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ABSTRACT

Robotic skeletons, or exoskeletons, represent a major innovation in modern rehabilitation, particularly for patients recovering
from Total Knee Replacement (TKR) surgery. These wearable robotic devices assist in movement, reduce physical strain, and
promote functional recovery by enabling controlled and repetitive therapeutic exercises. The technology is classified based on
power source, body region supported, control mechanism, and application purpose, encompassing active, passive, upper limb,
lower limb, and full-body systems. In knee rehabilitation, robotic exoskeletons enhance mobility, muscle strength, and range of
motion through precise and adaptive motion assistance. Clinical evidence highlights their role in accelerating recovery, improving
patient independence, and elevating overall treatment outcomes. However, challenges such as high cost, limited accessibility, and
technological constraints remain barriers to widespread adoption. Future directions include integrating artificial intelligence,
virtual reality, and Industry 4.0 technologies to enable personalized, data-driven, and immersive rehabilitation experiences.
Overall, robotic-assisted rehabilitation demonstrates great potential in transforming conventional therapeutic practices and
improving quality of life for individuals with orthopedic and neurological impairments.
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INTRODUCTION

Robotic skeletons, also known as exoskeletons, are pivotal in the rehabilitation process after surgery, especially after Total Knee
Replacement (TKR) surgery'. These lightweight devices, which are controlled by cables, offer specific support to individuals
suffering from knee disabilities, enabling customized rehabilitation exercises. By assisting with movement and alleviating the
physical burden on patients, robotic skeletons enhance recovery results and foster independence. The incorporation of robotics
into rehabilitation represents a groundbreaking method, combining technology with therapeutic techniques to elevate the overall
standard of care’.

OVERVIEW OF ROBOTIC EXOSKELETON TECHNOLOGY

Robotic Exoskeleton

A robotic exoskeleton is a wearable device that employs robotics to aid individuals in movement, especially in rehabilitation
environments®. It holds significant value in knee rehabilitation as it can improve mobility, promote early mobilization, and assist
in functional training for patients recovering from Total Knee Replacement (TKR) surgery®. It plays a crucial role in postoperative
rehabilitation by helping patients regain movement and strength following orthopaedic procedures®. It is specifically designed to
support individuals recovering from facilitating the movement of the upper limbs®. The significance of robotic exoskeletons lies
in their capacity to enhance motor function, muscle strength, and overall mobility for individuals suffering from
neurodegenerative disorders like Parkinson’s disease and multiple sclerosis’.

Need for Robotic Exoskeleton

Robotic exoskeletons are recommended for patients who have undergone total knee arthroplasty (TKA) and require
rehabilitation®. They may provide advantages to individuals who encounter difficulties in regaining function and mobility
following surgery. Patients in need of early mobilization and functional training could especially benefit from the application of
robotic exoskeletons’. The use of robotic exoskeletons is also advised for patients undergoing cardiac rehabilitation, particularly
those recovering from open-heart surgery or a significant cardiac event'®. Furthermore, robotic exoskeletons are recommended
for individuals with neuromuscular disorders, including those suffering from spinal cord injuries, muscular dystrophy, and those
in recovery from a stroke. These devices are effective in enhancing mobility and improving the overall quality of life for users.
They are particularly advantageous for individuals who require rehabilitation and assistance with daily mobility''. Robotic
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exoskeletons are indicated for patients with neurological disorders such as stroke and spinal cord injury (SCI). These devices are
beneficial for individuals aiming to enhance mobility, independence, and quality of life!2.

Different Types of Exoskeletons for Rehabilitation
Exoskeletons are robotic devices that can be worn, designed to assist or improve bodily movements. They are extensively utilized
in rehabilitation to aid patients in recovering mobility and muscle strength following neurological or musculoskeletal injuries'>.

1. Based on Power Source

a. Active (Powered) Exoskeletons Contain motors, batteries, or actuators that facilitate powered movement. These devices are
controlled via sensors that detect muscle activity or the user's intent. They are commonly utilized for individuals with spinal cord
injuries, strokes, or lower limb paralysis. Examples include ReWalk and HAL (Hybrid Assistive Limb). Advantages: Offers
significant movement assistance & Aids in gait retraining and intensive therapy. Disadvantages: High cost and weight
&Necessitates frequent charging and maintenance'.

b. Passive Exoskeletons These do not incorporate motors or batteries. Instead, they utilize springs, elastic bands, or mechanical
joints to assist movement. They help alleviate strain on muscles and joints during rehabilitation or work. For instance, shoulder
or back-support exoskeletons are employed in physiotherapy. Advantages:Lightweight and cost-effective, Easy to use and
maintain. Disadvantages: Offers limited movement assistance, Less effective for cases of complete paralysis'>.

2. Based on Body Region Supported

a. Upper Limb Exoskeletons - Support movements of the shoulder, arm, and hand. These devices are utilized in the rehabilitation
of conditions such as stroke, cerebral palsy, or upper limb weakness. Examples include Armeo Spring, Myo Pro, and Exo Arm'®.b.
Lower Limb Exoskeletons - Facilitate movements of the hip, knee, and ankle. These are employed in the rehabilitation of spinal
cord injuries, multiple sclerosis, or post-surgical recovery. Examples include Ek NR, Indego, and ReWalk'.c. Full-Body
Exoskeletons - Encompasses both upper and lower limbs while providing torso support. This type of exoskeleton
offerscomprehensive training for gait and balance. Examples include HAL Full-Body and Phoenix Suit '8,

3. Based on Control Mechanism

a. Manual-Controlled Exoskeletons - Operated by therapists manually or via predetermined movement patterns'®. b. Sensor-
Controlled Exoskeletons - Utilize EMG (electromyography) or EEG (brain-computer interface) signals to identify the user's
movement intentions®. ¢. Al/Smart Exoskeletons - Equipped with artificial intelligence for adaptive learning, motion forecasting,
and tailored rehabilitation®'.

4. Based on Application Purpose

a. Medical/Rehabilitation Exoskeletons - Utilized in medical facilities and rehabilitation centers to aid in the restoration of
movement for patients suffering from neurological disorders®. b. Assistive Exoskeletons - Created for everyday use by
individuals with disabilities to improve mobility and foster independence?. c. Industrial Exoskeletons - Assist workers in
minimizing fatigue and preventing injuries while lifting or performing repetitive tasks, primarily focusing on prevention rather
than rehabilitation®.

Mechanisms of Mobility Enhancement

Robotic devices utilized in knee rehabilitation, including exoskeletons and robotic-assisted therapy systems, promote early
mobilization and functional training, which can result in quicker recovery and enhanced joint function for patients?. Robotics
improves mobility through the implementation of exoskeletons and motion-capture systems, specifically designed to optimize
the recovery of strength and mobility in patients undergoing rehabilitation following orthopedic procedures®. The robotic
exoskeleton features 12 degrees of freedom (DOFs), offering 6 DOFs for each arm, which facilitates a broad range of motion and
flexibility. This symmetrical design improves patient mobility by allowing them to engage in various rehabilitation exercises that
replicate natural arm movements, thus enhancing their overall physical function and joint range of motion?’. Exoskeletal systems
currently represent the most evidence-supported technology for improving mobility, especially in gait and stance rehabilitation
for paraplegic patients. These systems are also beneficial in the rehabilitation of hip joint fractures and in the care of endo
prosthetic patients, showcasing their versatility in enhancing mobility .

Clinical Benefits and Patient Outcomes

The benefits of robotic-assisted rehabilitation (RAR) in knee recovery encompass an improved range of motion, increased muscle
strength, enhanced functional performance, and greater patient satisfaction?. The integration of robotics into orthopaedic
healthcare offers advantages such as heightened precision in surgical procedures through advanced imaging and real-time
feedback, which reduces tissue disruption and facilitates quicker recovery. Robotics enables the creation of personalized treatment
plans, customizing procedures to fit individual anatomical features, thus enhancing outcomes and minimizing complications.
Additionally, robotics contributes to postoperative rehabilitation by employing exoskeletons and motion-capture systems to
maximize mobility and strength recovery™.

Challenges and Limitations

The article highlights the obstacles present in the domain of rehabilitation robotics, particularly the insufficient funding for
research initiatives. It points out a reliance on foreign technologies, which may hinder local innovation and development®'. The
context provided does not specifically address any challenges or constraints associated with the design and control of mechatronic
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exoskeletons intended for rehabilitation purposes. It emphasizes the progress, design factors, and potential advantages of
mechatronic exoskeletons, yet it does not elaborate on particular challenges or limitations faced during the research process®.
The restricted access to robotic systems represents a considerable hurdle for broad implementation. Tailoring robotic therapies to
cater to the unique needs of individual patients is crucial, although achieving this can be quite challenging. Technical, economic,
social, and cultural obstacles must be overcome to enable the effective integration of robotic technologies in rehabilitation®?.
Preliminary studies may encounter difficulties in accurately assessing biomechanical parameters during various activities, such
as walking and climbing stairs®*.

FUTURE DIRECTIONS IN ROBOTIC REHABILITATION

Future studies should aim to validate the efficacy of exoskeletons in improving rehabilitation outcomes following total knee
replacement (TKR), with a specific emphasis on enhancing both active and passive range of motion, as well as the overall quality
of life for TKR patients *. Additionally, future investigations may concentrate on further optimizing the control systems and
personalized movement algorithms within the exoskeletons, potentially incorporating more sophisticated virtual reality
environments to develop immersive rehabilitation experiences that can adjust to the unique needs and progress of each patient *.
There exists the possibility for the creation of customized implants and telesurgery, which could transform the approach to
rehabilitation, enabling more individualized recovery plans and remote tracking of patient advancement *. The incorporation of
Industry 4.0 concepts, including autonomous machinery, additive manufacturing, and virtual environment simulation, indicates
a prospective emphasis on developing more flexible and efficient rehabilitation robots that can more effectively address the
requirements of patients and healthcare professionals through cutting-edge technology?®.

CONCLUSION

The review concludes that robotic-assisted rehabilitation (RAR) could serve as an effective treatment option for patients who are
undergoing total knee replacement (TKR). It emphasizes the possible advantages of robotic devices in enhancing range of motion,
muscle strength, functional performance, and patient satisfaction *°. Rehabilitation robotics, especially robotic exoskeletons,
significantly contribute to improving mobility for patients in surgical rehabilitation. These technologies provide innovative
solutions that can enhance motor function, muscle strength, and overall mobility in individuals suffering from neurodegenerative
disorders. The incorporation of adaptive control strategies along with real-time bio signal processing facilitates personalized
therapeutic interventions .
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