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Abstract

Exoskeletons are wearable robotic devices designed to assist, augment, or rehabilitate human movement by
providing mechanical support directly at the joint level, poised to fundamentally redefine human physical
potential in both the workplace and the healthcare sector. Current technologies encompass a broad spectrum
of mechanical designs, primarily categorized into passive systems that rely on springs to store energy, active
systems powered by motors for intelligent assistance, and emerging quasi-passive hybrid devices. Practical
deployment is currently concentrated in industrial environments, where exoskeletons serve as a crucial
ergonomic intervention to prevent musculoskeletal disorders caused by repetitive labour, and in clinical
settings, where they are utilized for functional physiotherapy to aid in the mobility of patients recovering from
severe neurological impairments. The development of these wearable robotics is shifting rapidly toward more
intelligent, adaptable, and user-friendly systems through the integration of artificial intelligence for predictive
human motion forecasting and the adoption of neuromorphic edge computing for real-time data processing.
To overcome the physical challenges of testing these advanced control systems, the industry increasingly relies
on digital human modelling and physics-based simulations to safely refine human-robot interactions in virtual
environments. While the exoskeleton market is projected to experience massive, multi-billion-dollar growth
fuelled by expanding applications, widespread commercial adoption is bottlenecked by significant challenges,
as manufacturers must navigate high production costs, stringent clinical trial requirements, complex regulatory
pathways like US FDA approvals and the rigorous EU Medical Device Regulation, and highly fragmented
insurance reimbursement processes across different global markets.

Looking ahead, the industry is transitioning these systems from specialized clinical and industrial tools into
highly personalized devices suited for independent home use and everyday mobility. Innovations in lightweight
materials, combined with real-time data analytics and adaptive control strategies, offer massive opportunities
to create seamless assistance, expanding applications into aged care and long-term home rehabilitation as the
next major frontiers for commercial and technological expansion.

Fondazione Toscana Life Sciences 2
Via Fiorentina, 1 — 53100 Siena — ITALIA - tel. +39 0577 231211 You
www.toscanalifesciences.org - info@toscanalifesciences.org -

P: IVA 01194710529 — C.F.92041260529



TALIAR 27 ’ “ Cofinanziato ra ... N TS o~ O
4 Wi q%ﬂ egione Toscana
4’ dall'Unione europea N g e s

SCIENZE DELLA VITA

1. Overview and state of the art

1.1. Definition and Examples

Exoskeletons, resembling a human skeleton, are characterized by the inclusion of articulated parts. They
belong to the domain of mechanical assistance technologies and collaborative robotics. Exoskeletons are
primarily identified as assistive and supportive devices that are worn by their users, classifying them within
the orthosis category. The supportive nature of exoskeletons generally implies that the forces they generate
are applied along body segments rather than at the distal endpoints (e.g., the hand). Thus, exoskeletons are
articulated devices whose mechanical architecture tends to mimic the structure of the human skeleton so as
to best reproduce its dexterity*.

While collaborative robots can work alongside humans to enhance specific tasks? and can also work at a
distance as teleoperated systems or to automate tasks, exoskeletons provide mechanical support directly to
the user at the joint level, enhancing mobility, strength, or endurance and reducing physical strain. As such
exoskeletons can be considered as a specific subclass of collaborative robots and sometimes can have similar
design. The main motivation of developing exoskeleton alongside such collaborative robots stems from this
very difference in nature: supporting mechanically the skeleton of the user by aligning with his joints.

Another benefit is that their biomimetism can usually make them easier to implement in constrained
environments. Additionally, they offer a way to passively measure or actively modify the user’'s movements
with precision and high reactivity making these devices very useful in research purposes to enhance our
understanding of human movements, as done in the KINARM exoskeleton lab?.

Exoskeletons are designed to either enhance the motor capabilities of healthy individuals or support and
restore motor functions in people with disabilities. By increasing motor capacity, exoskeletons can help users
exert greater strength or experience less fatigue during tasks. They also play a significant role in functional
rehabilitation programs, assisting patients in recovery. Additionally, they hold the potential to enable
individuals with paralysis to regain motor abilities similar to those of healthy individuals.

In conclusion, an overarching definition can be proposed: an exoskeleton is a mechanical device comprising
articulated parts, designed to function in conjunction with its user and provide adapted physical assistance
while attached to the human body with at least two points of attachment on either side of one or more joints.

This definition of an exoskeleton is sufficiently broad to embrace a vast array of devices. The specific types of
effort produced, the body parts assisted, and the intended application can vary considerably between different
exoskeletons.

Exoskeletons can take multiple forms and includes a vast array of devices as defined before. Their classification
is usually given by two characteristics: their functionality, i.e. application goal or their mechanical nature
and more precisely their actuation method.

The most evident and defining difference lies in active or passive actuation of the robotic system. If the human-
exoskeleton system is considered as a closed system, a passive exoskeleton will not produce and increase the
total system’s energy: they will store and transfer existing energy, for instance by using springs, to relieve and
support targeted movements of the user. In contrast, active exoskeletons will add energy to the system from
an onboard or connected power source such as electrical, pneumatic or hydraulic energy.

1.2, Passive Exoskeletons
Passive exoskeletons are the most widely adopted type of exoskeleton in the workplace. They can be soft or
rigid, but their main attribute is that they assist the user by using mechanical properties only. The most

! André AD, Martins P. Exo Supportive Devices: Summary of Technical Aspects. Bioengineering (Basel). 2023 Nov 17;10(11):1328. doi:
10.3390/bioengineering10111328. PMID: 38002452; PMCID: PMC10669745.

2 X. Lamy, “Conception dune interface de pilotage d'un Cobot,” These de doctorat, Paris 6, Jan. 1, 2011. [Online]. Available:
https://theses.fr/2011PA066029.

3 “Kinarm Exoskeleton Lab” [Online]. Available: https://kinarm.com/solutions/exoskeleton-lab/.
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common mechanisms are springs and elastic bands that can store energy and release it when the user needs
it*. However, they are limited in the amount of assistance they can provide, and usually only one type of
posture can be assisted with one specific device, such as overhead work or lifting, with the device being
completely unaware of the goal of the user.

1.3. Active Exoskeletons

Active exoskeletons promise to be smarter and more versatile than passive ones. They are actuated not by
springs but by motors that can potentially provide stronger assistance in a more intelligent way. Active
exoskeletons can tackle some limitations of passive devices: for example, an overhead work passive
exoskeleton can help the user with upward movements, but users need to "fight" the system on the way
down; instead, an active exoskeleton can be controlled in a way that avoids this issue. Yet, other challenges
arise from their use, as on top of a clever mechanical design, they also need to be controlled the right way,
have more sensors, need power to function, hence batteries, which leads them to usually be heavier than
their passive counterparts. While active exoskeletons are increasingly popular in rehabilitation, few are used
in industry.

In conclusion, passive exoskeletons are valuable tools for applications requiring simplicity, portability, and cost
efficiency. Although they lack the precision and adaptability of active systems and are limited to specific
applications, their unique benefits make them highly applicable in many industrial and ergonomic contexts.

1.4. Exoskeletons Control Models

Active exoskeleton control aims to dynamically adapt assistance to specific users and tasks, which requires
overcoming complex challenges such as load estimation, mode switching, and user intention prediction>.

For upper-limb exoskeletons, developers primarily rely on model-based or EMG-based control strategies.
Model-based approaches, such as gravity compensation, utilize known kinematic and mechanical properties to
support the user®, but they struggle to proactively adapt to user intentions. In contrast, EMG-based methods
measure muscle activation” to anticipate motion 50-100ms before it physically occurs®®, often leveraging
neural networks to predict joint torque!?; however, the extensive calibration required for these sensors makes
them highly impractical for industrial environments. Meanwhile, lower-limb exoskeletons benefit from the
cyclical nature of walking, allowing for Human-in-the-Loop (HIL) optimization to personalize control profiles!!.
While personalizing assistance is highly desirable for upper-limb devices as well, the non-cyclical nature of arm
movements makes transferring this approach difficult. Ultimately, the success of these control strategies relies
on pairing them with the appropriate actuation methods, whether electric, pneumatic, hydraulic, or hybrid, to
maximize efficiency, adaptability, and user comfort.

1.5. Applications
The idea of exoskeletons can be retraced to a patent of 189(QFrrore. Il segnalibro non & definito. ' Ttg goal was to
enhance and facilitate walking, running and jumping. Historically, the first application domain of exoskeletons

* Gjulio Ashta, Serena Finco, Daria Battini, and Alessandro Persona. Passive exoskeletons to enhance workforce sustainability: Literature
review and future research agenda. Sustainability, 15(9), 2023.

5 Libing Song, et al. Research on control strategy technology of upper limb exoskeleton robots: Review. Machines, 13(3), 2025.

6 Shuo Ding, et al. Design and control of a novel active shoulder exoskeleton for overhead work assistance. JEEE/ASME Transactions on
Mechatronics, 29(6):4768—-4777, 2024.

7 Kazuo Kiguchi and Yoshiaki Hayashi. An EMG-Based Control for an Upper-Limb Power-Assist Exoskeleton Robot. IEEE Transactions on
Systems, Man, and Cybernetics, Part B (Cybernetics), pages 1064-1071. Conference Name: IEEE Transactions on Systems, Man, and
Cybernetics, Part B (Cybernetics).

8 P. R. Cavanagh and P. V. Komi. Electromechanical delay in human skeletal muscle under concentric and eccentric contractions. European
Journal of Applied Physiology and Occupational Physiology, 42(3):159-163, November 1979.

° A. Genetu Feleke, L. Bi, and W. Fei. Emg-based 3d hand motor intention prediction for information transfer from human to robot.
Sensors, 21(4):1316, 2021.

10 paniz Sedighi, Xingyu Li, and Mahdi Tavakoli. EMG-Based Intention Detection Using Deep Learning for Shared Control in Upper-Limb
Assistive Exoskeletons.

11 patrick Slade, Mykel J. Kochenderfer, Scott L. Delp, and Steven H. Collins. Personalizing exoskeleton assistance while walking in the
real world.
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is physical enhancement. Whereas the initial aim was to augment the user’s capacity, exoskeletons can also
be used to relieve its user of long and continuous effort, like an industrial worker throughout its workday. By
the 1960s, the first major prototype, the military "Hardiman," utilized hydraulic actuators and a master-slave
command method to physically augment the strength of its wearer!?. Later, in the early 1990s, upper-limb
"extenders" utilizing direct physical Human-Robot Interaction (pHRI) were introduced to augment human
force!3. Today, this capacity for strength and protection is utilized for teleoperated surgical tools'* and
dangerous interventions in hazardous environments, such as nuclear power plants®.

Exoskeletons have been used towards diverse applications. Whereas they were first created for physical
augmentation'®'’, they have been used as teleoperated surgical tools!® or for interventions in hazardous
environments such as in nuclear power plants'®. They are also used in the movie industry for the stabilization
of cameras and for interacting with a virtual world in re-education scenarios and for entertainment purposes.

However, two preponderant applications can be identified: movement assistance for musculoskeletal disorder
prevention and exoskeletons for functional physiotherapy.

Industrial Settings and MSD Prevention: in the modern workplace, exoskeletons serve as a
critical intervention against Musculoskeletal Disorders (MSDs) caused by repetitive, harsh physical labour.
MSDs affect an estimated 1.7 billion people globally and account for a third of occupational diseases in the
USA and Japan?. In laboratory settings, active exoskeletons successfully relieve up to 60% of weight torques
during simple elbow flexions and extensions?'. Under real-life industrial conditions, they significantly decrease
the compression of the spinal column and reduce the activity of torso muscles??. Furthermore, they have been
proven to facilitate the maintenance of demanding static postures?.

Healthcare Operations — Nursing and Caregiving: hospitals are increasingly adopting
exoskeletons to protect their staff from the severe physical strain of daily caregiving. Lifting, turning, and
repositioning patients puts immense stress on the backs and joints of nurses, which exacerbates skilled worker
shortages. To combat this, hospitals are actively testing passive models like the "BionicBack"** and "Laevo"?®,
as well as active systems like "Apogee+"?®, to reduce the risk of work-related ailments?’. The effectiveness of

2 p, F, Groshaw, “Hardiman I arm test. Hardiman I prototype,” 19609.

13 H. Kazerooni, “Human-robot interaction via the transfer of power and information signals,” IEEE Transactions on Systems, Man, and
Cybernetics, vol. 20, no. 2, pp. 450—-463, Mar. 1990, issn: 2168-2909. doi: 10.1109/21.52555.

4 A, Simorov, R. S. Otte, C. M. Kopietz, and D. Oleynikov, “Review of surgical robotics user interface: What is the best way to control
robotic surgery?” Surgical Endoscopy, vol. 26, no. 8, pp. 2117-2125, Aug. 2012, issn: 1432-2218. doi: 10.1007/s00464-012-2182-y.

15 C.-1. Yang, J.-F. Zhang, Y. Chen, Y.-M. Dong, and Y. Zhang, “A Review of exoskeleton-type systems and their key technologies,”
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, vol. 222, no. 8, pp. 1599—
1612, Aug. 2008, issn: 0954-4062. doi: 10.1243/09544062JMES936.

6 N. Yagn, “Apparatus for facilitating walking,” US420179A, Jan. 1890.

7P, F. Groshaw, “Hardiman I arm test. Hardiman I prototype,” 1969.

8 A, Simorov, R. S. Otte, C. M. Kopietz, and D. Oleynikov, “Review of surgical robotics user interface: What is the best way to control
robotic surgery?” Surgical Endoscopy, vol. 26, no. 8, pp. 2117-2125, Aug. 2012, issn: 1432-2218. doi: 10.1007/s00464-012-2182-y.

¥ C.-1. Yang, 1.-F. Zhang, Y. Chen, Y.-M. Dong, and Y. Zhang, “A Review of exoskeleton-type systems and their key technologies,”
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, vol. 222, no. 8, pp. 1599—
1612, Aug. 2008, issn: 0954-4062. doi: 10.1243/09544062IMES936.

20 L. Punnett and D. H. Wegman, “Work-related musculoskeletal disorders: The epidemiologic evidence and the debate,” Journal of
Electromyography and Kinesiology, State of the Art Research Perspectives on Muscoskeletal Disorder Causation and Control, vol. 14, no.
1, pp. 13-23, Feb. 2004, issn: 1050-6411. doi: 10.1016/j.jelekin.2003.09.015.

2L M. Xiloyannis, D. Chiaradia, A. Frisoli, and L. Masia, “Physiological and kinematic effects of a soft exosuit on arm movements,” Journal
of NeuroEngineering and Rehabilitation, vol. 16, no. 1, p. 29, Feb. 2019, issn: 1743-0003. doi: 10.1186/s12984-019-0495-y.

2R, B. Graham, M. J. Agnew, and J. M. Stevenson, “Effectiveness of an on-body lifting aid at reducing low back physical demands during
an automotive assembly task: Assessment of EMG response and user acceptability,” Applied Ergonomics, vol. 40, no. 5, pp. 936-942,
Sep. 2009, issn: 0003-6870. doi: 10.1016/j.apergo.2009.01.006.

2 T. Bosch, J. van Eck, K. Knitel, and M. de Looze, “The effects of a passive exoskeleton on muscle activity, discomfort and endurance
time in forward bending work,” Applied Ergonomics, vol. 54, pp. 212-217, May 2016, issn: 0003-6870. doi: 10.1016/j.apergo.2015.12.003.
2 https //www.med.ovgu. de/ p- 38314 html

Sprlnger Nature Link
2 Aktuelle Pressemitteilungen | RoMed Kliniken

27 Exoskeletons in hospitals: occupational safety for strained staff

Fondazione Toscana Life Sciences

Via Fiorentina, 1 — 53100 Siena — ITALIA - tel. +39 0577 231211 You
www.toscanalifesciences.org - info@toscanalifesciences.org -

P: IVA 01194710529 — C.F.92041260529


https://link.springer.com/chapter/10.1007/978-3-030-80744-3_12
https://link.springer.com/chapter/10.1007/978-3-030-80744-3_12
https://www.romed-kliniken.de/de/presse/aktuelle-pressemitteilungen,35652.htm#aid35652
https://www.medica-tradefair.com/en/media-news/spheres-of-medica-magazine/med-tech-devices/exoskeleton-hospital

TALIAR 27 ’ “ Cofinanziato ra ... f\ § p— O
4 Wi q“n egione Toscana
a dall'Unione europea b4 g e s

SCIENZE DELLA VITA

these devices was particularly notable during the COVID-19 pandemic, where exoskeletons successfully
relieved physical stress on healthcare workers manipulating and ventilating patients?8.

The cost of exoskeletons varies greatly depending on the technology and intended use?®. Passive systems cost
between US$2,000 and US$7,000, while active exoskeletons can cost up to US$100,000. In addition to the
cost of purchasing the equipment, there are also costs for instruction, training, and maintenance.

Although these investments represent a major hurdle to widespread use, they must be considered in the
context of potentially lower absenteeism, longer working lives, and improved working conditions.

Staff acceptance depends heavily on the suitability of the systems for everyday use: they will only be accepted
if they can be easily integrated into existing workflows. Exoskeletons in hospitals are certainly no magic bullet;
however, they offer a concrete starting point for improving occupational safety in the healthcare sector by
helping to reduce strain and enabling people to work longer under physically demanding conditions.

It is crucial that hospitals do not view this technology as a technical add-on. Rather, they should embed its
use in a comprehensive concept of health-promoting work design. Then exoskeletons can contribute to fatigue
prevention and safeguard the health of the staff.

Healthcare Operations — Surgical Assistance: working in the operating room requires peak
physical endurance, with surgeons frequently holding rigid arm positions for hours, placing static strain on the
shoulder girdle, back, and neck. Passive exoskeletons transfer the weight of the arms to the hips or back
without restricting the surgeon's freedom of movement. This support delays muscle fatigue, improves surgical
precision, and prevents chronic occupational diseases®. This makes them not only a technological advance in
medicine, but also a contribution to occupational safety and health protection in the surgical environment. If
their integration into the clinic is carefully planned, both surgical staff and patients will ultimately benefit3.
As early as 2020, Ottobock's passive Paexo Shoulder exoskeleton was supporting work in operating rooms at
various hospitals in the DACH region (Germany, Austria, and Switzerland). It was later replaced by the IX
Should Air exoskeleton from SUITX by Ottobock3!. Its effectiveness has been confirmed in several studies®2.
In the US, a pilot study by the Mayo Clinic®? investigated the integration of an exoskeleton in vascular surgery.
The surgeons wore a passive arm support system. The device was found to be compatible with operating
room requirements in almost all procedures, with no restrictions in mobility or precision reported. The
participants advocated for its continued use in the clinic.

One example of current research in Germany is the BiSOP project (Biomechatronic Systems for Improving
Ergonomics in the Operating Room?3*) carried out at Chemnitz University of Technology. The aim is to develop
a hand exoskeleton to relieve strain on the hand and arm muscles during surgery.

Clinical Rehabilitation and Physiotherapy: exoskeletons are highly integrated into functional
physiotherapy to aid physically impaired patients suffering from stroke, spinal cord injuries, multiple sclerosis,
and other neurological conditions®.

Some commercial exoskeletons for rehabilitation are presented in Table 1.

Table 1. Commercial Rehabilitation exoskeletons, adapted fromErrore. Il segnalibro non é definito.

Company Product Application

8 g, Ivaldi, P. Maurice, W. Gomes, et al., “Using Exoskeletons to Assist Medical Staff During Prone Positioning of Mechanically Ventilated
COVID-19 Patients: A Pilot Study,” in Advances in Human Factors and Ergonomics in Healthcare and Medical Devices, J. Kalra, N. J.
Lightner, and R. Taiar, Eds., Cham: Springer International Publishing, 2021, pp. 88—-100, isbn: 978-3-030-80744-3. doi: 10.1007/978-3-
030-80744-3_12.

29 Exoskeleton Market Report 2025 - 2030 [255 Pages & 155 Tables

30 Exoskeletons in surgery: occupational safety and prevention

31 Exoskeletons in the operating room

32 papers about SUITX Exoskeletons

33 Introducing Exoskeletons into the Operating Room: A pilot study with vascular surgeons - Mayo Clinic

34 Innovatives Handexoskelett soll Chirurginnen und Chirurgen bei Operationen entlasten | TUCaktuell | TU Chemnitz (German website)
35 M. A. Gull, S. Bai, and T. Bak, “A Review on Design of Upper Limb Exoskeletons,” Robotics, vol. 9, no. 1, p. 16, Mar. 2020, issn: 2218-
6581. doi: 10.3390/robotics9010016.

Fondazione Toscana Life Sciences

Via Fiorentina, 1 — 53100 Siena — ITALIA - tel. +39 0577 231211 You
www.toscanalifesciences.org - info@toscanalifesciences.org -

P: IVA 01194710529 — C.F.92041260529



https://www.marketsandmarkets.com/Market-Reports/exoskeleton-market-40697797.html
https://www.medica-tradefair.com/en/media-news/spheres-of-medica-magazine/med-tech-devices/exoskeleton-surgery
https://www.medica-tradefair.com/en/media-news/spheres-of-medica-magazine/medtech-devices/exoskeleton-surgery-relief
https://www.suitx.com/en/studies
https://mayoclinic.elsevierpure.com/en/publications/introducing-exoskeletons-into-the-operating-room-a-pilot-study-wi/
https://www.tu-chemnitz.de/tu/pressestelle/aktuell/12785

FTALIAZ" 2 ’ “ Cofinanziato ra 5. [ 115 o~ 0
g Wi q?\ egione Toscana
4‘ dall'Unione europea b4 g e s

SCIENZE DELLA VITA

BioServo Ironhand & SEMglove Assistance, Rehabilitation3®
Rehab-Robotics Hand of Hope Post-stroke Rehabilitation3”
FOCAL meditech Dynamic arm support Rehabilitation3®

Kinetek ALEx Arm Assistance, Rehabilitation
MediTouch ArmTutor Rehabilitation*®

Motorika Medical ReoGO Therapy*

REHA Technology Armotion Therapy*

Tyromotion Amadeo Hand Therapy*®

BIONIK InMotion Arm Therapy*

Myomo MyoPro Orthosis Therapy*®

1.6. Human Motion Prediction for Exoskeleton Control

Predicting human motion trajectories is critical for active occupational exoskeletons, as it allows the system to
anticipate user movements and adapt its assistance accordingly. Human pose forecasting utilizes past motion
data to predict future postural configurations, a technique valuable in fields like human-robot interaction and
teleoperation?®.

While traditional Machine Learning (ML) methods like Gaussian Processes*” and Motion Primitives*®*° are easy
to train and run in real-time, they struggle with complex or long-term predictions. Consequently, the field has
shifted toward Deep Learning, which excels at regression tasks*’. Recurrent Neural Networks (RNNs) and their
variants, such as LSTMs and GRUs, are specifically designed to handle sequential time-dependent data>'.
Simpler models like MLPs, CNNs, and RNNs are preferred for real-time embedded exoskeleton control because

36 M. Nilsson, J. Ingvast, J. Wikander, and H. von Holst, “The Soft Extra Muscle system for improving the grasping capability in neurological
rehabilitation,” in 2012 IEEE-EMBS Conference on Biomedical Engineering and Sciences, Dec. 2012, pp. 412-417. doi:
10.1109/IECBES.2012.6498090.

37 “Hand Of Hope, Innovative Way of Stroke rehabilitation|Rehab-Robotics” [Online]. Available: https : / / www . rehab - robotics . com .
hk / hoh/.

38 1. A. Van der Heide, B. van Ninhuijs, A. Bergsma, G. J. Gelderblom, D. J. van der Pijl, and L. P. de Witte, “An overview and categorization
of dynamic arm supports for people with decreased arm function,” Prosthetics and Orthotics International, vol. 38, no. 4, pp. 287-302,
Aug. 2014, issn: 1746-1553. doi: 10.1177/0309364613498538.

39 “*Nexum Robotics® — Official Website” [Online]. Available: https : / /nexumrobotics.it/

40 E. Carmeli, S. Peleg, G. Bartur, E. Elbo, and J.-]. Vatine, “HandTutorTM enhanced hand rehabilitation after stroke — a pilot study,
Physiotherapy Research International, vol. 16, no. 4, pp. 191-200, 2011, issn: 1471-2865. doi: 10.1002/pri.485.

“1"ReoGo - Exoskeleton Report” [Online]. Available: https://exoskeletonreport.com/product/reogo/

42 “G-EQS” [Online]. Available: https://www.rehatechnology.com/en/geos/

43 “Advanced Rehabilitation Technology | Tyromotion Austria” [Online]. Available: https://tyromotion.com/en/

4 “InMotion® Therapy” [Online]. Available: https://bioniklabs.com/overview/

4 “Myomo — The MyoPro Brace for Stroke Survivor’s Paralyzed Arm” [Online]. Available: https://myomo.com/

4 Andrey Rudenko, Luigi Palmieri, Michael Herman, Kris M Kitani, Dariu M Gavrila, and Kai O Arras. Human motion trajectory prediction:
a survey. The International Journal of Robotics Research, 39(8):895-935, June 2020.

4 Stanley Mugisha, Vamsi Krishna Guda, Christine Chevallereau, Damien Chablat, and Matteo Zoppi. Motion prediction with gaussian
processes for safe human—robot interaction in virtual environments. JEEE Access, 12:67470-67485, 2024.

8 Oriane Dermy, Francois Charpillet, and Serena Ivaldi. Multi-modal Intention Prediction with Probabilistic Movement Primitives. In Fanny
Ficuciello, Fabio Ruggiero, and Alberto Finzi, editors, Human Friendly Robotics, pages 181-196. Series Title: Springer Proceedings in
Advanced Robotics.

*° Francesco Lanotte, Zach McKinney, Lorenzo Grazi, Baojun Chen, Simona Crea, and Nicola Vitiello. Adaptive Control Method for Dynamic
Synchronization of Wearable Robotic Assistance to Discrete Movements: Validation for Use Case of Lifting Tasks.

%0 Sabina Gooljar, Kris Manohar, and Patrick Hosein. Performance evaluation and comparison of a new regression algorithm, 2023.

51 Susmita Das, Amara Tarig, Thiago Santos, Sai Sandeep Kantareddy, and Imon Banerjee. Recurrent neural networks (rnns):
architectures, training tricks, and introduction to influential research. Machine learning for Brain disorders, pages 117-138, 2023.
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they handle short-term predictions efficiently>2. Conversely, advanced models like Transformers®3 and Diffusion
models>* offer state-of-the-art long-term forecasting but are currently too complex and data-hungry for real-
time embedded systems.

Robotics and Human-Exoskeleton Simulation: simulations are essential for safely and cost-
effectively testing control algorithms and training machine learning models without risking human injury.
Various physics-based frameworks exist depending on the application, including SOFA for medical soft
robotics>®, URSim for marine robotics*¢, and PyBullet®” or MuJoCo®®*° for rigid body dynamics.

A major hurdle in simulation is bridging the "sim-to-real" gap, which is heavily complicated by the need to
accurately model the human user.

Digital Human Models (DHM) generally fall into two categories:
¢ Rigid Body Models (RBM): computationally efficient models that use simple shapes to represent
human joints and range of motion®°.
¢ Musculoskeletal Models: complex systems using simulated muscles and tendons that require
extensive tuning to match a specific user's morphology®*.

Controlling these simulated humans is achieved through inverse dynamics or physics-based synthesis methods
like Quadratic Programming®, Optimal Control®3, or Reinforcement Learning®. Furthermore, simulating the
physical coupling between the human and the exoskeleton remains a challenge; while "contact-aware" models
provide the most realistic data on safety and comfort, frameworks supporting this are not readily available®®.

1.7. Evaluating Exoskeleton Assistance
Evaluating an exoskeleton's performance requires a combination of objective biometric data and subjective
user feedback®®. If the user does not perceive the assistance as positive, they will ultimately reject the device®’.

52 Tenghao Deng and Yan Sun. Recent advances in deterministic human motion prediction: A review. Image and Vision Computing,
143:104926, 2024.

53 Esteve Valls Mascaro, Shuo Ma, Hyemin Ahn, and Dongheui Lee. Robust human motion forecasting using transformer-based model. In
2022 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), pages 10674—-10680, 2022.

54 Biaozhang Huang, Xinde Li, Chuanfei Hu, and Heging Li. Stochastic human motion prediction using a quantized conditional diffusion
model. Knowledge-Based Systems, 309:112823, 2025.

55 Eulalie Coevoet, Thor Morales Bieze, Frederick Largilliere, Zhongkai Zhang, Maxime Thieffry, Mario Sanz Lopez, Bruno Carrez, Damien
Marchal, Olivier Goury, Jeremie Dequidt, and Christian Duriez. Software toolkit for modeling, simulation and control of soft robots.
Advanced Robotics, 31:1208-1224, November 2017.

% pushkal Katara, Mukul Khanna, Harshit Nagar, and Annapurani Panaiyappan. Open-source simulator for unmanned underwater vehicles
using ros and unity3d. In 2019 IEEE Underwater Technology (UT), pages 1-7, 2019.

57 Erwin Coumans and Yunfei Bai. Pybullet, a python module for physics simulation for games, robotics and machine learning.
http://pybullet.org, 2016-2021.

8 Emanuel Todorov, Tom Erez, and Yuval Tassa. Mujoco: A physics engine for model-based control. In 2012 IEEE/RSJ International
Conference on Intelligent Robots and Systems, pages 5026-5033. IEEE, 2012.

% Emanuel Todorov, Tom Erez, and Yuval Tassa. Mujoco: A physics engine for model-based control. In 2012 IEEE/RSJ International
Conference on Intelligent Robots and Systems, pages 5026-5033. IEEE, 2012.

60 | ei Ren, Richard K. Jones, and David Howard. Whole body inverse dynamics over a complete gait cycle based only on measured
kinematics. Journal of Biomechanics, 41(12):2750-2759, 2008.

6! David G Lloyd and Thor F Besier. An emg-driven musculoskeletal model to estimate muscle forces and knee joint moments in vivo.
Journal of Biomechanics, 36(6):765-776, 2003.

62 Waldez Gomes, Pauline Maurice, Eloise Dalin, Jean-Baptiste Mouret, and Serena Ivaldi. Multi-Objective Trajectory Optimization to
Improve Ergonomics in Human Motion. Pages 342-349.

63 Martin L. Felis and Katja Mombaur. Synthesis of full-body 3-d human gait using optimal control methods. In 2016 IEEE International
Conference on Robotics and Automation (ICRA), pages 1560-1566, 2016.

54 Nolan Wagener, Andrey Kolobov, Felipe Vieira Frujeri, Ricky Loynd, Ching-An Cheng, and Matthew Hausknecht. Mocapact: A multi-task
dataset for simulated humanoid control. In NeurIPS 2022 Datasets and Benchmarks Track, July 2022.

% David Scherb, Sandro Wartzack, and J6rg Miehling. Modelling the interaction between wearable assistive devices and digital human
models—a systematic review. Frontiers in Bioengineering and Biotechnology, Volume 10 - 2022, 2023.

% Jamil Ahmad, Vasco Fanti, Darwin G. Caldwell, and Christian Di Natali. Framework for the adoption, evaluation and impact of
occupational exoskeletons at different technology readiness levels: A systematic review. Robotics and Autonomous Systems, 179:104743,
2024.

67 Sandra M Sied| and Martina Mara. Exoskeleton acceptance and its relationship to selfefficacy enhancement, perceived usefulness, and
physical relief: A field study among logistics workers. Wearable Technologies, 2:e€10, 2021.
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Objective Evaluation: this approach aims to quantify physical modifications. It uses
Electromyography (EMG) to ensure target muscles are doing less work without overloading antagonist
muscles. Indirect calorimetry measures energy expenditure, though this is primarily relevant for lower-limb
exoskeletons®®, Additionally, kinematic tracking assesses changes in the user's motor strategies®®, while
advanced metrics like SPARC analyse movement smoothness”®.

Subjective Evaluation: this assesses overall acceptance, usability, and perceived comfort”.
Standardized questionnaires are heavily utilized, notably the NASA Task Load Index (NASA-TLX)”? for
measuring multidimensional workload and the Borg Rating of Perceived Exertion (RPE)”3 for assessing physical
effort.

2. Market overview

The global exoskeleton market is experiencing rapid growth, projected to expand from roughly USD 0.56-0.85
billion in 2025 to over USD 2 billion by 2030, driven by aging populations, industrial demand for ergonomics,
and medical rehabilitation needs. High-growth sectors include manufacturing and logistics (85% of market
share combined), with powered, lower-body, and mobile systems dominating the market”.

2.1. Market Dynamics and Growth Drivers (2026-2030)
Market Growth: the market is poised for significant expansion with a CAGR ranging from 17.1% to
29.4% with some projections exceeding USD 2 billion by 2030.

Key Drivers: rising incidence of strokes and neurological disorders requiring rehabilitation, along with the
need for workplace injury prevention in automotive, construction, and logistics sectors.

Technological Advancements: increased adoption of Al-powered motion control, lightweight materials,
and advanced batteries is improving functionality and making units more accessible.

2.2. Market Segmentation
By Type: powered exoskeletons (active) are leading in revenue, accounting for more than double the
revenue of passive systems.

By Application:

¢ Healthcare/Rehabilitation: focused on restoring mobility in patients with strokes, multiple
sclerosis, or spinal cord injuries.

e Industrial/Commercial: focused on reducing worker fatigue and injuries, particularly in
manufacturing.

58 Gregory S Sawicki, Owen N Beck, Inseung Kang, and Aaron J Young. The exoskeleton expansion: improving
walking and running economy. Journal of neuroengineering and rehabilitation, 17:1-9, 2020.

% Dorian Verdel, Anais Farr, Thibault Devienne, Nicolas Vignais, Bastien Berret, and Olivier Bruneau. Human movement modifications
induced by different levels of transparency of an active upper limb exoskeleton. Frontiers in Robotics and Al, Volume 11 - 2024, 2024.

70 Rhet O. Hailey, Ana C. De Oliveira, Keya Ghonasgi, Bob Whitford, Robert K. Lee, Chad G. Rose, and Ashish D. Deshpande. Impact of
gravity compensation on upper extremity movements in harmony exoskeleton. In 2022 International Conference on Rehabilitation
Robotics (ICORR), pages 1-6, 2022.

71 Simona Crea, Philipp Beckerle, Michiel De Looze, Kevin De Pauw, Lorenzo Grazi, Tjasa Kermavnar, Jawad Masood, Leonard W O'Sullivan,
Ilaria Pacifico, Carlos Rodriguez-Guerrero, et al. Occupational exoskeletons: A roadmap toward large-scale adoption. Methodology and
challenges of bringing exoskeletons to workplaces. Wearable Technologies, 2:e11, 2021.

72 Sandra G. Hart and Lowell E. Staveland. Development of nasa-tlx (task load index): Results of empirical and theoretical research. In
Peter A. Hancock and Najmedin Meshkati, editors, Human Mental Workload, volume 52 of Advances in Psychology, pages 139-183. North-
Holland, 1988.

73 Gunnar A. V. Borg. Psychophysical bases of perceived exertion. Medicine & Science in Sports & Exercise, 14(5):377-381, 1982.
74Exoskeleton Market Size And Share | Industry Report, 2033
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By Body Part: lower body systems currently hold the largest market share, driven by rehabilitation and
walking assistance needs’>.

2.3. Regional Insights’®

¢ North America: held the largest revenue share (approx. 44—49%) in 2025, driven by strong adoption
in both industrial and healthcare sectors.

e Asia-Pacific: fastest-growing region, expected to account for over 50% of global revenue by 2030,
led by manufacturing hubs in China, Japan, and South Korea.

The global exoskeleton market is currently undergoing a period of exponential expansion. This trajectory is
fuelled by the diversification of use cases and the steady integration of wearable robotics across multiple
industrial and clinical sectors.

2.4. Strategic Themes and Industry Milestones
Recent activity within the sector demonstrates a shift from experimental prototypes to validated, market-ready
solutions as is described in the following table:

Sector Key Developments & Examples

Ekso Bionics’’ continues to lead in the design of versatile systems for both able-bodied
Market Leaders |workers and individuals with physical disabilities, leveraging improvements in materials
and control software.

Innovations such as the Exoskeleton Wheelchair’® (expected launch c. 2030) and
Rehabilitation Ottobock’s Phoenix Exoskeleton’® provide motorized support for spinal cord
injuries and neurological recovery.

Partnerships between Ford, Ekso Bionics, and SuitX have successfully|
commercialized modular systems for overhead work and repetitive lifting, directly,
reducing workplace injury claims®,

‘Workplace
Safety

7> Exoskeleton Market Size, 2024 to 2030

76 Global Exoskeleton Market Size & Industry Report [2035]

77 Home - Eksobionics

78 AI-powered exoskeleton gives wheelchair users new freedom and independence | Fox News
7% Exoskeletons for the workplace

80 How Ergonomic Lift Systems Prevent Workplace Injuries - Ergotronix
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Sector Key Developments & Examples

Ongoing research emphasizes the efficacy of exoskeletons in managing low back pain

Clinical Trials and improving cardiovascular performance during physical therapy8!82:83,

The US Army is currently piloting the Lockheed Martin ONYX system®, which
Military enhances soldier endurance and load-carrying capacity through powered lower-body
assistance.

The Exia Exoskeleton System?®® (Class IIa approved) utilizes Physical Al to provide

AI Integration . . o . .
9 smart lift assistance, optimizing patient handling for healthcare workers.

Specialized Targeted devices like the Laevo Exoskeleton®® offer specific spinal support for tasks
Orthotics involving prolonged bending or heavy lifting.

3. The Role of Clinical Evidence in Exoskeleton Innovation and Regulation

The advancement of medical exoskeletons relies heavily on a continuous cycle of rigorous clinical trials,
strategic regulatory data collection, and vigilant post-market surveillance. Clinical evidence not only proves the
therapeutic value of these devices but serves as the foundational requirement for securing market access and
ensuring long-term patient safety.

3.1. Exoskeleton Clinical Trials
Clinical trials are rapidly pushing adaptive rehabilitation toward interventions that are highly targeted,
intensive, and cost-effective. Growing evidence demonstrates that robotic exoskeletons can significantly
improve functional independence, mobility, and quality of life for diverse patient populations, while
simultaneously encouraging neural recovery and alleviating the strain on healthcare systems and caregivers.

Clinical Efficacy and Socioeconomic Impact: recent trials, such as ongoing studies in SpainErrore-
1l segnalibro non & definito. djiractly compare wearable powered exoskeletons with conventional physical therapy for
gait rehabilitation in spinal cord injury (SCI) patients. Early results indicate that exoskeleton-based therapy

81 Stallkamp Tidd SJ, Thompson NR, Linder SM, Karim R, Bethoux F. Feasibility and Outcomes of Gait Training With a Powered Exoskeleton
in Individuals With Multiple Sclerosis. Am J Phys Med Rehabil. 2025 Dec 1;104(12):1121-1126. doi: 10.1097/PHM.0000000000002772.
Epub 2025 Jun 3. PMID: 40465831.

82 Yisheng Chen et al., Applications of Robotic Exoskeletons as Motion-Assistive Systems in Cancer Rehabilitation. Research. 2025;8:0855.
DOI:10.34133/research.0855

83 Cardoso, A.; Ribeiro, A.; Carneiro, P.; Colim, A. Evaluating Exoskeletons for WMSD Prevention: A Systematic Review of Applications
and Ergonomic  Approach in  Occupational Settings. Int. J.  Environ. Res. Public  Health 2024, 21,  1695.
https://doi.org/10.3390/ijerph21121695

84 | ockheed Martin Secures U.S. Army Exoskeleton Development Agreement - Nov 29, 2018

85 German Bionic | Exia | The World’s Most Powerful Exoskeleton

8 | aevo Exoskeletons
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delivers superior functional improvements while actively reducing the economic burden on healthcare systems
and ca regiversErrore. Il segnalibro non é definito._

Expanding Therapeutic Applications: beyond SCI, extensive studies across Europe and the US
are validating exoskeletons for stroke, cerebellar ataxia, cerebral palsy, and hip fracture recovery. These trials

consistently report that higher intensity, repetitive gait training enables promising advancements in patient
mObIlIty and balanceErrore. Il segnalibro non é definito. Errore. Il segnalibro non & definito..

Functional Independence and Safety: projects utilizing established devices like the EKSO-GT and
EksoNR continue to assess safety and efficacy across varied environments. The data supports the safe
integration of exoskeletons into inpatient, outpatient, and home-based rehabilitation settings, marked by
measurable improvements in independence testsErrore: I segnalibro non & definito.

Long-Term Health and Adherence: researchers are increasingly looking beyond short-term
rehabilitation. Multi-year studies are currently examining the holistic impact of exoskeleton use on well-being,
cognitive function, and mental health. A major focus is understanding how to maximize user adherence and

seamlessly integ rate the tech nOlOgy into da”y "feErrore. Il segnalibro non é definito.,Errore. Il segnalibro non é definito., Errore. Il
segnalibro non é definito., Errore. Il segnalibro non & definito..

Neural Plasticity and Advanced Outcomes: cutting-edge trials are evaluating how exoskeleton-
based training stimulates brain plasticity and cortical remodelling. These findings suggest that exoskeletons

trigger neuroadaptive mechanisms, laying the groundwork for highly personalized neurorehabilitation and
Iasting physiological recoveryErrore. 1l segnalibro non é definito. Errore. Il segnalibro non é definito._

Bridging Technology and Clinical Practice: translating technology into practice requires optimizing
patient-therapist interaction models, refining device settings, and developing comprehensive clinician training.
Furthermore, trials are exploring the synergistic effects of combining exoskeletons with adjunctive treatments,

such as functional electrical stimulation (FES), to amplify recovery outcomesErrore- Il segnalibro non & definito. Errore. II
segnalibro non é definito. Errore. Il segnalibro non & definito..

3.2. Clinical Data Requirements for Regulatory Clearance
The robust clinical trials detailed above are essential for generating the evidence required by regulatory bodies
like the FDA and the EU Notified Bodies. To secure clearance, developers must meticulously design their
studies to capture specific types of data.

For developers targeting the US FDA, devices classified under Class II typically utilize the 510(k) pathway,
which relies heavily on comparative data demonstrating "substantial equivalence" to a legally marketed
predicate device. Conversely, novel technologies or higher-risk functions may require the Premarket Approval
(PMA) process, which demands an exhaustive, standalone clinical evidence portfolio.

Key data requirements include:

Study Design Validation: regulatory agencies view interventional studies, specifically Randomized
Controlled Trials (RCTs), as the gold standard for clinical evidence. If RCTs are impractical, robust
observational studies and prospective cohort studies may be accepted.

Primary Outcome Measures: data must centre on clinically meaningful and measurable endpoints
directly linked to the device's intended use, such as enhanced walking speed, reduced fall risk, or quantifiable
improvements in quality of life.

Comprehensive Safety Reporting: submissions must transparently detail all adverse events, device
malfunctions, and tolerability issues to prove that the clinical benefits significantly outweigh the risks.
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Comparative Data: particularly vital for 510(k) submissions, trials should evaluate the exoskeleton

against existing standards of care, such as conventional physical therapy or legacy assistive devices.

Population Generalizability: clinical data must accurately reflect the specific target demographic (e.g.,

stroke survivors, elderly patients), ensuring the results are scientifically valid for the intended commercial

market.

Supporting Documentation: submissions must be backed by rigorous trial registry documentation (e.g.,

NCT identifiers) and strict compliance with international medical device standards (ISO/IEC).

Summary of Key Clinical Data Types:

Data Type

Description

Importance for Regulatory Clearance

Interventional
Study

RCTs, cohort studies, single-arm
effectiveness studies.

Gold standard for demonstrating safety and
efficacy.

Observational
Study

Real-world evidence, expanded
laccess programs.

Supports safety and practical usage in a wider
context.

Adverse Event
Report

Safety and tolerability outcomes
derived from trials.

Essential for mandatory risk-benefit
assessments.

Comparative Data

Evaluation against standard care or
existing devices.

A fundamental requirement for 510(k)
predicate submissions.

Outcome
Measures

Functional gains, quality of life,
reduced complications.

Proves the device offers a clinically
meaningful benefit.

Post-Market Data

Surveillance, user registries,
ongoing safety monitoring.

Required or strongly recommended for
continued post-approval compliance.

3.3.

Post-Market Surveillance (PMS)

Securing regulatory clearance is not the end of the compliance lifecycle. Post-Market Surveillance (PMS) is a
critical mechanism for ensuring the ongoing safety and efficacy of wearable robotics once they enter broad

clinical or home use.

Continuous Safety Monitoring: PMS facilitates the ongoing collection of real-world performance data,

allowing regulators and manufacturers to detect rare or long-term adverse events that may not have surfaced
in smaller, controlled pre-market trials.

Real-World Effectiveness: by tracking devices across diverse patient populations and uncontrolled

environments (clinics, hospitals, homes), stakeholders can identify specific usability challenges or mechanical
malfunctions unique to real-world scenarios.
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Quality-of-Life Impact and User Feedback: capturing Patient-Reported Outcomes (PROs) regarding
comfort, usability, and rehabilitation progress directly informs iterative design improvements, software
updates, and next-generation device engineering.

Rapid Response to Safety Signals: if adverse events trend upward, a robust PMS system enables swift
investigation and intervention. This allows manufacturers to issue targeted device modifications, safety
communications, or recalls to prevent user harm.

Regulatory Compliance and Updates: health authorities, particularly under the EU MDR, mandate
continuous evidence of device safety. PMS provides the requisite data for maintaining certifications and
updating official usage guidelines over the product's lifespan.

4. eHTA in the rehab robotic R&D process: challenges and limits within the
companies

4.1. eHTA definitions and dimensions

Early-stage Health Technology Assessment (HTA) of biomedical devices requires different methods than those
usually employed for pharmaceuticals. Early health technology assessment is increasingly being used to
support health economic evidence development during early stages of medical product development. These
early models can inform research and development about the design and management of new medical
technologies, associated with market access and reimbursement. Over the past 25 years, it has been
suggested that health economic evaluation in the early stages may benefit the development process. The most
frequently used methodology in early health technology assessment is early-stage (or iterative) health
economic modelling. Further methodological development is required by combining systems engineering and
health economics to manage uncertainty in medical product portfolios. The Analytic Hierarchy Process (AHP)
is @ method for organizing and analysing complex decisions, using math and psychology?’. It was developed
by Thomas L. Saaty in the 1970s and has been refined since then. AHP provides a rational framework for a
needed decision by quantifying its criteria and alternative options, and for relating those elements to the
overall goal. Stakeholders compare the importance of criteria, two at a time, through pair-wise comparisons.
AHP converts these evaluations into numbers, which can be compared to all the possible criteria. Early stage
HTA of biomedical devices requires different methods than those used for pharmaceuticals. Early health
technology assessment is increasingly being used to support health economic evidence development during
early stages of medical product development.

5. Regulatory Approvals and Status in Major Markets
The commercialization of medical exoskeletons is increasingly dictated by a complex landscape of international
regulatory clearances and the emergence of structured reimbursement pathways. Navigating this environment
requires strategic alignment with both United States and European Union frameworks, as developers must
manage distinct premarket pathways and rigorous compliance mandates.
In the United States, the FDA directly oversees regulation, classifying devices by risk to determine the
appropriate submission route, such as 510(k) clearance for substantial equivalence, Premarket Approval (PMA)
for high-risk devices, or the De Novo pathway for novel technologies. Manufacturers must also adhere to strict
Quality System Regulations (QSR) and dlinical trial oversight.
Conversely, the European Union operates under the more stringent Medical Device Regulation (MDR), which
requires CE marking through a decentralized system of independent Notified Bodies. The MDR demands
rigorous clinical evaluation, adherence to ISO 13485 for quality management, and extensive, continuous post-
market surveillance.

87 doi: 10.1016/j.mex.2025.103341
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This regulatory rigor directly shapes the competitive standing of industry leaders and emerging innovators.
Ekso Bionics Holdings, Inc., for example, maintains a robust presence in the U.S. market with its EksoNR, Ekso
Indego Therapy, and Ekso Indego Personal systems. These are classified as FDA Class II devices under 510(k)
clearances for the treatment of stroke and spinal cord injury (SCI), positioning the company as a leader in
clinical complianceErrore: Il segnalibro non & definito. - Meanwhile, Human in Motion Robotics has recently expanded
its reach by securing Health Canada approval for its advanced self-balancing XoMotion exoskeleton. The
company is currently conducting clinical trials to secure FDA clearance, aiming to bridge the gap between its
current status and full market access in the United States and South KoregErrore- Il segnalibro non & definito.

5.1. Landmark Reimbursement and Market Expansion
The transition of exoskeletons from "experimental" to "reimbursable" is the most significant driver of
widespread adoption.

The U.S. Milestone (2024—-2026): a pivotal shift occurred following the 2024 CMS (Centres for
Medicare & Medicaid Services) ruling, which established a formal reimbursement pathway for personal
exoskeletons. By January 2026, coverage expanded to include major Medicare Advantage providers like Aetna,
Humana, and United Hea|thcareErrore. Il segnalibro non é definito. Errore. Il segnalibro non & definito.. Notably, Lifeward
(formerly ReWalk Robotics) secured the first-ever approval from a major U.S. commercial insurer for the
ReWalk 7 Personal Exoskeleton in April 2025Errore. Il segnalibro non & definito.

European Reimbursement Landscape: the EU presents a varied landscape regarding national
insurance coverage®:

National Full
Count . Note
ountry Reimbursement otes

Germany Yes Leader in Europe; ~45% of statutory insured patients have
access via BARMER and others.

Hungary Yes Recently established national insurance code for SCI home
use.

France No Currently requires HAS evaluation and inclusion on the LPPR
list; mostly limited to pilots®.

Italy No Determined by regional authorities; subject to strict budget
caps and mostly focused on institutional use®.

6. Overview of exoskeleton R&D and market landscape in Italy:

Italy has a steadily growing medtech sector, with R&D activities focused on advanced medical technologies
including robotics and supportive medical devices like exoskeletons. Research-driven companies work in
partnership with Italian universities and technological institutes to explore new solutions, particularly in
rehabilitation and mobility-assistive technologies for both clinical and industrial use. Much of the innovation is
driven by interdisciplinary collaboration and government incentives to support digital transformation and
advanced manufacturing in healthcare®!.

The medical device segment in Italy is characterized by increasing investment in specialized products like
exoskeletons, driven by a robust aging population and a growing demand for rehabilitation solutions. As large

8 Navigating the European reimbursement landscape | Cencora

8 Lifebloom raises €8 million to deploy robotic exoskeleton walking therapy across France - Sesamers
%0 Ttaly Exoskeleton Market Size & Outlook, 2033

%1 https://medical.globaldata.com/Databases/Index
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healthcare providers and rehabilitation centres seek advanced assistive equipment, market adoption is
gradually increasing, especially for devices supporting neurorehabilitation and mobility enhancement. Italian
organizations continue to expand their market presence via technological innovation and clinical trial solutions.

6.1. Italian companies leading in the development of robotic rehabilitation devices
In the actual Italian landscape, the companies relevant into robotic rehabilitation device development are:

e Alba Robot Srl (Torino): Focuses on building self-guided, voice-commanded wheelchairs powered by
advanced navigation systems, designed for use in hospitals and public spaces. Their mission heavily
emphasizes improving mobility solutions for people with disabilities using robotics and Al interfaces®?.

e Rehab Technology Lab (Genova): Specializes in the creation of high-tech solutions for patients with
physical impairment. Their work centres around developing innovative devices to support rehabilitation
for a range of patient needs®.

e Movendo Technology Srl (Genova): A biomedical company leveraging advanced robotics for diagnostic
and rehabilitation tools. Their robotic devices support doctors, physiotherapists, and patients, aiming
to enhance the effectiveness and ease of rehabilitation treatments®.

o Villa Bellombra SpA (Bologna): An intensive robotic rehabilitation centre equipped with state-of-the-
art technologies. As a specialized hospital, it implements a wide range of robotic rehabilitation
machinery®>.

e DELOS SrlL (Torino): Focuses on proprioceptive research, movement science, and innovation in the
services related to rehabilitation and individual movement analysis®.

e Proteso (Milano): is a deep-tech startup (spin-off of the Italian Institute of Technology) specialized in
powered exoskeletons for industrial workers that designs and produces wearable technologies that
help workers move safely and feel healthy, across many industrial sectors. These companies are
recognized for their significant contributions to innovation, partnerships with major Italian research
centres, and leadership in advancing robotic solutions for rehabilitation and physical therapy®’.

e Moveo s.r.l (Padova): Develops and creates light, simple, and comfortable devices that increase the
autonomy, independence and quality of life of children and adults with walking difficulties. The flagship
product is ExoBand, a walking brace consisting of a belt and two leg loops. These three independent
elements are connected to each other by a mechanism that stores the energy generated in the first
phase of the gait cycle to return it in the second phase, thus enhancing the thrust of the hip flexors
and consequently leading to a functional improvement in walking®®.

e Agade (Milano): Agade, acronym for Anti-Gravity Active Device for Exoskeletons, is a robotic
technology patented in 2019. Born from a research project of Politecnico di Milano University on the
development of exoskeletons to assist people affected by muscular dystrophy in daily life activities.

92 Alba Robot - Autonomous Micro Mobility | Torino

% Home - Rehab Technologies - INAIL - IIT Lab - IIT

94 Movendo Technology: Dispositivi per Riabilitazione Robotica
% Home | Villa Bellombra

% Riva Method

97 Prodotto — Proteso Exoskeletons

% Homepage - Moveo
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e Wearable Robotics Laboratory®>'% which operates in the service robotics sector, with a specific
emphasis on utilizing wearable robots in industrial and medical settings. The company is dedicated to
creating, manufacturing, and selling advanced wearable robotic devices to assist, rehabilitate, or
enhance specific movements.

e IUVO Wearable Technology!'1%> develops wearable robotics with a human-first approach. Its core
business is to create and deploy exoskeletons in operational settings, supporting people at work, in
mobility and medical applications. Founded in 2015 as a spin-off of Scuola Superiore Sant’Anna, IUVO
became the R&D partner of the COMAU-Ossur joint venture in 2017, leading the development of the
MATE exoskeleton family, including MATE-XT (2020), MATE-XB (2023) and MATE-XT GO (2026).
Today, IUVO distributes the MATE products and provides product management, marketing, sales
support, and educational services for COMAU’s exoskeleton business.

6.2. Hospitals and research institutions involved in developing robotic solutions
Italian hospitals and research institutions are commonly involved in developing robotic rehabilitation
technologies through collaboration with Italian medtech companies. Few examples are:

e Fondazione Don Carlo Gnocchi ONLUS: as major non-profit research and clinical network, Don Gnocchi
Foundation leads and coordinates numerous clinical trials in robotic rehabilitation. They work with
many technology partners and are involved in national projects (like Fit4MedRob), collaborating with
over a dozen clinics, the Consiglio Nazionale delle Ricerche (CNR), IRCCS Fondazione Stella Maris, and
others. Their projects cover rehabilitation after stroke, paediatric neurodevelopment, and remote/tele-
rehabilitation using the latest robotic technologies.

o IRCCS San Raffaele: part of the broader San Raffaele group, this institution hosts specialized units for
robotic neurorehabilitation, collaborating with both public and private sector partners in the application
of exoskeletons and robotic gait training. They have led or participated in trials for stroke, Parkinson’s
disease, and spinal cord injury rehabilitation, often with innovative devices developed in partnership
with tech companies.

e Rehab Technologies Lab: it was born from an agreement between IIT and INAIL and since 2013 has
been active in the development of XoTrunk, XoShoulder, and XoElbow, three wearable robotic
exoskeletons developed to mitigate biomechanical overload risk factors. The devices, which are
capable of reducing the physical effort of workers in the industrial, manufacturing, logistics, and civil
construction sectors by up to 40%, could be ready for the market in the coming years.

These partnerships enable the translation of engineering breakthroughs into clinical practice, often evaluating
innovations in real patient environments. Italian clinical networks act as R&D hubs coordinating with academic,
government, and industrial partners to accelerate the adoption of robotic rehab devices nationwide.

Tuscany is one of the strongest regions in Italy for rehabilitation robotics and wearable exoskeleton research,
with internationally recognized groups working on upper-limb exoskeletons, soft exosuits, neurorehabilitation,
and human—robot interaction.

e Scuola Superiore Sant'Anna, through its Institute of BioRobotics in Pisa and Pontedera and the Institute
of Mechanical Intelligence, is internationally recognized as one of Europe's leading centers for
wearable robotics and rehabilitation engineering. Research spans the entire development pipeline,
from the design of novel wearable devices and exoskeletons to clinical validation in neurological and

9 Wearable Robotics Laboratory | Scuola Superiore Sant'Anna

100 Wearable Robotics® — Official website
101 JUVO Wearable Technology, Uplifted Life | Scuola Superiore Sant'Anna
102 Engineers of the Possible — ITUVO
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musculoskeletal rehabilitation. A major focus is on upper-limb exoskeletons, hand exoskeletons, soft
exosuits, powered orthoses, and human-robot interaction for applications including stroke
rehabilitation, brachial plexus injuries, and motor assistance. The principal research groups include
the Wearable Robotics Laboratory, the REPAIR Lab (Rehabilitation Engineering and Prosthetics Applied
Innovation & Research), the Neuro Robotics Area, the Textile Robotics Lab, and the Rehabilitation
Bioengineering Laboratory. Sant'Anna also coordinates several joint laboratories with hospitals and
research partners, including the Assistive Biorobotics Joint Lab with the University of Florence and
translational laboratories dedicated to rehabilitation technologies and prosthetics.

e The University of Pisa is a long-established reference institution in rehabilitation robotics and
biomedical engineering, working closely with the Scuola Superiore Sant'Anna through shared projects
and research infrastructures. Research activities cover robotic neurorehabilitation, upper-limb
rehabilitation systems, wearable sensors, human-robot interfaces, biomechanics, and assistive
technologies. The university has played a pioneering role in the development of robotic rehabilitation
systems such as the L-EXOS upper-limb exoskeleton and continues to contribute to the design and
clinical evaluation of wearable rehabilitation devices. The main research activities are conducted within
the Research Center "E. Piaggio", the Department of Information Engineering, and the Department of
Surgical, Medical, Molecular and Critical Area Pathology, in collaboration with regional hospitals and
rehabilitation centers.

e The University of Siena has established a strong international profile in wearable robotics through the
SIRSLab (Siena Robotics and Systems Laboratory) within the Department of Information Engineering
and Mathematical Sciences. Its research focuses on soft robotics, wearable haptic technologies, robotic
hands, hand exoskeletons, assistive devices, and rehabilitation engineering. Particular emphasis is
placed on soft exoskeletons for upper-limb rehabilitation, human augmentation, sensorized wearable
devices, and human—robot interaction. The laboratory combines expertise in robotics, biomechanics,
control systems, and haptics to develop rehabilitation technologies for neurological disorders,
especially post-stroke motor recovery.

e The University of Florence contributes to rehabilitation robotics primarily through the Department of
Industrial Engineering (DIEF), where research addresses biomedical robotics, assistive technologies,
biomechatronics, rehabilitation devices, and advanced sensing systems. Its activities are closely
integrated with those of the Scuola Superiore Sant'Anna through the Assistive Biorobotics Joint Lab,
which develops robotic systems for rehabilitation, assistance, and human-robot collaboration.
Research includes the design of wearable robotic devices, intelligent biomedical systems, physiological
signal analysis, and clinical decision-support technologies, with applications in motor rehabilitation,
healthcare robotics, and assistive engineering.

6.3. Patients access to robotic rehabilitation through the national healthcare system
Patients in Italy can access robotic rehabilitation therapies, such as exoskeleton-assisted neurorehabilitation
or advanced robotic gait training, through select public and private healthcare centres integrated within the
Servizio Sanitario Nazionale (SSN, the Italian national healthcare service).

Here's how the process typically works:
e Referral & Eligibility:
access often begins with a referral from a primary care physician, neurologist, or hospital specialist
who determines that robotic rehabilitation could benefit the patient (for example, after stroke, spinal
cord injury, or paediatric neurodevelopmental disorders). Patients may undergo an assessment in
hospitals or outpatient clinics participating in national and regional rehabilitation networks.

e Specialized Rehabilitation Centres:
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treatment is delivered in specialized centres such as:
IRCCS Fondazione Don Gnocchi ONLUS (multi-site, including Salerno and Milan)

o IRCCS San Raffaele Pisana (Rome)
o Villa Bellombra SpA (Bologna)
o Other accredited hospitals, clinics, and research institutes. These centres are equipped with

robotic neurorehabilitation technology and staff trained to deliver advanced therapy.

e Care Pathway:
after assessment, eligible patients are scheduled for robotic rehabilitation sessions. Care may be

provided as inpatient (for cases needing intensive therapy) or outpatient (for ongoing or follow-up
rehab). As technology advances, remote/telerehabilitation with home-based robotic devices is
increasingly being adopted and clinically trailed.

¢ Coverage & Costs:
when therapy is delivered in SSN-accredited hospitals and clinics, costs for robotic rehabilitation,
including device usage and clinical staff, are generally covered by the national or regional healthcare
authority, similar to conventional rehabilitation treatments. Coverage is subject to clinical eligibility
criteria, local guidelines, and resource availability.

e Expanding Access:
recent government initiatives, such as the Fit4MedRob project and the establishment of new robotic
rehab centres (e.g., CoE-REHAB in Salerno), are aimed at scaling up the availability of robotic
rehabilitation across more regions in Italy especially in southern areas and for paediatric or chronic
conditions.

In summary, the key for patients is to be clinically referred into a specialized, SSN-affiliated robotic
rehabilitation centre, where the cost is usually covered, and ongoing government support is working to make
access more widespread and equitable across Italy.

7. Future Trends in Exoskeleton Technology and Commercialization
The future of rehabilitation exoskeletons is defined by a rapid convergence of artificial intelligence, advanced
biomechanical engineering, and data-driven healthcare. As these devices evolve from rigid mechanical
supports into highly adaptive, intelligent systems, developers and clinicians face a new frontier of technological
breakthroughs, shifting regulatory landscapes, and complex adoption challenges.

7.1. Next-Generation Safety and AI Integration
Recent innovations have transformed exoskeleton safety from reactive mechanical stops into proactive,
predictive ecosystems. By embedding artificial intelligence and advanced analytics into the core architecture
of these devices, manufacturers are significantly reducing the incidence of falls, skin injuries, and mechanical
failures.

Adaptive Smart Sensors: arrays of advanced sensors (IMUs, EMG, pressure) continuously monitor
gait, joint alignment, and user fatigue, enabling the device to adjust assistance levels or pause movement in
real time if unsafe patterns are detected.

AI-Driven Therapy Platforms: artificial intelligence now orchestrates robotic assistance, using deep
learning to execute predictive therapy adjustments. This enables personalized rehabilitation that adapts
instantly to the patient's biomechanical performance.
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Automated Fall Detection and Self-Balancing: advanced models utilize gyroscopes and Al
algorithms to maintain user equilibrium. If instability is detected, emergency protocols safely lock the device
or gradually reduce power to support the user.

Driven Analytics and Predictive Risk Modelling: wearable sensors automatically log session data
into electronic medical records. Centralized platforms use predictive algorithms to identify early warning signs
of complications, prompting adaptive feedback for clinicians to adjust therapy protocols.

Customizable and Modular Designs: devices are utilizing lower-weight materials and modular
components (e.g., separate drive systems for hips and knees) with integrated micro-adjusters to minimize skin
abrasions and improve overall comfort.

Cloud Connectivity and Tele-rehabilitation: devices increasingly support cloud data sharing, enabling
remote monitoring, preventive maintenance tracking, and continuous therapy management outside of
traditional clinical settings.

7.2. Industry Leadership and 2026 R&D Priorities

The exoskeleton market is expanding beyond specialized medical startups, attracting major investments and
technological crossover from global electronics and technology giants.
To maintain a competitive edge, leading exoskeleton developers have established clear research and
development priorities for 2026:

Edge and Neuromorphic Computing: equipping devices with brain-inspired, ultra-low-power
processors to run adaptive Al algorithms locally, reducing cloud reliance and ensuring zero-latency
responsiveness.

Rehabilitation-as-a-Service (RaaS): building integrated ecosystems where hardware, cloud
intelligence, and professional services converge to support a seamless transition from hospital to home use.

Expanding Therapeutic Targets: extending clinical applications beyond stroke and spinal cord
injuries to encompass neuromuscular disorders (e.g., ALS, muscular dystrophy), industrial injury prevention,
and mobility support for aging populations.

Clinical and Cost Efficiency: continuously refining gait algorithms and lowering manufacturing costs to
achieve greater patient benefits while addressing market affordability constraints.

7.3. Adoption Challenges and Regulatory Evolution
Despite rapid technological advancements, the widespread integration of Al-driven exoskeletons into routine
clinical care is hindered by logistical, financial, and regulatory hurdles.

Key Adoption Challenges in Clinics

Affordability and ROI: the advanced technology embedded in these devices drives up capital costs, making it
difficult for smaller or under-resourced clinics to justify the investment.

Workflow Integration: incorporating highly technical devices requires extensive staff training, workflow
adjustments, and a shift in traditional therapy protocols.

Data Privacy and Security: the massive volume of biometric data collected by AI exoskeletons requires
stringent cybersecurity measures to maintain compliance with health information privacy laws.

Clinical Evidence Demands: payers and regulators increasingly demand robust, peer-reviewed evidence of
tangible, real-world clinical outcomes to support broader insurance coverage and reimbursement categories
(e.g., CMS benefit categories).
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The Evolving Regulatory Response

To keep pace with the rapid evolution of software-driven wearable robotics, global regulatory bodies are
continually refining their frameworks.

Risk-Based Classification and Tailored Pathways: agencies are heavily scrutinizing devices based on
design complexity and data connectivity. This has prompted the creation of tailored approval pathways, such
as specific guidance for Software-as-a-Medical-Device (SaMD).

Mandatory Lifecycle Oversight: regulators are shifting focus from pre-market approval to continuous
lifecycle monitoring. Developers are now required to submit comprehensive Real-World Evidence (RWE) and
maintain vigilant post-market surveillance to track device performance in uncontrolled environments.

Agile R&D Strategies: because hardware upgrades or software modifications can trigger new clearance
requirements (like a new FDA 510(k)), manufacturers are being forced to integrate "regulatory intelligence"
directly into their R&D processes, ensuring iterative product improvements are mapped against clear
compliance pathways.

Global Harmonization: to reduce market fragmentation, international cooperation is growing through
organizations like the International Medical Device Regulators Forum (IMDRF), pushing developers toward
universally accepted safety and design standards.

8. Conclusions
The landscape of medical exoskeletons has undergone a profound transformation, evolving from rigid, purely
mechanical supports into highly adaptive, intelligent robotic ecosystems. The current state of the art is defined
by the seamless integration of artificial intelligence, real-time biomechanical sensing, and predictive analytics.
Today's advanced devices offer personalized, dynamically adjusting therapies that not only improve mobility
and functional independence for patients with spinal cord injuries or stroke but also actively promote neural
plasticity and faster overall recovery.

However, realizing the full potential of these technologies requires navigating a complex web of clinical and
regulatory hurdles. Developers must bridge the gap between distinct international frameworks, balancing the
explicit premarket pathways of the US FDA with the stringent, continuous post-market monitoring demands
of the EU MDR. Furthermore, securing widespread clinical adoption hinges on overcoming significant practical
barriers. Clinics and manufacturers must address the high cost of advanced hardware, manage seamless
workflow integration, and generate robust, long-term clinical evidence to secure critical insurance
reimbursement pathways. Additionally, the massive influx of biometric data collected by these smart devices
demands rigorous privacy and cybersecurity measures.

Looking ahead, the trajectory of exoskeleton technology is poised for accelerated growth, driven by key
innovations like edge computing and Rehabilitation-as-a-Service (RaaS) models. By moving processing power
directly to the device via neuromorphic chips and utilizing cloud connectivity for remote tele-rehabilitation,
developers are making these systems more responsive and accessible outside traditional clinical walls. As the
industry prioritizes modular designs and cost efficiency, exoskeletons will continue to expand beyond
specialized neurorehabilitation to support aging populations, manage diverse neuromuscular disorders, and
prevent industrial injuries.

Ultimately, ongoing global regulatory harmonization and a steadfast commitment to real-world clinical evidence
will ensure that the next generation of wearable robotics is not only smarter and safer, but universally
accessible to those whose lives stand to be transformed by it.
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