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Abstract—This paper presents the mechanical design and
construction of the solar power rechargeable brain controlled wheel-
chair with signal acquisition, feature extraction, processing and control
methods. It provides the research performed on building a relatively
cheap solar rechargeable brain controlled wheel-chair. In the proposed
system, the authors aim to augment the abilities of handicapped people
such as moving from one place to another, standing up, as well as
hands-free control through several artificial techniques. In order to
accomplish this task, the proposed system reads and analyses the
patient’s brain waves (EEG signals) and turns them into actions to
control the proposed wheel chair for moving and standing.

The signals acquired from the EEG were used after filtration,
feature extraction, and classification. Furthermore, the signals are
passed to the control system of the wheel-chair which consists of motor
drivers and linear actuators. An alternative Joystick input is also
present in the proposed system for normal use of the wheel-chair.
Processing and control are all handled by an Intel based computer and
an Arduino Mega 2560-R3 board. The Integration of the system is
based on a PID controller and complementary filters leading to high
efficient wheel-chair operation.

The system improves the power efficiency by using two solar panels
fitted to the rooftop of the wheel-chair in order to trickle charge the
batteries of the wheel-chair when it is present under appropriate solar
irradiance for the purpose of extending the operating time of the wheel-
chair batteries. This led to almost an extra hour of usage as compared
to over three hours of usage without the solar panel. The electrical and
mechanical designs were all constrained by economical means as well
as market availability. The overall cost of the system was around
$2000.

Keywords— electro-encephalogram (EEG), brain control interface
(BCI), Arduino Mega 2560-R3, wheel-chair, solar powered, paralytic
patients.
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I. INTRODUCTION

ONE major requirement for a wheel-chair to be used by a
patient is for a user to physically control the wheel-chair
through a joystick or other input interface device, which would
require a physical motion to be performed by the patient. This
is a major drawback for a large number of paralyzed handicaps.
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Handicapped people are having difficulty dealing with several
normal daily tasks, especially paralyzed patients who have lost
the ability to walk or even move their upper and lower limbs.
These patients constantly depend on external help from others
to perform ordinary locomotion or interact with the
environment. In the special case where the patient has complete
physical paralysis or higher percent of paralysis, control using
muscles becomes difficult or extremely stressful [1].

A Brain—Computer-Interface (BCI) [2] or brain—machine
interface [3] uses brain signals to drive external devices. The
BCI system uses the brain activity to acquire brain wave signals
[4]. These signals are acquired and passed through amplifiers
and filters [5]. They are then decoded using classification [6].
A BClI has different forms in which an action can be performed
from brain signals [7] such as event-related potentials (ERPS)
[8], electroencephalogram (EEG) oscillations [9], extracellular
local field potentials (LFPs) [10], near-infrared spectroscopy
(NIRS) [11], real-time-functional magnetic resonance imaging
(rt-fMRI) [12], spike trains from single neurons [13] and
electrocorticography (ECoG) [14]. BCI has many advantages in
comparison with modern wheel-chair controls such as ease of
use, improvement of the quality of life for patients and
reduction of frequent costs for intensive care [15].

BCI research started with animal research in several
laboratories to see the effects and applications of BCI [16].
During the research, scientists and engineers managed to record
signals from cerebral cortices of animals such as monkeys and
mice. These animals have very similar cerebral cortices to
humans in order to operate BCI to perform basic movements
[17]. Some monkeys successfully navigated cursors on
monitors and moved some robotic arms simply by thinking
commands about the task and having a visual feedback with
their eyes. These were all performed without any muscular
movements. In May 2008 photographs that showed a monkey
at the “University of Pittsburgh Medical Center” operating a
robotic arm by thinking were published in a number of well-
known scientific journals and magazines [18].

Experimenting on animals is one thing, but human
experiments are entirely different. Certain measures and safety
precautions need to be ensured. Based on this condition,
methods of applying BCI to human brains is classified under
three categories [19]:
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1. Invasive BCIs [20]
These are mostly used in vision and movement repair
experiments. It involves implanting sensing devices
directly onto the grey matter of the brain during
neurosurgery. It gives the best signal but causes scar-
tissues due to the invasive nature of the device on the brain
and can be rejected by the body [20].

2. Partially Invasive BCls [21]
These types of devices are implanted in the skull but rest
outside the brain grey matter. They have a lower risk of
scar tissues than the invasive type. There were researches
performed on intracortical BCIls from the stroke
perilesional cortex [21]. ECoG is similar to non-invasive
electroencephalography which measures the electrical
activity of the brain taken from underneath the skull but the
main difference is that the electrodes are embedded in a
thin plastic pad that is placed above the cortex, beneath the
dura mater [22]. ECoG has a bright future in BCI modality
because it has better spatial resolution, better signal-to-
noise ratio, wider frequency range, and less training
requirements than scalp-recorded EEG. This feature and
evidence of the high level of control shows potential for
real world application for people with motor disabilities
[23, 24].
3. Non-Invasive BClIs [25]

This type uses a device that is mounted directly onto the
patient’s head without the need for any neurosurgery [25].
It can be easily removed and mounted for repairs or just
change. There have been many experiments on human
brain using non-invasive neuro-imaging technologies as
interfaces [26]. This type mostly uses EEG for its
application of BCI. This is the type used in this research
because it possesses non-invasive nature and less risk to the
patient. Moreover, the device is also relatively cheaper and
easier to acquire than the other types of devices.

The requirements for the proposed wheel-chair should have
the following specifications. It can:

» accommodate a patient up to a mass of 120 kg.
» be used to move in all directions.

» be used to change the angle of inclination of the patient
from sitting position to fully standing vertical position and
to fully stretched horizontal position.

» be controlled using a joystick.
»  be controlled using brain waves.
»  be used to climb stairs.

This paper presents: (1) the design and fabrication of a
motorized wheel-chair reducing cost based on the availability
of resources around the world; (2) the demonstration of the use
of an EEG device to help paralyzed patients in need of
independent locomotion option; and (3) the use of solar panel
to conserve energy, minimize cost and increase durability &
energy efficiency of the power source in the long run for the
motorized wheel-chair.

Section 11 of this paper describes the proposed wheel-chair
detailed mechanical and basic electrical designs used in solving

the problem of locomotion for paralyzed patients. Section 11l
presents the electrical system in greater details including the
actuator selection, power/supply requirements and solar energy
battery power replenishment options. This is followed by
Section 1V, which gives an overview of data acquisition, signal
processing and feature extraction used in this research. Section
V describes the overall results from the proposed system stating
the successes and challenges of the research. The paper is
coroneted by the conclusion in Section IV, which summarizes
the research outcome and possible future improvements to this
research.

Il. PROPOSED SYSTEM

This section explains the concept of the mechanical design,
and its idea. It also shows a general view for the parts used in
the mechanical, control and electrical systems.

Figure 1: Render images of the proposed wheel-chair:
(a) Sitting Position, and (b) Standing Position.

Table 1: Chair dimensions

Chair parts Dimensions (mm)
Overall chair in no solar panels 970x720x1140
sitting position with solar panels 1020x695x1754
Overall chair in no solar panels 970x720x1620
standing position with solar panels 1020x695x%2234
Seat 440x540x140
Back support 140%540%420
top D110x78
Pulleys
bottom D150x78
belt 2000x70

The proposed wheel-chair, shown in the various render
images of Figure 1 for the mechanical part only, uses a track-
based wheel system instead of regular circular wheels. Since the
wheel-chair has the capability of climbing up and down a stair
case, a belt system was chosen since it is suitable for reducing
the probability of slipping according to the calculations
performed. The belt is mounted on four pulleys, two on top and
two at the bottom. These pulleys act as guides to keep the belt
in place. The pulleys are made from artelon plastics which is
steady and rigid and compatible with the application
requirements according to calculations. Chair dimensions are
shown in Table 1.



Fiure 2 Drive train of the system:
(a) Outside View and (b) Inside View

The drive train of the wheel-chair is rather unconventional
for a wheel-chair because it includes extra power transmission
systems, as shown in render design images of Figure 2. The
motors are mounted on the bottom and close to the center for
mass distribution and stability. These motors are connected to
small sprocket and chain system. This gives extra room for
connection to a larger wheel (pulley). The other end of the chain
is then connected to another sprocket fixed to the large rear
bottom pulley. Henceforth, the long belt for the tracked wheels
transfer power to other pulleys to drive the wheel-chair.

Stress analysis was performed on the wheel-chair with a
stainless-steel material having dimensions of 25x25 mm? using
Solidworks software [27]. The results show that it conforms to
the calculations made and are within the safe limits using a
factor of safety of 1.2. Stress analysis on other parts and
materials such as the drive train and belt (rubber material) were
also within permissible limits.

Two powerful 24VDC/12.5A motors were made use of as the
source of mechanical rotational power. The motors, of type
TDCMLDFZ001 from IMC motors in Taiwan, are similar to
the ones used in regular motor-powered wheel-chairs. The
power ratings of these motors are more than enough to power
the proposed wheel-chair and at the same time, are economical
for consumers since they are standard wheel-chair motors that
can be bought and serviced like ordinary ones. These motors
have a safety feature to prevent damage and injury. This feature
is the coupled active-low emergency motor brakes. The brakes
lock the shaft of the motor when there is no power to the brake
system. It is disengaged only when electric power is applied to
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it just like the emergency brakes on elevators in case of power
failure.
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Figure 3 (a) Back seat linear actuator,
(b) Linear actuator seat, and (c) Balancing linear actuator

Aside from the driving motors powering the movement of the
wheel-chair, three MH300-A 24VDC/3A/200mm linear
actuators with maximum speed of 3mm/sec were also chosen
and used. According to Figure 3, each linear actuator has a
specific stroke, which is long enough for the dimensions of the
wheel-chair according to design. Two of the linear actuators are
used in the mechanism for making the patient stand up or sit
down (one for the base and one for the back of the wheel-chair).
The wheel-chair has the capability of transforming into a chair,
a horizontal bed and a standing-support wall for a patient to be
fully upright. The third linear actuator is used to stabilize the
wheel-chair when climbing stairs.

Each linear actuator is responsible for doing a special
function to serve a specific mechanism. The linear actuator
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shown in Figure 3a rotates the backseat by fixing the linear
actuator to the chair frame as shown in Figure 3a. This will not
allow the linear actuator to move but its piston only, which is
mounted to the backseat. Once the linear actuator is powered
on, its piston will move up or down and will drag the backseat
with it. This will prepare the back seat for standing/sitting/bed
positions. The second linear actuator is mounted right under the
seat. Moving the piston upward will let the seat rotate over two
hinges as shown in Figure 3b. Mounting the linear actuator and
fixing it in such a way that it will allow the seat to rotate as
shown in Figure 3b. Mounting and operating the two linear
actuators simultaneously in such a way that they will allow the
whole seat to stand in the upright position in addition to moving
the feet support accordingly as shown in Figure 3b.

As mentioned earlier, the stabilization mechanism was used
to avoid shifting of the mass of gravity while climbing stairs. In
order to achieve this goal, a linear actuator as shown in Figure
3c was mounted to pitch the seat upward and downward. The
piston is mounted in the frame as shown in Figure 3c. When the
linear actuator is powered, it rotates the chair around an Allen
screw which is mounted on a hinge, which rotates with the seat
as shown in Figure 3c.

The wheel-chair can transform and give the patient the ability
to stand and sit willingly. This is one of the extra features
included in this design. Patients do not like being incapable of
performing simple tasks and becoming a burden to others. So,
these features would allow them to be independent and have the
freedom to do more on their own, especially when fully
standing up.

The problem is that not all buildings and locations include
ramps for wheel-chair based people, but staircases on the other
hand, are common in all high rising buildings. This is why a
climbing system mechanism was included into the proposed
design to make it convenient for the patient to move up and
down a stair case. The smaller rear pulley at the top of the track
is used to move the chair up since it is inclined to the angle of
the standard staircase. Since climbing the staircase tilts the
wheel-chair, the third linear actuator corrects this tilt to support
the patient. This is effectuated by changing the inclination angle
of the wheel base. This is performed in order to prevent the
patient from falling when going up or down a staircase. Despite
the fact that this was included in the mechanical design, the
control system to make use of this property is not presented in
this paper and will be the subject of a different publication along
with the analysis of the stability measures taken for balancing
both the patient and chair in such inclined positions.

This research presents a control system using an Arduino
Mega 2560-R3 [28] in conjunction with an Intel based laptop in
order to perform the signal acquisition, signal processing and
control tasks required for this research. The Arduino Mega
2560-R3 is a single-board microcontroller that uses Atmel AVR
microcontroller to provide users with necessary components for
simple control. It is distributed as open-source hardware and
software, which are licensed under the GNU Lesser General
Public License (LGPL) or the GNU General Public License

(GPL) [29].

In this proposed system, the Arduino Mega 2560-R3 was
used instead of a more complex Raspberry pi microcontroller
board due to the fact that the control process required to be
performed for this specific research presented herein is simple
and does not require the sophistications and the high processing
power of the Raspberry pi system, which is capable of running
a full operating system. Mini-computers can also be an even
more powerful system implementation than the control devices
presented in this research allowing the application of heavy
duty processing algorithms for the EEG signals as well as the
wheel-chair balancing algorithms. This will be included in
future publications.

To run the proposed motorized wheel-chair, a very reliable
power source was needed that is cheap, stable, safe, convenient,
and is able to run for extended periods of time. This is why two
12V/35Ah rechargeable sealed Calcium batteries were used and
connected in series to provide both 12 V and 24 V. These
voltages are required by the three 24V-actuators and the two
24V-driving motors as well as the generation of the 5 V for the
embedded micro-controller. This will be explained later on in
the course of this paper.

To recharge the batteries, either a dedicated rectified AC
power supply is used to charge them or a conveniently mounted
solar panel on top of the wheel-chair. This solar panel serves a
dual purpose. It acts as a source of electric energy to supply the
trickle charging of the batteries in case the system is operating
outdoors in a sunny environment as well as a shield for the
paralyzed person on the chair from the solar rays.

Solar panels have varying and limited efficiencies depending
on their application [30]. The efficiency of a module determines
the area of a module given the same rated output [31]. For
example, an 8% efficient 230W module will have twice the area
of a 16% efficient 230W module [32]. There are few
commercially available solar modules that exceed efficiency of
22 % and reportedly also exceeding 24 % [32]. It is henceforth
required to use the highest possible efficiency solar panel in
order to benefit from the largest amount of power required for
the system to operate. The solar panel chosen is a 50W rated
mono-crystalline solar panel.

I1l. ELECTRICAL SYSTEM DESIGN

This section presents function and the selection of the
actuators used in the proposed wheel-chair design and
implementation. It also analyses the power consumption of the
overall system and shows each electrical machine
consumptions, as well as the battery power charging and
discharging requirements and conditions. It also presents the
solar energy battery replenishment system option.

A. Linear Actuator Selection

Linear actuator selection depends mainly on torque, and
stroke. However, there are many other characteristics like:
Voltage, No-Load Speed, Full-Load Speed, No-Load Current,
Noise levels, Maximum duty cycle, Life expectancy, etc. [33].
In addition, a major factor of selection in such cases is the
economic cost of the actuator itself and its suitability to the



application. The main focus in this section is given to torque
and stroke.

1) Torque

There are three different mechanisms, where the use of linear
actuators is mainly required. Since the wheel-chair was
designed for 120 kg, the selection of linear actuators to fit the
stresses generated from the mass at the various designed
positions of the motion of each one of these actuators in order
to achieve the desired tasks.

DETAIL L
SCALE1:12

Figure 4 Inclination angles of the actuators and motors
(arrows indicate axes of the angles)

To calculate torque required, it is mandatory to find the
distance between the mass affecting and the top of the piston
multiplied by the force affecting the linear actuator [34]. Since
each mechanism has its own torque requirements, the difference
will be the angle (theta) between the piston and the linear
actuator fitter, and the height. This is clearly depicted in Figure
4. The angle cannot exceed 90 degrees and in the proposed
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design, it will never exceed 45 degrees. The lesser the angle
theta will be, the lesser torque will be required.

The calculations of maximum and minimum theta angles in
degrees, heights in meters and torques in Nm are presented for
the three actuators of Figure 3 in Table 2 below, which shows
the results of these calculations.

Table 2: Maximum and minimum calculations of Theta and
Torques for the three mechanisms under study

Theta (degrees) Height (m) Torque (Nm)

Max Min Max | Min Max Min

Figure 3a | 86.83 70.28 | 0.2535 | 0.2178 | 328.387 | 266
Figure3b | 723 62.81 | 0.1967 | 0.1086 | 249.878 | 125.328
Figure 3c | 825 65 0.1022 | 0.1636 | 131.46 | 33.404

From Table 2, the largest value of 1500 Nm was selected for
marketing purposes. The factor of safety used in this case was
1.2, which is relatively low and should be increased. The cost
of the motors would escalate with higher factors of safety. This
in effect is a case for economical consideration when this
proposed wheel-chair is practically implemented. It would only
affect the power ratings of the system and the power
consumption, which is directly proportional again to the cost of
the overall system.

2) Stroke

Due to the free space, available around each one of the three
linear actuators, the same stroke was chosen for all the linear
actuators. This value was chosen to be 200 mm from the largest
value available in Table 2. This value is readily available in the
market at the required torques chosen above.

The fact that the three actuators are exactly identical is a very
useful point to consider from the point of view of maintenance
since the dealer would only have to stock only one rating for all
the actuators.

B. Electrical Systems Consumption
This calculation will be divided into two parts:
» At no load when mounted on the chair without a patient
» At full load when mounted on the chair with a 120 kg

patient
Table 3: Electrical characteristics of the system components
Current i Power
A) Operating Voltage (W)
, (VDC)
min. | max. max.
Wheel Motor 1| 65 | 125 24 300
Wheel Motor 2| 65 | 125 24 300
Seat Actuator| 05 | 1.2 24 28.8
Back Seat Actuator| 0.5 | 0.8 24 19.2
Stabilization
Actuator 075 | 15 24 36
Electronic 1 5 5
Components
Total Required | - | 29.5 689
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To achieve this calculation, one must classify the electrical
devices in the proposed system according to Table 3. This table
shows the current and power consumption of each of the above
components outlined.

The maximum loading currents of these loads would of
course be variable during the chair operation due to the different
loading conditions of the chair at the different positions and
speeds. Only maximum values are considered here for the
design as a safety measure.

The total power consumption outlined in the above table (689
W) considers of course that all the systems would be
operational at the same time with a diversity factor of 1. This is
not the case, which implies that the system consumption would
not be as much as the value outline above. Nevertheless, a factor
of safety of 1.2 is used for the electrical loading conditions [35]
which in this case amounts to 826.8 W. The maximum current
drawn by the system is 29.5 A. If this value is multiplied by a
factor of safety of 1.2, the resulting maximum current would be
35.4 A. Of course, all loads would not be operational at the
same time as outlined earlier, which accounts for an additional
factor of safety of the electrical system design.

C. Battery Selection

Depending on the maximum ratings calculated above, a
suitable battery to provide the efficient power for the whole
system is to be selected. The design current is taken to be 35 A.
As mentioned earlier, the suitable battery system to
accommodate two voltages of 12 VDC and 24 VDC is to use
two 12VDC batteries to be connected in series. The rating of
each of the two batteries was chosen to be 35 Ah. The type of
battery decided upon considering cost and operational
characteristics was a sealed battery due to its relatively cheap
price as compared to its long life-cycle and its sufficient rating.

The batteries used herein are two batteries of type CMF
(Calcium Premium Battery) 40B19L. Each battery is rated at
12V/35Ah with a cold cranking current of 330 A. As
mentioned, the two batteries are to be connected in series to
achieve the 24 V and two tapings would enable the
simultaneous operation of the 12V and 24V systems. The 5V is
generated from the 12V using the regulator on-board the
Arduino Mega 2560-R3 system used.

The main problem with batteries is of course that they run
out of energy after being used for a certain time. This time
(discharge time) is determined by the loading conditions and
the rate of utilization of the user. For convenience, batteries
should be able to run for at least a couple of hours [36]. The
charging of the battery (or batteries in this case) would require
a connection to the specific charging circuit suitable for the type
of battery. The wheel-chair in this case would be rendered
impractical being attached for a prolonged period of time to the
charging circuit. The solution proposed in the following sub-
section would be of course to charge the batteries using solar
panels. However, this process has its own restrictions as
explained in the following sub-section.

D. Solar Panels

The solar panel would add a means for the wheel-chair to be
charged with a cheap and clean energy source while it is present
outdoors in sunny environments. Moreover, the wheel-chair
would not be stationary next to its dedicated charging circuit for
prolonged periods of time. However, charging on the go is not
easy since the current and hence power requirements from the
supply are relatively large from the point of view of a solar
panel of the suitable dimensions to the chair.

The horizontal chair dimensions are 970 mm x 720 mm. This
would incur that the solar panel dimensions be as similar as
possible. The possible surface area of the solar panel in this case
would be in the range of 0.6984 m2. This area would imply that
the maximum rating of the solar panel suitable would not be
enough to generate the total current/power requirements needed
for the system operation. The only feasible solution would then
be to use the solar panel to partially charge the batteries and not
to supply the overall rating of the system.

Table 4: Specifications of each one of the two mono-crystalline
solar panel used in the proposed system [38]
Mono-Crystalline
Solar Panel Specifications

Parameters

Nominal Power (Pmax) | 50 W
Voltage (Vmp) |18 V

Current (Imp) | 2.8 A
Voltage Open Circuit (Voc) | 22 V

Short Circuit Current (Isc) [ 3 A
Module Size | 720x540x30 (mmxmmxmm)
Module Weight | 4.4 kg
Max. System Voltage | 1000 V
Standard Test Condition | AM1.5, 25C. 1000 W/m?

The selection of the solar panel was based on the physical
dimensions mentioned above and the market research
conducted on the local market at the time of this research. The
solar panel chosen for the propose system is a 50 W rated mono-
crystalline solar panel [37]. Two of these panels would be used
and fitted together. They would be connected in series in order
to generate enough voltage to charge the two batteries together
(24 VDC). The specifications of each one of the solar panels are
summarized in Table 4. The terminal characteristics of each one
of the solar panels used are presented in Figure 5.

3.0 o
Isc_, I Short Circuit Current Maximum Power Point
........................................... Vmp & Imp
2.5 e
-Imp 5
20
g
£ 15
<
1.0
0.5
0.0 4
0 5 10 15 A 20 ? 25
Volts Vmp Voc
Open
Circuit
\oltage

Figure 5 Solar panel terminal characteristics



Table 5: Specifications of Wellsee MPPT solar charge controller
used in the proposed system [38] along with the settings adopted

Parameters Wi!zeterti\lllls rPT Sy
ws-MppT30 | Adopted
Rated Voltage 12V / 24V 24V
Max Load current 30A 30A
Input voltage range 12V~20V / 24V~40V | 24V~40V
Charge loop drop (Length <1 m) 0.25V
Discharge loop drop (Length <1m) 0.05V
Over voltage protection 17V 134V | 48V 34V
Full charge cut 13.7V [ 27.4V 27.4V
Low voltage cut 10.5~11V / 21V~22V | 21V~22V
Temperature compensation -3mv/ °C/ cell
No load loss <10mA
Max wire area 4 mm2
Ambient temperature -25°C to +55°C

The above two series connected solar panels require an
efficient charger capable of handling a suitable charging current
within the limits of the panel, in addition to enabling the load
supply with the required current for its safe operation. In
addition, it should be able to provide smooth and stable
charging of the batteries of the wheel-chair. This task is handled
by the Wellsee Maximum Power Point Tracking (MPPT)
controller WS-MPPT30 solar charger controller model (TD30)
[39]. The specifications of the MPPT charge controller are
illustrated in Table 5 along with the settings adopted for the
control process in this case.

The MPPT charge controller has 6 terminals which are used
as input and outputs. The first 2 terminals are for connecting the
solar panel terminals as inputs to the controller. The second pair
is for the connection of the batteries to the controller. Finally,
the last two terminals are for the output direct to the motors load

[40-41]

The MPPT charge controller with an input of 24 V to 36 V
from both series connected solar panels can generate an output
sufficient to charge both of the 12V batteries used in series in
the system.

Please note that the electronic circuits of the control system
are permanently connected to the first battery (12 V which is
later converted to 5 V inside the Arduino Mega 2560-R3 board).
It is worthwhile to note here that the two 24V motors and the
three 24V actuators are connected directly to the output of the
charge controller. The charge controller output is set to work in
current control mode.

The two solar panels are physically mounted on the top of the
back support of the wheel-chair at an angle of 90 degrees to the
vertical axis. The solar panels are not attached to any linear
actuator but are mounted in a static position. They are fixed to
the back of the seat. As the wheel-chair transforms from a
position to any other position, the back-support movement takes
into consideration the angle of the attached solar panel to avoid
hitting the patient or other surfaces. This is clearly depicted in

Figure 6.
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Figure 6 Solar panel fixation

IVV. DATA ACQUISITION, SIGNAL PROCESSING,
AND FEATURE EXTRACTION

Electroencephalography (EEG) can be defined as an
electrophysiological method of monitoring the electrical
changes in the brain [42]. It is a non-invasive method of
measuring voltage changes as a result of ionic currents within
the neuron of the brain [43]. There are few EEG sensors in the
market such as Neurosky Mindwave [44], Muse [45], Emotiv
Epoc+ [46]. After a considerable market research and
comparison of the best sensor suitable for this research from the
point of view of availability, ease of use and cost, the “Emotiv
Epoc+” was chosen and used to read the EEG signal from the

brain.
-
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Intel computer
as input

[ Data filtration ]
I
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—p ¢
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Figure 7 EEG processing block diagram
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Emotiv Epoc+ [46] is a 14-channel wireless EEG headset
used for EEG signal acquisition from the scalp of the brain. The
Emotiv Epoc+ headset has become popular as a result of its
low-cost and features [47]. The 14 electrodes are AF3, AF4, F3,
F4, FC5, FC6, F7, F8, T7, T8, P7, P8, O1, O2 plus two standard
reference electrodes (CMS, DRL). In addition, the sensor
incorporates a gyroscope, which provides information about
head movements [47]. The Emotiv Epoc+ has two different
sampling rates, namely 128 or 256 samples per sec per channel.
The Emotiv EPOC+ headset has other useful features such as
detecting different facial expressions. Emotiv Epoc+ also
comes with some useful software for processing and visualizing
the EEG live signal [48].

The most important steps of the EEG processing control
method are:

» data acquisition step,
» data processing step, and
» feature extraction step.

These steps are shown clearly in Figure 7. The explanation
of each of the above steps is discussed in the following sub-
sections.

A. Data Acquisition

By definition, Data acquisition is the process of obtaining
data from the real world physical quantities through a sampling
process of a particular signal and then converting the sampled
data into numerical values that a digital computer can
understand and manipulate [49] (Figure 8). In order to get the
mental commands from the brain, one needs to find a physical
quantity to be measured and analyzed. When a mental
command is uttered, a small electrical signal (Voltage) is
released from the synapses of the brain (EEG Signals). These
EEG signals are what will be used to determine mental
commands since they are unique for each separate command

[50].

Physical Transducer Signal 2
SIS ~— Computer
System Sensor Conditioning

I "

Figure 8 Digital Data Acquisition System Block Diagram [49]

Using Emotiv EPOC+ commercial BCI device as a form of
data acquisition device, provides the experiment with the EEG
signals from the brain. The EEG signal is sent from the head
mounted device wirelessly via a dongle/Bluetooth signal to the
microprocessor and then to a software for processing. The
default sampling frequency of the device of 128 Hz was used
(i.e. a sample was taken every 7.8125 ms). This was sufficient
enough for the four frequency bands which contain the valuable
Event Related Potentials (ERPS) information, (Nyquist rate =
128/2 = 64 Hz) [51-53].

The Emotiv EPOC+ headset was prepared before placing the
electrodes on the user’s head. One of the advantages of the

Emotiv EPOC+ headset is that the preparation time is much less
than other EEG headsets [54]. It takes about 2 to 3 minutes as
compared to other EEG headsets which require more than 10
minutes for preparation step [47]. A few drops of saline liquid
were applied to wet the sensors and reduce the electrodes
impedance. It is important to check the contact quality before
starting the acquisition step. To check the quality of the sensors
connection, a software called the Emotiv Xavier SDK [55] is
run. The Emotiv Xavier SDK panel has many functions one of
which is to provide feedback to the user about the contact
quality for each sensor on the Emotiv headset. The Emotiv Inc.
company suggests some steps to improve the contact quality
when problems are detected [55]. To improve the contact
quality, the headset should be fully charged. The incorporated
Lithium battery can be fully recharged in approximately 4 hours
[56]. In addition, more drops of saline solution should be added
on each felt (sensor electrode tip) [57]. Moreover, sensors must
be fitted properly in order to be in good contact with the head

[58].

B. Signal Processing

Signal processing is defined as the manipulation, analysis,
modification and synthesis of a signal [59]. In nature, the
physical quantities almost always come with noise and extra
steps must be taken to ensure the desired signal is obtained by
eliminating all other unrequired signals (noise) through a
process known as Signal Filtration [60] as depicted in Figure 9
reproduced from [61] for convenience.

Noisy signal

0.4
0.2
i]
-0.2
—0.4
0 160 260 360 450 560
Time (samples)
0.6 Denoising using BPD
0.4
0.2
0 1
—0.24
—0.44
] 100 200 300 400 500

Time (samples)
Figure 9 Filtering a noisy waveform using basis pursuit denoising

(BPD) [61]

Various signal processing techniques and machine learning
algorithms were developed to increase the reliability of the
P300-BCI speller system [62]. To classify the target and non-
target signals, different classification algorithms have been
implemented  successfully such as  Step-Wise-Linear
Discriminant  Analysis (SWLDA) [63], Independent
Component Analysis (ICA) [64], Support Vector Machine
(SVM) [65], etc. In this research, Emokey [66] and Openvibe
[67] platforms were used, which provide two different
classification algorithms [68]: Linear Discriminant Analysis
(LDA) and Support Vector Machines (SVMs) [65].



C. Feature Extraction

Feature extraction is the extraction of a relevant portion of a
signal associated with a mental task [69]. In the simplest form,
a certain frequency range is selected and the amplitude relative
to some reference level is measured. Typically, the features are
certain frequency bands of a power spectrum. The power
spectrum (which describes the frequency content of the EEG
signal) can be calculated using, for example, Fast Fourier
Transform (FFT) [70].

No matter what features are used, the goal is to form a distinct
set of features for each mental task. Feature extraction is highly
subjective in nature. It all depends on what type of problem is
being handled [69]. There is no generic feature extraction
scheme which works in all cases [71]. If the feature sets
representing mental tasks overlap each other too much, it is very
difficult to classify mental tasks, no matter how good a
classifier is used [72]. On the other hand, if the feature sets are
distinct enough, any simple classifier can classify them [73].

There are many algorithms for signal decoding and feature
extraction such as Discrete Fourier Transform (DFT) [74], Fast
Fourier Transform (FFT) [70], Discrete Time Fourier
Transform (DTFT) [75], Wavelet Transform [76] and many
more.

The Emotiv Emokey [77] software, shown in Figure 10, was
used in the proposed system. It is a free software that takes care
of the data processing and feature extraction steps. The software
gives various mental commands, shown partially in Figure 11,
that can be mapped to keyboard keys or that can be used to
launch and control applications in a computer.

B EmoKey 2.0.0.20 - [brain-controlled-wheelchair.ekm] - o X
Application  Connect  Help

Keystrokes -
Enable Keystrokes
Enabled Player Nzme Key(s) Behavior Target Application t
—
M& 1 - Forward w [] Send Once <To application in focus> | 4%
96 1 - Left a [ Send Once <To application in focus> @ E
Me 1 - Right B [ Send Once  <To application in focus> @ |
M& 1 - Stop q [4] Send Once <To application in focus> @ |
& 1~ back z [ Send Once <To application in focus> @
M& 1 - stand u [ Send Once <To application in focus> @
M& 1 - sit j [4] Send Once <To application in focus> @
4 AddRule | — peleteRule | |
Trigger Conditions of <Forward>
Enabled Action Trigger Value t
Push is greater than 03
E
|
|
<=  Add condition |-— Delete Condition |
[N

Figure 10 Emokey with mental commands
assigned to specific actions
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B configure Condition 4 .

Right

Rotate Left

Rotate Right

Rotate Clockwise

Rotate Counter-clockwise ] h

Figure 11 Mental commands
available for training and assignment

Mame

Blink_both
Blink_Left
Blink_Right
Eyes_Down
Eyes Left
Eyes_Right
Eyes Up
Face_Eyebrows
Face_Smile
Head_Down
Head_Left
Head_Right
Head_Up

Figure‘12 13-mental commands used

A user needs to train with the brain sensor using Emotiv
Xavier software to be able to allow the software to identify the
unique features for individual users. Other forms of
experiments were also used to determine the features required
for each user. After obtaining about 1820 electrodes samples,
MATLAB R2016a [78] software was used to analyze and
extract features from the EEG signal to better optimize
Emokey. For each of the 13 mental commands identified, 10
different samples were recorded with varying conditions. The
13 mental commands adopted are shown in Figure 12. For each
of those 10 different samples, the signal from each of the 14
electrodes was analyzed independently and in various
combinations by transforming the time domain signal into an
FFT signal to determine the underlying frequencies of the
signal. Using the built-in filters in MATLAB, noise and
unwanted frequencies were removed and filtered such as the 50-
60 Hz of the 220 V power supply. An example of the time and
frequency domain signals measured and analyzed is shown in

Figure 13.
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Figure 13 A single electrode graph showing the time domain
signal and the frequency domain signal
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Figure 14 Signal processing using OpenVIBE

Other processing application were also explored, especially
OpenVIBE [79], which is an open-source software for BCI
applications. It uses a graphical form of programming using
blocks and connecting lines for fast and easy programming, as
shown in Figure 14. It was used to test the proposed FFT
algorithm on a real-time time frame. The advantage of using
OpenVIBE is in the fields of application. These fields include
medical (assistance to disabled people, real-time biofeedback,
neurofeedback, real-time diagnosis), multimedia (virtual
reality, video games), robotics and all other application fields
related to brain-computer interfaces and real-time
neurosciences. Moreover, OpenVIBE users can either be
programmers or people not familiar with programming. This
includes medical doctors, video game developers, researchers
in signal-processing or robotics, etc.

V. EXPERIMENTAL RESULTS

Building the mechanical parts of the wheel-chair took place
in the Arab Academy for Science, Technology and Maritime
Transport (AASTMT) workshop using the machineries
available in the university. The overall cost of the system
reached around $2000. After manufacturing and assembling all
parts, each subsystem was tested according to the designs and
calculations. Finally, each tested configuration (sitting,
standing or flat horizontal) turned out to be successful after a
few iterations due to manufacturing inaccuracies. The
assembled system is shown in Figure 15 from several viewing
angles and for the different parts of the system before and after
the fixation of the solar panels on top of the patient’s head.

Figure 15 (a) Assembled prototype from several viewing angles
without solar panel; (b) Assembled prototype from several
viewing angles with solar panel



During the testing process, the user was seated on the wheel-
chair and the Emotiv Epoc+ device was mounted on his shaved
head for better data reading. The user was instructed to focus
his attention to the command he wished to utter. In addition, the
user was asked to meditate, relax and avoid unnecessary
movements to collect useful data for processing and testing in
different conditions.

It is worthwhile to know that every subject has unique EEG
signals and so as mentioned earlier, a solution might work for
one person but not for another. This would imply the necessity
for training and tuning process for each new user. The technique
used in this case would be the subject of another publication. A
sample of the EEG signal captured by the Emotiv Epoc+ is
shown in Figure 16 for all the 14 sensors available in the device.
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Figure 16 EEG signal readings for all 14 sensors of Emotiv Epoc+

Throughout the testing process, a single Emotiv test subject
was used for the training and testing. In this way, parameters
and configurations of the processing and features extraction
were tailored for that particular test subject in the proposed
system. Further trainings, signal analysis, tweaking and
configurations are required for different users.

After the EEG signals were processed and features extracted
using Matlab, OpenVibe and Emokey software, the user was
able to command the wheel-chair to make basic movements.
These basic movements included forward, reverse, left and
right motions as well as standing and sitting positions of the
wheel-chair. Other actuations signal can also be devised for any
further improvements of the proposed system. The complete
flow chart for the Arduino Mega board, which receives the data
from the Intel based computer through serial port is presented
in Figure 17. It is worthwhile to note here that climbing up the
stairs is performed with the “backward” command and climbing
down the stairs is performed with the same command.
However, during these two processes the balance of the wheel-
chair is of critical importance. This is performed using the IMU
on board the controller and is the subject of another publication.
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Figure 17 Arduino control flow chart
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The wheel-chair was tested with a user of 78 kg (less than
120 kg as designed) without the solar panel at the beginning.
The full charge of the two 12V-batteries lasted for about 3.1
hours of heavy use. However, it is worthwhile to note that not
all motors and actuators operate at the same time. This implies
that the diversity factor of the loads as mentioned above is much
less than that of the design considerations made above which
proved to be satisfactory for a prototype. Further improvements
to the electronics, the PWM motor control circuit and the
control technique would greatly improve the operating time of
the proposed wheel-chair as compared to its cost.

After connecting the solar panels, the operation time of the
chair under the same operating conditions as above, the time
was extended for almost one extra hour. It is worthwhile to note
that the solar panels are fixed horizontally and do not face the
sun for some time. The solar panels can be made to move and
automatically track the sun. This would improve the charging
process of the batteries and will result in even longer operation
time for the wheel-chair, which is the subject for future
research.

Based on comparison with other research works [80], the
proposed system provides the users with extra features such as
an inclusion of solar power to provide extra working hours for
the wheel-chair and increase the overall efficiency of the
system. Compared to other designs and systems [81], the
proposed system allows the user to use mental commands to
transform the wheel-chair into three different configurations
(sitting, standing and lying back as well as controlling the
forward, reverse and turning motions).

The proposed system was built for human usage and so,
safety precautions must be in place for the user. In the
mechanical system, the driving motors are equipped with
active-low motor brakes and clutch mechanism to prevent the
user from unnecessary movements when there is an emergency.
The electrical system was also equipped with safety
components such as Schneider circuit breaker rated for a
maximum 32 A to prevent current surge. Using relay modules,
different components with varying power requirements are
isolated to prevent burning-out circuits. The control system has
safety feature in place inside the code to prevent random
behaviour from causing system failure using the
microcontroller interrupts. Furthermore, a multiple seat belts
(for torso and legs) are to be installed to properly and securely
strap the wheel-chair user to the chair in cases of emergency.
This however was not installed in the proposed system as it was
not considered part of the electrical and mechanical designs.

VI. CONCLUSION

This paper presented the mechanical design and construction
of the solar-powered-rechargeable brain-controlled wheel-chair
with signal acquisition, filtration, feature extraction,
processing, and control methods. It also presented the control
and electrical systems of the wheel-chair, which consisted of
motor drivers and linear actuators. The wheel-chair is
controlled, to help patients with motor paralysis, using EEG
signals from the Emotiv Epoc+ brain wave sensor meant mostly

for gaming purposes. Several combinations, from several
electrodes of the 14 signals of the Emotiv Epoc+ sensor, were
used to decide upon the desired action. An alternative Joystick
input was also presented in the proposed system. Processing
and control were all handled by an Intel based computer and an
Arduino Mega 2560-R3 board. PID controllers and
complementary filters were used leading to highly efficient
wheel-chair. The operating time of the wheel-chair without
solar panels was around 3.1 hours with the intrinsic batteries
and a 78-kg test person.

The system used two 50-W solar panels fitted horizontally to
the rooftop of the wheel-chair in order to trickle charge the
battery of the wheel-chair and increase the operation time of the
wheel-chair by approximately one hour during outdoor
operation. Design constraints in electrical and mechanical
systems were applied in order to generate an efficient
economical product within a budget of approximately $2000.

Further improvements to the system are underway in order to
improve the balance of the chair using the incorporated IMU
during stair climbing and implement the control algorithm on a
raspberry pi embedded system board with all the signal
processing and data analysis and acquisition. Moreover, the
solar panels fitted on top of the chair can be made to track the
sun in order to improve its efficiency of electric power
generation. These improvements would be the subject of
another publication.
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