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ABSTRACT The paralyzed population is increasing worldwide due to stroke, spinal code injury, post-polio,
and other related diseases. Different assistive technologies are used to improve the physical and mental health
of the affected patients. Exoskeletons have emerged as one of the most promising technology to provide
movement and rehabilitation for the paralyzed. But exoskeletons are limited by the constraints of weight,
flexibility, and adaptability. To resolve these issues, we propose an adaptive and flexible Brain Energized
Full Body Exoskeleton (BFBE) for assisting the paralyzed people. This paper describes the design, control,
and testing of BFBE with 15 degrees of freedom (DoF) for assisting the users in their daily activities. The
flexibility is incorporated into the system by a modular design approach. The brain signals captured by
the Electroencephalogram (EEG) sensors are used for controlling the movements of BFBE. The processing
happens at the edge, reducing delay in decision making and the system is further integrated with an IoT
module that helps to send an alert message to multiple caregivers in case of an emergency. The potential
energy harvesting is used in the system to solve the power issues related to the exoskeleton. The stability
in the gait cycle is ensured by using adaptive sensory feedback. The system validation is done by using
six natural movements on ten different paralyzed persons. The system recognizes human intensions with
an accuracy of 85%. The result shows that BFBE can be an efficient method for providing assistance and
rehabilitation for paralyzed patients.
INDEX TERMS Artificial intelligence, assistive technologies, brain-computer interface, edge computing,
Internet of Things (IoT), rehabilitation.
I. INTRODUCTION

A recent survey carried out by Toyota Foundations revealed
that 30% of the paralyzed population is disappointed with
the assistive devices in the market. The outdated design of
assistive devices is causing constant pain and frustration.
Survey participants also recommended that future assistive
The associate editor coordinating the review of this manuscript and
approving it for publication was Zhenyu Zhou
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devices should be easy to handle and help in daily activities.
The respondents also indicated that the design should be natural, like an extension of their body, providing them freedom
and independence [1], [2]. Currently, exoskeletons are the
most popular solution used in rehabilitation and assistance of
the paralyzed people [3]–[8]. Numerous types of exoskeletons are designed for purposes ranging from rehabilitation
and assistance to transportation and handling heavy load in
industries.
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In rehabilitation, the exoskeletons are used to work in
parallel with the human legs and carry out the desired actions
with ease. These devices are specifically designed to treat
disabilities of patients in a clinical setting. The rehabilitation exoskeleton helps paralyzed patients to engage with
real-world things and to monitor the movement of body
parts. Exoskeletons are also designed for healthy subjects,
enabling them to interact with a virtual environment [9].
As healthy people use these haptic exoskeletons, ease of
wearability is not a major issue, but portability and efficient
finger tracking are highly required. In recent times, to assist
children having cerebral palsy disorders, exoskeletons have
been designed [10]. The architecture of the control unit,
the mechanical system, and feature extraction is discussed
in detail. In [11], a wearable hip assist robot is discussed,
which is used to improve the gait function and reduce muscle
effort and metabolic activities. The device can reduce knee
and ankle muscle activity along with a decrease in hip movements. The robot can stabilize the trunk during walking in
adults. But the system has not investigated the effectiveness
of gait rehabilitation.
In [12], the translation of gait without using crutches gait
in a biped robot is demonstrated. The mathematical hybrid
model analysis is carried out to find different gait and walking
speeds. The walking gaits are stabilized using a centralized
controller. A knee exoskeleton that can be used for sit to
stand assistance is discussed in [13]. Here, the torque control
is improved using a unique transmission configuration, also
with reduced output impedance. Design specifications of the
current lower limb exoskeletons are reviewed, and the human
biomechanical consideration in lower limb design is analyzed
in [14]. The classification and design challenges in the field
of Exoskeleton and Orthoses are discussed in [15]. In [16],
the classification of exoskeletons into the palm, upper limb,
and lower limb exoskeleton is discussed. Further, the paper
discusses various exoskeletons proposed for rehabilitation
and enhancement purposes. The paper also puts forward the
concept of developing a full-body exoskeleton.
In [17], a wearable full-body exoskeleton is designed for
a mobile cyber-physical system. Here, the design of a new
technique for identifying the gate phase is also discussed.
Energy harvesting using human’s daily actions is proposed
to charge the battery of exoskeleton in [18]. Conventional
and alternative methods for providing power to exoskeletons are discussed. A systematic review of various types of
exoskeletons for using with the lower limb in neurorehabilitation is presented in [19]. In [20], an exoskeleton to aid
patient rehabilitation with postural equilibrium is designed.
Multi-variable robust control with the patient’s Electro Myographical (EMG) signals is utilized to achieve equilibrium. Berkeley Lower Limb Exoskeleton (BLEEX) [21] is
designed to transfer load and body weight into the ground,
which reduces the metabolic cost of the wearer. This parallel exoskeleton is able to enhance the endurance of the
user. The exoskeleton, which augments the torque and power
of the user during lifting and daily activities, is discussed.
100722

Software-Defined Network (SDN) assisted solutions with
exoskeletons for use in rehabilitation are also proposed
recently [22]. The majority of the existing exoskeletons have
weight, flexibility, and adaptability constraints. Easy wearability and portability are other significant limitations experienced by current assistive exoskeleton-based solutions for
rehabilitation [23]–[25].
To overcome the current issues existing with exoskeletons,
we propose an adaptive and flexible Brain Energized Full
Body Exoskeleton (BFBE) for assisting the paralyzed people. In the BFBE system, the brain signals captured by the
EEG sensors are used for controlling the movements of the
exoskeleton. The flexibility is incorporated into the system
by a modular design approach. The BFBE system has a BCI
module, a Control Unit (CU), and a Body-Part Actuation
Module (BAM). BCI module captures the brain signal and
transforms it into a signal that can be used by the CU. The processing happens at the edge, thus reducing delay in decision
making, and the system is further integrated with an IoT module that helps to send an alert message to multiple caregivers
in case of an emergency. The system is non-invasive, and
the fabricated EEG sensor is used to collect the signals from
the scalp. An instrumentation amplifier is used to enhance the
strength of the obtained signals. The output signal from the
amplifier is subjected to filtering and pre-processing. The signals are generated for different basic human actions (sitting,
standing, sleeping) and then after the pre-processing is stored
in a database. When the paralyzed person has an intention
to make a particular movement, the microcontroller in the
CU uses this database and produces the signal for activating
the particular body part. The generated EEG pattern of the
person is mapped into the corresponding action. The BAM
then uses the motor driver circuit to pass the activation signal
to the corresponding part of the body. The potential energy
harvesting is used in the system to solve the power issues
related to the exoskeleton. The stability in the gait cycle is
ensured by using adaptive sensory feed-back.
The paper is arranged into 4 sections. The proposed work
is discussed in Section 2. The system architecture is discussed initially, and then the theoretical analysis is presented.
Section 3 presents and discusses the system working and
testing details and the results obtained. Finally, the paper
concludes in section 4. The list of abbreviations is listed in
table 1.
II. PROPOSED SYSTEM
A. SYSTEM ARCHITECTURE

The architecture of the Brain Energized Full Body Exoskeleton (BFBE) system is shown in Figure 1. The BFBE system
has three major modules 1) BCI module, 2) Control Unit,
and 3) Body-Part Actuation Module. The primary function of
the BCI module is to collect the EEG signals from the scalp
and then convert it into a form that can be used by the CU.
We have fabricated a sixteen-electrode based EEG sensor,
which is used in the proposed system for collecting the signals
and also for analyzing the brain activity. For removing the
VOLUME 8, 2020
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TABLE 1. List of abbreviations.

FIGURE 1. System architecture: Brain Energized Full Body Exoskeleton
(BFBE).

high-frequency noise, we use a bandpass. Walsh Hadamard
Transform (WHT) is then used to transform the signals into
the frequency domain.
The signals are further transformed into a digital form and
provided to the Arduino Mega, which transmits the signal
via Bluetooth to the Control Unit. The signals are generated
for different basic human actions (sitting, standing, sleeping)
and then after the pre-processing is stored in a database.
When the paralyzed person has an intention to make a particular movement, the microcontroller in the CU uses this
VOLUME 8, 2020

TABLE 2. Body parts of BFBE and its corresponding joints.

database and produces the signal for activating the particular
part of the body. The generated EEG pattern of the person
is mapped into the corresponding action. The BAM then
uses the motor driver circuit to pass the activation signal
to the corresponding part of the body. The potential energy
harvesting is used in the system to solve the power issues
related to the exoskeleton. The stability in the gait cycle is
ensured by using adaptive sensory feed-back. The feedback
to the CU is provided using a multi-level sensing technique
so that corrections can be made in the process. Required
corrections for producing the actuation signals are done by
the microcontroller using this feedback and thus improving
the decision-making accuracy. An accelerometer is used on
the backside for detecting accidental falls. The processing
happens at the edge, thus reducing delay in decision making,
and the system is further integrated with an IoT module
that helps to send an alert message to multiple caregivers in
case of an emergency. If the measured tilt passes a particular
threshold, a similar emergency message will be given to the
caregiver via a wireless transmitter. The secure communication is ensured between paralyzed persons and caregivers
using a double encrypted NTSA algorithm [26]. The material
used for the development is carbon fiber, so that it can easily
replicate various body movements with ease. The BFBE has
a total of 15 degrees of freedom spread across different joints
of the body, as indicated in Table 2.
Each of these joints is realized using high torque motors.
Controlling the angle of rotation of the motors enables the
system to make different movements. The exoskeleton is easy
to wear due to its flexible and detachable components. The
straps are used to tie the exoskeleton to different body parts.
To further improve the stability of the person, support is
provided on the backside and ankle region. In order to check if
the applied force is sufficient to make the exoskeleton stable,
angle sensors are placed on the joints.
B. SYSTEM DESIGN AND METHODOLOGY

The full-body structure of the exoskeleton mainly consists
of five different body parts, which are lower limb, upper
limb, head & neck, shoulder, and hip. The BFBE structured is
designed by integrating these parts. The modular design provides BFBE with the highly required flexibility. The system
can thus be used by people with different degrees of paralysis.
100723
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FIGURE 2. Sitting posture of BFBE (3D model).
FIGURE 3. Standing posture of BFBE (3D model).

1) EXOSKELETON DESIGN FOR DIFFERENT POSTURES

In this section, we discuss the design generated for the
exoskeleton in different body postures. BFBE exoskeleton
is constructed to mirror the anatomy of the human body.
Figure 2 illustrates the full-body exoskeleton designed using
3D software to emulate sitting posture. The major advantage
of the exoskeleton system is that the various parts and the
joints can be attached and detached easily. The system can
thus be used by people with different degrees of paralysis.
The full-body exoskeleton can be used by a completely paralyzed person. paralysis can be provided with a customized
exoskeleton. People experience the ease of wearability and
mobility because of the development of the exoskeleton with
carbon fiber material. To further improve the stability of the
person, on the backside and in the ankle region, a support
is provided with the system. Actuating the motors placed at
the corresponding joints helps to move from sleeping to the
sitting posture.
Figure 3 shows the standing posture of the full-body
exoskeleton. The system translates from sleeping to standing
based on the acquired human intensions. The high torque
motors placed at the different joints help in lifting the human
weight. If the actuation signals produced are not sufficient,
more accurate signals will be generated based on the feedback
received. A customized execution pattern is used to maintain
stability and reduce errors. The design also ensures that no
direct transition from sleeping to standing or vice versa.
III. MATHEMATICAL ANALYSIS OF THE PROPOSED
SYSTEM

The mathematical analysis is done on the full-body exoskeleton to identify the desired torque proportional to the mass.
The joints used to provide 15 degrees of freedom are utilized to control the different bones of the human skeleton.
Figure 4 presents the exoskeleton structure used for the analysis. Here, A is the head joint (HJ), b is the neck joint (NJ),
100724

FIGURE 4. Exoskeleton structure used for analysis.

c is the left shoulder joint left (SJL), d is the elbow joint left
(EJL), e is the hand joint left (HJL), f is the shoulder joint
right (SJR), g is the elbow joint right (EJR), h is the hand
joint right (HJR), lr and lh are the links for humanoid limbs.
Let the angle of the limb with respect to vertical and
horizontal axis is denoted by ’θ’, the masses of the element by
mi, the length of the elements by li, and the center of gravity of
the system by Gi. The spring of the element is represented by
spring coefficient Ki. The angles are referenced with horizontal and vertical axis where L denotes the kinetic and P denotes
VOLUME 8, 2020
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the potential energy, and e is the force to be applied to the
joint.
Let the different control signals to be applied at hip and
knee joint of human and exoskeleton be defined as Â for the
angular acceleration of knee, Ã for the angular velocity of the
knee, Å for the angular position of the knee, for the total
torque applied on the knee and the ankle, Î for the inertia on
the foot and the shank. Let the length of the shank is L̂m,
length of the foot is L̂m, the mass of the shank is Ŏ kg, mass
of the foot is Ō kg and let the torque be proportional to mass.
Consider the upper part of the body. The driving motor
is located at the head joint driven by VHJ , VNJ is the neck
joint motor driving voltage, VSJL is the shoulder joint left
motor driving voltage, VSJR is the shoulder joint right motor
driving voltage. Because of the DC voltage, we have currents
IHJ , INJ , ISJL , ISJR , entering the exoskeleton upper part. The
current flowing from the neck joint to the head joint is denoted
by INH. We have INJ = INH , ISJL = 0, IS−R = 0, IHJ = −INH
and INH = SM (VNJ , VSJR , VSJL , VHJ ), where SM is a function
classified based on the portion at the exoskeleton. Also ‘ ∈0
is the force to be applied to the joint to move from an initial
position or angle ‘0’ to final position angle 0 θ 0 . The length of
the exoskeleton part be li and the width is wi and the initial
position of the exoskeleton is ‘x 0 along the axis. The net force
applied to the head joint movement will be,
Z <∅
∈HJ =
∈1HJ Wi dx
(1)
0

∈1

Here ‘f’ is the function taking the time-varying force into
consideration. Now we have current acting at shoulder joint
left and shoulder joint right given by,
d
∈SJL
(11)
dt
d
∈SJR
(12)
ISJR (t) =
dt
As the incoming current is equal to the outgoing current,
we have, INJ (t) + IHJ (t) = dtd ∈NH . With INJD (t) as the
initial position, we have INJ (t) = Iµ (t) + INJD (t), IHJ (t) =
−Iµ (t) + IHJD (t) and INJD (t) + IHJD (t) = dtd ∈NH .
Here, Iµ (t) is fully responsible for the exact movement at
the exact time and INJD and IHJD for the correct initial position. We can call them us the returned coordinates. If INJD (t)
is causing the change in the movement of exoskeleton by an
0
angle θ 0 in the given time 1t, then INJD (t) = dtd ∈θ , and if
IHJD (t) is causing the change in the movement of exoskeleton
00
by θ 0 0 in the given time 1t , then IHJD = dtd ∈θ .
Change in the variation between the neck and the head joint
0
00
0
00
is given by dtd ∈θ + dtd ∈θ = dtd ∈NH that is ∈θ + ∈θ = ∈NH .
Assuming two different movement angle force at <∈0θ and
<∈θ 00 we have the force, variations given by,
Z <θ 0
x 0
∈0θ 0 = Wi
∈HJ dx
(13)
l
i
0

Z <θ 00 
x
00
∈0HJ dx
(14)
∈θ 00 = Wi
1−
l
i
0
ISJL (t) =

With
as the force applied per unit area, the width Wi
becomes constant, thus we have,
Z <∅
∈HJ = Wi
∈1HJ dx
(2)

The net force applied is written as a function of different
voltages given by,

Similarly, we obtain other values of force applied on shoulder joint left and shoulder joint right as,
Z <∅
∈SJL = Wi
∈1SJL dx
(3)
0
Z <∅
∈SJR = Wi
∈1SJR dx
(4)

Considering the time-varying voltage VNJ , V SJL , VSJR , V HJ
to move the exoskeleton at any position at any time, the neck
to head force, shoulder joint left and shoulder joint right, as a
function of time t is given by,

We can say that the net force applied to the head joint,
shoulder joint left and shoulder joint right movement as a
function of different voltages given by,
∈HJ = fHJ (VNJ , V SJL , VSJR , V HJ )
∈SJL = fSJL (VNJ , V SJL , VSJR , V HJ )
∈SJR = fSJR (VNJ , V SJL , VSJR , V HJ )

(5)
(6)
(7)

If we consider a time-varying voltage VNJ , V SJL , VSJR , V HJ
to move the exoskeleton at any position at any time, the neck
to head force, shoulder joint left and shoulder joint right, as a
function of time t is given by,
(t)

∈NH = fHJ (VNJ (t), V SJL (t), VSJR (t), V HJ (t))

(8)

(t)
∈SJL
(t)
∈SJR

= fSJL (VVJ (t), V SJL , VSJR , V HJ )

(9)

= fSJR (VNJ (t), V SJL , VSJR , V HJ )

(10)
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(15)

∈θ 00 = fθ 00 (VNJ , V SJL , VSJR , V HJ )

(16)

00

0

0

∈0θ 0 = fθ 0 (VNJ , V SJL , VSJR , V HJ )

∈0θ 0 (t) = fθ 0 (VNJ (t), V SJL (t), VSJR (t), V HJ (t))

(17)

00

∈θ 00 (t) = fθ 00 (VNJ (t), V SJL (t), VSJR (t), V HJ (t)) (18)
Considering the ‘f’ function takes time varying force into
considerations, we have the current acting as,
d
∈θ 0
(19)
dt
d
IHJD (t) =
∈θ 00
(20)
dt
d
∈SJL
(21)
ISJL (t) =
dt
d
ISJR (t) =
∈SJR
(22)
dt
The net current flowing through the exoskeleton is zero and
given by,
IHJD (t) =

INJ (t) + IHJ (t) + ISJL (t) + ISJR (t) = 0
INJD (t) + IHJD (t) + ISJL (t) + ISJR (t) = 0

(23)
(24)
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Using the chain value of differentiation on the current
values we obtain,
∂ ∈θ 0 d
∂ ∈θ 0 d
VNJ +
VSJL
∂VNJ dt
∂VSJL dt
∂ ∈θ 0 d
∂ ∈θ 0 d
+
VSJR +
VHJ
∂VSJR dt
∂VHJ dt
∂ ∈θ 00 d
∂ ∈θ 00 d
IHJD (t) =
VNJ +
VSJL
∂VNJ dt
∂VSJL dt
∂ ∈θ 00 d
∂ ∈θ 00 d
+
VSJR +
VHJ
∂VSJR dt
∂VHJ dt
∂ ∈SJL d
∂ ∈SJL d
ISJL (t) =
VNJ +
VSJL
∂VNJ dt
∂VSJL dt
∂ ∈SJL d
∂ ∈SJL d
+
VSJR +
VHJ
∂VSJR dt
∂VHJ dt
∂ ∈SJR d
∂ ∈SJR d
ISJR (t) =
VNJ +
VSJL
∂VNJ dt
∂VSJL dt
∂ ∈SJR d
∂ ∈SJR d
VSJR +
VHJ
+
∂VSJR dt
∂VHJ dt
INJD (t) =

(25)

(26)

(27)

(28)

−Ki Wi

∈0HJ dτ
(29)
Ã
Substituting the above value of dx in (2) and (3) we obtain,


Z θ 00
−Ki Wi 0
0
∈HJ dτ
(30)
∈SJL = Wi
∈SJL
Ã
θ0
Z
00
−Ki Wi2 θ 0
∈SJL =
∈SJL ∈0HJ dτ
(31)
Ã
θ0
Z 00
−Ki Wi2 θ 0
∈SJR =
∈SJR ∈0HJ dτ
(32)
Ã
θ0
Z 00
2
−Ki Wi2 θ
∈HJ =
∈0HJ dτ
(33)
Ã
θ0
Substituting the above value of dx in (12) and (13) we
obtain,
Z 00
−Ki Wi2 θ x 0 2
∈0θ 0 =
∈HJ dτ
(34)
Ã
θ 0 li

Z 00 
2
−Ki Wi2 θ
x
00
∈θ 00 =
1−
∈0HJ dτ
(35)
li
Ã
θ0
Calculating ‘x’ in terms of torque we integrate ‘x’ from
initial angle 0 θ 0 to final angle θ 00 .
Z 00
−Ki Wi θ 0
x=
∈HJ dτ
(36)
Ã
θ0
The VNJ value for which we reach the maximum limit
is Vmax . If the value of VNJ is raised above Vmax , the exoskeleton movements will remain unaltered and practically constant. The human body parts will act as the dielectric of
the capacitor with the exoskeleton acting as the plate of the
capacitor. Here VOI is the voltage applied between outer
and inner exoskeleton, Plimb is the potential drop across the
thickness of the limb, PIX is the potential drop across the inner
100726

(37)

VOJ = Plimb + PIX + PCM

With dx as a small incremental moment for an incremental
time dτ we obtain,
dx =

surface of the exoskeleton, and PCM is the potential at all the
contact point across the exoskeleton and human limb. We now
have,

The variation in the voltage ig given by, 1VOJ =
1Plimb +1PIX + PCM where, PCM is constant.
Now there are three potential charges across the exoskeleton and the limb, ϕOE is the charge on the outer exoskeleton,
ϕlimb is the charge on the limb, ϕIE is the charge on the
inner exoskeleton, and we have ϕOE + ϕlimb + ϕIE = 0 and
ϕ̃OE + ϕ̃limb + ϕ̃IE = 0. The charges per unit area are given
by 1ϕ̃OE + 1ϕ̃IE = 0 with ϕ̃limb as constant.
To analyze the effect of external voltage on the exoskeleton, and the human limb, we are defining a threshold voltage
depending on the EEG signal Vth. The minimum voltage
required to trigger the movement is, if VOI < Vth then
ϕ̃IE > 0 and PIX < 0, if VOI≥ Vth then ϕ̃IE < 0 and
PIX > 0, if VOI= Vth then ϕ̃IE = 0 and PIX = 0. The
signal from EEG headset to limb is defined as Rsurface–limb,
ST is the potential depending on the thickness of limb, and LT
is the length of the limb. The ratio of the potential drop across
the inner surface
 of the exoskeleton to the length of the limb
is given by PIX LT . The signal transferred from EEG headset
to the limb is given by,
Rsurface−limb = ST ePIX /LT

(38)

The potential depending on the thickness of the limb is
calculated as,
ST = SL e−PRX /LT

(39)

Substituting the value of ST in (39), we obtain,
Rsurface−limb = SL e(PIX −PRX )/LT

(40)

The capacitance coefficient variation in the direction of x
and capacitance coefficient variation in the opposite direction
of x given by,

LT

−P(x) LT

K (x) = K 0eP(x)

(41)

K (y) = L0e

(42)

Potential is at its local maximum, which indicates that the
system in the equilibrium state is unstable. We apply a small
displacement to the exoskeleton and move it to a random
small distance from its equilibrium state, and the total force
of the exoskeleton makes it to move even farther. Mobility
displacement along the x direction is given by,
µ(x) = ϑ(K(y) − K(x) − PA )
i

−ϑ h −P(x) LT
d 2P
L0 e
=
− K0 eP(x) LT − PA
2
µs
dy

(43)
(44)

The charge on the inner skeleton is given by,
q

√
∓ 2ϑµs PA LT e−P(IX ) LT +PIX
ϕ̃IE = q
 (45)
−LT + e−PRx /LT LT eP/LT − PIX − LT
VOLUME 8, 2020
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ϕ̃IE = C̃limb Plimb
p
p
ϕ̃IE = − 2ϑµs PA PIX + LT e(PIX −PRX )/LT
ϕ̃IE = ϕ̃RL + ϕ̃SL

(46)
(47)
(48)

The charge on the right-side outer skeleton to the limb is
calculated as,
Z final
(49)
ϕ̃RL =
(ϑ) K (x) (Adx)
initalθ

The charge on the left-side outer skeleton to the limb is
calculated as,
Z final
ϕ̃SL = −ϑ
K (x) dx
(50)

FIGURE 5. EEG sensor manufactured with 16 electrodes.

inital

The body parameter constant with static exoskeleton
movement is given by,
s
2µs √
TB =
PIX
(51)
ϑPA
The small variation in the charge on the inner skeleton is given by, 1ϕ̃IE = 1ϕ̃RL +1ϕ̃SL where ϕ̃RL =
ϕ̃RL (PIX ) and ϕ̃SL = ϕ̃SL (PIX ). The voltage applied between
the outer and inner exoskeleton is given by,
VOI = Vth + PIX

ϕ̃SL (PIX ) + ϕ̃RL (PIX )
−
˜limb

(52)

FIGURE 6. Original and reconstructed EEG signal in sitting and standing
positions with BFBE.

IV. RESULTS AND DISCUSSION

The designed system is tested on six different subjects, three
healthy and three paralyzed persons. The collection of data
is done in the offline and online phases. The experiments are
carried out for three different human intentions like sleeping,
standing, and sitting. To maintain stability, the movements
are executed based on the designed pattern. In the offline
training phase, the brain patterns corresponding to each of
these intended movements are acquired using the 64 channel
EEG sensor. Figure 5 presents the EEG Sensor manufactured
with 16 Electrodes for collecting the signals.
Signal analysis is carried out using WHT, and the unique
features required for the classification are extracted. Large
amount of EEG signals is compressed using WHT, and a
faster computation is also provided. The database is designed
using the extracted information corresponding to each human
thought obtained during the training phase. In the online
phase, the WHT coefficients, along with extracted information, are transmitted from the brain to the full-body exoskeleton for the reconstruction of the original signal.
The EEG signals corresponding to human intentions of
sitting and standing are depicted in figure 6. Here, the original
signal and the reconstructed signal for both the postures are
presented. Figure 7 shows the area matching of EEG patterns
obtained for the sitting and standing postures. The original
and reconstructed signal is correlated at the receiver side to
identify the movement to be executed. Based on the classification results, the required joints are actuated to produce the
desired movement by the exoskeleton system.
VOLUME 8, 2020

FIGURE 7. Area matching of EEG patterns obtained for sitting and
standing posture.

FIGURE 8. EEG amplitude and EEG amplitude error for original and
reconstructed signals.

Figure 8 shows the varying of the EEG signal captured
by the brain headset with time. The error in EEG amplitude
for the signal is also shown in the figure. Figure 9 presents
the brain pattern variations at different frequencies using
the proposed system. The voltage spectral density variations
at frequencies 6 Hz, 10 Hz and 22 Hz are presented and
highlighted in the figure.
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FIGURE 9. Brain pattern variations at different frequencies.

FIGURE 13. EEG for different postures with the placement of electrodes
from CP5 to P6.

FIGURE 14. EEG voltage for different frequency and number of trials per
second.

FIGURE 10. Electrode placement locations in the EEG headset.

FIGURE 15. Number of trials with time.
FIGURE 11. EEG for different postures with placement of electrodes from
CP5 to LO1.

FIGURE 12. EEG for different postures with the placement of electrodes
from CP5 to PO2.

FIGURE 16. EEG voltage for different frequency and number of trails per
second.

In the proposed system, EEG analysis is carried out using
realistic head models to identify the unique EEG signal features and to validate the brain network connectivity. Here,
a 64-electrode placement scheme is used in the proposed
system. The electrodes are placed in the frontal and parietal

regions of the brain. Figure 10 indicates the electrode placement positions used for testing the proposed system.
Figure 11 shows the EEG signal for different postures
with the placement of electrodes from positions CP5 to LO1,

100728

VOLUME 8, 2020

S. Jacob et al.: Adaptive and Flexible BFBE With IoT Edge for Assisting the Paralyzed Patients

and figure 12 shows the EEG for different postures with
the placement of electrodes from CP5 to PO2 positions and
figure 13 shows the EEG for different postures with the placement of electrodes from CP5 to P6 positions. Figure 14 shows
the EEG voltage for different frequencies and also the number
of trials per second.
Figure 15 shows the number of trials carried out with
time, and figure 16 shows the EEG potential with varying latency using the proposed system. The proposed
system achieves excellent performance in all real-time scenarios. Results confirm that the proposed method provides adequate assistance and rehabilitation for paralyzed
patients.
V. CONCLUSION

To overcome the constraints of weight, flexibility, and adaptability faced by the existing exoskeletons used for assisting
the paralyzed people, we proposed an adaptive and flexible
Brain Energized Full Body Exoskeleton (BFBE). The brain
signals captured by the EEG sensors are used for controlling
the movements of the exoskeleton. The flexibility is incorporated into the system by a modular design approach. The
parts and joints can be attached and detached easily, allowing
it to be used by people with different levels of paralysis. For
the fully paralyzed, the full-body exoskeleton structure can
be used. The processing happens at the edge, thus reducing delay in decision making, and the system is further
integrated with an IoT module that helps to send an alert
message to multiple caregivers in case of an emergency.
The potential energy harvesting is used in the system to
solve the power issues related to the exoskeleton. The stability in the gait cycle is ensured by using adaptive sensory
feedback. The system was by using six natural movements
on ten different paralyzed persons and received very good
results.
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