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Abstract: Despite an increase in the use of exoskeletons, particularly for medical and occupational
applications, few studies have focused on the wrist, even though it is the fourth most common site of
musculoskeletal pain in the upper limb. The first part of this paper will present the key challenges to
be addressed to implement wrist exoskeletons as wearable devices for novel rehabilitation practices
and tools in the occupational/industrial sector. Since the wrist is one of the most complex joints in the
body, an understanding of the bio-mechanics and musculo-skeletal disorders of the wrist is essential
to extracting design requirements. Depending on the application, each wrist exoskeleton has certain
specific design requirements. These requirements have been categorized into six sections: purpose,
kinematics, dynamics, rigidity, ergonomics, and safety. These form the driving factors behind the
choice of a design depending on the objectives. Different design architectures are explored, forming
the basis for the various technical challenges that relate to: actuation type, power source, power
transmission, sensing, and control architecture. This paper summarizes, in a systematic approach,
all the current technologies adopted, analyzes their benefits and limitations, and finally proposes
future perspectives.

Keywords: wrist exoskeletons; wearable devices; exoskeletons requirements; design architectures

1. Introduction

Exoskeletons are robotic devices which aim to help both healthy and unhealthy people
in performing activities or recover some of their natural movements. They are devices
attached to humans whose kinematic chain maps onto the human limb anatomy to assist in
certain tasks. They aim to effectively, efficiently, and seamlessly transfer power to the user’s
assisted limbs or joints to assist in tasks of daily living/rehabilitation (medical exoskeletons)
or in work related tasks (occupational exoskeletons). They could be fully attached to the
user (wearable and portable) or external to the person (grounded), giving the possibility of
performing tasks in clinics, at home, or at work [1–3].

During the past few decades, researchers have been working towards the development
of exoskeletons with improved capabilities and “intelligence” levels to solve problems
related to aging, disabilities, overloading, and muscle strain, which may prevent people
from conducting a normal life, leading to marginalization with serious repercussions on
both their working and private lives.

These devices are expected to play an important role in human health in the field of
rehabilitation, assistive robotics and human power augmentation since research by the
World Health Organization (WHO) has shown that more than 1.7 billion people world-
wide suffer from musculoskeletal disorders (MSD), and this number is set to grow [4–6].
These problems and more specific work-related musculoskeletal disorders (WRMSD) have
been known for a long time. Literature dating back to the 1700s shows that Bernardino
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Ramazzini, an Italian physician and scientist who dedicated himself to the systematic study
of occupational diseases, the social defense of workers and the observation of working
conditions, had already identified this problem and provided suggestions for preventing
harm at work in De Morbis Artificum Diatriba [Diseases of Workers] [7,8]. As still occurs today,
he observed that the working environment and prolonged, violent, and irregular motions
and prolonged postures are the cause of a variety of common ailments affecting joints,
bones, muscles, tendons, and ligaments [8–10]. These afflictions can be episodic or chronic
in duration and can also progress from mild to severe and impair the quality of life of
people, reducing mobility, dexterity and people’s ability to work and perform daily living
activities (ADL).

As reported by the European Agency for Safety and Health at Work (EU-OSHA) and
the Italian Workers’ Compensatory Authority (INAIL) [6,11], the most common health
problems affect low back pain (more than 50%) and upper limbs (more than 40%).

The number of projects addressing wearable robotics has increased since the 2000s,
thanks to research programs such as “Exoskeleton for human performance augmentation” set
up by the Defense Advanced Research Projects Agency (DARPA). Exoskeleton application
areas are related to different fields such as military, medical, and industrial [12–16].

However, relatively few of these studies have focused on wrist injuries, although
they form the fourth most common site for musculoskeletal pain in the upper limbs [17].
Review articles on upper limbs [1,13,18–24] have reflected a similar lack of focus on the
wrist and mostly do not differentiate between the hand and wrist or even the whole upper
arm [25]. It should be noted that from a clinical perspective, wrist pain and hand pain are
very different entities, both in terms of diagnosis and management [25]. From the other
side, once wrist functionalities are impaired, there is a very significant impact on the hand
and fingers, especially gripping [26].

The wrist has to deal with heavy loads (up to 20 kg in ADL) while having complex
kinematics and dynamics that are needed to achieve high mobility and precision move-
ments in 3D. Note that for each N of gripping force, the wrist experiences axial compression
loads up to 14 times greater that must be distributed among all the carpal bones [12].
Frequently diagnosed wrist injuries include carpal tunnel syndrome (CTS), ganglion cysts,
sprains, tendinitis, and tenosynovitis as a result of repetitive wrist motion while lifting and
transporting loads, holding objects in uncomfortable static positions, or using different
working tools [10,25,27–29], as shown in Figure 1.

Figure 1. Example of some repetitive tasks which affect wrist health.

To address these problems, many different devices have been designed over the
years. The majority of them are externally grounded and used to perform rehabilitation
processes in clinics or at home with the aim of restoring human hand/wrist functionalities
and dexterity and muscular strength after an injury has occurred. The lack of portability
limits their usefulness for unstructured environment, outdoor applications, at work, or in
everyday life activities where the users should be able to move freely. Here there is the
need for fully wearable devices in which the entire system (including actuators, electronics,
and batteries) is attached to the human body. Devices of this format can provide assistance,
augmentation or rehabilitation wherever needed and at any time, and this can be extended
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to prevention of injuries at work, where wearable and portable wrist exoskeletons are
highly desired. However, only a few are available in the market, and these are mainly
focused on the hand by improving the user’s grasping strength (e.g., Carbonhand® and
Ironhand® by Bioservo Technologies). Therefore, there is a very real and current need for
specific wearable and portable devices conceived to mitigate wrist-related problems [25].

This paper somewhat uniquely aims at providing an in-depth analysis of the literature
and the state of the art in wrist exoskeletons and more specifically fully wearable wrist

exoskeletons. It has been divided into two parts, with a focus on both medical and
occupational wrist exoskeletons. In part I, which is the focus of this paper, we have
conducted a critical, in-depth review of the growth and current status of research and
commercial systems, highlighting the requirements and the technologies adopted. Detailed
description of these devices and their characteristics are covered part II of this work, where
considerations about why the market is lacking with respect to research will be provided.

This paper is organized as follows: In Section 2, there is a description of the research
methodology in terms of data selection protocol. Section 3 provides an overview of human
wrist anatomy and bio-mechanics. In Section 4, the system requirements and issues are
defined and described, and this information is used to guide the design of the exoskeleton.
Different design architectures are described in Section 5, focusing on actuation type, power
source, power transmission, and sensing and control strategies. Finally, in Section 6, a
summary of the most significant findings is presented.

2. Materials and Methods

The methodological approach in this paper consists in searching the market and
several database, i.e., Google Scholar, MDPI, Scopus, Frontiers, Elsevier, ResearchGate,
IEEE/ASME, ScienceDirect, Sage, John Wiley & Sons and Taylor&Francis, identifying all
technologies explored and implemented related to wrist exoskeletons.

The main keywords for conducting the research were “Human Wrist Bio-mechanics” and
“Wrist exoskeletons”. Given the large amount of information available, it was further refined
using additional filtering keywords: “Rehabilitation”, “Assistive”, “Wearable”, “Portable”,
“Occupational”, “Industrial”. This search identified several hundred candidate papers
and these were individually analyzed to detect all technologies implemented on wrist
exoskeletons within the areas of: Engineering, Robotics, Automation, Rehabilitation, Computer
Science, Bio-mechanics, Medicine, Hand Surgery or Therapy, Human-Machine Systems, Medical
Devices, Industrial Medicine, and Materials Science. Using this approach, a set of specific
inclusion and exclusion criteria were implemented to further narrow down the literature.
These criteria were further applied to the documentation available after pre-screening
through the text (e.g., reading the title, abstract or conclusions) and subsequent in-depth
reading. This methodology identified documents that included articles, reviews, conference
papers, book chapters, technical reports, and regulations.

The methodical scheme is as proposed in Figure 2.
Inclusion criteria consist of:

• Description of human wrist bio-mechanics;
• Upper limb or hand exoskeletons which include the wrist in their design;
• Devices able to effectively support the wrist, relieve pain, or mitigate fatigue;
• Devices which guarantee at least one wrist movement;
• Devices intended for rehabilitation, assistance and occupational purposes;
• Portable devices;
• Scientific articles, reviews, books, technical reports, and regulations;
• Only documents written in the English language are considered.

Exclusion criteria consist of:

• Exoskeleton devices for other body parts or limbs other than the wrist;
• Prosthesis, orthosis, robotic devices, or exoskeletons attached to the human wrist but

which do not allow free wrist movements or do not effectively support the wrist;
• Military devices;
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• Fixed/grounded devices;
• Studies with insufficient information on the design and results, which made the

analysis unclear.

Figure 2. This flow chart represents the methodology adopted in order to identify and screen all
information available from online database and conduct our review.

3. Human Wrist Bio-Mechanics

In this section there follows a brief overview of the wrist’s bio-mechanics highlighting
its characteristics and range of motion (RoM). This is important in helping to define
the features of devices that can have a positive impact on wrist well-being. From the
functional point of view, the wrist is a single joint with two degrees of freedom (DoF):
flexion/extension and radial deviation/ulnar deviation [12,18,20,30], although depending
on the application, some texts will consider that there are three DoF, and within the third
motion being considered is the pronation/supination movement [31]. However, as this
pronation/supination is mainly due to a combination of movements acting within the
forearm and the elbow, we will neglect it in our consideration of wrist exoskeletons.

Several in vivo studies have suggested that wrist motions (flexion/extension and
radial/ulnar deviation) occur due to movement about two orthogonal and non-intersecting
axes in the proximal capitate. These axes have a slight offset of almost 5 mm, as shown
in Figure 3.
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Figure 3. Highlighting the displacement between flexion/extension axis (B) and radial/ulnar devia-
tion axis (A).

Motions are generated around an instantaneous center of rotation (CoR) with the
displacement typically being ignored as the path of the centrode is very small. Hence,
the rotation axes for the flexion/extension and radial/ulnar deviation are considered
fixed [20,30,32]. Some studies point out that the two DoF of the wrist are activated through
four different axes of rotations, one for each movement: flexion, extension, radial deviation,
ulnar deviation [32]. However, we ignore this assumption, considering the fact that even
though flexion and extension have different axes, they are intersected in the same point in
the head of the capitate, and the same happens for the radial and ulnar deviation axes [32].

Defining 0° as the neutral position of each movement, it is possible to define the
average RoM for each DoF of a healthy human wrist. As shown in Figure 4, flexion and
extension are approximately 70°–80°. Radial deviation is around 15°–25°, and ulnar devia-
tion is around 40°–50°, while pronation and supination are between 70° and 85° [18,31,33].
However, it is well known that during activities of daily living (ADL) people never put
their wrist to its limits. In fact, when performing daily tasks, wrist RoM is around 15° for
flexion, 35° for extension, 15° for radial deviation, and 20° for ulnar deviation [34].

Figure 4. Healthy wrist range of motion.

Furthermore, while performing many ADL, motions originating in the carpal bones
(flexion/extension and radial/ulnar deviation) are coupled, meaning that one motion limits
the other (e.g., radial deviation is reduced when fully extended) [18,31]. In fact, the wrist
articulates about an oblique axis defined by the Dart Throwing Motion (DTM) [35–38]. This
movement proceeds from radial deviation-extension to ulnar deviation-flexion, as shown
in Figures 5 and 6 [35].
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Figure 5. Schematic drawing showing the orientation of the DTM axis.

Figure 6. Theil−Sen estimator of the DTM plane (solid line) for the optical motion capture data of
a single representative subject. Reprinted/adapted with permission from Vardakastani et al. [36],
published by SAGE, Journal of Hand Surgery (European Volume), 2018.

As depicted in Figure 6, the orientation of the DTM plane does vary from person
to person and has been quantified by researchers in ranging from 28° to 57° degrees
relative to the flexion–extension axis [35–37,39,40]. The intercept of the mean DTM plane
indicated the wrist to be in 34° ulnar deviation at neutral flexion–extension as shown in
Figure 6 [36]. With respect to the other movements, this is more important to the functional
and mechanical aspects of the wrist since it defines the maximum RoM and requires
minimal muscular effort for the movement (minimum stiffness and inertia direction of
wrist motion) [37,39]. Moreover, the reduced stresses while performing this movement
might provide an explanation of its frequent use in manual handling activities as it decreases
the risk of overuse and injury [41]. Recent and past in vivo analysis of unconstrained wrist
motion have confirmed the use of the DTM plane in hammering, throwing, drinking,
pouring, and twisting a jar lid [38,40,42].

Knowledge of how loads are transferred on and through the wrist is an important
factor in understanding the joint bio-mechanics and explaining pathogenesis and diseases.
Since each N of muscle contraction forces applied with the hand equates to a wrist carpus
axial compression loading of up to 14 N [12]. According to Eschweiler et al. [43], almost
80% of the load is transmitted across the radiocarpal joint in the following ratio: 45% crosses
the radioscaphoid joint and 35% crosses the radiolunate joint. The remaining 20% is borne
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by the ulnocarpal joint. The peak loads across the wrist are lower than of other joints,
ranging from 1.4 MPa (average value for scaphoid and lunate pressures) to 31.4 MPa. There
is no significant difference in scaphoid and lunate pressures in all positions (flexion, neutral,
extension) [43].

Over-straining the wrist during manual activities generates problems such as carpal
tunnel syndrome (CTS), carpal bone fractures, osteoarthritis, ganglion cysts, sprains and
strains, tendinitis, and tenosynovitis [44,45]. These musculoskeletal disorders can occur
both in the work environment (such as in food, manufacturing, and assembly plants), and in
everyday life (e.g., certain diseases, accidental trauma, fall, sports). Of course, some sectors
are more affected than others, depending on the working conditions, but the common factor
associated with these problems is characterized by repetitive manual activities requiring
the use of strength.

The specific signs and symptoms of individual wrist injuries depend on the specific
problem, but pain is very common. One of the most famous is CTS, which usually causes
a pins-and-needles feeling in the thumb and index and middle fingers, providing clues
on the compression of the median nerve. Other symptoms include inability to move the
wrist through its full range of motion, wrist stiffness, trouble in gripping objects, swelling,
numbness, and tingling.

Knowing that, for designing such exoskeleton which allows that movements by
transferring a proper assistive force during handling activities, several other factors, which
will be described in the following chapter, have to be selected.

4. Design Requirements for Wrist Exoskeletons

The requirements in Figure 7, and proposed hereafter, are is not intended to be
exhaustive nor are they limited to only wrist exoskeletons, although that is the focus of
this paper.

Figure 7. Flow of requirements for exoskeletons in general.

4.1. Purpose

The “purpose” criterion, as shown in Figure 8, refers to the target objective of the device
and knowledge of the end users [19]. This is the starting point from which the device design
should flow and begins with identification of intended application domain (e.g., healthcare,
manufacturing, construction, agriculture, logistics and transport, consumers, etc.). It is
important at this early stage that users (companies, hospitals, or research institutes) are fully
involved in the design specification to ensure that the designers have a clear focus on real
needs and user requirements/expectations. This should be a fully interactive and iterative
process that values and prioritizes the input from stakeholders and potential customers
on the product feasibility, design proof of concept and choices, and users’ needs and
expectations. In parallel with the sector definition and user requirements and expectation
assessment, it is vital to identify the targeted condition that the device aims to help (e.g.,
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recovery of motor deficit, assistance during ADL tasks, strength augmentation, lowering
fatigue at work, injury prevention, etc.). This entails close study (again involving active
interaction with the users) of all details of the tasks (e.g., lifting and transporting loads,
maintaining awkward postures or holding a static position, hand screwing or use of tools
such as screwdrivers, etc.). It is particularly important to emphasize the key role played by
the stakeholders and users who can help to identify critical case studies.

Figure 8. Purposes for exoskeletons in general.

4.2. Kinematic Compliance

In case of wearable devices, the kinematic compliance deals with the design charac-
teristics a robot should have to comply with the movements, DoF and RoM of a human,
as schematised in Figure 9. Often when designing human–robot interfaces there is the
tendency to represent human limbs as a serial chain of rigid links linked by joints that
can broadly be imitated through knowledge of RoM and DoF. However, as noted when
considering the anatomy of the wrist, it is clear that the kinematics of human joints is often
much more complex than single DoF or even multiple DoF robot joints. They have more
DoF than they need to move in a three dimensional space [12]. So, to be kinematically
compliant with the human limb to which exoskeletons are attached, it is necessary to
choose a combination of joints and DoFs to achieve a desired task. In particular, every
anatomical joint involves a combination of rotational and translational movements since
the instantaneous center of rotation (ICR) of human joints is not fixed in a specific position
but migrates. Therefore, it has to be taken into account by designing kinematic chains with
rotational and translational joints, both active and passive, which can help to compensate
for constrained displacements between the device and the human limb. Note that kinematic
mismatch could hinder human movement and give rise to discomfort and undesired forces
at the human–robot interface [12]. Some tips for the design of exoskeletons, reported in [12],
are that the device should be easily worn, suitable for people of different sizes, comfortable,
lightweight, should never have more than six DoFs between two consecutive attachments,
and does not need to copy exactly the kinematic structure of the human limb.
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Figure 9. Kinematics requirements for exoskeletons in general.

From the human wrist kinematic perspective, the device should support the main
wrist movements (flexion/extension and radial/ulnar deviation [46]. One of the most
interesting movements to be actuated would be the DTM since it is the most complete and
natural for the human wrist, but few examples of this format exist in the literature [39],
maybe because the choice and positioning of appropriate joints and links could be enough
to guarantee a wrist natural movement. However, sometimes this leads to complex and
bulky devices.

The development of devices which provide wrist assistance along the DTM, for both
health care and occupational applications, seems to be a more promising line of devel-
opment since, in the former case, it would allow a more rapid recovery from injuries or
surgery intervention as mobilization through the DTM plane may be considered more
stable and controllable [35,37,40], while for the latter, it would follow the movement of the
wrist in a more natural through a less complex kinematic architecture. From the occupa-
tional perspective, the DTM plane has been investigated as one of the major sources of
hand osteoarthritis (OA), CTS, and ulnar impaction syndrome. A recent analysis of wrist
injuries by Park et al. [28], which was conducted on Korean fishermen, reported that oyster
shuckers perform tasks which have been classified as a basic risk factor for wrist and hand
musculoskeletal disorders (MSD) due to the performance of hand-bearing tasks that use
repetitive or improper postures while simultaneously applying power. That study noted
that during oyster shucker’s work, the hand holding the knife and applying force moves
repeatedly along the dart throwing motion plane, as shown in Figure 10.

For RoM, this is strictly dependant on the type of activities to be performed. Even if the
human wrist RoM is well known, not all its workspace would be covered during manual
handling activities. For safety reasons, it is highly recommended that motions at, or near,
the endpoints are avoided to prevent problems such as hyper-extension or hyper-flexion.

4.3. Dynamics (Forces and Torques)

When designing exoskeletons in general, it is important to take into account how much
force you need to apply to assist the human limb when performing a certain task, in which
directions and with which intensity, as schematised in Figure 11. The same assumptions
are also valuable for wrist exoskeletons and depend on the specific activity you should
perform. Several researchers have studied this topic [43,46].
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Figure 10. The movement of the hand during oyster shucker’s work. Right hand holding the knife
experienced repeated “dart throw motion”: (a) wrist ulnar deviation + flexion; (b) wrist radial
deviation + flexion. The other hand holding the oyster experienced repeated: (c) wrist flexion;
(d) wrist extension. Reprinted/adapted with permission from J. S. Park et al. [28], published by Nofer
Institute of Occupational Medicine, Łódź, Poland, International Journal of Occupational Medicine
and Environmental Health, 2021.

Figure 11. Force and torque requirements to be evaluated for wrist exoskeletons.

For a healthy wrist, without external loads, the maximum exercisable torque in ADL is
6–10 Nm for pronation/supination, 8–14 Nm for flexion/extension [33,47], and the average
estimated for radial/ulnar deviation is 1.3 Nm [48]. In general males exert larger torque
than females. It has also been experimentally determined that healthy males exert naturally
an average maximum grip force of 311 N (SD = 80), while females exert 192 N (SD = 47) [47].
However, the maximum prehension force required in daily activities is almost 70 N [49,50].
Note that the grip force almost changes linearly as the wrist angles change [47].

For rehabilitation purposes, since patients often have impairments, muscular spasticity,
bone weaknesses, etc., it is better to apply lower torque values to avoid worsening medical
conditions. Therapists and researchers indicate that, to complete rehabilitation therapy
successfully, the required torque for flexion/extension should be greater than 0.35 Nm
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(minimum requirement of wrist torque during ADL) but not exceeding 1.5 Nm [39,51–53]
while not exceeding 0.5 Nm in radial/ulnar deviation [34].

In the occupational sector, the situation may change due to different workloads for
different activities. In these cases higher torques are required to lower muscular fatigue.
Juul-Kristensenet et al. [29] reported that for manual deboning of poultry, the muscular
activities of the arm measured using electromyographic (EMG) signals could be estimated
to have a median level of 6.25 N and a peak level of 20.71 N at the wrist during cutting,
with a maximum hand grip force of 107.91 N (almost 11 kg) [29].

In general, 3 kg is considered the weight above which loads have the potential to cause
a risk of injury for manual handling activities (further details are provided in Section 4.6).
Usually, a torque equal to or greater than 3 Nm provides adequate assistance at the wrist
while lifting 3 kg of load [54] placed in the palm 0.1 m far from the joint. However
this supported should be increased with the load and distance. Suggested values of
torque depending on the application are shown in Figure 12. These values match Hope
and McDaid [55] and suggest that typical maximum torque values for each DoF in a
healthy wrist are 20 Nm (for flexion/extension and radial/ulnar deviation) and 9 Nm
(for pronation/supination) when maintaining the wrist in a static position, 9 Nm (for
flexion/extension and radial/ulnar deviation), and 7 Nm (for pronation/supination) when
moving the wrist at a constant speed of 90°/s, while the values are 0.21 Nm (for flex-
ion/extension), 0.25 Nm (for radial/ulnar deviation), and 0.72 Nm (for prontation and
supination) when performing ADL.

Figure 12. Torque assistance according to applications. Consider applying torque to the center of
the rear of the hand, about 0.1 m far from the wrist axis, as done by [54]. Assistance is not required

(N.R) if the task requires less than 0.3 Nm of aid, since it is below that required for support a bare
hand [39,51,52,56]. In rehabilitation tasks, a torque ranging from 0.3 to 1.5 Nm is common [39,51–53].
These are minimum and maximum acceptable values to guarantee movements recovery and muscular
strengthening, and they are dependent on the severity level of the impairment. In the occupational

sector, where users are considered healthy, possible ranges are wider due to different loads which
have to be handled: a light level of assistance is needed for fast, repetitive activities with small loads;
a moderate level of assistance is needed for tasks which require torque between 3 and 5 Nm, a range
which, according to safety regulations, is the onset point of WRMSDs; a high level of assistance is
needed for tasks which require torque above 5 Nm, usually tasks in which heavy loads are managed.

4.4. Rigidity

Referring to [19], the rigidity criterion is mainly related to the stiffness of the device
and, in particular, the stiffness of the materials of the parts which form the exoskeleton
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structure and provide the required torques and forces. This characteristic can sub-group
robotic devices into rigid, soft, or hybrid, as shown in Figure 13.

Figure 13. Rigidity requirements for wrist exoskeletons.

A device can be considered rigid if, at the interface between the device and the user, it
is mostly composed of hard and stiff materials.

A device is soft if its human–robot interfaces are composed of soft and compliant
materials such as foam, rubber, or silicon. This has the advantage of not hindering the
natural movement of joints and can solve the kinematics problems of joint axis mismatch
between the robot and the human. Some exoskeletons are often made rigid to provide high
transmission efficiency and controllability [57–62], while others adopt soft mobile parts to
better adapt to humans [39,48,54,56,63–71].

Softness is closely associated with comfort and ergonomic devices since hard compo-
nents, such as battery casings and actuation units, can be placed remotely from the affected
joint. This relieves the user from bearing localized weights and encumbrance. However,
controllability, reliability, and power transmission efficiency become more challenging.

In all cases, special emphasis has to be put on the parts directly attached to the
human body because they need to be rigid to properly transfer the assistive torque or
force. They have to be designed in such a way to mitigate medical issues due to long-
term pressure points caused by shear forces and tight anchor sites on the body. Hence,
hybrid/compliant devices are increasingly seen as a good compromise between totally
rigid or soft [34,52,53,72–74].

4.5. Ergonomics

Wearable devices should optimize, where possible, ergonomics, making the device
easy to wear, tailored, customizable, lightweight, and safe, as schematised in Figure 14.

To achieve this, any ergonomic wearable robot must address human kinematics com-
pliance. As stated before, this starts with a proper choice of the type and number of DoFs
(both active and passive) and of their placement. In a recent development, to make parts
that are well tailored to the users’ limbs, 3D scanner technologies have been considered a
reliable and increasingly common approach [54,75]. Scan data are useful since they provide
information on the shape, size, and metrics of a real object. In fact, using these data, it
is possible to directly make a CAD model of human limbs such as a hand, wrist, arm,
head, trunk, lower limbs, etc. In addition, it is possible to trace their shapes and design
mechanical parts or garments where forces and torques should be applied.
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Figure 14. Ergonomic requirements for wrist exoskeletons.

In any wearable device, being lightweight is a must. To distribute the weights and
reduce the inertia of mechanical components, one solution is to design parts that wrap
around the limb following the longitudinal axis (in direction of the limb) rather than being
perpendicular to the axis.

An additional solution to reduce weight is in the placement of the actuation. Remote
actuation moves the actuators from the actuated joints/limbs, locally lowering and better
distributing the weights and pressure points on the human body; however, implementation
is not always easy. Although the use of rigid parts provides a stable platform to accurately
and repeatedly apply forces and torques, the use of soft materials, textiles, and foams is
highly recommended, whenever possible, especially on human–robot interfaces or as a
coating for rigid parts, as it increases both comfort and safety.

Since one of the major limitations in developing wearable technology is the acceptance
of the wearers, a human-centered approach is vital. Acceptance is a condition of the
human psyche with various different meanings depending on the context. Regarding
technological advances, there are several different models [76]. Although these are based
on different hypotheses, they share the assumption that users’ acceptance is influenced by
several factors which predict the intention to use new technology. Among those factors are
perceived usefulness, effort expectancy (or perceived ease-of-use), performance expectancy,
social influence, and facilitating conditions which determine the self-predicted future usage.
These are further influenced by moderating variables such as gender, age, experience
and voluntariness of use [76]. To improve the quality of exoskeletons and accelerate their
adoption in real scenarios, these acceptance factors must be considered from the earliest
stages of the design. An example is proposed by Collinder and Ekstrand [77], where they
investigated risks of hand injuries in automobile manufacturing plants with a predictive
assessment of hand ergonomics in early stages of production, providing explanations for
the increase in injuries among operators and recommendations that could improve the
design process of specific tasks where hand ergonomics are compromised.

A better understanding of the factors that prevent the widespread use of some types
of exoskeletons could help to speed up their adoption, reducing both industrial and
societal skepticism [76].
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4.6. Safety

As exoskeletons are physically attached to the user, safety is a paramount consideration.
Since exoskeletons have both hardware and software elements, as shown in Figure 15, it
is vital to fully consider different levels of safety for the 1—mechanical; 2—electrical; and
3—software systems [20]. Safety precautions in the mechanical design consist of physical
stops to prevent segments from excessive excursions and from causing harm to the user
(e.g., cover forbidden spaces of the robot, cover empty or open spaces at joints to avoid
injuring human skin while moving or pinching fingers, avoid floating cables). The electrical
system should be equipped with different emergency shutoff switches (e.g., emergency
button) to stop and release motor commands when something goes wrong. The software
should have multiple control routines which check sensor status, joint angles, and joint
torques to prevent sudden unexpected motion and by limiting maximum torque and
velocity. It is something overlooked that also the software architecture must cover specific
characteristics which are prescribed in standards [16,20].

Figure 15. Safety requirements for wrist exoskeletons.

Safety requirements are important commercialization issues possibly preventing certi-
fication. In this respect, it is important to more clearly define the purpose and application
domain of since medical and non-medical exoskeletons have their own regulatory require-
ments. Assistive exoskeletons for workers and healthy people with or without reduced
physical capabilities (e.g., elderly people) are considered machines, and they must comply
with EC Machine Directive 2006/42/EC and ISO 12100:2010 [16]. Exoskeletons used by
disabled people who have lost some functionalities or for rehabilitation purposes are con-
sidered medical devices, and they must comply with EC Medical Directive 93/42/EEC and
IEC 60601 [16]. Furthermore, for every electrical/electronic apparatus (including exoskele-
tons), Electromagnetic Compatibility (EMC) Directive 2014/30/EU must be observed [16].

Although countries may have their own national regulations, general market rules
are usually driven by international standards such as ISO and IEC (or EN standards), and
this provide manufacturers with a legal presumption of conformity almost everywhere.
For wrist exoskeletons in a working environment, the most pertinent safety and ergonomic
considerations are regulations for manual handling of loads activities (ISO 11228, [78]) and
the assessment of static working postures (ISO 11226).
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ISO 11228-1 is related to lifting, lowering, and carrying of loads with a mass of 3 kg
or more, and to moderate walking speed, i.e., 0.5 m/s to 1.0 m/s on a horizontal level
surface. This is based on working periods of 8–12 h. It covers moderate and high loads
since 3 kg is considered the weight above which loads are considered a risk of injury for
manual handling activities; 15 kg and 20 kg are considered the limiting weights which
should not be exceeded for women and men, respectively. For weights between 3 and
15 kg, these should be handled with some precautions and under particular conditions
(e.g., height from ground, shape of the object, number of repetitions per minute, the speed
of the movement, the posture, the use of force, the presence of regular breaks, etc.) [78].
In particular, for the wrist, ISO 11228-1 states that the ideal condition for lifting loads
consists in a firm grip with neutral wrist posture, avoiding extreme deviations from the
neutral position [78].

ISO 11228-3 addresses handling of low loads at high frequency. Low loads are con-
sidered to be below 3 kg. In this range, musculoskeletal problems are mainly caused by
the repetitiveness and speed of the task rather than the weight. As shown in Figure 16,
awkward postures are those that cause a wrist at flexion > 45°, extension > 45°, ulnar
deviation > 20°, radial deviation > 15° [79], as experimentally measured by Marras et al.
in [80]. Wrist flexion causes increased pressure in its deep structures (carpal tunnel), and
this pressure increases if incorrect and forceful gripping force is exerted simultaneously.
Hence, this risk addresses the question: “is the force used lower than that needed to handle 200 g
with the fingers (e.g., pinching) or 2 kg with the whole hand (e.g., gripping)?” [79].

Figure 16. Awkward wrist postures according to ISO 11226, for a static posture, and 11228-3, while
performing dynamic and repetitive movements. (a) Wrist palmar flexion awkward posture > 45°;
(b) wrist dorsal extension awkward posture > 45°; (c) wrist ulnar deviation awkward posture > 20°;
(d) Wrist radial deviation awkward posture > 15°.
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Markers which should be taken into account for a correct risk assessment in working
environments are repetitiveness, use of strength, incongruous posture, and repeated impacts [79],
as shown in Figure 17.

Figure 17. Some of the main situations which should be taken into account for a correct risk assessment.

These regulations provide a guide for risk injury assessment, with advice on the design
and redesign of the working activities and the workplace. It considers a wide range of
pertinent variables and factors. In each of these standards, there are several methods of
injury risk assessment. OCRA (occupational repetitive actions) and HAL (hand activity
level) are two of the quantitative methods used for the risk assessment of the wrist. OCRA
is the most common and uses the OCRA index to evaluate each risk factor (repetitiveness,
posture, strength, recovery, etc.) and then relates this to the frequency of specific movements
actually being performed. The risk is then assessed as absent, low, or critical [78,79].

Before any machine can be placed on the market, manufacturers must compile a
fully detailed technical report (TR) describing each aspect of the machine, with draw-
ings, calculation notes, risk assessment, instructions, standards used, and EC declaration
of conformity. Due to all of these considerations, there is a significant gap between research
and commercialization.

5. Design Architecture

Requirements, described in the previous sections, lead the design. In this section,
a classification criteria, based on technical characteristics, is proposed to gain a better
understanding of available (and future) technologies for wrist-based robotic devices. This
will pinpoint the leading approaches and identify gaps in the state of the art. Six key
characterization criteria have been identified: actuation type, portability, power source, power
transmission, sensing, and control architecture. As shown in Figure 18, these classes can be
further sub-divided to create the full characterization of the device. In the following section,
a brief description of all these classes will be provided, focusing only on the technologies
already implemented in wearable wrist exoskeletons. For more general details for all
exoskeletons, see [1,12,13,16,18–20].

5.1. Actuation Type

This is the most common classification for all types of exoskeletons.
As schematised in Figure 19, a passive system includes parts that store potential

energy (such as springs or any elastic material, linkages, and dampers) and has no external
power source. Their use is mainly for weight re-distribution by transferring the load from
the affected limb or joint; as energy store-and-release systems to support the affected limb or
joint or as a “spring-dynamo” design, to recharge batteries; and as dampers to absorb shocks
or vibrations [1,13,18]. Examples of these devices are reported in [53,57,62,65,73,81,82].

In rehabilitation, these systems are designed to assist the patient in the latter stages
of training to strengthen their motor skills and muscles. They are made to be lightweight,
compact, and easy to manage to provide continuing rehabilitation at home or in any non-
clinical environments. In the occupational sector, the main purpose is to transfer the load
from the affected limb/joint to different body parts, reducing muscle fatigue.
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Figure 18. Classification criteria based on the design architecture of exoskeleton devices for wrist support.

Figure 19. Classification criteria based on the type of actuation: passive or active.

An active system, as schematised in Figure 19, has joints and links that are driven
by any external source, which could be electric motors, hydraulics, pneumatics, levers,
or a grouping of different technologies. They rely on sensors, control units, and power
supplies to function and provide assistive torque to the limb. Hence, active exoskeletons
are more complex than passive ones [1,13,18]. Examples of these devices are reported
in [34,39,48,52,54,56,58–64,66–72,74,83–85].

Sometimes, it is also possible to combine both solutions leading to quasi-passive
devices [1,13].

Historically, due to their light weight, cost-effectiveness, compactness, and good
power-to-weight ratio, passive exoskeletons have been preferred by companies and workers.
However, they provide less assistance than the active devices, and this is crucial in some
specific tasks or where high dynamics are required (e.g., screwing, cutting, knitting).
Furthermore, they hinder some movements due to their intrinsic stiffness, which cannot
be removed, whereas in active exoskeletons, transparency and backdrivability working
modes can overcome these hindrances.
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5.2. Portability

The portability requirement should answer the question: is the device designed for fixed
use or free movement?

Portability essentially means a device can be easily worn and transported by a user
and is crucial to this is the application domain for which the device is intended.

Fixed devices are physically grounded structures that cannot be fully worn and
transported by the user.

Understanding this distinction is very important in appreciating wrist exoskeleton
design and operation.

The first wrist exoskeletons were fixed devices designed solely for rehabilitation and
training in clinics, as shown in Figure 20a.

Figure 20. Different wrist exoskeletons focusing on portability: (a) Wristbot: a fixed wrist exoskeleton
for rehabilitation, designed by Masia. Reprinted/adapted with permission from D’Antonio et al. [86],
published by Frontiers in Neurorobotics, 2021; (b) SCRIPT: a hand/wrist exoskeleton prototype for
rehabilitation, reprinted/adapted with permission from Ates et al. [53], published by Springer in
Autonomous Robot, 2017; (c) a prototype wrist exosuit for working assistance reprinted/adapted
with permission from Chiaradia et al. [54], published by Frontiers in Robotics and AI, Sec. Soft
Robotics, 2021.

With increasing life expectancy and aging populations, there is greater need for home-
based rehabilitation and particularly systems that operate without caregiver assistance.
Researchers have started to design wrist exoskeletons to address this medical need. Several
devices have been designed as wearable and portable to guarantee freedom of movement
for the patient while performing rehabilitation activities, as shown in Figure 20b.

Moreover, because of the increase in WMSDs, there has been an emerging interest in
transferring the knowledge acquired in designing wearable and portable wrist rehabilita-
tion exoskeletons to the occupational domain, as with that shown in Figure 20c. However,
the majority of these devices are still in a prototype phase due to even more design difficul-
ties respect to rehabilitation devices. A few examples are available in [54,64,65,85].

5.3. Power Source

Various actuating methods have been explored for active wrist exoskeletons, including
electric motors, pneumatics, thermal energy (shape memory alloy—SMA ), Figure 21.

Actuation using electric motors is the most common method. There are many exam-
ples in the literature of wrist exoskeletons powered by DC motors, brushless DC motors,
linear actuators, and servo motors [39,52,54,59–62,64,67,72,74,83–85]. Electric motors in
general are preferred for their simplicity, controllability, repeatability, costs, and backdriv-
ability. However, low cost is not always true, and backdrivaility usually needs active
control, e.g., for DC motors with high reduction ratios or in linear motors which use lead
screws to convert the rotational motion into linear action. Moreover, electric motors can
be relatively heavy, noisy, and large and can require careful maintenance, introducing
difficulties in their integration into wearable devices.
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Figure 21. Different types of power source adopted in different designs.

Pneumatic actuation relies on the use of compressed air to apply the required force/torque.
Various methods have been developed to generate the ROM and proper torque assistance,
including the use of inflatable flexible materials [48], bellow-shaped systems [71], or ar-
tificial muscles [56,66,70]. The actuators are commonly sited on the dorsal side of the
palm of the hand and/or on the forearm. They have mostly been tested in rehabilitation
and training, but the high power-to-weight ratio is promising also for augmentation and
assistance purposes. The inherent compliance makes these devices safer for human–robot
interactions. However, their use in wearable applications is challenging since pneumatic
systems need a portable compressed air supply or the capability of generating compressed
air. This can make the overall device bulky and heavy due to the need for compressors,
storage tanks, valves, air tubes, etc. [18].

Hydraulics has an actuation system similar to that of pneumatics but relies on liquids
rather than air. There are no examples of its application for wearable wrist exoskeletons,
probably due to complexity, weights, and encumbrances that are even greater than with
pneumatic technology. Additionally, the extremely high power generated by hydraulic
systems and the inherent dangers of the compressed fluids are not well suited to devices in
direct contact with the user.

Thermal power sources are used by shape memory alloy (SMA) actuators that have
been explored by [34,55,68,69] for wrist applications. These systems work on the principle
of material deformation (contraction and expansion) due to heating and cooling at certain
phase transition temperatures. Usually the device is in the form of metallic alloy rods or
wires. Heat is generated by the Joule effect. This actuation method has a high power-to-
weight ratio, but its behavior is highly nonlinear. Furthermore, the heat produced during
operation is high and may compromise the user safety [18].

The search for an ideal actuator is still open, and on-going research in this area could
pave the way for better and more efficient design solutions, which could be accepted more
easily by users, speeding up the introduction into the market of novel wrist exoskeletons.

5.4. Power Transmission

Power transmission is how the power generated by the actuation source is transmitted
to the relevant joint in the form of forces or torques. In wearable devices and wrist
exoskeletons, various methods have been explored involving rigid structures, cables, or
compliant elements, as shown in Figure 22.



Machines 2023, 11, 458 20 of 30

Figure 22. Different types of power transmission adopted in different designs.

Rigid structures include direct drive, mechanical links, or gears [34,52,59–62]. These
are the simplest and most reliable ways of transferring power to the joint. Direct drive
consists of a motor directly connected to the actuated joint so that efficiency losses are
minimized. It reduces the complexity of the actuation system, improves portability, and
facilitates integration into wearable devices since it is mounted close to the limb or joint.
However, it increases the overall weight and encumbrance, possibly causing discomfort
on the user. Moreover, one actuator per DoF should be implemented for actuating multi-
DoF systems, further increasing the overall complexity. No examples are available in the
literature for wearable wrist exoskeletons which involve a direct drive. Mechanical links
and gears are widely used to solve the problem of maintaining a portable system which fits
multi-DoF by adopting fewer actuators than DoF (under-actuation). These actuators could
be placed remotely and through a series of mechanical linkages and gears, and the motion
can be transferred to the required joint. However, this increases the complexity of the
system and its maintenance due to the increase in the number of mechanical components,
but the major drawback is the axis mismatch with the bio-mechanical joint, which may
cause discomfort.

Cable transmission includes Bowden cable devices and tendon-driven devices. Ex-
amples of these types of transmission can be found in [39,53,54,64,67,72,74,83–85]. Bowden
cables are usually steel cables routed in a teflon tube, while tendons are cables (e.g.,
Dyneema wires) which could be easily flexed without any external sleeve and which tend
to mimic human muscle anatomy. They usually rely on tendon-pulley driven mechanisms
to generate the required torque. Examples can be found in [54,64,72,74]. Because cables can
only be pulled, one cable can execute a single function (e.g., flexion or extension), and thus
this type of transmission is normally unidirectional. Two cables should be used to give
antagonistic actuation. Cable transmission suffers from breakage, friction, and backlash,
which are difficult to control and affect transmission efficiency, causing losses. However,
inertia is reduced locally on the affected limb.

Compliant mechanisms include springs, artificial muscles, and flexible joint-less
structures [48,53,56,66,68–71,81,82]. Artificial muscles (e.g., Mckibben actuators) are made
of a flexible material surrounded by a braided sheath that contracts or elongates when
inflated using compressed air (pneumatics) or occasionally liquids (hydraulics). Their major
drawback is the ballooning effect happening when the material cannot extend or contract
anymore because the increase in fluid pressure is too high. This may lead to a subsequent
explosion and breakage of the device, with possible damage to the user. Flexible jointless
structures, contrary to artificial muscles, are made from silicone rubber molded in a specific
shape which allows them to bend along a certain direction and does not require any braided
sheath. Examples of these are soft origami actuators (SOA). Compliant mechanisms have
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the advantage of being lightweight and comfortable, allowing remote placement of the
actuation unit, but their control and reliability are difficult.

5.5. Sensing

This functionality consists in using sensors placed in various parts of the exoskeleton
structure or the human body to provide feedback to exoskeleton control system. It is
strictly necessary for all devices to work properly. In wrist exoskeletons, the key sensing
parameters are position, force/torque, and bio-signals; see Figure 23.

Figure 23. Different sensing adopted in different designs.

For position detection, various sensors have been used, such us encoders, potentiome-
ters, inertial magnetic units (IMU), 3D motion-capture sensors, and flex
sensors [34,39,48,53,54,59,61,67–72,74].

These data are vital in ensuring accurate, safe control of the exoskeleton. Encoders
(optical or magnetic), integrated in electric motors, are used to track the angular velocity
and position. Potentiometers are used to detect joint position by mounting them directly
on the linkages of the exoskeleton structure. IMUs are a high accuracy sensor that provides
information about angular position, velocity, and acceleration of a physical part in motion.
They are widely used to detect the relative position of the human wrist while moving
with respect to the forearm. Flex sensors could be also used but their application is not so
common and they are less accurate than the others.

Since manual activities require handling of objects which differ in shape, size, and
weight, force/torque detection is very important to provide the required level of assistance
when needed. In wearable wrist exoskeletons, force/torque is generally sensed using load
cells, pressure sensors (also implemented in pneumatic or hydraulic circuits), or force
resistive sensors (FSR) placed on the finger tips, on the hand (palm or back), or in contact
with the object held or manipulated, e.g., [48,52,56,59,62,64,66,70,71,83–85].

Bio-signal detection is a way to detect the user’s intentions by measuring electrical
activities from muscles or the brain. Depending on the field of application, these signals
are measured to evaluate whether the human wrist is active or to observe the recovery
of certain muscular functions. In wearable wrist exoskeletons, the main type of bio-
signal detected is the surface electromyography signals (sEMG) from the muscles in the
forearm. These signals can be used as feedback to control the exoskeleton by modulating
the assistance provided or to observe the progress in the training, determining if the
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patient’s muscles are recovering and strengthening. Their use is challenging, especially in
case of home rehabilitation without caregivers or occupational purposes, because users
usually do not know how to handle them. These challenges include electrode cross-
talk interference, environmental interference (e.g., electromagnetic noise, dirt, dust, etc.),
placement issues, and sliding on the skin. They have to be placed directly in contact
with the limb skin (e.g., forearm), every time in the same place for the best repeatability.
Examples include [56,59,60,67].

In general, the majority of exoskeletons use more than one type of sensing to have
better controllability and estimation of functional parameters and to improve redundancy.

5.6. Control Architecture

A review of the state of the art about control aspects in different wrist rehabilitation
robotic devices has been proposed by Hussain et al. in [23]. The control architecture relies
on micro-controllers and algorithms to process sensory information and send commands
to the actuation units to perform a desired function. It can be classified by the type of input
signals processed, the control paradigm adopted for a specific task, or the control scheme
used to process information and execute the tasks [18]; see Figure 24.

The signals acquired are those described in Section 5.5, but they are processed in
different ways to generate the desired output signals. When manually triggered by a user,
for example by pressing a button, a device can execute a certain predefined task, such
as flexing or extending the wrist. This is common for rehabilitation devices designed to
repeatedly perform the same task, but it is not common in occupational environments
where it is difficult to establish predefined movements due to the high variability and
dynamics of the activities.

An interactive control mode uses position, force or sEMG signals, processed by algo-
rithms and compared with predefined thresholds. This provides the requested assistance
needed to help the user in manipulating objects.

Figure 24. Different control signals, control paradigms, and control schemes adopted in different designs.

Different types of control paradigms have been explored to address different tasks.
Continuous passive motion (CPM) is a widely used method for rehabilitation to help
recover mobility at the initial stage of an injury and to prevent the development of stiffness
in the affected joint. It ignores the intentions of the user and actuates the exoskeleton along
a predefined trajectory [18]. These trajectories are obtained from healthy subjects as well
as from the literature. The drawbacks of this technique are that it does not consider the
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patient’s disability level, and thus it can create discomfort by preventing free motion for
the patient [23,87].

With active resistance, the exoskeleton applies a force/torque to resist the motion
of the subject. It is mainly used in rehabilitation programs to enhance the training of the
patient, for example, by controlling the force applied to the limb by setting the springs
stiffness depending on the patient’s progress [18].

To overcome the above mentioned limitations, assist-as-needed (AAN) control can be
implemented to provide customized assistance [23,87]. By continuously reading sensors
signals, AAN can estimate the patient’s intent and modify accordingly the device assistance
to enhance the patient’s participation. In the rehabilitation field it generates an increased
level of recovery with respect to the CPM and active resistance, while in occupational tasks,
it can lower the muscular fatigue by providing an appropriate level of assistance, but only
when needed. AAN control is more compliant, natural, and comfortable than trajectory
tracking control. However, CPM and AAN control strategies require predefined dynamics
models to characterize the equations of motion of the user and the exoskeleton and deter-
mine the required torques. To avoid defining the dynamics of the system, researchers have
been starting developing advanced machine learning techniques to predict users’ motion
intention [87–89].

Machine learning (ML) is a relatively new control paradigm for wrist exoskeletons.
It involves in developing algorithms that are able to predict human motion patterns be-
fore being trained on measured clinical data of both healthy and injured patients. The use
of this technique is becoming increasingly popular when used with sEMG signals to ob-
tain specific muscular activation patterns that can predict which action a user is going to
execute [87–89].

All these strategies should be included in a control scheme inside the control architec-
ture. Two control schemes have been implemented in exoskeletons in general: high-level
and low-level control. High-level control interacts with the user and the environment
through sensors. It processes information coming from the human–robot interaction, such
as sEMG signals amplitude and/or position, force, impedance, and admittance of the
affected joint. Then, looking at the actual state of these parameters, it establishes the
necessary amount of assistance to be provided, and accordingly generates a reference
command signal for the low-level controller. It is responsible for the extent and timing of
the generated assistance.

Low-level control is usually a closed-loop on a reference parameter (e.g., force, torque,
position, speed, etc.) to guarantee that each actuator properly tracks the reference signals
coming from the high-level controller. It regulates and generates the output at the actuators
based on that references [18,23]. Usually, the control scheme of a robotic device is structured
on both these two levels, interconnected, with the goal of allowing the user to move freely
and experience assistance with appropriate timing and extent.

6. Discussion and Conclusions

Exoskeletons are robotic devices which aim to help both healthy and unhealthy people
in performing activities or to assist recovery of some or all of their natural movements.

In the part I of this study, a comprehensive analysis has been conducted by exploring
the current state of the art of wearable and portable wrist exoskeletons since the 2000s.

This paper aims to identify:

• The main important aspects of wrist bio-mechanics and common wrist injuries.
• Design requirements to be fulfilled.
• Existing design architectures and technologies.

This will provide expert guidance on how to orient the design, which technologies
can be implemented or improved, and how much remains to be explored in wearable
wrist exoskeletons.

The wrist is one of the most anatomically complex joints in the body due to its very
small and compact size, its great mobility, and need to provide support for significant forces.
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It is able to move in a 3D space with very complex kinematics and dynamics. However,
excessive strain on this joint, due to repeated manual handling activities, increases the
possibility of incurring injuries (e.g., CTS, tendinitis, tenosynovitis). Such knowledge is
necessary to define the requirements and design challenges of a wrist exoskeleton.

The requirements define the specifications which should be satisfied by the design
architecture and should include:

• Purpose: what task a device is intended to perform and what is based on the appli-
cation domain (e.g., healthcare, manufacturing, construction, agriculture, logistics
and transport, consumer, etc.), the target condition (e.g., recovery of motor deficit,
assistance during ADL, strength augmentation, lowering fatigue at work), and the
current technology readiness level (TRL).

• Kinematics: this refers to the kinematics compliance of the limb to which the ex-
oskeletons are attached and considers the number of DoFs, the RoM which should
be achieved, and the types of joints selected to guarantee those DoFs and RoMs (e.g.,
rotational, translational, cylindrical, spherical).

• Dynamics: addresses the forces and torques to be experienced and applied. Usually,
torques for rehabilitation and training are between 0.3 Nm and 3 Nm, while for occupa-
tional purposes, torques vary from 0.3 to 20 Nm depending on the task and application.

• Rigidity: the stiffness of the materials used to fabricate the components in the ex-
oskeleton structure and provide the required torques and forces. They can be classified
as rigid, soft, or hybrid.

• Ergonomics: refers to the design of the device which should be easy to wear and
use, tailored, customizable, lightweight, perceived as useful, able to guarantee a real
improvement in the user’s condition and safe.

• Safety: focuses on all the precautions taken to prevent causing harm to the user,
other people, and the operational environment. It includes both hardware and soft-
ware elements (mechanical, electrical, electronics, and software components). Safety
requirements are vital when involving humans and the environment, also being an im-
portant commercialization issue. If not satisfied according to international or European
regulations, a product cannot be sold.

Hardware designs of wrist exoskeleton can be classified according to the actuation
type, power source, power transmission methods, sensing and control strategy. Based on
these, a macroscopic categorization of wearable and portable wrist exoskeletons can be
produced; see Figures 25 and 26.

A first distinction between passive and active exoskeletons, in Figure 25, shows that
there are more active wrist exoskeletons than passive ones. Although passive devices are,
in general, preferred because of the light weight, safety, and simplicity, active systems do
bring significant advantages such as applying higher forces/torques, ensuring a wider
application area, and being much more operationally flexible due to being programmable
for different tasks and sub-tasks.

Usually, passive exoskeletons are driven by springs storing potential energy, while
active ones use different sources of power: electrical, pneumatic, and thermal. Electrical
motors are usually preferred due to their robust controllability, great power-to-weight ratio,
weight, and price. However, the actuation technology is a huge field yet to be investigated
for wearable wrist exoskeletons. It should be improved to develop miniaturized drives that
are more durable and have higher performance. Moreover, noise and bulkiness influence
negatively the user’s acceptance.

In terms of power transmission, some systems are rigid, with linkages and gears,
for better reliability in motion control and force/torque transmission. However, because of
the potential application in daily activities, often soft or compliant devices are preferred due
to their inherent compliance, which makes them more comfortable, lighter, safer, and able
to overcome axis mismatch. Furthermore, with soft or compliant devices, generally the
actuation unit can be placed remotely, permitting localized weight and space-saving at the
wrist joint.
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Figure 25. Wearable and portable wrist exoskeletons classified by actuation type, power source, and
power transmission. A total of 22 devices have been analysed.

Figure 26. The percentage of wearable and portable wrist exoskeletons classified by sensing technolo-
gies implemented and control strategies. Percentage have been used to report the device distribution
since, usually, devices may have multiple sensors and control strategies.

The sensing and control paradigms are of great importance for wearable robotic
devices. Their choice so often depends on the application and final goal. Controllers can be
designed to exert predefined trajectories and forces/torques (CPM strategy) on a passive
user or provide assistance only when needed (AAN). The former are mainly conceived for
recovery of natural motion and strength capabilities in rehabilitation protocols, while the
latter have broader applications due to the higher flexibility and adaptability to the user.

Alongside classical rigid and robust sensors (such as IMU, encoders, load cells) for
position and force control, bio-signals have been gaining great attention. EMG signals
have been used as inputs to the controller of power-assisted exoskeletons. The device can
then be controlled based on the user motion intention by measuring the human muscular
activation. To process this information, sophisticated machine learning algorithms have
been developed. This could remove or reduce the use of classical rigid sensors, making
the whole device more compliant. Nevertheless, bio-signal implementation in wearable
devices is challenging especially for occupational or outdoor environments since their
accuracy is effected by external disturbances and signals can only be measured directly on
the human skin.

It is not easy to design wrist exoskeletons, especially for the requirements and specifi-
cations needed in certain applications. Most of devices cited in this paper are still under
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development, with promising practical outcomes, only tested and used in a laboratory
setting. Significant further research and development are needed in every field.
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The following abbreviations are used in this manuscript:

MSD Musculoskeletal Disorder
WRMSD Work-Related Musculoskeletal Disorder
WHO World Health Organization
INAIL Italian’s Workers Compensatory Authority
DARPA Defense Advanced Research Projects Agency
OE Occupational Exoskeletons
CTS Carpal Tunnel Syndrome
DoF Degree of Freedom
RoM Range of Motion
CoR Center of Rotation
ADL Activities of Daily Living
DTM Dart Throwing Motion
TRL Technology Readiness Level
ICR Instantaneous Centre of Rotation
OA Hand Osteoarthritis
SD Standard Deviation
OCRA Occupational Repetitive Actions
HAL Hand Activity Level
TR Technical Report
IMU Inertial Magnetic Unit
FSR Force Resistive Sensor
sEMG Surface Electromyography Signals
CPM Continuous Passive Motion
AAN Assist-As-Needed
ML Machine Learning
WearRA Wearable Robotics Association
SEM Soft Extra Muscle
SCI Spinal Cord Injury
EU-MDR European Medical Device Regulation
JAS Joint Active Systems Inc.
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PWE Portable Wrist Exoskeleton
NN Neural Network
SVM Support Vector Machine
FMG Force-Myography Signal
CIMT Constraint-Induced Movement Therapy
MVC Maximum Voluntary Contraction
SOA Soft Origami Actuator
PMA Pneumatic Muscle Actuator
SMA Shape Memory Alloy
SWA Soft Wrist Assist
RMSE Root Means Squared Error
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