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The integration of robotics into assistive technology is gaining significant attention in research. One area that has seen a dramatic increase
in usage is the wheelchair for people with disabilities. This paper introduces a set of novel acceleration-based controllers designed for nav-
igating multiple planar wheelchair robots in constrained environments. These wheelchair controllers are derived from the total potential
constructed using Lyapunov-based Control Scheme (LbCS), which is captured under the classical Artificial Potential Field (APF) method. The
effectiveness of the proposed controllers was validated numerically and through computer simulations using Wolfram Mathematica 13.3
software. The results demonstrate that the acceleration-based controllers successfully navigate the wheelchair robots to their final configu-
ration space in complex, constrained environments. They exhibit robust obstacle and collision avoidance and adhere to system restrictions,
which are due to the motion control planning via LbCS. The proposed controllers show high adaptability, making them suitable for various
assistive and collaborative robotic applications.
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1. Introduction simulate either some form of animal or human behaviour
to assist PSNs in mobility, vision, hearing and other human
Over centuries, there has been a need for Assistive Technolo-  functions that may have been challenged or lost due to hered-

gies (AT) to aid People with Special Needs (PSN) or physi- itary traits, accidents, poor health or ageing [1]. Industry 1.0
cal disabilities. The ATs have been designed and crafted to  describes the first industrial revolution in the 1700s of the
use of simple handicrafts to mechanical systems to enhance
the productivity and functionality of products as evidenced
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robots for individuals with health or ageing problems [6].
The integration of robotics in AT is currently one of the main
research focuses as, according to the International Organi-
sation for Standardisation (ISO), “... robots are automatic,
position-controlled, multi-functioned manipulators...” [7]
that have the capability to handle a variety of materials, com-
ponents, tools, and specialized equipment via programmable
automation in order to execute specified tasks, and its use
in AT is extensively broadening the horizon for PSNs, as
proposed by Martinez-Martin et al. [8] where they devel-
oped cognitive and robotic assistants for elderly care, the use
of educational robots to assist students with visual impair-
ments [9] and the development of humanoid robots to assist
children with hearing disabilities [[10]. The developments in
AT described by Xiloyannis et al., [3|] Busaeed et al. [5] and
Arthanat et al. [|6] were made possible after the evolution of
Industry 3.0, which was also known as the digital revolution
whereby simple automation was developed through the use
of computers and programmable logic controllers and thus
ignited the inception of autonomous control through com-
puter technology [11].

Meanwhile, an AT, that is widely used, is the wheelchair,
which aids in mobility and generally enhances the user’s
interaction with its environment despite the loss of ability
to walk. Recent studies have shown that many approaches
have been used in developing smart, semi-autonomous, and
autonomous wheelchairs to provide optimum assistance to
the user. For the wheelchair to get into motion, a variety of
methodologies have been presented in the literature, ranging
from the use of Electromyography (EMG) whereby signals
are detected from the motion of neck and arm muscles [12],
Electrooculogram (EOG) which uses signals from eye move-
ments [13]], voice control where an adaptive neuro-fuzzy
controller was utilized for producing the necessary real-time
control signals to activate the wheelchair’s motors [14] and
multi-controlled semi-autonomous wheelchairs whereby
the wheelchair is controlled through the combination of joy-
stick [15]], hand gesture [16], voice [17], the use of tongue
gesture to access a computer and drive a wheelchair [18],
android application for speed and direction control of the
wheelchair [[19]. The majority of the proposed designs in
literature were mostly conjured on the basic idea of some
to no human aid needed to ensure full independence of
the wheelchair user [[12-19]. The aspirations of wheelchair
designers to craft and manufacture a product that requires
no human control has led to the proposal of various motion
planning approaches.

The need for autonomous wheelchairs that require no
human interaction materialised in order to address cases
of severe impairment where PSNs have no remaining abil-
ity to enable their full independence from wheelchair con-
trol. In 2021, Kumar et al. developed velocity controllers
using the Lyapunov-based Control Scheme (LbCS) technique

for motion planning of a wheelchair in an obstacle-ridden
environment [20]], but the comfort of the user may be com-
promised as the velocity controllers caused sharp changes
in the wheelchair motion resulting in jerky movements. Fur-
thermore, in 2022, Ryu et al. incorporated the use of artifi-
cial intelligence to control a wheelchair [21]. However, in the
literature, the development of acceleration controllers for an
autonomous wheelchair, which will allow no human interac-
tion for mobility as well as ensure the comfort of the user, has
not been studied.

This paper provides a solution to the findpath problem
for n € N planar wheelchair robots with the requirement
that the individual robots are converging to their respective
targets and adhere to system limitations. This is achieved
by deriving a set of novel two dimensional nonlinear stabi-
lizing continuous acceleration controllers for n € N planar
wheelchair robots to navigate a cluttered environment with
stationary disk, elliptic and line segment obstacles. The con-
trollers are derived from a total potential, which is devel-
oped utilising the LbCS, a modified classical APF methodol-
ogy. The total potential will be a sum attractive and repul-
sive potential fields. An attraction function will be developed
for target convergence and repulsive functions will be devel-
oped for obstacle and collision avoidances and for adher-
ence to system restrictions and limitations. These functions
will later be used to form the attractive and repulsive poten-
tial fields, which are going to be part of the total poten-
tial called a Lyapunov function. Some notable challenges in
developing the controllers of the wheelchair robots using
LbCS are

¢ The wheelchair robot is a nonholonomic system with non-
integrable motion constraints, requiring careful handling
of its kinematic structure.

¢ The system is underactuated, and mapping desired accel-
erations to admissible control inputs consistent with the
nonholonomic constraints can lead to singularities or
infeasibility.

¢ Constructing a Lyapunov function that captures both posi-
tion and velocity dynamics while ensuring asymptotic sta-
bility of the closed-loop system is nontrivial.

e Input saturation due to actuator limits complicates the
design, as acceleration-based inputs can easily exceed
physical capabilities if not properly bounded.

¢ Environment complexity gives rise to local minima issues,
conservative trajectories, and difficulties in designing an
appropriate Lyapunov function.

¢ Scalability gives rise to computational burden.

The advantage of using LbCS is the simplicity in the
design of continuous nonlinear controllers. It is also rela-
tively easier to capture the mechanical constraints in the con-
trollers designed using LbCS when compared to the other
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motion planning control schemes present n the literature.
Scalability is not ensured as any increase in the number
of wheelchairs or obstacles would increase environment
complexity demanding greater computing resources. How-
ever, the advancing IT industry producing increasing pro-
cessing power, memory, and computing storage devices with
decreasing prices for them could play a role in diminishing
the scaling impact.

The major contribution of this paper is the design of a
set of novel two dimensional nonlinear stabilizing continu-
ous acceleration controllers for n € N planar wheelchair
robots to navigate a cluttered environment with station-
ary disk, elliptic and line segment obstacles. This contrasts
with previous LbCS approache primarily employing velocity
controllers [20], and aims to provide inherently smoother
motion, enhanced user comfort, and in applied situations,
potentially reduced mechanical wear. The autonomous nav-
igation and coordination of n € N planar wheelchair robots
within a shared constrained space validates robust inter-
agent collision avoidance scheme of LbCS. The system pre-
sented is an advancement over study presented by Kumar
et al. in 2021, where a single planar wheelchair robot was
navigated in only disk obstacle cluttered environment [20].
Collectively, these contributions offer a significant advance-
ment toward fully autonomous, comfortable, and safe mobil-
ity solutions for individuals with severe impairments using
multiple cooperating wheelchairs navigating complex static
environments.

This paper is arranged as follows. Section [2| pro-
vides a literature review that will compare and highlight
other works similar to our research, followed by Sec.
which explores the LbCS, and then followed by Sec.
which describes the Model of a Nonholonomic Wheelchair.
Section [5] describes the problem statement followed by
the design of acceleration-based controllers of multiple
wheelchair robots in Sec. [6] Section [7] will provide sim-
ulations of the acceleration controllers in a hypothetical
workspace, which is followed by Sec.[8} which provides a dis-
cussion of results and any limitations encountered. Finally,
Sec. [9) gives the conclusion with the inclusion of future
works.

2. Literature Review

The development of autonomous wheelchair robots has
gained significant momentum in recent years, driven by
advancements in robotics, Artificial Intelligence (AI), and
sensor technology. The innovations in the development of
autonomous wheelchair robots aim to enhance the mobility
and independence of individuals with disabilities. This litera-
ture review examines key works and technological advance-
ments in the field, comparing various approaches and high-
lighting their contributions and limitations.
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The manual wheelchair was first invented in 1783 by
John Dawson to transport the sick to the healing waters of
Bath, England [22]. This manual wheelchair evolved over
the centuries with improved design and innovation for user
comfort as well as adaptability to the environment [23].
However, the manual wheelchair either required another
person to move it or the user themselves to mobilise the
wheelchair, which became a major drawback as it put lim-
itations on user independence as well as added more bur-
den to the user trying to propel themselves rather than assist
them [24].

The limitation of the manual wheelchair gave rise to
the introduction of the electric wheelchair, which was first
invented by George Klein in 1953 to assist World War II vet-
erans [25]. Other researchers improved his work over the
years in their quest to enhance wheelchair use. In 2006,
Dicianno et al. proposed the use of joysticks to propel the
wheelchair [15], which gave independence and comfort to
the user. Similarly, in 2020, Abdulghani et al. developed a
wheelchair that was voice-controlled [14] and likewise in the
same year Rakasena et al. [12] developed a wheelchair that
was controlled by elbow and hand muscles. However, despite
their modern and creative propulsion designs, they still had
limitations for users with no remaining ability to control the
wheelchair. This limitation then gave rise to the need for an
autonomous wheelchair that required no human interaction
for control.

A critical aspect of autonomous wheelchairs is their
ability to navigate complex environments safely. Many stud-
ies focus on integrating sensors for obstacle detection and
path planning. Tang et al. developed a system incorporat-
ing LIDAR and ultrasonic sensors to create real-time maps,
enabling the wheelchair to navigate indoor environments
autonomously [26]. Their approach emphasized the impor-
tance of sensor fusion for accurate environment perception.
In the same year, Morales et al. [27] developed a predic-
tive control algorithm that anticipates the user’s desired des-
tination based on past behaviour and current context. It
considered the passenger’s comfort perception and planned
a path that best suited the user’s comfort. This predictive
approach reduced the need for constant user input, improv-
ing user experience. However, they identified challenges
related to the algorithm’s adaptability to sudden changes in
the environment.

Effective human-robot interaction is crucial for the
usability of smart wheelchairs. Coelho et al. introduced a
multi-modal interface that integrates voice commands, touch
screens, and joystick controls to manoeuvre wheelchair
robots, which integrated the concept of Al with robotics [28].
Their system allowed users to switch between control modes
seamlessly, enhancing the wheelchair’s adaptability to dif-
ferent user preferences and needs. Later in 2021, Kim et al.
investigated the use of Brain-Computer Interfaces (BCls) for
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controlling autonomous wheelchairs [29]. Their research
demonstrated that BCIs could provide a non-invasive and
efficient means of control for users with severe motor
impairments. However, they noted that the technology’s
reliability and accuracy needed improvement for practical
application.

Moreover, Farheen explored the use of vision-based
systems combined with Al for obstacle avoidance [30]
by employing deep learning algorithms to interpret visual
data, allowing the wheelchair to recognise and react to
dynamic obstacles, such as pedestrians. The later study
highlighted the potential of combining computer vision
with machine learning for robust autonomous navigation.
Most recently, Sharma presented an innovative approach to
assistive robotics by introducing a robotic dog to guide a
rehabilitation wheelchair robot in highly constrained envi-
ronments. Utilising nonlinear control laws derived from a
Lyapunov-based control scheme, the robotic dog leads the
wheelchair through obstacle-free paths, offering increased
mobility for users with physical disabilities [|31]]. Beyond
individual navigation, coordinating multiple autonomous
agents, such as the wheelchairs considered in this work
or other platforms like Autonomous Surface Vessels (ASVs)
[32}/33]] and Autonomous Underwater Vehicles (AUVs) [34],
introduces significant challenges. These include managing
interactions, handling model uncertainties and external dis-
turbances, and respecting operational constraints. Recent
research across these varied robotic domains has explored
advanced control techniques to address such issues. For
instance, strategies often combine formation, platoon, or
tracking objectives with adaptive methods, such as vari-
ous types of neural networks [32-34] or self-tuning algo-
rithms based on system identification [35]], to compen-
sate for uncertainties and disturbances. Furthermore, Bar-
rier Lyapunov Functions (BLFs), sometimes in asymmet-
ric or time-varying forms, have been effectively utilized to
enforce state or output constraints, including operational
limits or sensor field-of-view restrictions [32-34], thereby
ensuring system safety and integrity during complex maneu-
vers, with some approaches achieving fixed-time error
convergence [33].

It is quite evident from the literature that most of the
wheelchair systems needed at least some form of human
interaction, which would be a great disadvantage for a PSN
who has lost all forms of ability such as brain function,
motor, and vision and cannot control the wheelchair. There-
fore, there is a need for further research to develop an
autonomous wheelchair that requires minimum to no input
from its user for navigation and routine activities. This paper
will propose autonomous acceleration-based controllers
that will enable multiple wheelchairs to navigate con-
strained environments. To ensure effective mobile planning,
LbCS will be employed as it is evident in the literature

that LbCS is robust when it comes to obstacle and colli-
sion avoidance and incorporating system restrictions and
limitations.

3. The Lyapunov-based Control Scheme

This research will use an artificial potential field method,
the Lyapunov-based Control Scheme (LbCS). The LbCS colli-
sion avoidance method was first proposed by Stonier in 1983
whereby to ensure collision avoidance between two point
masses moving toward their respective targets on a horizon-
tal plane; a Lyapunov-like function was employed to derive
analytical control laws for their planar motion [|36]]. However,
the Lyapunov-like function initially devised by Stonier and
later refined by Vanualailai et al. [37]], had a notable limita-
tion. It failed to meet the Lyapunov stability condition, which
necessitates precise zeroing at the system’s stable equilib-
rium points. In 1998, Ha and Vanualailai [38] enhanced
Stonier’s approach by introducing an auxiliary function that
adhered to the sufficient conditions of Lyapunov’s stabil-
ity theorem. This improvement enabled the construction of
a Lyapunov function applicable to multiple point-mass sys-
tems and planar robotic arms. Notably, their method only
necessitates control parameters to govern trajectory direc-
tion, offering potential applications across various mechani-
cal systems.

The LbCS method primarily develops the attraction
and repulsion potential field functions, which make up the
total potential for a Lyapunov function. The LbCS has been
implemented with success for various applications in motion
planning and collision avoidance for optimum solutions [31}
39-42]. The primary aim of the LbCS is the expansion of
attractive and repulsive potential field functions from which
consequently one can derive nonlinear velocity or accel-
eration controllers [43-45]. The LbCS is user-friendly in
deriving controllers as they are straightforward, and the
controllers are continuous, which are its advantages. There
is an ease in the inclusion of any restrictions or parame-
ters while deriving the mathematical functions. However,
the main drawback for LbCS is the initiation of the local
minima. In practical scenarios, continuity must be devel-
oped discretely before demonstrating its approach toward
equilibrium.

Figure demonstrates the effectiveness of the
Lyapunov-based control scheme in guiding the robot
through its workspace. Figure depicts the robot’s ini-
tial position at (10, 10), its target at (85, 100), and its tra-
jectory (dashed line), successfully avoiding two randomly
generated obstacles with a radius of 10, while reaching the
final destination. Additionally, Fig. shows a monoton-
ically decreasing potential field from the initial position,
which reaches zero at the target.
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3.1. LbCS algorithmic workflow

An algorithmic representation of the LbCS methodology for
the motion planning of multiple wheelchair system is pre-
sented below.

(1) System Modeling: Define the kinematic model of the
nonholonomic wheelchair robots, including their state
variables and motion equations (as detailed in Sec.
Eq. (5)).

(2) Define Objectives and Constraints: Identify the pri-
mary goals (reaching designated targets t;) and con-
straints (avoiding stationary obstacles W]-, E, Qp, inter-
robot collisions H;, , and respecting velocity limits 4;, B;).

(3) Design Potential Functions: For each objective and
constraint, design corresponding potential functions.
This includes target attraction functions (7;, Eq. (7)), sta-
tionary obstacle avoidance functions (WL-],, F,.Q; ) inter-
agent collision avoidance functions (H;,, Eq. ), and
artificial potential functions for velocity limits (4;, B;).
Auxiliary functions (G;) are also introduced to ensure
controllers vanish at the target (as detailed in Sec. 6.1).

(4) Construct Lyapunov Function: Combine these individ-
ual potential functions into a single, composite Lyapunov
function candidate L(x) (Eq. (I7)). Positive weighting
parameters (a;, B;, , Vijr Piyr €ir M 0;) are assigned to bal-
ance the influence of each component.

(5) Derive Acceleration Controllers: Calculate the time
derivative of the Lyapunov function, L(x), along the
system trajectories ([5)). Design the acceleration control
inputs (uy,,u,, Eq. |i such that L(x) is guaranteed to
be negative semi-definite (< 0). This typically involves

Stabilizing Acceleration Control of Planar Wheelchair Robots 5
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Fig. 1. Anillustration of the Lyapunov-based control scheme. (a) Contour plot and (b) 3D visualization.

relating the control inputs to the negative gradient com-
ponents of L(x) (detailed in Sec. 6.2.1).

(6) Stability Analysis: Prove the asymptotic stability of the
system under the derived controllers using Lyapunov
theory and LaSalle’s Invariance Principle (as shown in
Sec. 6.2.2).

(7) Simulation: Implement the kinematic model with
the derived acceleration controllers in a simulation
environment using Mathematica 13.3 to validate perfor-
mance of the derived controllers.

This step-by-step process forms the core methodol-
ogy for achieving stable, autonomous navigation of multi-
ple wheelchairs in constrained environments using LbCS. A
visual representation of this workflow is provided in Fig.[2}

4. A Model of a Nonholonomic Wheelchair

Definition 4.1. Theith wheelchair with front castor wheels
and driven by two back wheels is a disk with radius 1, centre

(x;,y;) € R* where i € N. Itis described as the set
P={(Z1,Z,) ER?*: (Z1 —x)* + (Z, — y)* < rvzi :

Figure [3| shows a wheelchair robot propelled by two
back wheels with two front swivelling wheels. The two back
wheels, each with a diameter of r, are positioned at opposite
ends of a wheelbase measuring 4 in length. Angle ¢, denotes
the orientation of the wheelchair robots relative to the Z,
axis within the Z, Z, cartesian plane. The centre of the given
wheelchair is (x;,¥;), and the angular velocity of the back
left, and right wheels are given as V; and Vj , respectively,
at any given time t. The distance from the centre of the line
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Fig. 3. A model of the ith wheelchair driven by two rear wheels and two
front swivel wheels. Adopted and modified from Kumar et al. [20].

connecting the two driving wheels to the centre of mass of
the wheelchair is Q.

The wheelchairs are enclosed by the smallest possible
imaginary circle, which acts as a protective shield during nav-
igation around multiple stationary obstacles. As shown in
Fig.[3] the protective circular shield has a radius defined as

A\? 7\2
= (£ Q+ = 1
n=|(5) +(e+3) (1)
and thus the configuration vector for the ith wheelchair
robot is

xX; = (% Yy 00 Viy Vi) € R,

It has been postulated that the wheelchairs can manoeuvre
smoothly without any side slippage on the two back wheels
and are undergoing pure rolling. Thus, with respect to their
centres (x;, ¥;), the ensuing constraints are attained as

yl' COoS d)l - xl sin ¢l - ¢1.Q = 0, (2)
, .o A Ty
X; cos ¢; + y; sin ¢; + Eqbi - EV}R =0, (3)
, .o A; T
X;cos¢; +y;sing; — Ed’i —37V = 0. (4)

The above constraints are in agreement with derivations
attained by Solea et al. and Dhaouadi and Hatab [20]. When
using LbCS, these constraints are addressed by embedding
them in the kinematic model, designing an appropriate Lya-
punov function in a reduced coordinate space to ensure tar-
get convergence, and using time-varying technique to bypass
Brockett’s condition. However, in practice, these constraints
limit instantaneous maneuverability, increase convergence
times, reduce workspace accessibility, and make the system
more sensitive to disturbances. These restrictions for non-
slippage of the wheelchair robots are required for proper
integration into its kinematic model. Therefore, the kine-
matic model of the wheelchairs relative to their specified
centres (x;¥;) can be derived by applying standard rigid
body velocity transformations to the basic differential drive
equations [46]. The resulting model is a modification of the
kinematic equations presented by Kumar et al for a single
planar wheelchair robot [20] and is given by the following
system of ODEs:

. r rQ .
Xy = 5 cos ¢V, +V,) + = sin &:(V;, = Vi)

. o Q)
Yi = 5 sin $i(Vip + Vi) + 7 o8 ¢ (Vi = Vi)

. r >, 5
b= =~ Vi) ©)
V; = Uy,

I./iL = Uy, J
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where u,, and u,, are the rotational accelerations of the
wheelchair’s left and right back wheels, respectively.

In a two-dimensional (2D) space, the location of
wheelchair robots can be characterised by their linear com-
ponents. Defining the position of the wheelchairs at time
t =2 0asx; = (x;(t),y;(t)) and direction angles given as
¢; = ¢;(t), whereby the starting conditions are defined as
(2 (o) ¥i(te)) =+ (i, ¥y, ) Pi(to) = ¢y, Vi (0) = V; . and
Vi, (0) =V, .

The initial condition of the proposed multi-wheelchair
system where i € {1, 2, ..., n} upon suppressing t is given as

T
X1, V1, ¢10 V1L0 V1R0
X V. V.

I L O C TG

Xng  Yng (pno VnLO VnRO

Subsequently, the state vector of the system is given as

T
g o ¢ Vi, W,

X2 2 b, W, Vo € R5"

Xn Yo Pn VnL VnR

5. Problem Formulation

Consider n € N wheelchairs in a workspace cluttered with
stationary g € N disk, m € N elliptic and g € N line seg-
ment obstacles. The ultimate goal for each wheelchair is to
navigate from their initial configuration, avoid obstacles and
collisions, adhere to system restrictions and limitations and
converge to a designated target.

Definition 5.1. The multi-wheelchair systems’ equilibrium
state is

. 5
Xe = (X, Xy, -, Xp,) E R, (6)
where
. 5
X, 1= (T1, T ¢if: 0,0) e R”,

where i € {1,2,...,n} and ¢if is the final orientation of the
ith wheelchair as it reaches its designated target.

Definition 5.2. The target for the ith wheelchair robot is a
disk with centre (7, 7, ). It is described as the set

T :={(Z1,Z) ER*: (Zy — 11 )* + (2, — 15)* < 1)

Definition 5.3. The jth stationary solid obstacle is a disk
with centre (le, sz) and radius U Itis described as the set

W = {(Z,,Z,) € R?: (Z; — le)z +(Z, - sz)z = rmz/j}

Stabilizing Acceleration Control of Planar Wheelchair Robots 7

Definition 5.4. The kth stationary solid obstacle is an
ellipse centred at (flk,fzk) with width a; > 0 and height
b, > 0.Itis described as the set

Z,— fi \? Zy— 5, \?
F, = {(zl,zz) ER?: (J> +<J> < 1.
Ay by
Definition 5.5. The pth stationary obstacle is a line seg-
ment from the point (C1p:d1p) to the point (czp,dzp). It is
described as the set

Q=1{(Z1,Z) €R*: (Zy—¢; — p(cz) — 1))

+(Z; —dy, — 9(dy, — dy ))* = 0},
where ¢, € [0,1].

6. Design of Acceleration-based Controllers

6.1. Target attraction and obstacle avoidance
functions

The following attractive and repulsive functions have been
designed to be part of the total potential.

6.1.1. Target attraction function

The attraction function that will ensure that the ith
wheelchair robot will converge successfully toward its des-
ignated target is

1
Ti=35((x—m ) + 0i=0) + Vi + VD). ()

6.1.2. Stationary obstacles avoidance functions

This paper will simulate real-world cases whereby one sce-
nario would be a children’s outdoor park where there will be
play areas/stations simulated as disks, ellipses or lines and
the other would be an office workspace designed using line
segments and stationary objects such as office chairs clut-
tered in the space represented as disks or ellipses.

e Disk Obstacle Avoidance Function
For the ith wheelchair robot to avoid the jth disk obstacle,
the following function is designed:

Wy = 2 (0= wy ) + O = W) = iy +7)8) ()

fori € {1,2,..,n}andj € {1,2,..,g}

« Elliptic Obstacle Avoidance Function
For the ith wheelchair robot to avoid the kth elliptical
obstacle, the following avoidance function is constructed:

= fi \o (Vi VP
Fik=1(<l ) () -1) o
2 \\a +m, by + 1,

fori € {1,2,..,n}and k € {1,2,...,m}.
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Rmax

Free Space

-V,

Fig. 4. The restriction on the angular velocities V;,

Angular Velocity, V;,

ma;

Line Segment Obstacle Avoidance

In this paper, the line segments are used to construct rect-
angular obstacles representing playhouses and triangular
obstacles representing a play area; line segments are used
to construct the walls in the design of an office space with
cubicles. Considering there are pth line segments from the
points (clp, d1p) to (czp, dzp) forp € {1,2,...,q}, the fol-
lowing function is designed as

0, = 3 (=X, P+ (=¥ =) (10)

for the ith wheelchair robot to avoid the pth line segment
obstacle using the Minimum Distance Technique (MDT),
where Xl-p =1, 10, (Czp - C1p) and Yl-p = d1p toi, (dzp -
d1p): such that

0 ifgl-p <0,
@i, =40, 1f0<g <1, (11)
1 ile'p > 1
and
0 = (Czp - C1p)(xi - C1p) + (dzp - d1p)(J’i - d1p)
v ((czp - C1p)2 + (dzp - d1p)2

(12)

forp € {1,2,...,q}. The point (Xip,Yip) on the line seg-
ment is the closest point to ith wheelchair robot, and the
ith wheelchair robot will avoid this point at any given time
t=0.

6.1.3. Inter-agent collision avoidance function

In this study, since multiple wheelchair robots will be navi-
gating a common workspace, there is a need to ensure that
they do not collide with each other as they avoid other
stationary obstacles and converge towards their desired

L max

Free Space

-V,

Angular Velocity, V;,

and V;, are constrained by obstacles space. (a) Restrictions on V;, and (b) Restrictions on V.
X ‘max

targets. The inter-agent collision avoidance function is
designed as

1
Hy, = 2((i=x)* + 0r =) — i +m)*)  (13)
fori,h € {1,2,..,n}and i # h.

6.1.4. Artificial obstacle avoidance function

Since the wheelchair robots will be applied in real-world
applications, the back wheels have restrictions in their angu-
lar velocities and can only be facilitated in the LbCS with the
inclusion of artificial obstacles. Let ViRmax and ViLmax be the
maximum velocity of the right and left back wheels of the
ith wheelchair, respectively. Then, at any given time t > 0
Vig = ViRmax andj, < V}Lmax

In order for the wheelchair robots to navigate suc-
cessfully within limitations, the following artificial obstacle
avoidance functions are designed as

_ 1.2 2
A=SWE =V (14)
and
_ 1. 2
Bi=5 =V (15)

fori € {1,2,..,n}.

6.1.5. Auxiliary functions for the wheelchair robots

To guarantee that the nonlinear acceleration controllers of
the ith wheelchair vanish at its target, an auxiliary function
is considered as follows:

1
Gy = E((xi - T1i)2 + - Tzi)z)- (16)
6.2. The total potential

Consequently, combining Egs. (7)-(13]) and establishing con-
trol parameters, a; > 0 (target attraction), f;;, > 0 (elliptic
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obstacle avoidance), y;; > 0 (disk obstacle avoidance), p;;, >
0 (line obstacle avoidance), €;, > 0 (coupling), u; > 0, and
o0; > 0 (artificial obstacle avoidance) where h,i,j,k,p € Na
Lyapunov function is obtained as

- % B ! 14 . p
L0 =) |afi+ G| Y 2+ slay 28
P — E‘k . i - 2
i=1 k=1 j=1 7 p=1 P
n n
€; u; o
+) G SLLNT NI 17
i=1 h=1 "h
i+h

6.2.1. Acceleration-based controllers

The time derivative of along the trajectory of system

() is

n
; aL . | dL .
=) (a—xixi + gt gt el T+ aLVlLVlL>

i=1

+z<ul : BG L‘./iL>_ (8

l

By substituting the kinematic model given by system ([5]) into
(18), it could be shown that

n
L(x) —Z(g—— cos ¢; — gi’ rjl sin¢; + a;uq, )V

i

n
LrQ Lr . Gy
+Z<6—7 cos ¢; + E 1n¢i+#u1i>ViR
i=1 i i
- (oL 9
r LrQ
+Z(6_E s¢l+a—751n¢)l+au21)ViL
i=1 Xi
n 3 G
Lr LrQ 0;Gj
+Z<—— ——cos¢i+—2u2_i>v§.
— ay; 2 dy; A B; L

l

Defining Eli' Ezi > 0 as convergence parameters, let

aL (r
6 = 5 (eos i

1

Q .
Elsing) ¥,
=sin¢; + % cos q§i>

(19)
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and
62 = g (Feoso+ T sing )1,
+ (g—}l;l (% sin ¢; — TQ cos q,’)l-)
0,G;
+au,; + B_izuzi> V- (20)
Consequently, the following functions define the

acceleration-based controllers of the multiple wheelchair
robots:

—A? aL [cos¢;
=—t [ Z=r L — Zsin -)+ -V)
= e (e (5 - Fene) e,

A oL
w;G; + «a; A2 ayl

~B} aL [cosd;  Q
L 1 .
-t (% +Zsing, | +& .V
2 0,G; + a;B} (ax-r< 2 75 ‘) S, ‘L)

Uy

sin ¢; + % cos ¢i)

(21

6.3. Stability analysis

Theorem 6.1. The equilibrium point x, of system (5)) is
stable if the acceleration controllers uy, and u, for i €
{1,2, ...,n} are defined as in Eq. (21].

Proof.
(1) L(x) > 0,vx € D(L(x)),X # X, over the domain:
D(L(X)) = {x € RS" | F, (x) > 0,W,(x) >0,
Ql-p(x) >0,H;, (x) > 0,4;(x) >0,
B;(x) >0,V h,i,j, k,p € N}

where i,h € {1,..,n} withi # h,j € {1,..
{1,..,q}and k € {1, ..., m}.

(2) Lix,) = 0.

(3) By using and (20)), it could be be easily shown that

,9hp €

10 ==Y W + 6V <0

i=1
for allx € D(L(x)).

Thus, the equilibrium point x,, of system ([5]) is stable. O
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7. Simulations Results

Simulation results for two cases of multiple wheelchair-
like robots navigating within a disordered environment
filled with stationary obstacles are presented in this sec-
tion. System (5) was numerically simulated using the
RK4 method (Runge-Kutta Method) in Wolfram Mathe-
matica 13.3 software. To achieve the desired results, a
number of sequential Mathematica commands were exe-
cuted. Before the commands are executed specific initial
conditions (positions and orientations) of the wheelchair
robots and obstacles were generated. Also, the convergence,
collision and obstacle avoidance parameters have to be
determined through brute-force technique. For some ini-
tial conditions fine-tuning the parameters becomes neces-
sary to identify combinations that effectively demonstrated
the controllers’ ability to achieve the primary objectives,
namely, successful navigation to designated targets while
ensuring obstacle avoidance, collision avoidance between
wheelchairs, and adherence to system constraints within
these representative scenarios. The aim of this parameter
and initial condition selection was primarily focused on
illustrating the controller’s capabilities and validating the
proof-of-concept.

The simulation examples are performed within a
numerical environment where quantities such as distance
and time are represented by dimensionless values known
as Simulation Units (SU). This approach provides a scalable
framework, allowing the results to be adapted to various
physical contexts. For instance, a velocity within the simu-
lation represents the movement of spatial SU per temporal
SU. To contextualize these findings for a real-world system,
a characteristic length (e.g. meters) and time (e.g. seconds)
can be defined to convert the dimensionless simulation out-
puts into meaningful physical units (e.g. m/s).

Example 7.1. This scenario demonstrates the efficiency of
the designed acceleration-based controllers using multiple
wheelchair robots in a simulated park environment. Figure[5]
shows the initial setup, including the starting positions of the
three wheelchair robots, their respective targets, and the sta-
tionary obstacles (Playhouse 1, Playhouse 2, Water Fountain,
and Hopscotch Field) as labelled.

Figure|[6]illustrates the resulting trajectories of the mul-
tiple wheelchair robots navigating the constrained environ-
ment. Within this figure, specific labels identify each robot
and its corresponding start and end points. The abbreviation
“WC i” refers to Wheelchair i, where i € {1, 2,3} denotes the
index of the individual robot. Consequently, “IP WC i” marks
the Initial Position from which Wheelchair i begins its nav-
igation, and “Target WC i” indicates the designated target
location for Wheelchair i.

All necessary setup details, such as initial coordi-
nates, wheelchair dimensions, and control parameters,

150 _Target WwCl1

PlayHouse 1

&layHouse 2
100 b

Hopscotch Field

3 \ . \/ Target WC2
n
s O A \
N IPWC2 Water Fountain
50 o 1
O IPWC1
o i
Target WC3
0 50 100 150

4 (SU)

Fig. 5. Initial positions of three wheelchair robots in a virtual children’s
play park.

150 [ Target WC1 i~ ]
IPWC3 "\, \
PlayHouse 1 -
PlayHouse 2
100 h
. Target WC2
-]
?
& P
501 b
& -
Target WC3
1 n n n n 1 n n n n 1 n n n n 1
0 50 100 150

z1 (SU)

Fig. 6. Trajectory of the multiple wheelchair robots.

along with restrictions and limitations derived from the
robot dynamics, are provided in Table |1} The objective
requires the wheelchair robots to navigate from their ini-
tial positions to their target locations while avoiding sta-
tionary obstacles and inter-robot collisions. This scenario
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Table 1. Numerical values of initial states, constraints, and control
parameters for the wheelchair robots.

Initial Conditions

Positions (X1, Y1,) = (60, 40),
(%24, Y2,) = (5,70),

(%34, ¥3,) = (140,140)

Orientations ¢;, was randomized within

[-2m, 2r] fori € {1,2,3}.

System constraints and setup

Targets (71, T2,) = (20,140),
(71, T3,) = (140,90),

(t1,72,) = (5,5)

r=21=4Q0=3
1rad/SU

Wheelchair dimensions
Max wheel velocity

Disk obstacles (Wy,,w,,) = (75,75), 1y, = 6

(wlz,wzz) = (120,50),734,2 =3

Elliptic obstacles (f1, f2,) = (30,105),
a; =10,b; =5

(f1,0 f2,) = (35,20),
a,=8,b,=4

Line obstacles

(c1,.ds,) = (40,60)

(c1, ds,) = (50,80)
(c1,.dy,) = (40,60)
(¢1,,dy,) = (110,82)
(¢1,,dy,) = (110,82)
(¢, dy,) = (100,115)
(¢1,,dy,) = (109,105)
(€1, dy,) = (100,115)
(¢1,,dy,) = (110,135)
(€1,0-d1,0) = (115,100)
(¢1,1,d4,1) = (115,100)
(¢1,2.dy,5) = (115,130)
(¢1,3-dy,3) = (130,115)

(¢5,,d,,) = (50,80)
(cy,,ds,) = (57,63)
(cs,.d,,) = (57,63)
(¢5,.d,,) = (120,85)
(¢y,,d,.) = (108,87)
(cy,,d,,) = (115,129)
(c;,,d,,) = (125,120)
(€24 dy,) = (95,120)
(Cy,,d5,) = (95,120)
(C2,0-d2,0) = (109,105)
(Cz,1,d5,4) = (130,113)
(Cz,2d5,5) = (110,135)
(Cz,3,d5,3) = (125,120)

Control parameters

Target convergence

Disk obstacle avoidance
Elliptic obstacle avoidance
Line obstacle avoidance

a;=1fori€{1,2,3}

yij = 0.05fori € {1, 2,3} andj € {1,2}
Bix = 0.05fori € {1,2,3}and k € {1,2}
Pip = 0.001 fori € {1, 2,3}

avoidance andp €{1,2,...,13}
Coupling €;p = 0.001fori,h € {1,2,3}andi # h
Artificial obstacle avoidance  pu; = g; = 0.001 for i € {1, 2, 3}
Convergence & =¢&,;=500fori€{1,2,3}

highlights specific behaviours: for example, Wheelchair 3
(WC3) successfully navigates the narrow space between
the two “Playhouse” obstacles, demonstrating line obstacle
avoidance. Furthermore, the robots exhibit effective turn-
ing capabilities at corners, such as avoiding the triangular
“opscotch Field” obstacle, demonstrating differential steer-
ing. The Lyapunov function value and its time derivative

Stabilizing Acceleration Control of Planar Wheelchair Robots 11

are shown in Figs. and respectively. These plots
illustrate the decrease in the Lyapunov function value as

the wheelchairs converge toward their designated targets.
Figures and show the angular velocities of the
right and left wheels for all wheelchair robots, respec-
tively. Positive angular velocities generally correspond to
forward acceleration or motion, while negative values indi-
cate deceleration or reverse motion components during
maneuvering.

Example 7.2. This scenario has a virtual setup of an office
environment containing cubicles and walkways. Figure [9]
shows the initial and target location for the four wheelchair
robots, their targets and the location of the obstacles. There
are four pathways shown, and a wheelchair robot is situ-
ated in each of the pathways, destined to the opposite side
of the pathways. The wheelchair robots are to avoid station-
ary obstacles (disks, ellipses, corners and edges of the cubi-
cles) and collisions with other moving wheelchair robots.
Tableprovides conditions, constraints and control param-
eters if they differ from Example Figure [10] shows the
trajectories of all four wheelchair robots from their initial
configuration space to their final destination. The wheelchair
robots approach the disk obstacle situated at the intersec-
tion of the pathways, avoiding collisions and obstacles and
reaching their targets safely. The total potential and its time
derivative are similar to case one. Figures and
show the angular velocities of the right and left wheels of all
the wheelchair robots, respectively.

8. Discussion

The initiation and use of robotic wheelchairs is enhancing
the lives of PSN in challenging environments that were tra-
ditionally deemed impossible. Conventionally, complications
for wheelchairs is the requirement for human support or
command to assist in moving the wheelchair. However, some
cases where the PSNs are severely disabled and do not have
the ability to provide such aid or commands to move the
wheelchair will be disadvantaged.

In this paper, as an application of the LbCS method-
ology, a set of acceleration-based controllers were derived
to maneuver multiple wheelchairs in a cluttered environ-
ment. Conventional wheelchair systems typically require
continuous human support or explicit commands to initi-
ate and sustain motion [1214}[19,21]. This limits usabil-
ity for persons with severe disabilities. In contrast, the
approach based on the LbCS methodology proposed removes
the dependence on human input, enabling fully autonomous
navigation in cluttered environments. Unlike traditional
velocity-based controllers (example, Kumar et al. [20]), the
acceleration-based control laws generate smoother transi-
tions in velocity, thereby reducing sharp changes that cause
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Fig. 7. Lyapunov function and its time derivative. (a) Decreasing total potential and (b) Total potential derivative.

0.4 — Wheelchair 1 (Vs,,)

— Wheelchair 2 (VZR)

— Wheelchair 3 (V3R)
0.2

{1,2,3} (rad/SU)

0.0 - VII

Vi |

-0.2 b

~0.4} .

0 500 1000 1500 2000
Time, t (SU)

€

— Wheelchair 1 (V1L)
0.4 .
— Wheelchair 2 (V2L)
— Wheelchair 3 (V3L)
2
5 02
o
1)
o
T
— 0.0
=
BN
-0.2} b
0 500 1000 1500 2000
Time, t (SU)
(b)

Fig.8. Angular velocities of wheelchair robots. (a) Angular velocities of the right rear wheel (ViR) for the three wheelchair robots and (b) Angular velocities

of the left rear wheel (V; ) for the three wheelchair robots.

discomfort to users and lead to faster wear of mechanical
components. This feature improves both user comfort and
system longevity. By construction, the LbCS framework pro-
vides formal Lyapunov stability guarantees, ensuring that

the wheelchair trajectories remain collision-free and con-
verge safely. This theoretical guarantee is not present in
several prior systems (examples, Grewal et al. [47], Foresi
etal. [48], and Jayacody et al. [49]), which depend on reactive
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Fig.9. A virtual office workshop navigation with four wheelchair robots.

Table 2. Numerical values of parameters and initial states dif-
fering from Examples[7.1]for[7.2]

Initial conditions

Positions (xlo,ylo) = (135,0),
(%24, Y2,) = (5,130),
(%34, ¥3,) = (140,140),
(X44Ya,) = (50,40)
System constraints and setup
Targets (111,‘[21) = (20,140),

(T4, T2,) = (140, 20),
(713'1'23) =(5,5),
(ty,,75,) = (130,110)

Disk obstacles Ty, =12

Line obstacles
(¢y,,dy,) = (35,150)
(¢1,,dy,) = (75,110)
(¢y,,dy,) = (150,120)
(¢y,,dy,) = (110,75)
(c1,, dy,) = (30,-10)
(¢, ds,) = (75,40)
(c1,,dy,) = (~10,20)
(€1, dy,) = (=10,110)

(cz,.d5,) = (75,110)
(¢z, d5,) = (110,150)
(cz,.d5,) = (110,75)
(cz,.d,) = (150,40)
(€2,,d5,) = (75,40)
(ca,,d,,) = (120,-10)
(€5,,d5,) = (40,65)
(€2, dz,) = (40,65)

Control parameters

Artificial obstacle avoidance  u; = g; = 0.01fori € {1,2,3,4}

inputs and can be unstable in highly constrained environ-
ments. Moreover, the framework presented allows for pre-
programmed, centrally coordinated multi-wheelchair navi-
gation (as demonstrated in the children’s park and office

Stabilizing Acceleration Control of Planar Wheelchair Robots 13
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Fig. 10. Trajectories of the multiple wheelchair robots.

workspace simulations). This ensures collision-free, syn-
chronized arrivals at target locations, which conventional
systems relying on manual control cannot achieve.

8.1. LbCS limitations

Despite the advantages of LbCS for autonomous control,
some notable drawbacks are as follows:

e The potential for the system to encounter local min-
ima. Achieving optimal performance often requires care-
ful parameter tuning, which can be tedious. Suboptimal
parameter choices or challenging initial conditions may
lead to non-optimal trajectories or exacerbate the local
minima problem.

e Environment complexity gives rise to local minima issues,
conservative trajectories, and difficulties in designing an
appropriate Lyapunov function.

e Scalability issues arise due to the computational complex-
ities in handling a large number of wheelchair robots or
obstacles.

Future extensions may incorporate strategies such as
randomized perturbations to escape spurious equilibria,
navigation functions (e.g. Rimon-Koditschek potentials) that
are provably free of local minima under certain condi-
tions, or hybrid schemes combining LbCS with global plan-
ners or heuristic algorithms to ensure global completeness.
These approaches would further strengthen the robustness
of the proposed framework in highly cluttered environ-
ments. The advantages of using LbCS lie in its simplicity
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Fig.11.  Angular Velocities of wheelchair robots. (a) Angular velocities of the right rear wheel (V;, ) for the four wheelchair robots and (b) Angular velocities

of the right rear wheel (ViR) for the four wheelchair robots.

in designing continuous nonlinear controllers and its abil-
ity to incorporate mechanical constraints easily, compared
to other motion control schemes in the literature. Although
this approach includes distributed optimization, it does
not ensure scalability. Increasing the number of wheelchair
robots or obstacles increases environmental complexity and
demands greater computing power and sensing capabilities
to increase real-time responsiveness. However, these chal-
lenges can be significantly reduced with the rapid growth in
processing power, memory capacity and storage, alongside
decreasing hardware costs and the widespread use of GPS
to reduce sensing limitations. In future, the development of
quantum computers may eliminate scalability issues.

8.2. Prototype implementation challenges

It is important to reiterate that the findings presented in this
paper are based on theoretical analysis and numerical sim-
ulations. While these simulations demonstrate the potential
effectiveness of the proposed acceleration-based controllers
under idealized conditions, experimental validation using
physical wheelchair prototypes was not performed. Transi-
tioning from simulation to real-world implementation intro-
duces significant challenges that are not captured in the cur-
rent model.

Real-world environments present complexities and
uncertainties far exceeding those typically modelled in sim-
ulation. Factors such as uneven terrain, varying surface
friction, unanticipated obstacles, sensor noise (e.g. from

encoders, IMUs, or external perception systems), and real-
time computational constraints can significantly impact con-
troller performance and stability.

Furthermore, the kinematic model @D assumes pure
rolling and neglects wheel slippage. In practice, slippage
is likely to occur, particularly on different surfaces, during
rapid acceleration/deceleration, or turning maneuvers. This
discrepancy between the ideal model and physical reality
can lead to inaccuracies in state estimation and degraded
tracking performance. Other unmodeled dynamics, includ-
ing actuator limitations (torque saturation, response delays),
friction in joints and transmissions, and component tol-
erances, would also need to be addressed in a physical
implementation.

Addressing these challenges requires robust state esti-
mation techniques, adaptive control strategies capable of
handling model mismatch and disturbances, careful sensor
calibration, statistical reliability studies through multiple-
run simulations and hardware-in-the-loop testing before
deployment. Physical real-world environmental interactions
and management require robot operating system (ROS) for
integrating sensor suites (for instance, the use light detec-
tion and ranging (LiDAR), cameras, and simulatneous local-
ization and mapping(SLAM)). Therefore, while the simula-
tion results provide valuable insights and a proof-of-concept,
experimental validation on physical wheelchair robots is
essential future work to fully assess the practical applicabil-
ity and robustness of the proposed LbCS-based acceleration
controllers in realistic assistive technology scenarios.
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9. Conclusion

The study of wheelchair-mobile robot manoeuvres presents
how the field of robotics can be helpful for people with
special needs with the advancement of new technologies.
This study presented a set of novel stabilizing nonlinear
time-invariant continuous acceleration-based controllers
for multiple wheelchair robots in constrained environ-
ments. The controllers were developed using the LbCS.
These controllers successfully demonstrated robust obsta-
cle avoidance and smooth navigation in complex, con-
strained environments through numerical simulations. The
results highlight the ability of the controllers to ensure
the wheelchairs reach their target positions with minimal
human interaction, providing an efficient solution for assis-
tive robotic systems. While LbCS presents advantages in
autonomous mobility and collision avoidance, challenges
like local minima and fine-tuning remain.

This work is an initial step in extending LbCS methodol-
ogy to swarm navigation problems. A detailed benchmarking
exercise, covering accuracy, efficiency, systematic robustness
studies, incorporating error analysis and confidence inter-
vals across multiple runs and experimental conditions, to
complement the theoretical guarantees and computational
cost relative to other established approaches, will form the
basis of our future work, where LbCS can be evaluated within
standardized multi-agent navigation benchmarks. Future
work will also involve real-world testing with a prototype
and further refinement to enhance the controller’s adaptabil-
ity for various environments and user needs. The extension
could also include a seat for the wheelchair, which is sup-
ported by prismatic links along the vertical axis to enable the
wheelchair user to reach a certain height.
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