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ABSTRACT Statistics from the National Office for Empowerment of Persons with Disabilities (NEP)
indicate that Spinal Cord Injury (SCI) is a major cause of disability in the Thai population. Various
rehabilitation methods are available to support SCI patients. Assistive robots, such as exoskeletons and
prosthetics, are very useful for improving quality of life. Robotic exoskeletons have evolved as rehabilitation
methods that can overcome some of the current health-related effects of SCI. In the current study, a lower-
limb exoskeleton was developed to assist or rehabilitate a physically challenged person who has lost mobility
owing to SCI. To overcome energy storage issues related to existing designs, the device uses a spring and
camshaft system that is integrated with the robot structure to reduce the required energy by absorbing the
body weight into spring potential energy and released by the cam design. Hence, the spring cam system
significantly reduced torque on the joints, with approximately 17 — 30% reduction in the angle joint and
40 — 48% reduction in the knee joint. Control of the exoskeleton is carried out by analyzing brain signals
(EEG) and eye movement signals (EOG), which are combined with the control system to perform daily
activities, such as walking, turning, and standing. This exoskeleton boasts a maximum walking speed of
0.5 m/s and a remarkable two-hour full-load operation, making it a promising solution for enhancing
the mobility and quality of life of individuals with SCI. The effectiveness of the developed exoskeleton
in assisting individuals with mobility impairments was validated through comprehensive laboratory-level
experimental analysis.

INDEX TERMS Spinal cord injury (SCI), robotic rehabilitation, lower limb exoskeleton, medical robotics,
brain-computer interface, gait analysis, biomechanics.

1. INTRODUCTION move around in their environment, but they have different
Mobility impairment resulting from spinal cord injury (SCI) requirements according to the degree of disability. To retain
significantly restricts an individual’s ability to perform daily their level of limb use and muscle fitness, patients with
activities including walking, turning, and sitting/standing [1]. partial limb usability need assisted exercise; those with

Paraplegic patients require mobility devices to help them total disability need an alternative to their muscle strength
so that they can work at a level equivalent to that of

The associate editor coordinating the review of this manuscript and a person without such limitation. These patients need an
approving it for publication was Jingang Jiang . assistive device that can provide independent mobility and
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help them function effectively in conditions that are not
typical for patients with disabilities of the lower extremities.
The traditional rehabilitation process is led by the therapist,
whose primary goal is to provide basic skills, such as bed
mobility, wheelchair management and transfers, caregiver
training, rehabilitation equipment training, and basic medical
education. However, the availability of therapists is limited,
and treatment is expensive.

Robotic exoskeletons have emerged as a promising solu-
tion for assisting and rehabilitating patients with mobility
impairments [2], [3], [4]. This paper presents a comprehen-
sive study focused on the development of a brain signal-
activated lower limb robotic exoskeleton tailored to meet
the specific needs of paraplegic patients within the Thai
population. Gait pattern design is a crucial aspect of this
study, ensuring compatibility with the general dimensions
and biomechanics of Thai individuals. To enhance the perfor-
mance of the exoskeleton, a novel spring-cam-based variable-
stiffness actuation system is integrated into the exoskeleton
structure. This innovative system allows the storage of the
required torque as elastic potential energy, enabling soft
landing and efficient force dissipation during locomotion [5],
[6]. Seamless interaction between the user and exoskeleton
is achieved through the incorporation of brain signals
(electroencephalography, EEG) and eye movement signals
(electrooculography, EOG) into the control system, allowing
for the comprehension of the user’s intention and prediction
of desired movements.

In addition to the advanced control system, this study
also focuses on the biomechanical modeling of the human
body within the exoskeleton framework. By considering
the effects of reaction force and utilizing a comprehensive
biomechanical model, system dynamics and stability are
significantly enhanced, resulting in improved performance
and safety during locomotion.

From this point of view, the BART LAB Lower Limb
Exoskeleton (BART LAB LL-EXO-I) was developed by
the Center for Biomedical and Robotics Technology (BART
LAB), Mahidol University [7]. This study specifically
addresses the issues faced by paraplegic patients with SCI
at stage 3 and below the lumbar spinal cord. This wearable
exoskeleton robot, with four degrees of freedom in each leg
and one degree of freedom in the torso, was designed to assist
in gait failure. The gait pattern was based on clinical gait
analysis (CGA) using the David A Winter database, ensuring
its compatibility with paraplegic patients’ locomotion [8], [9].

Building on the success of BART LAB LL-EXO-I, this
study presents the design and development of a brain-
signal-activated robotic lower-limb exoskeleton (BART LAB
EXO-II, as shown in Fig.1) aimed at assisting and reha-
bilitating mobility-impaired paraplegic patients with SCL
Data collected during various motions such as walking,
sitting, standing, and turning were used to estimate the
power requirements and were stored in a motion database.
A comprehensive laboratory-level experimental analysis was
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FIGURE 1. (a) Overall mechanical design and the Degree of Freedom:
(A) shows the middle of the hip joint, (B) is the hip rotation joint, (C) is
the hip flexion/extension joint, (D) shows knee flexion/extension joint
and (E) is ankle flexion and inversion/eversion joint, (b) developed
BART-LAB-EXO-II.

conducted to validate the suitability of the exoskeleton
for practical application and its effectiveness in assisting
individuals with mobility impairments caused by SCI.

Il. RELATED WORKS

This section is dedicated to surveying the existing body
of knowledge, including innumerable efforts to develop an
exoskeleton [10], [11], [12], [13], [14], [15], [16], [17] and
notable review papers [18], [19], [20], to provide readers
with a holistic understanding of the current state of research
on the lower limb exoskeleton. These three review papers
collectively contribute to the advanced literature review on
research and development in the field of robotic lower-limb
exoskeletons.

Young et al.’s [18] review provides an overview of the
current state of the field and highlights the need for rigorous
quantitative evaluations, whereas Plaza et al.’s [19] study
offers valuable insights and suggestions for improving the
current design of exoskeleton devices. Furthermore, Hybart
and Ferris [20] proposal to utilize mobile brain imaging tech-
niques for measuring embodiment during human-machine
interactions demonstrated the importance of integrating
quantitative measures in exoskeleton research. Together,
these studies shed light on key aspects, such as design
approaches, user interface, control, and embodiment, paving
the way for the development of more effective and successful
robotic lower-limb exoskeletons.

Aguirre-Ollinger et al. [21] presented a new method for
controlling lower-limb exoskeletons to enhance the agility of
the leg-swing motion by compensating for the inertia of the
exoskeleton. Their findings highlighted the effectiveness of
the proposed controller in increasing the natural frequency
of the lower limbs and enabling net work per swing
cycle, leading to improved agility and performance. This
study provides valuable insights into optimizing the control
mechanisms of exoskeletons.
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Similarly, Xie et al. developed an unpowered flexible
lower-limb exoskeleton [22] that assists human walking with-
out external electrical power. Their approach leverages the
harvesting of kinetic energy during lower limb deceleration
to assist in acceleration movement, thereby reducing biome-
chanical power consumption during walking. In addition, the
exoskeleton integrates a generator for self-sustainable power
generation to support wearable electronics. The experimental
results confirm the effectiveness of the flexible exoskeleton
in reducing the metabolic cost of walking and generating
electricity. This innovative solution addresses the limitations
associated with bulky energy supply systems in powered
exoskeletons and offers potential advancements in reducing
metabolic costs and enabling self-sustainability.

These two studies explored novel approaches to exoskele-
ton control and energy efficiency. The research conducted by
Gabriel et al. focused on enhancing control mechanisms to
improve agility, while Longhan et al. addressed the challenge
of energy supply in exoskeletons. In contrast, this study
presents a comprehensive development of a brain signal-
activated lower-limb robotic exoskeleton specifically tailored
for paraplegic patients within the Thai population. The
emphasis is on designing a gait pattern compatible with
Thai individuals’ dimensions and biomechanics, integrating
a novel spring-cam-based variable-stiffness actuation system
for efficient force dissipation, and incorporating brain and eye
movement signals for seamless user-exoskeleton interaction.
Furthermore, this study addresses biomechanical modeling,
system dynamics, and stability to enhance performance and
safety. This research extends the existing knowledge by
focusing on the specific needs of paraplegic patients with
spinal cord injuries and incorporating clinical gait analysis
and validation through experimental analysis and motion
database utilization.

Ill. MATERIALS AND METHODS

In the developed BART LAB EXO-II, the system was divided
into five components: motion experiment and data analysis,
ground reaction force, mechanical design, energy storage
system, signal activator, and robot control system.

A. MOTION EXPERIMENT AND DATA ANALYSIS

Position data were collected using the ‘Optitrack(R) s250e’
(NaturalPoint, Inc. DBA OptiTrack Corvallis, OR) - cam-
era motion capture system [23]. Tracking markers were
strategically placed at key positions, including the trunk,
hip, knee, ankle, heel, and metatarsal bone (toe) to accu-
rately capture the movement of various joints during the
experiment. Markers were attached on both sides of the
leg was specifically done to capture turning motions more
comprehensively. While joint angles can be measured by
attaching markers at specified positions, the inclusion of
markers on the toe joint is crucial for obtaining a complete
motion profile and ensuring a comprehensive analysis of gait
and movement patterns. The markers placed on the toe joint
contribute to a more precise and holistic understanding of the
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FIGURE 2. (a) Position data were collected using the ‘Optitrack(R) s250e’
camera motion capture system with strategically placed markers on key

body positions, including the toe joint, to comprehensively capture joint

movement during dynamic activities like turning. (b) Position of markers
in both standing and sitting positions.

subject’s movements, particularly during dynamic activities,
such as turning. This approach aligns with standard motion
capture practices, allowing for robust data collection and
reliable calculation of joint angles throughout the study (The
experimental setup, as demonstrated in Fig. 2).

Incorporating normal gait patterns in the exoskeletons
of patients with SCI is an essential aspect that should be
explored. However, the robot’s degrees of freedom (DoFs)
may differ from those of an actual human, and we agree
that additional considerations are crucial when designing
exoskeletons for SCI patients. One significant consideration
is the restricted range of motion in each joint due to stiffness,
which is common in patients with SCIs.

For walking, a normal gait cycle, as described in [24]
and [25], was considered. This cycle was divided into three
distinct phases: starting, walking, and stopping, as illustrated
in Fig. 3-(a). For the sit-stand and stand-sit motions,
the patterns exhibited similarities. Hence, two separate
experiments were conducted, one with arm support and the
other without arm support, as shown in Fig. 3-(b).

Employing the OptiTrack S250e camera-based motion
capture system, in conjunction with strategically positioned
retro-reflective markers on anatomical landmarks, enabled
the measurement of hip turning angles during dynamic
movements (as shown in Fig. 2). System calibration and
subject preparation preceded the meticulous recording of
motion data as the participants executed the turning motions.
Subsequently, the recorded data were processed using Opti-
Track software, facilitating the precise tracking of marker
positions that represented the hip joint locations over time.
Analysis of marker orientation in relation to a reference axis
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FIGURE 3. (a) Walking Gait Cycle, (b) Sit-to-Stand and Stand-to-Sit Gait
Cycle, (c) Turning Gait Cycle.

allowed for the calculation of hip-turning angles, yielding
insights into hip joint movements throughout the turning
cycle.

Turning motion poses intricate biomechanical and neuro-
muscular challenges [26]. The turning scheme is illustrated
in Fig. 3-(¢), involving three steps to complete one 90-degree
turn, meaning each step encompasses 30 degrees of motion.
Subsequently, data collection was followed by comprehen-
sive computations to determine various parameters, including
relative angles (degrees), angular velocity (rad/s), angular
acceleration (rad /s%), linear acceleration (m/s?), and moment
(Nm) during motion.

Additionally, we estimated the required angular accel-
erations for the sit-to-stand and stand-to-sit movements,
as shown in Fig. 4 and 5, along with the required torque for the
knee and ankle, as depicted in Fig. 6. These calculations and
estimations are fundamental to understanding the dynamics
of motion and are essential for designing exoskeletons that
accommodate the biomechanical needs of individuals with
SCIL

B. GROUND REACTION FORCE

To create exoskeletons and wearable assistive devices for
lower-limb support, it is essential to estimate the Ground
Reaction Force (GRF) from the foot to the surface [27], [28].
The estimation of GRFs using the ‘MatScan(R)’ (Tekscan,
Inc. Norwood, United States) system plays a critical role in
this study. First, it ensures balance and stability of the wearer,
provides appropriate support, lowers the risk of falling, and
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FIGURE 4. The required angular accelerations for sit-to-stand movement.

Angular Acceleration VS 1 Stand to Sit Cycle

HHHRRR

| |

| | — o
I I -~ Knee
| I ¢ Ankle

!
|
|
|
1 -

(degree/sec?)
a
3

Angular Acceleration

i . . . H
(] 10 20 3 4 50 60 70 8 9 100
Percentage of 1 cycle

FIGURE 5. The required angular accelerations for stand-to-sit movement.

preserves balance by precisely predicting the GRF. Second,
understanding GREF is directly related to the loading placed
on the hip, knee, and ankle joints. By efficiently balancing
and optimizing these forces using an exoskeleton, the strain,
pain, and potential injuries in these joints can be reduced.

Specific aspects of the exoskeleton, such as controlling
the ankle joint actuator, incorporate the knowledge acquired
about the GRF. We aim to utilize this information to
facilitate natural walking or running movements, improve
gait efficiency, and reduce the effort of the wearer during
various parts of the gait cycle [29].

Furthermore, the precise prediction of the GRF has
implications for the energy economy, which is a crucial
factor in exoskeleton design. By optimizing the exoskeleton
design and control based on the GRF data, we can enhance
the wearer’s energy efficiency by reducing energy loss and
ensuring efficient power transmission.

The following equation can be used to represent the total
force (related to the acceleration of the center of gravity
(COQG) as a result), GRF, and body weight numerically [30]:

Fg, = Ma;, + Mg = M(a; + g) (D

where M is the body mass, a is the acceleration of the body’s
center of mass, and g is the acceleration due to gravity.
If Fg,[BW] is the z-component of the GRF normalized to the
body weight, it can be measured in terms of acceleration.

a;+ 8

Fg[BW] = @

To accurately calculate the GRF by analyzing the torques
exerted on the hip, knee, and ankle joints, a comprehensive
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FIGURE 7. A human biomechanical model with hip, knee, and ankle
joints and body segments for the head, upper body (HAT), thigh, and
lower leg (shank) in two dimensions.

biomechanical model must consider various influencing
factors. Although body weight and segment length are
significant contributors to joint torques, it is essential to
acknowledge that individual variations, such as muscle
strength, joint stiffness, and joint angles, can also impact
these torques. The biomechanical model encompasses the
hip, knee, and ankle joints, along with the corresponding
body segments for the head, upper body (HAT), thigh,
and lower leg (shank) in 2-D, as depicted in Fig. 7. This
model enables a more accurate estimation of GRFs during
lower-limb movements by accounting for a broader range of
factors beyond body weight and segment length, including
gravitational force, leg segment masses, and joint angles.
Understanding these complex interactions is essential for
interpreting results and ensuring the practical applicability of
the findings.

To calculate the torques involved in the sit-to-stand and
standing-to-sit movements. The equations for each torque are
as follows. From Fig. 7 the torque on each joint for sit-to-
stand and stand-to-sit can be calculated using Equations 3, 4,
5,6, 7, and 8.

133854

1) HIP TORQUE
For the sitting position,

Thip—sit = Mbody * § * L(1) - cos(8sir) 3)

For the standing position,
Thip—stand = Mbody * § * L(1) - cos(bstana) 4

2) KNEE TORQUE
For the sitting position,

Tknee—sit = mleg(z) <L(2) - (L(3) - mleg(3) - 8 - c0s(Bsir)
+ L(4) - myeg(3) - g - cos(Bsir)
—L(1)- Mpody * 8 - cos(Osir) - cos(Bsir)) )
For the standing position,
Tknee—stand = mleg(z) -L(2) - (L(3) - mleg(3) - & - cos(srand)
+L4)- mleg(3) - 8 - c08(Ostand)
- L()- Mpody - 8 - c08(Ostana) + €08(Osrand))

(6)
3) ANKLE TORQUE
For the sitting position,
Tankle—sit = mleg(3) - L(3) - g - cos(bsir)
+ mieg(3) - L(4) - g - cos(Bsir)
— Mpody - L(1) - g - cos(Byir) - cos(Bsir)
— myeg(2) - L(2) - g - cos(Bsir) )

For the standing position,

Tankie—stand = Mieg(3) - L(3) - g - c08(Bsanda)
+ mieg(3) - L(4) - g - co8(Ostand)
— Mpody - L(1) - g - c08(851ana) - c0S(Ostana)
- mleg(z) -L(2) - g - cos(Ostana) )
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where myee(1), myeg(2), and myee(3) are the masses of each
leg segment, and L(1), L(2), and L(3) are the lengths of each
leg segment. By utilizing the calculated torques, we further
determined the reaction forces at the foot joint for both sitting
and standing positions. The reaction forces were calculated as
the difference between the gravitational force acting on the
leg segment (specifically, the foot segment) and the torque
generated at the ankle joint.

4) REACTION FORCE AT FOOT JOINT
For the sitting position,

Ffool—sil = mleg(3) * & — Tankle—sit 9)
For the standing position,
Froot—stand = mleg(3) * 8 — Tankle—stand (10)

In these equations, the variables Ffoor—sir and Foor—stand
represent the reaction forces at the foot joint for the sitting and
standing positions, respectively. In addition to the reaction
forces, estimating the coordinates of the foot joint to gain
a comprehensive understanding of human biomechanics in
sitting and standing positions. Using Equations (11) and (12),
the coordinates were determined based on the angle (9) and
the length of the fourth body segment (L(4)).

For the sitting position,

Xfoot—sit = L(4) - sin(sir)
Yfoot—sit = 0
Zfoot—sit = —L4) - cos(byr) (11)

For the standing position,

Xfoot—stand = L(4) - sin(@stand)
Yfoot—stand = 0
Zfoot—stand = —L4) - cos(Ostand) (12)

Analyzing sit-to-stand and stand-to-sit motions aims to
gain essential insights into the biomechanics and kinetics
of lower limb movements during these crucial transitional
phases. Understanding the joint torques, GRFs, and the
required angular accelerations in these motions is crucial
for designing exoskeletons that can effectively assist indi-
viduals with mobility challenges during such functional
activities [31].

Furthermore, focusing on these particular motions allowed
us to target the specific challenges associated with tran-
sitioning between the sitting and standing postures. This
analysis provides valuable data for developing exoskeletons
that can optimize the required assistance and enhance the
overall stability and safety of the wearer during these dynamic
motions.

C. MECHANICAL DESIGN

The mechanical design of BART LAB EXO-II has a total of
11 degrees of freedom: five passive joints in the middle robot

VOLUME 11, 2023

and other 4 joints at the ankle, and six active joints at the
hip and knee. The middle joint of the hip allowed the legs
to move in the coronal plane for abduction and adduction.
This joint is a passive joint because during the walking cycle,
sagittal plane movement is vital and movement in another
plane should be supported for balance [32]. Therefore, the
passivity of this joint assists the movement, which depends on
the pose of the patient. Each leg has two degrees of freedom
at the hip: rotation and flexion/extension. For rotation, motors
were positioned to assist the turning process. The high-torque
motor was vertically placed so that leg rotation was allowed
without loss of power. For movement in the sagittal plane,
the hip joint requires a range of motion from —20 degrees to
30 degrees from the normal alignment in walking but needs
90 degrees in sitting. Therefore, the total angle range of the
hip was —20 degrees to 90 degrees. The motor shaft transfers
motion through bevel gears to change the orientation of the
movement. Knee joint movement is primarily in the sagittal
plane; therefore, we use only one degree of freedom for the
knee joint. The range of the angle of the knee while walking
is from O degrees to 50 degrees but for sitting, is extended to
90 degrees.

The exoskeleton design incorporates knee joints that bear
similarities to hip joints in their structural arrangement and
basic kinematic principles [33], [34]. Actuation mechanisms
are designed to mimic natural human movement patterns and
provide support and assistance during lower-limb motions.
Although some subtle differences exist in the actuators used,
the overall mechanical configuration emphasizes a compa-
rable approach to achieve functional and biomechanically
appropriate movements. A similar mechanical configuration
allows for a streamlined and cohesive exoskeleton design,
supporting natural gait patterns, and enhancing user comfort.
This approach optimizes the functionality of the exoskeleton
and effectively supports coordinated lower-limb movements
during walking, thereby benefiting individuals with mobility
impairments. Fig. 8 and Fig. 9 provide a comprehensive
depiction of the entire exoskeleton system, showing the
integration of the various components.

The free-body diagram in Fig. 10 shows the force that
occurs in each section of the leg. The BART LAB EXO-II
exoskeleton incorporates a total of 11 degrees of freedom,
including passive joints that support frontal plane move-
ments. Although the kinematic model appears simplified in
the illustration, the design philosophy encompasses a broader
range of movements, including those in the frontal plane. The
design is grounded in biomechanical principles and addresses
the need for balanced natural movement during walking. The
exoskeleton design enables a wide spectrum of movements
and is not limited to a purely sagittal plane rotation.

The moment in each joint and the angular velocity were
calculated to determine the motor property. At the ankle joint,
the force from the ground reacts to the foot (GRF), and the
weight of the foot creates torque while the subject walks.
The force that occurs at the ankle joint can be explained by
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Newton’s second law of motion X F = ma in equations (13)
and (14) [35], [36].

Fankie + Mfoorg —GRF = Moot Ay, foot (13)
Fankie = Moo 8 + GRF — Moot Ay, foot (14)

where Fyupe is a force that occurs at the ankle; my,,, is the
weight of the foot; ay fyor is the acceleration in the y-axis of

133856

the foot; GRF is ground reaction force; g is the acceleration
of gravity; Then the inertia of foot can be calculated by (15)

Ifoot = Mfpot rgggfagt (15)

where I, is the moment of inertia of foot; reog foor 1 the
length from toe to center of gravity of foot. The knee and hip
joints are similar. The forces that affect the joint are from the
previous joint reaction and the weight of each section. The
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Mshankd
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FIGURE 10. (a) Free body diagram of BART LAB EXO II, (b) Free body diagram of Foot section, (c) Free body diagram of

Shank section (d) Free body diagram of Thigh section.

moment that appears at the joint is not only from these forces
but it also contains the moment from the previous joint. The
equation of knee and hip are shown in (16) to (17).

—Flnee + Mshank & + Fankie = Mghank Ay, shank (16)

By rearranging Equation 16, it can be expressed as:

Fshank = —Mshank Ay, shank + Mghank 8 + Fankie (17)
Then the inertia,

I = Mganir’ (18)

cog,shank

The equation of thigh and hip are shown in (19) to (20).

Fhi[’ + Mihighg — Fkneemthighay,thigh (19)
Fhip = Munigh@y,thigh — Minigh& — Flnee (20)

In the coronal plane, the angular displacement is denoted
by a positive sign (plus) in the clockwise direction and
a negative sign (minus) in the counterclockwise direction
illustrated in Fig. 11. Specifically, the analysis focuses on the
hip’s behavior within the context of the condition (26 degrees
to 0 degrees) during the gait cycle, spanning from initial
contact to pre-swing. This phase is addressed by (21), which
can be expressed as

Zr:O

= [THip] — [Mgtotal leg * DCoM(total leg) ° COS(QHip (Ab))]
+ [Ry - Diotal leg * €OS(OHip (Ab)] (2D

D. ENERGY STORAGE SYSTEM

The ankle comprises four passive joints that facilitate specific
movements essential for human locomotion [37], [38].
Dorsiflexion involves pulling the foot upward towards the
shin and decreasing the angle between the foot and leg. This
motion is utilized during the initial phase of the walking
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FIGURE 11. Hip in the coronal plane.

cycle when the foot lifts off the ground and the leg swings
forward. In contrast, plantar flexion entails pushing the foot
downwards, increasing the angle between the foot and the
leg. This movement plays a vital role in propelling the body
forward during the later phase of the walking cycle, when the
foot pushes off the ground [39], [40], [41].

Additionally, inversion is the movement of tilting the sole
of the foot inward toward the midline of the body, which
is crucial for maintaining stability during weight-bearing
activities, such as standing and walking on uneven surfaces.
Conversely, eversion involves tilting the sole of the foot
outward away from the midline to help maintain balance
during weight-bearing activities [39].

Within the context of the aforementioned exoskeleton
design, emphasis was placed on dorsiflexion and plantar
flexion movements. The passive joint employs a spring-based
design optimized to resist the torque resulting from body
weight during dorsiflexion, thereby providing the necessary
foot support and alignment during walking. Furthermore,
the lowest joint attached allows for inversion and eversion
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movements, facilitated by torsion springs integrated between
the flexion joint links and insole. The mechanism of the
spring-mechanical system in the knee and ankle joints is
illustrated in Fig. 12.

Fig. 13-a demonstrates the integration of the cam system
with the spring system. The cam periodically activates the
follower, making contact with its surface. The follower,
attached to a spring fixed to the shaft, traces the cam’s width
at various angles according to the leg motion.

These passive joint configurations, which enable dorsi-
flexion, plantar flexion, inversion, and eversion, contribute
to the efficient functioning of the ankle and enhance the
overall lightweight and effective design of the exoskeleton.
By replicating the natural gait patterns, the exoskeleton opti-
mally assists wearers in maintaining proper foot positioning
and achieving efficient propulsion during walking, thereby
supporting their lower limb mobility.

The follower periodically moves up and down depending
on the cam, and the cam depends on the angle of the leg
attached to the same shaft of the cam. The follower tied to the
spring brings up the spring and the spring is extended. Energy
is stored in the spring, and during the high-torque requirement
period, the cam is designed to have a decreasing slope.
During this period, the force in spring takes the follower
down and pushes the cam. Thus, the cam attached to the
leg rotates more easily. The torque generated was reduced
by the force of the spring that pulls itself back as shown
in Fig. 13-b.

To calculate the torque reduced by the spring, the following
equation is used:

Treduced = Tmotion — Tspring (22)

where Treduced 1S the reduced output torque after compensa-
tion with the spring system. T,,osion 1S the general torque that
occurs in each joint during the gait cycle.
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Tspring 18 the torque produced by the spring when it is
extended, calculated in Equation 23.

Tspring = Fspring X 1 (23)
Fspring =k xx (24)

In Equation 24, Fping is the force of the spring when it is
extended, where r is the reduction radius of the gear system.
k is the spring constant. x is the length the spring is extended
from its normal position.

E. SIGNAL ACTIVATOR AND ROBOT CONTROL SYSTEM
The control method for the lower-limb exoskeleton with the
user’s motion intention is crucial. Electroencephalography
(EEG) and electrooculogram (EOG) signals are considered
the most suitable signals for identifying the human intention
of motion owing to their unique advantages [42]. EEG
signals directly measure brain activity and offer insights into
the neural processes linked to intentions and actions [43].
In contrast, EOG signals effectively detect eye movement
patterns, thus complementing the intention recognition pro-
cess [44], [45]. Combining EEG and EOG signals allows
for a comprehensive interpretation of the neural and ocular
dynamics related to human intention, leading to enhanced
accuracy and reliability in intention recognition tasks.

The electrical properties of the brain always change when
a person performs any activity [46]. The source of the
EOG signal is the cornea-retinal potential (CRP), which is
generated due to the movement of the eyeballs within the
conductive environment of the skull [47]. Brain-computer
interfaces (BCI) can classify EEG and EOG signals and
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translate brain activities into useful commands for external
devices [48], [49]. The system was activated by collecting
thresholds in the beta-wave field and two types of EOG
signals. To find the threshold, the subject will generate the
signal by thinking, gazing down, gazing left, and gazing right
for 2 seconds. The threshold was set at 70% of each maximum
signal value. The command was executed when the signal
value is higher than the threshold value. The architecture of
the control system is shown in Fig. 14-a.

An eye signal is generated when the eyes begin moving.
Gaze up-down and left-right represent the opposite directions
of the signal. According to the 10-20 system, for EEG signals,
the positive and negative electrodes are placed at the Fp2 and
A2 positions, respectively. The ground electrode is placed
in the other ear. The beta wave is detected by summing
the range of 13-30 Hz for a second. The EOG signal was
measured in two positions: vertical and horizontal lines. Four
electrodes were placed on the sides of the left and right eyes
and above and below the eye. The ground electrode was
the same electrode for EEG measurement. To determine left
gazing and right gazing or looking downward, the amplitude
is summed for a larger value. To activate the robot, the
user’s brain signal (EEG) and eye movement signal (EOG)
is fused with the robot control system to comprehend human
intention and predict movement, as shown in Fig. 14-b. The
PID feedforward-based motion control technique was used to
enhance system dynamics and stability.

The digital filter was applied in the range of the beta
waveform 13-30 Hz in each trigger, which was 100 samples
per trigger. The third-order Butterworth band-pass filter was
chosen because of its low rippling. A higher order produces
a clear signal, but it delays it more. Equation (25) represents
the filter transfer function:

| H(jo) |*= (25)

1+ (2
where G is the DC gain at zero frequency, n is the order of
the filter and w,is the cutoff frequency. In order to determine
the transfer function H (s), because of the property of Laplace
transform when,

| H(jo) [*= H(s)H(—s) (26)
then s = jw
2
H()H(—s) = ———— (27)
1+ w_»;)n

The n-pole of this transfer function (27) is represented by
a circle of radius in the negative real half-plane of s. The m-th
pole is posed by (28) and (29).

2 .
—S Jj@m—Dm
P e8)
a)C
where m = 1, 2, 3...n Hence;
Jj@m—Dm
Sk =€ 2n (29)
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Fig. 15 shows the raw signal of the EEG waveform, before
and after applying the filter

After filtering, the post-filter signal is converted from the
time domain to the frequency domain using Discrete Fourier
Transform (DTFT) equations (30) and (31) as follows:

N—-1
X(fu) = D x(mye” T, (30)
n=0
fm = m_fA (31)
n

where N denotes the number of points in the waveform, m
denotes the family of members and f; denotes the sampling
frequency. The power of the amplitude in the frequency
domain is called the power spectrum density and is detected
as (32).

2nn

=0.54 - 0.46
w(n) cos(N —

) (32)

The beta wave was detected by summing the range of
13-30 Hz per second. An example of an EEG signal after the
transfer is shown in Fig.15.

EOG signals were measured along two vertical and
horizontal lines. Four electrodes were placed on the left and
right sides as well as above and underneath the eyes. The
EOG signal was collected using an EOG circuit, as shown
in Fig. 16. This circuit consists of 10000 times amplified:
high-pass filter (0.1 Hz), low-pass filter (10 Hz), and Twin-
T notch filter (50 Hz). After the analog processes, the
signal was converted to a digital signal using NI USB-6008
(National Instruments Corp. Austin, Texas, USA) and sent
to MATLAB R2020b (The MathWorks, Inc., Massachusetts,
United States) with the same sampling rate and sample per
trigger of the EEG signal. A third-order Butterworth bandpass
filter is added in the range of 0.1-10 Hz by using the same
equation as the EEG filter. This was used to determine
the left gazing and right gazing or looking downward, and
the amplitude was summed to obtain a larger value within
2 seconds, the results are presented in Fig. 17.

To achieve precise control of the exoskeleton, a
proportional-integral-derivative (PID) control algorithm was
implemented. This algorithm plays a crucial role in enhancing
the accuracy and stability of the system by continuously
monitoring the position of the exoskeleton and adjusting
the control signals accordingly, thereby ensuring precise and
responsive movements.

For motor control and encoder data reception, an ET-
Base dsPIC30F4011 (Microchip Technology Inc. Arizona,
USA) microcontroller was employed. This microcontroller
provides a reliable and efficient platform for controlling the
motors driving the movements of the exoskeleton. In addition,
it facilitates the reception and processing of data from
the encoders, which provides crucial feedback regarding
the exoskeleton’s joint positions. MATLAB was utilized
as the interface to facilitate the interaction between the control
system and the exoskeleton.
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Twin-T Notch Filter

In the course of this research, computational tasks
and simulations were executed on a workstation with the
following specifications: the central processing unit (CPU)
was an Intel(R) Core(TM) i5-7600 operating at a clock
speed of 3.50 GHz. The system boasted a memory capacity
of 8.00 GB, and the installed operating system was a
64-bit platform with an x64-based processor. This computing
environment provided the necessary computational resources
to perform complex numerical analyses and simulations,
ensuring the accuracy and precision of the results reported
in this study.

The working flow of the system is shown in Fig. 18, which
provides a visual representation of the sequential operations
involved in the control process. This flowchart outlines the
step-by-step execution of tasks, including signal detection,
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processing, and motor control, ensuring well-coordinated and
synchronized operation of the exoskeleton.

IV. RESULTS AND DISCUSSION

The following section provides a comprehensive account
of the specific actions undertaken, encompassing the GRF
estimation, motion analysis, and structural analysis of
our exoskeleton. These endeavors played a critical role
in evaluating the performance and effectiveness of our
proposed approach, ensuring result accuracy, and validating
the feasibility of our design.

A. ESTIMATION OF GROUND REACTION FORCE

To calculate the GRF at the foot joint during sit-to-
stand and stand-to-sit motions as mentioned in Section III.
We used MATLAB simulation, which incorporates constants,
parameters, and equations to determine the torques at the
hip, knee, and ankle joints based on body weight, leg
segment masses, lengths, and angles. For this, we considered
a male person with a body weight of 70 kg and a height
of 175 cm. Reaction forces at the foot joint were computed
by dividing the knee torque by the length of the foot
segment. Additionally, the coordinates of the foot joint
were calculated for both sitting and standing positions. The
plots provide insights into the direction and magnitude of
the GREF, aiding the understanding of the force distribution
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and variation throughout the motions. These findings are
crucial for the design and analysis of assistive devices such
as exoskeletons. The simulation determines the coordinates
of the foot joint and visualizes the reaction forces in a
3D plot (Fig. 19). Although the simulation itself is not
directly related to the proposed exoskeleton, it serves as a
crucial preliminary study that underpins the foundation of our
research. By gaining insight into the direction and magnitude
of the GRF, we can better understand the force distribution
and variations throughout these motions. The knowledge
derived from this simulation is instrumental in informing the
design and analysis of assistive devices, such as exoskeletons,
ensuring that they are optimized to support and enhance the
user’s lower limb movements.

The reaction forces at the foot joint during the sit-to-
stand and stand-to-sit motions are shown in the generated
graphs (Fig. 19). In the sit-to-stand graph, represented by
red arrows, the x, y, and z coordinates of the foot joint
were used to visualize the forces. Similarly, the stand-to-
sit graph, represented by blue arrows, shows the reaction
forces during the respective motions. These visualizations
provided valuable insights into the load distribution and

VOLUME 11, 2023

TABLE 1. Angle limitation table.

Joints Angle (Degree)  Joint Type
Middle Hip Joint -20to 20 Passive
Hip Rotation Joint -30to0 30 Active
Hip Sagittal Joint -20 to 90 Active
Knee Joint 0to0 90 Active
Ankle Sagittal Joint 0to 20 Passive
Ankle Inversion/Eversion -10to 10 Passive

balance requirements of the lower limbs during sit-to-stand
and stand-to-sit movements.

B. ENERGY STORAGE SYSTEM

After calculating the reduced torque from the spring, it was
determined that the spring constant of 14 N/m provided the
best results. Lower spring constants result in a lower torque.
For the exoskeleton robot, motors with high torque (9 Nm)
are used in the hip and knee joints because they can provide
sufficient torque after reduction by the spring system and gear
ratio. A 5 Nm motor was utilized for the rotation joints of
the hip. Two springs with a constant of 7 N/m were used to
achieve the highest torque efficiency in the spring system,
as determined by calculations. The torque on the joints was
significantly reduced after the implementation of the spring
cam system, as illustrated in Fig. 20.

C. MOTION ANALYSIS

When the knee joint absorbs body weight, the highest torque
develops on the knee, and the other peak occurs when the leg
attempts to push off. At the hip, all peaks appeared when it
acted at the maximum angle. Fig. 21 shows the torque that
occurs in one cycle of walking. Sit-to-stand and stand-to-
sit are reversible. In addition, the torque characteristic and
the mirror value of the torque are generated, as shown in
Fig. 22-23. The maximum value occurred when the hip and
knee joints increased their angles. The maximum moment
that occurs in each joint for turning is shown in Fig. 24-25.
This is one step of turning at 30 degrees. The angle of each
joint is defined in terms of the relative angle. In the turning
motion, the angle changed slightly for each joint. One cycle
of turning consisted of three steps for 90 degrees turns. Each
graph represents the turning step. The changes in the hip and
knee of the outer leg were similar. In addition, the inner leg,
hip angle, and a knee changed in the same direction. For the
rotation hip, both the inner and outer legs slowly rotated to
30 degrees in each step. The range of the angle in each joint
and each motion can be concluded from Table -1.

To determine the speed of the motor for the driving unit,
angular velocity is required. Angle and angular velocity were
used as databases for controlling the motors. Then, the set of
speeds for each motion was evaluated. Table - 2 shows the
speed in RPM that occurs in each joint and motion.

D. STRUCTURAL ANALYSIS
The analysis was performed in both the hip and knee joints
during the walking, sit-to-stand, and stand-to-sit positions.
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stand-to-sit motion. The arrows represent the direction and magnitude of the GRF.

The results of the experiment applying the spring system are shown below. Incorporating equations 22, 23, and 24
equation to the maximum moment that occurs in each joint into a MATLAB program allowed for the calculation of the
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reduced torque from the spring, with a spring constant of 14
Nm yielding the optimal outcome. Using a lower spring
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constant would result in a smaller reduction in torque, while
a higher spring constant would hinder the robot’s ability
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TABLE 2. Torque and speed in each motion.

Motion Maximum Torque (Nm)  Maximum Speed (RPM)
Hip Knee Hip Knee

Walking 56 53 10 13.9

Sit-Stand

w/ Arm Support 97 105 8.8 11.2

Sit-Stand

w/o Arm Support 83 93 10.2 9.1

Turning 14 2 55 4.6

to overcome the spring force. The torque reduction was
observed to be approximately 34 — 36 Nm in each joint.
The hip torque is reduced and controlled during walking by
adding spring and cam mechanisms, as shown in Fig. 26 (a).
The knee torque is reduced and controlled by applying
the spring and cam mechanism throughout the walking
cycle when compared to the system without the spring
and cam mechanisms, as shown in Fig. 26 (b). The values
obtained were more desirable than those of the previous
version of the BART LAB EXO-I [7]. The hip torque was
reduced compared to the previous version during the sit-to-
stand and stand-to-sit phases. The movement was controlled
by applying spring and cam mechanisms throughout the
cycle, as shown in Fig. 26 (c). The knee torque is also
comparatively reduced during the sit-to-stand and stand-to-
sit phases when compared to the system without the spring
and cam mechanism, as shown in Fig. 26 (d).

In conclusion, the focus of our work was on the devel-
opment of a lower-limb exoskeleton intended to assist and
rehabilitate those who have lost mobility as a result of SCI.
We added a new spring and camshaft system to the exoskele-
ton structure to address the problems associated with energy
storage present in prior designs. By efficiently absorbing the
user’s body weight as potential energy in the springs, which
was then released through the cam design, this novel solution
allowed us to lower energy requirements. We investigated the
performance of the exoskeleton in terms of ground response
forces, mechanical design, and activation using a BCI-based
signal activator through a series of motion experiments and
data analysis. The results of our study demonstrate the
effectiveness of our exoskeleton design in providing support
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and rehabilitation for physically challenged individuals with
SCIL. The spring and camshaft systems were effectively
integrated to reduce energy consumption while still providing
sufficient support to the user. The results of this study pave the
way for further exoskeleton technology development, which
will improve mobility and rehabilitation options for patients
with spinal cord injuries.

V. CONCLUSION

A low-cost lower-limb exoskeleton with a custom-made
energy-storage system was designed, fabricated, and tested.
By developing the springs and camshafts method of energy
restoration, the motor load is reduced, and the torque compen-
sation is improved when compared to the previous version,
BART LAB EXO 1. The exoskeleton provides minimum
torque assist at the hip and knee joints, which allows the
wearer to apply a comparatively low torque at these joints and
prevent strain. The BART LAB EXO II model functions on a
predefined cycle of the walking gait. The results obtained are
desirable when considering the limitations of microcontroller
functionality. In our future work, we will design a lower
limb exoskeleton that is compactable and customizable for
every individual affected with paraplegia. Machine-learning
approaches were incorporated to improve the compatibility
of the proposed exoskeleton.
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