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What is exoskeleton? 

An exoskeleton (from Greek έξω, éxō "outer" and σκελετός, 
skeletós "skeleton"[1]) is the external skeleton that supports 
and protects an animal's body, in contrast to the internal 
skeleton (endoskeleton) of, for example, a human.[1]

[1] https://en.wikipedia.org/wiki/Exoskeleton
[2] https://en.wikipedia.org/wiki/Powered_exoskeleton

https://en.wikipedia.org/wiki/Exoskeleton#cite_note-OnlineEtDict-1
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A powered exoskeleton (also known as powered suit, cybernetic 
armor, exosuit, exoframe or augmented mobility) is a wearable 
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allow for limb movement with increased strength and endurance[2]
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       Rehabilitation such as; 

● Supplying of aids to neuromuscular and 

skeletal systems 

● Increasing the mobility of partially or 

fully paralyzed patients

● Providing additional strength to human 

body (military applications)

● Reducing worker injury (Industrial 

applications)
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*According to ABI Research, 2020 *According to Exoskeleton Report, 2021

Market



Movement Disorders

Cieza et. al. Global estimates of the need for rehabilitation based on the Global Burden of Disease study 2019: a systematic analysis for the Global 
Burden of Disease Study 2019.

● Globally, 2·41 billion (95% uncertainty interval 2·34–2·50) 
individuals had conditions that would benefit from rehabilitation, 
contributing to 310 million years of life lived with disability.
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Movement Disorders

● The disease area that contributed most to prevalence was 
musculoskeletal disorders (1·71 billion people)

● Regionally, the Western Pacific has the highest need of 
rehabilitation services

● This number had increased by 63% from 1990 to 2019.

● Globally, 2·41 billion (95% uncertainty interval 2·34–2·50) 
individuals had conditions that would benefit from rehabilitation, 
contributing to 310 million years of life lived with disability.
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Burden of Disease Study 2019.



Neurorehabilitation

● Neuro-rehabilitation is a complex medical process which aims to 
aid recovery from a nervous system injury, and to minimize and/or 
compensate for any functional alterations resulting from it.
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Neurorehabilitation

● Rehabilitation is an essential health service and crucial for 
achieving universal health coverage

● Neuro-rehabilitation is a complex medical process which aims to 
aid recovery from a nervous system injury, and to minimize and/or 
compensate for any functional alterations resulting from it.

● WHO launched the Rehabilitation 2030 initiative

● Rehabilitation should be available for all the population and through 
all stages of the life course

● Efforts to strengthen rehabilitation should be directed towards 
supporting health systems as a whole and integrating 
rehabilitation into all levels of health care.



History of Exoskeletons
First Exoskeleton studies

http://www.youtube.com/watch?v=5jo9Q9yFYUw


History of Exoskeletons
Hardiman (1965-1971) Human Augmentation Research and Development 
Investigation + MAN

● One of the 1st powered exoskeletons was designed by General Electric

● This exoskeleton was the vision of the future for human enhancement

● The exoskeleton was designed to mimic the user’s natural movement, while being 
able to lift approx. 680kg (x25 from human strength)

● Primary function: Carry cargo and equipment. 

● 2 layers: MASTER-SLAVE DESIGN

○ Inner exoskeleton which was a structure that allowed the user to be 
attached into the whole exoskeleton

○ Outer exoskeleton structure designed for carrying large loads



History of Exoskeletons
Mihailo Pupin Institute(1960’s-1970’s) Kinematic Walker

● Lower-limb exoskeleton, with foot plates and an extended spinal region for further 
attachment. 

● Force sensors were placed in each of the foot plates allowing for determination of 
magnitude and location of ground reaction forces.

● Modular semi-soft active orthotic exoskeleton. ‘Active’ meaning the exoskeleton 
used actuators to produce motion.

● Point on the sole of the foot, in which the resultant moment of all forces acting on 
the biped system; is equal to zero, which formed the theoretical basis for biped gait 
stability maintenance.



History of Exoskeletons
Mihailo Pupin Institute(1960’s-1970’s) Active Suit

● Early Work: single hydraulic actuator for driving the hip and the knee, which were 
kinematically coupled 

● Later “partial active exoskeleton” : pneumatic actuators for flexion/extension of 
hip, knee and ankle. Actuated abduction/adduction joint at the hip for greater lateral 
stability

● Last Stage “complete exoskeleton” : Adding attachment at the torso to enclose the 
entire chest of the patient providing greater trunk support. Weight reduced to 12kg 
(not considering power source and control computer). 3 piezo-ceramic force sensors 
added to feet for better control. Another version was developed using DC motors

● Numerous Patients were able to master walking with complete exoskeleton using 
crutches



History of Exoskeletons
HAL Hybrid Assistive Limb (2000’s)

● HAL 3 provides leg function. It was attached to a computer and its batteries alone 
weighted 22kg in total. Two Helpers required.

● HAL 5 (2012) is a full-body exoskeleton with arms, legs and torso. 10kg only. 
Batteries and computer mounted are on board.

● Use of sensors on skin surface to detect biosignals and moves the concerned 
exo joint to amplify user’s movements.

● Possesses both a “voluntary control system" and a “robotic autonomous 
control system”

● Control algorithm successfully estimated mobility corresponding to a patient’s 
intention, but it did not stabilize a patient’s body posture and he had to maintain his 
balance using a walking frame with his hands.



History of Exoskeletons
Lokomat 2001

http://www.youtube.com/watch?v=1MgpCOr3BfM


History of Exoskeletons
Berkeley Lower Extremity Exoskeleton BLEEX(2004) 

● Carries its own power source 

● 3 DOFs at the hip, 1 at the knee, and 3 at the ankle. Four are actuated: hip 
flexion/extension, hip abduction/adduction, knee flexion/extension, and ankle 
flexion/extension

● 1143W of hydraulic power, and 200W of electrical power for the electronics and 
control

● Later, they developed a hybrid hydraulic–electric portable power supply. The new 
device with this power supply was approximately half the weight of the original 
exoskeleton (~14 kg), due to the implementation of electric actuation with a hydraulic 
transmission system



History of Exoskeletons
ReWalk (2011)

● Can be used by people with disabilities such as spinal cord injury, brain injury, 
stroke, multiple sclerosis, cerebral palsy and other severe walking impairment to carry 
out routine ambulatory functions (stand, walk, climb stairs etc.)

● Integrates DC motors at the joints, rechargeable batteries, an array of sensors and 
a computer-based control system.

● Upper-body movements of the user are detected and used to initiate and 
maintain walking processes.

● Use of safety aids such as crutches for walking and railing for stairs.

● Patients were able to independently walk for 50 to 100 m continuously, for a period 
of 5 to 10 minutes and with velocities ranging from 0.03 to 0.45m/sec 



History of Exoskeletons
EksoVest

● Assist users in motion amplification

● Help to reduce the burden while working (industrial environments)

● Supplement the physically weak individuals in their activities on a daily basis

● 2 mechanisms are used (moment generation & hinge mechanisms) to reduce the 
load and fatigue level of operators



History of Exoskeletons
MyoPro Orthosis and Soft Extra Muscle Glove (2010s)

● Used for rehabilitation of physically impaired patients suffering from post-stroke 
paralysis, amyotrophic lateral sclerosis, or other physical or cognitive impairments

● Provide therapy consistently for a longer period, irrespective of the fatigue 
level and training skill of the physiotherapists

● MyoPro Orthosis: by Myomo Inc. Adjustable orthosis that help regain function in 
arms and hands paralyzed, to restore an individual’s ability to perform activities of the 
daily living.

● Soft Extra Muscle (SEM) Glove: developed by BioServo technologies. Improves 
grasping capabilities. The glove can efficiently transfer the forces and torques to the 
fingers; cable-driven transmission system; tactile and force sensors for real-time 
feedback.



History of Exoskeletons
Soft Exosuits - Harward

http://www.youtube.com/watch?v=aeDm5yFYt10


Exoskeletons Now

http://www.youtube.com/watch?v=c1kcDykQHCE


Exoskeletons - Behind the scene

https://docs.google.com/file/d/1LyeO1pWka3BACok53JpdAbiYZWMnSgTU/preview


CESPAR
Closed-loop Exoskeleton Simulation for Personalized Assistive Rehabilitation

Selected proposal of CEoI – Engagement of Industry, SMEs and start-ups

● CESPAR targets a major technological leap for symbiotic 
human-machine interactions. 

● The project results will markedly improve the lives of 
(partially) motor control impaired people through the 
simulation environment to allow users (e.g. exoskeleton 
companies, clinics and medical personnel, biomechanics 
researchers, computational neuroscientists) to develop 
superior wearable assistive robotic devices. 

● The main objective of our project is to provide more 
effective assistive robotics (exoskeletons, exosuits, 
neuroprosthetics) rehabilitation strategies for patients 
suffering from motor control disorders, compared to the 
standard of care. 



CESPAR
Case Study - Autonomyo Exoskeleton
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CESPAR
Case Study - Autonomyo Exoskeleton
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CESPAR
Case Study - Autonomyo Exoskeleton

https://docs.google.com/file/d/1UZAAQo4tyG2a5SXbSrqAPpwkrncPT23X/preview


CESPAR
Control Architecture Design
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CESPAR
Simulation Results

Simulation of a subject Exoskeleton OFF Exoskeleton ON

We are gathering data from stroke 
patients as an initial objective

Integration of the pipeline to NRP 
is underway

Several control strategies: Impedance 
Control, Model Predictive Control & 

Reinforcement Learning

A mapping strategy to transfer human 
data into simulation

Subject performs worst due to 
additional weight of the exoskeleton

Gait is improved once the exoskeleton is 
active to compensate muscle deficiency

https://docs.google.com/file/d/1pytNvNQX6eqDbgnzN7hOyICPZ6BtX3qy/preview
https://docs.google.com/file/d/1G5If2hobQoKsZOkuB_wgEk-FNygmxCWH/preview
https://docs.google.com/file/d/1x1wjKuI_ppN_4985izHWW_6hhbhdADi2/preview


CESPAR
Neuromorphic Computing

● A feasibility study of the usage of Loihi neuromorphic chip and its emulator, Lava, on the control simulations of a 
coupled exoskeleton and musculoskeletal system, ongoing research!
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Digital Twin of coupled 
human-exoskeleton 
simulations
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Thank you for listening


