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Abstract

A novel hybrid self-reconfigurable modular robot is designed to finish the morphing action from

line shape to hexagon shape. The robot is composed of many basic modules, each of which consists

of a master module and a slave module in the shape of triangular prism. There are four connection

ports on each basic module. For the master module there are two holes on each connection port, and

for the slave one there are two pegs on each connection. The docking process between two neighbor-

ing basic modules is analyzed with a peg-in-hole mechanical structure. A small motion’ s method is

presented and the contact forces are derived. According to the force/moment, the pose of a motion

module should be adjusted to make two neighboring modules align and finish the docking process.

Finally, a simulation of 3 basic modules is shown to finish the morphing and docking process effec-

tively. The system can finish the morphing task from the line shape to the hexagon shape.
Key words: self-reconfigurable robot, morphing, hybrid, module

0 Introduction

Self-reconfigurable modular robots (SMR) consist
of a set of standardized electromechanical modules
which can dynamically change their geometrical shape
to complete different requirements of various tasks.
Each module has the capability of intelligence, sense,
communication and actuators. They are more versatile ,
flexible, and capable than fixed-morphology robots and
work in unstructured and unpredictable environments,
such as space and deep-sea exploration, rescue opera-
tions in earthquake areas.

SMR can be classified into three types: lattice-
type, chain-type and hybrid type, where chain-type
self-reconfigurable robots, such as the cubic modules
(Polybot)!'", CONRO"', have a higher degree of
mobility than that of lattice-type systems. Lattice-type
robots, on the other hand, can be easily self-reconfig-
ured and are suitable for forming various static configu-
rations, but have difficulty in generating motion, such
as cubic structure (3-D self-reconfigurable mechanical
system ) 51 Fracta 3D', the two hemisphere module
( ATRON )", Miche'®’, the two semi-cylindrical
module (M-TRAN)'"'| UBot"*’, the M-Cube'*'*" and
M?SBot'""!. Roombots'"*' have a hybrid chain/tree ar-
chitecture. Each module has three degrees of freedom,

two of them use a diametrical axis within a regular
cube, and a third ( center) axis of rotation connects
with the two spherical parts. All three axes are contin-
uously rotary.

In this paper, a hybrid SMR is designed, which
consists of a master module and a slave module. There
is a rotary motion between the master module and the
slave module. The configuration of the SMR is de-
scribed. There are four connection ports on each basic
module, which can perform docking with the peg-in-
hole method between two neighboring basic modules.
With the small motion’ s method, the contact forces
between two docking modules are derived to adjust the
pose of a motion module to finish the docking process.

1 Description of module structure

A hybrid self-reconfigurable modular robot is pro-
posed. The basic module in the hybrid self-reconfigu-
rable modular robot is composed of a master module
and a slave module both are in the shape of triangular
prism and each has three connection sides. The slave
module is fixed to the master module on the fixed con-
nection port and can rotate about the master module.
Each module has two other connection ports; the mas-
ter module, having two holes on each connection port
and the slave module with two pegs on each connection
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port (Fig. 1). Each peg has three beads in a lock sys-
tem, which can lock the connection when two pegs of
the slave module are inserted into two holes of the mas-
ter module. Then, two basic modules are connected to
each other (Fig.2(a)). The connection ports can
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Fig.2 Two basic modules

rotate along their axes. Basic module 2 rotates 180°
along the connection port of basic module 1. The chart

is shown in Fig.2(b).
2 Analysis of docking process

2.1 Docking process

For self-reconfigurable modular robots, the suc-
cessful docking action consists of at least three integrat-
ed stages. First, the module is moved on a given traj-
ectory, so that two modules are positioned close to each
other. Second, two modules are aligned to each other
to satisfy the constraints of the docking. Third, after
two docking modules are aligned (Fig.3(a) ), the pin
and beads move, and the shell of the peg moves. Two
pegs are inserted into two holes ( Fig.3(b)). When
the beads arrive at the position of the groove in the
hole, the shell of the peg pushes the beads. Then,
beads stick in the hole. So the pegs are locked in the
holes (Fig. 3(c¢)). The disconnection is the reverse
process of the connection. When an existing connection
is disconnected, the latching mechanism is released by

pegs.
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Fig.3 Docking process of two pegs and two holes
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For the hybrid self-reconfigurable robot, the con-
nection process consists of basic module i inserting into
basic module j which is a dual peg-in-hole process. The
geometric model of the dual peg-in-hole is shown in
Fig. 4. the radii of the left peg, right peg, left hole,
and right hole arer, , 7, , 74 and r, , respectively. D

or DP represents the distance between the axes of the
pegs, and DH represents the distance between the axes

of the holes.

r; 7,

Fig.4 Geometrical models of connection

2.2 States of constraint

In the study, two dimensional problems are dis-
cussed. The geometrical models of two pegs and two
holes in basic modules i and j are shown in Fig.5.
There is tilt angle 6 between two docking modules. For
the boundary state of the connection, its geometrical
constraint is

{ho sinf, + 2rif/1 cosy = 2ry, ()

hq cosf, = 2er,] sing,

When 6 is more than ,, two modules cannot align.
Pegs cannot be inserted into holes and cannot finish the
connection action. So, the tilt angle must be adjusted
to make << 6, and avoid sticking. When 6 < 6,, be-
cause of the uncertainty of geometry and control, con-
tact slates exist during two basic modules connection.
From the geometrical constraints, it is known that there
are at most two-point contact states in the left peg and
the left hole (Fig.5). The geometrical constraint is

hy sing + 2r, cosf = 2ry (2)
For each basic module
Tpy = Tpys Ty = Thy (3)

Thus, the geometrical constraint of the two-point con-
tact state in the right peg and the right hole is

h, sinf + 2er2 cosf) < 2ry, (4)
Then, there are at most three-point contact states in
two basic modules’ connection. The pose of the motion
module should be adjusted and the tilt angle should be
reduced to avoid contact states appearing.

Where h; is an insertion depth of the left peg
(module Mj) into the left hole ( module Mi) and h,, is
an insertion depth of the right peg ( module Mj) into
the right hole (module Mi). The left peg of module Mj
has a radius of Tpy s whereas the right peg of module Mj
has a radius of Tpye Radii of the left hole in module Mi
and the right hole in module Mi are r, and r, , re-

spectively. @ and 6, are angles between the axis of a peg
and that of a hole. D,,

tween the peg’ s axis and the hole’ s axis of module

D; represent the distance be-

Mi, module Mj, respectively.
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Fig.5 The geometrical model of the connection in basic mod-

i

ules i and j in two dimensions

2.3 Contact forces of connection

The coordinate system (oxyz) is set up at the cen-
ter of each module (y = z(x) (Fig.5) in which vec-
tors r, of the contact points relative to origin o can be
obtained , where g represents the contact points, g =1,
2,3. The wrenches of the contact cases are described

as follows
ﬁg :Fg+3(Fg><rg) (5)
fo=f.+elf, xr) (6)
fe = uF,

where F 18 the wrench of the contact force andfg is the
wrench of the friction force corresponding to the contact
force. The real parts of Eqs(5) and (6) express the
contact forces and the dual parts express the moments.
According to Fig. 5, the following formulas can be ob-
tained. Here F, M represent measured forces and mo-
ments in the coordinate system (xyz).

N (F, +f)+F =0 (7)
Y (M, +M,) +M =0 (8)

In two dimensions, when there are three contact points
(Fig.5) , the formed system of equations is redundant.
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The unknown variables are four, while the available
equations are three. To overcome this problem, a small
motion’ s method about small motions of the peg around

51 s improved.

the contact points
For contact point B on the left peg-in-hole
(Fig.5), the angle between the force vector F, and the
x-axis is 180° — . Let the direction of the k-axis be
the same as that of the force vector F,. The k’ -axis is
vertical to k-axis. A translation §, along the k-axis and
a rotation is 8¢ about the &’ -axis due to §,. 8, is a unit
displacement at the contact point.
& +8, H =34, (9)
The following equations can be obtained
Fy-8, =F, 6 +M, -5,
=— (F, cosf + F, sing) -8,
+ (M, sing — M, cosf) -8, (10)
O 8m 1
5. " e H (11)
Solving Eqs(9) — (11), F, can be obtained
F _cosf + F sinf
1+ (g;k/ng')Hz
+ (g4/gn ) H(M sing - lelzcosa) (12)
L+ (gu/gn ) H
where H is the length of the connection peg, g, is the

F, =

gain of the sensor in tension in the k-axis direction and
&y is the gain of the sensor in torsion in the &k’ -axis di-
rection.

Thus, the expressions of the contact forces can be
shown simply. From the above expressions, it is known
that the docking process of two basic modules is a com-
plex multiple peg-in-hole process. According to the
force/moment, the pose of a motion module should be
adjusted to make two modules align and finish the doc-
king.

It can be concluded that when 8 > 6,, two basic
modules cannot be aligned, the pegs cannot be inserted
into the holes, and thus the docking process cannot be
accomplished. Therefore, the tilt angle must be adjus-
ted to 6 << 6, to avoid sticking. When 6§ < 6, contact
states exist during two modules connection because of
the uncertainty of geometry and control. Thus, sensors
must be used to adjust the orientation of each basic
module to finish the docking action to obtain different

configurations.
3 Simulation
Based on the rotary motion and the docking process

between the master module and the slave module, the
morphing action can be performed with ADMAS.

A simulation of 3 basic modules is shown to finish
the morphing action from the line shape to the hexagon
shape in Fig.6. The master module weighs 0.31kg,
the slave module weighs 0. 54kg and the speed of each
jointisv = 5d/s. InFig.6(a), the master modules
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port 3 (joint 5)

Fixed connection
port 2 (joint 3)

Fixed connection
port 1 (joint 1)

Connection port
1 (joint 2)
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(e) The finished hexagon shape

Fig.6 The morphing and docking process of 3 basic modules
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connect to the slave modules with fixed connection
ports (joint 1, joint 3 and joint 5). Basic module 1
connects to basic module 2 with connection port 1
(joint 2)). Basic module 2 connects to basic module 3
with connection port 2 (joint 4), resulting in a line
shape. In Fig.6(b), basic module 3 rotates 180° along
connection port 2. In Fig.6(c), basic module 1 and
the slave module of basic module 2 rotate —180° along
fixed connection port 2 (the joint 3). In Fig.6(d),
basic module 1, basic module 2 and the slave module
of basic module 3 rotate 180° along fixed connection
port 3 (the joint 5). In Fig.6(e), the pose of basic
module 1 is adjusted to make the contact forces zero.
Two pegs of basic module 1 are inserted into two holes
of basic module 3 and the docking process is finished
to obtain the hexagon shape. The morphing process is
finished. The output torque of joint 2 and the kept
torques of joint 1, joint 3, joint 4 and joint 5 are shown

in Fig.7(a), Fig. 7(b).
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(b) The kept torques of the joint 1, joint 3, joint 4 and joint 5
Fig.7 The torque of each joint

Fig. 7 shows that, in the process of docking, the
torque of the five joints is changing with time. At the
beginning, joint 2 and 4 are 1600N + mm and
2700N - mm respectively, while other three joints are
presented almost O N + mm as shown in the figure. Al-
so, it can be seen that joint 1, joint 3, joint 4 and
joint 5 have almost the same variation trend with the
time, and reach O at 18s or so, while there is a differ-
When the

process of docking finishes, the hexagon shape is in a

ence between joint 2 and other joints.

new stable condition as that of the line shape. Conse-
quently, the joints between two adjacent modules are
almost bearing the same torque with those of the initial
condition.

4 Conclusions

In this paper, a hybrid self-reconfigurable modu-
lar robot is proposed. Each basic module consists of a
master module and a slave module. There is a rotary
motion between the master module and the slave mod-
ule. With the peg-in-hole method, the neighboring
basic modules can perform docking action. The doc-
king process and the contact forces between two neigh-
boring basic modules are analyzed with the small mo-
tion” s method in detail. The tilt angle between two
basic modules must be adjusted to § << 6, to avoid
sticking. At last, a simulation of morphing process 3
basic modules is shown and the torque of each joint is
presented. The hybrid self-reconfigurable robot can fin-
ish the morphing and docking process from the shape of
line to the shape of hexagon.

References

[ 1] Yim M, Zhang Y, Roufas K, et al. Connecting and dis-
connecting for chain self-reconfiguration with PolyBot .
IEEE/ASME Transactions on Mechatronics, 2002, 7.
442451

[ 2] Castano A, Behar A, Will P. The conro modules for
reconfigurable robots. IEEE/ASME  Transactions on
Mechatronics, 2002, 7(4) . 403-409

[ 3] Murata S, Yoshida E, Kurokawa H, et al. Self-repairing
mechanical systems. Autonomous Robots, 2001, 10, 7-21

[ 4] Murata S, Kurakawa H, Yoshida E, et al. A 3-D self-
reconfigurable structure. In: Proceedings of IEEE Inter-
national Conference on Robotics and Automation, Victori-
a, Canada, 1998. 432-439

[ 5] Christensen D J, Stoy K. Selecting a meta-module to
shape-change the ATRON self-reconfigurable robot. In:
Proceedings of IEEE International Conference Robotics
and Automation, Orlando, USA, 2006. 2532-2538

[ 6] Gilpin K, Kotay K, Rus D, et al. Miche: modular shape
formation by self-disassembly. [International Journal of
Robotics Research, 2008, 27(34) . 345-372

[ 7] Kurokawa H, Tomita K, Kamimura A, et al. Distributed
self-reconfiguration of M-TRAN III modular robotic sys-
tem. The International Journal of Robotics Research,
2008, 27(34) : 373-386

[ 8] ZhaoJ, Wang X L, Jin H Z, et al. Automatic locomotion
generation for a UBot modular robot-towards both high-
speed and multiple patterns. [International Journal of Ad-

vanced Robotic Systems, 2015, 12(32) . 1-10



76

HIGH TECHNOLOGY LETTERSIVol.23 No. 1IMar. 2017

[ 9] Fei Y Q, Zhao X F. Design and dock analysis for the in-
teractive module of a lattice-based self-reconfigurable ro-
bot. Robotics and Autonomous Systems, 2007, 55(2) .
8795

[10] Fei Y Q, Zhu Y L, Xia P. Analysis on self-morphing
process of self-reconfigurable modular robot. International
Journal of Advanced Robotic Systems, 2009, 6(3) : 215-
222

[11] Sun X Y, Ge W M, Wang X F, et al. A reconfiguration
approach for self-reconfigurable modular robot using assis-
ted modules. In: Proceedings of 2015 IEEE International
Conference on Mechatronics and Automation, Beijing,
China. 1436-11441

[12] Sproewitz A, Pouya S, Bonardi S, et al. Roombots;
reconfigurable robots for adaptive furniture. IEEE Compu-

tational Intelligence Magazine, 2010, 5(3) ; 20-32
[13] Tsaprounis C J, Aspragathos N. Contact point identifica-
tion in robot assembly strategies under uncertainty. Robot-

ica, 1998, 16 679-690

Shuai Liguo, born in 1968. He received his M.
S. degree and Ph. D degree in School of Instrument Sci-
ence & Engineering of Southeast University in 1998
and 2001 ,respectively. He also received his B. S. de-
gree from Xi’ an JiaoTong University in 1991. His re-
search interests include the intelligent robots, the tech-
nology of tactile display and the virtual reality technolo-

gy-



