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Abstract. Knee injuries have become an increasing challenge to human health in recent years. It
not only affects the quality of life but also puts enormous pressure on the healthcare system.
Therefore, research on effective knee rehabilitation has become particularly important. This paper
reviews the current research status of knee rehabilitation robots, analyses the rehabilitation needs,
and reveals the key role of robots in rehabilitation. In addition, the key technologies are analyzed,
and the challenges and directions for future development are pointed out, providing useful guidance
for further development in the field of knee rehabilitation robotics.
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1. Introduction

With an aging population [1] and modern lifestyles [2], the issue of knee disease and injury [3]
has become a global health challenge. As one of the key joints in the human body that bear weight
and support movement, the knee joint is susceptible to trauma, inflammation, and degenerative
changes, which can lead to pain, functional limitation, and even incapacitation. Over the past few
decades, research on knee rehabilitation in the medical field [4] has gradually attracted widespread
attention, and the rise of rehabilitation robotics in particular has brought new hopes and opportunities
for knee rehabilitation.

Traditional knee rehabilitation methods often require patients to undergo a series of physiotherapy,
sports training, and functional exercises under the guidance of a rehabilitation physician. However,
these methods are limited by the constraints of manual manipulation and suffer from problems such
as difficulty in quantifying the rehabilitation process, high individual variability, and insufficient
willingness of the patient to perform.[5] With the rapid advancement of technology, knee
rehabilitation robots are emerging as a potential solution to the shortcomings of traditional
rehabilitation methods. With the help of advanced sensing technology, mechanical design, and
artificial intelligence algorithms, rehabilitation robots are able to monitor the patient's movement
status, force exertion and progress in real time, thus providing more accurate guidance and
adjustments for individualized rehabilitation programs.

However, despite the remarkable progress made in the field of knee rehabilitation robotics, there
are still problems to be solved. The design and control of the robot, patient-robot synergy, and long-
term assessment of rehabilitation outcomes still require further research and exploration. The purpose
of this paper is to provide an overview of the current research status of knee rehabilitation robotics,
with the aim of providing a comprehensive understanding for rehabilitation robotics researchers and
healthcare professionals and promoting further innovation and application of knee rehabilitation
robotics.

2. Analysis of rehabilitation demands

2.1. Pathological characterization of the patient

The knee joint consists of two joints, the tibiofemoral joint and the patellofemoral joint.[6] The
tibiofemoral joint is the connection between the tibia and the femur, while the patellofemoral joint is
the connection between the kneecap and the femur. Unlike other joints, in the knee, the individual
bones are not in direct contact with each other, but rather with the synovial fluid-filled joint capsule.
This ensures that the knee can have greater flexibility, but also increases the risk of wear and tear and
inflammation. The main movements of the knee are bending and straightening.[7] The treatment of
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knee disorders is a long and slow process, and some conditions such as meniscus and soft tissue wear
and tear are irreversible processes that continue to lead to knee injuries and illnesses.[8] In order to
address this, knee replacement surgery is an option for many patients. Knee replacement surgery is a
highly effective procedure that guarantees patients normal low-impact exercise for about 15-20 years
after surgery. However, the patient loses the ability to exercise about 3 months after the surgery [6]
and requires extensive training and physiotherapy after the surgery to regain the muscle strength and
coordination of the knee.

2.2. Basic Knee Injury Recovery Training

The knee is a vulnerable part of the body and one of the more difficult areas to recover from an
injury. After regular treatment, it is essential to regain the strength of the muscles around the knee.
Through recovery training, the muscles around the knee joint can be made to work properly during
exercise, thus avoiding additional impact and injury to the knee joint. The correct gait developed
through rehabilitation also reduces the stress on the knee. Rehabilitation is divided into three phases,
the first of which is the restoration of joint flexibility and control of pain and inflammation, together
with gait training. The second phase is to restore full flexibility, demonstrate a normal gait, and work
on flexibility. The final phase is sport/occupation-specific functional training, which results in a full
return to pre-injury mobility. Research has shown that all three stages can be accomplished with a
rehabilitation robot.[10]

2.3. Post-operative demand analysis for knee replacements

Knee replacement surgery is an option for many patients with severe knee conditions. However,
patients maintain hypokinesia, loss of muscle strength, and uncoordinated limb movements long after
surgery. For patients in the preoperative period, their knees are still very weak and require training
that is predominantly passive. The patient does not actively exert force but only ensures that the knee
can move within its normal range of motion, and the use of a sit-to-stand lower extremity
rehabilitation robot is more common at this stage. In the mid to late postoperative period, when the
patient has initially regained the ability to exercise, the patient needs to perform active force exercises.
In order to restore the lower limb muscle strength and coordination exercises, as well as gait
correction and other related training. Exoskeleton standing robots and traction robots are good choices.

3. The current status of research on knee rehabilitation robots

With the continuous progress of medical technology, rehabilitation robotics [11], as an important
innovation in the field of modern rehabilitation, is gradually attracting widespread attention. In the
field of knee rehabilitation, rehabilitation robotics [12] can be categorized into seated and horizontal
patient rehabilitation robots, exoskeleton standing rehabilitation robots and traction standing
rehabilitation robots. These different types of rehabilitation robots are unique in their design,
principles, and application modalities, providing diverse solutions for knee rehabilitation.

3.1. Rehabilitation Robot for Sitting and Horizontal Patients

A sit-stand rehabilitation robot is a patient rehabilitation training in sitting or recumbent form.
Zhang et al [13] designed a sit-stand mobile rehabilitation robot (MMRR) as shown in Figure 1. The
robot combines the functions of lower limb rehabilitation, sit-to-stand transfer training, and a six-to-
stand wheelchair and simulation was used to demonstrate the effectiveness of its design. Mohanya et
al. [14] designed a modular lower limb rehabilitation robot and analyzed its kinematics and dynamics.
It was shown that the robot could record hip, knee and ankle movements while supporting the patient's
limbs, and its effectiveness has been verified by clinical gait patterns. Luo et al. [15] proposed a
simple, reliable, and universally applicable lower limb rehabilitation robot, which can achieve passive
training, active training, and joint training of the patient's lower limbs, and has the characteristics of
high flexibility, etc. Wang et al. [16] designed a seated horizontal new leg orthosis, as shown in Figure
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2, by adjusting the size of the connecting device to make the mechanism of the hip, knee and ankle
joints fit the corresponding joints of the patient, and using a particle swarm optimization algorithm is
used to obtain the optimal solutions. Eiammanussakul et al [17] designed a seated lower limb
rehabilitation robot to solve the rehabilitation problem of patients with muscle weakness, which can
perform various types of therapeutic exercises on the hip, knee and ankle joints. Meanwhile,
Eiammanussakul et al [18] designed a robot for seated/recumbent training which contains multiple
joints for synergistic training such as knee, ankle and hip joints. It was shown that this robot can
perform a variety of exercises such as leg press, cycling, gait trajectory tracking, or customized
exercises. Feng et al. [19] designed a seated/recumbent lower limb rehabilitation robot with
mechanical limit protection, electrical limit protection, and software protection, which prevents
secondary injuries to the patient.

Feng et al. designed a new applicable seated horizontal lower limb rehabilitation robot.[20] A new
trajectory planning method based on fourth-degree polynomial interpolation was proposed based on
doctors' clinical recommendations to plan the maximum speed of each joint according to the patient's
condition, thus reducing the impact load on the damaged leg. Sagila et al. [21] designed and produced
a therapeutic robot (hunova) that incorporates training of trunk and pelvic muscles while
rehabilitating the knee to enable the patient to improve body stability and movement posture. Wang
et al. [22] designed a passive lower limb rehabilitation robot (Huang et al. [23]) to aid lower limb
recovery. body stability and movement posture can be improved, thus helping the recovery of the
lower limbs. Wang et al. [22] designed a passive lower limb rehabilitation robot (HE-LRR), as shown
in Figure 3, which solves the problems of the traditional rehabilitation robots, such as large size and
high mass. Experimental studies show that this robot can help patients achieve rehabilitation
movements such as continuous passive motion (CPM) and straight leg raise (SLR).
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Figure 1. The MMRR. a Prototype with the indicated components: (1) leg module, (2) cushion, (3)
movable platform, and (4) backrest. b the schematic diagram.[13]
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3.2. Exoskeleton Standing Rehabilitation Robot

Exoskeletal standing rehabilitation robots are devices that are used to assist in the rehabilitation of
patients in a standing position. Chen et al. [23] designed a standing-controlled knee physiotherapy
robot (KADO) to assist patients with knee injuries in regaining their natural gait. The robot uses an
anthropomorphic design that locks the knee joint while allowing the patient to move normally and
provides the wearer with a controlled assistive torque via actuators and multiple sensors. Kirby Ann
Witte et al. [24] designed a lightweight exoskeletal knee-assisting robot, which has been shown in
benchtop tests to support patients during walking. The frame straps etc. of the robot ensure the patient
experience. Deng et al. [25] designed an active power-assisted exoskeleton robot with a unique
human-machine motion mapping to give the patient a higher degree of freedom. The effectiveness of
this robot was confirmed in a single-leg swing experiment and reduced the foot effort by about 25 %.
Kim et al. [26] designed a portable knee-assisted exoskeleton device that weighs only 3.5 kg and is
widely applicable and can be used via controller area network (CAN) on a PC or an embedded
microprocessor. etc. Bouhabba et al. [27] designed a lower limb rehabilitation robot. The robot also
consists of three crank-rocker mechanisms, thus ensuring higher flexibility. Hu et al. [28] designed a
recumbent lower limb rehabilitation robot, which has the features of universality, high flexibility, and
flexible human-robot interaction. Granados et al. [29] designed a passive exoskeleton rehabilitation
robot, which is designed to help patients to complete sit-to-stand and stand-to-stand (STS) posture
transitions. sit (STS) posture transitions. experimental studies have demonstrated that patients can
transfer the force from their own upper body to the lower body, resulting in a passive system with
voluntary control of the natural movement of the upper body. Gao et al. [30] proposed a humanoid-
designed electrically-driven lower limb exoskeleton rehabilitation robot, which can help patients
recover standing and walking abilities through wearable walking assistance training. and walking
ability to restore and improve limb dysfunction.

3.3. Traction Standing Rehabilitation Robot

In addition to the robots mentioned above, there are also traction rehabilitation robots, and the
traction standing rehabilitation robot is also a device that assists the patient in rehabilitation training
in a standing position, unlike the exoskeleton robot, which performs rehabilitation training by means
of a traction rope. Li et al. [31] designed a cable-driven rehabilitation robotic system (ALLTD) with
a unique double-linkage structure, which is shown in Fig. 4(a). shown in 4(a), can accomplish a
variety of application scenarios. It was computationally demonstrated that this robotic system could
perform rehabilitation tasks for patients with different lengths of lower limbs. Chen et al. [32]
proposed a rope-type standing lower limb and lumbar rehabilitation robot with a mechanical structure
including a cable-driven parallel locomotion platform, a wearable and fixed exosuit for the upper
limbs, and an adjustable mechanism for the lower limbs. The validity of this model has been
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demonstrated anthropomorphically. Oh et al. [33] designed a self-paced standing gait rehabilitation
robot, which can reduce the gait asymmetry of patients and also stimulate the recovery of damaged
nerves by detecting their leg swing speeds through a series of sensors and changing the walking
speeds in real time. Zou et al. [34] designed a movable cable-driven lower limb rehabilitation robot
(MCLR)). As shown in Figure 4(b), it can achieve walking training in active, passive, and assisted
modes, and its speed servo system can provide better tracking ability to help patients complete the
active training and rehabilitation needs. Zi et al. [35] designed an active lasso-driven lower limb
rehabilitation robot powered by cables and pneumatic artificial muscles (PAMs), which is divided
into two independent parallel robots: a lumbar twisting device and a lower extremity traction device.
Simulations showed that this robot has the characteristics of high flexibility and good adaptability.
Wang et al. [36] investigated a rope cable-driven lower limb rehabilitation robot (CDLR). According
to the experiment, after the optimization of the algorithm, this robot has a more uniform tension
distribution of the tension of the pulling rope, faster real-time response, and is able to fit all stages of
the patient's rehabilitation. Wang et al. [37] designed a cyclic interference compensation control
method for the control of the traction standing rehabilitation robot, which avoids cyclic interference
by automatically learning the interference pattern and thus compensating for it in advance, thus
improving the accuracy of the control.

o B

(b)
Figure 4. Traction Standing Rehabilitation Robot (a)ALLTD, (b) MCLR.

4. Analysis of key technologies

4.1. Structural and institutional innovations

The active rehabilitation training device is a device that relies on the patient's own muscle strength
for rehabilitation training [38], and thus has high requirements for the structural design of the device.
Currently, existing rehabilitation robots mainly use mechanisms such as link structures, guide rails
[39], wire traction [40] and gantries [41] to achieve the functions of joint limitation and patient
support.

The linkage structure [42] is widely used in rehabilitation robots and consists of a plurality of rigid
links and joints that mimic the movement trajectory of a human limb. This structure is capable of
realizing a wide range of rehabilitation movements through precise motion control and is
appropriately adapted to the patient's motor ability. Structures such as guide rails and wire traction
[43] are commonly used to achieve joint limitation and motion guidance for robots. The guide rails
guide the direction of motion of the robot and ensure smooth and precise movement. Wire traction,
on the other hand, can be used to simulate different levels of exercise loads by controlling the traction
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force, allowing the patient to undergo progressively increasing training according to his or her
condition. The gantry (or parallel mechanism) is a parallel mechanism that realizes the movement of
the rehabilitation robot through multiple parallel motion links. This structure has a high degree of
stability and motion precision and can provide more stable support and motion control for patients.

4.2. Drive unit design

Rehabilitation robots are trained by using mechanical devices to drive the human body for
rehabilitation training, and one of the most critical technologies is the drive technology.[44] Currently,
the existing drive methods for rehabilitation robots focus on electric [45] and hydraulic.[46] Electric
drive[47] is one of the most common drive methods in rehabilitation robots. It passes through an
electric motor and transmission devices, such as motors, reducers, and transmission gears. Electric
drive has the advantages of precise control, easy programming and adaptation to different
rehabilitation maneuvers. By adjusting the speed and torque of the electric motor, different speeds
and intensities can be achieved to suit the patient's rehabilitation needs. On the other hand, hydraulic
drive[48] is another common drive method for rehabilitation robots. It utilizes the pressure of a liquid
to achieve mechanical movement, usually using hydraulic cylinders and valves to control the flow of
the liquid. The hydraulic drive offers advantages such as smoothness, reliability and higher load
capacity. This type of drive is suitable for rehabilitation exercises that require greater torque and force,
such as heavy training and muscle strength recovery.

4.3. Control strategies

The intensity of training is a crucial factor in the rehabilitation process and needs to be precisely
controlled and adapted to the patient's recovery process.[49] This individualized adaptation ensures
that the rehabilitation training is not unduly burdensome for the patient, but also achieves the desired
rehabilitative effect. Resistance training is considered to be an adjustment of great importance. By
adjusting the resistance to exercise, impedance training can be freely adapted to the patient's
rehabilitation status and level of ability. This flexibility allows impedance training to gradually
improve the patient's exercise ability and help them gradually adapt to higher-intensity rehabilitation
training, thus achieving better rehabilitation results.

5. Conclusion and Outlook

The research on knee rehabilitation robots has shown diversified development, and different types
of robots such as seated-recumbent patient rehabilitation robots, exoskeleton standing rehabilitation
robots, and traction standing rehabilitation robots have all played an active role in providing precise
rehabilitation programs. Meanwhile, key technologies such as structural and institutional innovations,
drive design and control strategies continue to drive the progress of robots, making them more
relevant to patient needs and achieving more efficient rehabilitation.

With the continuous advancement of intelligent technology, personalized rehabilitation solutions
for robots will be further enhanced. Refined control strategies and motion monitoring will help
improve robot adaptability and rehabilitation outcomes. However, the complexity of the technology,
cost, and safety issues with human-robot collaboration still need to be addressed. In future research,
more interdisciplinary collaboration is needed to integrate knowledge from the fields of engineering,
medicine, and biology to continue to drive innovation and development of knee rehabilitation robots.

References

[1] Mendelson, D. N. & Schwartz, W. B. The Effects of Aging and Population Growth on Health Care
Costs. Health Affairs 12, 119-125 (1993).

448



Highlights in Science, Engineering and Technology MEIMIE 2023
Volume 71 (2023)

[2] Mavrovouniotis, F. Inactivity in Childhood and Adolescence: A Modern Lifestyle Associated with
Adverse Health Consequences. Sport Science Review 21, 75-99 (2012).

[3] Briggs, A. M. et al. Global health policy in the 21st century: Challenges and opportunities to arrest the
global disability burden from musculoskeletal health conditions. Best Practice & Research Clinical
Rheumatology 34, 101549 (2020).

[4] D®z, I, Gil, J. J. & S&chez, E. Lower-Limb Robotic Rehabilitation: Literature Review and
Challenges. Journal of Robotics 2011, 1-11 (2011).

[5] Lee, M. et al. Patient perspectives on virtual reality-based rehabilitation after knee surgery: Importance
of level of difficulty. J Rehabil Res Dev 53, 239-252 (2016).

[6] Hirschmann, M. T. & MUler, W. Complex function of the knee joint: the current understanding of the
knee. Knee Surg Sports Traumatol Arthrosc 23, 2780-2788 (2015).

[7] Van Ginckel, A., Hall, M., Dobson, F. & Calders, P. Effects of long-term exercise therapy on knee joint
structure in people with knee osteoarthritis: A systematic review and meta-analysis. Seminars in Arthritis
and Rheumatism 48, 941-949 (2019).

[8] Messier, S. P. et al. Effect of High-Intensity Strength Training on Knee Pain and Knee Joint Compressive
Forces Among Adults With Knee Osteoarthritis: The START Randomized Clinical Trial. JAMA 325, 646
(2021).

[9] Judge, A. et al. Predictors of outcomes of total knee replacement surgery. Rheumatology 51, 1804-1813
(2012).

[10] De Carlo, M. & Armstrong, B. Rehabilitation of the Knee Following Sports Injury. Clinics in Sports
Medicine 29, 81-106 (2010).

[11] Laffont, I. et al. Innovative technologies applied to sensorimotor rehabilitation after stroke. Annals of
Physical and Rehabilitation Medicine 57, 543-551 (2014).

[12] Fukuda, H. et al. Tailor-made rehabilitation approach using multiple types of hybrid assistive limb robots
for acute stroke patients: A pilot study. Assistive Technology 28, 53-56 (2016).

[13] Zhang, Y., Zhao, L. & Mo, C. Design and dynamic analysis of a multi-function movable rehabilitation
robot. J Braz. Soc. Mech. Sci. Eng. 44, 506 (2022).

[14] Mohanta, J. K., Mohan, S., Deepasundar, P. & Kiruba-Shankar, R. Development and control of a new
sitting-type lower limb rehabilitation robot. Computers & Electrical Engineering 67, 330-347 (2018).

[15] Luo, C. et al. Development of a New Lower Limb Rehabilitation Robot for Bedside Training. J. Phys.:
Conf. Ser. 2026, 012060 (2021).

[16] Wang, W.et al. A novel leg orthosis for lower limb rehabilitation robots of the sitting/lying
type. Mechanism and Machine Theory 74, 337-353 (2014).

[17] Eiammanussakul, T. & Sangveraphunsiri, V. Lower Limb Rehabilitation Robot in Sitting Position for

Various Therapeutic Exercises. in Proceedings of the 9th International Conference on Bioinformatics and
Biomedical Technology 112-116 (ACM, 2017). doi:10.1145/3093293.3093314.

[18] Eiammanussakul, T. & Sangveraphunsiri, V. A Lower Limb Rehabilitation Robot in Sitting Position with
a Review of Training Activities. Journal of Healthcare Engineering 2018, 1-18 (2018).

[19] Feng, Y. et al. Research on Safety and Compliance of a New Lower Limb Rehabilitation Robot. Journal
of Healthcare Engineering 2017, 1-11 (2017).

[20] Feng, Y. et al. Trajectory planning of a novel lower limb rehabilitation robot for stroke patient passive
training. Advances in Mechanical Engineering 9, 168781401773766 (2017).

[21] Saglia, J. A. et al. Design and Development of a Novel Core, Balance and Lower Limb Rehabilitation
Robot: hunova®. in 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR) 417—
422 (IEEE, 2019). doi:10.1109/ICORR.2019.8779531.

[22] Wang, L. et al. A Hybrid Mechanism-Based Robot for End-Traction Lower Limb Rehabilitation: Design,
Analysis and Experimental Evaluation. Machines 10, 99 (2022).

[23] Chen, B., Zi, B., Wang, Z., Qin, L. & Liao, W.-H. Knee exoskeletons for gait rehabilitation and human
performance augmentation: A state-of-the-art. Mechanism and Machine Theory 134, 499-511 (2019).

449



Highlights in Science, Engineering and Technology MEIMIE 2023
Volume 71 (2023)

[24] Witte, K. A., Fatschel, A. M. & Collins, S. H. Design of a lightweight, tethered, torque-controlled knee
exoskeleton. in 2017 International Conference on Rehabilitation Robotics (ICORR) 1646-1653 (IEEE,
2017). doi:10.1109/ICORR.2017.8009484.

[25] Deng, J. et al. Structure design of active power-assist lower limb exoskeleton APAL robot. Advances in
Mechanical Engineering 9, 168781401773579 (2017).

[26] Kim, J.-H.et al. Design of a Knee Exoskeleton Using Foot Pressure and Knee Torque
Sensors. International Journal of Advanced Robotic Systems 12, 112 (2015).

[27] Bouhabba, E. M., Shafie, A. A., Khan, M. R. & Ariffin, K. Lower-Limb Rehabilitation Robot Design. IOP
Conf. Ser.: Mater. Sci. Eng. 53, 012038 (2013).

[28] Hu, M., Tian, Y., Liu, T. & Han, M. Development of a Novel Lower Limb Rehabilitation robot in the
Bed. in 2020 IEEE 18th International Conference on Industrial Informatics (INDIN) 681-686 (IEEE,
2020). d0i:10.1109/INDIN45582.2020.9442221.

[29] Granados, D. F. P., Kadone, H. & Suzuki, K. Unpowered Lower-Body Exoskeleton with Torso Lifting
Mechanism for Supporting Sit-to-Stand Transitions. in 2018 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS) 2755-2761 (IEEE, 2018). doi:10.1109/IR0OS.2018.8594199.

[30] Gao, M. et al. Electrically Driven Lower Limb Exoskeleton Rehabilitation Robot Based on
Anthropomorphic Design. Machines 10, 266 (2022).

[31] Li, Y., Zi, B., Yang, Z. & Ge, J. Combined kinematic and static analysis of an articulated lower limb
traction device for a rehabilitation robotic system. Sci. China Technol. Sci. 64, 1189-1202 (2021).

[32] Chen, Q., Zi, B., Sun, Z., Li, Y. & Xu, Q. Design and Development of a New Cable-Driven Parallel Robot
for Waist Rehabilitation. IEEE/ASME Trans. Mechatron. 24, 1497-1507 (2019).

[33] Oh, K. et al. Improved cortical activity and reduced gait asymmetry during poststroke self-paced walking
rehabilitation. J NeuroEngineering Rehabil 18, 60 (2021).

[34] Zou, Y., Wang, N., Wang, X., Ma, H. & Liu, K. Design and Experimental Research of Movable Cable-
Driven Lower Limb Rehabilitation Robot. IEEE Access 7, 2315-2326 (2019).

[35] Zi, B., Yin, G. & Zhang, D. Design and Optimization of a Hybrid-Driven Waist Rehabilitation
Robot. Sensors 16, 2121 (2016).

[36] Wang, Y., Wang, K., Chai, Y., Mo, Z. & Wang, K. Research on mechanical optimization methods of
cable-driven lower limb rehabilitation robot. Robotica 40, 154-169 (2022).

[37] Wang, Z., Li, M. & Zhang, X. Periodic Disturbance Compensation Control of a Rope-Driven Lower Limb
Rehabilitation Robot. Actuators 12, 284 (2023).

[38] Wu, Q., Wang, X. & Du, F. Development and analysis of a gravity-balanced exoskeleton for active
rehabilitation training of upper limb. Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science 230, 3777-3790 (2016).

[39] Sun, W., Kong, X., Wang, B. & Li, X. Statics modeling and analysis of linear rolling guideway
considering rolling balls contact. Proceedings of the Institution of Mechanical Engineers, Part C: Journal
of Mechanical Engineering Science 229, 168-179 (2015).

[40] Basak, D., Pal, S. & Patranabis, D. C. In-situ non-destructive assessment of a haulage rope in a monocable
zigback passenger ropeway. Insight - Non-Destructive Testing and Condition Monitoring 50, 136-137
(2008).

[41] Chalak Qazani, M. R., Pedrammehr, S., Abdi, H. & Nahavandi, S. Performance Evaluation and
Calibration of Gantry-Tau Parallel Mechanism. Iran J Sci Technol Trans Mech Eng 44, 1013-1027
(2020).

[42] Paudel, P. et al. Crystal structure and activity-based labeling reveal the mechanisms for linkage-specific
substrate recognition by deubiquitinase USP9X. Proc. Natl. Acad. Sci. U.S.A. 116, 7288-7297 (2019).

[43] Konieczny, J. DESTRUCTION MECHANISMS OF CU-ETP COPPER GUIDES FOR SECTIONAL
INSULATORS OF RAILWAY TRACTION. SJSUT.ST 113, 101-113 (2021).

[44] Li, B. etal. A review of rehabilitation robot. in 2017 32nd Youth Academic Annual Conference of Chinese
Association of Automation (YAC) 907-911 (IEEE, 2017). doi:10.1109/YAC.2017.7967538.

[45] Nef, T. & Lum, P. Improving backdrivability in geared rehabilitation robots. Med Biol Eng Comput 47,
441-447 (20009).

450



Highlights in Science, Engineering and Technology MEIMIE 2023
Volume 71 (2023)

[46] Camp, A. S., Chapman, E. M. & Jaramillo Cienfuegos, P. Modeling and analysis of hydraulic piston
actuation of McKibben fluidic artificial muscles for hand rehabilitation. The International Journal of
Robotics Research 40, 136-147 (2021).

[47] Gonzalez, A., Garcia, L., Kilby, J. & McNair, P. Robotic devices for paediatric rehabilitation: a review of
design features. BioMed Eng OnLine 20, 89 (2021).

[48] Suzumori, K. & Faudzi, A. A. Trends in hydraulic actuators and components in legged and tough robots:
a review. Advanced Robotics 32, 458-476 (2018).

[49] Washabaugh, E. P., Guo, J., Chang, C.-K., Remy, C. D. & Krishnan, C. A Portable Passive Rehabilitation
Robot for Upper-Extremity Functional Resistance Training. IEEE Trans. Biomed. Eng. 66, 496-508
(2019).

[50] Anatomy, Pathology & Treatment of the Knee Joint - Articles & Advice | White House Clinic. (2023).
Retrieved 16 August 2023, from https://www.whitehouse-clinic.co.uk/articles-and-advice/anatomy-
pathology-and-treatment-of-the-knee-joint.

451



