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ABSTRACT Self-propelled wheelchairs are challenging to drive on off-road routes or require enormous
physical effort in situations where the gradient exceeds 8%. For most people, these situations are too
strenuous and therefore impractical. This work presents an innovative plug-and-play system to electrify a
manual wheelchair. With the constraint of not irreversibly modifying the original wheelchair, a mechanical
system is developed to allow motors to turn the rear wheels by friction. Torque and power requirements
have been derived by modeling and simulating in Matlab the physical system. To manufacture a working
prototype, a control system using standard components is devised, and object-oriented firmware is developed
with the C++ programming language. The result is a plug-and-play portable kit that can be adapted to
wheelchairs of any size, and the expandable Human-Machine-Interface (HMI) makes it ready to expand
the audience that can use it.

INDEX TERMS Assistive technology, electrification, wheelchairs, electric mobility, human–machine
interface, human empowerment, independent living.

I. INTRODUCTION
A. OVERVIEW & MOTIVATIONS
Eurostat, the statistical office of the European Union, esti-
mates that there are currently 5 million wheelchair users in
Europe and this value is likely to increase due to the aging of
the population [1]. Among this population, our target group
consists of wheelchair users who are able to self-propel their
wheelchairs using push-rims mounted on the rear wheels
and want to travel. Self-propelled wheelchairs are difficult
to drive on off-road routes [2] or require enormous physical
effort in situations where the gradient exceeds 8% [3], [4].
For most people, these situations are too strenuous and there-
fore impractical [5]. There are several options available for
wheelchair electrification and propulsion support devices.
Each of these options has its pros and cons which can
vary according to the specific needs of the user. In general,
electrification of wheelchairs can provide greater indepen-
dence [6], mobility, and well-being [7], without the need for
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considerable physical effort. Electric-powered wheelchairs
(EPWs) can cover long distances and overcome inclines
more easily. However, they can be expensive, much heavier,
and bulkier than manual wheelchairs, which makes them
impractical in some situations [8], e.g. when weight is an
issue, such as when using weight-restricted indoor lifts.
Furthermore, when travelling by plane, space and battery
problems may arise. Moreover, if for any reason the EPW
is unable to move independently, the weight of the chair
may make manual pushing difficult. Considering our tar-
get group, their needs hardly fit the advantages an EPW
offers. For the abovementioned reasons, there have been
several attempts to manufacture kits to transform a manual
wheelchair into EPW. Some of them are available on the
market such as [9], [10], [11], [12], [13], and [14]. How-
ever, solutions like [9] and [10] add a motorized wheel in
front of the wheelchair whereas the center of gravity is
shifted backwards toward the rear wheels. In conditions such
as unpaved roads, this configuration results in the slipping
of the front motorized wheel. Solutions like [11] and [12]
require mounting their own compatible wheels. Solutions

89038
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 11, 2023

https://orcid.org/0009-0007-5721-7963
https://orcid.org/0000-0002-5711-432X
https://orcid.org/0000-0002-9425-7354
https://orcid.org/0000-0001-5426-4974
https://orcid.org/0000-0002-2328-5171


F. Pacini et al.: Innovative Plug-and-Play System for Electrification of Wheel-Chairs

such as [13] are likely to be plug-and-play if a support frame
is previously mounted on the wheelchair: this may require
irreversible modifications to the wheelchair. In addition, the
supplied configurations are not powerful enough to cope
with steep slopes whose gradient exceeds 8%. Solutions such
as [14] require the user to manually control the direction of
the wheelchair at all times, and in the case of uneven terrain,
it is likely that the motorised rear wheel will not touch the
ground properly, causing a discontinuous grip. In literature,
there are some attempts to design portable kits like in [15]
and [16] but they lack physical implementation and testing.

In this paper, we describe our solution for wheelchair elec-
trification, which combines the advantage of ease of assem-
bly, adaptability on the fly for a wide variety of wheelchairs,
capability to tune the mechanical stiffness of the motor sup-
ports, and the motorization of rear wheels to take advantage
of the adherence of the main wheels, which bear the majority
of the weight of the individual being transported. Considering
that the kit’s primary objective is to enable people with man-
ual wheelchairs to overcome situations where their manual
propulsion is insufficient to cope with the environment, the
actual speed of the wheelchair and the vertical vibrations
to which the user is subjected are comparable to those of
a manual wheelchair. For this reason, and because we did
not want to modify the structure of the wheelchair, we did
not consider any passive or active suspension [17], [18] to
reduce the vertical vibrations. Nowadays, to enhance system
safety and user experience, attempts to include features from
autonomous control such as path-tracking [19] for off-road
lane maintenance and motion-planning depending on obsta-
cles [20] are frequent. Anyway, these techniques require the
usage of sensors to be aware of the surroundings and would
decrease the degree of plug-and-playness. For this reason,
we implement only a manual control system.

Discussion and details on mechanical design are presented
in Section II. System dynamics, prototype architecture, soft-
ware architecture, and prototype implementation are summa-
rized in Section III. Finally, Section IV discusses the result
and potential applications of our plug-and-play system.

B. MAIN CONTRIBUTIONS
This paper introduces innovative features related to the elec-
trification of manual wheelchairs that overcome some state-
of-the-art solutions. The motor frame is lightweight and it
can be attached to different wheelchairs since its joints can
be adjusted both in height and width to fit a wide variety
of wheelchair chassis. In addition, the power transmission
is obtained thanks to friction between out-runner motors and
wheelchair tires, without requiring any permanent modifica-
tion of the wheelchair chassis. Concerning electronics and
informatics, a control system using off-the-shelf components
was devised and software firmware written in C++ was
developed and made available on GitHub.

The mechanical design of the device is novel and the
authors applied for a patent [21].

II. INNOVATIVE ADAPTIVE SYSTEM DESIGN
From a mechanical point of view, the electrification device
has to achieve the following goals: (i) to be interfaced with
the wheelchair in a smart and easy way, without requiring
any permanent modification of the wheelchair (e.g. no holes
have to be carried out on the wheelchair frame); (ii) to be
compatible with different wheelchair models and sizes; (iii) to
be lightweight.

FIGURE 1. Wheelchair equilibrium with the additional front wheel -
Powered front wheel (Up) and Powered rear wheels (Down).

A. FRONT-DRIVE VS REAR-DRIVE
In order to compute the performance of the motor-
ized wheelchair, two preliminary designs were considered:
(i) a powered additional front wheel and (ii) powered
wheelchair rear wheels. Both designs consider an addi-
tional front wheel, having a larger diameter than the original
wheelchair front wheels, in order to enhance the stability per-
formance on irregular ground. The mechanical equilibrium
of both configurations is shown in Fig. 1. The wheelchair
and transported person’s center of gravity, considered as a
unique rigid body, is G. The vertical height of the point G
is h while the distance along the horizontal axis between the
center of gravity and the front and rear wheels is a1 and
a2 respectively. The weight due to the total mass (wheelchair
and person) m and the gravity acceleration g is considered to
be applied in G, and the front and rear vertical forces, Z1 and
Z2 respectively, are applied at the contact point between the
wheel and the ground. The longitudinal force X is applied at
the front contact patch, if the powered front wheel layout is
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considered or at the rear contact patch, if the powered rear
wheels layout is considered.

Two different phenomena limit the maximum longitudinal
force between the wheel and the ground: the adherence loss
in the case of the front drive and the wheelchair rollover in
the case of the rear drive. Concerning the front drive, from
the vertical and moment equilibrium we obtain

Z1 =
a2

a1 + a2
mg−

h
a1 + a2

X (1)

and, assuming incipient adherence loss, X = fZ1 with f the
coefficient of friction, we obtain the maximum transmittable
longitudinal force for the front drive

XF,Max = mg
fa2

a1 + a2 + fh
(2)

Concerning the rear drive, the maximum longitudinal
transmittable force in the condition of incipient rollover
(Z1 = 0) is

XR,Max = mg
a2
h

(3)

It is worth pointing out that if a hill climb is considered,
the maximum slope, given in percentage, of the road that can
be overcome is

s(%) = 100
X
mg

(4)

Hence, the maximum manageable slope for front-drive is

sF,Max(%) = 100
fa2

a1 + a2 + fh
(5)

and for the rear-drive is

sR,Max(%) = 100
a2
h

(6)

TABLE 1. Reference geometry parameters of the wheelchair with the
transported person.

Considering reference geometry data of the wheelchair
with the person given in Tab. 1 and the friction coefficient
f = 0.5, we obtain sF,Max = 7.5% and sR,Max = 30.8%. It is
worth pointing out that the sF,Max < sR,Max for any feasible
value of friction coefficient f .

Hence the rear-drive configuration allows it to overcome a
larger slope and will be considered for the further design of
the motorized wheelchair.

B. PRELIMINARY DESIGN
Starting from the requirement related to the lack of structural
modification on the wheelchair, the base idea of the project is
to use external rotor motors that transmit power to the wheels
of the wheelchair by friction. The equilibrium schematic of

FIGURE 2. Equilibrium of a wheel of the wheelchair with motor.

one side of the wheelchair is shown in Fig. 2, where N and T
are the normal and tangential force that the motor exerts on
the wheel, X and Z are the longitudinal and vertical force that
the ground exerts on the wheel, and Bx and Bz are the hori-
zontal and vertical force components at the hub of the wheel.
The angular position of the motor is identified by the angle θ .
Considering the system functionality, any angular position of
the motor is equivalent, since the torque (C = TR, where R
is the wheel radius) transmitted by the motor to the wheel is
independent from θ . However, layout, ergonomics, and loads
bearing need to be considered to choose the desired angular
position of θ :

1) the motor, for safety reasons, should not be placed close
to the body of the person sitting on the wheelchair;

2) the motor should not interfere with the structural parts
of the wheelchair;

3) the total force (B =

√
B2x + B2z ) acting on the wheelchair

hub should be minimized, in order to reduce the load
borne by the wheel axis;

4) the motor support should be connected to the wheelchair
frame with easiness.

Based on these requirements, the final motor configuration
was identified for θ = 130◦. Figure 3 shows the upper and
lateral view of a reference wheelchair with the innovative
plug-and-play system for electrification (shown in blue).

Each motor is pushed against the wheel by the pre-loading
device, shown in Fig. 4. The pre-loading includes a glide,
which can move along a rod. The motor is connected to the
glide and these are pushed against the wheel of the wheelchair
by a pre-load spring, which is compressed acting on a nut. The
pre-loading devices, one for each wheel, are integral with an
additional sub-frame, shown in Fig. 3, that can be connected
to the wheelchair seat-back by means of clamps that do not
require any modification of the original wheelchair. In order
to allow the sub-frame to be connected to different wheelchair
models, it was designed to be adjustable: indeed, the horizon-
tal and vertical pipes of the frames are telescopic, and their
length is adjustable to fit different wheelchairs.
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FIGURE 3. Upper (a) and lateral (b) view of the wheelchair with the
innovative plug & play system for electrification (shown in blue).

FIGURE 4. Motor to wheel pre-loading device.

Finite element simulations were performed in order to
compute the stress state of the sub-frame due to the normal
force and tangential force acting on the load. A trade-off
between structural strength and weight was found varying the
pipe thickness. Figure 6 shows the results of the equivalent
von Mises stress on the final version of the sub-frame.

Finally, the wheelchair was equipped with rear safety
wheels to avoid rollover.

C. TORQUE AND POWER REQUIREMENTS
In order to evaluate the torque and power requirements of
themotors, two differentmaneuvers were considered: starting
from a standstill on an uphill road to evaluate the torque and
constant speed on a sloped road to evaluate the power.

FIGURE 5. H-shaped sub-frame.

FIGURE 6. Finite element analysis of the sub-frame - Equivalent von
Mises stress (MPa).

FIGURE 7. Motorized wheelchair equilibrium on a slope.

With reference to Fig. 7, in steady state condition, the
magnitude of the tangential force T exerted by the motor on
the wheel is equal to the traction force X , which is limited
by the maximum traction force found in 3. Given the wheel
radius Rw and the motor radius Rm and considering that the
wheelchair is equippedwith twomotors, themaximum torque
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required for each motor CM
m is the following:

CM
m = mg

Rma2
2Rwh

(7)

To evaluate the maximum required power, we considered,
in a precautionary condition, the maximum speed in corre-
spondence with the maximum allowed road slope; its value is
obtained by multiplying the maximum traction force at each
wheel by the wheelchair speed, hence

WM
m = mg

a2
2h
uM (8)

where uM is the maximum longitudinal speed required for the
wheelchair. Considering the geometry data listed in Tab. 1,
the total mass of the wheelchair (including all additional
devices and transported person)m = 150 kg, the radius of the
wheel Rw = 0.3 m and the radius of the motor Rm = 0.03 m,
the maximum torque is

CM
m = 22.6 Nm (9)

and, considering uM = 20 km/h, the maximum power is

WM
m = 1.3 kW (10)

It is worth noting that in this analysis no losses were consid-
ered, neither mechanical nor electrical. Hence, the maximum
value of torque and power should be conveniently magnified
in the motor choice phase.

III. PROTOTYPE PROJECT & TEST
A. SYSTEM MODELING AND PRELIMINARY SIMULATION
In the first phase of system development, the Model-
Based [22], [23], [24], [25], [26] approach was used to
analyze the torques required for wheelchair mobilization and
validation of the Joystick mapping algorithm. In particular,
a dynamic model of the wheelchair was created, and a model
mapping the joystick signal to forward and spin references
of the wheelchair. The primary objective is to preliminarily
evaluate the choice of actuators. To do this, the model’s
control variables are the actuation torques at the wheels of
the wheelchair. This also allows us to guide the choice of
actuators by evaluating the actuation torque values required
to move the wheelchair in the simulated scenarios. The con-
struction of the dynamic model starts from the schematic
representation in Fig. 8. Neglecting the effect of the motion
of the pivoting front wheels, the wheelchair can in fact be
thought of as a bicycle system, with the two wheels con-
trolled. From a conceptual point of view, the fact that they
are actuated on a central axis of rotation or on a parallel axis
does not take away any generality, since the torques obtained
are proportional to the ratio between the radius of the wheel
and the radius of the motor stator. We have chosen to follow a
Lagrangian approach to derive the dynamic equilibrium of the
pram. In particular, we define the Lagrangian function L as
the difference between the kinetic energy K and the potential

FIGURE 8. Essential representation for kinematic and dynamic modelling
of wheelchair motion.

energy U of the system:

L ≜ K − U (11)

where in this case, the kinetic energy is the sum of the
translation KT and rotation KR contributions, as follows:

KT =
1
2
mA

∣∣∣V⃗A∣∣∣2 +
1
2
mB

∣∣∣V⃗B∣∣∣2 +
1
2
MV

∣∣∣V⃗G∣∣∣2
KR =

1
2
IAω2

A +
1
2
IBω2

B +
1
2
IG�2

V (12)

Note that for the mechanical system under consideration, the
kinetic energy U = UA + UB + UG = (mA + mB + MV )gR
remains constant, so it can be omitted in the subsequent steps
required to derive the dynamic equilibrium equations. The
termsmA,mB andMV and IA, IB, and IG represent the masses
and moments of inertia with respect to their respective axes
of rotation. The expressions describing the kinematics of the
bicycle are:

V⃗A = w⃗A ∧ Ru⃗z = wAR
(
u⃗y ∧ u⃗z

)
= wARu⃗x

V⃗B = w⃗B ∧ Ru⃗z = wBR
(
u⃗y ∧ u⃗z

)
= wBRu⃗x

V⃗G = V⃗A + �⃗v ∧
−→
AG = V⃗B + �⃗v ∧

−→
BG (13)

In particular, under the assumption of rolling without creep-
ing of both wheels, by equalising the expression of VG
starting from A and B, we derive the dependence of the
wheelchair’s forward speed and spin speed on the angular
velocities of the wheels, as shown below.

wAR− �vd = wBR+ �vd ⇒

{
�v = (wA − wB) R

2d
VG = (wA + wB) R2

(14)
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It follows that the expression of the Lagrangian function is as
follows.

L = Aω2
A + Bω2

B + CωAωB (15)

A =
mR
2
R2 +

MV

2
R2

4
+
IA
2

+
IG
2
R2

4d2

B =
mR
2
R2 +

MV

2
R2

4
+
IB
2

+
IG
2
R2

4d2

C = MV
R2

4
− IG

R2

4d2
(16)

Note that, with the modelling choices made, the Lagrangian
function depends only on the angular velocities of the wheels,
so the dynamic equations will in fact describe the dynamics
of the wheels, taking into account the geometric interaction
and global inertia of the vehicle.

d
dt

∂L
∂ω̇A

−
∂L
∂ωA

= QExTA = τA − τ resA

d
dt

∂L
∂ω̇B

−
∂L
∂ωB

= QExTB = τB − τ resB (17)

The terms QExTk are called generalised forces, which in the
case of the system under consideration are given by the
difference between the driving torque τk and the resisting
torque τ resk , the expression of which is given in (18). In par-
ticular, the resistant torques are in turn the contribution of
the dissipating effects of wheel-road contact friction and
aerodynamic friction. In this analysis, the contribution of
aerodynamic friction is ignored, given the relatively low
assumed travel speed.

τ resk = τfriction + τair

τfriction = sigm (Vk)
bv

R− bv
(Mv + 2mR) gR

∼= sign (Vk)
(Mv + 2mR)

20
gR

τair =
1
2
CV 2

G sigm (VG)AR ∼= 0 (18)

For simplicity, we considered simulations on flat sections
(without tilting), so the contribution of weight force in the
torques opposing the motion of the wheelchair is not con-
sidered in the equations. Combining the previous equations
yields the dynamic equations describing the motion of the
wheelchair with independently driven wheels. Below is the
state form of the equations, which is also useful for designing
a control algorithm.[

ω̇A
ω̇B

]
=

[
2A C
C 2B

]−1 (
−
1
2

[
τf ,A
τf ,B

]
−

[
τA
τB

])
(19)

Referring to the Cartesian coordinate mapping of the signal
provided by the joystick, we refer to the schematic in Fig. 9.
The signals coming from the joystick can be combined to
generate reference signals for the control algorithm, in terms
of forward and angular speed of the wheelchair, or equiv-
alently, in reference signals for the angular speeds of the
wheels being actuated. The following shows how, fromCarte-
sian coordinates, i.e. the pair of analogue signals from the

FIGURE 9. Graphical representation of joystick signal mapping in (V , �)
(top) coordinates or, equivalently, in (ωA, ωB) = (RPMlx , RPMrx )
coordinates, for convenience further converted to RPM (down).

joystick (Xj,Yj), one can switch to the equivalent representa-
tion in polar coordinates.(
Xj
Yj

)
→

 ρ =

√
X2
j + Y 2

j

θ = arctg
(
Yj
Xj

)
(≡ kπ )

 (20)

Vref = Vmax

√(
Xj

Xmax

)2

+

(
Yj
Ymax

)2

sin
[
arctg

(
Yj
Xj

)]

�ref = �max

√(
Xj

Xmax

)2

+

(
Yj
Ymax

)2

cos
[
arctg

(
Yj
Xj

)]
(21)

Using the previous set of equations, the joystick signals were
mapped into forward speed and wheelchair spin references.
Then, using the previously introduced kinematic constraint
equation, from the pair (Vref , �ref ) it is possible to calcu-
late references for angular velocities of the individual drive
wheels, ergo references for the electric drive control that will
be discussed in the following sections.[

Xj
Yj

]
→

[
Vref
�ref

]
→

[
ωA,r ef
ωB,r ff

]
≡

[
RPMlx
RPMrx

]
(22)

To validate joystick mapping and required motors torque,
we create a virtual environment in MATLAB-Simulink with

VOLUME 11, 2023 89043



F. Pacini et al.: Innovative Plug-and-Play System for Electrification of Wheel-Chairs

FIGURE 10. 2D trajectory and joystick reference during simulation.

FIGURE 11. Torques applied to the left and right rear wheels during
simulation.

a wheelchair model, the controller discussed above and the
joystick mapping logic.

We perform the test following a reference trajectory illus-
trated in Figure 10 assuming flat terrain conditions. It consists
mainly of five phases in which the basic movements of
the joystick are tested. During the simulation, we recorded
the reference and actual speed, both linear and angular -
Figure 12 - set by the joystick logic to the controller, and also
the torques applied to the rear wheels, presented in Figure 11.
Phase 1 consists of pushing the joystick forward to its max-
imum extension so that the linear speed reference is set to
its maximum value and the angular speed reference to zero.
As a result, maximum torque is applied to both rear wheels.
In phase 2, the wheelchair is stationary and is requested to
rotate clockwise on the spot by pushing the joystick to the

FIGURE 12. Linear and angular speed during simulation.

right. As a result, the reference linear speed is set to zero and
the reference angular speed modulus to the maximum value.
Since the wheelchair is asked to turn on the spot, the torques
at the rear wheels must have the same modulus but opposite
sign. Phase 3 consists of pushing the joystick forward again.
Phase 4 consists of pushing the joystick forward and gradu-
ally rotating it approaching, without reaching, a 90◦ angle in
a clockwise direction, maintaining maximum extension and
finally returning it to its rest position. Consequently, as the
joystick rotates, the linear speed reference decreases while the
angular speed reference increases until the joystick returns
to its resting position. Finally, phase 5 consists of push-
ing the joystick forward again. The results obtained prove
that the joystick mapping is correct and the torque required
from the motors is in line with the calculations.

B. PROTOTYPE ARCHITECTURE
The controlling logic of the automated wheelchair needs to
be defined in order to map users’ input to actual wheelchair
movement. The second phase of prototyping aims to define
a computer system architecture that will implement such
logic. We start with a logical overview of the system to
grasp the needed components and functionalities to move
then to the slightly different physical implementation to
meet usability requirements. Starting with a logical overview
in Figure 13, at the core of the system we find a Micro Con-
troller Unit (MCU). It receives information from a joystick,
an Inertial Measurement Unit (IMU), an Engine Control Unit
(ECU) and a touch-screen and provides commands to the
ECU and telemetry information to the screen. An important
role is also played by the ECU, which manages engine rota-
tion. Specifically, the ECU receives target speed reference
commands from the MCU and manages the process of reach-
ing these target speeds.

As concerning the MCU, an esp32-wroom-32d [27] is
selected. It is a low-cost MCU that integrates a Bluetooth
Low Energy (BLE) module for wireless communication and
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FIGURE 13. Logical view of the system. Image: flaticon.com.

provides a port of FreeRTOS [28] into its official ESP-
IDF [29] development framework. Available peripheral inter-
faces include I2C [30], UART [31], SPI [31]. In addition,
it incorporates cryptographic hardware acceleration which
allows secure communications to still be efficient. It embeds
also two low-power Xtensa® 32-bit LX6 microprocessors
which can run independent threads at the same time.

Regarding the ECU, aVedder ESC 100A is selected. It is an
open-source electronic speed controller [32] used in electric
skateboards, electric bikes, and other electric vehicles. The
VESC system was developed by Benjamin Vedder, and it is
based on the STM32 microcontroller platform. The VESC
allows for precise control of the motor’s speed and torque,
and it includes a variety of features such as regenerative
braking and motor temperature monitoring. The VESC sys-
tem is highly customizable and programmable, making it
popular among DIY enthusiasts and manufacturers of electric
vehicles. The VESC uses a technique called Field Oriented
Control (FOC) [33], [34], [35], [36] to control the speed
and torque of the motor. FOC is a control strategy that
separates the stator current of the motor into two compo-
nents: one component that generates the magnetic field and
another component that generates the torque. This separation
allows the VESC to control the motor’s speed and torque
independently. The VESC uses a PI (proportional-integral)
control algorithm to regulate the motor’s speed and torque.
The PI controller continuously compares the desired motor
speed/torque to the actual motor speed/torque and adjusts
the motor’s current accordingly. The proportional term of
the PI controller responds to the current error (the difference
between the desired and actual current) by applying a cur-
rent proportional to the error. The integral term responds to
the accumulated error over time and helps to eliminate any
steady-state error. In addition to the PI controller, the VESC
uses several other techniques to improve motor control,
such as: (i) Sensorless Control: The VESC can operate the
motor without using traditional Hall sensors, which simplifies

the design and reduces costs. (ii) FOC Field Weakening: As
the motor’s speed increases, the maximum torque the motor
can produce decreases. The VESC uses a technique called
FOCfield weakening tomaintain themaximum torque output
of the motor as the speed increases. (iii) Dynamic Braking:
The VESC can use the motor to slow down the vehicle by
regenerating energy back into the battery, which reduces wear
on the brakes and increases the vehicle’s range. Overall, the
VESC’s control algorithm is designed to provide precise and
efficient control of the motor’s speed and torque, while also
maximizing the vehicle’s performance and energy efficiency.
Thanks also to its wide input voltage range and remark-
able continuous output working current specified in Table 2,
it represents a suitable option for small-medium powermotor-
propelled prototypes.

TABLE 2. VESC 100A specification.

Concerning the screen, a Nextion nx4827t043 [37] is
selected. This is a touch-screen so there is a possibility to
provide virtual and adjustable buttons for better accessibility.

For the joystick, a DM11L0A1F [38] is selected and
depicted in Figure 14. This is a 2-axis resistor joystick that
exploits two potentiometers to represent the stick position.

FIGURE 14. DM11L0A1F 2-axes resistor joystick. Terminals VDD, GND and
OUT are visible on two edges of the joystick.

For the IMU, an ICM-20948 [39] is selected because of
its low cost and its Digital Motion Processor that takes care
of the calibration of embedded sensors. Thanks to its 3-axis
gyroscope, 3-axis accelerometer, and 3-axis magnetometer,
it is able to provide accurate pitch, roll and yaw of the vehicle.
Its usage is discussed later.

For motors, two MBoards 6374 180KV [40] are chosen
and depicted in Figure 15. Their specifications in Table 3
fulfil the requirements of dimension and power needed by
mechanical requirements. They can also be controlled by the
selected ECU so that they represent a perfect candidate for
the application.

To power the system, a batterymust be chosen. Since it will
be connected to a VESC, it must match its permitted input
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FIGURE 15. Mboards motor 180kv.

TABLE 3. Motor specification.

characteristics. For this reason, a 10s3p P42A battery [41] is
chosen. This is a 10s3p lithium-ion battery with a nominal
voltage of 36V. Considering the selected motors and VESC
characteristics, two independent batteries are mounted which
are able to exploit all motors’ power being able to sustain the
maximum allowed current.

In our application, we want to exploit an IMU to obtain
so-called attitude and heading reference systems (AHSR),
i.e. pitch, roll, and yaw of the vehicle, so that safety policies
can be implemented based on the stability of the wheelchair.
By integrating the IMUwith the wheelchair, it becomes feasi-
ble to identify instances of tipping and establish appropriate
measures to address such occurrences. Various options can
be considered, such as integrating a GPS module to provide
location information or emitting audible signals to alert indi-
viduals in proximity. Additionally, there is the possibility of
automatically deactivating the wheelchair’s engines.

The screen is part of the Human-Computer Interface (HMI)
and it is used to visualize important information the user
needs to monitor such as current speed, remaining percent-
age of battery, pitch and roll of the wheelchair, and current
selected speed profile. If empowered by touchscreen capabil-
ity, the screen can be used not only as an output device but also
as an input one. Therefore, we could avoid physical buttons
or at least they may coexist. An example of Graphical User
Interface (GUI) [42] can be observed in Figure 16.
The system we are dealing with is a real-time system

because the correctness of the result depends not only
on the correctness of the calculation but also on tempo-
ral correctness. Just as an example, the command to brake
the wheelchair will not be considered as correct if it will
eventually be processed after a collision. To grant the sat-
isfaction of each deadline, we make use of a Real-Time

FIGURE 16. Example of possible GUI.

FIGURE 17. Overview of classes distributed among the two
microcontrollers. Arrows pointing towards one class mean that the
pointed class is using the other class.

Operating System. Among the RTOS available implementa-
tions, freeRTOS [43] is chosen.
While there are alternative options available, the decision

was made to utilize the freeRTOS operating system on the
esp32 microcontroller due to the existence of an official
port. To schedule application-defined tasks, an RTOS uses
a scheduling algorithm to decide which tasks should be
executed in a specific time interval. Among the scheduling
algorithms available for freeRTOS, it is selected Prioritized
Preemptive Scheduling with Time Slicing whose configura-
tion is reported in Table 4.

TABLE 4. Configuration parameters for Prioritized Preemptive Scheduling
with Time Slicing in freeRTOS.

The idea is that in the event that a task with a higher priority
is ready to be executed, it will use the pre-emptionmechanism
to enter into operation. Configuring the kernel to utilise time
slicing allows round-robin scheduling to be implemented,
since at each time unit, the scheduling algorithm will select
a new task to enter the execution state if there are other tasks
ready with the same priority as the executing task.

Considering usability as an important metric of our system,
we decided to develop a wireless controller. For this reason,
the physical view of the system in Figure 18 is different from
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FIGURE 18. Physical view of the system. Image: flaticon.com.

the logical one in Figure 13. In this configuration, an MCU is
in charge of handling input from joystick and screen and dis-
playing telemetry information to the screen whereas another
one is handling the ECU and IMU. BothMCUs communicate
using a custom BLE protocol appropriately designed for
this application. A detailed discussion is carried out in the
software architecture chapter.

C. SOFTWARE ARCHITECTURE
The third phase of our prototyping aims to define the architec-
ture of the software which will run onMCUs. The application
of the encapsulation concept, derived from object-oriented
programming style [44], led us to design several classes as
represented in Figure 17.
From a high-level perspective, each physical component

has a related class that hides its complexity. In this way, there
is no binding on the use of a particular brand: as long as there
is an implementation of the declared interface, every physical
component is fine. This approach is also useful for decoupling
software to improve debugging and testing. Given a compo-
nent to be tested, since there is no code directly relating to
other components, but only a reference to their classes, it is
easier to mock any reference to external components. In this
way, only the logic of the component under test is tested.
Furthermore, in case of a software module has a bug within
it or needs an update of its logic, this can be done without the
need to update the other components as well, as long as its
interface remains the same.

Based on the physical view in Figure 18, we find a similar
organisation in the code. According to the physical view, there
are two microcontrollers running two independent instances
of the freeRTOS firmware. There are object classes, dis-
tributed on only one of the two microcontrollers and some
distributed on both. By looking at the legend in Figure 17,
we can see which object classes are distributed on which
microcontroller.

The IMU class offers methods to retrieve AHSR references
or individual values, depending on the need. In addition,
methods to configure sensors via a constructor and a way to
update the values returned by each embedded sensor.

The InterfaceEngineCU is the class in charge of communi-
cating directly with the ECU. Since communication is via a
UART communication, it provides a method for configuring
all related parameters such as baud rate, parity check, com-
munication pins, etc. To control the motors, it offers methods
to set the RPM and a method for obtaining information from
the engines themselves via a protocol defined by the ECU
manufacturer. The motor’s rotation references come from the
previously discussed mapping that takes as input the values
indicated by the joystick, which is controlled by the other
microcontroller. As already mentioned, communication takes
place via BLE and therefore the class offers a method to set
up communication.

The ECU class is a mirror of InterfaceEngineCU dis-
tributed on the microcontroller in charge of managing the
joystick. It offers a method of communication via BLE to
set the RPM references of the motors, calculated from the
joystick mapping. It also offers a method for setting the speed
level to customise different driving styles.

The Joystick class offers methods to manage a 2-axis resis-
tive joystick. It provides access to both low-level information
from the potentiometers connected to the joystick, as well
as high-level information such as Cartesian coordinates and
polar coordinates of the stick position in a 2-D Cartesian
plane. Therefore, internally the class object must define a
strategy to handle noisy values, such as those coming from
the esp32’s ADC. Our strategy consists of applying a median
filter to smooth out the scattered values returned by the
ADC, trying to preserve their trend as much as possible. The
particular values of the median filter were found using a fine-
tuning approach. Moreover, in order to reduce the sensitivity
of the joystick to produce an RPM reference different from
zero only when a clear intention of movement is detected,
a circular dead zone around the centre of the cartesian plane
has been applied. Only when the position of the joystick stick
exceeds this dead zone is its position considered different
from the origin.

The Screen class hides the details of physical communica-
tion with the screen and offers methods for setting telemetry
information to be displayed, such as remaining battery level,
stability information, etc. It also allows listening to events,
such as touches on virtual buttons.

The Messages class hides all the details of how messages
are exchanged and provides methods for defining callbacks.
These callbacks enable the processing of received messages
and the delivery of the contained information without requir-
ing direct manipulation of themessage handlingmechanisms.
The format of the messages that the two microcontrollers
exchange is illustrated in Figure 19.
Each message is characterised by an opcode and a pay-

load. Depending on the opcode, the payload can change
in the number of fields and the types of data contained.
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FIGURE 19. Message format exchanged via BLE with some examples of
payloads related to the application logic.

Obviously, each microcontroller must know the list of all
possible message opcodes and the corresponding structure of
the contained payload.

The programming language used to implement the soft-
ware is C++, although Micropython is an alternative for
ESP32 boards.

C++ code for both MCUs and complete UML class dia-
grams are made available on GitHub at sources [45], [46].

D. PROTOTYPE IMPLEMENTATION
To test the system, a rapid implementation has been car-
ried out. As discussed so far, the system consists of two
subsystems. The joystick-screen-MCU subsystem commu-
nicates wirelessly with the other subsystem and is pow-
ered by a power bank. For the greatest possible flexibility,
it can be used attached to the armrest of the wheelchair
or not. The subsystem is therefore enclosed in a plas-
tic box printed with a 3D printer, which can be seen
in Figure 20.

FIGURE 20. Subsystem joystick-screen-MCU with USB cable for power
supply.

The other subsystem, consisting of MCU-IMU-ECU,
is attached to the wheelchair. Specifically, using a bread-
board, the MCU, the IMU, and the connectors were sol-
dered in order to connect the MCU and the ECU, vis-
ible in Figure 21. For safety reasons, this subsystem
is hidden inside a plastic box where there is also the
battery.

The final system, shown in Figure 22, was tested in a
real-world scenario for a total of 20 hours on uneven terrain
with a maximum slope of 10%. For simplicity, we report
two representative experiments. The test conditions were

FIGURE 21. Implementation of IMU-ESP32 system.

FIGURE 22. Wheelchair with plug-and-play kit.

FIGURE 23. Profile in time of left motor current and wheelchair speed
during a test on a 10% sloped terrain.

as follows: driver’s weight of 70 kg, fully charged battery,
straight trajectory, zero initial speed.

Considering an experiment on a 10% sloped terrain -
Figure 23 - the system was driven a total of 19 metres.
When the user pushes the joystick forward, the system reg-
ulates the current of the motors to reach the desired speed.
Since the trajectory is following a straight line, the graph

89048 VOLUME 11, 2023



F. Pacini et al.: Innovative Plug-and-Play System for Electrification of Wheel-Chairs

FIGURE 24. Profile in time of left motor current and wheelchair speed
during a test on flat terrain.

of only one motor was shown because the two profiles
are identical. The initial behaviour shows a current peak
to overcome the inertia of the system. The maximum peak
is approximately 77A. Assuming a fully charged battery,
i.e. with a voltage of 41V, the system requires a peak of about
3150W. Tomaintain an average speed of 4.5 km/h, the system
requires 1700W per motor. Considering another experiment
on flat terrain - Figure 24 - the system was driven a total of
41m. Looking at the figure, in the same way as observed in
the previous experiment, a prominent peak can be observed,
indicating the initial movement. However, on average, the
required current is lower, as there is no contribution from the
slope. The maximum peak current is about 50A. Assuming
a fully charged battery, the system requires a peak of about
2050W per motor. To maintain an average speed of 5.6 km/h,
the system requires approximately 465 W per motor.

IV. CONCLUSION
Self-propelled wheelchairs are difficult to drive on off-road
routes or require enormous physical effort in situations where
the gradient exceeds 8%. For most people, these situations
are too strenuous and therefore impractical. This paper pre-
sented an innovative plug-and-play system to electrify a
manual wheelchair. We discussed the mechanical design,
with the prerequisite of making no changes to the orig-
inal wheelchair, to allow the wheelchair to be propelled
by friction by two motors in contact with the rear wheels.
For validation, a model has been developed and checked
through simulation. We discussed a prototype architecture
for the control system and its software architecture. Finally,
we presented a prototype implementation tested for a total
of 20 hours in a real scenario over uneven terrain with a
maximum peak gradient of 10%. The driving experience
was comfortable and the system followed smoothly the
joystick input.

The use case behind the development of this project was
to enable people with wheelchairs to visit places of inter-
est with off-road routes and/or distances not suitable for
manual wheelchairs. With this work, the foundations were
laid for a wheelchair-adaptable support that, with reversible
bindings, allows people to present themselves at the place
of interest with their wheelchair and have the kit assem-
bled on site. Thanks to the simple design, assembly can
also be carried out by inexperienced users. Currently, to the
best of our knowledge, there is no kit that can fulfil this
need.

As future work, tests will be carried out with disabled
people with different kinds of functioning [47]. The HMI
can be easily adapted accordingly. In addition, if this kit
were adopted by tourist attractions that fall under the
above-mentioned conditions, it would offer people with
manual wheelchairs the opportunity to visit independently
without the need to present themselves with an electric
wheelchair or an electrification kit, provided they have
one available, thus reducing the problems associated with
travelling.
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