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ABSTRACT 
This research aims to develop a one-sided 

exoskeleton that can rehabilitate individuals with 
hemiparesis. The exoskeleton actuator must generate 
sufficient torque for walking, which requires 
determining the patient’s hip moment. While Inverse 
dynamics is a standard method for estimating lower 
limb joint moments, it is challenging for individuals 
with limited mobility.  To address this, a torque 
measurement system is proposed to find the hip 
moments during walking. The system is tested on five 
healthy participants and five participants with 
hemiparesis. The results of the hip moment obtained 
from the proposed system are validated using Inverse 
dynamic analysis. Based on these results, an 
overground rehabilitation exoskeleton is developed 
and tested on participants with hemiparesis. The 
developed exoskeleton improved hip movement and 
walking parameters, helping participants to walk more 
naturally. Participants provided positive feedback and 
expressed confidence while walking with the 
exoskeleton. These findings show the effectiveness of 
developed exoskeleton for over-ground rehabilitation. 

 
INTRODUCTION 

Every year, stroke affects around 20 million 
people worldwide, making it a major cause of long-
term disability (Lin et al., 2022). Among these 
individuals, 15 million will likely experience 
disabilities, including sensory-motor impairments that 
affect their gait.  

 
 
 
 
 
 
 
 
In the United States alone, approximately 

8,00,000 people have a new or recurrent stroke each 
year, and many of these individuals require 
rehabilitation to regain functional independence (Yang 
et al., 2021). In developing countries like India, stroke 
is a leading cause of early death and disability (Zhao 
et al., 2022). Hemiparesis, a manifestation of stroke 
that affects one side of the body, is common in stroke 
survivors and can significantly impact their walking 
ability (Whittle, 2005; Wist et al., 2016). 

Repetitive, task-oriented movements and 
therapist-assisted gait training can enhance muscle 
strength and coordination in patients with neurological 
disorders such as hemiparesis. Also, manual assistance 
from therapists is frequently utilised in stroke 
rehabilitation to improve walking (Viteckova et al., 
2018). However, this method has limitations as 
manual assistance can hinder the coordination and 
synchronisation of leg movements and may cause 
therapist fatigue (Esquenazi et al., 2013). To address 
the limitation, robotic rehabilitation has evolved and 
improved symmetrical gait training and reduced the 
therapist's workload (Sado et al., 2019). 

There are three main categories of robotic 
rehabilitation: Treadmill-assisted rehabilitation, Body 
weight-supported rehabilitation, and Overground 
rehabilitation (Shi et al., 2019). Treadmill-assisted 
rehabilitation robots, such as LOPES, LOKOMAT, 
ALEX and PIGRO, help people with mobility 
impairments by providing rehabilitation training 
through treadmill-based exercises (Belforte et al., 
2011; Esquenazi et al., 2017; van Kammen et al., 2020; 
Veneman et al., 2007; Winfree et al., 2011). These 
robotic systems are the bilateral exoskeleton, which is 
attached firmly to the user's leg. Body weight-
supported rehabilitation robots assist patients by using 
a supportive harness that takes up their weight and 
reduces the load on their legs. This helps them to bear 
less weight while walking (Riener et al., 2010). This 
body weight-supported rehabilitation is mainly used 
by people with spinal cord injuries. Overground 
rehabilitation robots, such as H2, CORBYS, ReWalk, 
ReX, and HAL, assist patients in physical therapy and 
rehabilitation to regain mobility and function 
following an injury or surgery (Birch et al., 2016; 
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Bortole et al., 2015; Esquenazi et al., 2012; Kawamoto 
et al., 2009; Slavnic et al., 2014; Zeilig et al., 2012). 
These robots are programmed to perform various tasks 
and exercises to improve strength, balance, and 
coordination and are typically controlled by a therapist 
or trained medical professional. The main advantage 
of overground rehabilitation is that it allows patients 
to walk on a flat, stable surface that more closely 
simulates real-world walking conditions (Hwang & 
Jeon, 2018). 

One of the main drawbacks of exoskeleton 
robots is their cost. These devices are typically quite 
expensive, which can make them out of reach for many 
individuals. (Kalita et al., 2021). In addition, 
exoskeleton robots are quite heavy, which can be a 
challenge for some users to wear comfortably for 
extended periods of time (Tan et al., 2021). 

This research aims to develop a one-sided 
overground rehabilitation exoskeleton for persons 
with hemiparesis with a reduction in weight and cost. 
The bilateral exoskeleton is heavier in weight as it has 
a mechanical structure with the actuator at both the 
lower limb joints. The bilateral exoskeleton is 
practically not required for people with hemiparesis. 
(Buesing et al., 2015). People with hemiparesis need 
support on one side of their body, especially in the hip 
joint. Also, a one-sided exoskeleton with single 
actuation at the hip joint further reduces weight and 
cost (Chen et al., 2020). Moreover, hip exoskeletons 
offer an additional advantage in terms of user-
friendliness, as they are generally easier to use and put 
on. (Foroutannia et al., 2022). Hence, in this research, 
the one-sided robotic hip exoskeleton is developed for 
rehabilitation. 

For the successful operation of the exoskeleton 
and efficient rehabilitation, exoskeleton robots should 
deliver sufficient torque to actuate the specific joint for 
the necessary movement. For example, the actuator in 
the lower limb exoskeleton delivers the 
moment/torque for hip flexion/extension. If the 
actuator fails to deliver sufficient torque for the 
movement, the exoskeleton cannot provide the 
necessary movement (Yeung & Tong, 2018). 
Therefore, it is highly necessary to quantify the 
moment/torque needed to actuate the particular joint 
segment. 

Inverse dynamic analysis is a standard method 
for calculating joint torque using the kinematics and 
kinetics of human movement (Hwang & Jeon, 2015, 
2018). However, conducting an inverse dynamic 
analysis on people with hemiparesis can be 
particularly challenging as it requires gait analysis. 
The reflective markers typically placed on the lower 
limb for gait analysis can become dislodged or 
misplaced during walking. Hence, frequent 
adjustments and the need to repeat the gait analysis are 
necessitated, which demands the physical effort 
required from the patient (Winter, 2009). Hence, to 
overcome the difficulties in calculating the hip 

moments, a torque measurement system has been 
developed for this research. The proposed system has 
an integrated LCD unit that provides real-time 
measurement of hip moments without the need for gait 
analysis. An inverse dynamic analysis is also 
conducted in this research to verify the accuracy of the 
torque measurement system. Based on the peak hip 
moments obtained from the torque measurement 
system and inverse dynamic analysis, a one-sided 
overground rehabilitation exoskeleton is developed to 
rehabilitate patients with hemiparesis. 

 
METHODOLOGY 

The primary objective for the development of 
the torque measurement system is to measure the hip 
moments/torque required for flexion and extension 
during walking, which is necessary for choosing an 
actuator for the exoskeleton. Also, an inverse dynamic 
analysis is performed to validate the results obtained 
from the developed torque measurement system. 
Inverse dynamic analysis involves the use of motion 
capture and force plate data to compute joint moments 
and forces. The experimentation is conducted with 
both 5 healthy participants and 5 individuals with 
hemiparesis. Inclusion criteria for the hemiparetic 
group are as follows: participants to have experienced 
a stroke within the past 18 to 24 months. The moderate 
level of mobility impairment and a walking speed 
between 0.3 m/s to 0.8 m/s. Cognitive status of Mini-
Mental State Examination (MMSE) scores of 24 or 
higher were included, ensuring that participants could 
follow instructions and engage in the testing process. 
Exclusion criteria for hemiparetic participants 
included severe mobility impairment, significant 
cognitive impairment (MMSE score below 24), 
unstable medical conditions, and severe joint 
deformities. For healthy participants, exclusion 
criteria included a history of recent lower limb injuries 
or surgeries and abnormal gait patterns. The Human 
Studies Department of Thanjavur Medical College, 
Tamil Nadu, India, approved the conduction of 
experiments with participants in the laboratory 
(Approval No. 663). Written consent is obtained from 
each participant after explaining the nature and 
purpose of the experiment. Table 1 shows the details 
of the participants who participated in this research. 
Table 1. The details of all study participants 

Participant details Healthy 
Participants 

Participant with 
hemiparesis 

Age (Years) 28±3 40±10 

Height (cm) 165±5 165± 8 
Gender 
(Male/Female) 5/0 4/1 

Post-stroke 
(months) - 18 to 24 

Weight (Kg) 68±5 73±10 
Type of stroke - Ischemic stroke 

Also, a one-sided exoskeleton is developed in 
this research for the rehabilitation training of 
participants with hemiparesis. The actuator for the 
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exoskeleton is chosen based on the results obtained 
from the torque measurement system and the inverse 
dynamic analysis. The developed exoskeleton is 
experimented with 3 participants with hemiparesis and 
3 healthy participants.  The spatiotemporal 
parameters and the angle of hip flexion and extension 
during walking with and without an exoskeleton are 
evaluated to find the efficacy of the exoskeleton in 
rehabilitation.  

 
DESIGN AND DEVELOPMENT OF 

TORQUE MEASUREMENT SYSTEM 
As previously mentioned, a torque measurement 

system has been developed to estimate hip 
torque/moment needed for flexion and extension. This 
system has a base, parallel bar, leg frames, hydraulic jack, 
torque sensor, A.C. servo motor with gearbox, and power 
and control switches. Figure 1 shows the entire torque 
measurement system with a person standing on the base 
and holding the parallel bars. The leg in which the hip 
moment/torque needs to be measured is attached to the 
leg frame with flexible straps. 
 

 
Fig. 1. Fabricated Torque measurement system 
 

Figure 2 shows a detailed view of each 
component used in the torque measurement system. In 
Figure 2, label 1 represents the hydraulic jack, which 
is used to adjust the shaft axis along the hip joint of the 
participant. Label 2 represents the AC servo motor 
with a gearbox, and Label 3 represents the torque 
sensor fitted between the shaft of the AC servo motor 
and the leg frame. Label 4 represents the leg frame. 

The hydraulic jack, positioned under the motor, 
is used to adjust the height and align the center of the 
shaft axis with the trochanter point of the hip joint. The 
AC servo motor is coupled to a planetary gearbox with 
a 100:1 ratio, producing an output torque of 200 Nm. 
The leg frame is connected to the output shaft of the 
AC servo motor through a flange coupling. A rotary 
torque sensor is placed between the AC servo drive 
and the flange coupling to the leg frame. This rotary 
torque sensor is used to measure the hip moment 

during flexion and extension. The angle and direction 
of rotation are fed to the AC servo drives by software, 
and the reading from the torque sensor can be seen 
from the LCD display unit and stored in the data 
acquisition software (Fig. 1). 
 

 
Fig. 2 Detailed views of the fabricated torque 

measurement system 
 
Figure 3 illustrates the dynamic rotary torque 

sensor (WTQ-1050B-300Nm) that is fitted between 
the output shaft from the A.C. servo motor with the 
gearbox and the leg frame. The leg frame is coupled to 
the flange attached to the output shaft of the A.C. servo 
motor, as shown in Figure 3. The torque sensor used 
in this research operated at a sampling frequency of 
100 Hz. During flexion and extension, the torque 
sensor identifies the rotational force and converts the 
force into an electrical signal for real-time data 
acquisition. The obtained torque values during testing 
can be seen in the LCD unit and stored in the data 
acquisition unit. Hence, the proposed system gives 
immediate feedback and eliminates the need for 
complex gait analysis. 

 

 
Fig. 3. The torque sensor and leg frame 
 

Figure 4 shows a detailed view of the leg frame. 
First, the participant whose hip moment needs to be 
measured stands between the parallel bar, as shown in 
Figure 1. The hydraulic jack is adjusted to align the 
shaft axis with the participants' hip joint trochanter 
point. Then, with the help of flexible straps in the leg 
frame (Fig. 4), the participants’ leg is firmly attached 
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to the leg frame. The leg frame is designed to be 
anthropometric, and the height can be adjusted to fit 
the participant's leg height by using the holes provided 
in the leg frame, as shown in Figure 4. The knee joint 
in the leg frame can be locked and unlocked by 
inserting a pin. Two back supports are attached to the 
leg frame using threaded bolts at the thigh and shank 
segments, as shown in Figure 4. These back supports 
are used to support the leg during flexion and 
extension. The back supports can be adjusted to fit the 
participant's leg circumference using the holes 
provided in the leg frame, as shown in Figure 4. This 
torque measurement system can test participants with 
heights ranging from 150 cm to 190 cm. 

 
Fig. 4. Detailed view of the leg frame 
 

The 3D model of the leg frame is shown in 
Figure 5. The leg frame consists of thigh and shank 
segments with back support at each segment.  

 
Figure 5. 3D model of leg frame with back support (a) 

right leg and (b) left leg 
 
The back support can be fixed in two different 

positions. For example, the back support should be 
fixed to measure a person's right leg hip 
moment/torque, as shown in Figure 5a. The motor can 
then be rotated clockwise for flexion and 
counterclockwise for extension. Similarly, to measure 
the left leg hip moment/torque, the back support 
should be fixed, as shown in Figure 5b, and the motor 
can be rotated counterclockwise for flexion and 
clockwise for extension. Therefore, the same leg frame 
can be used to measure the hip moment/torque for both 
legs by adjusting the position of the back support. 

One advantage of the back support in the leg 
frame design is that it supports flexion/extension 
movements. Without back support, the straps in the leg 
frame would have to pull the leg to the desired angle. 
This pulling action can cause skin ulcers on the 
participant, which can be avoided by providing 
support for moving the leg. The back support in the 
design provides more convenience and comfort to the 
participant when lifting the leg. 

The Panasonic MMDLT55SF A.C. servo drive 
and Panaterm V6.0 software control the motor speed, 
angle, and direction of rotation 
(clockwise/counterclockwise). Figure 6 illustrates the 
control architecture of the MMDLT55SF A.C. servo 
drive. The servo drive is powered by a 24 V, 2A power 
supply from Scientific India Pvt. Ltd. PSD 3304. The 
A.C. servo motor has a position encoder for feedback 
and a braking unit to hold the output at a particular 
position. The required position and velocity of flexion 
and extension of the leg are fed into the controller as 
input using Panaterm V6.0 software. A PID controller 
is used to control the position, with the difference 
between the actual position and the desired position 
being fed back into the controller as an error signal. 

Similarly, a PI controller controls the velocity, 
with the difference between the actual and desired 
velocity being fed into the controller as input. The 
current input to the motor is controlled based on the 
output from both the PI and PID controllers, using a 
current controller. The controller continues to generate 
the output until the error value is zero, thereby 
enabling control of the flexion and extension 
movement of the hip joint. 
 

 
Fig. 6. Control Architecture of the Servo Drive 
 

Figure 7 illustrates the operation of the torque 
measurement system. Three switches control the 
system's operation: two push buttons (S1 and S2) and 
a single-pole dual-throw switch (SPDT). The limit 
switch acts as a contact breaker for the input power 
supply to the servo motor. The SPDT switch directs 
the input power to the S1 or S2 push buttons. The 
motor rotates clockwise when the power supply is 
delivered to the S1 push button. The motor rotates 
counterclockwise when the power supply is given to 
the S2 push button. The angle of rotation of the motor 
is programmed using the Panaterm V6.0 software. The 
required angle of rotation and the acceleration are fed 
as input to the servo motor from the Panasonic 
MMDLT55SF A.C. servo drive. 
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Fig. 7. Operation of torque measurement system 
Procedure for Measuring the Hip Torque of a 
Participant. 
 The cycle starts as follows: 
• Power is supplied to the A.C. servo motor (to 
enable position feedback, braking, and the servo 
motor), torque sensor, display, and storage unit. 
• The participant stands between the parallel bars, 
and the hydraulic jack below the motor is adjusted to 
match the shaft's axis to the participant's hip joint. And 
the leg is firmly attached to the leg frame using the 
flexible straps 
• Panaterm V6.0 software sends the rotation angle 
for flexion and extension as input to the A.C. servo 
drive. The limit switch enables the power supply to the 
SPDT. 
• The SPDT switches the power supply to the S1 
and S2 push buttons for flexion and extension. The 
torque sensor continuously detects the users hip torque, 
and the obtained hip moment can be visually seen in 
the LCD unit and stored in the data acquisition system. 
 

INVERSE DYNAMIC ANALYSIS 
An inverse dynamic analysis is conducted using 

an 8 OptiTrack motion capture system and a 3-
dimensional force platform. The kinematics of the 
lower limb segment are obtained from the motion 
capture system, and the ground reaction force is 
measured using the force platform. 

According to the CODA system, 20 passive 
reflective markers of 14 mm diameter are placed on 
the participant's lower limb. Each participant is 
instructed to walk for 3 complete gait cycles, with one 
leg/hemiparetic leg landing on the force platform. 
Kinematics were recorded at 240 Hz, and GRFs at 
1000 Hz. Both were synchronised and acquired using 
Motive software. The synchronised values were then 
analysed in VISUAL 3D professional software to 
obtain each segment's linear acceleration, joint angle, 
and angular accelerations. The following are the 
assumptions in this analysis. 
• The mass of each segment acts downward at the 
Center of Mass (COM) (Fig.8). Since anteroposterior and 
mediolateral reaction forces are significantly smaller, 

only the vertical Ground Reaction Force (GRF) is taken 
for the analysis. The vertical GRF passes only through the 
Center of Pressure (COP) point. 
• During walking, the length of each segment and 
the mass moment of inertia of each segment remain 
constant. The reaction force at each joint is equal to 
each segment's mass multiplied by the acceleration 
due to gravity. 

 
Fig. 8. Freebody diagram of the human lower limb 

In Figure 8, the reaction forces and the joint 
moments at the hip, knee and ankle joints are 
represented as FRH, FRK and FRA, and MH, MK and MF. 
The angle of the reaction force at each joint is denoted 
as ϴ, and the vertical Ground Reaction Force is 
denoted as GRF. The distances rT, rL, and rF represent 
the distance from the joint to the center of mass of the 
thigh, shank, and foot segments, and rcp is the distance 
from the ankle joint to the CoP. The following 
equations obtain the moment at the hip joint. 
𝑀𝑀𝐻𝐻 = 𝑀𝑀𝑘𝑘 + 𝑀𝑀𝐹𝐹 + 𝑚𝑚𝑇𝑇𝑔𝑔𝑔𝑔𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝛽𝛽𝑇𝑇 + (𝐼𝐼𝑇𝑇 + 𝑚𝑚𝑇𝑇𝑔𝑔𝑇𝑇2)𝛼𝛼𝑇𝑇 (1) 
The joint moments of the knee and ankle are MK and 
MF, respectively, and are determined by the following 
equations. 
𝑀𝑀𝑘𝑘 = 𝑀𝑀𝐹𝐹 + 𝑚𝑚𝑠𝑠𝑔𝑔𝑔𝑔𝐿𝐿 sin𝛽𝛽𝑘𝑘 + (𝐼𝐼𝑆𝑆 + 𝑚𝑚𝑠𝑠𝑔𝑔𝐿𝐿2)𝛼𝛼𝑠𝑠     (2) 
𝑀𝑀𝐹𝐹 = 𝑚𝑚𝐹𝐹𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐 cos𝛽𝛽𝐹𝐹 − �𝐺𝐺𝑅𝑅𝐹𝐹𝑔𝑔𝑓𝑓� + (𝐼𝐼𝐹𝐹 + 𝑚𝑚𝐹𝐹𝑔𝑔𝐹𝐹2)𝛼𝛼𝐹𝐹 
(3) 
Where βT, βk, and βF represent the joint angle at the hip, 
knee and ankle joints. IT, IS, and IF are a moment of inertia 
at the thigh, shank and foot segment, and αT,αS, and αF 
represent the angular acceleration at the thigh, shank and 
foot segment. The mt, ms and mf highlight the mass at the 
thigh, shank and foot segment (Winter, 2009). 
 

FINDINGS OF INVERSE DYNAMIC 
ANALYSIS AND TORQUE 
MEASUREMENT SYSTEM 

Figure 9 depicts the results of the inverse 
dynamic analysis and the torque measurement system 
performed on five healthy participants. The hip 
moments are obtained for one complete gait cycle, 
starting from heel contact (HC) of the right leg and 
ending at the subsequent HC. 

From the analysis of inverse dynamics and 
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torque measurement system, it is found that 
Participants 1 and 2 exerted maximum extension 
moments of 20.36 Nm and 17.98 Nm, respectively, 
from both analyses. Similarly, participants 1 and 2 
show the maximum flexion moment of 31.2 Nm and 
36.55 Nm, respectively. For participants 3, 4, and 5, 
the maximum moments at flexion are 35.2 Nm, 27.92 
Nm, and 29.02 Nm, respectively. The maximum 
moments at extension are 14.34 Nm, 21.3 Nm, and 
21.87 Nm, respectively. From the analysis, it is seen 
that the maximum moment generated from both 
analyses nearly matches. Hence, the proposed torque 
measurement system can be used to find hip moments.   

 
Fig. 9 Hip moments from inverse dynamic and torque 
measurement system 
 

Figure 10 illustrates the hip moment of participants 
with hemiparesis for one complete gait cycle obtained 
from inverse dynamic analysis and torque measurement 
system. From inverse dynamic analysis, Participants 6 
and 7 generated a maximum moment of 22.02 Nm and 
18.53 Nm for extending the hip joint, respectively. The 
maximum moment created for flexing the hip joint is 
31.95 Nm and 28.33 Nm, respectively. Similarly, 
participants 8, 9, and 10 show maximum moments of 
12.53 Nm, 4.87 Nm, and 14.97 Nm for extension, and for 
flexion, the maximum moment generated is 30.45 Nm, 
25.5 Nm, and 31.65 Nm. 

In the case of peak moments of the torque 
measurement system (Fig. 10), the maximum 
moments at flexion are 32.21 Nm, 29.43 Nm, 28.98 
Nm, 24.23 Nm, and 31.33 Nm, respectively. Similarly, 
the maximum moments at extension are 21.9 Nm, 
19.23 Nm, 11.89 Nm, 9.5 Nm, and 14.3 Nm, 
respectively.  The moment pattern obtained from 
both analyses is deviating for persons with 
hemiparesis. These participants exhibit pathological 

gait patterns, such as circumduction and hip hiking, 
resulting in uneven GRF. This GRF data is the primary 
influencing factor in inverse dynamic analysis and 
significantly impacts the calculated hip moment 
results.  Consequently, notable differences in hip 
moment patterns arise between the two methods. Also, 
due to limited flexion, they need assistance or support 
to achieve the flexion/extension angle of the 
unaffected leg.  This support for flexion is provided 
by the servo actuator in the torque measurement 
system. Hence, from this analysis, it is clear that the 
inverse dynamics are not suitable for persons with 
hemiparesis when calculating the accurate hip 
moments. The proposed torque measurement system 
is effective in finding the hip moments. 

 
Fig. 10. Hip moments of participants with hemiparesis 
 

Figures 11a and 11b show comparisons of the 
peak moment during the extension and flexion of a 
healthy participant, while figures 11c and 15d show 
the peak moment during the extension and flexion of a 
participant with hemiparesis.  

 
Fig. 11. Comparison of peak hip moments 
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From the peak hip moment obtained from both 
analyses, it is evident that a maximum moment of 35 
Nm is required for flexion, and 27 Nm is required for 
extension. Therefore, an actuator with a torque 
capacity of 40 Nm should be chosen for the 
exoskeleton to provide the necessary torque for flexion 
and extension. 
 

ONE-SIDED EXOSKELETON 
With the experimental results of the torque 

measurement system, a single-sided robotic 
exoskeleton has been developed for overground 
rehabilitation. The exoskeleton is designed for the 
rehabilitation of patients with hemiparesis. It can also 
be used to compensate for gait in patients with spinal 
cord injuries. The exoskeleton is actuated only at the 
hip joint in the sagittal plane and can be used by 
people with heights ranging from 1.50 to 1.90 cm and 
a maximum weight of 110 kg. Figure 12 shows the 
person wearing the developed one-sided robotic 
exoskeleton. The various parts of the exoskeleton are 
the controller, actuator, and mechanical structure. 
The exoskeleton in Figure 12 has a leg shell that fits 
around the patient's thigh. The leg shell is attached to 
the exoskeleton's mechanical structure. The 
exoskeleton's mechanical structure and leg shell are 
made of polypropylene material to reduce weight. 
This material is often used in prosthetic and orthotic 
devices due to its lightweight and higher strength 
(Aliman et al., 2017; Masood et al., 2016). The 
flexible straps in the leg shell and harness keep the 
exoskeleton securely attached to the patient. The 
exoskeleton's harness is made of aluminium alloy and 
is padded on both sides for comfort. 

 
Figure 12. Participants wearing one-sided exoskeleton 
(a) healthy participant (b) participant with hemiparesis 
with reflective markers 
 

In this research, the Maxon BLDC EC 90 motor 
is used for actuating the hip joint. A 24 V DC source 
powers the motor and has a nominal torque of 444 
mNm. Based on the inverse dynamic analysis and 
torque measurement system results, a maximum 

torque of 40 Nm should be chosen to provide the 
necessary torque for flexion and extension. Therefore, 
a harmonic drive gearbox with a 100:1 ratio is coupled 
to the EC 90 motor to provide a net torque of 45 Nm. 
A power supply with an input of 24 V and 8 A is 
required for the motor to function. The exoskeleton is 
powered by a variable DC power supply. The main 
advantage of using external power instead of a battery 
is that the exoskeleton can be operated to train the 
patient for an extended period without needing to 
replace or recharge the power source. The final weight 
of the exoskeleton with the electric motor and gearbox 
is 3 kg. 

In this research, the Maxon EPOS4 Position 
Controller is utilised to control the rotational speed and 
position of the motor. The control architecture of the 
exoskeleton is illustrated in Figure 13. Initially, gait 
analysis is conducted to obtain the kinematics of the 
lower limb. The gait trajectory of the unaffected side 
of the participant with hemiparesis is used as input for 
the controller through a Python program. The motor is 
equipped with an incremental encoder and hall effect 
sensor, which provides feedback on its position and 
velocity. The feedback from the sensors is used to 
determine the motor's position and velocity, which is 
then compared with the desired position. The resulting 
error value is fed into the PID controller, which 
generates current demand values for the current 
controller. The current controller regulated the output 
current to the motor to achieve the required position, 
velocity, and acceleration. The entire description of 
the exoskeleton is shown in Table 2. 

 
Fig.13 Control architecture of the exoskeleton 

 
Table 2. Specification of the exoskeleton 

Parameter Specification 
Device Weight 2.5 kg  
Hip Range of 
Motion  

-40 ֯ to 40 ֯ (max extension flexion 
angle) 

Max. Torque 
Generation 

45 Nm (Actuator capacity for hip joint 
movement) 

Adjustability in 
Size 

Adjustable to fit user height from 150 
cm to 190 cm 

Control System Real-time embedded control with PID 
feedback loops 

Sensors Hall effect Sensors and Encoders 
Materials Used Polypropylene material 
Power Source 26 V, 10A AC Power Supply 
Max. Operating 
Speed 

20 RPM 

Control Algorithm PID control with adaptive tuning for 
user-specific gait patterns 

Load Capacity Supports up to 100 kg of user body 
weight 

Sensors frequency 100 Hz 
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METHODOLOGY OF TESTING THE 
EXOSKELETON 

This pilot study evaluated the usability of the 
one-sided robotic hip exoskeleton with 3 healthy 
participants and 3 participants with hemiparesis. 
Participants 1 to 3 are healthy participants, and 
participants 4 to 6 are participants with hemiparesis. 
Before experimenting with the usability of the 
exoskeleton with participants, gait analysis is 
conducted using a motion capture system. The angle 
of flexion and extension at the hip joint and various 
spatiotemporal parameters, including speed, stride, 
step length, step time, stance time, swing time, cycle 
time, steps per minute, and strides per minute, were 
evaluated from the gait analysis. The gait analysis 
result is then used as input to the motor controller to 
generate a walking trajectory similar to natural 
walking. For participants with hemiparesis, the 
walking trajectory of the unaffected side is used as 
input, as mentioned earlier. Additionally, to verify that 
participants walking with the exoskeleton followed the 
same trajectory as the input, a gait analysis is 
conducted with the participants walking with the 
exoskeleton. During the experiment, participants were 
instructed to walk with the exoskeleton and 
encouraged to take necessary breaks. Three people, 
including a physiotherapist, were present during the 
training sessions to ensure the safety of the participants 
while participants walked with the exoskeleton. 

A comprehensive safety protocol is used to 
ensure the safety and protection of the participants 
during the exoskeleton testing. First, before testing, the 
participants are selected based on the inclusion criteria 
mentioned in section 2. A trained medical professional 
is present at all times to monitor the participants' health 
and provide immediate assistance if needed. The 
supervisor of the testing has an immediate stop action 
from the control system to halt the device if discomfort 
or instability occurs. Testing is conducted in a 
controlled environment with support rails and clear 
pathways to avoid obstacles. If participants show signs 
of fatigue, dizziness, pain, or any abnormal 
physiological responses, such as elevated heart rate, 
the test is immediately terminated. However, during 
testing, no such adverse effects were observed. 
Additionally, the exoskeleton is tested to determine the 
trajectory without participants checking for 
malfunction, misalignment, or abnormal behaviour. 

 
 RESULTS OF THE EXOSKELETON 

In this research, the exoskeleton is tested with 
three healthy participants and three participants with 
hemiparesis. Two different test procedures were 
conducted to evaluate the performance of the 
exoskeleton. First, the gait analysis is conducted 
when the person is walking with the exoskeleton, and 
second, the gait analysis is performed when the 
person is walking without the exoskeleton. Donning 
and doffing the exoskeleton took approximately 3 -5 

minutes. Participants are trained on how to use the 
exoskeleton before the testing. Rest periods were 
provided between sessions to ensure participants’ 
comfort and safety. 

First, the natural gait of the healthy participants 
is recorded, and the angle of flexion and extension 
during walking are programmed into the exoskeleton. 
This is done to check whether the exoskeleton could 
replicate the same range of flexion and extension as 
the participant's natural gait. The variation in the 
angle of hip flexion and extension of the healthy 
participant on walking with and without the is shown 
in Figure 14. The green line in Figure 14 represents 
the flexion and extension angles during walking 
without the exoskeleton, which serves as the desired 
trajectory. The orange line represents the angle of 
flexion and extension while walking with the 
exoskeleton. From Figure 14, it is evident that all the 
participants 1, 2, and 3 exhibited a similar angle of 
flexion and extension when walking with and without 
the exoskeleton. This confirms that the exoskeleton 
is programmed to match the natural gait of flexion 
and extension and achieve the desired trajectory of 
natural walking. Therefore, it can be concluded that 
the proposed exoskeleton follows the same walking 
trajectory as the input. 

 
Fig. 14. Variation of hip flexion/extension angle of 

three healthy participants when walking with 
and without the exoskeleton 

Figure 15 shows that participants 4, 5, and 6 with 
hemiparesis exhibited an improved angle of flexion 
and extension when walking with the exoskeleton, 
compared to their gait with residual deformity. To 
achieve a symmetrical gait pattern for participants 
with hemiparesis, the exoskeleton is programmed to 
follow the walking trajectory of the unaffected leg of 
the individual, which is considered the desired 
trajectory (blue line). It is observed from Figure 15 that 
when the person is walking without the exoskeleton, 
the flexion and extension angle of the affected leg is 
minimal (green line). With the help of the exoskeleton, 
the flexion and extension angles of the affected leg 
improved, closely following the same trajectory as the 
healthy leg, with minimal deviation (orange line). 

Therefore, it is observed that participants with 
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hemiparesis exhibit a more symmetrical gait pattern in 
flexion and extension angles when walking with the 
exoskeleton. This level of symmetry in gait training is 
critical for overground rehabilitation, as highlighted in 
previous studies (Bortole et al., 2015; van Kammen et 
al., 2020). Continuous rehabilitation with symmetrical 
angles can enhance the walking ability of individuals 
over time. 

 
Fig. 15. Variation of hip flexion/extension angle of 

three participants with hemiparesis when 
walking with and without the exoskeleton 

Table 3 presents the spatiotemporal parameters 
of healthy participants walking with and without the 
exoskeleton. Table 4 presents the spatiotemporal 
parameters of participants with hemiparesis. In Table 
3 and Table 4, N represents natural walking without an 
exoskeleton, and E denotes walking with an 
exoskeleton. In Table 3, the spatiotemporal parameters 
of healthy participants are closely matched when 
walking with and without the exoskeleton. This 
suggests that participants walking with the proposed 
robotic exoskeleton can follow a similar trajectory to 
natural walking for healthy individuals. In the case of 
participants with hemiparesis (Table 4), gait 
parameters are improved when walking with the 
exoskeleton on their affected side compared to natural 
walking. The exoskeleton improves walking speed, 
stride length, step length, steps per minute, strides per 
minute, and temporal parameters for participants with 
hemiparesis.  
Table 3. Spatiotemporal parameter of the healthy 
participants walking with (E) and without exoskeleton 
(N) 

Parameters P1 P2 P3 
N E N E N E 

Speed (m/s) 0.95 0.96 0.74 0.75 0.92 0.91 
Stride (m) 0.19 0.20 0.20 0.21 0.21 0.20 
Step Length 
(m) 

0.55 0.53 0.47 0.49 0.50 0.49 

Step time (s) 0.58 0.60 0.67 0.62 0.52 0.5 
Stance time 
(s) 

0.66 0.69 0.62 0.63 0.65 0.63 

Swing time 
(s) 

0.44 0.41 0.53 0.54 0.48 0.50 

Cycle time 
(s) 

1.20 1.19 0.96 0.95 1.3 1.4 

Steps/Minute 98 98 89.2 90.2 86 87.5 
Strides/Minu
te 

68.7 70.5 63.3 62.2 64.6 63.5 

Table 4. Spatiotemporal parameter of the participants 
with hemiparesis walking with (E) and without the 
exoskeleton (N) 
Parameters P1 P2 P3 

N E N E N E 
Speed (m/s) 0.54 0.7 0.50 0.69 0.64 0.65 

Stride (m) 0.13 0.1 0.12 0.20 0.15 0.22 

Step Length (m) 0.36 0.4 0.3 0.36 0.42 0.45 

Step time (s) 0.71 0.5 0.86 0.65 0.66 0.43 

Stance time (s) 0.99 0.6 1.24 0.70 0.89 0.77 

Swing time (s) 0.59 0.4 0.52 0.45 0.54 0.48 

Cycle time (s) 1.37 0.8 1.50 0.85 1.25 0.85 

Steps/Minute 85.0 107 70.2 99 92.9 93 
Strides/Minute 55.3 77 52 78 64.3 77.9 

DISCUSSION 
In this section, the entire discussion on the 

design and testing of the torque measurement system 
and the exoskeleton is presented. The main objective 
of the research is to select an accurate torque rating for 
the exoskeleton actuator specific to each user. This 
proper selection of the actuator enables the 
exoskeleton to follow the required trajectory with 
sufficient torque. Typically, inverse dynamic analysis 
is conducted to calculate the lower limb joint 
moments/torque. This traditional method requires 
readings from a force plate and motion capture system 
to obtain the joint kinematics of the lower limb and the 
ground reaction force (An Introduction to Gait 
Analysis, 4th Ed. by Michael W. Whittle BSc  MSc  
MB  BS  PhD (z-Lib.Org), n.d.). A significant 
drawback of this analysis is that during gait analysis if 
any marker data is missing due to signal blockage or if 
the marker is displaced while walking, the experiment 
needs to be repeated. This can increase the physical 
effort involved. To overcome this limitation and to 
accurately determine the hip moments required for 
flexion and extension, a torque measurement system is 
proposed in this research. Based on the feedback from 
the torque measurement system, the exoskeleton 
actuator is chosen and programmed to match the actual 
torque required for the flexion and extension 
movements of the person. 

The developed exoskeleton in this research is for 
overground rehabilitation, and the maximum torque 
capacity of the exoskeleton actuator is 45Nm. The 
developed exoskeleton is tested with healthy 
participants and participants with hemiparesis after 
sufficient training on the usability of the exoskeleton.  
For participants with hemiparesis, when walking with 
the exoskeleton, it is observed that there are 
improvements in spatiotemporal parameters. Also, 
there is an enhancement in the flexion and extension 
angles on the affected side. This improvement in gait 
parameters highlights that the exoskeleton enhances 
the walking ability of individuals. The donning and 
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doffing of the exoskeleton takes approximately 3 to 5 
minutes. Another major finding observed in the 
research is that all participants with hemiparesis 
exhibited a circumduction gait to provide ground 
clearance. The exoskeleton facilitates the necessary 
flexion and extension of the hip joint, allowing 
participants with hemiparesis to achieve proper 
ground clearance while walking. This results in a more 
symmetrical gait pattern when using the exoskeleton 
(Buurke et al., 2005). 

Moreover, participants reported feeling 
comfortable due to the exoskeleton's design, which is 
lightweight. Most current exoskeletons weigh between 
6 and 12 kg (Wu et al., 2018; Yeung & Tong, 2018) 
because of their rigid metallic structures, whereas the 
present exoskeleton weighs approximately 3 kg. This 
reduced weight is due to the use of polypropylene 
material, commonly found in orthotic devices. The 
exoskeleton is securely attached to the participants, 
and they do not perceive any additional weight. The 
proposed exoskeleton is suitable for users ranging 
from 150 to 190 cm in height and weighing up to 100 
kg (Bortole et al., 2015). In terms of actuation strength, 
the device generates a maximum torque of 45 Nm. 
However, it is programmed to meet the specific torque 
requirements of each user. Thus, the exoskeleton 
provides adequate support for hip flexion and 
extension, which aligns well with the torque 
requirements identified in prior studies (Hwang & 
Jeon, 2015, 2018; Liu et al., 2019). 

 In this pilot study involving 3 participants with 
hemiparesis and 3 healthy participants tested with the 
exoskeleton, it is evident that the exoskeleton 
improved the spatiotemporal parameters and enhanced 
the angles of flexion and extension of the hip joint for 
participants with hemiparesis. For healthy participants, 
the exoskeleton provided a symmetrical gait pattern 
compared to their natural gait.   

The feedback from participants with 
hemiparesis indicated that they had a positive 
experience with the robotic exoskeleton. They 
reported that the device is lightweight and assists in 
hip flexion and extension, reducing the effort required 
to flex the hip joint while walking. Participants also 
noted that the device is comfortable with the adjustable 
fit, which contributed to their positive experience. All 
participants with hemiparesis reported that their 
exoskeleton provided ease of movement and reduced 
the effort required for hip flexion and extension during 
walking. In terms of intuitiveness, participants found 
the device relatively easy to use once they became 
familiar with it. Some initially required guidance on 
how to operate the exoskeleton, but after a short 
learning period, they were able to engage with the 
device confidently and without difficulty. 

Participants also suggested a few areas for 
enhancement. They mentioned that while the 
exoskeleton fits securely to the lower limb, adding a 
bit more padding to the straps of the harness could 

increase long-term comfort. Overall, the participants 
provided positive feedback about the exoskeleton and 
appreciated its effectiveness and ease of use. They 
expressed confidence in walking with the exoskeleton 
and found that it reduced the effort required for 
walking. 

From the research, it can be concluded that the 
developed exoskeleton helps in the rehabilitation 
training of patients with hemiparesis. A limitation of 
this research is that the experimentation is performed 
with a minimal number of participants. Our future goal 
is to develop the exoskeleton further, enhancing its 
ability to respond to user intentions through advanced 
sensing and adaptive control mechanisms. In future 
studies, the developed exoskeleton will be tested with 
a larger and more diverse population to evaluate its 
efficacy across various degrees of mobility 
impairment and user needs. 

 
CONCLUSION 

This research presents the development and 
testing of a one-sided robotic hip exoskeleton for 
rehabilitating patients with hemiparesis. For the 
exoskeleton to function effectively, the actuator must 
provide the required moment at the appropriate time to 
facilitate necessary movement. The selection of the 
actuator for the exoskeleton is critical for the flexion 
and extension of the hip joint. A torque measurement 
system has been developed as part of this research to 
address the issue of calculating hip torque for flexion 
and extension movements. An inverse dynamic 
analysis is conducted to validate the results of the 
torque measurement system. The proposed system and 
inverse dynamic analysis were performed with five 
healthy participants and five participants with 
hemiparesis. Both methods revealed that a peak hip 
moment of 40 Nm is required for flexion and extension 
movements. 
Additionally, a single-sided exoskeleton is developed 
with a torque capacity of 45 Nm based on the results 
obtained from the torque measurement system and 
inverse dynamic analysis. The exoskeleton is mainly 
used for the overground rehabilitation of hemiparetic 
patients. At first, the exoskeleton is evaluated with 
three healthy participants and three individuals with 
hemiparesis. The results indicate that the proposed 
exoskeleton improves gait symmetry, enhances 
flexion and extension angles, and improves 
spatiotemporal parameters. All participants with 
hemiparesis showed improvements in the angles of 
flexion and extension ranging from 10 to 32 degrees 
when walking with the exoskeleton. The 
spatiotemporal parameters were also enhanced by 
10% to 30%. Moreover, participants with hemiparesis 
achieved the required ground clearance and exhibited 
a symmetrical gait pattern while using the exoskeleton. 
Overall, feedback from the patients who used the 
exoskeleton was positive, and they reported feeling 
more confident while walking. In the future, we plan 
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to assess the exoskeleton's performance in active 
overground rehabilitation with a larger population. 
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