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Abstract 

We've seen a revolution in rehabilitation therapy with the advent of rehabilitation exoskeletons. These 

wearable robots are changing the game for paralyzed patients and stroke survivors, offering new hope for 

recovery. Our team has been exploring the fascinating world of exoskeleton design, and we're excited to 

share our insights. From mechanical design to human-robot interaction, these devices are pushing the 

boundaries of what's possible in rehabilitation assessment and treatment. 

In this review, we'll take you on a journey through the evolution of rehabilitation exoskeleton technology. 

We'll dive into the biomechanics behind these artificial exoskeletons, looking at joint mechanisms and 

degrees of freedom. We'll also explore the cutting-edge sensor technologies, like force sensors and inertial 

measurement units, that make precise motion control possible. Plus, we'll examine adaptive control 

algorithms that personalize therapy, and share real-world experiences from clinical trials. By the end, you'll 

have a clear picture of where this field is heading and its potential to transform lives. 
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Evolution of Rehabilitation Exoskeleton Technology 

The journey of rehabilitation exoskeletons has been nothing short of remarkable. From their humble 

beginnings to the cutting-edge devices, we see today, these wearable robots have revolutionized the field 

of rehabilitation therapy. 

 

Early Designs 

The concept of exoskeletons for rehabilitation purposes began to take shape in the 1960s. Initially, these 

devices were bulky, stationary, and primarily used for training patients on treadmills with body-weight 

support. Examples of these early designs include the DGO, LOPES, and ALEX 1. These systems aimed to 

reduce loads on lower limbs during rehabilitation, but their limited mobility restricted their use to clinical 

settings. 

As technology advanced, researchers started to focus on developing portable assistive exoskeletons. By 

the early 2000s, we saw the emergence of devices like Ekso, ReWalk, Indego, and Exo H2 1. These 

exoskeletons were designed to provide maximal assistance to individuals with complete paralysis resulting 

from spinal cord injury. However, they were still relatively heavy, weighing between 11 and 25 kg 1. 

https://www.ijfmr.com/
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Current State-of-the-Art 

Today's rehabilitation exoskeletons have come a long way from their predecessors. We're seeing a shift 

towards more lightweight, compliant, and flexible designs that prioritize safe human interaction. Soft 

exoskeletons, or exosuits, are at the forefront of this evolution. These devices use textiles, Velcro, or straps 

as the interface with the wearer, making them significantly lighter and more comfortable 1. 

One of the most significant advancements has been the integration of smart controllers. These systems 

constantly update exoskeleton characteristics to optimize the user's walking and running economy 2. They 

allow for more personalized assistance, adapting to the individual's needs in real-time. 

Another crucial development has been the improvement in sensor technologies. Modern exoskeletons now 

incorporate force sensors and inertial measurement units (IMUs) to enable precise motion control. These 

sensors allow the devices to better understand the user's movements and intentions, leading to more natural 

and effective assistance. 

 

Future Trends 

Looking ahead, we can expect even more exciting developments in rehabilitation exoskeleton technology. 

One promising direction is the development of pseudo-passive (or semi-active) devices that combine 

features from both active and passive exoskeletons 2. These hybrid systems could offer the benefits of 

powered assistance while maintaining the energy efficiency of passive designs. 

We're also likely to see further advancements in materials science. Researchers are exploring the use of 

lighter, more durable materials that can provide the necessary support without adding excessive weight. 

This could lead to exoskeletons that are faster and more agile, potentially enabling their use in a wider 

range of everyday activities 3. 

Another trend we're observing has an influence on the development of brain-computer interfaces (BCIs) 

for exoskeleton control. This technology has the potential to allow users to control their exoskeletons 

through thought alone, opening up new possibilities for individuals with severe motor impairments 4. 

As research continues, we can expect rehabilitation exoskeletons to become more accessible and 

affordable. Current high costs are a significant barrier to widespread adoption, but as production scales up 

and technology improves, prices are likely to decrease 5. 

In conclusion, the evolution of rehabilitation exoskeleton technology has been rapid and impressive. From 

stationary training devices to lightweight, intelligent wearable robots, these systems have transformed the 

landscape of rehabilitation therapy. As we look to the future, it's clear that exoskeletons will continue to 

play a crucial role in improving mobility and quality of life for individuals with motor impairments. 

 

Biomechanical Principles in Exoskeleton Design 

When designing rehabilitation exoskeletons, understanding the biomechanical principles of human 

movement is crucial. These principles guide the development of wearable robots that can effectively assist 

paralyzed patients and stroke survivors in their recovery journey. Let's explore some key aspects of 

biomechanics that inform exoskeleton design. 

 

Human Gait Analysis 

To create an effective rehabilitation exoskeleton, we need to start with a thorough analysis of human gait. 

This involves studying the complex interplay of muscles, joints, and limb movements during walking. By 

https://www.ijfmr.com/
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https://www.emerald.com/insight/content/doi/10.1108/IR-09-2022-0239/full/html
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examining gait patterns, we can identify the specific needs of individuals with mobility impairments and 

design exoskeletons that address these challenges. 

One important aspect of gait analysis has an influence on the development of a parameter called the roll 

factor. This factor expresses foot function in gait models and has strong relationships with other gait 

kinematics parameters. In our research, we've found that the roll factor can be used to identify walking 

styles with remarkable accuracy – 99.57% for small broken step walking, 98.14% for inefficient walking, 

and 99.43% for normal walking 6. 

 

Joint Kinematics and Kinetics 

Understanding joint kinematics and kinetics is essential for designing exoskeletons that move naturally 

with the human body. We need to consider the degrees of freedom (DOF) for each joint, as well as their 

range of motion (ROM). For example, the knee joint has two rotational DOF and is considered a condyloid 

joint, allowing for flexion/extension and internal/external rotations. However, due to limited 

internal/external rotations, it's often simplified to one DOF in exoskeleton design 7. 

When it comes to joint kinetics, we need to account for the torques and forces acting on each joint during 

movement. This information helps us determine the required characteristics for actuation at each assisted 

joint. Many designers use peak torque values as requirements for sizing their actuators. However, some 

researchers have used optimization methods and models of human motion to estimate the required torques 

for their assistive passive systems 7. 

 

Actuator Placement Optimization 

The placement of actuators in a rehabilitation exoskeleton has a significant impact on its effectiveness. 

We need to consider factors such as weight distribution, power requirements, and the biomechanical 

effects of added mass on the user's limbs. 

Recent studies have shown that adding mass to the legs can have substantial effects on joint moments and 

powers. Even relatively small masses of 1 kg on each leg can change joint moments by almost 40% and 

joint power by up to 50% 8. This highlights the importance of optimizing actuator placement to minimize 

the negative effects of added mass while maximizing the assistance provided. 

To achieve this, we've been exploring innovative actuator designs that balance power output with weight 

considerations. For example, some exoskeletons use series elastic actuators (SEAs) to facilitate torque 

control and improve user safety and comfort. These actuators have a spring-like element in series with the 

motor, which acts as a buffer for impact and reduces the actuator inertia felt by the user 9. 

In conclusion, by incorporating these biomechanical principles into exoskeleton design, we can create 

more effective and user-friendly devices for rehabilitation therapy. As we continue to refine our 

understanding of human biomechanics and its interaction with wearable robots, we're moving closer to 

developing exoskeletons that can truly transform the lives of individuals with mobility impairments. 

 

Sensor Technologies for Exoskeleton Control 

In the realm of rehabilitation exoskeletons, sensor technologies play a crucial role in enabling precise 

motion control and facilitating effective human-robot interaction. These sensors provide valuable 

information about the user's movements, intentions, and the exoskeleton's performance, allowing for more 

personalized and adaptive rehabilitation therapy. 

 

https://www.ijfmr.com/
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Inertial Measurement Units 

Inertial Measurement Units (IMUs) have emerged as a game-changer in exoskeleton design. These 

compact devices combine accelerometers, gyroscopes, and magnetometers to track the orientation and 

movement of both the exoskeleton and the user's limbs. IMUs offer several advantages over traditional 

sensors like potentiometers, as they can be attached directly to the human body, enabling earlier detection 

of small movements 10. 

Recent advancements have led to the development of IMUs that are remarkably small and lightweight. 

For instance, some innovative designs have achieved dimensions as small as 30 mm in width and just a 

few millimeters in height, significantly reducing the overall bulk of the exoskeleton 10. This 

miniaturization has an influence on the comfort and usability of rehabilitation exoskeletons, making them 

more appealing to users and potentially increasing their willingness to engage in therapy sessions. 

IMUs also play a crucial role in gait analysis and motion tracking. By using sophisticated algorithms like 

Kalman filtering and the factored quaternion algorithm, these sensors can accurately calculate joint angles 

and track changes in orientation. This capability has an influence on the development of more precise and 

responsive exoskeleton control systems, ultimately leading to improved rehabilitation outcomes for 

patients with mobility impairments 10. 

 

Force Sensors 

Force sensors are another critical component in exoskeleton design, providing valuable data on the forces 

and torques applied to joints during movement. These sensors come in various types, including strain 

gages, capacitive, piezoelectric, and piezoresistive sensors. They play a vital role in assessing human-

robot interactions and ensuring safe and effective assistance during rehabilitation therapy 11. 

One innovative application of force sensors has an influence on the development of series elastic actuators 

(SEAs). These actuators incorporate a spring-like element in series with the motor, acting as a buffer for 

impact and reducing the actuator inertia felt by the user. This design enhances both user safety and comfort, 

making rehabilitation exoskeletons more user-friendly and effective 9. 

Recent research has also explored the use of flexible thin-film pressure sensors for measuring contact 

forces between the exoskeleton and the user's body. These sensors offer the advantage of being highly 

adaptable to the contours of the human body, providing more accurate and comfortable force 

measurements 11. 

 

Electromyography 

Electromyography (EMG) sensors have become increasingly popular in rehabilitation exoskeleton design 

due to their ability to capture and analyze the user's muscle activity. These sensors measure the electrical 

signals produced by skeletal muscles in response to movement commands from the central nervous 

system 12. 

EMG sensors offer several benefits in lower-limb rehabilitation exoskeletons. They enable more natural 

and intuitive control by capturing the user's muscle-activity signals, allowing for personalized assistance 

based on muscle strength and fatigue levels. This capability has an influence on the optimization of 

rehabilitation programs for individual needs, providing real-time feedback to both users and therapists 11. 

However, it's important to note that EMG signals can be affected by noise from heartbeats and external 

vibrations, which can impact the system's accuracy in detecting muscle activations. To address this 

https://www.ijfmr.com/
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challenge, EMG sensors are often combined with filtering circuits to minimize the influence of noise on 

the outcomes 11. 

In conclusion, the integration of these advanced sensor technologies – IMUs, force sensors, and EMG 

sensors – has revolutionized the field of rehabilitation exoskeletons. By providing accurate and real-time 

data on user movements, forces, and muscle activity, these sensors enable more precise control, 

personalized assistance, and improved rehabilitation outcomes for patients with mobility impairments. 

 

Adaptive Control Algorithms for Personalized Rehabilitation 

In the realm of rehabilitation exoskeletons, adaptive control algorithms play a crucial role in personalizing 

therapy for individual patients. These algorithms enable the exoskeleton to adjust its assistance based on 

the user's needs, progress, and real-time performance. Let's explore some key approaches to adaptive 

control in rehabilitation exoskeletons. 

 

Machine Learning Approaches 

Machine learning algorithms have revolutionized the field of rehabilitation exoskeletons by enabling 

progressive adaptation to user needs and rehabilitation progress. These data-driven models can capture 

important features of human performance more simply and efficiently than traditional methods. For 

instance, researchers have developed a data-driven model that relates human motion during exoskeleton-

assisted walking to metabolic energy consumption, which can be used outside the laboratory setting 13. 

One of the most promising applications of machine learning in exoskeleton control has an influence on 

the development of human-in-the-loop optimization. This approach has achieved the largest improvements 

in human walking performance by individualizing assistance. Data-driven optimization can use the 

information embedded in our movements to identify exoskeleton assistance patterns that are as effective 

as those found with laboratory-based methods, but in one-quarter of the time 13. 

 

Model-Based Control 

Model-based control strategies are particularly well-suited for exoskeletons assisting the voluntary 

capabilities of the user. These approaches rely on physical models of the dynamics and contacts of the 

system (exoskeleton and human) to determine the actuation from the motors. By compensating for the 

exoskeleton's own dynamics, model-based control allows for more accurate comparison of different 

assistance strategies 9. 

A key element in model-based exoskeleton dynamics compensation has an influence on the development 

of contact modeling with the environment. This is crucial for activities like sit-to-stand motions, where 

the contact between the exoskeleton and a chair or stool can be challenging to model and measure. 

Researchers have proposed innovative solutions, such as modeling the stool contact by setting the gravity 

part of the dynamics to zero and reactivating it when the exoskeleton leaves the stool 9. 

 

Hybrid Control Strategies 

Hybrid control strategies combine multiple approaches to leverage the strengths of different control 

methods. One such example has an influence on the development of a hybrid controller using a model 

predictive control (MPC) formulation that combines the actuation of both an exoskeleton and a functional 

electrical stimulation (FES) system. This approach aims to distribute actuation optimally between the two 

https://www.ijfmr.com/
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systems, reducing exoskeleton power consumption while ensuring smooth movements along different 

trajectories 14. 

Another innovative hybrid approach involves combining finite state machines (FSM) with other control 

algorithms. FSM has proven effective in lower limb exoskeletons and prosthetics due to its rapid response. 

Researchers have proposed novel FSM-based control strategies for hybrid-actuated exoskeletons, 

addressing key questions such as when the motor should work, what triggers its start and stop, and how it 

should output torque during operation 15. 

In conclusion, adaptive control algorithms are pushing the boundaries of personalized rehabilitation using 

exoskeletons. By incorporating machine learning, model-based control, and hybrid strategies, these 

systems can provide more effective, efficient, and tailored assistance to individuals with mobility 

impairments. As research continues, we can expect even more sophisticated and responsive control 

algorithms that will further enhance the rehabilitation experience and outcomes for patients. 

 

Clinical Validation and User Experience 

In our exploration of rehabilitation exoskeletons, we've found that clinical validation and user experience 

are crucial aspects of their development and implementation. These wearable robots have shown promise 

in improving the lives of individuals with mobility impairments, but their effectiveness and acceptance in 

real-world settings require careful evaluation. 

 

Efficacy Studies 

Several studies have investigated the efficacy of rehabilitation exoskeletons in various patient populations. 

For instance, a randomized controlled trial involving 23 patients with spinal cord injury (SCI) examined 

the safety and feasibility of the HANK exoskeleton for walking rehabilitation. The results showed 

statistically significant improvements in the Walking Index for SCI (WISCI-II) scores for both the 

intervention and control groups. However, the exoskeleton group demonstrated a more substantial increase 

of 3.54 points compared to 0.7 points in the control group 16. 

Another study focused on the ReStore exoskeleton for stroke survivors. After just five training sessions, 

participants experienced a significant increase in unassisted maximum gait speeds of 0.07 m/s. This 

improvement is noteworthy, considering it was achieved with only a quarter of the typical dose of non-

robotic training regimens 3. 

These findings highlight the potential of rehabilitation exoskeletons in enhancing mobility and function 

for individuals with neurological conditions. However, it's important to note that larger trials with control 

groups are necessary to fully understand the generalizability of these results and establish dose-response 

relationships over time. 

 

User Feedback and Acceptance 

The success of rehabilitation exoskeletons largely depends on user acceptance and experience. We've 

found that comfort and ease of use are critical factors influencing adoption. In a study evaluating the 

ReWalk exoskeleton, users reported an average pain score of 1.8 cm on a Visual Analog Scale (VAS) and 

a fatigue score of 3.8, indicating relatively low discomfort during use 16. 

However, challenges remain. Some users have reported issues with device fit, leading to minor skin 

abrasions or redness. Additionally, there have been instances of non-injurious falls, highlighting the need 

for continued improvements in safety features 3. 

https://www.ijfmr.com/
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Interestingly, a survey of exoskeleton users revealed varied preferences for feedback systems. This 

suggests that offering multiple feedback options during training sessions and allowing users to choose 

their preferred method could enhance the overall experience and effectiveness of the therapy 17. 

 

Long-Term Outcomes 

While short-term improvements are encouraging, understanding the long-term outcomes of rehabilitation 

exoskeleton use is crucial. Studies have shown that exoskeleton-assisted therapy can lead to sustained 

improvements in walking ability and functional independence. For example, training with the Ekso 

exoskeleton resulted in linear increases in the number of steps and distances for two out of three 

participants with complete SCI, as well as a 2-3 fold increase in walking speed for all participants 3. 

However, it's important to note that the long-term effects of exoskeleton use on muscle strength, bone 

density, and overall health are still being investigated. Future research should focus on conducting 

longitudinal studies to assess these outcomes and determine the optimal duration and frequency of 

exoskeleton-assisted therapy for maximum benefit. 

In conclusion, while rehabilitation exoskeletons show promise in improving mobility and function for 

individuals with neurological conditions, continued research and development are necessary to optimize 

their design, enhance user experience, and establish their long-term efficacy in clinical settings. 

 

Conclusion 

The journey through the world of rehabilitation exoskeletons has shown us the incredible potential these 

devices have to transform lives. From their early beginnings to the cutting-edge designs we see today, 

exoskeletons have come a long way in helping those with mobility impairments. The combination of 

advanced sensors, adaptive control algorithms, and biomechanical principles has led to more effective and 

user-friendly devices. This progress has opened up new possibilities for personalized therapy and 

improved outcomes for patients. 

Looking ahead, the future of rehabilitation exoskeletons seems bright. As research continues, we can 

expect to see even more innovative designs that are lighter, more comfortable, and more intuitive to use. 

The ongoing clinical trials and user feedback will play a crucial role in refining these devices further. With 

continued advancements in technology and a deeper understanding of human biomechanics, rehabilitation 

exoskeletons are set to become an increasingly valuable tool in helping people regain their mobility and 

independence. 
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