component and
Formula (16), the location of the surface point can be acquired via the surface expression of
each sphere, which can be denoted as

p%j = CM (i) + RM(i) - cos(mM);

p% = C;V[(i) + RM(i) - sin(mM) - cos(n™); (17)
p% = CM(i) + RM(i) - sin(m™M) - sin(n™);

where pii i pii i pi jj Tepresent the positioning result of the corresponding approximation of
the mobile platform; CM (i), Cﬁ/f (i),M C. (i) represent the center of the spherical object ap-
proximated the corresponding link; and mM, nM represent the minimum divided distance
of the corresponding spherical object. The value range is [0, 27], [0, 77].

After completing the positioning of each component in the three-dimensional space,
the pre-processing of self-collision detection of the manipulator robot is complete. Next,
we need to determine whether there is a collision between the different components.

4.3. Improve the Judgment of Self-Collision Detection

At present, the main judgment principles are mainly determined directly by the
surface points of different parts or by the relationship between the centers and the radius
of different spherical approximations. In the following, we describe in detail the principles
of various types of collision determination.
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After completing the positioning of each component in the three-dimensional space,
the surface of approximation can be used to describe the structure shape of each component
in the mobile manipulator robot. Therefore, self-collision detection between different
components can be directly judged by the nearest point on the surface of different spheres.
Particular attention should be paid to determining the surface points of each spherical
object and solving the minimum distance between the multiple points on various surfaces.
Following the transformation of the approximate object to the position of the corroding
component, the shortest distance between non-adjacent spherical objects can be obtained.
After acquiring all distances of the surfaces’ points, the minimum distance can be regarded
as the basic judgment of collision detection. In theory, the distance between the surfaces’
points maybe not be smaller than zero in all states. If the minimum distance between the
surface points of two objects is equal to zero, the corresponding components are colliding.
Otherwise, it is assumed that no collision occurs. This can be described as follows:

collision(i,j) =1, min(dis(i,j)) = 0;
collision(i,j) =0,  min(dis(i,j)) > 0; (18)

dis(i/j> = \/(pxi - pxj)z + (pyi - Pyj)2 + (pzi - pzj)zz (1 <i 75] < 11)}

where collision() expresses the collision detection; min() is the shortest distance of the
surface points between part i and part j; collision = 1 means occurrence of collision
between two objects; collision = 0 means that the objects do not collide; dis() indicates the
distance between each surface point of different spherical objects; [pyi, pyi, p-i] indicates the
position of the discredited surface point of one approximation; and [p,;, pyj, p-;] indicates
the position of the discredited surface point of another approximation.

When these components of the mobile manipulator are converted into multiple spheri-
cal objects, the shortest distance between the spheres’ center and the sum of the correspond-
ing radius of different spherical objects can also be used as the criterion of self-collision
detection. When the shortest distance between the two approximations is greater than
the sum of the radius of the sphere, the two components of the mobile manipulator robot
will not collide. Otherwise, there will be a collision between the two components. The
corresponding collision determination formula can be expressed as follows:

collision(i,j) =1, min(dis(S;, Bj)) < R; + R;;
collision(i,j) =0, min(dis(S;, Bj)) > R; + R;; (19)

dis(S;,Bj) = Si = B;j ||, (1<i#j<11);

where min() represents the shortest distance between two components, R; represents the
radius of one spherical object, R; represents the radius of another spherical object that is not
adjacent to another spherical object, dis(S;, B;) indicates the distance between the center
of different spherical approximations, S; indicates the position of the center of the sphere
objects for the approximation of one component, and B; indicates the position of the center
of the sphere objects for the approximation of another component.

However, the shortest distance of the surfaces’ points of the two spherical objects may
not equal zero in the actual self-collision detection. Moreover, not all components in the
mobile manipulator robot will collide with other components. Therefore, we can improve
the existing collision detection principles to improve the basic performance of self-collision
detection.

4.3.1. Improve the Accuracy of Self-Collision Detection

There must be a certain distance between the surface points in one spherical element,
which is caused by the different sizes of the spherical objects, the various surfaces of the
components, and the incompleteness of the point cloud. Therefore, Formulas (18) and (19)
cannot be effectively detected by self-collision even if a collision occurs. To solve this
problem, self-collision detection is judged by the sum distance of the minimum separation
for the acquisition of the surface points of the two spherical objects. When the sum distance
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is greater than the shortest distance of the surfaces’ points, the two spherical objects will
not collide; otherwise, a collision is deemed to occur. Moreover, we should consider the
response distance of the mobile robot arm to address the collision phenomenon during the
movement, which can be described as follows:

1, min(dis(i,j)) < d; +dj +dgy;

collision(i,j) = { 0, min(dis(i, j)) > d; +d; +dsg; (20)

where d; and d; represent the smallest segmentation distance between the points of the
two objects, respectively; d,r represents the response distance to address the collision.

We used the shortest distance to judge self-collision detection. In order to success-
fully implement the self-collision detection of the mobile manipulator robot, we need
to determine the shortest distance between the components and the radius distance of
the corresponding two spheres. When the shortest distance between the two approxi-
mations is greater than the sum of the radius of the sphere, the two components of the
mobile manipulator robot will not collide. Otherwise, there will be a collision between the
two components. The corresponding collision determination formula can be expressed
as follows:

collision(i,j) =0, min(dis(S;, Bj)) > R; + Rj + Ryf; (21)

{ collision(i,j) =1, min(dis(S;, Bj)) < R; + Rj + Ryf;
dis(Si, Bj) =[| Si = Bj |, ~ (1<izj<11);

where min() represents the shortest distance between two components, R; represents the
radius of the spherical object, R; represents the radius of another spherical object that is
not adjacent to the first one, and R represents the safe distance to avoid the collision.

4.3.2. Reduce the Number of Self-Collision Detection

In the self-collision detection of the mobile manipulator robot, the traditional method
requires collision detection for all non-adjacent components. However, in the actual move-
ment, many components will not collide with other components of the mobile manipulator
robot. In order to shorten the required time for completing self-collision detection, we
only need to detect the components that may collide with others. According to the basic
structure of the mobile manipulator robot, the components we need to perform collision
detection on are mainly expressed as follows:

Taskl = [(M, J3), (M, J1), (M, J5), (M, J6), (M, L1), (M, L), (M, L1)};
Task2 = [(G, ]3)/ (G, ]4)/ (Gr ]5)/ (G/ ]6)/ (Mr Ll)r (M/ LZ)r (M/ LT)];
Task3 = [(]1/]4)1 (]1/]5)/ (]l/]6>/ (]1/ L2)/ (]1/ LT)];
Task4 = [(J2,J1), (J2,J5), (J2. J6), (J2, L2), (J2, LT)]; 22)
Task5 = [(L1,J1), (L1, J5), (L1, J6), (L1, LT)];
Task6 = [(J3,]5), (J3,J6), (J3, LT)];
Task7 = [(La, J5), (L2, J6), (L2, LT)];
Task8 = [(J1,Js), (Ja, L1)];

where M represents the approximation object for the mobile platform, J; represents the
approximation object for the i-th motor in the manipulator subsystem, L; represents the
approximation object for the i-th link in the manipulator subsystem, and G represents the
approximation object for the carry load.

The above self-collision detection method in Formulas (20) and (21) can accurately de-
termine the apparent collision, and the detection of self-collision components in Formula (22)
can effectively reduce the collision time of the system.

5. Simulation Results

To validate the performance of kinematic modeling and self-collision detection, which
was optimized by adding some key points to some components that failed to model the
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physical structure, we conducted some typical simulations in the mobile manipulator
robot with a UR5-like arm, including the kinematic model, approximation results, the
time required to approximate the robot, and the effectiveness of self-collision detection.
Since this research aims to develop a method suitable for the usage of a conventional
industrial environment, we choose a typical personal computer to test the performance
of kinematic modeling and self-collision detection. The computer is equipped with Intel®
Core™ i5-7500, CPU @3.4 HZ, RAM @8 G, whose configurations are mid-sized computers
in terms of computational speed in 2021. The flowing subsection summarizes the processes
and the results of these typical simulations.

5.1. Equipment Parameters

This simulation experiment mainly takes the mobile manipulator robot illustrated in
Figure 1 as the research object. To establish the kinematic modeling of the robot, we need
to determine the following related parameters:

(1) Parameters of the mobile platform. The length, width, and height of the mobile
platform are L. * B. * H. = 1104 mm * 518 mm * 258 mm, respectively; the radius of
the wheels is R, = 100 mm; the midpoint of the driving axis in the body-fixed frame is
D. = [340,0,119] mm. At the initial moment, the position of the midpoint of the driving
axis in the world frame is P; = [0,0, 100] mm; the rotation angle of the robot around the
Z-axis of the midpoint-fixed frame is Orad.

(2) Parameters of the manipulator subsystem. The manipulator subsystem is re-
designed based on the typical UR manipulator in Figure 2, and the initial rotation angle of
each joint is set (0,0,0,0,0,0). Therefore, the coordinate system of each joint is established
based on the optimized method, and the specific parameters of the manipulator robot
were shown in Table 1. In this table, dj, a7, a; indicate the basic parameters obtained of
the manipulator subsystem, which are determined by the classical kinematic modeling
method, d!, a!, a! are obtained by the traditional kinematic modeling method.

(3) Parameters of the other objects. The height of the carrying load objectis Hy; = 200 mm,
the radius is Ry ; = 200 mm, and the distance between the fixed position of the carrying
load and the gravity of the mobile platform in the x-axis direction is Ly = 140 mm. The
height of the supporting platform is Hs, = 137 mm, the length and width of the lower
surface are 450 mm * 358 mm, respectively; and the horizontal distance from the center
of the lower support surface to the gravity of the mobile platform is 297 mm. Meanwhile,
the length and width of the upper surface are 360 mm * 190 mm, respectively, and the
horizontal distance from the center of the upper support surface to the gravity of the mobile
platform is 252 mm. In addition, the maximum length, width, and height of the tool at the
end of the manipulator subsystem are 199 mm * 89 mm * 89 mm, respectively.

5.2. Comparison of Kinematic Modeling Results

In this section, we evaluate the performance of our proposed kinematic modeling in
a mobile manipulator with the UR-like arm in Figure 1. Namely, we mainly focus on the
difference between the mathematical model and the actual physical model of the mobile
manipulator robot. As a mature industrial robot, the UR manipulator has been extensively
researched and developed. At present, the industrial application of the UR arm mainly
includes UR3, UR5, and UR10. The basic shapes of these robots are similar, but there are
great differences in structural parameters and working performance. Therefore, we selected
the manipulator similar to the UR5 arm as the object of this experiment for comparing the
kinematic modeling methods. The basic structure of the manipulator subsystem is shown
in Figure 1, and the coordinate frames established based on different kinematic methods
are the same as Figure 2.

To verify the modeling performance in this study, we established the kinematic mod-
eling of the UR robot based on the classical kinematic modeling method and the optimized
kinematic modeling method mentioned in this study. The corresponding basic param-
eters of the UR5 arm with different kinematic modeling methods are shown in Table 1.
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According to these basic parameters of the manipulator subsystem, we can build different
kinematic modeling of the mobile manipulator robot with the UR5-like arm, which are
shown in Figure 6a,b.

Table 1. The key parameters obtained for different kinematic modeling methods.

(a) Classical Kinematic Modeling Method

Joint df (mm) af (mm) af (rad) Off (rad)
N1 89.2 0 /2 0
J2 0 —425 0 —t/2
J3 0 —392.25 0 0
Ja 109.15 0 /2 —7/2
J5 94.65 0 —t/2 0
J6 82.3 0 0 0

(b) Optimized Kinematic Modeling Method
Start End di (mm) d; (mm) di(mm) g’ (rad) q; (rad) g’ (rad)
Ob Ol 0 0 89.2 0 0 q1
01 Oc12 0 —120 0 0 q2 0
Oz  Oo 0 0 425 0 0 0
02 Ocz3 0 120 0 0 q3 0
Ons O3 0 0 392.25 0 0 0
O3 Oy 0 —89.15 0 0 Ga 0
O4 Os 0 0 94.65 0 0 qs
Os Os 0 —82.3 0 0 96 0
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(a) (b)

Figure 6. Kinematic modeling of the mobile manipulator robot with different methods (the "* is the

midpoint of these driving wheels, and the "* is the gravity center of the mobile platform). (a) The
classical kinematic modeling of the mobile manipulator robot; (b) The optimized kinematic modeling
of the mobile manipulator robot.

In the classical kinematic modeling method, the initial angle of each joint in the
manipulator robot is setting as (900,00, 0°,0°, 1800,00), the location of each component
in the manipulator is the same as the result in Figure 1. The position and posture of all
coordinate frames in the based-fixed frame were solved by these two methods. Due to
the difference in the establishment of these coordinate frames, we solve the position of
some joint-fixed coordinate frames of the manipulator in the world frame, which can be
expressed as:
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0Ty =1 Ty, =1 Top = [ 5400, 0.0, 5692 ]";
0T, =2 Tgy, =92 Top = [ 540.0, 0.0, 994.2 |
0Ty =3 Tey, =2 Topr = | 540.0, 0.0, 1386.4 1%
0Ty =4 Tepy =4 Top = [ 629.1, 00, 13864 ]
05 =5 Tey =5 Tope = | 629.1, 00, 14811 ];
0T, =5 Teyy =5 Top = | 7115, 00, 14881 |7

T.
4

(23)

where, T, and Topt, respectively, represent the solution results of the classical method and
the optimized method, the classic method is the most conventional kinematic modeling
method for UR5 manipulator, and the optimized method refers to the kinematic modeling
method proposed in this study.

By comparing the kinematic modeling results and the key parameters of the mobile
manipulator robot, we can obtain the following:

(1) Comparing the results of these coordinate frames in Figure 6a,b, the optimized kine-
matic modeling method can establish a suitable coordinate frame at any location according
to actual requirement instead of the designated location based on the classical method.
Furthermore, the relationship between adjacent coordinate frames is more accessible to
solve than the classical method.

(2) Comparing Figure 6a,b, the classic method cannot describe the position of the
driving joint and the structure of the connecting links, but the optimized kinematic model-
ing method in this paper can describe the position of each joint and the structure of the
connecting link.

(3) Comparing Formula (23) and the modeling results in Figure 2a,b, the positions
of each driving joint in the mobile manipulator are the same. Therefore, the kinematic
modeling method mentioned in this article can accurately determine the position and
posture of each component.

Therefore, the optimized kinematic modeling method can improve the similarity
between the mathematical and physical models. At the same time, it reduces the time
required to establish these coordinate frames and the complexity of solving key parameters.

5.3. Comparison of the Performance of Self-Collision Detection

To verify the superior performance of the self-collision detection technology pro-
posed in this article, we designed a variety of different test experiments based on these
improvements of self-collision detection technology in this study. The main performance
parameters include the detection accuracy and the required time for solving self-collision
detection. For comparing the detection accuracy, the best approximating method is re-
garded as the approximate object which is the most suitable for the actual structure of
mobile manipulator robot by observing different approximate results. Furthermore, we
choose the required time for preprocessing process of self-collision detection and that for
judging self-collision detection as another performance to prove the effectiveness of the
improved self-collision detection. The specific experiments are described below.

5.3.1. Comparison of the Approximation Results

This simulation compares the efficiency of the approximation used for simplifying the
robot before self-collision detection processes. If a single spherical object is used for the
approximation of each component of the mobile manipulator robot and we use the methods
of article [36] and this article to approximate each component of the mobile manipulator
system, the results are as shown in Figure 7.

To compare the accuracy between the approximation and the actual structure of the
mobile manipulator during the self-collision detection process, we performed a quantitative
calculation by comparing the volume of the approximation and the volume enveloped by
the actual part surface. Assuming: the volume enveloped by an actual component surface
of the mobile manipulator robot is V;, the volume of the corresponding approximation
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object is V3, and the approximation degree of the corresponding component using the
corresponding approximation object can be expressed as n = % * 100%. When the value
of the approximation degree is larger, the approximation object of the corresponding
component is better, and the value range of the approximation degree is between [0, 1].
Therefore, we use the approximation degree to quantitatively compare the performance
of approximating each component of the mobile manipulator robot based on different
methods, which can be summarized in Table 2.

Table 2. Approximation degree of each component.

Name Physical Model Typical Method Optimized Method
Number Original Volume Typical Volume Degree Optimized Volume Degree
Vi (mm3) V4 (mm?) m V) (mm?®) o

1-Platform  1.6993 x 10% 3.8956 x 108 43.62% 3.8956 x 108 43.62%
2-Load 49637 x 10° 4.7080 x 107 10.54% 4.7080 x 107 10.54%
3-Motorl 2.0390 x 10° 4.1888 x 10°  48.68% 4.1888 x 10° 48.68%
4-Motor2 2.0390 x 10° 41888 x 10°  48.68% 4.1888 x 10° 48.68%
5-Link1 1.7107 x 106 1.2566 x 107 13.61% 3.6191 x 10° 47.27%
6-Motor3 1.1786 x 10° 41888 x 10°  28.14% 2.1447 x 10° 54.95%
7-Link?2 1.3585 x 10° 8.5786 x 10°  15.84% 4.0532 x 10° 33.52%
8-Motor4 7.0638 x 10° 1.4368 x 10°  49.17% 1.4368 x 10° 49.17%
9-Motor5 7.0638 x 10° 1.4368 x 10°  49.17% 1.4368 x 10° 49.17%
10-Motor6  7.0638 x 10° 1.4368 x 10°  49.17% 1.4368 x 10° 49.17%
11-Tool 9.0120 x 10° 43103 x 106 2.09% 1.5268 x 10° 5.90%

By comparing different approximation results of the mobile manipulator robot, we
can obtain the following:

(1) Comparing Figure 7a,b, the second link, the third link, and the mobile platform
are described by a large or small spherical object, and the two components will inevitably
collide with each other at the initial time. This is caused by the significant difference in
length and width of the manipulator and the mobile platform.

(2) Comparing Figure 7c—f, the basic structure of the manipulator subsystem can be
accurately described by adding key point technology, which proves the correctness of the
optimized kinematic modeling method and the effectiveness of the approximating process
based on the physical structure model.

(3) Comparing Figure 7c—f, the connecting links and mobile platform of the robot can
be described by multiple spherical objects. Moreover, the misjudgment of self-collision
detection can be effectively eliminated at the initial moment. Therefore, the multiple
spherical objects can improve the performance of self-collision detection.

(4) Comparing Table 2 and Figure 7e f, the approximation degrees of these links
and the end-effector obtained by the optimized method are more excellent than these
degrees obtained by the typical method. Furthermore, the appearance of connecting links
in Figure 7f was more accurately described by the multiple spherical objects than by the
same spherical objects in Figure 7e. Therefore, multiple spherical objects can be effectively
used to approximate the complex components in the mobile manipulator.
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Figure 7. Approximating the mobile manipulator robot by a single spherical object. (a) The ap-
proximation described by the single small spherical object; (b) The approximation described by the
single large spherical object; (c) The approximation described by the method proposed in article [36];
(d) The approximation described by the method proposed in this study; (e) The approximation result

of the mobile manipulator robot using the method proposed in article [36]; (f) The approximation
result of the mobile manipulator robot using the method proposed in this study.

5.3.2. Comparison of the Time Required for Approximating Robot

The time required for the approximation of the mobile manipulator is another key pa-
rameter that can be used to improve the performance of self-collision detection. Therefore,
to compare the real-time performance, we calculated the required time for the approxi-
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mation of all components of the mobile manipulator at different moments in Figure 7e f.
Assumed: the initial position and posture of the mobile platform are g = (0,0,0"), and
the initial angle of each joint of the manipulator robot is qfl”t = (990, 9°,-9°,07,81°,0° ), the
final position of the mobile platform is the same as the initial position, q%’d = (0,0, 0’ )T, but
the end angle of each joint of the manipulator robot is qﬁ”d = (1800, 90°,-90°,0°,90°, 00).
The total time required for the task is ¢t = 10 s. Then, we compared the performance
of approximating processes based on the spatial transformation method and the point
method used in the approximating process. The time used in solving the center position
of all spherical objects is summarized in Table 3. In this table, the approximation object 1
and the approximation object 2 obtained by the VREP software are shown in Figure 7e f,
respectively; T and T;J' indicate the required time for approximating the result i based on
the spatial transformation method in article [36] and the method proposed in this study,
respectively; T! and T!, respectively, indicate the required time for solving the spherical
objects’ center in the result i based on the spatial transformation method and method
proposed in this study, respectively.

Table 3. The time required for different approximating methods.

Name Approximation Object 1 Approximation Object 2
Time T,(s) Tj(s) T} (s) Ti(s) T2(s) TZ(s) TZ(s) T2 (s)

T1 0.6820 0.4494 0.000714 0.000721 0.6216 0.2392 0.000783  0.000642
12 0.6319 0.2317 0.000607 0.000436 0.6180 0.2321 0.000755 0.000404
T3 0.6220 0.2305 0.000675 0.000378 0.6191 0.2346 0.000604 0.000398
T4 0.6248 0.2365 0.000611 0.000426 0.6247 0.2323 0.000614 0.000425
T5 0.6258 0.2322 0.000596 0.000381 0.6267 0.2321 0.000723 0.000401
T6 0.6266 0.2306 0.000586 0.000438 0.6190 0.2356 0.000613 0.000412
T7 0.6298 0.2291 0.000607 0.000404 0.6200 0.2329 0.000610 0.000551
T8 0.6177 0.2368 0.000913 0.000397 0.6211 0.2303 0.000614 0.000401
T9 0.6297 0.2353 0.000597 0.000382 0.6238 0.2424 0.000616 0.000394
T10  0.6202 0.2364 0.000612 0.000378 0.6271 0.2345 0.000607 0.000411
AVE 0.6311 0.2548 0.000652 0.000434 0.6221 0.2346 0.000654 0.000444

By comparing the spatial transformation method with the point method proposed in
this article, the following can be observed:

(1) Comparing T;, T}, T? and T7 in Table 3, the required time based on the critical point
method is shorter than the time based on the transformation method in the same position
of each component. For example, through the average sampling of 10 points, the key
point modeling method is about 47% of the time used based on the spatial transformation
method for different approximation robots. Therefore, the key point method can effectively
improve the real-time performance of the approximating process and reduce the overall
time for self-collision detection.

(2) Comparing T}, Tt}, T? and Tg in Table 3, the required time to solve the centers of
all spherical objects based on the key point method takes less time-consuming than the
required time based on the spatial transformation. For example, the required time is shorter
by 61% of the time based on the spatial transformation when comparing the average time
required for solving the centers of all spherical objects at different moments.

(3) Comparing Tal, Tcl, Tlf, and T; in Table 3, the improved self-collision detection
proposed in this study can effectively reduce the time required for approximating the
mobile manipulator robot.

5.3.3. Comparison of the Judgment of Self-Collision Detection

We compared the effectiveness of self-collision detection for the mobile manipulator
robot after completing the approximation of each component. In the movement, most
collisions may occur at other driving joint angles besides the obvious collision angles.
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Therefore, we used the joint angles generated by solving the inverse kinematic to study
the self-collision detection of the mobile manipulator. Considering the self-collisions
phenomenon, the driving joints of the mobile manipulator cannot reach the solved joint
angle in the actual movement. Therefore, the kinematic modeling method and self-collision
detection technology mentioned in this paper are added to the differential evolution method
to optimize the inverse kinematics solution of the mobile manipulator. We can directly
choose the traditional differential evolution method proposed in [43] to solve the inverse
kinematics problem. Then, the solution result is directly verified by self-collision detection.
When it cannot satisfy the collision-free constraint, the inverse kinematics problem is
resolved by the differential evolution method and judges the self-collision detection again.
When no self-collision occurs, the current solution is saved as the actual control angle.
Based on the optimized differential evolution method, the robot can smoothly reach the
designated position.

To verify the performance of the improved self-collision detection, we compared
the method mentioned in this study with the traditional differential evolution method
in [43]. Assuming that the corresponding initial joint angle of the mobile manipulator
is set to (0.0,0.5,71/4,0, /2, —m/4,7/4,0.0,0.0,0.0), the first desired position is set to
(800,500,1000), and the second desired position is set to (540, —131,974). Then, we ob-
tained the collision results by the improved method and the typical self-collision methods.
Furthermore, we compared the success rates and the required time for solving the self-
collision detection with different methods, which is shown in Table 4. In this table, SN;
represents the number of inverse kinematics solutions, CN; represents the number of col-
lisions obtained by the self-collision detection method, SR; represents the success rate of
inverse kinematics results without the self-collision, and AT; represents the time required
for self-collision detection in solving the inverse kinematics of the mobile manipulator.

Table 4. Comparison performance of self-collision detection in practical application.

Method  Typical Self-Collision Detection = Improved Self-Collision Detection
Name SN1 CN1 SR1 AT1 (S) SNZ CNZ SRZ ATZ (S)

Task1 100 73 27.00% 1.9053 100 63 37.00% 1.6700
Task2 100 86 14.00% 1.9353 100 65 35.00% 1.7081

Some typical solution results based on the differential evolution method are shown in
Table 5, and draw upon some of the solution results, as shown in Figure 8. In Table 5, Q;
represents the solution result without collision based on both methods, Qy; indicates the
solution with self-collision based on the typical method, and ME is the maximum error
between the result position and the actual position. In order to more intuitively identify
the location of the collision, the approximate object of the manipulator subsystem uses a
red spherical object. However, the approximate object of the mobile platform uses the blue
spherical object. Furthermore, we use the approximation with black color to describe the
corresponding components when the collision occurs. By comparing the solution results in
the Tables 4 and 5, the following can be observed:

(1) Comparing Figure 8a—f and Table 5, the inverse kinematics of the mobile manipu-
lator have different results for the designated reachable position. In theory, these solutions
have the same validity for inverse kinematics, but some driving joints cannot reach the
solved angle due to self-collision constraints. Therefore, the optimized differential evo-
lution algorithm can reach the designated position without considering other collision
avoidance technology.

(2) Comparing Figure 8c,f, The optimized differential evolution method can guarantee
collision-free results. Due to the high-precision kinematic modeling and effective self-
collision detection, the solutions which included the self-collision phenomenon can be
entirely discarded, and the actual results fully meet the actual requirement.
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(3) Comparing the average time (AT} and AT,) and the success rate of self-collision
(SR1, SRp) in Table 4, the improved self-collision detection can reduce the required time for
solving collision detection than the typical technology. Furthermore, the performance of
improved self-collision detection can be effectively improved by increasing the modeling
accuracy of the mobile manipulator robot.
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Figure 8. Inverse kinematics analysis of the mobile manipulator robot. (a) Solution results for desired
position 1; (b) Collision detection results based on the typical method for position 1; (¢) Collision
detection results based on the improved method for position 1; (d) Solution results for desired
position 2; (e) Collision detection results based on the typical method for position 2; (f) Collision
detection results based on the improved method for position 2.

Table 5. Solutions of inverse kinematics.

Name dy(mm) d,(mm) g, (ad) g;(@ad) g2 (@ad) g;3(@rad) g4 (rad) g5 (rad) g6 (rad) ME (mm)

Qs —0.0008 0.8659 1.6368 1.0156 09326 —0.0388  0.4905 2.8275 0.6857 0.0359
Qs2 —-0.7738  —0.0247 —0.6463 2.0489 —1.0538 0.3505 0.0355 —2.0784 1.1763 0.0509
Qs3 —1.2539 —0.0196 1.1871 1.4097 —0.0675 1.9153 0.1931 —2.4686 1.1753 0.0366
Qn 11.6327 33.8740 0.8827  2.5442 11058 —0.2049 —-1.3091 —0.9356 —1.4209 0.0129
Qp2 60.2222 24.4381 0.1224  0.7637  0.3481 —1.6334 —1.7833 0.8309 0.2869 0.0240

Qs —0.1388 0.0208 03756 04912  0.8297 —-1.1704 —-1.7821 —-2.1422 —-0.8794 0.0148
Qs2 —2.2584 1.4400 —0.4380 2.1788 —1.1323 1.2635 0.7801 1.4986 0.3924 0.0403
Qs3  —139452 -37.8080 0.7383  0.8655 —0.0554 1.0174 0.3473 1.7498  —0.0186 0.0118
Qn —2.2584 1.4400 —0.4380 21788 —1.1323 1.2635 0.7801 1.4986 0.3924 0.0403
Q2 1.2887 1.8100 —0.0748 0.5451 0.5286 —1.0827 —1.4539 —1.5473 —1.1939 0.0058

5.4. Experiments of Self-Collision Detection

In this section, we design experiments to prove the application of the improved self-
collision detection technology in the actual movement. Due to the different position and
posture required for various tasks, the collision will occur among different components
of the mobile manipulator robot, including the collision between the components of the
manipulator subsystem, the collision between the mobile platform and the manipulator
subsystem, and the collision between the carrying load and the manipulator subsystem.
Therefore, many simulations were designed to test the performance of the self-collision
detection technologies based on the improved method proposed in this study and based
on the typical method in article [36]. Assuming the manipulator subsystem stops moving
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when a collision occurs, these self-collision detection technologies were used to judge the
collision status, which can also identify the joint angle of the manipulator subsystem when
a collision occurs. These simulations are illustrated below.

Situation 1: To study the collision between the components of the manipulator
subsystem, we set the initial angle of the manipulator subsystem as (900, 0°,18",18°,0°,0° ),
and the final desired joint angle is (900, 0,180°,180°,0°,0° ), the motion time of each joint
is t; = 10 s, and the overall joints use uniform motion. To obtain the actual movement
and determine the collision results, we first carry out a simulation experiment in the
VREP-EDU software, and solve the shortest distance of two components which will occur
collision during the movement, which is shown in Figure 9a,b. Then, we use the typical
method and the improved method proposed in this study to determine the detection
of a collision between different components of the manipulator. The specific results are
shown in Figure 9(c1,c2). To accurately recognize the collision, we select the driving joint
angle at the time of the collision and the joint angle at the previous time to control the
mobile manipulator robot, and the overall time is ¢, = 20 s.The specific results are shown
in Figure 9(c3,c4).

Situation 2: To study the collision between the carrying load and the manipulator
subsystem, we set the initial angle of the manipulator as (900,900,00, —900,00,00), the
final desired joint angle is (00,900, 0°,-90°,0°, OO), and the motion time of each joint is
t; = 10 s, and the overall joints use uniform motion. We use the typical method and
the improved method proposed in this study to determine the detection of a collision
between the carrying load and the manipulator subsystem. The specific results are shown
in Figure 10(c1,c2). To accurately recognize the collision, we also select the driving joint
angle at the time of the collision and the joint angle at the previous time to control the
mobile manipulator robot, and the overall time is t, = 20 s. The specific results are shown
in Figure 10(c3,c4).

Situation 3: To study the collision between the mobile platform and the manipulator
subsystem, we set the initial angle of the manipulator as (900, 0°,0°,0°,0°,0° ), the expected
final angle is (900, 180°,0°,0°,0°, OO), the motion time of each joint is ; = 10 s, and the
overall joints move at a uniform speed. We select the typical method and the improved
method proposed in this study to determine the detection of a collision between the mobile
platform and the manipulator subsystem. The specific results are shown in Figure 11(c1,c2).
To accurately recognize the collision, we also select the driving joint angle at the time of the
collision and the joint angle at the previous time to control the mobile manipulator robot,
and the overall time is t; = 20 s.The specific results are shown in Figure 11(c3,c4).

According to the basic structure of the mobile manipulator robot, the manipulator sub-
system will inevitably collide with the other components of the mobile manipulator robot.
The possible collisions of the mobile manipulator robot are described in Figures 9-11.

Figure 9 shows the result of the movement of the mobile manipulator and the change of
the shortest distance of the collision components in situation 1. According to the movement
result of the mobile manipulator and the shortest distance change with time, the sixth
motor and the first link were occurring collision between Figure 9(a9,a10) in VREP software.
When two components collide, the shortest distance between the surfaces of the two parts
is zero. From Figure 9b, we can get that the time of occurring self-collision is t = 8.65 s,
and the corresponding joint angle is (90°,0°,155.7°,155.7°,0°,0"). When using the basic
method and the improved method to detect the self-collision of the mobile manipulator,
the larger step size can be used to detect the collision of two components at t{ = 8 s and
tll’ = 9s. When a smaller step size is used, the typical method will detect the collision at
t4 = 18 s, and the joint angle at this moment is (90°,0°,142.2°,142.2°,0°,0°); the improved
method in this paper will detect the collision at t5 = 45, and the corresponding joint angle
is (900, 0°,147.6 ,147.6°,0°,0° ). The collision joint angle based on the improved method is
closer to the actual joint angle when the collision occurs.

Figure 10 shows the result of the movement of the mobile manipulator and the change
of the shortest distance of the collision components in situation 2. In the simulation of
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VREP software, the manipulator subsystem reaches the designated position smoothly
according to Figure 10a. However, the shortest distance of the manipulator subsystem
and the carrying load is becoming to zero between t = 7.7 s, the corresponding joint
angle is (260, 90°,0°,—-90°,0°, OO), and the robot’s motion results are shown in Figure 10a,b.
When using the basic method and the improved method to detect the self-collision of the
mobile manipulator, the larger step size can detect the collision of two components at
7 = 6sand t! = 6 s. When a smaller step size is used, the typical method will detect
the collision at t§ = 11 s, and the joint angle at this moment is (40.050, 90°,0°,—-90",0°, OO) ;
the method in this paper will detect the collision at t; = 15 s, and the corresponding joint
angle is (38.250, 90°,0,—-90°,0°,0° ). In the second simulation with the VREP software, the
manipulator subsystem can move close to the edge of the carrying load without collision.
However, we use the spherical element to approximate the manipulator subsystem and
the carrying load for practical applications, the typical method and the improved method
will be judged as a collision occurs before the manipulator subsystem touches the edge
of the carrying load. Therefore, the results of the self-collision detection based on the
two methods are quite different from the actual collision joint angle.

Figure 11 shows the result of the movement of the mobile manipulator and the change
of the shortest distance of the collision components in situation 3. According to the shortest
distance change with time in VREP software, the mobile platform and the second link
occur collision at ¢ = 6.2 s, and the corresponding joint angle is (900, 110.7°,0°,0°,0°, 00).
When using the typical method and the improved method to detect the self-collision, the
larger step size can be used to detect the collision of two components at t{ = 5 s and
t! = 6s. When a smaller step size is used, the typical method will detect the collision
at t5 = 6's, and the joint angle at this moment is (900, 77.4°,0°,0°,0°, OO) ; the improved
method in this paper will detect the collision at t5 = 10's, and the corresponding joint angle
is (900, 99°,0°,0°,0°,0° ). Comparing the typical method, the collision joint angle based on
the improved method in this article is closer to the actual joint angle which occur collision.
This is due to the more detailed description of the connecting link.

By comparing these self-collision detection results with different methods, we can
obtain the following;:

(1) Comparing Figures 9¢, 10c and 11c, both the improved method and the typical
method can effectively achieve self-collision detection, determine the collision location and
identify the joint angle of the mobile manipulator robot.

(2) Comparing Figures 9a,c, 10a,c and 11a,c, both the improved methods and the
typical method can obtain the detection of self-collision before occurring the actual collision
between different components, which can prevent the damage caused by the collision
phenomenon.

(3) Before reaching the inappropriate angle in Figures 9¢, 10c and 11c, the manipulator
subsystem will inevitably not collide with other components. If shorting the time interval
of system movement, we can redefine the angular where the system collides due to the
influence of the motion accuracy. However, this result only improves the angle accuracy
before self-collision detection.

(4) Comparing Figure 10a,c, the mobile manipulator can move to the specified position
according to the given joint angles in the Vrep software shown in Figure 10a, but these self-
collision detection methods will detect the collision phenomenon in Figure 10c. Therefore,
the above methods may incorrectly determine that the collision has occurred, but the
actual parts will not collide. This case is caused by the collision of the near-sighted object
boundary, and these methods cannot determine that the different parts are in contact
without collision.

(5) Comparing Figures 9a,c, 10a,c and 11a,c, the improved self-collision detection
technology can describe the approaching angle of collision more accurately than the typical
method used in article [36]. This is due to the consideration of the deformation of the
connecting link.
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Figure 9. Detection of self-collision between different components of the manipulator subsystem.
(a) The movement of the mobile manipulator in situation 1 based on the VREP software; (al-a9) The
movement of the mobile manipulator before reaching collision location in situation 1 based on the
VREP software; (a10-a12) The movement of the mobile manipulator after reaching collision location
in situation 1 based on the VREP software; (b) Distance changes between two components of the
manipulator subsystem; (c1) Detection of self-collision using the typical method; (c2) Detection of
self-collision using the improved method; (¢3) Simplify the detection of self-collision using the typical
method; (c4) Simplify the detection of self-collision using the improved method.
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Figure 10. Detection of self-collision between different components of the manipulator subsystem.
(a) The movement of the mobile manipulator in situation 2 based on the VREP software; (al-a9) The
movement of the mobile manipulator before reaching collision location in situation 1 based on the
VREP software; (a10-a12) The movement of the mobile manipulator after reaching collision location
in situation 1 based on the VREP software; (b) Distance changes between the carrying load and the
manipulator subsystem; (c1) Detection of self-collision using the typical method; (c2) Detection of
self-collision using the improved method; (¢3) Simplify the detection of self-collision using the typical
method; (c4) Simplify the detection of self-collision using the improved method.
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Figure 11. Detection of self-collision between the mobile platform and the manipulator subsystem.
(a) The movement of the mobile manipulator in situation 3 based on the VREP software; (al-a9) The
movement of the mobile manipulator before reaching collision location in situation 1 based on the
VREP software; (a10-a12) The movement of the mobile manipulator after reaching collision location
in situation 1 based on the VREP software; (b) Distance changes between two components of the
manipulator subsystem; (c1) Detection of self-collision using the typical method; (c2) Detection of
self-collision using the improved method; (¢3) Simplify the detection of self-collision using the typical
method; (c4) Simplify the detection of self-collision using the improved method.
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6. Conclusions

The significant contribution of this paper is the proposal of a new type of kinematic
modeling method and efficient self-collision detection technology. In order to reduce the
difference between the mathematical model and the actual physical model of the mobile
manipulator robot, we optimized the kinematic modeling by adding some key points to
compensate for the defects of the traditional modeling method. Meanwhile, by replacing
the complex calculation of the traditional spatial transformation method, the key points
were directly used to determine the position of each approximation. The result proves that
the key point method reduces the required time for approximating the entire system before
self-collision detection. Therefore, the modeling technology and self-collision detection
methods in this study can effectively improve the accuracy of system modeling and enhance
the real-time performance of self-collision detection.

However, this article does not describe a method for detecting collisions between
the robot and the surrounding environment. In this case, obstacles may be subdivided
into static state and motion state. Identifying a method of judging the collision state and
effectively avoiding possible collisions will be the next step in future work.
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