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Abstract

This paper presents a modular reconfigurable robotic system for search-and-rescue oper-
ations in natural catastrophe scenarios, addressing the structural rigidity, limited energy
autonomy, and restricted victim-support capabilities of conventional rescue robots. The
contributions are organized into four dimensions. First, a modular mechanical architec-
ture is proposed in which modules operate independently or are interconnected through
a multifunctional flexible tube providing mechanical coupling, shielded communication,
wireless power transfer, and transport of vital supplies; a two-degree-of-freedom leg
module enables star-, snake-, worm-, and chain-like configurations. Second, a unified lo-
comotion model for both wheeled and legged configurations is developed through an
equivalent-radius formulation, and stability is analyzed using the Zero-Moment Point
(ZMP) criterion and the Linear Inverted Pendulum Model (LIPM). Third, a linear control
law is formulated to compensate for longitudinal, lateral-slip, and orientation errors,
while module coordination is achieved through a de-centralized, fault-tolerant status-
message protocol. Fourth, three proof-of-concept prototype versions of modular reconfig-
urable robots with servo-driven active interconnections were manufactured by additive
technologies. For Version 3, a Virtual Reality workflow integrating SolidWorks (version
SOLIDWORKS 2023), Blender (version Blender 4.4.3, Unreal Engine 5 version 5.8), and
Unreal Engine 5, with full-body inverse kinematics and physics-based simulation, was
used to evaluate sensor-driven motion and obstacle avoidance. The results demonstrate
the feasibility of a scalable platform able to adapt its locomotion and functional configu-
ration to post-disaster environments

Keywords: modular robot; reconfigurable robot; search and rescue robotics

1. Introduction

Robotic systems are progressively employed during natural disasters due to their
primary advantage of safeguarding rescue personnel while navigating hazardous in-door
environments [1,2]. Rescue robots are fundamentally utilized to execute some specific
functions [3]. An essential task is recognition and must be executed in the impacted region
to evaluate the circumstances for the effective deployment of search and rescue personnel
[1]. The potential victim search feature is an essential responsibility because victims must
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be identified initially to enable their rescue. Robots can traverse debris more effectively
than humans, facilitating quicker victim recovery by rescuers. Rubble removal operations
in search and rescue contexts markedly differ from those in construction or demolition
endeavors. Rescue robots can assist rescuers in this endeavor. Telepresence, alongside
psychological assistance, telemedicine can be highly advantageous. This pertains to a res-
cue robot that establishes a link between the rescue team operating outside the debris and
the individual trapped beneath it [4].

Robots designed for natural catastrophe scenarios can be classified according to sev-
eral criteria, including size, payload capacity, operating environment, locomotion type,
degree of autonomy and human-robot interaction mode. From the perspective of post-
disaster deployment, locomotion type is the most relevant criterion, since it determines
the robot’s ability to access victims through debris, narrow voids and uneven terrain; the
following overview is therefore organized according to this criterion.

From the perspective of mechanical implementation, recent developments in addi-
tive manufacturing have expanded the possibilities for producing lightweight, compact,
and geometrically complex components for robotic systems. Additive manufacturing is
increasingly being investigated not only for rapid prototyping but also for the fabrication
of functional robotic mechanisms that can subsequently be subjected to experimental
characterization. Recent research has demonstrated additively manufactured compact
transmission systems designed for robotic actuation, including eccentric planetary and
planetary—cycloidal architectures. Functional prototypes have been experimentally char-
acterized with respect to parameters such as reduction ratio, mass, dimensions, backlash,
torsional behavior, friction, and back drivability [5,6]. These studies demonstrate the tech-
nological feasibility of using 3D-printed components in functional compact transmission
mechanisms, although their suitability for a specific disaster-response robot must still be
evaluated according to the mechanical loads, environmental conditions, reliability, and
durability required by the application.

Existing rescue robots can be grouped according to their locomotion mode. Wheeled
platforms are mechanically simple, fast and easy to control, and omnidirectional variants
can maneuver in confined spaces; however, their mobility degrades significantly to rub-
ble, steep slopes and discontinuous terrain [7,8]. Legged robots, ranging from bipeds and
quadrupeds to hexapods and multi-legged designs, can step over obstacles, climb stairs
and select their contact points, at the cost of higher mechanical and control complexity,
greater energy consumption and higher cost [9]. Aerial robots provide rapid situational
awareness, real-time imaging and access to areas unreachable from the ground, but are
limited by flight endurance, airspace regulations and weather conditions, and cannot pen-
etrate the confined voids inside collapsed structures [10-13]. Biomimetic robots inspired
by snakes, worms or insects can move through narrow spaces and adapt to irregular sur-
faces but require complex control and are difficult to make robust for prolonged operation
in harsh environments [14,15]. Each of these platforms is therefore efficient in a specific
environment, whereas post-disaster sites combine open areas, debris fields, narrow voids
and vertical obstacles within the same mission.

A great diversity of mobile robots that can be used in the event of natural disasters
can be observed, with the main advantages and disadvantages being presented. The main
analysis was carried out according to the mode of locomotion in the workspace, the focus
being made on terrestrial robots. Particular attention is given to modular and reconfigu-
rable architectures capable of employing different locomotion mechanisms, since such
adaptability may be advantageous when operating in the heterogeneous and unpredicta-
ble environments encountered during rescue missions.
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Modular self-reconfigurable robots address this heterogeneity by assembling a struc-
ture from multiple modules that can change their topology to match the task and the ter-
rain [16-18]. Representative chain-type and hybrid systems include PolyBot [19], CONRO
[20], M-TRAN [21], SuperBot [22] and SMORES [23], which demonstrated snake-like, leg-
ged, rolling and wheeled gaits obtained from the same set of modules, as well as distrib-
uted control strategies in which modules coordinate through local communication [20]. In
parallel, several serially connected robots have been developed specifically for search and
rescue, such as the snake-like crawler KOHGA [24], the SOURYU series of connected
crawler vehicles [25], the modular snake robots deployed after the 2017 Mexico City earth-
quake [26,27] and the Active Scope Camera, a flexible cable-like robot inserted into rubble
[28].

The comparison highlights several gaps. (i) General-purpose modular self-reconfig-
urable robots have mainly been studied as laboratory platforms for reconfiguration and
gait-generation algorithms, and their use in real rescue scenarios remains limited [29,30].
(ii) Rescue-oriented serial robots are usually built with a fixed topology and a single loco-
motion mode, so their configuration cannot be adapted to the access route once deployed.
(iii) In both classes, energy autonomy is limited by onboard batteries, and where a tether
is used, it serves only as a passive power or data cable, not as a structural element that can
guide modules, transmit energy contactless and convey supplies. (iv) Existing systems are
designed almost exclusively for exploration and victim localization, with no means of es-
tablishing a durable communication and material-support link with trapped persons
[31,32]. (v) Kinematic and stability models are generally formulated separately for
wheeled and legged modules, which complicates the control of heterogeneous configura-
tions combining both loco-motion types.

To address these gaps, this paper proposes a modular reconfigurable robot in which
the modules are linked by a multifunctional flexible tube that acts simultaneously as a
mechanical connection, a shielded communication channel, a contactless power-transfer
path and a conduit for vital supplies. The leg module allows passive and active reconfig-
uration into star-, snake-, worm- and chain-like structures. A unified kinematic model
based on an equivalent-radius parameter is developed for both wheeled and legged mod-
ules, together with ZMP- and LIPM-based stability analysis (gap v). Finally, the system is
implemented as a 3D-printed prototype and a VR simulation environment, as a step to-
ward deployment in realistic rescue scenarios.

It should be emphasized that the system presented in this paper is a laboratory proof-
of-concept prototype, intended to validate the modular architecture, the unified kinematic
model, the control strategies and the reconfiguration principle, rather than a field-ready
rescue platform. The targeted application scenario involves inspecting, delivering mate-
rial, and supporting communication inside buildings that have collapsed after earth-
quakes, using openings that are comparable in size to the cross-section of a module. The
main characteristics of the current prototype are summarized in Table 1. Several gaps re-
main before deployment at real disaster sites: (i) the 3D-printed polymer structure and the
commercial servomotors have not been qualified for the loads, impacts, dust, moisture
and temperature ranges encountered in rubble; in particular, the MG996R (Tower Pro Pte
Ltd, T 5 Bedok Reservoir View, Aquarius by the Park, #14-0, Singapore, Singapore 478928)
servomotors are not rated for continuous operation close to their stall torque, and the legs
and connection elements may snag on loose rubble; (ii) obstacle-surmounting capability,
load-bearing capacity and endurance have so far been assessed only on laboratory sur-
faces; (iii) the contactless power-transfer and shielded-communication functions of the
tube are presented at concept level and have not yet been experimentally characterized;
(iv) localization, perception in dark and dusty environments and long-range teleoperation
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inside rubble have not been addressed; and parameters of the trajectory-tracking law re-
mains to be calibrated experimentally. These aspects define the directions of future work.

Table 1. Main characteristics of the laboratory prototype (Version 3).

Parameter Value
Degrees of freedom per leg module 2
Joint range +90°
Actuators MGY996R digital servomotors
Actuators stall torque 11 kgf-cm (@ 6 V)

Maximum number of interconnected leg 4
modules (same type)
Maker Pi RP2040 (Cytron Technologies Sdn
Bhd (Penang HQ), Adress: Lorong Industri
Controller Impian 1, Taman Industri Impian, 14000
Bukit Mertajam, Pulau Pinang, Malaysia
)(RP2040 microcontroller)
1-cell Li-ion/LiPo battery (Gens ace 200mAh
3.7V 45C 1S1P, Manufacturer: Shenzhen Gre-

pow Battery Co., Ltd., Adress: Huarong

P 1
OWer Supply Road, Gaofeng Community, Dalang Street,
Longhua District, Guangdong, China
) or wired supply
Structural material PLA/wood
Mass of one leg module only type A 155¢g
Mass of one leg module type A and B 255¢g
Total mass (central body + legs) only mod- 1200 g
ules type A
Total mass (central body + legs) modules 1850 g
type A and B
Overall dimensions (L x W x H) only mod- 210 x 150 x 400 mm
ules type A
Overall dimensions (L x W x H) modules 210 x 150 x 440 mm
type A and B

2. Materials and Methods

The modular reconfigurable robot is an adaptable device designed to assist individ-
uals trapped in fallen buildings during natural disasters, such as earthquakes. Typically,
the robots used in emergency situations consist of a single unit that functions inde-
pendently and communicates wirelessly with rescue teams. However, existing solutions
have several limitations: they feature a rigid design that is not adaptable to various ter-
rains, are intended solely for exploration, cannot provide assistance to endangered indi-
viduals, and have limited energy capacity.

A key technical concern is the lack of material support and communication resources
for potential victims in areas that are unreachable due to structural collapse following a
natural disaster. Additionally, there is an inadequate adaptation of robotic designs to the
differing conditions encountered on access routes to potential victims in inaccessible sec-
tions of destroyed buildings, along with the necessary support tasks required for these
individuals.

We present a solution that overcomes the drawbacks of current systems by enabling
the establishment of a material support and communication network for potential victims
located in inaccessible areas of collapsed structures. It also offers an adaptable robotic
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framework capable of providing various configurations tailored to on-site requirements.
An important advantage of implementing the solution is that the system assists in con-
veying materials relevant to these scenarios, whether internally within the modules or
externally attached. This aids communication with potential victims in hard-to-reach ar-
eas within fallen edifices, delivers modular robotic systems that can be customized to meet
specific needs, ensures the system is always charged during operation, and provides a
versatile robotic module that facilitates the implementation of various mechanisms for
movement, item handling, or transportation.

2.1. Structure of a Robotic Module

The structure of a robotic module, as shown in Figure 1, features a central body that
consists of a frame to which various surfaces can be attached; these surfaces may include
fixed systems for locomotion, object handling, sensors, and electronic systems for the com-
mand and control of moving elements located on the side surfaces. Locomotion systems
can use different elements for movement that can be diverse (wheels or legs), and in this
article we will focus on locomotion systems consisting of one independent reconfigurable
module with legs of movement that have two degrees of freedom.

The modular reconfigurable robotic system is designed for use in prospective earth-
quake scenarios, but the modules can be combined to make a multimodule reconfigurable
robotic system using a flexible tube. Several robotic modules can be connected using a
flexible tube, and therefore a module can connect, disconnect from the tube, and pull and
push the tube. The robotic module initially places the tube, which serves as the foundation
for the multimodule robotic system designed for a prospective earthquake. The tube is
initially placed by operating the robotic module. The tube fulfills various roles. The main
objective is to create a communication pathway with the person in turmoil. The tube will
segregate and eradicate electrical, magnetic, or other interferences, functioning as a safe-
guarded communication channel, thus facilitating the conveyance of messages (audio,
video, or data) over radio or light waves while reducing the effects of disturbances. An-
other role is to enable the conveyance of more robotic modules, which could be crucial for
supplying diverse materials necessary for the person’s existence or to improve their com-
fort. Another role is to continuously power robotic modules using contactless technolo-
gies, such as wireless energy transfer. The reconfigurable robotic framework consists of
various modules that can be re-arranged and linked through a multifunctional tube: trans-
porting vital survival items, enabling communication with interference shielding, and de-
livering power to robotic components. This multimodule reconfigurable robotic system
will be presented in several future work.
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Figure 1. Modular reconfigurable robot structure.

The proposed structure offers considerable adaptability. At both the singular robotic
module tier and the composite level consisting of many modules. The locomotion mech-
anism for each scenario will be analyzed in greater detail, focusing on displacement re-
gardless of the structure. This will involve a stationary tube with a tail, as well as a con-
figuration featuring two robotic modules interconnected by a tube.

2.2. Independent Locomotion of the Robotic Module

Displacement must be studied because it is a fundamental skill required in a wide
range of applications. By displacement, we mean the action of positioning from one place
in space to another. Self-configuring robots have the advantage that depending on the
environment, they can change their shape to move optimally and can consequently
change their displacement pattern. The locomotion of a mobile robot represents its ability
to move from one place to another in space and is directly influenced by the movement of
the mechanism that generates the movement. Locomotion depends on the environment
in which it takes place, and robots are named after it. Classification of locomotion can be
based on several criteria: the type of movement of the final effector of the locomotion
mechanism (such as rotation, rolling, or translation in horizontal, vertical, or angled di-
rections); the number of kinematic couplings (2, 3, 4, etc.); the number of active motor
couplings (2, 3, 4, etc.); and the distance of the active element from both the basic structure
of the robot (the chassis) and the final element (such as a foot or wheel), which can be
located on the chassis, at a chassis element, or at the level of the element in contact with
the ground.

The locomotion can be performed either through the contact between the soil and the
robot’s body (which is bio-inspired or biomimetic: snake or earthworm), by intermittent
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contact between the ground and the feet (which are bio-inspired or biomimetic: spider,
salamander, kangaroo, human, etc.), or by the permanent or quasi-permanent contact be-
tween the ground and the wheels (which represents the easiest, fastest, and most efficient
locomotion but does not exist in nature). We can consider the independent module as a
mobile robot, and thus we can consider the following types of locomotion based on the
elements involved in movement (wheels or legs): with two elements, with three elements,
with four elements, with six elements, or with more than six elements. In this article, we
will detail movement with four elements. The efficiency and ease of locomotion are deter-
mined by the number of active couplings, the complexity of the structure, the complexity
of the control, and energy efficiency (it also depends on the terrain shape). Therefore, in
designing a robotic module, we considered the following design phases. The first phase
is to determine the mechanical constraints, and there are numerous options when it comes
to designing a mobile robot, with the main factor in determining the construction variant
being dimensions, degrees of freedom, joints, and stability. The second phase is to deter-
mine the dimensions that play a major role because of the project’s cost, the materials
needed for manufacturing, and the drive systems are determined based on the sizing. The
third phase is to identify the degrees of freedom at the robotic module level that influence
the mechanical structure and the implementation of robot control for different locomotion
environments. Degrees of freedom directly influence the number and type of joints.

The next step is to analyze stability. In the desire to reach a point where the robot,
whether at rest (static) or in motion (dynamic), is in a position of balance or stability, the
locomotion elements will be constructed and controlled to generate movement in certain
sequences under conditions in which the robot will need to maintain its balance. If the
robot has too much sway that does not allow for the stable maintenance of its center of
gravity, additional weights will be added, or an inverted pendulum control model will be
applied. The next step is to analyze the ground contact surface. The stability of the walking
robot is determined by the ground of its foot or the contact point with the element (wheel,
track, etc.) that encounters the running surface. In general, the design trend is towards
oversized and heavy soles/wheels to maintain balance due to a large contact surface. But
this option has a drawback: the motor torque needed to move the parts will be very high.

The mode of movement can be independently determined before sending the robot
on a mission by simply choosing the side walls that will have the locomotion systems
attached. In the design of mobile robots, various kinematic and dynamic problems specific
to the chosen structure arise. Kinematics is closely related to the structure of robots, as
their construction has often proven to be an obstacle in developing new optimal solutions,
where the material strength must allow for weight support and not introduce significant
inertia into the system. Therefore, lightweight structures that are sufficiently strong are
preferred so that the robot does not experience structural issues or control problems due
to the flexibility of the legs. Sometimes, high-precision motors with high torque are nec-
essary so that the structure does not require complicated gear mechanisms to increase
torque and control complexity. The kinematics of mobile robots describes the relationship
between how the actuating elements are moved and how the robot moves, considering
some simplifying assumptions. We will assume that the robot module is made up of a
single rigid body (although we can extend the model to a tube or other modules), the
robot’s location corresponds to the position and orientation of a coordinate system at-
tached to its body, the robot instantly reaches the commanded speed (there is no dynam-
ics/inertia), and the friction is ignored, and therefore, in each direction, the wheels either
roll perfectly, and the contact between the feet and the ground is fixed.

When analyzing the kinematics of the robot, that is, how the robot’s movement is
defined by the parameters of displacement and rotation at the center of mass, namely
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4(%,y,0) as a function of the rotation speed of the drive elements, the problem can be
divided into several parts:

e  Identifying the relationship between the robot’s movement in its body-attached co-
ordinate system and the coordinate systems of the elements that create the motor’s
displacement is crucial. These coordinate systems are usually established at the cen-
ters of rotation.

e  The relationship between the movement of the wheels and the movement of the ro-
bot’s body is identified. Typically, a matrix representation is obtained by starting
from the coordinate systems of the mobile elements and progressing to the robot’s
coordinate system.

e  The relationships through which the body translates or rotates are written based on
the rotation or translation of the individual drive elements, and the constraints of the
individual drive elements (wheels or legs) are identified.

e  The relationships that define inverse kinematics are determined, meaning that when
the robot body moves, the parameters of the drive elements (wheels or legs) change
accordingly, and this process explains how those parameters are affected.

e  Theinverse of the inverse kinematic equation can be used to verify direct kinematics.

A term closely related to robot locomotion is mobility, because mobile robots are gen-
erally those that can move from one place to another. Mobility offers a robot much greater
flexibility to perform new, complex, and important tasks. Highly mobile robots can per-
form more natural tasks in environments that are not specially designed for them. These
robots can work in a human-centered space and can cooperate with users by sharing a
workspace together. A mobile robot needs locomotion mechanisms that allow it to move
freely in its environment. There is a wide variety of possible modes of movement, which
makes the choice of a robot’s locomotion approach an important aspect of mobile robot
design.

Since controlling a mobile robot requires a reference in the operational space where
the robot moves, it is necessary for these data to be transformed from the Cartesian coor-
dinate system into values in the joint space through inverse kinematics calculation meth-
ods. For this, geometric methods for solving inverse kinematics can be used, as well as the
method based on the transposed Jacobian matrix, to avoid the problem of singularity
points due to the inversion of the Jacobian matrix.

The use of geometric methods is possible for kinematic chains utilized with up to
three degrees of freedom. It results in the possibility of calculating three unknown values
from three trigonometric relationships, provided certain conditions are imposed for
choosing multiple solutions and avoiding points of division by zero. One of the recent
solutions for solving inverse kinematics is the calculation algorithm that uses the trans-
posed Jacobian matrix presented in mathematical relations.

The major advantage of this solution is the elimination of the problem of singularity
points, whose effect can lead the system toward states of instability. The disadvantage of
this method is the approximate calculation of joint errors. In contrast, the calculated error
has a linear character, making it successfully usable with linear control laws. This algo-
rithm, which uses the transposed Jacobi matrix, is extremely useful when the control sys-
tem is linear, as it significantly reduces the computational power required to solve the
inverse system and does not need additional conditions for choosing optimal solutions or
eliminating singularity point issues. Instead, it cannot be used as a reference for nonlinear
control laws, as they require the exact value of the reference in joint space. In addition to
the advantages and disadvantages of the inverse kinematics calculation algorithm using
the transposed Jacobian matrix, the accuracy of the positioning error of the controlled ro-
bot joints must be calculated, which can be validated through experiments.
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2.3. Locomotion Kinematics of a Robotic Module

In order to analyze the kinematics of the robot module, we will consider the notations
in Figure 2 in which the module has a rigid body, the displacement elements maintain the
same vertical position of the robot (the vertical displacement of the pegs maintains a ver-
tical position or the wheels are non-deformable). Also, we assume that the robotic module
moves on a plane without slipping having the generalized coordinates (x, y;, 8) of the cen-
ter O of it, where xrepresents the position on the Xs-axis, y represents the position on the
Yc-axis, and frepresents the orientation angle, with respect to the global coordinate sys-
tem (Ocg, Xc, Yo).

The robotic module moves with the velocity v oriented in the X-direction. Thus, we
have the coordinate system attached to the robotic module (O, X, Y), and the parameters:
the length between axes is denoted with L, va is the speed of the right displacement ele-
ment, vs is the speed of the left displacement element, and w is the angular velocity of the
robot around the center O. Of course, it is important to introduce a new constant related
either to the radius of the wheels or to the distance between the axis of rotation of the
perpendicular to the contact surface between the foot and the ground and the point of
intersection between this perpendicular and the rotational surface. It is like replacing the
entire leg of the robot with an equivalent wheel. This assumption ignores stance/swing
phase dynamics, variable ground clearance, leg lift-off, and impact forces.

The direct kinematic model of the robot module is based on state parameters [33]:

X = %(vd + vg)cos(60)

= 5 (va + v,)sin(6) )
.1
0= i (vg — vs)

Alternatively, the robot kinematics equations described above can be expressed in
terms of v and w as:

X = vcos(6)
y = vsin(6) (2)
6=w

The wheels determine how the robot interacts with the ground. Each wheel type has
one or more control parameters and one or more constraints depending on the control
type and wheel type. The constraints depend on the construction of the wheel and the
assumptions made (such as the fact that there is no slippage). The wheel model describes,
mathematically, the motion of the wheel and is parameterized by the variables of the
wheel (such as angular velocity). By replacing the wheel model in the wheel-body-motion
equations and solving the wheel variables, we determine which control parameter values
are required to achieve a certain motion and which displacements are achievable and
which are impossible to achieve.
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(e)

Figure 2. Robotic module: (a) top view of a two-wheeled robotic module; (b) top view of a two-

legged robotic module, (c) top view of a four-wheeled robotic module; (d) top view of a four-legged
robotic module, (e) locomotion of a robotic module with two displacement elements with respect to

a reference coordinate system.

Stepping robots have the following characteristics: they can also move on rough ter-
rain; it requires low energy consumption; the high ground clearance allows them to over-
come obstacles; the contact with the ground is discontinuous; the foot has the possibility
to select the point of contact (support); they have the possibility of perceiving contact with
the ground; they can move on soft ground; they damage the soil on which they move a
little (an important aspect in forest exploitation); the travel speed is low; and the driving
control is complicated due to the high number of degrees of freedom. If we consider the
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two-legged module, we have three phases. One phase is a swing in which the robot
changes its center of gravity to the side on one leg to allow the opposite leg to detach from
the ground. Some robots can stay on one leg for a longer time, the leg used for moving
having a longer stroke, having a practically unlimited time to move when it is in the air,
and others stay for a limited time on one leg, the leg used to move having a reduced and
fast stroke while in the air.

The second phase involves positioning the foot in the air, during which the point of
contact between the foot and the ground will rotate around an axis parallel to that of the
body, similar to the angular velocity w; this rotation can result either from the movement
of a part of the foot or from the combined rotations of the elements of the leg. In the third
phase, the actual step will take place. Taking into account only the beginning and end of
the step cycle, we can consider that the displacement is similar to that of wheeled modules.
In most cases, the left wheels of the four-wheeled robot will rotate simultaneously, as will
the right wheels. This allows the model from the two-wheeled robot to be applied.

In the direct kinematic analysis of the stepping robot, there are some simplifying as-
sumptions: the leg robot consists of n rigid components; all kinematic information, such
as the position of the center of gravity, the orientation of the parts, the speeds, etc., is
known and calculated by the direct kinematic method; the ground is rigid and static; the
leg does not slip on the ground; and all joints are actively operated. In the case of robots
with legs, based on the above conditions, we can equate legs with equivalent wheels.
Thus, regardless of the number of wheels or legs, we can explain the speed of each element
of motion that will rotate on the robot’s plane of motion, and we will write the equation
that moves with the linear velocity v and rotates with the angular velocity w. Leg loco-
motion has the advantage that it offers the possibility of overcoming obstacles, but it is
energy-inefficient and requires a good control. Only the points of contact matter; the ter-
rain between contacts has no influence.

We will obtain the equations of the two wheels whose command values are defined
by the speeds v; and vy

2v + wlL
Vd -
2
2v — wl ®)
v=

For the robot to reach a point in space, the matrix form of the equation of state is

X cos(8) O v
(5’>=<sin(9) 0>(w) @)

] 0 1

considered

We consider that the robot is moving towards the target position defined by the co-
ordinates x:, y+ and O:. The robot is commanded to move toward the target position by
continuously correcting the position and orientation errors, which, in the global coordi-
nate system, are:

Ax =x; —x
Ay =y, —y (5)
AG = arctan(sin(@,t —0),cos(6; — 9))

However, to properly control the motion of a differential-drive robot, it is useful to
express the position errors in the robot’s coordinate system:
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dx = Ax - cos(0) + Ay - sin(0)
dy = —Ax - sin(@) + Ay - cos(6) (6)
do = A6

The distance to the destination is calculated using the equation:
p =+/(Ax)? + (Ay)? (7)

The direction toward the destination and the angular error relative to this direction
are calculated using the following equations:

0, = arctan(Ay, Ax)
8)
a= arctan(sin(@d —60),cos(6,; — 0))

The following robot control laws can be implemented using two proportional con-
trollers:

e ©)

w=K,«a

where Ky > 0 and K« > 0 are tuning gains.
After determining the robot’s linear and angular velocities, v and w, the linear ve-
locities of the wheels are calculated using the kinematic relationships:

LK, x
vg = Kyp+ 2
(10)
LK, <
vy = K,p — >

Once the robot has reached the vicinity of the target point with coordinates (xt, ys),
within a specified position error ¢p, that is,

pP=¢g (11)
The robot rotates in place with angular velocity:
w = K;AO (12)

where Kr> 0 is the tuning gain of the final orientation controller.
Therefore, the linear wheel velocities are:

LK ;A6
Ud = >
(13)
LK ;A6
vy, = —
2

The rotation stops when the final orientation error is smaller than a specified toler-
ance ¢o, that is,

|a6| < &, (14)

The kinematic model is subject to certain constraints due to its assumption that the
terrain is stationary and rigid, which implies that it does not deform or move under the
robot. As a result, it is unable to accurately simulate locomotion on soft or deformable
surfaces, such as sand, snow, soil, or dirt. The predicted and actual robot motion may
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result in discrepancies due to the incomplete capture of terrain deformation and the re-
sultant differences in contact conditions. The no-slip constraint is another critical assump-
tion, which stipulates that the velocity of a foot in contact with the ground is zero in rela-
tion to the earth, provided that the contact point remains stationary. This assumption does
not consider traction loss on wet, icy, or loose surfaces and does not account for sliding or
slipping during locomotion. The model may predict a stable gait even when the actual
robot loses traction, and the estimated position and velocity of the robot may become in-
accurate when slipping occurs. Additionally, the model makes the assumption that all
joints are actively actuated, with each modelled joint being endowed with an actuator that
can regulate its motion. Passive joints, springs, and compliant mechanisms are not explic-
itly accounted for by this assumption. Furthermore, actuator limitations, such as torque,
speed, power, and bandwidth constraints, may be disregarded. Consequently, the model
may forecast joint trajectories that are incapable of being physically realized, while energy
consumption, actuator saturation, and motor dynamics are not accounted for. Under pre-
dictable contact conditions and relatively sluggish locomotion, the model is appropriate
for kinematic analysis and gait planning, despite these limitations. The model can be used
when the robot is operating on firm, stationary topography, the feet maintain sufficient
traction, and the commanded joint motions remain within the robot’s mechanical and ac-
tuation limits.

2.4. Stability of a Robotic Module

The balance of a mobile robot is essential for ensuring stable and reliable operation
during locomotion. Based on their stability characteristics, mobile robots can be classified
into three main categories. Statically stable robots remain in equilibrium throughout their
movement and always maintain at least two elements in contact with the ground. Quasi-
statically stable robots may temporarily adopt an unstable configuration, but only for a
very short period during locomotion before returning to a stable state. Dynamically stable
robots, in contrast, do not maintain a stable configuration throughout their movement and
rely on dynamic effects to maintain balance during locomotion.

The static balance of a mobile robot can be checked with the help of the support pol-
ygon in the case of a robot with four or more travel elements, which is the polygon formed
by the horizontal projections of the support points of the wheels and legs during the sup-
port phase. In the case of two-wheeled robots, we have a support axis consisting of the
horizontal projections of the support points of the wheels, respectively, of the legs in the
support phase. The gait is statically stable if, at any time, the vertical projection of the
center of gravity G is inside the support polygon or on the support axis. This applies to
both the front and side planes. A problem that can only occur in stepping robots is that of
geometric interference of the legs. If the leg travel is greater than the distance between two
adjacent legs, the leg workspaces intersect, which means that interference is possible. Ge-
ometric interference of the legs can be avoided by properly correlating some parameters
that characterize the gait.

From a mathematical point of view, the above condition starts using the criterion of
projecting the point corresponding to the center of gravity, which assumes that a body
that is not in motion is confronted only with the gravitational force, which is exerted in all
the components of the robot. These forces can be replaced by a virtual force, denoted with
R, acting as the equivalent of the robot’s center of gravity (denoted with CoM) at the pcom
point that can be found by:

n
i=1 M;iPi

= 21 Tl 15
Pcom Z?zl m; ( )
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The robot is considered to have n components, each having the mass m; and the
vectors pi, which are the individual distances of the centers of gravity for each element.
The robot is in equilibrium if, considering the gravitational acceleration g, the relation:

[((Pcom — pi) xmg] = 0 (16)

n
=1

4

If the ground projection of pcom remains in the support polygon or on the support
axis, the moving robot will not fall. However, when motion becomes rapid, dynamic
forces will dominate static forces, and this criterion is not sufficient [33].

Another criterion is that of the center of pressure (denoted CoP), which is the point
in the support polygon where the total sum of the contact forces, R, acts, producing a force
but not a moment. In the static equilibrium position, the components of the robot that are
used and considered are the soles. Under the effect of the contact forces, two forces will
be generated, one of friction, which is zero because the fulcrum does not slide on the sur-
face of the ground, and the pressure force in the normal direction (denoted with Fn). The
resultant on the normal direction of the pressure field with n points of contact denoted
with prnvi and the position of the point CoP (denoted with pcor) are:

Fry = 2i=y Fyi =0
_ Ziz1 PENiFNi 17)
Pcor == 5

If the center of pressure is outside the support polygon, the robot will fall off. Con-
sider the distance from the origin of the motion system to the center of gravity, pcom, ac-
cording to the above relationship and the graphical representation in Figure 3.

(a) (b)

(c) (d)
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(f)

Figure 3. Stability of a robotic module: (a) front view of a two-wheeled robotic module; (b) front

view of a four-wheeled robotic module, (c) front view of a two-legged robotic module; (d) side view
of a two-legged robotic module, (e) front view of a four-legged robotic module; (f) side view of a

four-legged robotic module.

We define the total inertial momentum, T, and the total angular momentum, H, with
reference to the OXYZ system, considering the inertia tensor, I;, and the angular velocity,
wi, of component i with respect to the reference system and calculate the derivative:

n n
TZZ m;p; T=Z m;p;
i=1 i=1

n

=> (18)

n
H =Z pi X mp; X Ljw; H =Z[?i X mip; X Lw; +p; X mp; X Lw; +p; X mp; X L]

i=1

i=1
where p; X m;p; equals zero.

R=-S=T-myg

i (19)
M =H—pXxmg =pop XR+ Mcop

S and M represent the force and moment that describe how the surface on which the
robot walks reacts to it. The total sum of the contact forces, R, acts at the point CoP, Mcor
is the moment at the point CoP, and pcor is the vector from the origin of the reference
system to the point CoP. Because Mcor = [0, 0, M:] is at point CoP, being ZMP (zero-mo-
ment point) or FZMP (zero-moment point with friction), we have:

M, = H = pcom X mg + R X pcop (20)

Starting from the equation, we can find the distance from the origin of the reference
system to the zero-moment point or the zero-moment point with friction, pzmp = pcor=
[xzmp, yzmp, zzmp]T, and we have:

m- g, Pcomx — Zzmp " Ty — Hy

x = -
ZMP m-g, + T,
, . (21)
X _m'gz'PCOMy_ZZMP'Ty_Hx
ZMP me g, + Tz

where zzmr is the height of the ground relative to the ground. But the OXY plane is placed
on the ground, so zzumr is null. The following Huang equations are obtained [30]:
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Yimd{milpi (Biz + 92) — piz (Bix + 9:)] — Ly wiy}
Xieimi (Biz + 92)

Y milpiy (Biz + 92) — piz (Biy + 9y)] — lix @i}
2ieimy (Piz + g2)

Xzmp =
(22)

Yzmp =

To ensure the stability of the robot, a simple controller can be implemented based on
a pcom position, speed, and acceleration estimation system (which can be obtained exper-
imentally using an IMU-type sensor located in the robot’s central body), along with the
inverse kinematic system and the coupling drive systems. The mathematical model is
LIPM [34] and is based on the equations dcomr)x and dicomp,y which represent the projec-
tions on the x and y axes of the distance defined by the point CoP and CoM:

d(COM,P),x = w? (d(cozvl,cop),x - pCOM,x)

. (23)
d(COM,P),y = wz(d(com,cop),y - pCOM,y)
where w represents the natural frequency of the pendulum and is equal to:
g
W= [ 24
[deoncor] e
The equations can be transformed into the equation of state:
[d(COM,COP),x] _ [ 0 1] [d(COM COP)x] [ 0 ]p )
dcomcomxl 1@ d(com,cop)x w? PN
(25)

[d(COM,COP),y] _ [ 0 1] [d(COM.COP).y] n [ 0 ]p )
. - 2 k 2| Fcom,
dcom,cop)y w” 0 d(COM.COP).y - Y

Inverse kinematics allows the calculation of the coordinates of the joints, which bring
the final effector to the desired position and orientation, given the absolute (operational)
coordinates. When the inverse kinematic problem has a solution, it is constituted in the
inverse geometric model. If an analytical solution to the inverse kinematic problem cannot
be found, we can resort to numerical methods, but the disadvantage is the large volume
of calculations. In the analysis of the inverse kinematics of the stepping robot, it starts with
the description of the joint q with respect to the position and orientation of the final effec-
tor x (the trajectory of point P of the ground) and it is defined as:

x=[% X . x]T (26)

The equation of inverse kinematics is a nonlinear function because there are many
joints with rotational motion, and in bipedal motion, the final effector is the moving leg,
and the basis is the equilibrium [35]:

x=J(@)q (27)

The size of x is (n X 1), with 0 < n < 6. In the equation, J is the Jacobi matrix, which
can be defined as:

ox1 ox1
=1+ = (28)
dxm doxm

We will consider an optimal trajectory defined by [4(t), ¢(f)] and considering n = m,
the speeds of the joints can be found by inverting the Jacobi matrix (that must be quad-
ratic).
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Rotation
angle 61

q=J(@"x (29)

Considering that at moment ¢ = 0, we have g(0), the position of the joint can be ob-
tained as follows:

4(t) = f § (®)dt + q(0) (30)

3. Results

The structure of the leg module consists of three components (two rotation elements
and a central element) and two active articulations that move on two orthogonal axes (as
in the cardan coupling). As shown in Figure 4, the articulations allow for a maximum
mobility of +90° for rotation elements 1 and 3 in relation to the central element 2. Compo-
nents 1 and 3 can provide coupling with other modules through a parent system defined
in the design section of the module. Each module may have a wireless transmitter and
receiver with radio waves that are used for local communications and for detecting the
module’s position in the space of movement. The leg module has two degrees of freedom:
roll (forward) and pitch (sideways). The movement is controlled at the robotic mode level
by means of a microcontroller. The power supply of each robotic module can be with
wires connected to the central body of robotic modules or with batteries that are located
on the central element.

Rotation
angle 62
\.

(a) (b) (c)

Figure 4. The CAD model of a module includes (a) a side view that focuses on the elements enabling

the robot’s mobility; (b) a leg with one leg module; and (c) a leg with two leg modules.

The angles are measured in local coordinate systems, with the rotation being inde-
pendent of each other. A single motor can be used to drive the two lateral elements at the
joints of the robotic module, or two motors can be used, one for moving each element.
Through the rotation period, the resolution and speed of movement can be controlled.
The displacement action can be viewed as an oscillation around the origin (at 0°) with an
amplitude of 90°. The movement of the lateral movable elements of a robotic module is
achieved by rotating them at the joints of the central element. A rotation element can per-
form a maximum rotation of +90°.

The leg of the robotic module can consist of one or more modules (see Figure 5). This
reconfiguration can be carried out by the user prior to the robotic module’s use (referred
to as passive configuration), or it can occur while the robotic module is in motion (referred
to as active configuration). Several modules designed for the feet were constructed start-
ing from the basic model, all of which were created using 3D additive prototyping. Thus,
three proof-of-concept prototypes of modular reconfigurable robots were developed.
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upkh W

(b)

Figure 5. Different leg modules: (a) front view (version 1, version 2; version 3); (b) lateral view (ver-

sion 1, version 2; version 3).

As can be seen in Figure 6, version 1 of the robotic module has a compact design that
has space for the motors and electrical and electronic components necessary to control the
module, providing rigidity and strength. One of the lateral elements of the leg module (2)
is attached to the lower plate (6) by means of screws (7) to the central body of the robotic
module (1). The central element of the foot (3) consists of two parts, and the side elements
are fixed directly by the servo motor shaft. The other lateral element of the foot (4) con-
nects to the actuator shaft on one side and to the ground (5) on the other. This design
enhances the seating surface with the ground and incorporates a passive joint that links it
to the lateral element. The controller and connection plate (8) are attached to one of the
side surfaces (9). The disadvantages include high material consumption, a direct load on
the servo motor shaft that limits transport capacity, and limited options for clamping the
modules together. The clamping method used to secure the robotic module is through
screws, which do not permit adjustments to the distances between the legs. The weight of
the version 1 proof-of-concept prototype of the modular leg robot is about 1523 g.

(b)

Figure 6. Robotic module with leg module version 1: (a) front view; (b) up-side view; (c) view of the

electronics inside the central body.

In version 2 (presented in Figure 7), a design was used that was as simple and flexible
as possible that allows both the ease of the foot structure and the fact that the load is bal-
anced between the joint located on the same axis as that of the servo motor (which has the
possibility of being moved to make it possible to adjust the distance of the motor shaft),
having space only for the motor and not for the electrical and electronic systems. Thus,
the rail (2) is screwed to the lower plate (1), into which a T-element (3) can be inserted
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attached to the lateral element of the foot module (4). The shape of the upper part of the
central element of the foot module (4) allows the actuator (5) to be clamped, which drives
one of the axes of the foot module and allows the upper part of the element to be rotated
in a U shape (6) by means of a passive joint. The servo motor (5) drives the workpiece in
a U shape (6), which is attached to one end of the servo motor axis. The central body of
the foot consists of two U-shaped pieces (6 and 7) mounted so that the servo motors (5
and 8) act on perpendicular axes. Of course, the structure also allows the mounting of the
servo motors (5 and 8) to act on parallel axes, creating a more flexible structure than that
in variant 1. The actuator (8) is attached to the U-shaped element (7) and to element (8),
which in turn is fixed by the T-elements (10). The foot modules can be passively clamped
(before being sent for use) using rails clamped on perpendicular or parallel clamping axes.
The system is fragile and allows for the connection of only 2 modules of the same type;
however, the attachment to the surface of the robotic module is made using a rail, and the
legs can be mounted at various distances from each other. The Version 2 prototype of the
robotic leg module weighs about 771 g.

OO NOOULL D WN

[ERY
o

Figure 7. Front view of the robotic module with leg module version 2 (without the central body),

the controller can be fastened on the front or rear wall surface.

In version 3, the design from variant 2 has been improved in the sense of stiffening
the structure and modifying the fastening system between modules. The system is robust
and allows for easy reconfiguration of the structure using passive or active intermediate
elements (actuated with a servo motor). In this case we have two types of modules. A
module with 2 servo motors (denoted with A in Figure 8b) that have a role only in moving
the lateral elements to the central element and a module with 3 servo motors (denoted
with B in Figure 8b) of which one servo motor has only the role of connecting/disconnect-
ing the modules and the other two have a role in moving the lateral elements from the
central element. Also in this case, the rail (2) is screwed to the lower plate (1) into which a
T-element (4) can be inserted and fixed in the desired position by the eccentric element (3)
and which is attached to the lateral element of the foot module (5) which in this case re-
cesses the motor (6).

The central element (7) which is driven at the top by the motor (6) allows the rotation
of the lateral element (5) by means of a passive joint. The central body of the foot consists
of a piece composed of two U-shaped pieces glued to each other. The servo motor acting
on the axis perpendicular to the upper one has the motor axis fixed by the central element
(7), being embedded in the lateral element (8), which in turn is fixed by the T-elements (9).
Foot modules can be passively clamped using rails clamped on perpendicular or parallel
clamping axes. The system is much more solid and allows connection with a number of 4
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modules of the same type and the legs can be mounted at various distances from each
other from the surface of the central body (1).

[y

OCOoONOOULLPAWN

(@) (b)

Figure 8. The robotic module includes leg module version 3 (without the central body), and the

controller can be attached to either the front or rear surface: (a) with 1 leg module; (b) with 2 leg

modules that have an active connection between them.

The type B module used allows the remotely controlled active connection or discon-
nection of the robotic module either from the central body board or from another module
(Figure 9). The passive connection can be made at one end (being of the same type as the
type A module) and the active one at the other end. The passive connection system (Figure
10a) consists of a T-element (1), which is fixed to the central element (5) by a pin that is
inserted into the holes (2, 3, and 6) of the T-element (1), the fastener (3), and the side ele-
ment (5), respectively. The active connection system consists of the locking element (10),
which is driven by the servo motor (9), being fixed on one side by the servo motor shaft
and on the other being articulated (13) with the central element (8). The connection is
made by inserting element (5) of the next module into channel (11) of the central element
(8) and locking with element (10) entering slot 11 and slot 7.

Leg module Active
connection

Pasive
connection

(a)

Active
connection

Leg module

Pasive
connection

(b)

Figure 9. Connection mechanism of the leg robotic module version 3: (a) frontal view; (b) lateral

view.

In the connected state, element (5) is fully enclosed in channel (11), so that the loads
between the modules are transmitted mainly through the enclosing 3D-printed parts,
while the locking element (10) only prevents the axial separation of the modules.
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(d)

Figure 10. Connection mechanism of the leg robotic module version 3: (a) passive connection; (b)

active connection; (c) two models disconnected; (d) two modules connected.

The version 3, type A prototype of the robotic leg module weighs approximately 1200
g, while the type B prototype weighs about 1850 g.

Using the rail that can be placed in various configurations and at various angles and
the passive and active connection system, various configurations can be achieved (Figure
11). The first configuration can be used for rubble removal, the second and third configu-
rations to overcome debris, and the fourth to secure structures, equipment, or victims. The
main characteristics of the Version 3 laboratory prototype are summarized in Table 1.

(@) (b) (©) (d)

Figure 11. Different structures obtain by connecting several leg modules version 3 with active con-

necting possibility: (a) 1 leg device with 3 fingers fixed in a star configuration for rubble removal;
(b) snake like robot for overcome debris; (c¢) worm like robot for overcome debris; (d) chain robot to

secure structures, equipment, or victims.

We are able to achieve some performance parameters that we have set as our aim
during the preliminary tests: a maximum obstacle overcome (L x W x H) of 120 x 120 x 50
mm, a maximum slope of 30°, a payload capacity of 1000 g, and a locomotion speed of 0.6
mm/s. When the field experimental testing is carried out in the future, these initial param-
eters have the potential to be significantly improved.
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4. Discussion
4.1. Displacement Control of the Robotic Module

Displacement control can be classified into several modes. The first is incremental
linear displacement, in which individual modules or groups of modules move at the same
speed. Another mode is displacement through sequential rotation in specified directions,
with different modules considered rigid at different stages of the movement. In this case,
the robot’s overall configuration is the same at the start and end of the displacement. This
type of movement is characteristic of chain-type robots and is particularly useful for the
locomotion of long robots. Each module or group of modules rotates around the same
point in the workspace, while the rotated modules may additionally perform differential
translational movements. Differential translational displacement occurs when two or
more legs of the robot move translationally at different speeds and in non-collinear direc-
tions. Despite the different velocities and directions of movement, the robot maintains the
same overall configuration at both the beginning and the end of the displacement. Trajec-
tory planning and navigation planning are also parts of displacement control. They decide
the robot’s desired path and movement strategy. Based on complexity, displacement can
be classified as simple or compound. Simple displacement represents a fundamental type
of movement that cannot be further decomposed into other displacement types. Com-
pound displacement, in contrast, is formed by combining two or more simple displace-
ment modes. Compound displacement can be achieved in three fundamental ways:
through joints, hierarchically, or morphologically. Joint-based displacement is generated
through the coordinated movement of the robot’s joints, hierarchical displacement is or-
ganized across different structural or functional levels of the robot, and morphological
displacement is achieved through changes in the robot’s configuration or morphology.

Some examples of simple movement are wheeled or leg movements. The two types
of movement can be combined, resulting in a complex movement such as the movement
of a man on wheels. Complex displacement can be achieved by connecting multiple mod-
ules or groups of modules with joints. In mobile robots, joints are active links between
different modules that may not have the same form of locomotion. The joints do not nec-
essarily form chain-type robots, but also robots in the plane. An advantage of this way of
combining trips is that you can obtain any type of trip. Thus, two modules can be con-
nected through a connection with six degrees of freedom without affecting locomotion.
Another advantage is that the connection area requires a small width compared to the
length of the modules, so the robot can move in areas with high displacement constraints.
The width allows the robot to move through obstacles, and the length allows it to pass
over large obstacles. The load capacity of articulated robots is higher than in the case of
other robots [36].

A hierarchical structure displacement involves the combination of two types of dis-
placements, superior and lower. The upper displacement is executed at an intermediate
level so that only the group of modules executing the lower displacement has a point of
contact with the ground. Typically, the lower displacement is implemented at a lower
level than the upper displacement and is executed at much higher frequencies. Any type
of displacement can be superior or inferior. Although joint displacements are quite com-
mon in nature, hierarchical combinations are rare. The advantage of this type of move-
ment lies in the fact that the simple movements that compose it do not influence the effi-
ciency or speed of the movement, such as articulated movements. This is because dis-
placement is additive.

A morphologically compound displacement is defined by connecting simple dis-
placements in the sense that each of the displacements acts on a different axis. The ele-
ments that perform simple displacements can touch the ground and cannot be separated
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by removing the joint. A simple example is moving on a sphere by turning and rolling a
wheel in any direction. Thus, this movement can be viewed as a morphological combina-
tion of the movements produced by an infinite number of wheels. Unlike the other modes
of displacement, not every type of displacement can be combined. A disadvantage of this
system is that generating movement is complex; however, an advantage is that it allows
for movement in multiple directions simultaneously. When moving a robot with a stable
shape, the movement is achieved by adjusting the joints. An alternative to controlling
movement is mimicking the modes of movement found in the living world.

In this paper we will present centralized control of the robot via a trajectory control
table (see Table 2). To implement this type of displacement, each module is stored in the
controller’s memory in simple modes of displacement. Centralized control controls the
transition between the different modes, using a displacement control table depending on
the shape and action of the robot. Each column in the table corresponds to the simple way
of moving for all modules for each cycle of movement. Therefore, each module receives
the information from its column in the displacement table and executes the commanded
action, using a closed-loop control system. Because the control of the robot is done re-
motely, we consider that a sequence of actions must be simulated graphically for good
feedback, and the sequence of movements is saved in a control file. A central controller
uses this file to play the sequence of actions.

After the validation of the movement, the trajectory will be generated, and the move-
ment of each articulation will be completely specified using a tabular representation. The
table rows show the rotation torque of robot modules in degrees. Each column of the table
will show kinematic coupling movements for multiple stages. Motion control begins at
the first step in the table and concludes when the rotating couplers reach their intended
position. After finishing the last step on the table, step 0 is resumed.

Table 2. Absolute values of the rotations in couplings (example of values for line forward move-

ment).
Rotations in Couplings
Step Leg1 Leg 2 Leg 3 Leg 4

M1 M2 M3 M4 M5 Mé6 M7 MS
0 0° 0° 0° 0° 0° 0° 0° 0°
1 -20° 0° -20° 0° -20° 0° -20° 0°
2 0° 0° -20° 0° -20° 0° -20° 0°
3 0° 20° -20° 0° -20° 0° -20° 0°
4 -20° 20° -20° 0° -20° 0° -20° 0°
5 -20° 20° 0° 0° -20° 0° -20° 0°
6 -20° 20° 0° 20° -20° 0° -20° 0°
7 -20° 20° -20° 20° -20° 0° -20° 0°
8 -20° 20° -20° 20° 0° 0° -20° 0°
9 -20° 20° -20° 20° 0° 20° -20° 0°
10 -20° 20° -20° 20° -20° 20° -20° 0°
11 -20° 20° -20° 20° -20° 20° 0° 0°
12 -20° 20° -20° 20° -20° 20° 0° 20°
13 -20° 20° -20° 20° -20° 20° -20° 20°
14 0° 20° 0° 20° 0° 20° 0° 20°

Tabular movement is not designed to handle configuration changes in such a struc-
ture, which is its only drawback. The motion table must be altered whenever the configu-
ration changes, no matter how slight, because the robot structure’s module order no
longer matches the table. When two robots of this type combine to construct a structure,
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a new motion table is needed. Concatenating the motion tables of the two robots may
misalign the steps. On rough, unprepared terrain, robots’ rotational torques cannot be de-
termined from the start.

We use status messages to depict a movement by observing that the motion table
resembles the component modules” motions. The action module m must be done at step
t, and the movement module (m - 1) must perform at step (t + 1). Instead of storing the
whole motion control table, each module represents and distributes this displacement as
a sequence of drive motor actions. If one module makes this meandering movement, it
must choose and execute one of the above motions to match its movements and those of
the nearby modules. A status message is used to coordinate the movement of numerous
modules via the robotic structure and allows each module to inform its neighbor of the
tasks it must complete and to disseminate the status messages. Because status messages
can alter throughout propagation, they differ from broadcast messages. To implement sta-
tus message principle-based robot system control, each status message must react to other
status messages received from local operations. Controlling sensors and effectors, updat-
ing system statuses, changing status messages, and creating new ones are examples. Each
module decides what to do based on status messages, structural topology, and general
information.

Overall, this protocol has several important characteristics [20]. It is a distributed and
fault-tolerant approach in which no central module is assigned the role of system master,
meaning that any module can assume this function. Consequently, the failure of a single
module does not necessarily compromise the operation of the entire system. The protocol
also supports cooperation among modules, allowing them to determine the behavior of
their neighbors based on local and topological information without requiring each mod-
ule to have a unique identity. Coordination is asynchronous, as system operation does not
depend on a real-time clock; instead, status messages exchanged along the module chain
are used to coordinate signals and actions. Finally, the protocol is scalable because its con-
trol mechanism can accommodate changes in the robot’s topology. Modules can be added,
removed, or reordered relative to the initial configuration without requiring a fundamen-
tal modification of the control mechanism. These properties have not yet been verified on
the present prototype, which uses the centralized motion table described above.

4.2. Features of the Drive System Command and Control System

Reconfigurable robots use sensors to monitor the status of their modules and per-
ceive the surrounding environment. Internal sensors mainly measure the position and
displacement of the kinematic couplings and the accelerations that define the modules’
orientation relative to gravity. External sensors perform several important functions dur-
ing robot operation. They determine the position and orientation of the coupling faces
required for connecting and disconnecting modules, assist in selecting the appropriate
means of locomotion, and enable the robot to respond to changing environmental condi-
tions by triggering specific behaviors. In addition, external sensors are used to detect ob-
stacles and other environmental barriers, allowing the robot to identify suitable strategies
for overcoming them.

In our work, acceleration sensors are used to measure the inclination or slope of the
central body and the angle of rotation around its axes. They also enable the detection of
movement or rest conditions, provide information about shocks or collisions, and record
module accelerations along one or more axes, including both dynamic accelerations
caused by vibrations and static accelerations resulting from gravity. External sensors also
play an important role in the operation of reconfigurable robots. For testing purposes, we
use ultrasonic sensors because they provide effective, precise, and non-contact distance
measurements to objects in the surrounding environment. These sensors can be used to
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identify the position and orientation of additional modules for potential attachment and
connection, as well as to detect obstacles in the robot’s surroundings and determine their
position and configuration. This information allows the robot to develop an appropriate
strategy for avoiding obstacles and responding to them in real time. In addition, ultrasonic
sensors can measure the distance to fixed or moving markers, providing information that
can be used to determine the robot’s position within the workspace. The sensor identifies
an object and measures its distance by generating a brief pulse at 40 KHz (ultrasonic
range) at 340 m/s, moving at the speed of sound in the air, and waiting for the obstacle to
reflect the waves.

Recent advances include digital servo motors with significant functional advantages
over traditional ones. Digital servos are identical to normal servo motors, but a computer
analyzes input data and controls the motor. Differences in input signal processing and
servo motor power transmission reduce downtime, increase resolution, and increase
holding torque. Traditional servo motors are not powered at idle.

For driving robotic system modules, servos are reliable, and in our project we use
MGY996R. Digital servo motors supply voltage when a start command is received or torque
is applied to the output shaft. This power, the highest voltage, is pulsed on/off at 50 cycles
per second to generate small voltage pulses. By increasing pulse duration, a speed control
is generated until the motor is under maximum strain, accelerating the servo arm to the
new position. The servo’s electronics receive the end of the stroke signal and shorten the
power pulses until there is no voltage and the motor stops. The main advantages of digital
servo motors arise from their integrated microprocessor, which processes the input sig-
nals and applies the required settings before transmitting them to the servo motor. Opti-
mizing the servo’s performance involves programming the microprocessor to meet the
desired functions and operating requirements. This enables precise adjustments to the
pulse duration and the voltage supplied to activate the motor, leading to enhanced control
and responsiveness.

Another important characteristic of digital servo motors is their higher pulse fre-
quency. While conventional servo motors typically receive approximately 50 pulses per
second, digital servo motors can receive around 300 pulses per second. As a result, the
voltage applied to the motor is updated more frequently, allowing the motor to respond
more rapidly and achieve greater movement precision. Although the pulse duration may
decrease as the frequency increases, the higher number of pulses enables more frequent
adjustments to the motor position. Servo motors have unique features that make them
ideal for driving pulleys and wheels with a 180° rotation angle. The engine can receive
speed, direction, and final position targets with one command signal.

Raspberry Pi-compatible ARM Cortex-based microcontrollers will power this robot.
The first microcontroller is the MAKER-PI-RP2040 (Cytron Technologies Sdn Bhd (Pe-
nang HQ), Adress: Lorong Industri Impian 1, Taman Industri Impian, 14000 Bukit
Mertajam, Pulau Pinang, Malaysia), which uses the RPP2040 microcontroller. A two-chan-
nel DC motor driver, 4 servo motor ports, and 7 I/O connectors are on this board. The
platform supports popular MicroPython and C/C++. The board contains a built-in LiPo/Li-
ion battery with 1 cell (overcharged and over-discharged protection), an on/off switch, 13x
GPIO pin status indication LEDs, and 1x piezo buzzer with a mute button. It supports
automated power selection from USB 5V, LiPo (1 cell), or Vin.

4.3. Module Robot Control in a VR Environment

In this paragraph, we will demonstrate an example of the command that may be used
for the robot that is being shown (Figure 12). This command has the potential to be signif-
icantly enhanced during the process of developing its control. It is based on the concept
that the virtual reality environment is utilized not as a real-time digital twin but rather as
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a visualization and teleoperation interface. The motion sequence is generated and stabi-
lized in the virtual model before being sent to the robot, and no feedback from the physical
robot is used in the virtual model. The robotic module has been designed for remote con-
trol, allowing the user to connect at any time through a PC, either by using a keyboard or
a haptic device. In order to build the model in the virtual reality environment, the CAD
model of the robot made in Solidworks was used, which was exported as STL and im-
ported into the Blender 4.4.3 program. Based on the kinematics of the mobile robot, a kin-
ematic chain named “skeleton” is built from several segments that can rotate relative to
each other. With the help of the skeleton, we can control the movements of the different
component parts.

The model will be saved in the FBX format, which will then be imported into Unreal
software (Unreal Engine 5 version 5.8. In Unreal software, a component will be created to
animate the character by adding controls that follow the locomotion algorithm. According
to the keyboard commands, the model moves in real time in the VR environment. To re-
trieve the data from the glove, we use the plugin that communicates with the glove
through the serial port and transmits the data in the virtual environment using the Serial
Communication Plugin for Unreal Engine.

5 I
LN
g ¥

i

»

robotpatrupeddi robotpatrupeddi
_PhysicsAsset _Skeleton

(8

Figure 12. Building the model to be imported into the Unreal software: (a) STL model is imported
in Blender software, (b) skeleton build according to robot kinetics, (c) skeleton segments can move
relative to each other, (d) legs modules move according to the calculated control parameters, (e) the

components of the imported model in Unreal, (f) the control sequence of the module is built using
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locomotor inverse kinematics, (g) the control sequence of the module is built using locomotor and

calculating the movement of each element.

The control of characters within the virtual environment, which in our case includes
the robot model and the surrounding walls, is based on several essential components. The
first component is the skeletal mesh, which represents the visible body of the robot and
corresponds to the actual 3D model, including its textures and visual details such as the
casing, legs, and screws. The skeletal mesh is the component that is displayed to the op-
erator on the screen and provides the visual representation of the robot within the virtual
environment. The second component is the physics asset, which represents the robot’s
physical body and is used to detect interactions and collisions with other elements of the
environment. It defines invisible geometric shapes, such as capsules, that surround the
robot and allow the graphics and physics engine to determine how the robot interacts
with its surroundings. This component prevents the robot from passing through walls,
floors, or other physical objects and ensures a more realistic simulation of its movement.
The third component is the skeleton, which represents the robot’s kinematic structure. It
forms an invisible internal framework that connects the different parts of the robot and
defines their relationships and movements. Although the skeleton is not directly visible
in the virtual environment, it is essential for controlling the robot’s joints and animating
its individual components.

To control the robot in the virtual environment by moving a reference point located
at its base, a Control Rig must be implemented to define the kinematics of each movable
component represented as an element of the robot’s skeleton. The kinematic structure is
organized as a tree and relies on three main functions: the Locomotor, the nodes that dis-
tribute the generated positions, and the Full Body Inverse Kinematics system.

The locomotor functions as a reference point whose displacement generates the tra-
jectory of the robot’s moving elements according to the defined kinematic constraints. It
calculates the inverse kinematics based on the trajectory of the selected reference point
and takes into account parameters such as velocity, acceleration, stride height, stride
length, and ground contact or collision. As a result, it generates a sequence of possible foot
positions in the workspace. The nodes receive the list of positions generated by the loco-
motor and distribute them among the individual robot legs. Each position is assigned to
a specific leg according to its index, with Index 0 corresponding to Leg 1, Index 1 to Leg
2, and so on. The nodes then transmit the corresponding coordinates to the inverse kine-
matics system for further processing. The Full Body Inverse Kinematics system receives
the desired positions generated for each leg and adjusts the robot’s joints so that the feet
reach the specified target points on the ground. It controls the movement of the entire
body, starting from the root or central body, and automatically adjusts the intermediate
joints to produce coordinated and natural movements. This prevents the robot from ap-
pearing excessively rigid or mechanically disconnected during locomotion. In conclusion,
the locomotor determines where the robot should place its feet on the ground, the nodes
distribute the corresponding instructions to each leg, and the full-body inverse kinematics
system adjusts the robot’s joints so that the feet accurately reach the defined target posi-
tions.

The second control variant consists of allowing the implementation of a more com-
plex model through which each component element of the foot moves separately, then
combines all bodies (creating a single complete list of all the moving elements of the ro-
bot), takes the list of elements together with its movements, and activates the physics/dy-
namic simulation in the graphics engine. This code runs only once at the beginning to
record the structure of the robot and activate the movement of each element.
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The Sequence node divides the action into two consecutive steps that are executed in
a strict order. During the first step, the positioning stage, the Locomotor Node determines
where the robot should place its feet, while the Full Body IK system adjusts the robot’s
legs and positions the feet on the ground according to the calculated targets. Immediately
afterwards, the second step, the physics stage, is initiated by the Step Physics Solver node,
which applies gravity, weight, and collision effects to the robot’s already positioned
bones. In this way, the robot first places its feet on the ground and then transfers its weight
onto them through the physics engine, resulting in a more realistic and stable movement
(Figure 13).

(d)

Figure 13. Moving the robot in the virtual environment: (a) adding different components to the

module robot; (b,c) movement of walls according to the sensors parameters; (d) navigating through

obstacles.

Using this virtual model the user can control in a simulated world, can control vari-
ous elements of the robot regardless of its structure, can visualize obstacles that can be
modeled as movable walls approaching the robot according to the values provided by
ultrasonic sensors.

5. Conclusions

Compared with conventional rigid, single-unit rescue platforms primarily intended
for exploration, the proposed system integrates locomotion, communication, power sup-
ply, and material delivery within a modular and adaptable architecture. Its configuration
can be modified according to terrain conditions and mission requirements, extending its
functionality from environmental exploration to direct support of trapped victims.

This paper presented the comprehensive design, unified kinematic modeling, stabil-
ity analysis, and multi-stage implementation of an innovative modular reconfigurable ro-
botic system designed for search and rescue operations in post-disaster environments.
Unlike existing rigid single-unit robotic platforms that face severe limitations in terrain
adaptability and power autonomy, the proposed multi-module architecture introduces a
flexible paradigm driven by a multifunctional structural tube.

A major theoretical contribution of this research is the symbolic unification of kine-
matic and structural models across both wheeled and legged locomotion systems. By es-
tablishing an equivalent radius parameter, the discrete multi-phase biomimetic gait cycle
was mapped into continuous state equations identical to differential-drive kinematics.
The analytical formulation exposed the coupled, non-linear nature of positioning devia-
tions, specifically isolating longitudinal, orientation, and lateral slip errors. To mitigate
these tracking errors at low operational velocities, a simplified linear control law was im-
plemented using an experimental parameter and a command variable. This solution is
intended to reduce real-time computational overhead on the integrated microcontroller
while preserving trajectory stability at low speeds.

The stability analysis of the robot systematically addressed static, quasi-static, and
dynamic equilibrium using core criteria such as the center of mass projection, Center of
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Pressure (CoP), and Zero-Moment Point (ZMP). Incorporating the accelerations and mo-
ments of inertia of the robot’s rigid components, Huang’'s equations were derived to de-
termine the precise tracking of the ZMP coordinates. To ensure dynamic stability over
fragmented terrain, a Linear Inverted Pendulum Model (LIPM) was applied, leveraging
the structural natural frequency to predictively regulate center of mass coordinates rela-
tive to foot-ground contact projections.

From an experimental perspective, the physical structure was validated through 3D
additive prototyping across three successive design iterations. Version 3 optimized me-
chanical stiffness and connection flexibility by introducing specialized Type A modules
for localized joint locomotion and Type B modules equipped with an active servo-driven
mechanism for remote connection and disconnection.

At the displacement control level, two strategies will be evaluated comparatively in
the future: a centralized method utilizing kinematic rotation tables—highly efficient for
predefined paths but rigid against topological changes—and a decentralized protocol
based on the asynchronous propagation of status messages between modules. The latter
is expected to provide scalability, allowing modules to be dynamically added, removed,
or reordered without modifying the core control mechanism.

The iterative development of the leg module led from the compact and rigid V1 ar-
chitecture, characterized by screw-based connections and limited adjustability, to the
more flexible but mechanically fragile V2 configuration, which allowed only two modules
of the same type to be connected. The final V3 design increased structural rigidity and
introduced remotely actuated connection and disconnection, while allowing up to four
modules of the same type to be interconnected and assembled into different configura-
tions, including star-, snake-, worm-, and chain-like structures.

By representing legged locomotion through an equivalent virtual-wheel model, a
common kinematic formulation can be applied to both wheeled and legged module con-
figurations under the adopted simplifying assumptions. This approach reduces the need
for completely independent locomotion models and provides a common basis for the con-
trol of a reconfigurable platform combining different locomotion mechanisms.

The proposed status-message-based control protocol provides a distributed, fault-
tolerant, asynchronous, and scalable solution for coordinating reconfigurable modules,
allowing the control architecture to accommodate changes in system topology. In parallel,
the VR environment enables remote human-robot interaction through keyboard or haptic
control and provides a safe platform for preliminary evaluation of locomotion and control
algorithms before experimental implementation under realistic operating conditions.

The results of this study, together with the trends identified in the analyzed literature,
support the perspective that modular reconfigurable robots represent a promising direc-
tion for future search-and-rescue systems. Their ability to combine different locomotion,
sensing, communication, and support functions within a single adaptable architecture can
facilitate operation in environments characterized by variable terrain and changing mis-
sion requirements. In this context, further research should focus on improving reconfigu-
ration strategies, locomotion and stability control, inter-module coordination, and exper-
imental validation under realistic disaster conditions, with the aim of extending the ap-
plicability and operational autonomy of such systems.

Future research efforts will focus on the experimental calibration of the coefficient on
the physical prototype and conducting extensive field testing within simulated large-scale
structural collapse scenarios to evaluate the operational boundaries of this hybrid loco-
motion platform under real-world rescue constraints.
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CoM Center of Gravity
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ZMP Zero-Moment Point
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VR Virtual Reality
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