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Abstract: To solve the problem of inaccurate angle adjustment
in the self-assembly process, a new homogenous hybrid
modular self-reconfigurable robot—Xmobot is designed. Each
module has four rotary joints and a self-turning mechanism.
With the proposed self-turning mechanism, the angle adjusting
accuracy of the module is increased to 2°, and the relative
position adjusting efficiency of the module in the self-assembly
process is also improved. The measured maximum moving
distance of the proposed module in a gait cycle is 11. 0 cm.
Aiming at the multiple degree of freedom (MDOF) feature of
the proposed module, a motion controller based on the central
pattern generator ( CPG) is proposed. The control of five
joints of the module only requires two CPG oscillators. The
CPG-based motion controller has three basic output modes,
i.e. the oscillation, the rotation, and the fixed modes. The
serpentine and the wheeled movements of the H-shaped robot
are simulated, respectively. The results show that the average
velocities of the two movements are 15.2 and 20. 1 m/min,
respectively. The proposed CPG-based motion controller is
evaluated to be effective.

Key words: central pattern generator; self-
reconfigurable robot; structural design; motion simulation
DOI: 10. 3969/j. issn. 1003 —7985.2016. 03. 006

modular

obile robots with specific capabilities and fixed
M morphology are applied in well-defined environ-
ments for the given tasks. The applications of the
wheeled and tracked mobile robots have achieved notable
However, uncertain environments and various
tasks require robotic systems capable of flexible locomo-

tion. However, the more versatile the mobile robots, the

success.

more they cost.

In 1980s, Fukuda et al.'" proposed a modular self-
reconfigurable robotic system named CEBOT, which can
reconfigure itself to adapt to various tasks and uncertain
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environments. In general, the modular self-reconfigurable
robot (MSR) is a robotic system which contains a collec-
tion of simple modules. It can change its configuration by
rearranging the connectivity of each module, in order to
adapt to new circumstances, perform new tasks, or recov-
er from damage. Compared with the conventional mobile
robots, the MSRs have advantages such as self-adaptabili-
ty, self-repair, scalability, and low-cost'”. In this pa-
per, a five-DOF homogeneous hybrid MSR with a self-
turning mechanism is designed. For the MDOF module,
a novel CPG-based controller which can generate multiple
output modes is also proposed.

1 Related Work

Remarkable progress has been made in the MSR mod-
ule design, reconstruction planning, and docking methods
during the last three decades. Some typical MSRs are
shown in Tab. 1. Based on the geometric arrangement of
modules, the MSRs are divided into three categories, i.
e. chain, lattice, and hybrid types. The robots can also
be classified by the structure of the modules™, i. e.
homogeneous and heterogeneous systems. PolyBot' and
CONRO" are chain systems. The movement of the chain
systems is performed by the locomotion of the assembled
robot. M-Cube'” is a lattice system which has six rota-
tional faceplates for connecting. The movement of lattice
systems is implemented by reconstruction planning. Hy-
brid systems combine both the advantages of the chain
and the lattice systems, i. e. MTRAN', SuperBot“O],
and Roombot''".

Self-assembly is one of the remarkable capabilities of

Tab.1 List of typical MSRs

System Class Joints  Mobility  Turning precision
PloyBot!*! Chain P(1) No No
CONRO!D! Chain PY(2) No Low
ModRED!®! Chain  PTRP(4) Yes Low
M-Cube!”! Lattice No No No
Sambot!®! Hybrid P(1) Yes High
MTRAN!! Hybrid PP(2) Yes No
SuperBot! %! Hybrid  PRP(3) Yes Low
Roombot! ! Hybrid RRR(3) Yes Low
SMORES!'?!  Hybrid PRRR(4) Yes High
iMobot! 3! Hybrid RPPR(4) Yes Medium
Xmobot Hybrid RRRPP(5)  Yes High

Note: R = Rotary joint, T = Translational joint, P = Pitch joint, Y =
Yaw joint.
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the MSRs. In the self-assembly process, the active mod-
ules adjust the position and angle deviations with respect
to the passive modules. In order to promote the efficiency
of the self-assembly, the mobility of the modules must be

[14-15]
can per-

enhanced. Three assembled chain modules
form rectilinear, lateral shift and turning motion. The
four-DOF ModRED'' can perform rectilinear and turning
motion. Based on the structure of MTRAN, SuperBot'"”’
added a rotary joint to make the module more flexible.
iMobot'"”! added two chip-shaped wheels at the two ends
of the module. The angle adjustment is the most signifi-
cant step in the self-assembly process. The chain systems
can adjust the angle deviation by bending the middle
joint'™.  SuperBot'”, iMobot'"”, and ModRED'"” can
perform the turning motion by spinning the rotary joint.
However, the accuracy of the angle adjustment is low.
Sambot'™ and SMORES'? with differential wheels can
easily perform the angle deviation adjustment.

Owing to the characteristics of MSRs, the motion con-
troller of the MSRs should be adaptive. The controllers
are subdivided into high-level and low-level controllers.
The high-level controller includes the hormone-based con-
troller™, the ESL controller™, the role-based control-

ler'®

However,
the joint motors of the MSRs are directly controlled by

the low-level controller, i.e. gait table™, harmonic os-

, and the constraint-based controller!'”.

cillator based controller'", and phase automata® . Gait
table and phase automata are easy to implement. Howev-
er, the gait transition of the robots is abrupt. Both con-
trollers are off-line preplanned and lack sensory feedback.
Therefore, the MSRs cannot adapt to complex environ-
ments. The harmonic oscillator-based controller has less
control parameters and can be integrated with simple sen-
sory feedback. However, the gait transition is also ab-
rupt. The central pattern generator (CPG) is a neural net-
work, which describes how the vertebrate motor control
system works!”’. The CPG-based controller has fewer
control parameters, and it can be integrated with various
sensory feedback. The topology of the CPG network can
be changed with the reconstruction of the MSRs. The
CPG-based controllers have already been applied for con-
trolling the MSRs"* ™",

2 Mechanical Design

Xmobot, which belongs to the homogenous and hybrid
type, is shown in Fig. 1(a). Fig. 1(b) shows the proto-
type of the Xmobot module. The module has a symmetri-
cal mechanical structure. The dimension of the module is
70 mm x 70 mm x 227 mm. The module consists of a
front part, a middle part, and a rear part. Two pitch
joints and three rotary joints make the module flexible.
The middle part is a self-turning mechanism which is de-
signed to adjust the direction precisely. As shown in Fig.
1(c), the module has two modes when the self-turning

mechanism is in different states. The module can switch
the modes by synchronously rotating the first and third ro-
tary joints. The two pitch joints rotate downward to raise
the middle part. In order to avoid being obstructed by the
ground, the rotating angle of the two pitch joints must be
greater than 7. 2°. The self-turning mechanism is com-
posed of a cuboid frame and two supporting disks. When
the module is in mode B, the center of gravity of the
module focuses on the bottom support disk. The front and
the rear parts of the module are lifted off the ground. The
module can perform precise turning motion through the
proposed self-turning mechanism. The detailed self-as-
sembly procedure of two modules is presented in Fig. 2.
The static module is called the passive module. The mov-
ing module called the active module adjusts its position
and angle deviation to dock with the passive module. The
X-axis deviation, Y-axis deviation, and angle deviation
are adjusted in turn.

Mode A

(e)

Fig.1 The proposed Xmobot module with five independent
DOFs. (a) CAD model; (b) The prototype; (c) The switching proce-
dures of mode A and mode B
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Fig.2 The self-assembly process of two Xmobot modules
3 Kinematic Analysis

In order to analyze the workspace of the proposed
Xmobot module, the kinematic schematic of the single
module is illustrated in Fig. 3, where the corresponding
coordinates are attached to each joint and the two end-
points. The mechanical dimensions are indicated in the
figure. The joint variables are represented by §,. Based
on the kinematic schematic in Fig. 3, the transformation
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matrices '*' T, for each joint are calculated as
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where cos#, and sing, are abbreviated to C, and S, respec-
tively.

Fig.3 The kinematic schematic of the single module

One endpoint of the module in X,Y,Z, coordinate is
fixed on the ground. The workspace of the Xmobot mod-
ule is shown in Fig. 4.

4 Central Pattern Generator for Modules

A CPG-based controller proposed for Roombot has

three output modes, i. e. the oscillation, the rotation,

and the fixed modes™"'. However, the controller is so
complex that each joint is controlled by an oscillator. In

this case, the proposed Xmobot module with five DOFs

Workspace of
the end point

N

End point in
X6 Y6 Z6
coordinate

End point in
X Y02,
coordinate

Fig.4 The workspace of the single module simulated in the
MSC. Adams

must be controlled by five mutually coupled oscillators.
The equations of each oscillator are expressed as

6, = 2mw, + z w,sin(0;, — 6, — ;)
J 7)
X, = b(X, -x) (

i

7, =a,(R, —r,)

i

where r,, x;, and @, are the state variables which stand for
the amplitude, the offset, and the phase, respectively;
w; and @ are the coupling weight and phase bias between
the i-th and the j-th oscillators, respectively; a, and b, are
the positive constants which determine the rise times of
the amplitude and the offset to the desired values R, and
X;; R,, X;, and w, are the intrinsic control parameters for
the desired amplitude, offset, and frequency of the oscil-
lators.

The two pitch joints of the Xmobot module perform an
oscillatory motion. The three rotary joints perform a rota-
tory motion. To maintain the posture of the assembled ro-
bots, the certain joints should be fixed at the target posi-
tion. Therefore, the control signal must be derived with
different functions corresponding to the desired move-
ments. The output ¢, of the CPG-based controller is given

by

r;sinf; + x; Oscillation
@, =16, Rotation (8)
X, Fixed

i

The output function is used to control the oscillation,
the rotation, and the fixed motion. The output exhibits
limit cycle behavior in the oscillation mode. For the rota-
tion mode, a constant-speed profile is generated. The
third mode allows the controller to lock a joint at the
fixed position. The frequency of each oscillator is typical-
ly set to be equal. The rotation joint is controlled by the
output 6, of each oscillator which largely depends on the
frequency w,. Therefore, the oscillation and the rotation
modes can be controlled by the same oscillator. The scale
and the complexity of the CPG network are reduced. The
CPG-based controller proposed in this paper merely uses
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two oscillators to control the module with five joints. The
schematics of the CPG-based controller for the single
module are presented in Fig.5. Two oscillators mutually
coupled are applied to produce the basic synchronous sig-
nal. The first pitch joint and the first rotary joint of the
single module are controlled by the i-th oscillator. The
second pitch joint and the third rotary joint are controlled
by the (i + 1)-th oscillator. The second rotary joint is
controlled by the sum of the two oscillators. The output
functions are given as

7 = (r,;sing, +x,)u(t—1,)
b =k Ou(t—1,)
¢fzzkfz(9i+9i+l)l/«(t_t3) 9
d’fl = k$30i+1/‘1‘(t_ t4)
Qbfl =(r,,,sing, | +x; Ju(r-15)
where the step function u(t - ¢,) is used to determine
when the control signal is applied to the corresponding

joint. The parameter k" is used to control the angular ve-
locity ratio of the rotary joints.

Fig.5 The schematics of the CPG-based controller proposed
for the Xmobot module

The proposed CPG-based controller is analyzed through
the Simulink. The impacts of the amplitude, the offset,
the phase bias, and the frequency on the output of the
CPG-based controller are calculated. The results are pres-
ented in Fig. 6. The angle deviation of the two oscillators
converges to a stable value which is determined by the
phase bias ¢,. The period of the oscillators is determined
by the frequency w,. The amplitude and the offset deter-
mine the oscillation range and the equilibrium position.

5 Locomotion Experiments and Simulation
5.1 Motion of single module

The Xmobot module in both modes can perform two
types of inchworm-like movements. The mobility of the
single module in both modes A and B has been evalua-
ted. The results demonstrate that the maximum moving

Amplitude Offset Frequency Phase bias
O change  change change change
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Fig. 6 Synchronization behavior of two coupled oscillators for
the single Xmobot module. (a) Two pitch joints in the oscillatory
mode; (b) Three rotary joints in rotational mode; (c) The angle devia-
tion of the two oscillators

distance of the module in mode A is 11.0 cm. The maxi-
mum moving distance of the module in mode B is 8. 8
cm. As shown in Fig. 7, the module in both modes per-
forms two different gaits.

The performance of the proposed self-turning mecha-
nism was tested. The module can perform two types of
turning motion. The first one is the same as the Super-
Bot"” which rotates the first or the third rotary joints in-
dependently. The experimental result of the turning mo-
tion performed by the module in mode B is shown in Fig.
8. The average angle per rotation step in the experiments
is 22.5°. The accuracy of this motion is affected by the
mechanical dimensions and the friction. In addition, the
rotation center of the module is not fixed. This will result
in the changes of the previous calculation of the horizontal
and the vertical deviations. Overall, this type of turning
motion has drawbacks of unfixed rotatory center and low
adjusting accuracy. As shown in Fig.9, the module per-
forms the turning motion by the self-turning mechanism.
It can be seen that the module in mode B turns at a fixed
center. Due to the mechanical error of the gears, the ac-
curacy of the angular adjustment is nearly 2°. The
Transmote'"” performs the turning motion by bending its
joints. However, the accuracy of the turning motion per-
formed by Transmote is heavily influenced by the friction.
The adjustment accuracy of the Transmote module is 3. 1°.
Therefore, the proposed self-turning mechanism for Xmo-
bot module is evaluated to be effective.

5.2 Locomotion simulation of H-shaped robot

The performances of the proposed CPG-based controller
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(b)

(d)

Fig.7 Rectilinear motion experiments in which the module performs the two gaits in different modes. (a) Gait 1 in mode A; (b) Gait

2 in mode A; (c¢) Gait 1 in mode B; (d) Gait 2 in mode B

0 X 0 X

Fig.9 The turning motion of the module in mode B with the proposed self-turning mechanism (unit: mm)

were evaluated through the co-simulation of Matlab/Sim-
ulink and MSC. Adams. The topology of the CPG net-
work and the H-shaped configuration assembled by 9
modules are shown in Fig. 10. The H-shaped robot can
perform the flexible locomotion of quadruped, snake,
and wheeled vehicle. When the H-shape robot performs
the snake-like locomotion, the joints of the ninth module
are fixed at the initial position, and the other joints per-
form sinusoidal motion. Therefore, the outputs of the
17th and the 18th oscillators are set as 0. The output
modes of the other oscillators are oscillation. Both the left
and the right sides perform the same serpentine locomo-
tion which is presented in Ref. [22]. The parameters of
the oscillators are determined by

K 2mK 2mK
0.(0) =2asin(wN”)sin( T “t + T

i3 N i) (10)

where « is the winding angle of the serpenoid curve; K,
is the number of periods in the serpenoid curve; N is the
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Matlab/Simulink MSC. Adams/A View
Fig. 10 The simulation of the H-shaped robot assembled by
the Xmobot module performed by the Matlab/Simulink and
MSC. Adams
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number of the joints; L is the total length of the snake-
like robot.

After determining the parameters, the outputs of each
oscillator are presented in Fig. 11. The oscillators start
from the initial state, and synchronize gradually. The
simulation animation of the snake-like locomotion in
MSC. Adams is shown in Fig. 12. The H-shaped robot
performs a snake-like locomotion. The simulation results
are presented in Fig. 13. The H-shaped robot moves along
the Z-axis. The average velocity of the H-shaped robot is
about 15.2 m/min. Owing to the influence of the fric-
tion, the H-shaped robot has direction deviation.

0.8r r r
0.6 Osc,
0.4 6_362
k 0
5 0.2 SC3
B —
54 Osc
: O —
£-0.2 e
= Oscg
-0.4
Osc,
-0.6 —
Oscyg
-0.8 1 1 1 1 1 1
0 0.5 1.03.0 3.5 4.019.0 19.5 20.0
t/s t/s t/s
(a) (b) (¢)

Fig.11 The outputs of each oscillator when the H-shaped ro-
bot performs snake-like locomotion. (a) 0 s<t<1s; (b) 3 s<r<
4's; (¢) 19 s<t<20s
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Fig.12 The H-shaped configuration performing the snake-like
locomotion. (a) t=0s; (b) t=0.99s; (c) t=1.98s; (d) t=2.97
s; (e) t=3.96s
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Fig.13 The simulation results of the COM position when the
H-shaped robot performs the snake-like locomotion

Besides, the H-shaped robot can also perform a
wheeled motion. As shown in Fig. 14, the four end joints
of the H-shaped robot act as wheels. The moving direc-
tion of the robot is along the X-axis. The positions of the
second, the seventh, the tenth, and the fifteenth oscilla-
tors are fixed at — w/4, and the positions of the third,
the sixth, the eleventh, and the fourteenth oscillators are
fixed at m/4. The others are fixed at the initial position
except for the first, the eighth, the ninth, and the six-
teenth oscillators which are used to control the wheels.
The simulation results are presented in Fig. 15. Due to the
square shape of the Xmobot modules, the vertical posi-
tion of COM oscillates periodically. As shown in Fig. 16,
the front or rear part is rotated around the point O. The
vertical position of the COM is calculated by

% :Hsm(a +45°)

11
> Vi (11)

A Z
(a) (b)
Qe Qi
, T , P
AL A
() (d)
2;

(e)
Fig. 14 The H-shaped configuration moving like a wheeled ve-
hicle. (a) r=0s; (b) t=1.13s; (c) t=2.18s; (d) t=3.24s; (e)
t=4.31s
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Fig. 15 The simulation results of the wheeled motion per-

formed by the H-shaped robot
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Fig.16 The geometry analysis of the wheel-driven movement

The relationship between the angular velocity and the
velocity are calculated by

B Ho sin(a +45°)

12
v, 5 (12)

The average velocity of the H-shaped robot in the
wheeled mode is about 20. 1 m/min. The parameters of
the CPG controller were set to be equal when the H-
shaped robot performed the snake-like and the wheeled
motions. The mobility efficiency of the wheeled mode is
higher than that of the snake-like mode. In conclusion,
the proposed CPG-based controller can be easily imple-
mented in the designed Xmobot.

6 Conclusion

A flexible modular self-reconfigurable robot—Xmobot
is designed, implemented, and simulated. A novel self-
turning mechanism is designed to solve the inaccuracy
problem of the angle adjustment in the self-assembly
process. Owing to the different positions of the self-turn-
ing mechanism, the module has two modes.
mode, the module can perform two types of turning and
rectilinear movements.
module moves per gait cycle is 11.0 cm. The angle ad-
justing accuracy is increased to 2°. A CPG-based control-
ler is proposed to control the motion of Xmobot. Only
two oscillators are utilized to control the module with five
joints. The CPG-based controller has three output modes,
i. e. oscillation, rotation, and fixed modes. In the simu-
lation, the proposed CPG-based controller was applied to
control the locomotion of the H-shaped robot. The simu-

In each

The maximum distance that the

lation results show that Xmobot can perform flexible loco-
motion through the proposed CPG-based controller. The
velocities of the H-shaped robot in the two motions are
15.4 and 20. 1 m/min, respectively.
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