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ABSTRACT:  The rising incidence of injuries and neurological disorders has highlighted 
the critical need for accessible and affordable rehabilitation solutions. In response to this 
demand, robotic exoskeletons have become a popular option for rehabilitation. However, 
current rehabilitation exoskeletons are generally expensive due to the high force of the 
actuators used, i.e., electric motors. Therefore, the availability is limited to patients who can 
afford to pay for physiotherapy using these robotic exoskeletons. Because of the demand for 
high force, the exoskeleton is heavy, impacting patient safety. In response to these 
challenges, the main contribution of this study is to develop a lightweight lower-body 
rehabilitation exoskeleton with sufficient force while maintaining a fast response time and 
precise motion control for rehabilitation purposes. In this research, a lower body knee joint 
rehabilitation exoskeleton prototype implementing a slider-crank mechanism was 
meticulously designed and optimized using Finite Element Analysis (FEA) via SolidWorks 
software. After optimising the design, the lower body exoskeleton (LBE) was fabricated and 
assembled. Next, the LBE system was characterized to understand its non-linear behaviour, 
as the LBE uses a double-acting pneumatic cylinder that is known to exhibit non-linear 
behaviour. To further analyse the effectiveness of LBE for rehabilitation, a Proportional-
Integral-Derivative (PID) controller was adopted for its simplicity in controlling the 
exoskeleton's angular motions. Excellent results were obtained using a PID controller at the 
angular displacement of 75ᵒ, with a 96.5% reduction in overshoot (OS%), a 92.9% decrease 
in steady-state error (Ess), a 3.2% reduction of rise time (Tr), and a minimal 0.006% 
reduction in settling time (Ts). These findings indicate that the LBE with the slider-crank 
mechanism is a promising device, particularly for knee joint rehabilitation, and that it can be 
applied to other rehabilitation applications that require a lightweight design and high force 
application.  

ABSTRAK: Peningkatan kecederaan dan gangguan neurologi menyebabkan keperluan 
kritikal terhadap pemulihan yang senang diakses dan berpatutan. Sebagai solusi kepada 
keperluan ini, robot eksoskleton telah menjadi pilihan popular bagi sesi pemulihan. Namun, 
eksoskleton pemulihan sedia ada adalah secara amnya mahal kerana memerlukan daya 
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penggerak yang tinggi, contohnya motor elektrik. Maka, ketersediaan menggunakan 
eksoskleton pemulihan ini terhad kepada pesakit yang mampu membayar fisioterapi mahal 
menggunakan robot eksoskleton. Selain itu, disebabkan permintaan pada daya penggerak 
tinggi, robot eksoskleton secara tidak langsung adalah berat dan ini akan memberi kesan 
kepada keselamatan pesakit. Sebagai solusi kepada permasalahan ini, sumbangan utama 
kajian ini adalah bagi membangunkan eksoskleton pemulihan bahagian bawah badan yang 
ringan dan mempunyai daya penggerak yang mencukupi, di samping mengekalkan masa 
tindak balas yang cepat dan kawalan pergerakan yang tepat bagi tujuan pemulihan. 
Penyelidikan ini membangunkan prototaip eksoskleton pemulihan sendi lutut bawah badan 
(LBE) yang menggunakan mekanisme engkol gelangsar dan dioptimumkan dengan teliti 
menggunakan Analisis Unsur Terhingga (FEA), menggunakan perisian SolidWorks. Selepas 
reka bentuk dioptimumkan, eksoskleton LBE telah difabrikasi dan dipasang. Seterusnya 
sistem LBE telah direka bagi memahami ciri-ciri tidak linear, kerana sistem LBE ini 
menggunakan silinder pneumatik dwitindakan, dimana pneumatik terkenal sebagai sistem 
tidak linear. Bagi menganalisa lebih lanjut keberkesanan LBE sebagai sistem pemulihan, 
kawalan Berkadaran-Kamiran-Pembeza (PID) telah digunakan bagi memudahkan kawalan 
sudut gerakan eksoskleton. Dapatan kajian menunjukkan, kawalan PID adalah sangat baik 
pada gerakan sudut maksimum, anjakan sudut 75ᵒ, di mana pengurangan 96.5% yang ketara 
dalam lajakan (OS%), penurunan 92.9% dalam ralat keadaan mantap (Ess), 3.2% 
pengurangan masa naik (Tr), dan pengurangan minimum 0.006% dalam masa penetapan 
(Ts). Penemuan ini menunjukkan bahawa sistem LBE dengan menggunakan mekanisme 
engkol gelangsar adalah peralatan yang berkesan, terutama bagi pemulihan sendi lutut, dan 
ia juga boleh digunakan bagi aplikasi pemulihan lain yang memerlukan reka bentuk ringan 
dan aplikasi daya yang tinggi. 

KEYWORDS:  Lower Body Exoskeleton (LBE), Knee Joint Rehabilitation, Slider-Crank, 
Finite Element Analysis (FEA), PID controller. 

1. INTRODUCTION 
Exoskeletons are versatile external wearable devices with a wide range of applications. 

They are useful tools for specific tasks, daily activities, and medical rehabilitation, 
particularly for people who have mobility impairments as a result of spinal cord injuries, 
stroke, or traumatic events [1-6]. Figure 1 depicts examples of a lower body exoskeleton 
(LBE), BLEEX (Berkeley Lower Extremity Exoskeleton), designed by the University of 
California, Berkeley, in 2000. BLEEX was the first autonomous robotic exoskeleton 
demonstrated to allow the user to carry significant loads over various terrains [7,8]. In 
contrast, Hybrid Assistive Leg (HAL) is used for walking gait training, whilst Lokomat and 
ReWalk are used for walking rehabilitation therapy [10-12]. These advanced exoskeletons 
not only greatly assist in the rehabilitation of stroke patients and the well-being of the elderly, 
but they can also reduce physical strain in industries such as construction, manufacturing, and 
logistics [13-17]. In Figure 1, HAL-ML05 refers to the Hybrid Assistive Leg, model ML05, 
which is used as a medical device for patients suffering from musculoskeletal ambulation 
disability symptom complex, which includes spinal cord injuries, traumatic brain injuries, 
cerebrovascular diseases, and other brain and neuromuscular disorders. 
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(a) BLEEX [7] HAL-ML05 [9] 

Figure 1. Examples of a lower body exoskeleton (LBE) 

Nevertheless, the adoption of lower body exoskeletons (LBE) is hampered by limitations 
such as high costs and complex controllers, making them unfeasible in some regions despite 
their improved functionality [18,19]. Simplified control systems are required for effective 
user mobility. Moreover, problems such as the weight of the exoskeletons, low torque, and 
risk of falls to patients with existing exoskeletons are some of the challenges that need to be 
considered [20-22]. In response, researchers are working on designing LBE with higher 
torque and power for lower-body applications using advanced materials and control 
algorithms [23]. They are also trying to enhance the precision and the rate of the intention-
detecting sensors by integrating advanced sensor technologies with machine learning 
techniques like EMG and motion capture [5,20,21,24,25]. Large-size machine-type supported 
exoskeletons offer mechanical aid for patients with full disability; however, they are often too 
bulky, expensive, and too sophisticated for use in hospitals [26-28]. Mobile exoskeletons are 
lighter and more portable but have drawbacks like shorter battery life and no back support, 
which restricts the duration of use [11, 29-31]. Moreover, fixed exoskeletons, which are 
intended for the treadmill, are rather bulky, costly, and possess low mobility [32,33]. 
Therefore, the aim of this research is to design a lower body rehabilitation exoskeleton that is 
lightweight and has enough force to support the patient’s body weight during rehabilitation 
while at the same time having a fast response time and accurate control of the motion.  

Exoskeletons employ different types of actuators, such as pneumatic, hydraulic, and 
electrical systems, with their own advantages and disadvantages. For instance, pneumatic 
actuators can offer linear motion and high-speed benefits with some designs, but they may 
not be as accurate and may be affected by issues like non-linear airflow and air leakage [34-
36]. Hydraulic actuators, for instance, in BLEEX, offer accurate control because the 
hydraulic fluid is incompressible, but they are known to leak and cause-related injuries 
[7,8,37]. Electrical actuators employ brushed DC motors for high accuracy; however, they are 
costly compared to other types [38,39]. In addition, exoskeletons also employ several 
mechanisms for motion conversion. The slider-crank mechanism is widely used and is a type 
of kinematic pair that translates rotational motion into linear motion to help in joint 
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movement, especially in the knee and elbow joints; it offers simplicity and high rigidity 
within a small range of motion with an added bonus of being lightweight [40-41]. The rack 
and pinion system that translates rotary motion to linear motion is employed in exoskeletons 
due to its compactness and high torque density, but it is relatively large and thus may not be 
portable [42]. Ball screw mechanisms are also used, which are efficient and precise, but they 
produce high heat and are quite bulky [43]. 

For proper movement of the exoskeleton, appropriate controller techniques are needed. 
Traditional approaches like the PID controller use feedback control algorithms to achieve the 
desired motion while being easy to design [44-47]. Tuning of a PID controller is crucial in 
order to get the desired performance of a system and this can be done in several ways, each of 
which has its own benefits. Heuristic methods such as the Trial-and-error method, Ziegler-
Nichols, and Cohen-Coon are some of the systematic tuning methods that use system 
responses to give initial settings for further fine-tuning. The trial-and-error method is a simple 
method of adjusting the system based on the response of the system, which is easy to 
implement and gives an immediate response to the system, hence making it effective despite 
its simplicity. Root locus, bode plot, and Nyquist plot are other methods that provide 
graphical solutions for stability and performance analysis, which are more complex and need 
more control theory knowledge. Genetic algorithms, particle swarm optimization, and 
simulated annealing are some of the computational methods that employ sophisticated 
techniques to search for the best parameter space and optimize PID gains for complicated 
systems, but they are time-consuming. Model-based optimization techniques such as Linear 
Quadratic Regulator (LQR) and Model Predictive Control (MPC) employ state-space models 
and predictive algorithms to determine the best control actions, offering high accuracy in 
exchange for accurate system models and high computational demands. Each method is 
useful, and the choice depends on the application needs and the system's characteristics, 
which enables the best approach to achieve the best performance of the controller and the 
system's stability. On the other hand, Artificial Intelligence (AI) based controller strategies, 
such as machine learning and model-based control, can enhance flexibility and accuracy at 
the cost of high computational complexity. In addition, a mixed approach integrates machine 
learning and model-based control, which brings complexity but also flexibility and accuracy 
[48,49]. Position-based trajectory tracking control involves following joint paths and while it 
has its drawbacks, it is not easy to model dynamics [50]. Some exoskeletons rely on 
electromyographic (EMG) signals to control the motion intent and patient recovery status, 
using methods like stiffness regulation and joint position with EMG information [51-56]. 

In conclusion, this research aims to develop a lightweight lower body exoskeleton (LBE) 
movement using a slider-crank mechanism coupled with a double-acting pneumatic actuator 
to overcome the limitations of current exoskeletons for knee joint rehabilitation in a seated 
position, using conventional control strategies, that is, a PID controller due to its simplicity, 
reliability, and flexibility. The slider-crank mechanism and pneumatic actuators are more 
preferred than other mechanisms and actuation systems, which makes the design lightweight, 
user-friendly, and safe for patients who are undergoing rehabilitation. The slider-crank 
mechanism translates rotational motion into linear movement, thus making joint motion 
simpler, stronger, and more effective, especially in the knee joints. Pneumatic actuators are 
particularly suitable for linear motion, speed, and force, which makes them suitable for 
applications that require fast and accurate control of motion. 
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2. METHODOLOGY 
This section presents the design of the lower body exoskeleton (LBE) prototype using 

SolidWorks software, the optimization of the LBE design using Finite Element Analysis 
(FEA), and the discussion on the LBE full experimental setup. To validate the LBE 
prototype, the LBE was characterized in order to gain insight into the system’s non-linear 
response. After the LBE was characterized, the PID controller was designed using a heuristic 
approach because of its ability to handle non-linear systems such as the LBE system. 

2.1 Lower Body Exoskeleton (LBE) Experiment Setup 
This research focuses on the design of a lower-body exoskeleton (LBE) prototype with 

the aim of knee joint rehabilitation using a slider-crank mechanism in a seated position. To 
ensure that the exoskeleton device is practical for use, the LBE was designed with the human 
anatomy specification in mind. It is vital that the device does not restrict the user's movement 
and allows for safe movement. The biomechanical properties of the body need to be 
considered, including the location of joints, limb length, limb weight, and the maximum 
range of motion at the knee joint. This information is necessary to design a device compatible 
with the patient's body [57,58]. Therefore, the working range for the LBE is set to between 0° 
to 75°. The knee possesses two rotational degrees of freedom and is classified as a condyloid 
joint; however, it is frequently reduced to a one DOF joint since the twisting rotation of the 
joint is restricted and not always necessary for movement. Figure  2 shows the overview of 
the LBE prototype, which was meticulously designed using SolidWorks. The individual 
components were designed separately, optimized, and assembled. The LBE consists of two 
(2) double-acting pneumatic cylinders, pusher holders, leg holders, piston end pins, knee 
rods, cranks, shank holders, and sliders, with plywood as the frame material. The Finite 
Element Analysis (FEA) method was employed to comprehensively assess the LBE structural 
integrity and performance under varying conditions and loads, as illustrated in Figure 3. The 
FEA analysis was conducted on four crucial LBE components, i.e., Shank 1, Shank 2 
(plywood with yield strength 13.8× 106 N/m2Pa), Pusher Holder (Aluminum 7075 with yield 
strength 480× 106 N/m2), and Slider.  

Based on Figure 3, the FEA analysis aims to assess the stress distribution and the safety 
factor, contributing to a comprehensive understanding of the prototype's performance and 
durability. The red-colored area in the Finite Element Analysis (FEA) result indicates the 
areas of high-stress concentration in Shank 2 of the LBE design.  The FEA result for Shank 2 
suggests that this component experienced significant stress when the load was applied to it, 
which is crucial information for assessing the structural integrity and performance of the LBE 
prototype under varying conditions and loads. Table 1 summarizes the FEA results for each 
component. Based on the analysis, the FEA confirms that the component can withstand 
applied forces of up to 367 N, which represents the total force exerted by two (2) double-
acting pneumatic cylinders, which is still within its yield strength limits, and ensuring 
resilience against deformation or failure. Furthermore, the factor of safety analysis affirms 
that all materials used have a factor of safety exceeding one, signifying their capacity to 
withstand applied forces without damage. 

Based on the FEA results, the LBE prototype was fabricated. Figure 4 shows the LBE 
overall experiment setup comprised of the LBE prototype, which is connected with the 
OMRON Rotary Encoder (E6B2CWZ6C). The encoder acts as the feedback to the LBE 
system, which is used for angular motion control. Two (2) double-acting cylinders (Chelic 
SDA 20/075) convert the LBE linear motion to angular motion using the slider-crank 
mechanism shown in Figure 2. To control the double-acting cylinders, the Enfield 
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Technologies 5/3 Proportional Directional Valve (LS-V05S) was implemented to control the 
linear bi-directional motion, hence converting the linear motion to rotary motion via the 
slider-crank mechanism. For the purpose of controlling the pressure input to the LBE system, 
two (2) pressure sensors, FESTO SDE3-D10S-B-HQ4-2P-M8, were mounted on the LBE 
system. To evaluate the control performances of the LBE system, MATLAB/ SIMULINK 
was implemented and was connected in real-time via a DSP board, i.e., Micro-Box 
2000/2000C for the real-time control system. 

 
Figure 2. Design overview of the LBE system  

 

  
(a) Push Holder Stress Analysis (b) Push Holder Factor of Safety Analysis 

  

(c) Slider Stress Analysis (d) Slider Factor of Safety Analysis 
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(e) Shank 1 Stress Analysis (f) Shank 1 Factor of Safety Analysis 

  
(g) Shank 2 Stress Analysis (h) Shank 2 Factor of Safety Analysis 

Figure  3. Finite Element Analysis (FEA) results for the LBE components. 

Table 1. FEA test result data 
Component 

part Test 
Stress Limit Strain 

Limit 
Static 

Displacement 
Limit 

Factor of 
Safety 

Component 
part Test 

Pusher 
Holder 21649.54 (N/m2) 6.649e-8 6.284e-6 mm 2.3 ×104, >1 Pusher Holder 

Slider 58605.4 (N/m2) 10.991e-8 3.549e-7 mm 8.6 ×103, >1 Slider 
Shank 1 55096.01 (N/m2) 6.634e-6 3.142e-1 mm 1.7 ×10, >1 Shank 1 
Shank 2 3592.17 (N/m2) 4.612e-7 3.965e-6 mm 3 ×103, >1 Shank 2 

 

 
Figure  4. Overall experiment setup for the LBE system 
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2.2 Characterization Of The Lower Body Exoskeleton (LBE) 
The studies in this research were conducted within the operational working range of the 

Lower Body Exoskeleton (LBE) that is between 0° to 75° angular movement. To characterize 
the LBE system, the open-loop control system experiment was executed to evaluate the 
behavior of the LBE system. Figure 5 shows the angular motion of the LBE system to several 
step input voltages from 0V to 10V, under both without load and with load conditions. The 
displacement with load refers to the angular motion of the LBE system when a user wears the 
LBE device, which is equivalent to the estimated applied force of a human leg, 367 N. The 
LBE design had previously been verified to withstand 367N load using FEA analysis in the 
previous subsection. The displacement without load evaluation means that the LBE system is 
evaluated independently. From Figure 5, the retraction motion by the double-acting cylinder 
was observed below the 5V input signal, while extension motion was observed between 5-
10V for both loads and without load. The findings support the hypothesis from the FEA result 
that the system was able to cause leg movement in the presence of an external load, though to 
a reduced extent. The relationship between the input voltages and the respective pressures is 
shown in Figure 6. The results depicted that the LBE system exhibits non-linear behaviors 
due to the implementation of the pneumatic cylinders. However, it does not significantly 
affect LBE performance. The results of this experiment demonstrate that the LBE effectively 
aids in leg movement. Additionally, the Finite Element Analysis (FEA) analysis confirms the 
functionality of the LBE prototype. 

 
Figure 5. Angular motion of LBE with respect to several input voltages  

2.3 Uncompensated Control System For The Lower Body Exoskeleton (LBE) 
In order to validate the effectiveness of the Lower Body Exoskeleton (LBE) for knee 

rehabilitation, initially, a close-loop uncompensated control was designed, whereby a 
negative feedback loop was introduced, as shown in Figure 7. Figure 8 shows the testing & 
validation of the LBE prototype implemented, which was conducted at 45° and 75° reference, 
respectively. Figure 9, Table 2, and Table 3 show the results for the close-loop 
uncompensated, whereby the experiments were conducted with three (3) times repeatability, 
the results were averaged, and the standard deviation was calculated to ensure the data was 
reliable with low standard deviation.   
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Figure 6. Non-linear characteristic of the double-acting pneumatic cylinder 

It can be depicted that the LBE system shows the inability to reach the reference set point 
at 45° and 75°, with a high error rate, Ess of 5.26° and 4.87°, respectively. It can also be 
observed in Tables 2 and 3 that the uncompensated control system exhibits high rise time, Tr 
and settling times, and Ts for the two (2) references, with relatively small overshoot values 
that do not significantly impact stability. 

 
Figure 7. Close-loop uncompensated block diagram for LBE 

 

  
(a) Reference set point at 45°  (b) Reference set point at 75° 

Figure 8. Testing and validation of the LBE prototype 
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(a) Reference 45° (b) Reference 75° 

Figure 9. Comparative transient parameters result for the uncompensated controller. 

Table 2. The control performances of the uncompensated closed-loop controller at 45°. 
System Response Experiment Average Standard 

Deviation Rep 1 Rep 2 Rep 3 
Rise Time, Tr (ms) 293.0 292.1 295.3 293.5 0.00769 
Settling Time, Ts (ms) 2238.1 2321.7 2227.3 2262.4 0.04103 
Overshoot, OS (%) 6.9663 7.012 6.9742 6.9848 0.00817 
Steady State Error, Ess (o) 5.4677 5.3452 4.9789 5.2639 0.29315 

Table 3. The control performances of the uncompensated closed-loop controller at 75°. 
System Response Experiment Average Standard 

Deviation Rep 1 Rep 2 Rep 3 
Rise Time, Tr (ms) 395.3 399.8 388.4 394.5  0.00832  
Settling Time, Ts (ms) 1752.2 178.33 1728.9 1754.5  0.02693  
Overshoot, OS (%) 10.0127 9.991 10.342 10.1159 0.09101 
Steady State Error, Ess (o) 5.09 4.52 5.01 4.8733  0.16635  

 

2.4 Proportional Integral Derivative (PID) Controller for the LBE system 
To improve the control performance, the Proportional Integral Derivative (PID) 

controller scheme was proposed and implemented in the LBE system, as shown in Figure  10, 
to reduce the rise time, settling time, percentage overshoot, and error based on the previous 
result. In this work, the heuristic method, i.e., trial and error method, was chosen for its 
practicality due to the highly non-linear behavior of the system, which was verified in the 
open-loop characterization. Despite being a simpler form of optimization, it allows for 
effective tuning of the PID controller to achieve the desired performance. The iterative nature 
of this method means that it inherently seeks to optimize the gain values by continuously 
refining them based on observed system behavior.  The tuning of the PID gain was executed 
by initially setting the proportional parameter, Kp, and gradually increasing it from zero value 
until the system exhibited steady-state output. This phase determined the desired rise time, 
and this Kp value was then selected as the optimized value. In order to reduce the error, while 
maintaining Kp and Kd, which were set at zero value, the integral parameter, Ki, was then 
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tuned. Fine-tuning Ki effectively eliminated system errors and enhanced the control accuracy. 
Finally, the derivative parameter, Kd, was tuned to enhance transient response and reduce 
high overshoot. The optimized PID gain for the LBE system is shown in Table 4. Tables 5 
and 6 show the control performances for the PID controller scheme at 45° and 75° reference, 
respectively. Table 5 represents the control performances at reference 45°; the standard 
deviation values for parameters, i.e., rise time (Tr), settling time (Ts), overshoot, and steady-
state error (Ess), are low, indicating consistent and reliable results across the repeated 
experiments. This consistency is crucial in experimental settings as it ensures that the data 
obtained is reliable and the system's behavior is accurately captured. Similarly, Table 6, 
which shows the control performances at reference 75°, also exhibits small standard deviation 
values for the measured parameters. This consistency in the results at different reference 
angles reinforces the repeatability and reliability of the experiments with the PID gain 
parameters, demonstrating the controller's robustness in relation to various setpoints. 

 
Figure 10. Close-loop block diagram with PID controller 

Table 4. PID gain parameters. 
PID Gain Value 

Kp 4 
Ki 0.35 
Kd 0.3 

Table 5.  The control performances of the Closed-Loop PID Controller at 45° 
System Response Experiment Average Standard 

Deviation Rep 1 Rep 2 Rep 3 
Rise Time, Tr (ms) 329.6 339.6 333.6 0.3343 0.00422 
Settling Time, Ts (ms) 3485.9 306.79 2968.9 3.1742 0.2302 
Overshoot, OS (%) 2.3669 2.56 2.56 2.4976 0.0887 
Steady State Error, Ess (o) -0.04 -0.04 -0.04 -0.04 0 

Table 6. The control performances of the Closed-Loop PID Controller at 75° 
System Response Experiment Average Standard 

Deviation Rep 1 Rep 2 Rep 3 
Rise Time, Tr (ms) 379.4 384.8 381.8 0.3819 0.00222 
Settling Time, Ts (ms) 1747.1 1763.1 1753.1 1.7544 0.00702 
Overshoot, OS (%) 0.1195 0.5967 0.3584 0.3582 0.2254 
Steady State Error, Ess (o) 0.5549 0.1107 0.3772 0.3476 0.2149 
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3. RESULTS AND DISCUSSION 
This section will discuss and compare the effectiveness of the closed-loop PID controller 

to the uncompensated system. Tables 7 and 8 discussed the comparative analysis of transient 
parameters for both the uncompensated closed-loop system and the PID controller at 
reference angles of 45° and 75°, respectively. Concurrently, the comparative result is visually 
represented in Figure 11. At reference 45°, the PID controller showed an improvement in rise 
time, Tr, by 40.8ms, equivalent to 13.9% compared to the uncompensated system, as well as 
a significant improvement by 911.8ms in the settling time, Ts, i.e., 40.3% improvement. 
Additionally, there was a distinct reduction in percentage overshoot, OS% by 4.4872%, 
signifying a substantial 64.26% decrease and a 5.2639° reduction in steady-state error, Ess 
achieving a complete 100% reduction at the 45° reference angle. The increased rise time, Tr, 
and settling time, Ts, in this context can be attributed to the unique challenges posed by small 
reference angles and the non-linear behavior of the LBE system, as mentioned in Section 2. 
In such scenarios, the control system must meticulously fine-tune its responses to reach the 
desired setpoint. At the 75° reference, the PID controller demonstrates notable improvements, 
with a 3.2% reduction in rise time, Tr, and a mere 0.006% change in settling time, Ts. 
Moreover, there is a substantial 96.5% decrease in overshoot, OS%, and a remarkable 92.9% 
reduction in steady-state error, Ess. In summary, the proposed PID controller significantly 
enhanced the performance of the LBE system, as the analysis of the system's response to 
reference angles of 45° and 75° revealed substantial improvements in various key 
performance parameters.  

 

Table 7. Controller performance comparison at reference 45° 
Parameters Reference 450 

Uncompensated PID Improvement (%) 
Overshoot, OS (%) Average 6.9848 2.4976 64.26% 

Standard 
Deviation 0.00817 0.00887 

Steady State Error, Ess 
(o) 

Average 5.2639 0 100% 
Standard 
Deviation 

0.29315 0 

Rise Time, Tr (ms) Average 293.5 334.3 13.9% 
Standard 
Deviation 7.69 4.22 

Settling Time, Ts (ms) Average 2262.4 3174.2 40.3% 
Standard 
Deviation 

41.03 230.2 
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Table 8. Controller performance comparison at reference 75° 
Parameters Reference 750 

Uncompensated PID Improvement 
(%) 

Overshoot, OS (%) Average 10.1159 0.3582 96.5% 
Standard 
Deviation 

0.09101 0.2254 

 
Steady State Error, Ess (o) Average 4.8733 0.3476 92.9% 

Standard 
Deviation 

0.16635 0.2149 

Rise Time, Tr (ms) Average 394.5 381.9 3.2% 
Standard 
Deviation 

8.32 2.22 

 
Settling Time, Ts (ms) Average 1754.5 1754.4 0.006% 

Standard 
Deviation 

26.93 7.02 

  
(a) Reference 45° (a) Reference 75° 

Figure 11. Comparative transient parameters result in uncompensated and PID 
controller 

4. CONCLUSION 
In summary, this research successfully achieved its main objective, which was to design 

a motion controller for a lightweight lower body exoskeleton (LBE) using a slider-crank 
mechanism dedicated to knee joint rehabilitation. The lower body exoskeleton (LBE) 
prototype was developed by first implementing the Finite Element Analysis (FEA) method to 
optimize the design parameters, ensuring the reliability of the prototype. The characteristics 
of the LBE prototype were then evaluated to confirm the non-linear behavior of the LBE 
system due to the implementation of the pneumatic double-acting cylinders. The system was 
then further evaluated using a PID controller to analyze the control performances. The PID 
closed-loop system exhibited excellent control performances, whereby at reference 45°, the 
controller showed an improvement in terms of reduction of the overshoot, OS% by 64.26%, 
and an impressive decrease in steady-state error, Ess by 100% even though there was an 
increased in rise time, Tr and settling time, Ts. At the 75° reference angle, there was an 
improvement in rise time, Tr, and settling time; Ts were a substantial 96.5% reduction in 
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overshoot, OS% accompanied by a significant 92.9% decrease in steady-state error, Ess. 
These findings depicted the PID controller's efficacy in achieving faster response times, 
enhancing stability, minimizing overshoot, and greatly improving accuracy and precision in 
maintaining desired reference angles.  Potential future research may aim to enhance the 
extent of movement and modify the exoskeleton to accommodate bilateral leg utilization. By 
integrating motion and torque analysis, as well as finite element analysis, the optimization of 
gait training can be enhanced while also guaranteeing the exoskeleton's safety and durability. 
These areas of research have the potential to advance the field of lower body exoskeletons for 
rehabilitation and provide additional benefits to people undergoing rehabilitation. 
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