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Abstract: The cellular space robot (CSR) is a new type of self-reconfigurable robot. It can adapt the
variety of on-orbit service tasks with large space spans through multi-level reconfiguration mecha-
nisms. As the CSR has a large configuration space, kinematic solving becomes a key problem affect-
ing on-orbit operation capability, and kinematic automatic solving research must be conducted. In
order to solve this problem, firstly, the cellular space robot system capable of realizing multi-level
self-reconfiguration is proposed for the demand of space on-orbit service, and the kinematic equa-
tions of modules are constructed by considering a single module function using screw theory. Sec-
ondly, the kinematics of the cellular space robot are encapsulated and divided into multiple levels,
and the multilevel-assembly relationship-description method for robotic systems is proposed based
on graph theory. On this basis, the pathway-solving algorithm is proposed to express the robot or-
ganization reachability information. Finally, the module—organ-robot multilevel kinematics solving
algorithm is proposed in combination with screw theory. In order to verify the effectiveness of the
algorithm in this paper, numerical simulation is used to compare with the proposed algorithm. The
results show that compared with the traditional algorithm, the method in this paper only needs to
update part of the assembly relations after organ migration, which simplifies the kinematic model-
ing operation and improves the efficiency of kinematic computation.

Keywords: kinematic modeling; self-reconfigurable robot; screw theory; assembly configuration
representation

1. Introduction

On-orbit services include spacecraft maintenance, large space structure construction,
and other tasks. These tasks are characterized by their variety, wide range of service sizes,
and high dynamism, often requiring different types of space robots for on-orbit operations
[1-3]. However, the current configurations and functions of space robots are fixed, making
it difficult to cope with the increasingly complex and variable on-orbit tasks [4,5]. The
cellular space robot (CSR) [6,7] is a new type of modular robot that uses the self-organiz-
ing behavior of modules to customize configurations for space missions and has broader
application prospects in the field of on-orbit services than traditional robots.

Unlike traditional space robots, the cellular space robot, as a type of modular robot, has
a larger configuration space. Therefore, using traditional robotic kinematic modeling meth-
ods to construct models for different robot configurations is too difficult. However, for a
robot controller to perform operational tasks effectively, it must first establish the kinematic
model of the robot based on its known configuration. Thus, conducting kinematic modeling
for space modular robots is a meaningful research topic. Currently, scholars have broken
down the kinematic modeling problem for space modular robots into two issues [8-10]: 1.
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The topological description of robots with different configurations; 2. The development of
kinematic modeling algorithms based on these topological descriptions. Therefore, this pa-
per focuses on researching kinematic algorithms for cellular space robots on this basis.

In modular robot topological descriptions, the module’s topological structure deter-
mines each module’s functions and connection methods, and the organized topological
description method accurately reflects the overall system structure. Current research cat-
egorizes modular robots into homogeneous and heterogeneous types. Heterogeneous ro-
bots, such as the PolyBot proposed by Eldershaw et al., classify robot modules into seg-
ment and connection modules based on their functions [11,12]. The RMMS proposed by
Paredis et al. consists of revolute joint modules and link modules of various geometric
and physical sizes, enhancing configuration reconstruction capabilities [13]. The MRR-2
proposed by Acaccia et al. classifies modules by their power and size, suitable for different
work scenarios [14]. The heterogeneous robots simplify module design difficulty, but due
to module interchangeability issues, the topological transformation capability is weak.
Homogeneous robots have identical module functions, strong interchangeability, and
more robust topological transformation capabilities. Zhao et al. proposed the Ubot robot
that is completely isomorphic in all its modules, with both rotation and connectivity. The
Ubot robot has a high ability to change topology and can meet different task requirements
[15-17]. Complex on-orbit tasks and extreme environments require the space robot to have
high interchangeability and reconfiguration capabilities. Therefore, the topology of the
CSR studied in this paper is a homogeneous module, which will help to improve the space
on-orbit operation capability.

In the topological description of reconfigurable space robot configurations, research-
ers have commonly used graph theory to describe robot configurations. Liu et al. used
directed graphs to describe the topological connections between SMORES-EP robot mod-
ules, but it lacks a mathematical description of the physical assembly relationships be-
tween robot modules [18,19]. Chen et al. proposed an Assembly Incidence Matrix (AIM)
to describe the assembly configuration of Modular Reconfigurable Robots (MRR), but it
lacks a universal description for multi-interface joint modules [20]. Hou et al. propose a
C-graph configuration expression. Based on traditional graph theory, the connection
points and connection directions of directed graphs are extended, and the configuration
evolution process is accurately described by sequence expressions, which makes it easy to
obtain the optimal configuration of the evolution process [21]. Zhao et al. proposed an 8-
bit binary code to describe the assembly relationship of MRR configurations with high
computational efficiency [22]. The previous research on modular robot reorganization in-
dicated that even if only a few modules changed their assembly relationships, it was nec-
essary to re-establish the robot’s topological configuration description and comprehen-
sively reconstruct the kinematic model. This approach limited the flexibility and efficiency
of the robotic system.

Once the topological description of modular robots has been obtained, researchers
typically proceed to conduct kinematic modeling based on the D-H method and the Product
of Exponentials (POE) formula [23-25]. Kelmar et al. proposed an algorithm for automati-
cally generating kinematic parameters for reconfigurable manipulators (DH), obtaining the
system’s forward kinematic transformation using DH kinematic parameters [26]. You [27]
and Liu [28] et al. solved the kinematic modeling problem of multi-branch cellular space
robots using the POE formula. In the aforementioned studies, the kinematic model depends
on the geometric relationship with its adjacent modules, resulting in low computational ef-
ficiency as the number of modules increases. To solve this problem, Pan [29] and Zhang et
al. [30] proposed a configuration-independent kinematic modeling method. By decoupling
module kinematics from configuration, they transformed the kinematic model of space
modular robots into a function of the robot’s topological configuration and developed an
automatic kinematic solution algorithm using graph theory. In the aforementioned studies,
when reorganizing the modular robots, even if only a few modules change their relative
assembly relationships, the topological configuration description of the entire robot must be
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rebuilt. This requires an extensive reconstruction of the kinematic model, which limits the
flexibility and efficiency of the system in practical applications.

The essence of reconfiguration for the CSR is the evolution or partial migration of the
configuration to form a new configuration. Since the configuration is the carrier of function
and kinematics, the kinematic modeling algorithm can be simplified by multi-level partition-
ing and encapsulation of the configuration for the CSR. Therefore, this paper addresses the
kinematic modeling problem of CSR from the perspective of multi-level kinematic modeling.

This paper is organized as follows. Firstly, for the space multi-mission on-orbit operation
requirements, we propose a new type of isomorphic self-reconfigurable robot system and es-
tablish its multi-level self-organizing behavior mechanism. Secondly, we propose a multilevel
assembly matrix and pathway algorithm, which accurately describes the three-dimensional
assembly information and module reachability information under the multilevel reconfigura-
tion behavior of the cellular space robot. Finally, combined with the screw theory, we propose
a multilevel kinematic solution algorithm and compare it with the numerical simulation soft-
ware to verify the effectiveness of this paper’s multilevel kinematic algorithm.

2. Cellular Space Robot System
2.1. CSR Structure and Working Mechanism

The Cellular Space Robot (CSR) is a new type of modular robot. The cellular space
robot module is an isomorphic and highly integrated mechatronic module. As is shown
in Figure 1, each module includes a perceptual system, driving motor, control system,
Transmission system, and power system, which are organized together to form an intelli-
gent motion unit with perception, decision-making, and execution functions. There are 10
different connecting interfaces distributed on the surface of the CSR module, relying on
the different connection forms between modules to build different topological space con-
figurations. Faced with different tasks in space, the CSR can realize the change of the
working mode by changing the connection mode between the modules to meet different
forms of functional requirements.

Passive
hemisphere 4 Perceptual Transmission
# system = system

Active
hemisphere - Driving motor Power system

Figure 1. Schematic diagram of the cellular space robot module.

The outer envelope of the cellular space robot module is spherical, and the module is
divided into the active hemisphere and the passive hemisphere according to the different
positions of the internal drive motors, and the passive hemisphere can do a circular mo-
tion around the axis of the driving hemisphere under the action of the internal drive
source. The CSR has the complete toolset, which can be connected to the CSR’s module
through the same mechanical connection interfaces to meet the needs of different on-orbit
mission requirements and expand the working range of the CSR.

Different from the traditional self-reconfigurable robot architecture, the CSR’s work-
ing architecture consists of three levels: module level, organ level, and robot level. The
module level is the smallest constituent unit of the system, and its functions mainly
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include perception, decision-making, and execution. The organ level is composed of mul-
tiple modules through topological connections, which is the smallest functional basic unit
of the system oriented to behavior, and each organ is capable of realizing different behav-
iors composed of several motions. The robot level is the smallest mission unit of the sys-
tem for the final realization of the target mission unit, composed of different organs. The
robot can call upon organs with different execution functions to complete the mission.

As shown in Figure 2, the CSR module is formed into a 5-DOF tandem configuration
by self-organization, which can be trained to achieve three-dimensional spatial motion of
the end-effectors. As shown in Figure 2a, for the truss assemble task, the robot is reconfig-
ured to form a two-armed robot by group-decision secondary reconfiguration, which im-
proves the assembly efficiency and stability of the robot. As shown in Figure 2b, oriented
to the on-orbit replaceable unit (ORU) transportation task, the 5-DOF organ is reconfig-
ured secondary to form the quadruped robot, which is used to realize the robot’s motion
capability in complex environments.

1
self-or:Lanize §
. org

| Organ topology
gl iyt g

(a) double-arm robot assembles space trusses

ORU

e

Figure 2. Schematic diagram of CSR multi-level reconfiguration mechanism.

The module size and topology of the CSR are the influencing factors in the kinematic
modeling of the CSR, and the structural dimensions of the CSR studied in this paper are
shown in Figure 3.

connecting rod

Figure 3. Dimension schematic of cellular space robot structure.
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2.2. The Kinematic Model of the CSR Module

The upper and lower hemispheres of the Cellular Space Robot (CSR) can be catego-
rized into input and output hemispheres according to the different assembly positions.
The input hemisphere is fixed to the base or other CSR module to realize the geometric
position of the module, and the output hemisphere moves relative to the input hemi-
sphere around its own axis under the action of the internal drive source.

As is shown in Figure 4, the center of the input hemisphere and the output hemi-

sphere of the module-7 are designated by “O, and YO, respectively, and both points
coincide at the center of the module sphere. The input coordinate system is represented
by “T;, with its origin fixed at “O;. The z-axis of the coordinate system *“7; is denoted

by z;., and its direction coincides with the axis of the module joint. The x-axis of the
coordinate system “7; is denoted by X, , whose direction is parallel to the direction of
the interface-1 axis of the module, and the y-axis of the coordinate system, LT is de-

noted by y;;, which is determined by the right-hand rule.

output hemisphere

y’
¥

Xy

\
€----- : the axis of the interface

input hemisphere IF: abbreviation for interface

Figure 4. Schematic of the kinematic model of the module.

The output coordinate system is represented by “ 7. In the initial state of module-i,
the z-axis of the output coordinate system “T; is denoted by z;;;, and the direction is on
the same line and opposite to the z-axis of z;;, . The y-axis of the output coordinate system
YT; coincides with the y-axis of the input coordinate system “7;, and the y-axis of the
coordinate system UTI- is denoted by y;;, which is determined by the right-hand rule.

The kinematic transformation between the output hemisphere UT,» relative to the

input hemisphere “7; canbe expressedas 77 .According to screw theory, the follow-

ing equation holds:

%E(g ’f) UT,(0)e* € SE (3) 1)

U
where the T (0) denotes the pose transformation between the output coordinate sys-

tem Y7, and the input coordinate system “7; in the initial state (@ = 0) of the CSR.

@ denotes the CSR’s module rotation angle, and & = (v,®) denotes the rotation ordi-

nate of the joint axis represented by the output coordinate system.
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For the CSR module (as is shown in Figure 4), the rotational coordinate of the joint axis
represented by the output coordinate system of the moduleis & = (0,0,0,0,0,1).The

kinematic equation of the CSR module can be expressed as follows
UT,=Rot(z,7)e” 2

where 77;(0)=Rot(z,7) represents the rotation angle of the output coordinate sys-

tem relative to the z-axis of the input coordinate system in the initial state, whichis 7 .
The interface distribution of the CSR module is shown in Figure 4. The interface-j
coordinate system of the module is denoted by I ;. The origin of the interface coordinate

system is located at the center of the interface plane denoted by 0,, and the z-axis of the
coordinate system is directed outward along its own interface axis.

As is shown in Figure 5a, the interface coordinate system lo—I4 is solidly connected to the
input coordinate system “7;, and the x-axis direction of the Ii-Is interface coordinate system

is the same as the z-axis direction of the input coordinate system 77, the x-axis direction of
the I interface is the same as the y-axis direction of the input coordinate system “7;. As

shown in Figure 5b, the interface coordinate system Is-Is is solidly connected to the output
coordinate system, and the x-axis direction of the Is-Is interface coordinate system is the same

as the z-axis direction of the output coordinate system 7}, and the y-axis direction of the Iy

interface is the same as the x-axis direction of the input coordinate system” 7} . The y-axis of

the interface coordinate system is determined by the right-hand rule. The pose-transformation
relationship between the interface coordinate system and its fixed input or output coordinate
system is a constant. In order to express the connection relationship between different mod-
ules of the CSR, a unified mathematical description of the rigid pose transformations in differ-
ent interface coordinate systems and the central coordinate system is required.

(a) Input hemisphere (b) output hemisphere
Figure 5. CSR’s interface coordinate system.

The pose-transformation of the interface coordinate system relative to the rigidly
fixed center coordinate system (Y7, or “7) is performed in the order of rotation fol-

lowed by translation. For the input hemisphere of the CSR, the pose transformation ]LT,

of the connection interface-j relative to the input coordinate system “7; is provided by

the following equation.

T

T, = Rot <Z, >

)' Ttransa lfj:()’ ]6[094]
3

o, = Rot(y, - ’2’> : Rot(x, - % : j) sy €lse j €10, 4]



Machines 2024, 12, 598

7 of 27

For the output hemisphere, the pose transformation 7 of the connection inter-

face-j relative to the output coordinate system is provided by the following equation.

1= Rot(2 = 5 ) o 17=9, J<[5,9)
a a )
0T, = Rot(y, 2) - Rot(z,7) - Rot <x, 5 (J— 5)) * Tirans» €lse j€[5,9]

where T,,,,s denotes the translation transformation performed after the rotational trans-

formation. The translation transformations are the same for all connected interfaces since
the interface coordinate system posture remains constant after the rotational transfor-
mation. From the geometric relationship, the following equation holds:

15,5 is the unit matrix
:| 4 Prrans = UOijOi’ .] = [07 4] (5)
Prtrans — LOi‘joi’ ] € [5 5 9]

I3><3 ptrans

Trans:
! [0 1

It is assumed that the input hemisphere of the module-i of the CSR is assembled in
the assembly position for localization using interface-j, and the output hemisphere of the
module is connected to other module by using interface-k for the external function output.
The CSR module is isomorphic, and the motion passes from the input interface-j to the
output interface-k eventually. The pose transformation of the input interface-j coordinate
system to the input coordinate system L is %7}, and the pose transformation of the
output interface-k coordinate system to the output coordinate system U is YT;. There-
fore, the kinematic equation of the CSR’s module when the input interface is interface-j,
the output interface is interface-k and the rotation angle is &,, which can be expressed by

the following equation.

T,(0:.j. k)= (T, 5T, ¥Ti= 3T, ' - 5T, - T,

_ Lp-t.LT (O)eéa’ .U ©
Ji v k&

The four connection methods for the inter-module connection of space cell robots are
shown in Figure 6. The CSR determined with Equation (6) is completely isomorphic, and
the connecting rod is installed between the two modules of the CSR. We assume that the
origin of the interface- j coordinate system of module-Z is ’0;, and the origin of the in-

terface-m coordinate system of module-k is "0, . Different connection methods be-

tween the modules have the same pose transformations, which are expressed in terms of
the positional transformations 7 ,,uccr, and the following equation holds

Rconnect P connect R"”’”“’t - ROt (x’ 77:)
T connect — 0 1 ’ j—m) (7)
pconnect — Oi yok
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T connect

Figure 6. CSR module connection method.

Based on the geometry of the module shown in Figure 3, a=0.02m ,
d=0.14m,and /=0.16m, then the actual dimension values of Equations (5) and (7)

are shown in the following equation:

_ I3><3 ptrans _|: d:|T
Ttrans - |: 0 l ’ ptrans - a, 0 B 2
®)

Rconnec conneci
Tconnect - |: 0 ! p 1 ti| I pCOnnect - [05 03 Z] B

Therefore, (j]T,, T.onnee:, and jL-T,-H are constants. After the two modules of the

cellular space robot are rigidly connected by connecting rods, the positional transfor-
mation between the module inputs is denoted by, and the robot joint angles are denoted
by, the kinematic equations of the two modules after connection are:

i+liT (0) == E(617j13k1> ° Tconnect . T'i+1 (925j23k2) (9)

3. Multi-Level Topological Description of CSR

During topological self-organization, the CSR is reconfigured at multiple levels ac-
cording to module-organ-robot to form different functional organizations. The hierar-
chical organization of CSR at each level requires an accurate representation of the connec-
tions. In order to solve the multilevel topology description problem, this paper adopts
graph theory to express the multilevel topology reachable information and assembly in-
formation.

3.1. CSR Multi-Level Topology Reachability Analysis

Definition 1. The topological organization of the CSR can be denoted by a directed graph
G= (Va E), where the vertex set V = {Vl, Vot Vn} denotes the node elements in the topolog-
ical organization. In the organ organization, the vertex element denotes the CSR module

V; (i =1 n) S {modulel, module,,}, and in the robot organization, the vertex element
denotes the CSR’s organ module V; (i=1~~-n)E{organ1,~--0rgan,,} . The edge set

E={ej, e, e,} represents the connection relationships between the vertex elements of the

CSR’s topological organization. In the organ level of organization, the edge v;(i=1---n)
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denotes the connection relationship between two modules of the CSR, and in the robot level of or-
ganization, the edge denotes the connection relationship between two organs of the CSR. Based on

graph theory, the topological organization G= (V, E) of the CSR is represented using the adja-
cency matrix O 4(G) organized at different levels. The entry O 4 in row i and column j

of 04(G) is provided as:

1, if v, is connected to v;;

O.up= (10)

0, if'v, is not connected to v;.

The topological relationships before and after the evolution of the organ configura-
tion of the CSR are shown in Figure 7. In the directed graph O4(G) , the

V= {V1, Vo, Vs} represents the modules of the CSR, and the E= {31, €y, 64} rep-
resents the connection relationship between the modules. The topological adjacency ma-
trix before and after the evolution of the CSR’s organ configuration is o0 A(G,,l) and
0,(G,,), respectively.

At the robot level, the CSR is formed from a number of different organs connected
according to a topology that passes through the robot level. As is shown in Figure 8, the
robot is formed by three organs connected according to the topology of the robot level. In

the directed graph G, , the V= {V1,V2, V3} represents the organs of the CSR, and the

E= {el, e 2} represents the connection relationship between the organs. The topological

adjacency matrix before and after the evolution of the CSR’s robot configuration is
0.4(G,,) and 04(G,,), respectively.

Vs Q)
Vi Vo V3 V4 Vs
% & wf0 1 0 0 0
Va s 0 0 10
e3 N € OA(Gol): b
o /0 0 0 0 0
Vi ol va|0 0 0 0 1
4 vsLO 0O 0O 0 O
Ve (a) 04(G,) (before the evolution of organ)
o Vs
A V1 V2 V3 V4 V5
ey w[f0O 1 0 0 O
o,V
€ 2 w|l0 0 1 0 0
Vi ) 04(Go)= "
3 A( 02) 10 0 0 1 1
v, = vi|0 0 0 0 1
v vs[0 0 0 0 1
Va© On

(b) 04(G,;) (after the evolution of organ)

Figure 7. Description of the CSR organ level topology.
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y Ha Vo V3
i v1 | y
,/ | 1o
\ il =
N7e = 0 0
“._ Organ-1
e _ 0 O
{/\ Va V3
o
TR ) 10
PP oo
\\;. / \\ L’
: o @ - wlo 0 o

\\\\\()fgan:/l;;j?; ~o.. " v

(b) 04(G,) (after the evolution of robot)

Figure 8. Description of the CSR robot level topology.

It can be seen that the topological connections at different levels of the CSR can be
uniquely expressed by the adjacency matrix of its directed graph. Motion pathways are
the basis of kinematic modeling of the CSR, and based on the mathematical properties of
graph theory and adjacency matrix, the algorithmic flow for constructing the pathway
matrix is as follows:

Taking the robot configurations in Figures 7a and 8a as an example, the path-relation
matrices (P(G,,) and P(G,,)) obtained by using the pathway matrix computation
method are, respectively:

(11)

These results are consistent with the robot-directed graph. This verifies the correct-
ness of the access matrix algorithm for multilevel topological connectivity matrices pro-
posed in this paper.

3.2. CSR Multi-Level Assembly Representation

Definition 2. The CSR’s organ assembly matrix is denoted by Q,(G), where G = (V,E) isa

directed graph of the topology of the organ organization, the Q4(G) isan n X n dimensional

matrix, and the n is the number of CSR modules that make up the organ.

1. The Oy (i=1,2n;j=1,2-n)€0,(G) is used to denote the entry of the
CSR’s organ assembly matrix, the a; represents the assembly relationship of module-i
when the CSR’s module-i points to module- j along the directed-graph pathway;

2. Oy = k1), where k,1 are the input and output interfaces of the CSR module-i, respec-
tively;
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3. When ay is the starting point of the directed graph path, there is i = j =1, and the
o
interface-k ; when ay is the ending point of the directed graph path G , there is i = j
holds and O

interface-I.

(i) = (k,1) represents the CSR module i assembled and connected to the base by using

(i) = (k,1) represents the external output motion of the CSR’s module-i using

The entry a;; inrow i and column j of O4(G) is provided as:

0. — (k,0), if v, is connected to v;; )
£ 0, if v, is not connected to v;.

Taking the two-branched CSR organ as an example. As shown in Figure 9a, before
the evolution of the organ configuration, the CSR’s organ assembly matrix can be repre-
sented by O, . As shown in Figure 9b, after the evolution of the organ configuration, the
CSR’s organ configuration keeps the connection relationship G between modules un-
changed only the assembly relationship between modules is changed to obtain the
evolved organ assembly matrix Q,, . It can be seen from Figure 9 that the organ assembly

matrix proposed in this paper can accurately describe the assembly relationships before
and after the organ evolution.

2 Vs Vs Vs Vs
v [(4,4) 4,6) 0 0 0
wl 0 0 (4,9 4,6) 0
wl 0 0 0 (0.7 o0
val O 0 0 0 (4,9
vl 0 0 0 0 (0,8)]

v v, Vs Vs Vs
v[(4,4) (4,6) 0 0 0
vy 0 0 ((4,5)|M4,6) 0

vi| 0 0 0 |(0,8)] o
vl 0 0 0 0 (4,9)
vs| 0 0 0 0 (0,8)]

(b) O, (after the evolution of organ)

Figure 9. Description of the CSR organ level 3D assembly information.

During the reconfiguration of the robot level, to ensure the integrality of the func-
tional migration of the organ, the organ utilizes its own Module 1 to integrate with other
robot organizations.

Definition 3. The CSR’s robot assembly matrix is denoted by R, (G), where G = (V, E) is a
directed graph of the topology of the robot organization, the R, (G) isan nXn dimensional

matrix, and the n is the number of CSR organs that make up the robot.
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1. The Ry, (i=1,2-n;j=1,2+n) is used to denote the entry of the CSR’s robot

assembly matrix Rb (G), the a; represents the assembly relationship of organ-i when the
CSR organ-i points to organ-j along the directed graph pathway;
2. Ry, = (k,1,m), where k denotes that the CSR’s organ-i is connected to organ-j by using

the module-k, the | denotes that organ-i uses the interface-l for external output, and m denotes
that the organ-j is connected to organ-i using the interface-m of the module-1;

3. When Ry = (k,1,m) is the endpoint of the path in the directed graph of the robot level,
the conditions i = j and | = m hold, representing that the module-k of the CSR’s organ-

i uses interface-m to output motion externally.

Taking the multi-branch robot configuration as an example, as shown in Figure 8, the
robot organization of CSR is formed by the connection of 041(G), 0,(G), 04,(G).
The assembly matrix of the robot before and after the change of topology is denoted by
R, (G) and Ry (G) , respectively. It can be seen from Figure 10 that the robot assem-

bly matrix uniquely and accurately expresses the CSR’s configurations before and after
migration.

v [(1,1,0) (1,9,4) (1,8,4)

I
I
I
v [ML1L0) (1,9,4) 0
I
I

Vs, 0 1,4,4) 0 Vs, 0 0 (2,9,4)
w0 0 (44 wl 0 0 (144
before 0,3 migration after 0,3 migration |
e o o (o S — i — — — — — o i s (s o — — — — | — — —

Figure 10. Description of the CSR robot level 3D assembly information.

4. Multilevel Kinematic Modeling of CSR
4.1. Organ-Level Kinematic Model
Assuming that the CSR’s organ consists of # modules connected by the connecting

interfaces, the organ-rotation angle can be denoted as 8 =(60, 6, --- 0,), where the

0, (i ell, - l’l]) represents the rotation angle of module-i. The kinematic equations for

each module of the CSR can be obtained from Equation (6),
T,(6,, .k, T,(0,,)i,k) . The pose-transformation matrix of the connection
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between the CSR modules is T ¢opnece - From Equation (9), the kinematic equation for the

n-module robot chain organ of the CSR is shown below:
Tcn (0) — Tconnect : Tl (elajlakl) e Tconnect : Tn (0,, >jn:kn) (13)

For the g-path organs of the CSR, the organ assembly matrix is O, . The pathway
matrix P is obtained from the pathway Algorithm 1. The module index list of the path-
way matrix P is denoted by E; and has the following definition:

[311 € elk,]
E,=|[e, €, = ey,) (14)
[eq e e,]
where [e pl €p2 € pkp] represents the module list index of the p-th pathway of the

organ. For example, if the p-th pathway of CSR’s organ composed of five modules is
P,=[1,1,1,0,0], then the module index list is ELp = [1 ,2, 3]

Algorithm 1: Calculate the path matrix

Input: The topological-directed graph of the robot O 4(G)
Output: Pathway matrix for topological organization P(G)
1. C(G)=04G)+04G)*-+0,(G)", where n represents the number of
the set (V' = {vi, vy, Vn}) elements in the directed graph;
2. UG)=C(G)°+C(G);
3. forrowinthe C(G):
if the entries in row I of the are not all equal to 0:
delete column i of U(G)
4. Calculating the pathway matrix: P(G)=U(G)"

return the pathway matrix: P(G)

The non-zero elements in the organ assembly matrix O, of the CSR are replaced
with 1 to obtain the CSR’s extended adjacency matrix Oy, . For the multi-branch CSR
organ composed of 7 nodules, this paper uses the organ module kinematics matrix
T oduie (0) to express the kinematic equations of the module in the pathways. T,j (9 ,-) is

an entry in T odute (), and T,, (9,) denotes the kinematic equation of module-i when

module-j is connected to module-i.
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i T11 le o Tln ]
Y —— (0) =\ T, T, - T,
< : (15)
L 1‘111 Tn2 ot Tnn .

where 0 = [91 91‘ 9,,] is the angle of rotation of each module of the organ. The
OgM(,»j) isanentryin O (G);if OgM(ij) =1, that means module-j is connected to mod-
ule-i. The O, isthe CSR’s organ assembly matrix, and O,; € O, isanentryinthe O,
that represents the assembly relationship between module-i to module-j in the pathway.
In the pathway from module-i to module-j, Q,;[1] and O, [2] denote the input
and output interfaces of module-i, respectively.

For the CSR organ with multiple pathways, the pathway matrix P(G) can be used
to divide the multi-branched into the CSR’s organ into multiple chained pathways. As is
shown in Figure 11, the robot module-1 is fixed to the base coordinate system B by
means of a connecting rod. The CSR organ consists of ¢ pathways, where the pathway-

p consists of kp modules, and the module serial number can be obtained from the mod-

uleindexlist Ep, (G)= [epl e ep(kp)] 0= [ep(1)9 ) Hp(kp)] is the rotation angle of
the modules in the pathway-p. Then,

i=1

k,—1
Tp (0kp) - (H Tconnect : Tmodule [epi] [ep(i+ 1)] (0[71)) : Tconnect

(16)

: Tmodule [ekp] [ekp] (ep(kp))

Figure 11. Schematic diagram of CSR organ pathway.

With the output interface of the f~th module of path-p being py, we can also obtain the
kinematic equations for the output coordinate system of the /i-th module in path-p:



Machines 2024, 12, 598

15 of 27

S
UT]{ (akp) = (H Tconnect : Tmodule [epi] [ep(i+l)] (0p1)> : (pl,]Tf) 71: f‘qﬁ kp
i=1

UT;{(akp):Tp(akp) ’ (pL//Tf)il , f=kp

(17)

For the CSR organ with g pathways, the @ is the rotation angle of each module of

the organ. The 0kp € {0k1 )ttt ,ek,,, ,0kq} denotes the rotation angle of each module
of the pathway-p, then @ = @,, U ,, ---U 8,, . The kinematic equation of the CSR organ
with g pathways can be derived from Equation (13):

T(0)=[T(0.).T.(0.),,T,(0:,)]" (18)

Once the organ assembly matrix @, of the CSR organ is obtained, the kinematic

model of the CSR organ can be automatically generated according to Equation (18). The
kinematic algorithm for the CSR’s organ is provided in Algorithm 2.

Algorithm 2: Kinematic algorithms for CSR organ

Input: The organ assembly matrix O, , the rotation angle of modules @ ;

Output: The pose of the output interface coordinate system of the end-of-organ module

relative to the base coordinate system B, T ; Matrix of the output coordinate system

of the modules of the organ, T, .

1. Set the diagonal elements of the organ assembly matrix O, to 0 and set the non-
zero elements of the matrix to 1 to obtain the adjacency matrix Q4 of the organ,
replacing the non-zero elements in the @, with 1 to obtain the CSR’s extended
adjacency matrix Qgyr;

2. The Algorithm-1 is used to obtain the pathway matrix P through the correlation

matrix;
3. Modify the pathway matrix P by replacing the non-zero entry in the row vector

with the number of columns of that entry and deleting the non-zero entries of P

to obtain the pathway module index list E, (G).

4. for i =1 totherow of 7 (the number of organ’s modules):

5. for j=1 totherowof n:

6. T;(0) =0y * T; (01,04 [1], 0, [21) + (1 = Ogrs) L
7' Tmndule (laj) - ]‘1[ (91) ;

8. for i=1 totherowof the E, (G):

9. for j=1 tothe ki — 1 (ki is the column of E,.[i]= [e,»l 0 ei(ki)] ):
10. A= Tcannect : Tmadule [eij] [ei(j+l)] (elj)/

11. T,=T,-A;

12. Pr = Loaute [eij] [ei(j+1)] ;

13. Tyle;]=T,- (p[,]Te,,)fl;

14. Calculate the kinematic equations for branch-i:
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Ti — Tt : Tconnect : Tmodule [eik,] [eik,] (ei(ki))}

15. T[i]=T;
16. Pr = Toaue €] €] ;
17. TU [eik,] = T‘I ' (p(/]Te,AI) B

18. return T, T,

4.2. Robot-Level Kinematic Model

The organ kinematics algorithm can establish the CSR organ kinematics model and
provide mathematical models for motion control and intelligent decision-making for or-
gan functions. Once the organ functions are established, the robotic level controller can
select organs with different execution functions for secondary reconfiguration to custom-
ize the topological configuration according to the on-orbit operational missions. Let the

robot level consist of 7 organs and the assembly matrix of the robot level is denoted by
R, . The pathway matrix for the robot level can be obtained from the pathway Algorithm
1. The organ index list of the pathway matrix Pg of the robot is denoted by Eg; . Leta
robot consist of t pathways, where pathway-s consists of k; organs and the organ serial

number can be obtained from the pathway index list, Eg, ) = [Osl AR Osk\] .

[011 Opp Olk,]
ERL — [Osl 052 ot 051@] (19)
[ Oy Op Otk,,]

where the 0, € [051 IEER Os(k‘)] denotes the organ serial number of the i-th organ in the

pathway-s.
The kinematic equations for each organ of the robot level are represented by

7,(0)---T,(0,), and the number of organ pathways for each organis ¢y, g, . Then,

the kinematic equations for each organ can be represented by the following equation.

Ty (0,0) T, (0,0)
T,,(0 T,,(0,

T,(0) = “2)'(“‘(2’) NN ACHE ‘2).(“ @) 20)
Ty (0:) T, (0.,)

where the number of pathways of organ-i is denoted by ¢, €{1, - ¢,}, and 0i(q,) rep-

resents the module rotation angle of the j-th pathway in organ-i.
As is shown in Figure 12, the module-1 of the robot’s organ-1 is connected to the base

coordinate system B by means of a connecting rod. The organ index list of the pathway-

s of the robot level is § ( [ O51 Ogr *** Oy ]) .The oy and o4+ are two adjacent or-
gans on the pathway-s of the robot, respectively. It is assumed that o0,(; 1 is connected

to the module-k of the organ 0. In the organ 0, the module-k of the 0 is located on

Pathway h([eow[h](l) €o,n( " eov[h](kh)]) of the organ oy . The €, 10 (
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o, () € {eq‘]w " €] (kh)},egv[,,} o = Erris [A] [i] ) denotes the number of the

module under pathway-h in organ 0. We assume that module-k is numbered ¢; in the
pathway-h. The kinematic equation for the coordinate system of the output interface of
the module-k of organ 0, on the pathway-/ are as follows:

¢ —1
Tin= (H T onnect * Toauteto [€0,00 0] [€0,0m 1) (0Sj(h))) (21)

i=1
where T.ppnecr is the connection transformation between the two modules of the CSR.
T, modutelo;) 1S the organ module kinematics matrix of the organ oy

Tmodu,e[aw_] [eo,\.,[h} (,-)] [eo\.,[hJ (,-H)] denotes the entry in row (e%[h] (,»)) and column

(eosj[h] (,-H)) of T, modulelo,) - 1N 0.,y indicates the angle of rotation of each module in

the organ o.

pathway-s of E,

Figure 12. Schematic diagram of CSR robot pathway.

At the organ level, it is assumed that in the pathway-h of the organ 0, module-k
takes interface-/u as an output interface to the next module. The organ 0,; takes interface-
[ as an output interface to connect the interface-m of the organ 0y, . The coordinate
transformations between the output coordinate system of the module-k of organ o, and
interface-h, and interface-I of the organ o, are ;[,{ T silk) and Z{T 4lk) respectively,

where the interface-/ can be indexed using the assembly matrix of 0,;.

l - Ars [2]: Ar(sj) = Rb [esj] [es(j+l)]9 J S [1 :ks - 1] (22)

The kinematic equations for the module-k output coordinate system of the organ o,;

are shown in Equation (23), and the vr Slj can be obtained from Algorithm 2.
k_ gk -1
“T5=T50 - (iTyw) (23)

From Equation (6), the kinematic equations of the organ 0,; interface-I are expressed

as follows:
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Ik k
Ta,'i - UTS/’(h) : ll/Tsj[k] (24)

Itis assumed that at the organ level, 0(; ) uses the interface-mo of its own module-
1 as an input interface, while it uses the interface-m of module-1 as an input interface when
connecting to the 0. Then interface-mo and interface-m can be indexed by the assembly

matrix.

my — Au(s(_jJrl)) [1] s Ao(sj) — Og(?j) [1] [1]

. 25
m= Ars [3]9 Ar(sj) - Rb [esj] [es(j+l)]9 J € [1 7ks 7 1] ( )

After organ 0y is connected to organ 0,4 on the robot pathway-s, organ oy
adds a kinematic model of organ 0,(; .y, to the pathway-h of the 0 ;. The organ 041
increases the organ kinematic model of 0,(;1, dueto 0y, connected to Oy 1), SO

the CSR’s kinematic equations are in recursive form. The robot-level kinematics equations
on pathway-s have the following recursive relationship:

TS, = T(6,) (26)
o [Ts{j : Tconnect : (rrfT) o me : Tconnec[] : T;,H

it2

According to the conformational features of the CSR, all pathways starting point at

organ-1 (0, =1). It is assumed that, on path-s, organ 0y is connected to organ 0,, via
the interface-li of module-ki. Then, the kinematic equation 7T of the pathway cellular

space robot can be obtained from the following equation:
Lk, S3
Ts — TSI ON Tsz (27)

From Equations (26) and (27), the equations of kinematics of the CSR equipped with
t pathways are shown below:

T.=[T,-,T,,~,T]" (28)

5. Simulation Verification

Once the multi-level assembly matrix of cellular space robots is known, the kinematic
algorithm can automatically generate the kinematics model. In terms of validation meth-
ods for the kinematic model, the current researchers [25,28] commonly use numerical sim-
ulation as a comparison algorithm to validate models. In order to exclude the influence of
other factors on the verification of the kinematic model, the current studies [29,30] verify
the kinematic model under ideal conditions without considering the dynamic character-
istics of the robot-control system. In this paper, without considering the dynamic charac-
teristics of the robot system, we use vrep to conduct numerical simulations to validate the
kinematic models of robot organizations at various levels. The geometry of the CSR” mod-
ule is shown in Figure 3 and Equation (8).

5.1. Verification of Organ-Level Kinematic Algorithm

To verify the kinematic model of the organ level, without loss of generality, this paper
selects organ-1 as shown in Figure 13 as an illustrative example. The vertex and edge sets

of organ-1 are 0; = {011 ,012,013,014} and F = {el, 62,63}, respectively.
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il

0,0) (0,9) 0 0
0 0 (1,8 (1,6)
0 o (1,8 0
0 0 0 (1,6)

Figure 13. Description of the 3D assembly information for organ-1.

For organ-1, according to Algorithms 1 and 2, the pathway matrix P(G,,) and the
module kinematics matrix of organ-1 can be solved, where @,, is the joint angle of each
moduleinorgan-1, 8, =(6,,,,** 6,14) . The pathway matrix P(G,;) and module kin-

ematics matrix Tpaue1 for organ-1 are shown below.

P(Gol)[l 11 0}

1101

1. T01(12) L., I, (29)

o I4><4 I4><4 T01(23) Tol(24)
Tmodulel (001) -
I4><4 I4><4 T01(33) I4><4

Lo Ly Iivs T01(44)

where the entries of the non- 1,4 (unit matrices) of T,,,4u.1 are listed in Table 1.

Table 1. Table entries of non-I (unit matrices) of Tpqute -

Row Value
_ L -1 L U
1 T, 0 —(og.(mm 011) *ulonn t 0,020 0ont
_ L -1 U
T01(23) — (oy,m)[l]Talz) udo2” oy,(23)[2}T012
2 L -1 oL U
T01(24) - (Og,m)[l]TolZ) v ST 0g|(24)[2]T012
_ L -1 L U
3 T, ;3= (Og,(m[l]TolL’w) cudoz ogl(m[z}Tow
_ L -1z U
4 T, = (ogmm 014) “0To1a 0,2 014

According to Algorithm 2, we can obtain the kinematic equations for the branch-end
coordinate systems E;, and E, of the CSR and the base coordinate system B of the

organ-1 as shown below.

Tconnect : Tol(12) : Tconnect : Tol(23) : Tconnect : T01(33)
T, (6,)= [ (30)

Tconnect . Tol(l2) : Tconnect . Tol(24) : Tconnect : Tol(44)
In the computational example of the organ level, we obtained the kinematic equation

for organ-1 by using the multi-level kinematic algorithm. Without loss of generality, the
rotation angles of each module of the CSR as the functions of time are
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. T
0115+, 0,14 =sin (Zt + 3) The effectiveness of the proposed algorithm is verified

by comparing the displacement curves of the x, y, z axis of the branches ends of organ-1
in the base coordinate system B obtained from this paper’s algorithm and Vrep simula-

tion, and the simulation results are shown in Figure 14.

As shown in Figure 14, the solid lines in the figure represent the displacement curves
of the two branch ends of organ-1 obtained using Vrep. The black curve represents the dis-
placement curve of the end of pathway-1 of organ-1, while the blue line represents the dis-
placement curve of the end of pathway-2 of organ-1. The dashed lines represent the dis-
placement curves solved using the multi-level kinematic algorithm (MLK) proposed in this
paper. The red curve represents the displacement curve of the end of pathway-1 of organ-1,
and the orange line represents the displacement curve of the end of pathway-2 of organ-1.
From the Figure 14, it can be seen that the multi-level kinematic algorithm (MLK) proposed
in this paper overlaps with the displacement curves solved by the Vrep. This result indicates
that the kinematic equations obtained in this paper are equivalent to the kinematic equations
of the Vrep and proves the effectiveness of the robot kinematics algorithm.

0_10/\f\/'l\MIMII\/\I\I/\ —_ -
VIR VR VERTIR VAV, E oy
E 0.00 E 0.1p
£ =
8 -0.05 8 0.0k = path 1(vrep) == =path 1(KM)
= 0.10 '_': path_2(vrep) — -path_2(KM)
I L N L L W I A Z 01
kozoi\/\l\/\l\/\l\/\l\/\la 5ooal
e o yath 1(vrep) == =path 1(KM) '
-0.25 -——Ipath 2(\frep) — I-path 2(IKM)—- 03 . |
0 2 4 0 8 10 0 2 4 6 8 10
Time (s) Time (s)
(a) x-axis displacement (b) y-axis displacement
0.9 r
s\ \/\ AN N
ELV AL ALY
= 0.7
sV Yy
St A A
2 o /
AN AWAWAWANA
S Y \WARVERVERY/
0.3 path_1(vrep) == =path 1(KM)
[=——npath 2(vrep) — -pathiz(KM)r—ﬁ
0.2 L L ; L
0 2 4 6 8 10
Time (s)

(c) z-axis displacement

Figure 14. Displacement of the end of organ-1 pathway.

5.2. Veerification of Robot-Level Kinematic Algorithm

To verify the correctness of the kinematic model at the robot level, we use the differ-
ent configuration robots which composed of multiple organ as the representative
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examples. The robots are assembled from three different organs: organ-1 (01), organ-2 (02),
and organ-3 (03). As is shown in Figure 13, the configuration and assembly relation matrix
O, for organ-1 have already been provided. The topological directed graphs for organ-

2 (02) and organ-3 (0s) are represented by G,, and G,3, respectively, with vertex sets

0y, = {021 ,022, 023} and 0; = {031 ,032, 033} . The assembly matrix for organ—Z (ng )

and organ-3 (O3 ) is shown in Figure 15. The configuration of the robots is shown in
Figures 16 and 17.

(3,3) 3,5 o0
= 0o @17 o
0 0o (1,7

(3,3) 3,5) 0
0,=| 0 (1,8 0
0 0 (1,8)

(b) organ-3
Figure 15. Schematic of the 3D assembly information for organ-2 and organ-3.

According to Algorithm 2, the kinematic equations for organs-2 and organ-3 can be
obtained:

ToZ (002) - [Tconnect . T02(12) : Tconnect : To2(23) : Tconnect : T02(33)]

(31)
To3 (003) — [Tconnect - To3(12) : Tconnect : To3(23) : Tconnect . To3(33)]

where T, ok(j) Trepresents the element in the T oduie Of organ-k .
The robot-1 formed by connecting organ-1 (o01), organ-2 (02), and organ-3 (03), as well

as the robot-1 assembly matrix R, is shown in Figure 16.

7~ = Vg o

I o1 ] ) o
Ve 0k (2 22 02y
N Vbl IIF—8 R (1,0,0) (3,8,3) (4,6,3)
\B 011 | I o R, = 0 (1,3,3) 0

| 014 : | 0 0 1,3.,3)

L — = | 031 03| |

IF-6 1IF-3
|03 033 |

Figure 16. 3D assembly information for robot-1 (before organ migration).

According to Algorithm 3, the pathway matrix for the robot level is as follows.



Machines 2024, 12, 598 22 of 27

p [1 1 0}
R0 (32)

Algorithm 3: Kinematic algorithms for CSR robot

Input: The robot assembly matrix R} (G,) , the rotation angle of organs
0 =[0,---0,], the organ assembly matrices O, (G,,), - 0,(G,,);

Output: Pose transformation T of the coordinate system of the output interface of the
end module of each pathway of the robot with respect to the base coordinate

system B, T;
1.  Set the diagonal elements of the robot assembly matrix R} to 0 and set the non-
zero elements of the matrix to 1 to obtain the adjacency matrix O, of the robot;

2. The Algorithm 1 is used to obtain the pathway matrix P, through the adjacency

matrix Q4 of robot;

3. Modify the pathway matrix P, by replacing the non-zero entry in the row vector

with the number of columns of that entry and deleting the non-zero entries of P

to obtain the pathway organ index list Eg ;

4.  For i =1 to the n (the number of the organ):

Using Algorithm 2 to solve the kinematic equations for the output coor-

dinate system of each module of the organ Ty, and store the result in Ty
by Tryli]="Ty,;
5. For s=1 totherow of the Eg:
The length of pathway-s: L, = len (E RL(s));
Obtain the end organ number of pathway-i: k, = E g, [L,];

Use Algorithm 2 to obtain the kinematic equations of the end organs of
each pathway of the robot (T ,,4), T... [S ] =T, k, (ak) ;

6. Initialize robot kinematic equation T;
7. For s=1 totherow of the Eg;:
TSS(kk‘SH) =T, [S] (ks isthe column of E, [S] = [el«l R e,-(k‘)] );
for j=k,—1 tol:
get the robot assembly information A,(Sj) by R, ,
A =Rileglleg] . k=4, I=4yl2]
m= Ar(sj/) [3];
Obtain the assembly information A,y 1= Ogs(;+1)[1] [1], and

the input interfaces of 0,(; 4y is Mo (mo = A5+ 1) 1] ) ;
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lej = TRU[eAj/‘] (k]- Ll,Tsj[k]/'
TST;M) — [T\"J (0y):lT§ : Tconnect . (nfT) B mﬁT ’ TC”""eC[l ’ T;SJIIZ]] T;

T[s]=T3;

8. TReturn T

From Equation (32), the robot-1 consists of two pathways (p1, p2). As is shown in Figure
16, the module-3 (013) of organ-1 (01) is connected to organ-2 (02) to form pathway-pi, and
module-4 (014) of organ-1 (o1) is connected to organ-3 (0s) to form pathway-p2. The assembly
matrix of o1 is shown in Figure 13, and its module kinematics matrix T,,pque1 is shown in
Equation (29), while the kinematic equations for each module of 01 are shown in Table 1. By
means of Algorithm 3, we can obtain the kinematic equations for the output coordinate sys-
tem of module-3 (013) and module-4 (014) of 01, denoted by T 2 and T, respectively.

3 U -1
ol — Tconnect ) T01(12) : Tconnect . T01(23) : ( 8T01(23))

1 (33)
;‘1 - Tconnect : Tol(12) : Tconnect : Tol(24) : ( %Tol(24))

According to Equation (24) and Figure 16, the coordinate transformations between
the interface coordinate systems and the base coordinate system at the connections of o1

with 02 and 03 are denoted as 872, and °TJ, respectively.

83 __ 3
Tul 7T01 : L8/T01(23)

(34)
6T:1 :le : L6[To](24)

Based on the assembly relationship shown in Figures 13, 15 and 16, the kinematic
equations of the robot-1 can be obtained by Algorithm 3 as follows:

— 8T31 : Tcnnnect : ( éTnZl) o . 5T021 - (Tconnect) o : T02 (002)
6T:1 : Tconnect : 3L>To3l) o éTo.’:l : (Tconnect) e ]:13 (003)

During the configuration evolution of the CSR at the robot level, the relative positions
and assembly relationships among the organs undergo transformation, leading to changes
in the robot’s functional capabilities. To adapt to space missions, organ-3 of robot-1 mi-
grates to form robot-2. After conformational evolution at the robot level, the assembly

T, (35)

matrix R, of the CSR is shown in Figure 17.

(1,0,0) (3,8,3) (4,7,3)
0 (1,3,3) 0
0 0 (1,3,3)

Figure 17. Three-dimensional assembly information for robot-1 (after organ migration).
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According to Equation (24) and Figure 17, the coordinate transformations between
the interface coordinate systems and the base coordinate system at the connections of 01

with 02 and 0s are denoted as *T';; and T, respectively

8T31 :T31 : %Tolm)
Tard _ d (36)

.U
ol — X o1 77X 01(24)

Based on the assembly relationship shown in Figures 13, 15 and 17, the kinematic

equations of the robot Ry, can be obtained by Algorithm 3 as follows:

J— |:8T031 : Tconnect : ( §T021) e é 021 ° (Tconnect) o To2 (002)
r2 = _ _
7T(?1 : Tconnect : ( §T031) t §T031 : (Tconnect) t To3 (003)

Without loss of generality, the rotation angle functions of the organ modules of the
CSR are set as shown in Equation (38). In this paper, we select two examples of robots
before and after configuration change and set the numerical simulation time to 10 s. To
verify the effectiveness of the proposed algorithm, we compare the displacement curves
of the ends of the robot branches along the x, y, and z axes in the base coordinate system

(37)

B obtained from the muti-level kinematic algorithm (MLK). The simulation results are

shown in Figure 18 below.

00117“':9014Sin<2t+ 727:>

00213”"9023 — 2Sln(t)
0,315+, 0,33 = 2sin(t)

(38)

As is shown in Figures 16 and 17, only the assembly relationship of organ-3 changes,
while the number of robot pathways remains unchanged. As is shown in Figure 18 below,
the (a), (c), and (e) show the displacement curves of the ends of the robot before the change
of configuration in the base coordinate system, and the (a), (c), and (e) show the displace-
ment curves of the ends of the robot after the change of configuration in the base coordi-
nate system. The black curve represents the displacement curve of the end of pathway-1
of the robot, while the blue line represents the displacement curve of the end of pathway-
2 of the robot. The dashed lines represent the displacement curves solved using the multi-
level kinematic algorithm (MLK) proposed in this paper. The red curve represents the
displacement curve of the end of pathway-1 of the robot, and the orange line represents
the displacement curve of the end of pathway-2 of the robot. From Figure 18, it can be
seen that the multi-level kinematic algorithm (MLK) proposed in this paper overlaps with
the displacement curves solved by the Vrep. This result indicates that the kinematic equa-
tions obtained in this paper are equivalent to the kinematic equations of Vrep and proves
the effectiveness of the robot kinematics algorithm.
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Figure 18. Displacement of the end of the robot pathway.

6. Conclusions

Aiming at the multi-task demand of on-orbit service, this paper proposes a new iso-
morphic self-organizing cellular space robot. Based on the functional characteristics of the
cellular space robot, we propose a multilevel reconfiguration mechanism using the group
effect and establish a self-organizing behavior mechanism for the cellular space robot.
Compared with the traditional self-reconfigurable robot, the multilevel reconfiguration
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mechanism proposed in this paper can reduce the configuration optimization space and
improve the ability of cellular space robots to operate in orbit.

In order to accurately describe the topological relationships in the self-organizing
process of the CSR, this paper proposes a multilevel topological description method based
on graph theory, which accurately describes the three-dimensional spatial assembly rela-
tionships of the multilevel organization of cellular space robots. This paper also proposes
a multilevel pathway-solving algorithm to accurately describe the reachability infor-
mation between elements in the multilevel robot organization, which provides theoretical
support for later kinematic modeling.

Finally, this paper proposes a multilevel kinematic modeling method, which consid-
ers the functions and multilevel topological relationships of modules, organs, and robots,
hierarchically models the kinematic properties of each level and accurately describes the
motion-transfer relationships among the levels through screw theory. The method sepa-
rates the multilevel topology from the kinematic model, which can provide a theoretical
basis for the optimization of multilevel configurations of the CSR. In order to verify the
effectiveness of the kinematic algorithm, we compare the method proposed in this paper
with the results of simulation software, and the results show the correctness of this paper’s
algorithm. Compared with the traditional algorithm, the algorithm in this paper only
needs to update part of the assembly relationship after organ migration, which signifi-
cantly simplifies the kinematic modeling operation and improves the efficiency of kine-
matic computation.
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