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Development of an Omnidirectional Modular Robot

Fernando Lucio-Reyna (°), Ricardo Tapia-Herrera
Lizardo-Parra

Abstract—The concept of modularity in mobile robots has
been aimed to enhance their capabilities, including functionality,
adaptability, or robustness. However, modularity often involves
the complex design of robotic modules. In this context, this paper
introduces the development of a reconfigurable modular mobile
robot in differential drive configuration, which main advantage
is the generation of an omnidirectional mobile robot when at
least two modules are coupled, in consequence, mobility and load
capacity are increased. Each robotic module comprises a frame,
two Mecanum wheels, a controller, and an active connection
mechanism designed to simultaneously perform two functions:
1) locking a module-to-module connection, and 2) automatic
reconfiguration of the robot’s architecture by lifting a freely
rotating spherical wheel. Owing to the integration of Mecanum
wheels, the kinematic analysis of differential drive configuration
considers the influence of a rollers’ angles relative to the robot
frame, allowing the model to be extended to a system with n
coupled modules. To validate the kinematic models, a multibody
simulation was conducted using Simscape Multibody Link™.
Finally, a prototype is presented to showcase the modularity
capability, including the docking and undocking process, as well
as the omnidirectional mobility, even in the presence of backlash.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9673

Index Terms—Omnidirectional robot, modular robot, mobile
robot, kinematics, mecanum wheels

I. INTRODUCTION

ODULAR robots are systems with enhanced and ex-
tended functionalities resulting from the combination
of simple robotic modules capable of reconfiguring themselves
into different arrangements. Modular robotic systems (MRS)
can perform tasks that individual modules are unable to
accomplish independently. The modules in an MRS can be
classified as homogeneous if they possess the same character-
istics in terms of functionality, geometric design, processing
capabilities, and power supply. If any of the above conditions
are not met, the modules are considered nonhomogeneous [1].
Additionally, in [2] is proposed a classification based on the
geometric configuration of modules, which includes lattice,
chain, and mobile architectures.
Omnidirectional robots have the capability to move in any
planar direction without changing the orientation of its chassis
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or wheels [3]. When omnidirectional and modularization con-
cepts are combined, novel drive configurations can emerge.
This concept was introduced in [4] and later explored by
[5], where are proposed robotic modules that employs either
standard or Mecanum wheels to form new configurations when
they are coupled. In [6], an active tractor-trailer system is
designed, with two standard wheels for the tractor and two
nonpowered Mecanum wheels for the trailer module. Davis et
al. [7], [8] propose a modular system that forms a holonomic
drive with three omnidirectional wheels focused to develop
cooperative tasks and self-repair. Similarly, in [9] is designed
an omnidirectional modular robot based on omni-wheels and
active docking mechanisms, this robot is capable of per-
forming self-repair while the robot group maintains collective
motion. Yunwang et al. in [10]-[12] propose and analyze the
omnidirectional mobility of multiple configurations resulting
from different connection types between individual robots,
such as end to end, side by side, symmetrical-rectangular, and
distributed combination.

The reconfiguration of omnidirectional robotic platforms
has been a topic of interest in research, due to advancements in
technological tools. In this context, for four-wheel Mecanum
robots, two configurations are commonly used: Type-X and
Type-O [13]. However, researches as [14], [15] demonstrate
the possibility of reconfiguring the chassis of four-wheel
Mecanum robots from the Type-X configuration to a four-in-
line arrangement, to accomplish exploration tasks in narrow
areas. A similar concept is introduced in [16], where are
studied the motion performance and transformation process
between I shape and C shape of a robotic omnidirectional
platform. In [17] is designed and analyzed an omnidirectional
reconfigurable wheeled robot capable of switching between
omnidirectional and conventional wheeled modes to perform
holonomic movements over inclined surfaces and achieve
energy-efficient movements. Likewise, [18] proposes a drive
model that adjusts the wheel spacing between omnidirectional
drives, allowing reconfiguration and omnidirectional mobility
simultaneously. Parween et al. [19] present an interesting
concept of a differential mobile robot capable to reconfig-
ure the position of its drives to navigate through different
areas, although it lacks omnidirectional motion. Additionally,
Karamipour et al. [20] presented the design, analysis, and
simulation of a reconfigurable mobile robot characterized by
adjusting the chassis width and length through specific motion
modes of its omnidirectional wheels. Moreover, industrial
applications have been developed by Kuka Robotics with the
design of omnidirectional drive technology [21].

Modularization of omnidirectional robots has been explored
generally when they are fully assembled to perform holonomic
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motion. In contrast, this paper proposes the development of
nonhomogeneous modular mobile robots in differential drive
configuration using Mecanum wheels. These modules have
the capability to connect with each other, to generate an
omnidirectional mobile robot, in consequence its load capacity
and mobility will increase. The proposed robot possesses
the characteristic of reconfiguration, which is achieved when
individual modules are coupled through an active connection
mechanism. Owing to the integration of Mecanum wheels, the
kinematic analysis of differential drive configuration considers
the influence of a rollers’ angles relative to the robot frame,
allowing the model to be extended to a system with n coupled
modules.

The article is organized as follows: Section 2 describes the
conceptual design of the modules and their coupled configu-
ration. Section 3 presents the kinematic analysis based on the
determination of the inverse Jacobian matrix. In Section 4 are
performed numerical simulations using Simscape Multibody
Link™ software, and the prototype is introduced. Finally,
conclusions are given in Section 5.

II. METHODOLOGY

The proposed robot is based on the concepts of reconfigu-
ration and modularity, which imply variations in its structure,
particularly in its type of locomotion. From a kinematic per-
spective, changes in locomotion require modeling the robot in
differential drive configuration, under the assumption that this
model can be extended to other configurations derived from
the connection of multiple modules. Therefore, subsequent
sections describe the proposed platform, its operation, and the
mathematical concepts used to model the robot.

A. Platform Description

As shown in Fig. 1, the proposed architecture consists
of two nonhomogeneous mobile robots in differential drive
configuration. Each module comprises a main frame, a power
supply system, a controller (Arduino Nano ®), two micro gear
motors with a peak torque of 2 kg-cm at 30 rpm (298:1 ratio),
an active connection mechanism, a spherical wheel that brings
stability to the robotic module, and male/female connectors. In
individual mode, modules exhibit the characteristic motion of
differential drive robots, i.e. forward/backward movement and
rotation. However, due to their nonholonomic nature, modules
cannot move directly sideways. This limitation is overcome
when at least two modules are connected, because Modules
I and II incorporate Type A-B Mecanum wheels arranged in
opposite orientations, in which case the system behaves as a
holonomic robot.

B. Connection Mechanism and Modules Reconfiguration

Different designs of interlocking mechanisms have been
proposed to reduce the misalignment and offsets, such as using
plates with locking fingers [26], retracting hooks [27], pin-hole
systems [28], or adapting mechanisms [29]. The choice of a
connection mechanism will depend of the specific applica-
tion of the Modular Robotic System (MRS), the allowable
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tolerances, and the coupling/decoupling strategies. For the
proposed robot, modules achieve automatic reconfiguration
through the implementation of the active mechanism that
enables a quick and secure coupling between modules under
the pin-hole principle. As shown in Fig. 2, the mechanism
comprises: a) a latch arm rigidly connected to a spherical
wheel, b) a servomotor that rotates the latch arm +53, and
¢) a set of male/female connectors.

Module 11

Module I

Load

Main frame j
Type-B \

i
Mecanum wheel & @

Controller

.z
.t &
.
Batery / W Male connector
Type-A
Mecanum wheel Spherical wheel

Fig. 1. Omnidirectional modular robot concept.

Locking Pin
Latch arm €

\\ Locking Holes

Servomotor

iw

5 -
- —
- " Female connector
Male connector

Spherical wheel

Fig. 2. Detailed view of the active connection mechanism.

For coupling, the modules in a differential drive config-
uration must approach one behind the other with the same
orientation, which allows proper alignment of the male and
female connectors. As shown in Fig. 3, the reconfiguration
from differential drive to omnidirectional robot occurs once
the male connector is inserted into the female connector. Sub-
sequently, the servomotor rotates the latch arm 53° clockwise,
inserting the arm’s pin into the locking holes. Simultaneously,
the arm lifts the spherical wheel a distance s to prevent ground
interference during omnidirectional operation, this condition
must be met in both modules. During decoupling, rotating
the latch arm 53° counterclockwise unlocks the modules and
at same time lowers the spherical wheel, restoring stability
in differential drive mode and enabling reconfiguration from
omnidirectional to differential locomotion.

C. Kinematics

The kinematic analysis of the module considers characteris-
tics such as the number of wheels, its geometric arrangement
of the wheels, and the angles of the rollers relative to the robot
frame. Additionally, it is assumed that the spherical wheel
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Fig. 3. Section view when two modules are coupled

does not induce any interference or restrictions to the robot’s
motion.

D. Kinematics for Differential Drive Configuration

The velocity vectors are shown in Fig. 4, where R represents
center of rotation in differential drive configuration, and (xR,
yr) defines the local reference frame of the robot. Axes F;
and S; correspond to the local reference frames of the wheels
i = 1,2, d is the distance from origin R to the center of the
wheel O; along the yr direction. The total velocity at each
wheel, Vg;,, is decomposed into the tangential component due
to the wheel rotation Vg;, and the component due to the roller
rotation V,.; at the contact points O;. It is assumed that there is
no slip between the contact points O; and the ground. Finally,
w is the angular velocity of the module about zp axis.

0,

Fig. 4. Coordinate systems and velocity vectors for differential drive
configuration.

According to [30], for a Mecanum wheel, the posture
kinematic model with respect to the reference frame I, is given
by the following expression:

[e(Bi =) s(Bi =) Lis(Bi — i — )] "€ = —r¢gis(v)

6]
Here, s = sin, ¢ = cos, r is the radius of the wheels, ¢;
is the angular velocity of the wheel 7 about its own rotation
axis, l; and «; define the position of the origin O; with
respect to the robot frame R, [3; is the angle between .S; and
TR, and ; is the angle of the rollers relative to the wheel
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plane. The velocities in the local robot frame are given by
R¢ = [ig,yr,w|T, such that 1¢ = 'RREE, where 'Ry is
the rotation matrix that transforms the velocities from local
frame R to the global reference frame I. Consequently, for
each module, it is possible to express its inverse kinematics
from equation 1 in the following form:

o1 1 C(ﬁz—’))’l) S(BE—’)Yl) 118(/31(—’71)—%) o
[QOJ - o lC(EZ%%) 8(2211“/2) 125(557712@)] & @
s(72) s(72) s(72)

equation (2) is expressed in terms of the inverse Jacobian
matrix as follows:

I — . . T
gsz Her dr ]’ ©
with:
1 1 -6(5%—’;1) 5(53—')71) llS(ﬁl(—’n)—al)
I =0 ety s ) bsBiman| @)
L s(y2) s5(v2) s5(v2)

The direct kinematics of the module can be obtained using
the Moore-Penrose pseudoinverse. That is, if J -1 ¢ Rmxn
with m < n and J=! = A, then J = AT(AAT)~1, conse-
quently the velocities for the differential drive configuration
are expressed in the local frame R by:

RE=Tlpr @]

&)

E. Kinematics of k and k + 1 Modules Connection

Based on (1), the kinematics of the coupled robot can be
obtained by considering that point R is located at the new
geometric center a distance 0.5d due to the connection between
modules k£ and k + 1. As shown in Fig. 5 the axes E; j, S; i
with origin at O; j, are associated with each wheel ¢ of module
k. Therefore, the inverse Jacobian in a system of n modules
is constructed as:

c(B1,1—71,1) 5(B1,1—71,1) lias(Bri—v,1—ai11)
s(v1,1) s(v1,1) s(v1,1)
c(B2,1—72.1) s(B2,1—72.1) l215(B2,1—v2,1—02,1)
Jl— _1 s(72,1) s(72,1) s(72,1)
r . . .
c(B2,n—=72,n)  5(B2,n—72,n) l2,n5(B2n—72,n—Q2.n)
s(v2,n) s(v2,n) s(v2,n)
(6)
Finally, the ¢, n wheel velocities are obtained from:
o1,1
02,1 .
S| =37 (7
41.02,71

Under the assumption that in (6) m > n, it follows that the
Jacobian matrix can be expressed as J = (AT A)"1AT, with
A = J~!. Consequently, the robot’s velocities in the inertial
reference frame [ are given by:

®1,1
I Va s Y21
§=|Vy| ="RgrJ : ®)
w :

952,77,
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Fig. 5. Coordinate systems and velocity vectors due to the wheels
mounted on the chassis when modules k& and k 4 1 are connected.

where:
c(@) —s(@) 0
TRp=[s(0) ¢(0) 0 )
0 0 1

III. CASE OF STUDY

As mentioned above, due to the wheels arrangement, the
modules are nonhomogeneous, resulting in different Jacobian
matrix for each module. For Module I, are considered the
following parameters: [y = lo = d = 66 mm, r = 27 mm,
a1 = 180, g = O, 51 = —180, ﬂg = 0, Y1 = —45, Y2 = 45.
For Module II the parameters are: [y = lo = d, oy = 180,

as =0, f1 = —180, B2 = 0, y1 = 45, v9 = —45. The inverse
kinematics for Modules I and II is then given respectively, as:
1 1[-1 1 V2d| g

. == 10
R R

o1 1[-1 =1 V2d] g:
. =—— 11
[902]11 T{ 1 -1 Vad IT o b

For a four-wheel Mecanum robot, the parameters are defined
as follows: a1 = 45, a1 = —45, a1 o = 135, a9 = —135,
Bi1 = B2 =-90, B21 = P22 =90, 1,1 = 2,20 = —45
and Y91 = Y12 = 45, li1 = log = lig = o = 2Vd.
Substituting these values into (6) and (7), the angular velocities
of the wheels are:

¢1.1 1 1 —2d

Gor| _ 1|-1 1 24|,

1| r|-1 1 —2d {r (12)
$2.2 1 1 2d

In the case of a six-wheel Mecanum robot, the parameters are
defined as follows: a1 = 26.57, a1 = —26.57, a1 2 =
90, Q22 = —90, o113 = 153.43, Q23 = —153.43, 61,1 =
Bi2 = P13 = =90, Bo1 = Poa = Bz = 90, y1,1 = —45,
V2,1 = 45, y12 = —45, y22 = 45, y1,3 = 45, 12,3 = —45,

1171 = l271 \/d2 O5d 112 = l22 = O5d l13 =
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la.3 = /d? + (0.5d)2. Substituting these parameters into the
kinematic equations, yields:

D1,1 -1 1 05d+d
V2.1 1 1 0.5d+d
P12 71 -1 1 0.5d :
oo r |1 1 0.5d | °F (13)
$1,3 -1 -1 0.5d+d
¥2.3 1 -1 05d+d
Last case considers the connection between four modules,
the parameters to consider are: oy,; = 18.43, ap 1 = —18.43,
Q12 = 45, Q292 = —45, 13 = 135, Q23 = —135, Q14 =

161.57, ag 4 = —161.57, B11 = B12 = P13 = B1,4 = —90,
B2 = B2 = B23 = Baa = 90, M1 = —45, vo,1 = 45,
Y12 = —45, y22 = 45, 713 = 45, 23 = —45, 714 =
45, yo4 = =45, l11 = lag = +/(0.5d)% + (0.5d + d)2,
liog =loo =05V2d, l13 =l = 05V2d, l14 = log =

V/(0.5d)2 + (0.5d + d)2, resulting:
[o11] -1 1 2d]
@2’1 1 1 2d
P12 -1 1 d
Gop| _ 1|1 1 d],
¢1,3 - r _1 _1 d gR (14)
2,3 1 -1 d
$1.4 -1 -1 2d
| $oa) 1 -1 2

IV. SIMULATIONS AND RESULTS

To validate the kinematic models, numerical simulations
were carried out. The analytical models based on (7) and (8)
were programmed in MATLAB Simulink™, while multibody
simulations were developed using Simscape Multibody Con-
tact Forces Library™. For multibody simulations, four simula-
tion scenarios are proposed: 1) differential drive configuration
(Fig. 6a); 2) four-wheeled robot (Fig. 6b); 3) three connected
modules (Fig. 6¢), and 4) four coupled modules (Fig. 6d).
In each scenario, the contacts between the rollers and the
fixed element (ground) were established. It is important to
mention that each roller has free relative rotational motion
with respect to the covers of the Mecanum wheels (yellow
elements). Furthermore, the spherical wheel of the active
connection mechanism is also in contact with the ground. The
Simulink™ simulation uses the ode4 Runge-Kutta numerical
method. Constant parameters for wheel radius r and distance
d were set to r = 27.3 mm and d = 66 mm.

A. Simulation Results

As first simulation scenario is proposed a single module
executing the following routine: 1) &g = 80 mm/s, yr =
0mm/s, w=0.3 rad/s, 2) tg = 80 mm/s, yr = 0 mm/s,
0 rad/s, 3) & = 0 mm/s, yp = 0 mm/s,
w = —0.3 rad/s, and 4) i = —80 mm/s, yp = 0 mm/s,
w = 0 rad/s. Fig. 7(a) and 7(b) display the displacement of
point R in the X, Y7 plane. Despite the presence of an error,
the paths traced by the multibody and analytical models are
similar. The error along axes X is RMSE = 8.7312 mm and
Y is RMSE = 20.1492. It is observed in Fig. 7(c) and Fig.

w =
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a)

b)

c)

d .

Fig. 6. Multibody simulation scenarios: (a) differential drive config-
uration, (b) four-wheeled robot, (c) three modules coupled, and (d)
four modules coupled.

7(d) that linear and angular velocities fluctuate around their
reference values. The corresponding RMSE values for Vz,
Vy, w and 0 are: 2.7257 mm/s, 3.7885 mm/s, 0.0305 rad/s
and 0.0398 rad, respectively.
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Fig. 7. Simulation results of a single module: (a) trajectory in
the X7,Y7 coordinate frame, (b) displacement along X7, Y7 axes,
(c) robot velocities along X, Y7 axes, (d) angular velocity and
orientation angle of module around Z; axis.

In the second simulation scenario, a four wheeled Mecanum
robot integrated by two modules is proposed to execute the
following routine: 1) £z = 0 mm/s, yr = 120 mm/s, w =
—0.45 rad/s, 2) ¢r = 120 mm/s, yr = 60 mm/s, w =
0 rad/s, 3) g =0 mm/s, yr = 120 mm/s, w = 0 rad/s,
and 4) £p = 0 mm/s, yr = 0 mm/s, w = 0.45 rad/s. As
in the previous case, there is a variation between the paths
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obtained from the analytical and multibody models (Fig. 8(a)
and Fig. 8(b)). The RMSE values along X; and Y; axes are
72.55 mm and 24.79 mm. Fig. 8(c) and Fig. 8(d) illustrate
the behavior of angular velocity and orientation, with a RMSE
of 0.0306 rad/seg and 0.0541 rad, respectively.
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Fig. 8. Simulation results of two modules coupled: (a) trajectory on
the X7,Y7 coordinate frame, (b) displacement along X7, Y7 axes,
(c) robot velocities along X7, Y7 axes, (d) angular velocity and
orientation angle around Z; axis.

For the case of three modules coupled the routine to
execute is: 1) rotation around zg axis (g = 0 mm/s,
yr = 0mm/s, w = —0.45 rad/s), 2) displacement along ypr
(tr =0mm/s, yr = 120 mm/s, w = 0 rad/s), 3) simulta-
neous displacement along xx and yr axes (g = 120 mm/s,
yr = 15 mm/s, w = 0.45 rad/s), and 4) displacement along
xR axis (tg = 120 mm/s, yg = 0 mm/s, w = 0 rad/s).
Fig. 9(a) and Fig. 9(b) depict the path traced by the six-
wheeled robot, presenting RMSE values of 32.47 mm along
X7 axis, and 57.74 mm along Y7 axis. Fig. 9(c) and Fig. 9(d)
present the obtained linear and angular velocities, as well
as the angle 6 where the RMSE values are: 8.67 mm/s,
11.91 mm/s, 0.027 rad/s and 0.13 rad.

A final simulation was carried out to compare motion of
four coupled modules producing omnidirectional motion. The
proposed routine is the following: 1) translation along yr

(tr = 0 mm/s, yp = 120 mm/s, w = 0 rad/s), 2)
translation along xp (Eg = 120 mm/s, yr = 0 mm/s,
w = 0 rad/s), 3) rotation around zr (g = 0 mm/s,
yr = 0mm/s, w = —0.45 rad/s), and 4) simultaneous trans-

lation along x g,y R, and rotation around zp (£ = 120 mm/s,
yr = 15 mm/s, w = —0.45 rad/s). The comparative
between the traced paths of analytical and multibody models
is depicted in Fig. 10(a) and Fig. 10(b), exhibiting RMSE
values of 32.47 mm in X; and 57.74 mm in Y;. The
corresponding linear and angular velocities are presented in
Fig. 10(c) and Fig. 10(d), with RMSE values of 3.6488 mm/s,
7.0566 mm/s, 0.0173 rad/seg and 0.0364 rad

Despite the observed errors, there is similarity between the
data obtained from analytical and multibody models. This
indicates that the proposed kinematic model can be used
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Fig. 9. Simulation results of three modules coupled: (a) traced path
in the X7, Y; coordinate frame, (b) displacement along X, Y7 axes,
(c) robot velocities along X, Y7 axes, (d) angular velocity and
orientation angle around Z; axis.
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Fig. 10. Simulation results of four modules coupled: (a) trajectory on
the X7,Yr coordinate frame, (b) displacement along X7, Y; axes,
(c) robot velocities along X, Y7 axes, (d) angular velocity and
orientation angle around Z; axis.

for control design purposes and trajectory planning. On the
other hand, the existence of the error can be attributed to
some factors that kinematic model does not consider but
multibody model does, such as inertia, friction, and wheel
geometry that induces oscillations in the modules due to the
impact of rollers against the ground. Additionally, geometry of
connectors was designed to avoid or reduce the misalignment
between the £ and k£ + 1 modules, but real prototype present
backlash inherent to tolerances, and manufacturing process.
This backlash produces relative rotation between modules
around connection axis, resulting in orientation errors that
increase with the number of connected modules. To avoid
mechanical modifications, these errors could be minimized
with the appropriate control scheme. Therefore, it is necessary
to have a dynamic model that considers these factors for a
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better representation of the system.

B. Prototype Construction

In Fig. 11 is depicted a prototype, which was manufactured
using a feasible, cost-effective and straightforward manufac-
turing process. The prototype was printed in PLA, with a
weight of 1.250 kg when it is coupled. Its dimensions are
278.5 mm in length, 176 mm in width and 95 mm in height.
Each prototype integrates an Arduino Nano™, which has the
inputs and outputs required. Two output pins are employed
for PWM (1 PWM output for each motor) for speed control.
The DC motors are controlled by the L298N driver, for
communication, wireless has been adopted, each module has
HC-06 Bluetooth devices, operating as slaves once paired with
a master Bluetooth device e.g. smart-phone (Fig. 12).

Fig. 11. Real prototype: two single modules (top), and two coupled
modules (bottom).

Battery
(Ni-Cd 9.6v,

Bluetooth module
—|
(HC-06)
800mah)
l JTX [Rx
PWM

Voltage 5v Arduino Nano ® . H-bridge
regulator }7—" Direction (L298N)

lComrol signal
Servomotor
(HD-1440A)

Fig. 12. Electronic architecture for each module

To evaluate the robot’s performance, different tests were
conducted, focusing on the coupling process, omnidirectional
motion, and the decoupling phase. Video frames of these tests
are shown in Fig. 13 green arrow indicates the direction of
movement. During the coupling process, the connection mech-
anism accurately aligns both modules(frames 1-3), followed by
the rotation of the latch arm to complete the coupling (frame
4). Once the coupling is achieved, omnidirectional behavior is
demonstrated (frames 5-13). The decoupling process, shown
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TABLE 1

Modularity Module Coupled Module Connection Actuators for
locomotion Locomotion Reconfiguration Mechanism Locomotion
Hofbaur et al. [4] Unit drives —_— Omnidirectional —_— Active 2 per unit
by Mecanum or
steered wheels
Tatar and Cirebea [5] Unit drives —_ Differential drive, —_ Manual 1 or 2 per unit
omnidirectional,
combined
Liu et al. [6] —_ —_ Active articulated —_ —_ 3
tractor-trailer
Davis et al. [8] Unit drives —_— Omnidirectional —_— Active 1 per unit
by omni-wheels
Peck et al. [9] Differential Differential by Omnidirectional — Active 2 per module
modules omni-wheels by omni-wheels
Li et al. [10] Mecanum Omnidirectional Omnidirectional — Manual 4 per module
modules
Pasumarthi et al. [12] Mecanum Omnidirectional Omnidirectional — Active 4 per module
modules
He et al. [13] — Omnidirectional — Type X, Type O — 4 per module
Li et al. [14] —_— Omnidirectional —_— car, snake —_— 4 per module
Cheah et al. [14] —_— Omnidirectional —_— car, snake —_— 4 per module

Chi et al. [16]
Zakharov et al. [17]

Omnidirectional
Omnidirectional /

I Shape, C Shape
Omnidirectional,

4 per module

car mode
Omnidirectional
Differential by
steered wheels
Omnidirectional

Zhao et al. [18] —_—
Parween et al. [19] —_—

Karamipour et al. [20] —_

_ car, snake —_
_ Straight, Chevron, —_

— longitudinal and —

— 4 per module
conventional

4 per module
4 per module
Closed

4 per module
transverse

adjustments

in frames 14 - 16, involves the latch arm rotating to unlock
the modules.

Finally, Table I summarizes existing research contributions
in the field of modular and reconfigurable omnidirectional
robots. This table considers key features as: modularity which
describes the modules that comprise a complete robot. These
modules can be units, or robots, such as differential or
Mecanum. Another characteristic is the type of locomotion of
modules, this is important because it indicates their capability
to operate independently. Coupled locomotion refers to the
type of locomotion when modules are connected. Module re-
configuration denotes the property of modules to modify some
structural characteristic, as locomotion, shape or dimensions.
The connection mechanism indicates if modules connect auto-
matically or manually, this aspect is important for potential ap-
plications in self-repairing tasks. The number of actuators for
locomotion is relevant in energy consumption efficiency. These
features allow to establish a reference frame in the design of
modular and reconfigurable robots for holonomic motion, it
is possible to observe that solutions as presented by [9] and
[12] offer robustness to the modularity and reconfiguration.
In this sense, the proposed robot offers an alternative design
that incorporates a mechanism enabling structural variation,
allowing it to alternate between nonholonomic and holonomic
motion depending on the task to be performed.

V. CONCLUSIONS

This paper presented a modular mobile robot, including the
calculation of its kinematic model and corresponding multi-
body simulations. In this work Multibody simulations demon-
strate that holonomic motion can be achieved by connecting

and reconfiguring nonholonomic and nonhomogeneous robotic
modules. Modularity is achieved through the integration of an
active mechanism that rigidly connects two modules. The com-
bination of Mecanum wheels and the male-female connectors,
results in an omnidirectional robot with enhanced load and
motion capabilities. Additionally, the connection mechanism
allows reconfiguration, because when servomotor lifts the latch
arm, the passive spherical wheel lowers providing stability
in differential drive configuration. In contrast, if servomotor
lowers the latch arm, the spherical wheel lifts to prevent
interference with the ground in omnidirectional mode. Due
to the wheel arrangement, the Inverse Jacobian matrices differ
for Module I and Module II, a condition that is useful when
extending the methodology to the connected modules k& and
k 4+ 1. For n modules, the Jacobian matrix is generalized in
terms of the kinematic posture equations of the Mecanum
wheels, where their relative positions to the robot’s geometric
center influence overall the motion. Simulation results showed
similarity between the analytical and multibody models. This
is particularly relevant because the Multibody Toolbox has
demonstrated to be a robust computational tool for simulating
complex systems, such as omnidirectional mobile robots. In
alignment with the SDG, this work provides a platform that
can be used as an educational tool for teaching programming,
robotics, as well as for developing automation experiments
without the need for expensive laboratories during the early
stages of design. The capabilities of the coupling mechanism
were validated in a physical prototype. In preliminary test it
was observed that the geometry of mating connectors ensured
the centering, connection, and correct operation of robot in
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Fig. 13. Video frames of the docking and undocking process for the omnidirectional modular robot.

omnidirectional mode. However, despite the rigid connection
there was backlash between modules because due to materials
properties and manufacturing process. Additionally, because
robot operates under open-loop control scheme, difficulties for
alignment and driving modules are presented. To address these
limitations, the development of a cooperative control scheme
is proposed as future work to enable autonomous coupling.
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