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Hand exoskeletons are still an active research field due to challenges that engineers face and are trying to solve.

Each hand exoskeleton has certain requirements to fulfil to achieve their aims.

hand exoskeletons rehabilitation active assistive devices robotic orthosis

hand exoskeleton requirements

| 1. Basic Requirements for Hand Exoskeletons

What is a hand exoskeleton? Hand exoskeletons are wearable robotic devices that have the aim of assisting the
fingers, of the human hand, to complete its range of motion (ROM), amplify power, rehabilitating impaired hands or
in today’s society gives haptic feedback for virtual or teleoperation applications. The word “exoskeleton” actually
refers to the hard-outer shell of certain animals that serves the purpose of protecting and supporting their body. We
as humans have endoskeletons that are located inside the body L. Therefore, the robotic devices up to this stage

were designed to be fitted on the dorsal, palmar, or lateral side of the hand/fingers.

Certain requirements need to be kept in mind upon designing an exoskeleton, whether it is for assistive,
rehabilitative, augmentative, or haptic purposes (Figure 1). Each class of exoskeleton has over the years defined

certain requirements to suit their purpose.
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Figure 1. This diagram is an outline of the hierarchy structure identified for the various types of hand exoskeletons,

in different fields, as well as the type of existing hand exoskeleton technologies.

There are mainly two types of hand exoskeletons developed over the years, which are classified as rigid and soft
exoskeletons (Figure 1) or a combination of the two. Rigid exoskeletons are mechanisms where the force or
torques are transmitted to the required joints through a mechanical structure. To ensure that the exoskeleton joints
are aligned with the finger joints, ideally, the mechanical structure aligns with each joint (usually on the lateral side
of the fingers) (Eigure 2a). This can be considered to be the most intuitive design method, but it restricts the size
due to the space between the fingers, and custom fits are usually required. This method is also known as the
matched axis design 23], Many exoskeletons were designed to reduce the size and add more DOF for the hand,
which led to the remote center of rotation design 4! (Eigure 2b). This design is usually fitted on the dorsal side of
the fingers and transmits the forces to the joints through the phalanges. The bar mechanisms include parallelogram
mechanisms and circular-prismatic joints RIBIEI Another design created over the years is mechanisms using
four-bar linkages or other mechanisms to actuate the joints. These mechanisms also attach to the phalanges after
the required joint and are usually a bit larger than the remote center of rotation mechanisms. These are also known
as redundant linkages BILYILLL2] (Figure 2¢). A mechanism known as the base to distal topology (Figure 2d) has
also been explored. This mechanism has only one contact point with the finger, usually the distal phalange or
proximal phalange, and is coupled together through linkages connected in series. This design has the advantage of
actuating several joints at the same time with less active control over each joint. This design is commonly referred

to as the base-to-distal mechanism 13124l and is also mostly found at assistive-related exoskeletons.
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Figure 6. Different existing hand exoskeleton designs. Various designs exist for each category, although the

(e

fundamental design idea is illustrated. (a) Matched-axis design. (b) Remote center of rotation (RCR) design. (c)
Redundant mechanism (four-bar link mechanisms). (d) Base-to-distal design. (e) Tendon driven glove (complaint).
The tendon/cables are illustrated in orange, and the blue represents a glove or flexible base structure. (f) Jointless

structure. Can either be actuated from compressed air (pneumatics) or hydraulic fluids.

One of the predicted future trend exoskeleton designs is known as compliant systems or “soft” hand exoskeletons.
These systems are designed in the form of a glove with flexible materials or elastic structures to transmit the forces
to the joints of the fingers. Many avenues have been and are still being explored such as artificial muscles 13,
tendon-driven devices (Eigure 2e) [L8IL7I8ILI and pneumatically actuated jointless structures (Eigure 2f) [20121]122]
(23124] These devices can be lightweight and compact at the hand but usually require cables or air tubes situated
remotely to the actuating unit. Special design care must be taken, especially for rehabilitation and assistance
purposes, because there is no rigid structure to guide the finger and transmit the required torques to the joint. The
flexible structure usually relies on the rigid skeleton bone structure to guide the fingers in flexion and extension or
abduction and adduction motions. Therefore, any misaligned forces may cause secondary injuries over time or

cause discomfort to the users.

There was a study done in 2018 by [22 to determine the design requirements for hand assistive powered
exoskeletons. This study interviewed clinicians and patients with hand impairments to determine the most suitable
requirements for an assistive hand exoskeleton. The clinicians emphasized the importance of obtaining opposition
with the thumb and how it will increase the patient’s ability to become more independent. The patients indicated the
tasks that they would like the hand exoskeletons to assist them with such as hold utensils to eat, write, carry a bag,
drink something, use a computer, etc. (many referring to pinch, power, and hook grip formations); there are many
tasks identified through the interviews, which all are basic and everyday tasks. Many have indicated that the hand
exoskeleton must at least be strong enough to hold a 750 mL can or mug and operate the device continuously for

at least 6 h. Patients also indicated that a weight of 200 g on the hand will be manageable, and an open palm
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would be preferred. Figure 3 indicates the average weight of each exoskeleton design type and can be compared
to the preferred weight mentioned above.
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Figure 3. This graph shows the average weight of each exoskeleton design type by only considering the weight of
the exoskeleton on the hand.

This is a very useful paper to gather firsthand information on the possible end-user and determining the desired
requirements to fulfill.

| 2. General Requirements
2.1.Safety

Safety is the most crucial requirement for all hand exoskeletons and exoskeletons in general, especially for active
systems. These systems can cause harm to the user; therefore, caution must be taken when designing such a
mechanism. The mechanical actuation and control system must ensure that the natural movements of the fingers
are executed and do not induce secondary injuries to the users, especially for rehabilitation and assistive
mechanisms. Mechanical stops, force limits, or limited rotation can be used for such systems to ensure that there

will be no excessive range of motion movements. Designs incorporating such safety mechanisms are [28121B1[51(6](7]
[9][10][14][12][14][15][20][21][23][24][27][28][29][30][31][32][33][34][35][36][37][38][39][40][41]

2.2. Comfort

Hand exoskeleton must be comfortable for the user, especially for rehabilitation, assistive, and haptic devices.

These devices are made to be worn for long periods. The hand exoskeleton is required to have an ergonomic
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structure and fit the hand to perform tasks. Soft exoskeletons are generally classified as more comfortable than

rigid systems but can introduce discomfort when in operation if the forces are not transmitted correctly.

The interaction between the hand and the device is the most important aspect for comfort. Devices that utilize the
construction of remote center of rotation, redundant, and base-to-distal generally have the interaction of the device
with the respective phalanges of the fingers on the dorsal (backside) of the finger. Foam pads and Velcro or
silicone straps are the most popular method for securing these devices to the fingers [28IBIBIRI[10][11][13][29][30][32](34]
[42]43] The foam acts as a damper and increases the comfort for the user. Some redundant devices are attached to
a material glove such as in 1233l while other base-to-distal devices such as 4127 have custom-made thimbles to
comfortably fit the user’s fingertip. Compliant and jointless structures mostly use gloves as the interaction point
between the fingers and the tendons or artificial muscles. This is one main reason for the higher comfort in “soft”

exoskeletons due to the lack of “rigid” structures.

Most devices are in the prototyping phase, and generally, the “rigid” structures are constructed from polylactic acid
(PLA) polymer, which is biodegradable and is generally used in 3D printing. The minority devices that were
released for clinical environments are constructed from aluminum metal for durability [2!. “Soft” exoskeletons are

generally made from soft materials such as silicone to reduce weight and increase comfort for the users.

2.3. Affordability

Hand exoskeletons and exoskeletons in general tend to be very expensive. This is due to the technology and
materials available as well as this being a relatively new area of research. The development of technology as the
field progresses makes the devices more affordable in today’s society. Rapid prototyping such as 3D printing and
software modeling enables devices to be made relatively efficient and cost-effective, but there is still a search for a
design to accommodate all requirements with the best execution. The devices must be affordable to the patient
and the clinicians if it is to be used in a clinical setting. Devices custom-designed for a patient are generally more
expensive than a device that is transparent to various users. Low maintenance and ease of use is also generally a

kind of mandatory requirement.

2.4. Adaptability

The devices are preferable to be designed for multiple end-users and to fit various hand sizes. This is especially
necessary for augmentation, haptic, and rehabilitation devices due to various users that will use the device each

with a different hand structure and size.

The hand exoskeletons reviewed in this paper have been designed for adult-size hands, and many can adjust to
the varying sizes in this range (refer to Table 1). Sandoval-Gonzalez et al. conducted an anthropometric study of
the hand to obtain an average hand size from the combination of males and females from the ages of 16 to 70 4],
for hand exoskeleton design. This can be a good reference for future designs. Figure 3 (along with Table 1),

indicates the distribution of the design topologies found in the literature.
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Figure 8. The pie chart indicates the distribution of the exoskeleton design type according to the literature.

HAND EXOSKELETON DESIGN TYPE

B Matched-axis

B Tendon driven

M Base-to-distal

m Remote Center of Rotation B Redundant

M Jointless structure

Table 1. Captures the interaction between the human and the device as well as indicating the adaptability of the

reviewed devices.

Design Type

Matched-axis

Remote
centre of
rotation,
redundant
and Base-to-
distal

Compliant

Wearability

The exoskeleton generally has concave-
shaped clips inlined with foam, which attaches
to the finger phalange through Velcro or
silicone straps. These clips are designed to fit
the finger ergonomics, hence the concave
shape.

These devices are similar in the way they
attached to the fingers. Usually, the section
attached to the phalange has a concave shape
to the phalange and attaches to the finger
through a Velcro or silicone strap. Some
devices have custom rigid rings the phalanges
interact with, and others have thimbles for the
distal phalanges. Some exoskeletons have
their interaction points with the finger attached
to a glove for a more comfortable and
convenient fitting.

Most of the compliant devices use gloves to
anchor the actuating mechanisms to the
appropriate joints or phalanges. Others make

Adaptability

To adjust to different finger
sizes, these are generally
designed to have the proximal
and middle phalange clips to
slide in or out to align the joint
axis to the exoskeleton axis.
These are usually passive
prismatic joints.

These are designed to be
adjustable to various hand
sizes by simply adjusting the
phalange clips to the center of
the phalanges. The only
drawback to the device using
a glove will be that a different
size glove has to be used to
for different hand sizes.

Gloves are adjustable to only
a certain hand size before a
different glove is required.
This is a common issue with

Devices

(23]

26]5171(8lig]
[L0J[11][L2]
[13]124][27]
[28]129][31]
[32][34][35]
[38][40][43]
[44][45]

[16][17][18]
[19][37][46]
[47][48][49]
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Design Type Wearability Adaptability Devices
use of a custom silicone-based sleeve that compliant devices. Custom
enables custom interactions with the finger. silicone-based designs can
adjust to a greater number of
hand sizes.

This method of actuation
Gloves are the most popular method for

. L o cannot generally adjust to
Jointless attaching jointless structures or artificial various ﬁan d siz)(/as aJn d are (15][201121]
structures muscles. Velcro is used to attach the actuating [22][24](501  al, but the
. usually custom made for the
device to the glove.
end-user.

3.1. Rehabilitation

These exoskeletons are designed to rehabilitate patients with disabilities and assist therapists to treat these
patients. These devices are designed with the focus of executing repetitive actions and motions. This includes the
flexion and extension of the fingers to mimic the activities of daily living or to execute continuous passive motion
(CPM) for patients after surgery to prevent stiffness of the joints and tendons. These devices generally do not have
to be portable due to it being used in a clinical or medical environment. It usually contains sensors for feedback to
the therapists to track the patient’s progress and to determine the severity of the impairment. These devices are
mostly active devices with a relatively high output force projected to the patient’s fingers depending on the training

or rehabilitation given by the therapist as well as to overcome stiff joints if the patient suffers from that (Table 2).

Table 2. These requirements are only the identified general important factors and may differ for certain

applications.

Type Requirements

Safety
High output force
Transparent
Active or passive actuation
Rehabilitation Easy wearable
Finger tracking/sensor feedback
Comfortable
Combined or independent finger control
Backdrivable

Assistive Safety

Easy wearable
Transparent

Active actuation

Portable
Lightweight
Comfortable
Combined or independent finger control
Interaction with objects
Intention detection is preferable
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Type Requirements
Backdrivable
Affordable

Safety

Transparent

Easy wearable
Portable
Haptic Lightweight
Independent finger movement

Finger tracking

Comfortable

Affordable

Safety
Easy wearable

Augmentation Comfortable :s of daily

’ Portable 25 tor more
Transparent

: able, and

High output force

UQIHIOPQI Tiily, GO LI PAUGIIL Wil UPGI AT U HO USVILG 111 UiGH 11UIIT OUGLII Y Ul G PUiiiv QI CA. 111G UGVILG 1o active and
must allow a patient to interact with their environment actively. Sensory feedback information is not a requirement,
but some devices have been designed to serve both rehabilitation and assistive purposes, which contains sensors

for progress and finger tracking as well as force sensing for manipulating objects (Table 2).

3.3. Haptic

These types of exoskeletons are developed for healthy individuals with the main purpose to give haptic feedback
for virtual and teleoperation applications. It allows the individual to interact with objects in the virtual environment
and feel the objects through the exoskeleton. These devices are usually underactuated and contain sensors for
finger tracking. The amount of output force to control the fingers is not as crucial as in other applications. Due to
the device being worn by healthy individuals, adjustability is recommended for an affordable device, and individual

finger movement is required (Table 2).

3.4. Augmentation

These types of hand exoskeletons serve the purpose to amplify the user’'s power. This is made for healthy
individuals and portability is favorable. These types of exoskeletons are generally produced for military purposes,
but it is also used in the space program to help astronauts flex and extend their fingers through the stiff spacesuit
(51152], High power output is required for these types of hand exoskeletons with maximum safety precautions

implemented, as these devices can cause serious harm to the user if malfunctioned (Table 2).
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