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Abstract: A Modular Reconfigurable Robot (MRR) composed of standard joint and link modules
has the advantages of rapid changeover of assembly configurations for a diversity of application
requirements. To tackle the kinematics analysis issues for an MRR, it is essential to develop a generic
method to mathematically represent all possible assembly configurations and automatically generate
their kinematic models. In this paper, two types of robot modules, i.e., revolute joint modules and
rigid link modules, are considered as the basic building blocks of an MRR. The topological structure
of an MRR is represented by a graph, termed an Assembly Graph (AG), in which all robot modules,
regardless of their types, are treated as vertices, while the connecting interfaces between any two
robot modules are treated as edges. Based on graph theory, a modified adjacency matrix, termed
an Assembly Adjacency Matrix (AAM), is proposed to represent the assembly configuration of an
MRR, in which the three-dimensional assembly information is specified with connecting port vectors
for the adjacent modules. A path matrix derived from the AAM of an MRR is employed to describe
the connecting sequence of its constituting modules. The local frame representation of the Product-
of-Exponentials (POE) formula is employed, which is configuration-independent. Therefore, for an
MRR configuration represented with an AAM, its kinematic model will be automatically generated
according to its path matrix. The proposed assembly configuration representation and kinematic
modeling method are validated through a dual-branch MRR configuration.

Keywords: modular reconfigurable robot; assembly configuration representation; assembly adjacency

matrix; kinematic modeling

1. Introduction

Conventional monolithically designed industrial robots have been widely employed in
high-volume production owing to their high productivity in performing repetitive tasks [1].
However, due to their fixed configurations, the conventional industrial robots are unable to
meet the ever-changing task requirements in today’s high-mix low-volume manufacturing
scenarios. To tackle such difficulties, a Modular Reconfigurable Robot (MRR) composed of
standard joint and link modules is a promising solution, as it has the advantages of rapid
changeover of assembly configurations for a diversity of application requirements.

In recent years, MRRs have received significant attention from both research com-
munities and industries, and a variety of MRRs have been developed. Kelmar et al. [2,3]
proposed an MRR termed the Reconfigurable Modular Manipulator System (RMMS), which
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consists of revolute joint modules and link modules with different sizes. Singh et al. [4,5]
developed a Spring-Assisted Modular and Reconfigurable Robot (SA-MRR), in which each
joint module has two working modes, i.e., the normal working mode and the spring-assisted
working mode, through a brake-spring assembly for safe manipulation. Liu et al. [6,7] de-
signed a Self-assembling MOdular Robot for Extreme Shapeshifting (SMORES), which
consists of several versatile 4-DOF joint modules for self-assembly. Zhao et al. [8] designed
an astronaut robotic limb system (AstroLimbs) for astronaut activity assistance, which is
composed of identical revolute joint modules with three initial configurations based on a tri-
angular prism design. The German company SCHUNK [9] commercialized a modular robot
system, termed Powerball LWA, which consists of two types of joint modules, i.e., 1-DOF
revolute joint modules and 2-DOF revolute joint modules, for industrial applications. As an
MRR is composed of standard joint and link modules, its performance is module-dependent.
Significant research efforts have been devoted to the internal mechatronic design and the
connecting interface design of the joint and link modules. Dogra et al. [10,11] designed
a revolute joint module with a dip axis for unconventional robot manipulators and opti-
mized the module design by considering its dynamics. Yun et al. [12] designed both 1-DOF
and 2-DOF joint modules with integrated mechatronic designs and link modules with
genderless connectors. Romiti et al. [13] developed a reconfigurable collaborative robot
that consists of base modules, straight and elbow joint modules, and tool-exchanger mod-
ules. The modules can be quickly connected together through C-couplings and standard
electromechanical interfaces.

As an MRR can be assembled into many possible configurations, it is critical to develop
a mathematical method to represent the 3D assembly configurations of an MRR so as to fa-
cilitate the modeling, analysis, and control issues. Chen and Yang [14] proposed a kinematic
graph-based Assembly Incidence Matrix (AIM) to describe the assembly configuration of
an MRR, in which the link modules are treated as vertices and the joint modules are treated
as edges. Although AIM representation can be employed to describe a branched MRR
configuration, the conversion scheme to define a kinematic graph is based on a theoretical
assumption such that a joint is connected to two links only and a link may accept more
than one joint. In practice, a robot joint module is a physical module that may have more
than two connecting interfaces, so that it can also be connected to more than two links. As
such, the kinematic graph and its associated AIM are not generic enough to describe all
possible MRR configurations. Zhao et al. [15] employed an 8-bit binary code to describe
the assembly relationship of an MRR configuration, which is computationally effective.
Nainer et al. [16] employed the Unified Robot Description Format (URDF) to directly de-
scribe the kinematic parameters of an MRR configuration. Although various symbolic and
numerical methods have been proposed to mathematically represent MRR configurations,
a more generic method needs to be investigated to represent the 3D assembly configuration
of an MRR.

Due to the reconfigurability of an MRR, it is essential to automatically generate its
kinematic model for the design, trajectory planning, and motion control of an MRR [17-19].
Kelmar et al. [2] proposed an approach based on the Denavit-Hartenberg (D-H) [20] for-
mula to automatically generate the kinematic model for an MRR, in which a kinematic
transformation algorithm is proposed to convert module parameters into D-H parameters.
Chen and Yang [14,21-24] proposed a method based on the local frame representation of the
Product-of-Exponentials (POE) [25,26] formula to automatically formulate the kinematic
models for MRR configurations, in which a dyad kinematics expressing the kinematic trans-
formation of a joint-link assembly was developed. Nainer et al. [16] developed the URDF
parameterization approach to generate the kinematic model automatically, in which the
D-H, modified D-H, and POE formula parameters can be employed. Although previous for-
mulation approaches were able to automatically generate the kinematic models for MRRs,
the kinematic model of each constituting active joint module relies on the geometric rela-
tionship of its adjacent joint modules or link modules, which is not module-independent.
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Inspired by the work represented in [14], a generic assembly configuration representa-
tion method and a configuration-independent kinematic modeling method are proposed
for an MRR. Two types of robot modules, i.e., revolute joint modules and rigid link modules
with cuboid geometries of different sizes, are considered as the basic building blocks of the
MRR, which are abstracted from the existing modular robot manipulators. An Assembly
Graph (AG) is proposed to represent the topological structure of an MRR configuration, in
which both joint modules and link modules are treated as vertices, regardless of their types,
while their connecting interfaces are treated as edges. A modified adjacency matrix, termed
an Assembly Adjacency Matrix (AAM), is defined to mathematically represent the 3D
assembly of an MRR configuration. The local frame representation of the POE formula is
directly applied to each of the joint modules, which is configuration-independent. Utilizing
the path matrix derived from the AAM of an MRR configuration, the forward kinematic
model of an MRR configuration is automatically generated.

The rest of this paper is organized as follows. In Section 2, to describe various
configurations of an MRR, two types of abstracted robot modules, i.e., revolute joint
modules and rigid link modules with cuboid geometries, are introduced. The definitions of
AG, Extend Adjacency Matrix (EAM), and AAM are given in detail in Section 3. In Section 4,
the kinematics of joint modules, the fixed kinematic transformation of link modules, and
the fixed kinematic transformation between the two adjacent two modules are presented,
followed by an automatic kinematic model generation algorithm developed for general
branched MRR configurations. In Section 5, simulation results are presented to validate the
proposed algorithm. Section 6 presents the conclusions of this paper.

2. Representation of Robot Modules

A Modular Reconfigurable Robot (MRR) is composed of standard joint and link
modules. Although there exist various types of robot modules in MRRs, the revolute joint
modules and link modules are the most popular robot modules, which are considered
in the proposed MRR to realize dexterous manipulations. To generically represent the
assembly configurations for the MRR, each of the abstracted robot modules has a cuboid
geometry with multiple connecting interfaces.

2.1. Revolute Joint Modules

For the existing MRRs, most of their revolute joint modules have adopted a similar
integrated mechatronic design. As shown in Figure 1, the internal architecture of a revolute
joint module generally consists of a torque motor, a gearbox, a brake, two encoders, a
drive controller, and electric/electronic/communication interfaces, which are integrated
together to form a self-contained and independent motion control unit. In terms of external
designs, two types of revolute joint modules, i.e., the “1” type (as shown in Figure 2a),
in which the normals of the two connecting surfaces are coincident with each other, and
the “T” type (as shown in Figure 2b), in which the normals of the two connecting surfaces
are intersecting and perpendicular with each other, are commonly used. To uniformly
represent these two types of revolute joint modules geometrically, a cuboid geometry (as
shown in Figure 2c¢) is proposed, which is a cube with an extrusive solid cylinder. The cube
represents the fixed base of the revolute joint module, and it has five connecting surfaces,
with four symmetrically distributed location pinholes assigned on each surface. The solid
cylinder represents the output shaft of the revolute joint module, which has a connecting
flange surface with a location pinhole assigned. Two coordinate frames are assigned on
the abstracted revolute joint module to describe the geometric information: one is located
on the geometric centers of the cube, and the other is attached to the geometric centers
of the cylinder. The two coordinate frames are parallel to each other when the revolute
joint module is at its home position. In order to represent the revolute joint modules with
different sizes, the cuboid geometry is scalable for small, medium, and large revolute joint
modules, denoted by J1, J>, and J3, respectively.
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Figure 1. The internal architecture of a revolute joint module.

Figure 2. Revolute joint modules. (a) A commercialized revolute “I” type joint module. (b) A com-
mercialized “T” type revolute joint module [27]. (c) The abstracted revolute joint module.

2.2. Link Modules

Two types of link modules with hollow structures are commonly employed in MRRs,
i.e., “H” type (as shown in Figure 3a), in which the normals of the two connecting surfaces
are parallel to each other, and “L” type (as shown in Figure 3b), in which the normals of the
two connecting surfaces are perpendicular to each other. To geometrically represent the
link modules uniformly, a cuboid geometry (as shown in Figure 3c) with a cube at each
end is employed. For each cube, it has five connecting surfaces, with four symmetrically
distributed location pinholes assigned on each surface. Two coordinate frames are assigned
on the abstracted link module, with each one on the geometric center of the end cube. The
cuboid geometry is also scalable for small, medium, and large link modules, denoted by L1,
Ly, and L3, respectively.

//

y.

(@) (b)

Figure 3. Link modules. (a) The “H” type link module. (b) The “L” type link module. (c) The ab-
stracted link module.

2.3. Unconventional Modules

In recent years, many unconventional robot modules with a variety of external ge-
ometries have been developed, such as 2-DOF joint modules and lightweight link mod-
ules [10-13]. Most of these robot modules can also be represented by the abstracted joint
and link modules with cuboid geometries. For example, the 2-DOF joint module in [11]
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can be represented by an assembly of two abstracted joint modules connected with an
abstracted link module, while an unconventional link module [13] can be represented by
an assembly of two abstracted link modules.

3. MRR Assembly Configuration Representation

To represent the topological structure of an MRR, the Assembly Graph (AG) is pro-
posed, in which all the robot modules are treated as vertices, while the connecting interfaces
between any two robot modules are treated as edges. Based on graph theory, the Assembly
Adjacency Matrix (AAM) is used to represent the assembly configuration of the MRR in
which the three-dimensional assembly information is specified for the adjacent modules.

3.1. MRR Assembly Graph

To represent the topological structure of an MRR configuration, the definition of AG is
given below.

Definition 1. The assembly graph is a directed labeled graph G = (V, E), in which the vertex set
V € {vy,v2, -+ , vy} is specialized to represent the robot modules such that v;(i =1,2,--- ,n) €
{1, J2,J3,L1,La, L3}, and the edge set E € {e1,ez,- - ,em} represents the connecting interfaces
between two connected robot modules.

For example, a dual-branch MRR assembly configuration that consists of three revolute
joint modules with different sizes (i.e., [1, [, and J3) and three link modules with different
sizes (i.e., L1, Lp, and L3) is shown in Figure 4a, while its AG is shown in Figure 4b.

(@) (b)

Figure 4. The Assembly Graph (AG) of an MRR assembly configuration. (a) The assembly configura-
tion of an MRR. (b) The AG of the MRR assembly configuration.

Based on graph theory, a graph can be represented by its adjacency matrix. As the AG
of an MRR assembly configuration is a directed graph, the adjacency matrix (A(G)) of the
AG (as shown in Figure 4) is given by:

U1
U2
U3
U4
U5
Y6

A(G) = @

o O O O oo
OO O O O
O O O O - O
o O O O~ O
O O O~ OO
OO R O OO

Based on the adjacency matrix of an AG, its accessibility matrix C(G) and path matrix
P(G) can be derived with the following process:
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C(G) = A(G) + A(G)? + - -- + A(G)" 1, in which # is the number of vertices;
U(G) = C(G) + Lnxn;

If the entries in row i of C(G) are not all equal to 0, delete column i of U(G);
P(G) is given by the transpose of the resulting U(G).

Ll

As a computation example, the path matrix of the AG (as shown in Figure 4) is given by:

U1 U2 U3 U4 U5 g

po-n (1Y) g

3.2. Assembly Adjacency Matrix

The adjacency matrix of an AG can only represent the adjacent relationship of vertices
(robot modules). To represent the types and sizes of robot modules as well as the input and
output ports of the modules, the Extended Adjacency Matrix (EAM) is proposed, which is
defined as follows.

Definition 2. The Extended Adjacency Matrix (EAM) of an AG, denoted by EA(G), is an

(n+ 1) x n matrix such that:

* Leta;; (i=1,2,---,m;j=1,2,--- ,n) be the entries of the adjacency matrix, and aj be the
entries of the extend adjacency matrix;

L4 ﬁi,j:ﬁj,i:ai,j (i:1,2,~-,n;j:1,2,~~~,n);

*  Api1i =i € {1, )2, J3, L1, Lo, L3} which is v;’s assignment (i = 1,2,--- ,n).

According to Definition 2, the EAM can be mathematically formed by adding one row
to the adjacency matrix of an undirected AG to specify the types and sizes of the robot
modules. For example, the EAM of the MRR assembly configuration (as shown in Figure 4)
is given by:

U1 U2 U3 U4 Us U
01 0
(%] 1
U3 0
EA(G)=v4 | 0 3)
U5 0
Vg 0
V\l Lz 1 2 Li L

However, the EAM is still insufficient to represent the 3D assembly configuration of
an MRR, as the position and orientation of the robot modules’ input and output connecting
ports are missing. Therefore, a connecting port vector P = (p1, p2) is employed to replace
the “1” entries in the EAM to describe the 3D assembly information of two adjacent modules,
in which p; represents the normal direction of the connecting port of the robot modules,
and p; describes the position of the locating pin. The parameters p; and p; are expressed
in the module frame (as shown in Figure 5), where p; € {£x, +y, £z}, p» € {£x, £y, £z},
and p; # p2. In this way, the Assembly Adjacency Matrix (AAM) of an MRR assembly
configuration can be formed, which is defined as follows.

(=N el el o)

Definition 3. The Assembly Adjacency Matrix (AAM) of an MRR assembly configuration, denoted

by Aa(G), isan (n + 1) x n matrix such that:

o Jet ﬁi,]- (i=1,2,---,n+1;j=1,2,--- ,n) be the entries of the EAM, and aj be the entries
of the AAM;

[ ai,j:ﬁi,j (i:1,2,---,n+1;j:l,2,~~~,n);

* Ford;;=1andi < j, replace d; ; with the output port vector of the module, while for &; ; = 1
and i > j, replace d; j with the input port vector of the module.
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Based on Definition 3, the AAM of the MRR assembly configuration, as shown in

Figure 4a, is given by:

01 (%] U3 (7 Us Ve
2 0 (—z,—x) 0 0 0 0
vy | (4z,+y) 0 (=z,+y) (-z+y) 0 0
v3 0 (+y, —x) 0 0 (+x,—y) 0

As(G) = 7y 0 (—y, —x) 0 0 0 (+x,+y) 4)

U5 0 0 (4z,+y) 0 0 0
Vg 0 0 0 (+z, +y) 0 0
14 I3 Ls h Jp) Ly Ly

Port vector (+z, —x)

Figure 5. Port vector in a link module.

4. Automatic Kinematics Modeling

To generate the kinematic model of an MRR configuration automatically, the kine-
matics of joint modules, the fixed kinematic transformation of link modules, and the fixed
kinematic transformation between two adjacent modules need to be formulated.

4.1. The Kinematics of Joint Modules

As shown in Figure 6, the kinematics of the revolute joint module can be described by
the kinematic transformation between the two coordinate frames of the joint module. Based
on the POE formula, the kinematic transformation from the fixed frame to the moving
frame of the joint module is given by:

T = {1; ’1’] — T(0)e¥" € SE(3) 5)

where R € SO(3) is a rotation matrix, p € R® is a position vector, T(0) € SE(3) is the
initial pose of the moving frame (the output coordinate frame) with respect to the fixed
frame (the input coordinate frame), & = (v, w) € se(3) is the twist coordinates of the joint
axis expressed in the moving frame, and q is the rotation angle of the revolute joint.

For the revolute joint module (as shown in Figure 6), the twist coordinates of the joint
axis expressed in the output coordinate frame are always given by & = (0,0,0,0,0,1)”.
According to Equation (5), the kinematics of joint modules is given by:

T; = T;(0)e* =

59 (6)

oS O O
SO O =k O
o= O O
_ [ O O
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where T}(0) is the initial pose of the output coordinate frame with respect to the input
coordinate frame of the joint module, in which d is the distance from the origin of the input
coordinate frame to the origin of the output coordinate frame (as shown in Figure 6), and g
is the joint angle.

Figure 6. The abstracted revolute joint module with a cube-cylinder geometry and multiple connect-
ing ports.

4.2. The Fixed Kinematic Transformation of Link Modules

For the link module (as shown in Figure 7), the fixed kinematic transformation between
the two coordinate frames is fixed, which is determined by the length of the link module.
As the two coordinate frames on the link modules, i.e., the input and output frames, are
parallel to each other, the fixed kinematic transformation of link modules is given by:

T, =T.L(0) = @)

OO = O
O, OO
=~ o o

1
0
0
0

where T (0) is the initial pose of the output coordinate frame with respect to the input
coordinate frame of the link module, in which L is the distance from the origin of the input
coordinate frame to the origin of the output coordinate frame of the link module (as shown
in Figure 7).

Figure 7. The abstracted link module with a cuboid geometry and multiple connecting ports.

4.3. The Fixed Kinematic Transformation between Two Assembled Modules

When two robot modules are assembled together, the kinematic transformation be-
tween the modules needs to be determined, which can be described by the fixed kinematic
transformation from the output coordinate frame of the proceeding module to the input
coordinate frame of the succeeding module. It is given by:

T, = [ﬁ ﬂ € SE(3) ®)
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For the rotation matrix R € SO(3), its first, second, and third column are all unit
vectors, denoted by ey, ey, e;. If two columns of R are known, the last column can be
calculated by:

ex =ey X e;
ey =e; X ey )
e; =ex Xey

To compute the fixed kinematic transformation between two assembled robot modules
T 4, two general assembly modes, i.e., the link module being the proceeding module (as
shown in Figure 8a) and the joint module being the proceeding module (as shown in
Figure 8b), are discussed.

(@) (b)

Figure 8. Two module assemblies. (a) A link-joint module assembly. (b) A joint-link module assembly.

For a link-joint module assembly, as shown in Figure 8a, the fixed kinematic transfor-
mation (T 4) from the link’s output frame to the joint’s input frame is computed based on
the port vectors of these two adjacent modules. Let P; = (p11, p12) and P> = (p21, p22) be
the port vectors of the link module and joint module, respectively. The first parameter of
the link’s port vector p1; € {£x, £y, +z} can be employed to determine the position vector
p € R3. If pyy is +x, then p = (4+4d1,0,0)7; if it is £y, then p = (0, +d;,0)7; if it is +z,
then p = (0,0,d1)”. In order to compute the orientation matrix R € SO(3), a computation
algorithm is formulated as follows. Each parameter of a port vector is converted to a unit
vector, such that if pij (i=12j=1,2)is £x, £y, or £z, then pij will be converted to
(£1,0,0), (0,£1,0), or (0,0,+1), respectively, denoted by pij- Based on the kinematic
relationship between the output port vector of the link module and the input port vector of
the joint module, we have:

R[~py Py —PnXPn]=[Pn Pn Pu X Pl (10)

Therefore, the orientation matrix R is given by

-1
R=[pyy P PuXpPoll-Pn Pn —PuXPxn (11)

For example, P; = (+y, —z), P, = (—z,y) (as shown in Figure 8), and we have:

P - (O/ dl/ O)T (12)
0 0 -1][0 0 =11 1 0 o
R=11 0 oflo1 o —lo o0 1 (13)
0 -1 o1 0 0 0 -1 0
1 0 0 0
0 0 1 d
Ta=1o -1 0 o (14)
0 0 0 1
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For a joint-link module assembly, as shown in Figure 8b, the fixed kinematic trans-
formation (T 4) from the joint’s output frame to the link’s input frame is computed based
on the port vectors of these two adjacent modules. Let P} = (p11, p12) = (+2,+y) and
Py = (p21, p22) be the port vectors of the joint module and link module, respectively. As
with the link-joint module assembly, p1; determines the position vector p. The computation
algorithm of rotation matrix R is also the same. For example, P; = (+z,+y), P, = (+x, +z)
(as shown in Figure 8), and we have:

p=1(0,0d)T (15)
00 —17[-1 0 0] " 0 -1 0

R=101 ollo o1 =]o0o o 1 (16)
10 0]l0 10 1 0 0
0 -1 0 0
0 0 1 0

Ta=1_1 o o dy (17)
0 0 o0 1

4.4. Automatic Kinematic Modeling Based on AAM

Using the local frame representation of the POE formula, the forward kinematics of a
serial-type MRR configuration can be expressed in the following form:

Ton(q) = Torl(o)eélql Tu(o)e@‘h . Tn_l,n(O)eénq" (18)

where T ,(q) is the pose of the end-effector relative to the base frame, q;(i = 1,2, - - n) is
the angle of the ith joint, { = (v, w) is the twist of joint i expressed in frame 7, and T;_1;(0)
is the initial pose of the ith module relative to the (i — 1)th module, which is determined by
the fixed kinematic transformation between two assembled modules and the initial poses
of the two modules.

For example, the kinematics of an MRR with two robot modules (as shown in Figure 9) is:

To2(q) = To,1(0)e*171 T 5(0) (19)
in which,
100 0
0100
000 1
0 -1 0 071 0 0 O
0 0o 1 0|[l0 100
T2@=TaTtO =14 o o gllo 01 L
0 0 0 1/l0 0 0 1

For a branch-type MRR configuration with m branches, the kinematics is given by:

TO,I’l] (1)
TO,le (2)

T(q1,92, - ,qn) = Ton = (20)

TO,nm (m)

Once the AAM of an MRR assembly configuration is specified, its kinematic model
can be automatically generated based on Equation (18) or (20). The kinematic modeling
algorithm is given in Algorithm 1.
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Figure 9. An MRR with two robot modules.

Algorithm 1 The Kinematics of MRRs

Input: AAM (A,); Joint angles q;
Output: The pose of the end-effectors relative to the base frame, T ,,

1:

W

R B AN L

11:

12:

Extract the last row of A 4 as M; and delete the last row of A 4, then set all the non-zero
entries to 1 to get the adjacency matrix;

: Calculate the path matrix P(G);
: Modify the path matrix (Py;(G)) by using the vertices’ subscript to replace the non-zero

entries and then deleting the zero entries;

: According to P(G), compute the module kinematics set, termed T047¢5

fori =1 to row of Py(G) do
To,n (i) = Tinodute(i,1);
fori =1 to row of Py(G) do
for j = 1 to column of Py;(G)-1 do
A= Py(i,j+1) — Puli, )
Get the pair of port vectors Py = AA(Pm(i,j) + A, Pyv(i, ), Po = Aa(Pm(i, j),
Py (i, j) + A) to compute the fixed kinematic transformation between the two assembled
modules (TAI,,],);
Ton (i) = Ton (1) TAi,j Tnodute (l/] +1);

return T ,,

5. Simulation and Results

With the configuration-independent kinematic modeling algorithm, the kinematic

model of an MRR can be automatically generated from its AAM, which is verified through
the following simulation example. An MRR configuration and its AG are given in Figure 10.

Figure 10. A 7-DOF dual-branch MRR. (a) The MRR configuration. (b) The AG of the MRR.
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The AAM (A;) of this dual-branch MRR assembly configuration is given by:

a1 412 o 41,14
a1 Az - A214

Ar=| . . . X (21)
a151 Aa152 o A1514

in which the entries that are non-zero in A; are listed in Table 1.

Table 1. The non-zero entries in A;.

Column Value

1 a1 = (+z,+y), a151 = J

2 ma = (—z,+y), a30 = (+y,—2), a4 = (—y, +2), a152 = L3
3 123 = (—z,+Yy), a53 = (+2z,+Y), a153 = J3

4 a4 = (—2z,1Y), a64 = (+2,+Y), a154 = J3

5 az5 = (+y,—z),a75 = (+z,—x), a155 = Lo

6 ase = (+y,+z),a86 = (+2,+y), a156 = Lo

7 asy; = (—z,+y), a0y = (+z,+Yy), a157 = 2

8 agg = (—z,+y), a108 = (+z,+y), a158 = |

9 az9 = (+x,—y), 119 = (—x,+z), a159 = Ly
10 ag10 = (+x,—z), a1210 = (=%, +y), a1510 = L1
11 ag11 = (—z,+y), a1311 = (+z,+y), a1511 = 1
12 110,12 = (=2, +y), a1a12 = (+2,+Yy), a1512 = 1
13 a1113 = (=2, +x), 41513 = L1

14 a4 = (—2,—Y), 1514 = L1

According to Algorithm 1, the path matrix (P(G)) and the kinematics (T(q1, 92, -+ ,qn))
of this MRR configuration are obtained:

1 1101010101010
P<G)_(11010101010101> (22)
T(QI/ qZI e IQn) = TOn = |:T0’13:| (23)
' To14

in which,

To13 = To,1(0)e417 Ty 5(0)T23(0)ef272 T3 5(0) T 7(0)e5494 T7,9(0) To 11 (0)e®696 T 13(0)
To1a = To1(0)e417 Ty 5(0) T4 (0)e5% Ty 6(0) Te,5(0)e55%5 T519(0) T10,12(0)e*7% T12,14(0)

and Tl-,j i=0,1,---,12,j=1,2,--- ,14) are listed in Table 2.

Table 2. The value of T’ ;.

Value
To, Tj3(0)
T Ta,,T13(0)
T3 TA2,3 Tps (0)
T4 Ta,,T3(0)
T35 TA3'5 Tro (0)
Typ Ta,,T12(0)
Ts7 TA5'7 T]2 0
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Table 2. Cont.

Value
T79 Ta,,T11(0)
Tg 10 T g, T11(0)
To11 Ta,,,T11(0)
T10,12 T Ay, T11(0)
T11,13 Tay,;T11(0)
T12,14 Tay,,Tra(0)

Figure 11 shows the robot configuration with the joint angles:

=166 632356
Substituting the joint angle values into Equation (23), the poses of the two end-effectors
relative to the base frame are obtained as follows:

[—0.3995 0.8080 0.4330 0.04079
7. _ |—08080 —0.5335 0.2500 03653
0137 1 04330 —0.2500 0.8660 1.03
0 0 0 1

[—0.8539 0.2888 0.4330  0.5421
7., _ | 01941 —0.9486 02500 —0.06705
01471 04830 0.1294 0.8660  0.9039
0 0 0 1

Figure 11. The resulting configuration of the dual-branch MRR with given joint angles.

To verify the proposed algorithm, the 3D modules are established in SOLIDWORKS,
including three types of link modules and three types of joint modules. According to these
modules, a dual-branch MRR is assembled. Then, the SOLIDWORKS model imported into
MATLAB, and the multibody module is employed to verify the proposed algorithms. The
simulation results are shown in Figure 12, which are the same as the results computed by
the algorithm.
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TO,13
[=0.3995]( 0.808] [ 0.433][0.04079]
[—0.808][—0.5335 [ 0.25][ 0.3653]
416 P o[ 023 osed[ 103
q,= /6 [ o] [0 [0 1]
q;=-m/6
q=m/3 »
q=m/4 TO*“’
q=m/3 —0.8539] 0.2888) 0.433) 0.5421
i e e T
Joint angles [ o[ 0] [0 1]

The dual-branch MRR configuration

Figure 12. The simulation results of a dual-branch MRR configuration.

6. Conclusions

This paper investigates the assembly configuration representation and kinematic
modeling issues for a Modular Reconfigurable Robot (MRR). By abstracting the commonly
used robot modules from the existing MRRs, two types of robot modules, i.e., revolute joint
modules and rigid link modules, with cuboid shapes are considered. An Assembly Graph
(AG) is defined to represent the topological structure of an MRR configuration, in which all
robot modules are treated as vertices, while their connecting interfaces are treated as edges.
To mathematically represent all possible assembly configurations of an MRR, an Assembly
Adjacency Matrix (AAM) is proposed. Owing to the unique treatment of joint modules in
AG and AAM, the local frame representation of the POE formula can be directly applied to
each of the joint modules, which is configuration-independent. Utilizing the AAM of an
MRR configuration, the forward kinematic model of an MRR configuration is automatically
generated. The effectiveness of the proposed assembly configuration representation method
and kinematic modeling algorithm are verified through a simulation example.
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