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Abstract: In recent decades, extensive attention has been paid to the study and development of robotic
devices specifically designed for hand rehabilitation. Accordingly, a many concepts concerning rigid,
soft, and hybrid types have emerged in the literature, with significant ongoing activity being directed
towards the development of new solutions. In this context, the paper focuses on the technical features
of devices conceived for the robotic rehabilitation of the hand with reference to the three kinds of
exoskeleton architecture and the clinical requirements demanded by the target impairment of the
end-user. The work proposes a roadmap (i) for both the design and selection of exoskeletons for
hand rehabilitation, (ii) to discriminate among the peculiarities of soft, rigid, and hybrid devices, and
(iii) with an impairment-oriented rationale. The clinical requirements expected for an exoskeleton are
identified by applying a PICO-inspired approach focused on the impairment analysis; the technical
features are extracted from a proposed design process for exoskeletons combined with a narrative
literature review. A cross-analysis between device families and features is presented to provide
a supporting tool for both the design and selection of exoskeletons according to an impairment-
oriented rationale.

Keywords: exoskeleton device; robotics; hand; medical device design; selection criteria; impairments;
requirements

1. Introduction

Robot-based hand therapy, training, or assistance is increasingly being used to treat or
support various impairments related to pathologies, accidents, or advancing age. Mean-
while, through pilot studies, numerous authors have shown the effectiveness of this ap-
proach for improving neuromotor recovery [1-4].

From a technical design perspective, the literature presents several works on robotic
exoskeletons for the human hand for medical purposes, namely rehabilitation and assistive
applications, and not for performance augmentation or haptic and sensing [5]. Literature
reviews especially tend to focus on specific kinds of hand exoskeleton or applications, e.g.,
active robotic exoskeletons for hand rehabilitation, since the functional domain heavily
influences the design constraints of these devices [6]. In previous years, particular attention
has been paid to soft exoskeletons [7-10].
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Most of these review papers investigate, through the literature, the state-of-the-art
hand exoskeletons and classify these devices according to a set of parameters, mainly
related to technical characteristics, such as performance specifications or design architec-
ture. For instance, typical evaluated aspects are the presence and number of actuators or
actuated degrees of freedom (DOFs), the number of actuated fingers, the kinds of allowed
movements, the actuation technology, or the presence of sensors.

In a review by du Plessis et al. [5] of 2021, these characteristics are further classified
into general requirements, common to all devices of the analyzed category, and specific
requirements, i.e., those characteristics related to a specific application. This work depicts,
in particular, an interesting overview of active hand exoskeletons developed for the specific
purpose of rehabilitation and assistance in the last decade. The analysis is performed by
describing the requirements captured by the investigation of hand exoskeletons currently
mentioned in the literature. The limited time frame of the analysis allows the devices and
their technologies to be compared, providing a general overview of these specifications
with an observational approach.

The same distinction between general and application-specific requirements is pre-
sented in a paper published in 2019 by Sarac et al. [11]. The focus of this work is slightly
different, since the authors aim to identify guidelines and best practices for the design of
generic exoskeletons, i.e., purpose-independent devices. Coherent with this final goal, the
main design requirements are extracted by the analysis of exoskeletons in the literature,
and then a selection of design solutions to fulfill those requirements is proposed.

The same deductive approach was adopted by Troncossi et al. [6] in a paper published
in 2016. In their work, the authors present an original classification strategy based on
three alternative parameters, i.e., the number of actuated DOFs, the number of mechanical
connections between the subject and the device, and the mechanism architecture (namely
external, internal, or lateral). These parameters are recognized by the authors as being
particularly relevant for the mechanism synthesis, and therefore, they are drivers for the
definition of the most proper technical solutions. As for the work by Sarac et al., the paper
by Troncossi et al. aims to provide the designer with indications for the design phase but
focuses, in this case, on the synthesis of the mechanism itself.

In 2020, Boser et al. [12] instead published a paper focused on the definition of the
design requirements of hand exoskeletons for assistive purposes based on end-user needs
and expectations. The study investigated both qualitative and quantitative data through
surveys to clinicians and patients on one side and through experimental measurements on
the other. Among the paper’s findings, the authors conclude that some preliminary criteria
do exist, but the differences and peculiarities of patients demand tailored requirements,
translating into custom solutions.

The clinical perspective offers a different approach toward these devices. In most
cases, in fact, the clinician (or the end-user themselves in fewer cases) needs to select
the most proper exoskeleton for a patient within a set of suitable candidates. Neverthe-
less, the choice is driven by the clinical picture of the end-user and their functional and
structural impairments especially. Accordingly, the requirements assessed by the clinician
may not necessarily overlap with the technical features typically adopted to describe the
performance of an exoskeleton in a design context. For instance, the clinician might look
for solutions to counteract the strength reduction in grasping, whereas the designer will
describe the force generated by the motors.

Given these core differences in the approach to exoskeletons, a mismatch between
technical requirements and clinical needs inevitably occurs. In this context, the mapping of
technical features and clinical specifications is necessary to enable a proper understanding
of these two worlds, although according to the authors” knowledge, no investigations in
this sense seem to be present in current literature.

Research in the healthcare field is currently grounded on the principles and guidelines
advocated by the Evidence-Based Medicine (EBM) approach with the aim of improving
the quality of medical studies and, consequently, the reliability and confidence of clinical
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decision-making. According to EBM, formulating a proper and well-framed research
question represents the initial and crucial step to conducting valid and valuable research. In
this view, EBM recommends that a research question is formulated by using a specialized
framework known as PICO [13]. PICO is an acronym that stands for Population/Problem,
Intervention, Comparison, and Outcome.

In this work, we decided to adopt the PICO framework to organize the information
retrieved from the analyzed studies in view of technical-clinical feature mapping. In
particular, we primarily focused our attention on the problem intended to be the specific
structural /functional impairment belonging to a given health condition.

Within this context, the current paper aims to provide a roadmap (i) for both design and
selection of exoskeletons for hand rehabilitation, (ii) to discriminate among the peculiarities
of soft, rigid, and hybrid devices, and (iii) with an impairment-oriented rationale.

To reach this goal, the mapping of technical features and clinical specifications expected
for the exoskeleton is outlined. For this analysis, a PICO-inspired approach is applied
to identify the clinical requirements from the impairment analysis; this approach is also
integrated into the proposed exoskeleton design process, which enables the identification
of the technical requirements of a device.

The development process of the work began with an in-depth analysis of the state-of-
the-art technology related to rigid, soft, and hybrid devices. An initial selection of articles
was based on a search of the Scopus database, proceeding with subsequent searches for
each device family using specific keywords. Based on the analysis of the papers found in
this initial phase and the step-by-step definition of the roadmap with impairment-oriented
rationale for device design and selection, further searches were conducted, aiming at
an in-depth analysis dealing with specific aspects, for instance, control, wearability, or
applications in specific clinical scenarios. This process resulted in an analysis of more than
100 papers.

In this context, a clarification of the definitions of rigid, hybrid, and soft exoskeletons
that we adopted for device classification is necessary. There is no well-established classi-
fication among rigid, soft, and hybrid exoskeletons. Various authors have proposed and
explained their own classifications in review papers. De la Tejera et al. [14] distinguished
between two classes of exoskeleton based on their structures: rigid when they are made
with rigid structural elements (metal or plastic) and soft when they are made from textiles.
Du Plessis et al. [5] stated that “There are mainly two types of hand exoskeletons developed
over the years, which are classified as rigid and soft exoskeletons or a combination of the
two”, but they fundamentally identified two classes: rigid, in which the forces or torques
are transmitted to the required joints through a mechanical structure, and soft, with flexible
materials or elastic structures to transmit the forces to the joints of the fingers. Instead,
Giiglia and Cora [15] distinguished three classes: rigid (linkage-based), cable-driven, and
soft exoskeletons. Exoskeletons in which the movement produced by the actuator is trans-
ferred to the joints with hard and inelastic materials are rigid. If the movement produced by
the actuators is transferred to the joints with the help of cables and pulleys, the exoskeletons
are hybrid; this also occurs for tendon-driven exoskeletons. They defined soft exoskeletons
as devices that are made from materials compatible with the human anatomy. Chu and
Patterson [9] reviewed soft exoskeletons and defined them as robots made from easily
deformable materials such as fluids, gels, and soft polymers that have better biomimetic
properties due to their greater compliance and versatility while conforming to the contours
of the human body. Specific definitions of hybrid exoskeletons can be found in articles
presenting specific solutions for hybrid devices. For Lin et al. [16], hybrid soft-rigid ex-
oskeletons use deformable materials in combination with a rigid frame. For Haghshenas
et al. [17], an exoskeleton that integrates soft-rigid hybrid actuators consisting of flexible
elements and rigid or semi-rigid elements is also considered hybrid.
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Our definition of the different typologies does not fully coincide with any of those
existing in the literature but integrates the definitions proposed by different authors. We
agree with the definition of “rigid” in [15] as linkage-based exoskeletons, i.e., with rigid
transmission mechanisms. For the “soft” class, we agree with the definition of Chu and
Patterson [9], the exoskeletons formed by easily deformable materials, but with the addition
of textile materials to the list of specified materials. The definition of “hybrid”, in our view,
merges the definitions proposed by [15,17]. We classify hybrid cable or tendon-drive
exoskeletons or exoskeletons with soft-rigid hybrid actuators.

After the investigation of the main technical features unique to each exoskeleton family,
namely rigid, soft, and hybrid architectures (Figure 1), a cross-analysis between device
families and features is presented to provide a supporting tool for both the design and
selection of exoskeletons, according to an impairment-oriented rationale.

The main technical features were divided into two main categories: functional features
and interactive experience features. The functional features are related to the main motor
functions of the hand, and among these, we identified the following: movements performed
by the exoskeleton, the ROM allowing for the different movements, and forces. The inter-
active experience features concern the performance of the interaction of the user with the
device, and among these, we include the following: wearability, control mode/possibility,
and portability.

(a) Rigid hand exoskeleton (b) Soft hand exoskeleton (¢) Hybrid hand exoskeleton

Figure 1. Schematic representation of the three classes of robotic hand rehabilitation exoskeletons:
(a) rigid, (b) soft, and (c) hybrid.

The rest of the paper is organized as follows: Section 2 describes the PICO model
and the proposed impairment-based approach for the design and selection of a robotic
exoskeleton for hand rehabilitation. A detailed description of the impairment-based design
process is presented in Section 3. Sections 4-6 provide a detailed overview of the state-of-
the-art technology for the three classes of robotic hand exoskeletons: rigid, soft, and hybrid.
The analysis focuses primarily on the functional features and interactive experience features
discussed in Section 3 to determine how the different device classes relate to these features.
It should be noted that the analysis of the different devices presented in the literature
shows great heterogeneity in terms of the characteristics, even among devices of the same
class. The framework that we try to establish aims to highlight both the opportunities
offered by each technology and the main trends that characterize each class for the different
features. A summary of this analysis is discussed in Section 7, and the results are divided
into two different forms: those that may be useful for engineers designing exoskeletons on
the one hand and medical personnel who need to select an exoskeleton to treat a specific
impairment on the other. Section 8 provides concluding remarks on the proposed approach.
A list of the abbreviations used in the manuscript is also reported at the end of the paper.
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2. PICO-Inspired Impairment Analysis for Hand Exoskeletons

The PICO model represents a method for formulating search questions and character-
izing meta-analyses or clinical studies [18].

Several variants of the method have been proposed over the years, all slightly mod-
ifying the original version, which is grounded on four elements that designate the po-
tential components of a clinical question: population/problem, intervention, comparison,
and outcome.

The first element (P) describes the main target of the study, identifying the characteris-
tics of the population or the problem. In the current study, the investigated problem is the
kind of impairment of the patient, as the hand exoskeleton end-user.

The second component (I) defines the intervention (e.g., physical therapy, pharma-
cological treatment) under consideration for the specific population, whereas the third
element (C) focuses on the comparison between the proposed intervention and possible
alternatives (e.g., from placebo to surgery). Both of these aspects can offer interesting
insights for the researcher: the analysis of the intervention can, for instance, highlight
additional unexpected but relevant requirements for the design of new devices [19]. The
comparison with competitors can instead provide precious hints for the development of a
device, for example in the demonstration of equivalence, which represents a mandatory
step of the clinical evaluation of a medical device for marketing in European countries [20].

Finally, the fourth element (O) of the PICO model defines the outcome considered
relevant to assess the effectiveness of the intervention. These outcomes could be of various
natures, from clinical assessments with instrumented measurement tools like dedicated
sensors, to clinical scales, as well as economic factors (e.g., the number of accesses to the
hospital or to medical examinations) or humanistic end-points, such as quality of life or
patient satisfaction with the performed intervention. In our analysis, which focuses on
device design and selection, outcomes play a very important role. In particular, outcomes
that involve the measurement of specific hand functions can drive the decision to include
certain sensors and/or tracking systems in the device during the design phase. For example,
outcome measures that involve the use of goniometers could lead to sensors being inte-
grated into the device for angular measurement. A correlation can also be found between
outcomes and the main features of the exoskeleton. The strength outcome, which can
be measured either with ergometers or with clinical scales, such as the Medical Research
Council (MRC) scale, is indeed related to the functional feature of force. This leads to the
following logic: the outcomes used to assess the effectiveness of a treatment are related
to the features, and the more or less pronounced predisposition of an exoskeleton with
respect to the features makes it more or less suitable for a given impairment.

Table 1 collects the P and O elements of the PICO model for the current investigation,
i.e., the possible impairments described in the literature for the end-user of a hand exoskele-
ton and the referring outcomes. Since the final aim of this analysis step is to enable the
identification of the clinical requirements for mapping with the technical features, the I and
C components of PICO are not reported in this first stage.

Table 2 presents a first attempt at mapping between impairments and pathologies.
Only the most common diseases for this context was evaluated in this phase with the
main aim of providing an overview of the complex relation between diseases and derived
impairments for the inexperienced observer. With this purpose, cancer was also included,
although the great potential variability of this disease (e.g., in type and location) prevents a
generally valid mapping with impairments.
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Table 1. The P (problem) and O (outcome) elements of the PICO model for the current study: the first
two columns present the lists of the identified impairments and typologies, respectively. The third

column describes the measures typically used to assess the outcomes.

P-Problem O-Outcome
(Impairment) Typologies (Measures)
ROM limitation Unidirectional Goniometer, sensors, cameras
Bidirectional Goniometer, sensors, cameras
Active Goniometer, sensors, cameras
Passive Goniometer, sensors, cameras
Strength reduction Fine motor control impairment (mainly fingers)  Ergometers (load cells), EMG 1 cameras, clinical scales

Gross motor control impairment (including
the wrist)
muscle atrophy from disuse/reduced excitation

Ergometers (load cells), EMG, cameras, clinical scales

ergometers (load cells), EMG, cameras, echography,
MRI 2, CT 3, meter, clinical scales

Coordination disorders

Dexterity
Cocontraction
Ataxia
Dysmetria

EMG, cameras, clinical tests
EMG, cameras, clinical tests
EMG, cameras, clinical tests
EMG, cameras, clinical tests

Sensory disorders

Tactile—hypoestesia/paresthesia
Proprioceptive impairment
Nociceptive—paresthesia/hyperalgesia/allodynia

Clinical assessment
Clinical assessment
Clinical assessment

Tone alterations

Hypertonia/spasticity

Clinical assessment/scales, basic research devices
(poorly used in clinical settings)

Hypotonia Clinical assessment/scales
Dystonia Clinical assessment/scales
Other motor disorders Myoclonia Clinical assessment, EMG
Hyper-reflexia Clinical assessment, EMG
Spasms Clinical assessment, EMG
Tremor Clinical assessment, EMG
Pain VAS 4, pressure test
Oedema Clinical assessment
Fatigue Clinical assessment/scales, ergometers, EMG
! Electromyography ; 2 Magnetic Resonance Imaging; > Computed Tomography, also known as Computed Axial
Tomography (CAT); 4 Visual Analog Scale.
Table 2. Schematic overview of the relation between the P-problem of the PICO model (as identified
impairments and typologies) and the most common pathologies requiring the use of hand exoskele-
tons. In the table, CNS and PNS denote the central and peripheral nervous systems, respectively;
brackets indicate possible but non necessarily present match between impairment and pathology.
Skeletal
P-Problem .CNS .PNS Muscle Scars  Cancer! Arthrosis
Disorders  Disorders .
Disorders
ROM limitation Unidirectional X X X X X
Bidirectional X x) X X (x)
Active X X X (%) 2 x3
Passive (x)* (x)° () x x
Strength Fine motor control impairment 5
. . . X X X x) x)
reduction (mainly fingers)
Gross motor control impairment 5
. . X X X (x) (x)
(mainly wrist)
Muscle atrophy from « « « (x)2

disuse/reduced excitation
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Table 2. Cont.
Skeletal
P-Problem .CNS .PNS Muscle Scars  Cancer! Arthrosis
Disorders  Disorders .
Disorders
Coordination .
disorders Dexterity X X X (x)
Cocontraction X
Ataxia X
Dysmetria X
Sensory . . .
disorders Tactile—hypoestesia/paresthesia X X (x) (x)
Proprioceptive impairment X X x) (x)
Nociceptive— x X ) )
paresthesia/hyperalgesia/allodynia
Tone alterations ~ Hypertonia/spasticity X
Hypotonia X
Dystonia X
Other motor .
disorders Myoclonia X
Hyper-reflexia X ()
Spasms X (x)
Tremor X () ()
Pain X (x) x) (x) X
Oedema x) x) x) (x) x)
Fatigue X X X (x) (x)

! Impairments depending on typology , location, etc.; 2 If nerves/muscles are also involved; 3 For pain; 4 In cases;
5 In time.

3. Robotic Hand Rehabilitative Exoskeleton Design Approach

An impairment-oriented design process of a robotic exoskeleton for hand rehabilitation
could be schematically described by the flowchart presented in Figure 2.

For each phase, the diagram includes the name of the phase, a description, and the
people responsible for that phase. The starting point of the process (Phase 1) is the selection
of the purpose, that is, the choice of impairments to which the device is devoted. The
approach we propose for the design and, as we will see below, also for the selection of
an exoskeletal rehabilitation device (based on the technology of PICO) is therefore based
on impairments. The choice in Phase 1 is a strategic decision made by management with
the support of technical developers, who can provide feedback on the real possibility of
implementing the project. A schematic summary of the key impairments shown in Table 1
represents essential information for Phase 1 of the design process. Impairments are, of
course, related to pathologies or other causes (see Table 2), but focusing the project on
impairments rather than pathologies allows for greater generality, as the same impairment
may be associated with different pathologies or external causes. In accordance with the
structure of the PICO model, Table 1 also shows the methods used to measure the out-
comes, which are usually adopted for each impairment. Knowledge of the tests/measures
performed in the clinical validation phase of the device is also essential in the design phase,
as targeted decisions are made to integrate appropriate sensors where possible.

The preparatory activities of the system design are dedicated to the definition of the
design requirements, which are divided into functional requirements and interactive experi-
ence requirements. Functional requirements (defined in Phase 2) include the movements to
be performed, i.e., the number of DOFs of the device, the range of motion (ROM) required
for each movement, the forces to be developed, and the exercises allowed. Professional
therapists or physicians who are experts in rehabilitation provide this information. The
requirements for the interactive experience of the device (defined in Phase 3) represent
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the characteristics that the device must have in order to make the interaction with the
individual as good as possible. They therefore concern the wearability, which determines
the comfort and ease of use of the device, but also the safety during use, the control needs,
and the portability in terms of the ability to use the device outside the hospital for reha-
bilitation at home. As far as functional requirements are concerned, physiotherapists and
physicians are involved in this phase, but so are technical developers, as they help to define
the boundaries within which the requirements are feasible.

By analyzing the design features, such as the actuated movement, range of motion,
force, wearability, control, and portability, from different points of view, a fundamental
decision must be made about the type of device to be developed, i.e., whether a rigid, soft,
or hybrid (soft/rigid) exoskeleton is chosen (Phase 4). Additional aspects could be included
in the analysis as well, like the concepts of transparency or reversibility of the device, but
these characteristics and their importance for the overall design process of the exoskeleton
are strongly dependent on the kind of architecture under consideration. Some comments
about these aspects are therefore presented in the following sections with special reference
to the specific exoskeleton type.

This decision will depend on the functional requirements of the device, as the three
exoskeleton families may meet these requirements in different ways. A clearer and
more complete picture of how the three classes of exoskeletons perform according to the
requirements is extremely useful for this very delicate phase of the project. The analysis
presented in the following sections aims precisely to extrapolate a functional framework
for this choice. Numerous works in the literature related to each of the three families of
exoskeletons have conducted analyses in detail from the point of view of their ability to
meet the requirements for functionality and interactive experience so that a final picture
presented in the discussion can be extrapolated. The analysis of the different devices
presented in the literature shows great heterogeneity in terms of characteristics, even
between devices of the same class. The framework we try to establish aims to highlight
both the possibilities that each technology allows and the main trends that characterize
each class for the different features.

The following phases of system design (Phases 5, 6, and 7) are the familiar phases
of design for most mechatronic systems, and they are here declined with respect to hand
exoskeletons. In Phase 5, after the choice of device type, a more specific decision must be
made about the actuators to be used, since each class of drive technologies has subclasses
of actuators. In the case of exoskeletons, new types of actuators are sometimes developed
that are better suited for these types of devices and their close interactions with humans
due to their specific characteristics. In Phase 6, the functional design of the device is
conducted with the identification of its structure and its main structural components, and
it is followed by the execution project. Once the structural and mechanical part of the
device has been created, in Phase 7, the control and the HMI subsystems are designed and
created, and programming is performed. Depending on the type of exoskeleton (rigid,
soft, or hybrid), these three phases may be distinct, partially overlapping, or in some
cases, indistinguishable. In rigid exoskeletons, as in most mechatronic systems, they are
clearly distinguishable. In soft exoskeletons, on the other hand, the distinction between
the actuator system and device is not so clearly defined; there are often cases where the
actuators are structural parts of the exoskeleton, especially when they are pneumatic. In
these cases, a clear distinction between these phases is not possible, especially for phases 5
and 6. This is also the case for some hybrid devices.

Once the device design is complete and a prototype has been built, the testing phases
are initiated, which include both experimental (Phase 8) and clinical (Phase 9) validation.
Phase 8 involves testing the device in collaboration with healthy volunteers to verify that the
exoskeleton adequately meets functional and interactive experience requirements. Clinical
validation, on the other hand, involves testing on subjects suffering from the impairments
selected in Phase 1 and those to which the device is targeted.
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» Power System Design Q
» Control System Design E
2
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EXOSKELETON Design & Implementation Developers
CONTROL > HMI Design
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» Programming
I
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Figure 2. General design flow-chart for a robotic exoskeleton device for hand rehabilitation with the

indication of the professional figures responsible for each phase and with the identification of the

macro-phases.
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In the following sections, some eminent examples of rigid, soft, and hybrid exoskele-
tons available in the literature are revised based on the criteria introduced in Phases 2 and
3, i.e., functional features and interactive experience features. The analysis highlights the
main characteristics of each type of exoskeleton, their strengths, and their limits.

4. Rigid Robotic Exoskeletons for Hand Rehabilitation

Rigid robotic hand exoskeletons were the first solutions developed in the framework
of robotic devices for rehabilitation and assistive applications from a chronological point of
view due to their ability to transmit high forces with high precision through rigid mechan-
ical transmission systems [21]. Rigid transmission mechanisms, i.e., systems composed
of rigid links connected by joints are the earliest and simplest methods of transmitting
actuator motions to the required human joints. The exoskeleton mechanisms were de-
signed to establish a direct and rigid connection between the actuator motion space and
the corresponding human joint motion space. In fully actuated systems, direct and inverse
kinematic relationships can be established and, as a result, any measurements, such as
encoder signals, current, or torque obtained from the actuator can be used to evaluate, with
suitable accuracy, the corresponding state of the fingers. This inherent correspondence
between the actuator and the hand joints allows for intuitive and easy hand control and no
further tracking systems are needed in most cases.

In this context, two main types of actuation can be distinguished: direct drive and
geared systems. Direct drive refers to systems where the actuators are directly connected to
the structure [22-32], while geared systems use a gear train to connect the actuator to the
structure [33-37]. In fewer applications, the two approaches are merged [38].

The general principle for wearable robots and specifically for rigid hand exoskeletons
is to position and connect the actuators in the proximal part of the actuated limb or finger
to limit the inertia and avoid user fatigue. Usually, in hand exoskeletons, the motors
are positioned on the back side of the hand to ensure portability, minimize the device’s
complexity, and reduce transmission losses during joint movements. However, this solution
does increase the overall weight on the user’s hand due to the actuator’s mass and size.
Rigid hand exoskeletons weigh, on average, 500 g and have a relatively large volume
compared to the human hand size [39]. Keeping the device portable while employing
an actuator for each hand DOF is nearly impossible. To limit the device weight and
complexity, most rigid exoskeletons for the hand are characterized by few actuators, and
joint motions are coupled by a mechanical transmission system [40]. Various types of
mechanical transmission and coupling systems have been designed and implemented [5].
These structures can actuate multiple DOFs simultaneously, in a controlled manner, using
a single actuator. Based on this concept, different transmission systems can be identified:
four-bar linkage mechanisms [23,31,41-44], remote center of rotation [22,28,45], serial links
mechanisms (suitable if the device needs to fit various users) [24,27,34,36], and matched-
axis mechanical structures [46-48]. Each of these proposed solutions allows the actuation
of the hand DOFs while maintaining the device’s portability and functionality. However,
notwithstanding design solutions, these devices are often bulky and heavy, and most of
them do not adequately account for a misalignment between the robot’s and the user’s
joints [49]. For example, in [32] a revised version of the four-bar linkage mechanisms is
presented. When the exoskeleton is not worn on the finger, it has three DOFs and an
actuator; therefore, it is underactuated, while when it is worn, the finger biomechanical
structure closes the mechanism and reduces the number of DOFs to one. In this way, the
remote center of motion for the metacarpophalangeal joint is no longer necessary, leading
to a significant simplification of the mechanical structure.

Some examples of rigid hand exoskeletons are shown in Figure 3. In the following,
we present a more thorough analysis of rigid hand exoskeletons used for rehabilitation in
terms of actuation and functional features.
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Figure 3. Examples of rigid hand exoskeletons. (a) Modular exoskeleton for finger flexion/extension
movement support, actuated by linear actuators [32]. (b) Hand exoskeleton for assistive and re-
habilitative purposes developed by Secciani et al. [44]. (c) Rigid hand exoskeleton proposed by
Esposito et al. [37].

4.1. Actuation System

Rigid hand exoskeleton devices mainly rely on electric motors for actuating human
hand joints. Several types of actuators can be found in the literature, i.e., DC motors,
linear actuators, servo motors, and brushless DC motors. DC motors are the most widely
used due to their ease of use, backdrivability, and low torques at high speeds. Therefore,
these types of motors are accompanied by a gearbox to increase the torque by reducing
the motor speed [24,28,34-36,38,46,47,50]. Linear actuators are another type of system
employed in rigid hand exoskeleton actuation units [22,23,25,29,32,40,51,52]. This kind of
technology consists of DC motors connected to a lead screw assembly which allows the
rotational motion to be converted into linear motion. Linear actuators are typically used in
combination with the four-bar linkage mechanisms, enabling the structure to realize both
flexion and extension motions of the actuated joint. Other works present rehabilitative hand
devices that employ brushless DC motors. These motors offer advantages with respect to
standard DC motors in terms of size, noise, and efficiency [53,54].

In other applications, servo motors are used to actuate hand exoskeletons [37,41,42,47].
These types of motors are limited geared DC motors that are controlled via pulse width
modulation signals. They are very popular due to their easy control, and compared to DC
motors, they do not suffer from the backdrivability problem.

Overall, selecting a suitable motor for the exoskeleton actuation unit always involves
a trade-off among different criteria and depends on specific requirements in terms of the
force, range of motion, power consumption, and weight characteristics that the device
should satisfy.



Appl. Sci. 2023,13, 11287

12 of 40

4.2. Functional Features

Actuated movements. Most of the rigid hand exoskeleton devices focus on replicating
human finger flexion/extension movements by neglecting the abduction/adduction
motions. Typically, each finger is actuated using at least one motor and presents the
same mechanical structure, except for the thumb. The thumb presents a more complex
and particular kinematic structure compared to the other fingers [55]. The literature
review shows that the thumb exoskeletons vary depending on the specific design
requirements and there are no rigid hand exoskeletons capable of performing the
three movements of the thumb, i.e., flexion/extension, abduction/adduction, and
opposition. In some applications, the thumb is designed to perform flexion/extension
and abduction/adduction motions by using two actuators [53]. In other cases, the
thumb exoskeleton is able to perform flexion/extension, while abduction/adduction
motions are performed passively or not included at all [22,27,29,32-36,42,45,46,52].
There are also examples where the thumb is entirely passive or not considered in the
rigid hand exoskeleton design [37,41,47].

In order to let the user perform natural and coordinated hand movements, the concept
of synergies introduced by Santello et al. [56] is exploited in some solutions in the
design phase of the exoskeleton [32,48].

Range of motion. The combination of ROM and stretching exercises is essential for
patients during the rehabilitation process. ROM maintenance plays an important role
in preventing complications such as finger contractures [57,58]. Therefore, achieving
a suitable ROM is a key feature when designing hand exoskeleton devices. Ideally,
such rehabilitative devices would cover the complete hand ROM and all of the DOFs.
However, in practice, the solutions presented in the state-of-the-art technology are
always a trade-off between size, wearability, weight, strength, and the specific type
of movement actuated. As a result, rigid hand exoskeletons able to cover all hand
ROMs and DOFs are currently unavailable, as can be observed in Table 3. In the litera-
ture, various works lack explicit information about ROM data [23,25,33,38]. In other
cases, only partial details are provided regarding the ROM of the device [22,29,30,46].
Meanwhile, some studies provide more comprehensive insights and detailed informa-
tion [24,27,28,31,32,42].

Force. Force is another aspect to consider when designing a hand exoskeleton. Human
hands can exert various types of force and adjust their grip strength depending on
the object to be grasped. In exoskeleton devices, the force is typically measured
through force sensors at the fingertips [27]. Solutions exploiting other points on the
exoskeleton are presented in the literature, for example, embedded into the linear
actuator supports [32].

Usually, the information provided by the sensor is used as feedback for the therapist,
enabling a constant analysis of the rehabilitation process. In rigid hand exoskeletons,
such as those with a remote center of rotation or those employing consecutive link
mechanisms, the force is applied perpendicular to the contact point between the device
and the phalanges. This force may not be uniformly distributed, depending on the
number of activated DOFs.

According to the literature review, the minimum force needed in grasping and ma-
nipulation tasks ranges between 10 N and 13 N. Meanwhile, for daily life activities,
a force value of 20 N is usually indicated [8,29]. The device presented in the work
by Moreno et al. [31] exhibits a force output of 10 N, whereas the devices in other
papers [27,29,30] can exert maximum forces of 8, 15, and 30 N, respectively. However,
in most of the works analyzed in the literature review, there are no data and tests
regarding the maximum force exerted by the devices. Usually, the authors prefer to
use actuators able to deliver more than 20 N in order to be able to use the device for
daily life activities [23,32,52].
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Table 3. Actuator type and ROM achieved by rigid exoskeletons presented in the literature. FF: finger
flexion; TF: thumb flexion; DIP It DIP fingers; PIP iz PIP fingers; MCP It MCP fingers; CMC;: CMC
thumb; MCP;: MCP thumb; IP Iz IP thumb.

Ref. Actuator Type FF TF DIPf PIPf MCPf CMC; MCP: IP:
[deg] [deg] [deg] [deg] [deg] [deg]l [degl [deg]

[53] Brushless DC 85 81 90 30 20 50

[22] Linear actuator 65 55

[24] DC all range all range all range

[25] Linear actuator

[23] Linear actuator

[35] DC 85 89 93

[36] DC all range all range

[27] Linear actuator 57 86 73

[28] DC 64.5 67.8

[30] Linear actuator 100 90

[31] Linear actuator 76 63

[32] Linear actuator 87 65

[37] Servomotor 10 80 52

4.3. Interactive Experience Features

Wearability. The wearability of rigid exoskeletons is consistently regarded as a fun-
damental requirement by researchers in the field: keeping the exoskeleton worn and
used for prolonged periods of time reflects a lot on the rehabilitation process and the
user’s autonomy [25,59].

Addressing the wearability requirement necessitates careful consideration of various
factors. One important aspect is the choice of materials for exoskeleton manufacturing,
as these should guarantee a long-lasting performance over time. For instance, in
the work by Tong et al. of 2010 [22], the authors used a combination of materials,
i.e., Acrylonitrile Butadiene Styrene (ABS) and aluminum. In alternative cases [32,38],
the device is made in ABS, while in others [31,32], a combination of plastic and
flexible materials is used. Furthermore, to guarantee the wearability, the weight of the
exoskeleton should be as limited as possible by choosing the appropriate actuators
and defining the best position for the actuation unit.

In rigid exoskeletons, the actuation unit tends to be positioned on the back of the
hand to minimize interference as much as possible during the activities of daily living
by connecting the actuators directly to the mechanical structures. The mechanical
structure responsible for finger movement is designed to have a limited height and
length and should not exceed the size of the user’s fingers.

The works analyzed in the literature review show that certain types of finger move-
ment, such as finger abduction/adduction, are often restricted with respect to others,
i.e., finger flexion/extension. This choice allows the number of required actuators
to be limited. Furthermore, often, the thumb is partially implemented or excluded
completely from the design due to its complex kinematic structure. There are also
solutions aimed at limiting the number of actuators per finger, e.g., the one presented
in the work by Dragusanu et al. [40] where a differential mechanism is employed to
couple the motion of two adjacent fingers.
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In human/exoskeleton interaction contexts, a device is defined as transparent when it
does not modify the nominal behavior of the user in terms of the end-effector, joint tra-
jectories, and patterns of muscle activation [60]. Transparency can be obtained in rigid
exoskeletons by employing suitable control strategies. For instance, Topini et al. [61]
proposed a device in which an admittance control with a real-time varying admittance
model is implemented to effectively support the patient’s desired motion.
Reversibility is another desirable property of exoskeletons. Firstly, a mechanically
reversible device is efficient from the energy consumption point of view. Reversibility
enhances device safety since the device can be always forced by the user in case of
issues and allows the user’s interaction to be detected. Reversibility can be obtained
by choosing high-efficiency actuators and properly designing the transmission sys-
tems [45]. When the employed actuators do not allow this property, for instance, linear
actuators, which usually have lower efficiency levels, the reversibility can be obtained
by the device sensing and control system [32].

Rigid hand or finger exoskeletons are usually connected to the hand by flexible and
adaptable fabric components. The actuators are usually positioned on the back of the
hand [34,44,52] or on the forearm [25]. Usually, a rigid support for the actuators is
present, connected to the hand palm or to the forearm with flexible and adaptable
Velcro straps or similar systems. The parts of the exoskeleton activating the fingers are
connected to the phalanges through rigid or flexible rings. In some cases, the structure
is connected directly to the fingertip through a thimble [34].

Control. Often, in rigid hand exoskeletons, the control system consists of a microcon-
troller that processes information, such as sensor data, and generates commands for
the actuation unit. Additionally, an auxiliary data processing unit, for example, a
tablet or a computer, accessible to both the user and specialist is used to monitor the
user’s activities and progress [32]. In the state-of-the-art technology, different control
methods are employed in the rigid hand exoskeleton to provide various forms of
rehabilitation, like active, passive, resistive, and active-assisted. The most common
types of control are those based on force, position, or torque control. Other control
signals can be used, such as bio-signals, voice signals [28], and simple trigger signals.
Rigid hand exoskeletons mostly rely on position and force control. Meanwhile, others
incorporate bio-signal-based controls. The trigger control exploits buttons to acti-
vate specific exercises for the user’s rehabilitation. Usually, these exercises consist of
pre-defined actions such as opening/closing the hand and grasping an object [46,47].
Force-based control is an interactive modality that aims to create an active rehabili-
tation tailored to the user. In this case, rigid hand exoskeletons are actuated on the
basis of the force exerted by the user. By using this approach, the users are actively
engaged, allowing them to improve their hand skills throughout the rehabilitation
process: the exercises employed enhance the manipulation of objects and help to
increase the hand grip force. Consequently, this type of exoskeleton control is also
used in active-assistive rehabilitation, based on the specific user’s needs. For instance,
Topini et al. [61] implemented an admittance control system for a hand exoskele-
ton to be applied in Virtual Reality (VR)-based rehabilitation tasks, which varies the
control parameters to properly render the force sensation and to adapt to the user’s
motion intentions.

Position-based control is usually implemented by using pre-defined inputs to obtain
desired exoskeleton motions. This method is preferred for the passive rehabilitation
modality, where the exercises are conducted by giving an input command to the
controller, which is then processed and consequently sent to the actuators, which
are controlled in terms of their positions. Current research in the field of rigid hand
exoskeleton indicates that PID (Proportional-Integral-Derivative) and PD controllers
are predominantly employed [23-25,27,30,34,36,41,53]. Among the different control
models, position-based control and force-based control are the most commonly used
approaches [31,32,35,43,45].
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The literature analysis shows that, apart from force sensors, the force exerted by the
user can be measured through bio-signals. These signals are employed as control
inputs for the exoskeleton device. Current research indicates that the bio-signals
commonly used for controlling rigid hand exoskeletons are electromyography (EMG)
signals, electroencephalography (EEG) signals, and electrooculography (EOG) sig-
nals [22,28,29,33,37,38,42]. These signals can be obtained through non-invasive pro-
cedures, allowing clear interactions between the user and the device. The primary
purpose of these technologies is to discern the patient’s intentions. Studies have
demonstrated that incorporating user interactions with training can enhance the re-
covery and promote cognitive function [25]. Furthermore, the current trend in this
field is to integrate bio-signals with artificial intelligence techniques.

*  Portability. Portability is considered one of the emerging key features in rehabilitative

hand devices and it turns out to be a relevant aspect in rigid hand exoskeletons. This
feature allows end-users to independently wear and use the exoskeleton, possibly
with limited support or without the support of specialists or assistants. The literature
review shows that portability is an important feature to be considered: over time, in
the field of rigid exoskeletons, there has been a shift in the design from grounded
solutions that were challenging to wear and limited to specialized centers, like those
presented in the work by Schabowsky et al. [53], to more easy-to-wear and friendly
solutions, such as those proposed by Dragusanu et al. [52].
Currently, there is a growing emphasis on user-centered design solutions [62], where
the user plays a central role in the development of the whole device. This approach
gives the user a deeper impact on the design, as they are involved in all of the main
design and prototyping phases. It is worth noting that the rehabilitative device, in
this case, the rigid hand exoskeleton, ought to be accepted and adopted into everyday
practice by the users. To accomplish this, it is crucial to understand the specific users’
needs and expectations, including aspects such as quality of life, sense of control,
dignity, and independence. Participatory design processes involving end-users might
overcome the conflicting values and expectations of developers and end-users [63,64]
in terms of the device portability. In [32], a rigid hand exoskeleton designed for a
specific user is discussed, allowing them to create their own rehabilitation program.
Similarly, in [37], the authors prioritize the aspect of a lightweight design, aiming to
enhance portability.

5. Soft Robotic Exoskeletons for Hand Rehabilitation

In recent years, the development of soft robotics rehabilitation systems based on soft
actuation has increased significantly. Figure 4 collects some examples of these devices. Soft
actuators (SAs), or semi-soft tendon-driven actuators, have characteristics that make them
particularly suitable for robotic rehabilitation compared to rigid actuators. The intrinsic
compliance of these systems allows for safer interaction with the limb being rehabilitated;
they can also be lighter. Exoskeletons with soft actuators are generally defined as soft
gloves [65].
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Figure 4. Examples of soft hand exoskeletons. (a) Soft exoskeleton with Pneu-Nets soft actuators.
Source: Tiboni et al., 2023 [66]. (b) Example of a fabric-based soft exoskeleton. Source: Cappello et al.,
2018 [67]. (c) Wearable exoskeleton with Machine-Knitted Seamless Pneumatic Actuators. Source:
Elmoughni et al., 2021 [68]. (d) Soft robotic glove with actuators consisting of molded elastomeric
chambers with fiber reinforcements. Source: Polygerinos et al., 2015, open manuscript [69].

5.1. Soft Robotic Exoskeletons Actuation

Pneumatics is the predominant actuation technology used in robotic gloves [70],
which are therefore mainly based on pneumatic actuators (PAs). The choice of actuator
type has a decisive impact on the final structure of the device. Different categories of soft
actuators have been developed and presented in the literature for the actuation of soft
gloves. Pneu-Nets Soft Actuators (PNSAs) made of elastomers, whose first concept goes
back to Polygerinos [71], have been studied by several authors and used in a considerable
number of soft glove solutions [66,72-76]. Pneu-Nets soft actuators move the finger joints
directly by positioning them over the fingers. Different constructive versions have been
developed to improve the movement and thrust and to achieve a movement of the fingers
that is as close as possible to the physiological one. In [72], Wang X. et al. present an
optimized design of Pneu-Nets soft actuators based on the finite element analysis. Using
material tensile tests, they first determined the hyperelastic constitutive model, which was
then used in the FEM analysis. From the optimization, they concluded that a geometry with
a semicircular chamber has a better performance than one with a conventional rectangular
cross-section. The authors also presented an innovative design for a soft rehabilitation
glove consisting of adaptable parts and newly developed soft actuators. The new actuator
can move each finger joint, because it is small enough to be attached to the knuckle of
the glove. PNSA structures with variable levels of stiffness were designed to achieve
bending at the finger joints and straight behavior at the segments, according to the skeletal
characteristics of the human hand [73]. Two different technological processes are usually
used in the production of Pneu-Nets: casting in a mold or direct 3D printing. Curing
of the silicone in a plastic mold made by additive manufacturing is the most common
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process, but recently, with the continuous innovations in 3D printing, direct printing of
the silicone-based actuator has also been applied. This has greater simplicity and speed of
production (since the actuator is made in a single body), but it has the disadvantages of a
limited choice of materials and expensive equipment. The bending motion of this family
of soft actuators is due to the presence of a strain-limiting layer. The classical solution for
casting in a foundry process involves fabricating the strain-limiting layer separately from
the actuator body and then bonding it. Some authors propose solutions for monolithic
cast-in-a-mold fabrication processes, in which a core of wax is inserted and then removed
by heating [66] or a soluble TPU. PNSAs bend well and easily, but can only exert relatively
low forces, around the 1-2 N range. Fiber-reinforced actuators belong to another category of
soft actuators. They have a compact structure and can provide high forces, reaching values
of 8 N, compared to Pneu-Nets. Fabrication based on a lost-wax process allows monolithic
molding, and the use of an inverse-flow injection (IFI) method reduces unwanted bubbles
in the final actuator [77]. A soft glove designed with fiber-reinforced actuators can be more
compact than one using Pneu-Nets or other categories of soft actuators [78-81]. Positive-
negative pneumatic actuators (PNPAs) are another category of soft actuators [82,83] that
allow active control of both flexion and extension when used in a soft glove, as opposed to
the previous types that allow the active implementation of bending motion only. Bellows
are the main element of PNPAs. Positive and negative pressure are used to expand and
contract the bellows, which are placed on the back of the hand, and a strain-limiting layer is
used to achieve active flexion and extension, respectively, causing the closing and opening
of the fingers. In [82], Hu et al. achieved a maximum initial force of 4.6 N for extension and
1.9 N for flexion. Because of their flexibility, lightness, wearability, and inherent anisotropy,
tissues are used as materials of construction in another category of soft actuators, SFPAs [84],
i.e., soft tissue-based pneumatic actuators. The operation of a finger extension SFPA is
based on the change in body stiffness. The finger extension SFPA is flexible enough to
adapt to the curved finger when the air is released. The finger extension SFPA generates an
extension force and moment after inflation, as it stiffens and tends to straighten. Feng et
al. introduced a subclass in [85], which they called high-force fabric-based PAs (HFFPAs).
Two independent textile layers are fabricated, two sealing edges which are attached to
the dorsal side of the glove to form the eccentric solid shaft of the asymmetric chamber.
With a pressure of 150 kPa and a constructive geometry based on semicircular chambers,
they achieved a blocked force of about 13 N. Recently, several soft wearable gloves with
fabric-based PAs (FPAs) have been developed [9,65,86].

For each of the categories described, a considerable number of papers can be found
in the literature. There are particular types of SAs proposed by a single author or a very
limited number of authors, such as Thin McKibben Muscles [87] or PAs with a Jamming
Structure [88].

5.2. Functional Features

*  Actuated movements. Most soft robot gloves with pneumatic actuation are designed
to move all five fingers [74,75,89] so that the entire hand can be opened and closed.
Soft gloves can allow the activation of only flexion, only extension, or both. The
most important option is the movement of three fingers, namely the thumb, index,
and middle finger. The movement of these three fingers allows the execution of a
large number of important ADLs and gestures. Very few devices allow the actuation
of one or two fingers, and in those cases where this is the case, it is performed to
demonstrate the feasibility of the actuation system. There is a clear trend in the
literature toward solutions in which both flexion and extension are activated, but
flexion is often activated actively and extension passively. The proportion of gloves in
which only one of the two actions is triggered also shows this preference for flexion
over extension. Moving the thumb presents a more complex challenge than the
other fingers. The most common choice is to implement only flexion and extension
movements with an actuator similar to the actuator used for the other fingers, of
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course with smaller dimensions. In some cases, solutions have been proposed that
also implement the adduction movement [79,82] with specially developed actuators.
ROM of actuated movements. For the range of motion, some authors give the results
obtained in general terms, without distinguishing between the fingers and the finger
joints; others give the ranges for the different joints, again without distinguishing
between the fingers; still others give precise data for the joints, distinguishing between
the thumb and the other fingers. Table 4 summarizes the data on the ROM of some
devices presented in the literature. Very often, the design features of the soft actuators
used in soft exoskeletons allow the actuation of one degree of freedom for each finger
without allowing the control of interphalangeal movements. In some cases, which are
much rarer, the appropriately designed geometries of the soft actuators also allow mo-
tion control of the different phalanges. From the ROM analysis given by some authors
and summarized in Table 4, it appears that for the proximal metacarpophalangeal joint
of the finger (PIP), there is a considerable uniformity of values (between about 80°
and 85°), whereas for the other joints, there are considerable differences between the
values obtained with the different devices. For example, for the proximal finger joint,
there are values below 30°, above 80°, or around 58°. The values obtained for PIP
correspond to those of a normal hand; for the other joints, the values are comparable
in some cases and much lower in others.

Forces developed by the devices. In Table 5, the values of the maximum forces/maximum
loads given by the authors of the analyzed publications in relation to the soft exoskele-
tons for the hand are listed. As can be seen from the large number of columns, there is
great heterogeneity in the characterization of the devices in terms of the forces and
load capacity. Some authors have characterized the device in terms of the maximum
force that can be developed at the tip of a single finger. Others have used the maximum
total force that can be developed at the fingertips, i.e., the maximum grip force. In
other cases, they refer to the performance of the device in relation to the activity to be
performed, i.e., the maximum value of the mass that can be lifted, gripped, or pinched.
The range in which these quantities vary with the variations of the device is very
large. The maximum force that can be developed by the fingers as a whole is 148.36 N,
and this was obtained with textile actuators with TPE. Values of about 40 N can be
achieved with fabric-reinforced soft actuators. With soft actuators with Pneu-Nets,
the values of the force that can be developed are lower, between 10 and 19 N. The
maximum mass that can be lifted ranges from 220 g for Pneu-Net soft actuators to
1000 g for textile actuators with TPE and even up to 3000 g for soft bending actuators.
Of the analyzed papers, only one gave the grip force, which was about 42 N.

Table 4. ROM achieved by soft exoskeletons presented in the literature. FF: finger flexion; TF: thumb
flexion; DIP iz DIP fingers; PIP iz PIP fingers; MCP iz MCP fingers; CMC;: CMC thumb; MCP;: MCP
thumb; IP IE IP thumb.

FF TF DIP PIP MCP CMC MCP; 1P
Ref. Actuator T ! f f t t t
e acuator type [degl [degl [deg] [deg] [deg] [deg]  [degl  I[deg]
[90] Textile actuators with TPE 148.36
Soft-elastic composite
1] actuator (SECA) 73
[92] SBA (Soft bending actuators) 216 125
[o3) 3D printed with a fold-based 230+80 850452 27.0+£67 23+08 17+£06 449420
design SA
[94] Fabric-reinforced SA 7994+42 799+42 739+104
[89] Fabric-based actuators 88.2+19
[95] Positive-negative bellows 68 101 84

pneumatic actuators
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Table 4. Cont.
FF TF DIP PIP MCP CMC MCP; 1P
Ref. Actuator T ! ! f t t t
€ ctuator ype [deg] [deg] [deg] [deg] [deg] [deg] [deg] [deg]
Fiber-reinforced
[96] Silicon-Based Actuator 464+99 843+68 792+41 629+24 847+28 254+3.1
(SBA)
[o7) SBA witha corrugated 579405 849402 573403
accordion-like outer layer
Table 5. Forces achieved by soft exoskeletons presented in the literature. mFF: maximum fingertip
force; mTF: maximum tip force; mGF: maximum grip force; mFGF: maximum frictional grip force;
mLM: maximum liftable mass; mGL: maximum grasping load; mPL: maximum pinching load; TAP:
test actuation pressure; weight: device weight.
Ref. Actuator Tvpe mFF  mTF mGF mFGF mLM mGL mPL TAP Weight
' P NI NI [N] IN] gl gl  [gl [kPal I[g
[74] Pneu-Nets actuators 220
[90] Textile actuators with TPE 148.36 1000
Segmented PneuNets
[98] Bending Actuators (SPBA) 1.60 582
Segmented PneuNets
[92] Bending Actuators (SPBA) 19 3000 2700 500 237 (glove)
3D printed with a 1500 (complete
53] fold-based design SA 41.8+£3.1 system)
[94] Fabric-reinforced SA 9.12 36.21 £ 4.5 187 £ 09 120 180 (glove)
[86] Fabric-reinforced SA 14.3 70 99 (glove)
[89] Fabric-reinforced SA 10.25
Fiber-reinforced
[96] Silicon-Based Actuator 13.6 153 170 (glove)
(SBA)
[o7] SBA witha corrugated 9.25 + 0.48 200 200 (glove)

accordion-like outer layer

5.3. Interactive Experience Features

Wearability. Articles providing information on the portability and wearability are
mainly papers describing clinical trials and results [99-105].

The studies by Radder et al. [99-101] investigated user acceptance (e.g., perceived
ease of use, motivation, system usability) and the effects of the soft robot glove
system HiM (Handin- Mind) on the performance of activities of daily living (ADLs)
by five chronic stroke patients. The System Usability Scale (SUS) was used to measure
usability, and the Intrinsic Motivation Inventory (IMI) was used to measure motivation
(in terms of interest/enjoyment, perceived competence, effort, perceived choices in
performing a particular activity, experienced pressure/tension, and value/benefit).
User acceptance measured by the SUS and IMI was scored high. Results were positive
regarding the usability of the device, especially for gross motor activities, while
performing fine motor tasks with the glove proved difficult. Poor performance in
the motor task was also reported by Palmcrantz et al. [103]. Osuagwu et al. [104,105]
showed that self-managed rehabilitation at home with the soft extra muscle (SEM)
glove [106] is effective for improving and maintaining gross and fine motor skills in
the hands of people with chronic spinal cord injuries or chronic tetraplegia. Thus,
home-based rehabilitation may be possible and effective with soft robotic gloves.
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The wearability of an exoskeleton is significantly influenced by its weight. The soft
exoskeletons presented in the literature have quite different weights; the ones analyzed
have a weight that varies between about 100 g and 240 g [86,89,92,94,97]. They are
therefore characterized by very good lightness. In soft gloves, soft actuators designed
and developed ad hoc are used in most cases. From the analysis of the state-of-
the-art technology, it appears that these are soft actuators with very compact and
extremely adaptable geometries, which allow soft gloves with high potential in terms
of ergonomics and adaptability to be obtained.

The feature of transparency, which affects the wearability and safety of the device, is
generally very rarely discussed when presenting soft exoskeletons. Only some authors
have reported a few cases but without going into detail in the discussion. Wang
et al. [92] developed a soft exoskeleton for the fingers and wrist. They considered
transparency to be a fundamental feature in the development of wrist actuation. They
designed a wrist brace that has adjustable tightness, adapts to the movements of the
wrist, is comfortable to wear, and provides good transparency for the soft glove. The
fabric-based robotic glove developed by Yap et al. [86] has five finger actuation pockets
on the back. As it ensures that there is little mechanical resistance to finger movements
and allows kinematic transparency when worn, the glove acts as a compliant interface
between the actuators and the hand. In general, many actuator solutions for soft
exoskeletons, in particular, actuators made from fabric or with thin artificial McKibben
muscles [107], are characterized by their high transparency.

Reversibility was never discussed in the examined articles. However, it should be
pointed out that, in pneumatic systems with actuators made from flexible materials,
reversibility is a feature that the actuation system itself guarantees.

The long-lasting performance of soft exoskeletons could be a very important issue to
address given the intrinsic compliance properties of the actuators most commonly
used in these devices. However, no author has reported on the durability or long-term
testing of the developed devices. It must be considered, however, that all of the devices
presented in the literature are at the prototype development stage.

Finally, regarding the attachment of a soft exoskeleton to the patient’s hand, the most
commonly adopted solutions are either the use of Velcro straps connected to elements
on the back of the hand to which the actuators are attached or the use of gloves to
which the actuators are attached. In the case of fabric-based soft actuators, in some
cases, the actuators are integrated directly into the glove. The choice of a particular
solution has a significant impact on the comfort of wearing the exoskeleton.

Control possibilities. Soft glove control can be implemented with different solutions.
Model-based control is the most widespread, while control strategies based on the eval-
uation of EMG signals are growing strongly [93,108-110]. EMG signals are collected
from the impaired hand and are used to record residual muscle activity for EMG-based
control. Sometimes, machine learning algorithms are used to control these devices
based on force feedback obtained by measuring EMG signals, as was performed in
the paper published by Sierotowicz et al. [109]. In this work, the authors developed a
soft wearable glove controlled by a machine-learning-based intent detection system
applied to closed-loop sensed muscle activity. Soft exoskeletons are often equipped
with sensors of various types that provide feedback to control movement. In some
cases, these gloves have actuators that generate sensory feedback [111,112]. Bending
sensors are the most common, followed by force or strain sensors, IMUs, pressure
sensors, SEMG sensors, as well as soft sensors, often custom-made, which are used to
detect motion and to control the device. The widespread use of flex sensors to detect
the bending angle of the fingers or force or strain sensors corresponds exactly to the
function of a soft glove. In the hand exoskeleton HEXOES [113], control is enabled by
flex sensors over the actuated joints and force sensors on the linear actuators. Mirror
therapy [114] and bilateral training are often combined with robotic gloves gloves
(regardless of the rigid, soft or hybrid type), creating a system in which the move-
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ment of the healthy hand controls the robotic device on the impaired hand [110]. The
combination of mirror therapy and robotic rehabilitation may result in even greater
improvements than any single technique [115]. There are numerous papers in the liter-
ature dealing with the combined application of these techniques and soft exoskeletons.
A hand rehabilitation system based on the concept of mirror therapy, in which a soft
glove is controlled by machine learning algorithms applied to EMG signals from the
unaffected hand, is presented in the work by Chen et al. [116]. For bilateral training,
Yap et al. [86] developed a soft robotic glove that can be controlled by signals from
flex sensors in a data glove worn on the healthy hand.

The use of pressure sensors for air pressure in the actuators to control the developed
force is very common in pneumatic gloves. This control has low precision, but
simplicity is its strong point.

The inherent compliance of soft gloves leads to a compromise between control preci-
sion, material flexibility, and lightness.

The intrinsic compliance characteristics of actuators, thanks to the soft materials
used for fabrication, allow for the intrinsic safety of soft exoskeletons. However,
it is necessary to provide safety systems for use. Additional safety measures have
been developed for a limited number of the devices described in the literature. This
is probably due to their stage of development, which is still at an early stage [9].
One trend that can be observed is the inclusion of safety features in the control
system to minimize the complexity of the device, the number of components, and
the weight. Usually, feedback is inserted to control the movement and to avoid risky
situations. In some cases, a maximum pressure value is set to avoid excessive forces
or bending [95,117]. In other cases, bending sensors are used [118].

*  Portability. Only a few devices have been developed with portability in mind, but
we have observed an increasing trend in recent years toward the development of
devices that are fully capable of being operated by the patient at home without the
need for a clinician or technician [94,117]. Several devices have been observed to
be portable thanks to the use of compact, battery-powered control units [118,119].
These are important features given the many benefits that can be achieved through
home-based rehabilitation. A wearable soft robotic glove can significantly improve the
rehabilitation process at home [76]. Devices can be cheaper compared to rigid-body
devices because actuators and materials are cheap.

6. Hybrid Soft-Rigid Robotic Exoskeletons for Hand Rehabilitation

While rigid devices offer precise kinematics, strong force control, and efficient power
transmission, they are often too heavy, bulky, and stiff for comfortable use by patients. To
solve these issues, some rigid devices have elastic elements embedded into the mechanism
to increase compliance. Hybrid soft-rigid exoskeletons use a combination of a rigid frame
with deformable materials. These compliant materials make the device more comfortable
and wearable, making it compatible with the natural movement of the human fingers and
enhancing output forces [120]. Hybrid devices composed of alternating flexible joints and
rigid links are prevalent design solutions, as reported for the state-of-the-art technology.
Based on additive manufacturing, some solutions exploit monolithic designs [16,121,122]
and modular structures [123-125]. Instead, to employ the potential of rigid devices, elastic
spring elements are included [126]. Different technologies can be chosen to obtain a better
controlled hybrid exoskeleton, such as soft pneumatic actuation, combining a rigid armor
that wraps the flexible element or fiber-reinforced soft bending actuators [127,128]. In
another study, Rose et al. designed a hand exoskeleton with a hybrid rigid-soft design that
better supports and trains ADLs by combining rigid elements for power transmission and
mechanically programmed safety features with soft interfaces for improved wearability [129].

In the area of tendon-driven actuators and soft exo-gloves (SEG), Randazzo et al.
showed how an exoskeleton controls both flexion and extension of the fingers using a Bow-
den cable system [130]. Taking into consideration the criteria defined for the state-of-the-art
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technology, a classification can be drawn up. All devices have inherent customizability:
indeed, each one allows the geometric parameters of the elements to be set according to
the size of the patient’s limbs. In addition, the use of 3D scanning technologies allows for
increased adaptability of exoskeletons to different anthropometric conditions [131,132]. All
of those are equipped with sensors and designed with safety features, such as lightweight
and flexible materials [121,124], ergonomic designs [123,126], and control systems [130].
The ROM of each joint can be limited by adjusting the stoppers on each passive slider
mechanism on the outer spring for safety [121]. The advantage of the mechanism is that it
is compact and lightweight, and most importantly, since the mechanism involves compliant
elements, the device can be inherently safety compliant [121]. Therefore, the designed SEG
device underwent a series of tests in order to prove its compliance with health, safety, and
environmental protection requirements derived from the European Union (EU) Directives
and to obtain the CE marking. For instance, the tests examined the device for electromag-
netic compatibility (EMC test), electrical safety (low voltage directive—LVD test), and the
Restriction of Hazardous Substances (RoHS evaluation)[129]. Every upper spring blade
arrives at the endpoint of the respective limit to ensure the safety of patients wearing the
exoskeleton [123]. All safety measures are addressed and any undesired shear forces are
kept to a minimum during the exercises [126]. The power transmission, built from the
rigid elements embedded in soft goods, provides torque through flexible Bowden cable
transmission and ensures safety through the judicious placement of rigid elements [127].
The mechanical structure should prevent excessive joint flexion and extension. Moving
parts have to be shielded to prevent tissue or body parts from being pinched [124]. To
ensure the safety of the soft actuator (e.g., to prevent explosion), a relatively safe pressure
was used (i.e., 216.67 kPa) to measure the contact force on the fingertip. Lastly, the soft
actuator will not injure users’ fingers, even in the event of system failure. For example,
when the air pressure exceeds the allowable pressure of the actuator, the soft actuator
will leak rather than explode due to the use of fiber [130]. Overall, exoskeletons offer a
safe and effective way to support patients in their recovery from injuries or neurological
conditions. Long-lasting performance over time depends on the material properties, in
particular, the fatigue life cycle of the device’s joints and cable, where the latter ones are
used for tendon-driven actuation. Two kinds of hybrid exoskeletons for hand rehabilitation
are shown in Figure 5.

6.1. Functional Features

The present section involves an analysis of the available literature in terms of the
key trends in functional features and the link between the accepted actuation solutions
and functional needs in the process of developing a hybrid robotic exoskeleton. These
developments and requirements are discussed in relation to the previous state-of-the-
art section.

*  Actuated movements. The main goal in the development of devices that integrate both
flexible and rigid components involves facilitating the articulation of all fingers of the
human hand. While tendon actuation is the prevailing method, there are instances
where pneumatic is employed in conjunction with innovative design choices, as
reported in [121,128]. In addition to the control of finger flexion and extension, a
few studies integrate methodologies for thumb rotation (pronation and supination),
hence enhancing the adaptability of the system to various rehabilitation approaches
for users and operators [126,129]. Furthermore, the design of the device has been the
subject of several studies, with particular emphasis on its portability and lightweight
nature [130]. The device developed by Li et al. focuses on one finger, unlike the others,
adding an additional degree of rotation of the index finger, mainly related to patients
in post-stroke rehabilitation treatments [124].

*  Range of motion. The ROM is one of the main parameters for device evaluation. Across
different authors, ranges have been reported with a variety of values. Many studies
have provided overall results without specifying variations between joints. Others
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have noted and validated specific thumb or finger ranges. This shortcoming stems
from the different technologies adopted by the authors, both for the development of
the device and the aim of the study. Some works do not indicate a specific movement
range, other than the force values taken as a reference from the literature. Table 6
outlines the parameters of the ROMs for each of the developed devices examined.
Force. The limited availability of force-related data in the publications examined in
this section, which specifically investigated hybrid exoskeletons for rehabilitation
purposes, highlights the distinctive difficulties presented by these novel technologies.
The following papers present novel combinations of pliable and inflexible materials,
including the complex integration of technical principles and biomechanical concepts.
The evaluation and characterization of these hybrid exoskeletons, resulting from the
unusual fusion, introduce additional levels of complexity to the investigation. The
selected studies focus on examining the complex elements of exoskeleton functionality
and its ability to support various types of movement. The focus placed on this matter
is perceptive, since it acknowledges that the quantification of force in isolation fails to
encompass the entirety of the case.

Figure 5. Examples of hybrid hand exoskeletons. (a) The device consists of pneumatic actuation,
combined with rigid armor. Source: Kladovasilakis et al. [121]. (b,c) Global and bottom view,
respectively, of a hybrid assistive hand exoskeleton for stroke patience: a rigid structure with flexible
joints. Source: Vertongen et al. [127].
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Table 6. ROM achieved by devices presented in the literature. FF: finger flexion; TF: thumb flexion;
DIP iz DIP fingers; PIP iz PIP fingers; MCP It MCP fingers; CMC;: CMC thumb; MCP;: MCP thumb;
IPf: IP thumb.

FF TF DIP PIP MCP CMC MCP; 1P
Ref. Actuator T 4 f f t t t
€ cuator Lype [degl [degl [deg] [deg] [deg] [deg] [deg] [deg]
[120] Sliding springs mechanism 40.7 67.3 36.7
[121] Pneumatic armor-covered
[16] Spring blades tendon-driven 34.0 61.0 32.0
[123] Cableand spring 60.0 55.0 40.0 65.0 50.0
mechanism
Bowden remote
[124] tendon-driven system 950 750
[126] lendon-driven with sliding —15-90* —15-90* —15-90* —10-45* —10-45* —10-45*
springs joints
[127] SPlinthybrid structure and 75.0 90.0 82.5 50.0 70.0
cables
[128] Flber.—remforced pneumatic 35.0 60.0 40.0
bending actuator
[129] Bowden cable transmission 66.0 66.0 72.0
[130] Remote chest-pack with 20

tendon actuation

* Overall range obtained from the sum of MCP, PIP, and DIP; ** overall range obtained from the sum of CMC,
MCP, and IP.

6.2. Interactive Experience Features

Wearability. The wearability of exoskeletons is one of the most important factors to
consider throughout a comparative examination of these devices. A major focus of
these devices is their lightweight nature and ease of use. This approach is adopted
with the objective of alleviating the degree of tiredness experienced by the user after
extended periods of use. The implementation of a single actuator equipped with
four fingers is a prevalent technique, presenting significant benefits in terms of its
straightforwardness and effectiveness [120]. This methodology becomes beneficial
as it enables the flexion and extension motions of the finger. In addition, the use of
a Bowden cable system inside the wearable component of the exoskeleton facilitates
weight reduction in such components, hence improving the overall comfort when
using the device [16,124]. The prioritization of ergonomic concerns places emphasis on
individual flexibility and seeks to provide a comfortable fit by customizing the design
to accommodate anthropometric characteristics [123]. This claim carries substantial
significance. Several devices offer efficient donning features, allowing persons with
less prior experience to utilize them effectively for ordinary chores [126,127]. Further-
more, the water and dust resistance features of the devices, particularly in the region
where the remote actuation unit is located, augment their practicality [126]. In the
realm of extended activities, the attainment of comfort and safety is accomplished by
incorporating many features, including but not limited to flexibility and mechanical
safety components. Hybrid designs, characterized by integrating rigid components
and flexible interfaces, effectively increase the scope of potential applications for these
devices to aid in many activities pertaining to daily existence [128]. The proposed
technique differentiates itself from other exoskeletons by enabling the active control
of finger flexion and extension while also maintaining the inherent somatosensory
sense in the palms and fingers [130]. This gives a significant advantage to wearable
exoskeleton technologies.
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*  Control possibilities. There are several approaches to the implementation of hybrid
exoskeleton control strategies. Electromyography (EMG) sensors are widely employed
for their management, with an external control device such as a personal computer
overseeing their operation [120,123]. Furthermore, a crucial feature that is common
throughout all of these devices is the capacity to detect and evaluate the angular
motion of the finger [121,124]. This facilitates the control unit to receive and process
the acquired data more efficiently. In addition, certain devices are equipped with
a potentiometer that enables the adjustment of the operational current of the linear
actuator [129]. This feature allows for versatility in accommodating both passive
and active exercise regimens, which may be customized to meet the unique needs
of each patient. These systems include a diverse array of sensors, such as position
and torque sensors, thus augmenting their capacity to identify and record human
motions and efficiently react to such movements [124]. The integration of force
feedback technology at the user’s fingertips is a prevalent characteristic that enhances
the overall user experience by facilitating the modeling of typical grasping actions
and by making it readily accessible to the user [128]. The combined application of
a variety of sensors, such as motor encoders, linear position transducers, and low-
profile buttons, allows a comprehensive understanding of hand movements involved
in the act of grasping [130]. The main goal is to facilitate versatile and precise control
of hand exoskeletons, with a specific focus on replicating natural hand movements
and interactions.

*  Portability. The devices that have been mentioned differ in terms of their mobility
as well as the extent to which users may use them on their own. Some are made to
be comfortable to wear and can be used independently without the assistance of an
operator. Because of these features, they are appropriate for use in the comfort of one’s
own home as assistive or therapeutic device for ADLs. On the other hand, several
devices are not portable since they are dependent on connections to other systems
such as pneumatic systems or computers, which restricts their ability to be used
independently [120,121,123,124]. Among the alternatives, the HSRexo stands out due
to its combination of intrinsic compliance and intelligible kinematics. It has benefits
such as portability, wearability, and compliance, and it has the potential to reduce
expenses while also broadening its usefulness in clinical and domestic settings [16].
Even if specific devices require additional, non-portable equipment, it is still possible
to operate with them on their own, provided that at least one hand is not affected.
Independent usage that does not require the assistance of medical professionals is
made possible by a system that is worn as a backpack and contains motors, electronics,
and batteries that are cabled to a hand module [130]. There are a wide range of
preferences among users: some people appreciate designs that are stiffer, while others
may select designs that are put on one finger at a time [129]. In general, the most
important aspects to think about when designing these devices are how simple it is to
put them on and take them off, how light they are, how many hard parts they have,
and how streamlined their profile is [130]. This is to ensure that they are comfortable
to use and that their interactions with their surroundings are unobtrusive.

7. Discussion

The main goal of the current work was to provide a roadmap for both the design and
selection of exoskeletons for hand rehabilitation that can capture the peculiarities of soft,
rigid, and hybrid devices with an impairment-oriented rationale for the final purpose of
matching technical specifications and clinical needs.

Accordingly, the first part of the paper focused on the description of the strategies for
the identification of the subject’s impairments (which define the clinical specifications) and
the detection of the main characteristics of state-of-the-art hand exoskeletons (outlining the
set of feasible technical features).
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The PICO model allows for the careful recollection of the set of impairments, both
functional and structural, that most likely may affect the end-user of a hand exoskeleton.
Those impairments, reported in Table 1, can arise as consequences of very different patholo-
gies, and often, the disease itself is used by the clinician as the first filter for the device
selection. However, this approach is less efficient than tracing back the clinical picture to
the impairments, since filtering by pathologies can cause the clinician to miss all of the
devices compatible with the patient’s needs that were developed for a different purpose
in the designer’s mind. In this context, the knowledgeability of the physician becomes
fundamental in recognizing the impairments; actually, a first mapping between pathologies
and impairments is outlined in Table 2, but a thorough analysis is still missing. Some
investigations in this sense are currently under evaluation.

On the other hand, data are available in the literature regarding the technical features
characterizing hand exoskeletons. The issues in this context refer to the wide variety of
possible features and the peculiarities derived from the different architectures, i.e., rigid,
soft, and hybrid devices.

The proposed design approach for robotic hand rehabilitative exoskeletons highlights
the complexity of the design process, which evolves from an ideally linear procedure to-
wards a set of interconnected iterative optimization phases. At each step of the process, new
or updated technical requirements can emerge. The approach proposes a new classification
strategy for the characteristics of the exoskeletons, i.e., functional and interactive expe-
rience features. The analysis of the devices, performed by the architectural class, allows
those concepts to be elaborated in more detail: in fact, a set of features and feature details
synthesized in Table 7 and Figure 6 has been identified.

In particular, Table 7 enables a direct comparison of the technical requirements among
rigid, soft, and hybrid hand exoskeletons for each feature. This kind of schematic is
expected to be especially suitable for the designer of devices, who can make use of this
matrix-based synthesis to promptly extract detailed technical information.

Figure 6 instead presents a qualitative evaluation of the performance assured by the
three device families for each feature with a graphical approach. This synthesis is designed
to be an immediate supportive tool for device selection, simplifying the interpretation of
the technical characteristics, and helping the operator to identify the appropriateness of an
architectural solution for specific purposes. For instance, the figure clarifies the tendency
for the better performance of the rigid exoskeleton class in assuring the flexion/extension
of fingers compared with soft-based devices, whereas better performances in terms of
compactness tend to be provided by soft exoskeletons with respect to rigid-based systems.
Exoskeletons of the hybrid class generally rank in between these extreme conditions.
However, the schematic synthesized in Figure 6 has some limitations, primarily due to the
quality of the available data: indeed, the literature presents little data, for some features
especially, and there is a high variability for the results within the same class. The figure thus
aims for synthesis, where possible, but the data should be analyzed with these limitations
in mind.

Within this overall context, the relation between defined impairments and functional
features can be finally investigated.

When comparing the two subsets of requirements, an immediate association emerges
between n ROM limitation impairment and an ROM feature on one side, and between a
strength reduction impairment and a force feature on the other. For all other impairments,
intercorrelations can be identified with one or more features, but specific considerations
must be regarded.
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Table 7. Performance of soft, rigid, and hybrid soft/rigid hand exoskeletons in terms of design/selection features.

Feature Feature Detail Rigid Soft Hybrid
. . Flexion/extension is typically realized .. . . . .
Flexion/extension of actively. althoueh the thumb is often Flexion is often activated actively and Extension represents the dominant and most
the fingers exclu dz/d from ’?he hand exoskeleton design extension is activated passively. largely engaged movement.
Thumb adduction/abduction is generally not
Actuated actively implemented in most cases. When A limited number of devices implement, =~ Thumb movement can only be
movement Adduction/abduction thumb  such movements are implemented, it is with specially developed actuators, accommodated by devices that can deform,
generally preferred that they are carried out thumb adduction/abduction. which is a critical feature.
passively rather than actively.
It is possible to achieve independent The commonly used soft actuators cannot The integration of stiff components in hybrid
movement of the phalanges by using specific rovide contrz)]l of the interphalanx systems enables the implementation of
Interphalangeal movements rigid mechanical structures. These structures P v inaf P . adjustable intermediate joints while
le the indivi 1 | movement. Only in a few cases can it be . he inh. . ¢
enable the individual control and e . preserving the inherent properties o
. . . controlled, but with limited precision.
manipulation of each finger segment. soft exoskeletons.
Most of the rigid hand exoskeleton devices For most devices, motion control is
Uni/bidirectional are capable of performing bidirectional unidirectional (most commonly closing).  Hybrid exoskeletons mainly engage in one
movements thanks to the mechanical With certain actuators (e.g., PNPA drives) direction, except for a few cases, e.g., [128].
structures presented in the literature. bidirectional control is possible.
By regulating the pressure, it is possible
to control the force and also the ROM, so
Rigid hand exoskeleton devices are capable ,.(h.at Wlth. a simple control of the pressure, . .
of switching between active and passive it is possible to perform both passive The devices can convert between active and
ROM Active/passive exercises, in which the limb is completely  passive modes to suit the user’s requirements

modes, thanks to the different control
methods implemented.

flaccid, and exercises in which the subject
exerts an active action, and exercises in
which the limb exerts resistance to

the movement.

and preferences.
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Table 7. Cont.

Feature Feature Detail Rigid Soft Hybrid

For the PIP joint of the finger, there is
considerable uniformity of the values

For the flexion/extension motion, rigid (between about 80° and 85°), whereas for

solutions generauy allow quite a wide the other joints, there are con51dera]:.>1e Due to the diverse selection of technologies,

Amplitude movement amplitude for the differences between the values obtained the range of permissible movement
P flexion/extension motion of the fingers. with the different devices. The values varies s% ; ﬁrc)an i

Solutions for thumb actuation are obtained for PIP correspond fairly well to sn Y

less exploited. those of a normal hand [82]; for the other
joints, the values are comparable in some
cases and much lower in others.

. . The maximum force values are very A limited number of devices provide tip force
The maximum force values are very different . . . e . .
) . . . different depending on the type of measuring capabilities, which provide
Tip Force in the analyzed solutions, depending on the f lues b Lonifi feedback ab h ine f
exoskeleton application and realization actuator. Total force values between 10 significant feedback about the grasping force
’ and 150 N can be reached. and accuracy [130].

The maximum liftable mass can be very

Explicit data on the liftable mass are not high, ranging from 220 g for soft Not enough data have been provided to

Forces Max. Liftable mass enough and are quite heterogeneous, pneu-mesh actuators to 1000 g for textile ~ permit an evaluation within this

Force sensors

indicating a reliable average value.

A rigid exoskeleton allows the exploitation of
transmission system kinematics and
kinetostatics to estimate the forces applied at
the fingertips or at the phalanges by means of
indirect measures, for instance, motor current
or force sensors positioned in the proximal
part of the structure.

actuators with TPE and even up to 3000 g
for soft flexure actuators.

The integration of precise force sensors
into a soft glove is not very easy, but it is
possible to accurately measure the
pressure and to obtain an estimate of the
force from this measurement.

specific group.

Force sensing is primarily performed on the
joints wherever achievable, or optionally
positioned on the fingertips.

Ergonomics

Although ergonomics is one of the aspects
that is considered in rigid exoskeleton design,
rigid exoskeletons are often bulkier, stiffer,
and less comfortable than rigid or

hybrid solutions.

Very good ergonomics can be achieved
with soft exoskeletons due to the
compactness and flexibility of the
actuators used.

The exoskeleton has been purposefully
designed to improve user comfort with an
emphasis on ergonomic characteristics that
enhance its suitability for continuous use.
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Table 7. Cont.

Feature Feature Detail Rigid Soft Hybrid
This aspect is rather heterogeneous among
the different solutions: in some cases, the In this way, users can customize the
rigid structure is tailored for a specific user’s exoskeleton based on their own individual
Wearability Customizability anthropometric characteristics and is poorly requirements and anthropometric
adaptable, while in other cases, the employed measurements, ensuring a highly
transmission mechanism allows the personalized and flexible experience.
adaptation to different users.
. — . The impl ion of lightweigh
Dependent on the specific application. Light e implementation of ightweight
. . . construction techniques effectively mitigates
and compact solutions can be employed by Very good portability and lightness can be . . .
. . i . L : . . user fatigue, hence enabling extended periods
Lightness using specific materials and limiting the achieved, thanks to the light weight of the . .o . ..
. . of usage without experiencing pain. This is
number of actuators, especially when limited  actuators used. . L .
- achieved by redistributing weight through
forces are required. . A
the incorporation of soft components.
The intrinsic compliance characteristics of
. . . actuators, thanks to the soft materials used . .
Safety requirements are taken into account in P C s . Various security measures have been
. - . . for fabrication, allow for the high intrinsic . .
the design phases. Specific solutions to avoid implemented to safeguard users during
Safety . . safety of soft exoskeletons. In some cases, a . o .
safety issues, for instance, to guarantee : . . operational activities. Just one device
. o maximum pressure value is set to avoid . .
device backdrivability, are employed. . o achieves industry standards [121].
excessive forces or bending; in other cases,
bending sensors are used.
. - The movement cannot be precisely controlled  The exclusive control of the interphalangeal
- High movement precision can be guaranteed . - o oo .
Control Precision - - due to the inherent compliance of systems joint is limited to specific structures, since
by the rigid transmission. . . . . . e
that use compressed air for actuation. softer solutions miss this capability.
. Th lation i tical and
The rigid structure of the exoskeleton and the © pressure reguration 1s very practica’ an
; . allows not only the control of the force but
actuation by means of electrical motors allow
. . . . also the control of the movement, because
Regulations the implementation of different types of

control: position control, force control,
impedance control, etc.

soft actuators are usually equipped with a
strain limiting layer, which determines the
desired movement.
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Table 7. Cont.

Feature

Feature Detail

Rigid

Soft

Hybrid

Portability

Compactness

Power supply

Ease of use

System encumbrance and compactness are
variable among the analyzed solutions,
depending on the exoskeleton performance
and realization. The transmission system is
often less compact than soft or hybrid
solutions.

Rigid exoskeletons are actuated by electrical
motors or electromechanical linear actuators.
The power supply can be provided either by
a wire connection or by batteries. Batteries
and suitable transmission systems allow a
completely wireless system, but on the other
side, they increase the system’s weight.
There are solutions in the literature that have
a simple structure, are easy to use, and are
controlled by the user, as well as more
complex devices designed for specific
applications that need support and assistance
to be worn and adopted by the user.

Several devices have been observed to be
portable thanks to the use of compact,
battery-powered control units.

For equipment that requires compressed air,
it is necessary to integrate the generation of
compressed air into the system, for use at
home or in the absence of an external source
of compressed air, a requirement that makes
the power supply system more complex
and cumbersome.

We have observed an increasing trend in
recent years toward the development of
devices that are fully capable of being
operated by the patient at home without the
need for a clinician or technician.

Some devices are designed for independent,
comfortable home use, while others are not
portable and depend on external systems.

Many sets are specifically built for stationery,
bench-top activity. The portability of other
devices is made easier by arranging the
power supply either on the patient’s arm or
with a backpack.

The exoskeleton provides a high degree of
use, making it accessible and intuitive for
those with varying levels of ability. The main
focus is on the independent task of donning
and doffing.
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Figure 6. Color-based representation of soft, rigid, and hybrid soft/rigid hand exoskeleton performance in terms of the design/selection features.
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The ROM limitation impairment can be directly associated with the ROM feature.
The distinction between uni- and bidirectional movements, as well as between active
and passive motions, is likewise reported in both fields. A slightly different approach
refers instead to the amplitude of the ROM feature: the designer focuses on providing
maximum values of stroke allowed by the device, whereas the clinician aims to regain the
ROM functionality of the subject’s hand, incrementally. Likewise, a direct relation can be
identified between the strength reduction impairment and the force feature, especially if
comparing motor control impairments on one side, particularly fine ones, and tip forces.

Nonetheless, both for ROM limitation and strength reduction, fundamental infor-
mation for the clinician should be also expected from other elements, like the analysis
of the actuated movements feature, which provides hints about the exercises allowed
by the specific system. Actually, this feature relates very closely also to other additional
impairments, such as coordination and sensory disorders, or tone alterations, since the
actuation strategy in these conditions can enable or prevent the execution of some tasks
(e.g., all fingers together simulating grasping, a precision pinch, or flexion/extension of
one finger at a time).

According to this consideration, a first attempt to define the set of allowed exercises
as an additional technical feature was initially evaluated, but this option was revealed to
be impractical: papers focusing on the device design do not typically include this kind of
information. On the contrary, literature that depicts details on this topic generally presents
a strong clinical orientation, like clinical trials. These works, though, do not commonly
provide technical details on the design of the used exoskeleton and often present protocols
that are poorly comparable with each other. Nonetheless, the usefulness of this kind of
feature is evident: for instance, cases of tone alteration can easily envisage rehabilitative
treatments involving continuous passive motion strategies, which require exoskeletons
with actuated joints to be performed. Similarly, coordination disorders reasonably require
active-assistive exercises, and sensory disorder exercises demand haptic feedback and the
assessment of the exerted forces: the selected exoskeleton should therefore allow integration
with force sensors at least.

Similar relations can be identified for other motor disorders: pain, edema, and fatigue.
Each of these impairments is reflected in the expected technical features of the device,
although it is more difficult to delineate generally valid considerations in these cases.

In the same way, the characteristics classified as interactive experience features can
provide interesting indications: the features wearability, control, and portability describe
the expected inter-relation between the end-user and device.

In the choice of the optimal device, the possibility of independently donning the
exoskeleton at home, the implementation in the device control of strategies to regulate the
maximum exerted forces and ensure safety, as well as the level of customizability of the
exoskeleton for the anthropometric variability of subjects represent examples of common
scenarios used in everyday clinical practice. These aspects must be appropriately matched
to the patient’s clinical picture, so in this case, it is difficult to identify guidelines for these
features that are generally valid for specific impairments, whereas it becomes easier, on the
contrary, to identify relations with the referring pathologies. Indeed, some disease types or
stages introduce specific limitations to exoskeleton selection: for instance, exoskeletons are
generally connected to the wearers” hand by different design solutions, such as fabric rings,
gloves, braces, or straps, but post-stroke patients with hand spasticity may likely need a
device that leaves the hand palm-free, as much as possible, since the continuous stimulus
provided by direct contact would instead accentuate the flexion reflex, risking a further
increase in the spasticity itself. In these cases, the donning of the device could be especially
delicate as well: exoskeletons presenting finger-stalls could be, for instance, preferred
to full glove ones, for ease of wearing. In the same way, depending on the pathology,
the presence of some sensors within the device could ease the measurement of specific
outcomes, which are expected by the clinician to assess the state of the impairment and the
evolution of the pathological condition of the patient: for example, integrated EMG probes
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could enable the measurement of the force outcome, which is useful in the evaluation
of the strength reduction impairment. Similarly, flex or angular sensors could allow the
assessment of outcomes related to the ROM limitation impairment. Besides, these aspects
could be considered less relevant in cases requiring continuous passive motion (CPM) of
the subject, since in this context, no force is required or expected by the subject themselves.

Finally, to select an exoskeleton for hand rehabilitation, moving from impairments to
diseases, additional fundamental aspects that affect the overall quality of the treatment
and are related to the device characteristics should be considered, but these rarely emerge
from the analysis of the system technical features. Examples of these characteristics are,
for instance, the possibility of integrating external multi-sensory stimuli to the device or
enabling mirror therapy solutions, allowing the treatment of patients with neuro-cognitive
deficits (e.g., post-stroke patients).

8. Conclusions

In this paper, we proposed a new roadmap (i) for both the design and selection of
exoskeletons for hand rehabilitation, (ii) to discriminate among the peculiarities of soft,
rigid, and hybrid devices, and (iii) with an impairment-oriented rationale.

To map the clinical specifications and technical features of hand exoskeletons, a
PICO-inspired approach was applied, focused on impairments, to capture the clinical
requirements, whereas the technical features were identified from the requirements ex-
tracted from the proposed exoskeleton design process and a narrative literature review.
The technical features were reorganized into functional and interactive experience fea-
tures, and the analysis was performed by investigating the three classes of rigid, soft, and
hybrid architectures.

The performed cross-analyses between device families and features were synthesized
in a table (Table 7) and a graphical matrix (Figure 6), which was intended to be a supporting
tool for both the design and selection of hand exoskeletons within an impairment-oriented
rationale. These tools provide a general overview of the main peculiarities of rigid, soft,
and hybrid exoskeletons for hand rehabilitation, revealing direct relations between some
impairments and technical features (e.g., ROM limitation—-ROM feature, strength reduction—
force feature) and more complex inter-dependencies of factors for others. Nonetheless, these
indications shall be integrated with further considerations, i.e., including the additional
aspects that could affect their correct interpretation. For instance, the clinical picture of the
specific end-user could introduce additional requirements for the device or could evolve
in time: in this case, the proposed tools can support the identification of the most proper
device at the actual stage of the pathology, but cannot assure that the device will remain
the optimal solution during the disease evolution. This consideration is especially true
when the choice of an exoskeleton is performed with a patient-centered rationale and not
a pathology-oriented approach. The former is the case of the end-user being willing to
select a device; the latter is the most typical case in clinical environments, such as hospitals
and rehabilitation centers, in which the selection of devices is constrained to the potential
number of patients expected for a given pathology at a specific stage.

The awareness of a possible evolution in the clinical requirements needed by the
end-user of a hand exoskeleton also suggests that the devices themselves could evolve
with the patient’s needs: modular solutions, with interchangeable modules and sensor
units could, in fact, offer an interesting option. Further evaluations are currently under
investigation in this direction.

On the same note, further studies are currently ongoing to explore the feasibility of
integrating the PICO model with both the traditional and the more innovative processes
for the design of medical devices. The PICO model, as is, or adapted where needed, could
help to elicit hidden requirements, reducing the resources (time, personnel, and costs) used
during the product development and optimizing, in this way, the overall design process
of devices.
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Abbreviations

The following abbreviations are used in this manuscript:

ADL Activity of Daily Living

CMC Carpo-Metacarpal

CNS Central Nervous System

CPM Continuous Passive Motion
CT Computed Tomography

DC motor Direct Current

DIP Distal Interphalangeal

DOF Degree of Freedom

EBM Evidence-Based Medicine
EEG Electroencephalography

EMC Electromagnetic Compatibility
EMG Electromyography

EOG Electrooculography

FEM Finite Elements Method

FF Finger Flexion

FPAs Fabric-based PAs

HFFPAs High-Force Fabric-based PAs
IFI Inverse-Flow Injection

IMI Intrinsic Motivation Inventory
IMU Inertial Measurement Unit

P Inter Phalangeal

LVD Low Voltage Directive

MCP Metacarpo Phalangeal

MRC Medical Research Council
MRI Magnetic Resonance Imaging
PAs Pneumatic Actuators

PICO Population/Problem, Intervention, Comparison, Outcome
PIP Proximal Interphalangeal
PNS Peripheral Nervous System
PNSAs Pneumatic Soft Actuators

RoHS restriction of Hazardous Substances
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ROM Range of Motion

ROM Range of Motion

SEG Soft Exo-Gloves

SEM Soft Extra Muscle

SuUS System Usability Scale

TPE Thermoplastic Elastomer
TPU Thermoplastic Polyurethane
TF Thumb Flexion

VAS Visual Analog Scale

VR Virtual Reality
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