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ABSTRACT

Introduction: Over 5.6 million stroke survivors in the United States experience hemiparesis of the
upper limb. Assistive devices are used to help regain upper limb functionality for affected
individuals; however, existing devices are bulky, costly, and lack adaptability. The objective of this
pilot study was to test the performance of a newly developed hand exoskeleton on a sample of
individuals with hand impairment.

Methods: A hand exoskeleton was developed comprising of a novel linkage system with three
four-bar linkages structures set up in a series and a novel algorithm that finds optimal
Electroencephalogram (EEG) channels, through Common Spatial Pattern (CSP) Recognition, and
classifies them with a stacked Linear Discriminant Analysis-Support Vector Machine (LDA-SVM)
classifier. The functionality of the novel hand exoskeleton was tested by examining performance
across a battery of hand mobility assessments among individuals in the experimental group with
hand impairment (n=10) compared to controls (n=10).

Results: A paired-t test was used to show better performance for the experimental group with the
exoskeleton compared to those without the exoskeleton across function, grip force, and range of
motion measures. An unpaired-t test was used to show that there was no statistical difference in
the mean performance of the experimental group with the exoskeleton compared to the control
group for most measures, indicating that functionality with the exoskeleton is comparable to a
healthy hand. The LDA-SVM classifier resulted in an 88% accuracy in classifying which finger the
user intends to move with minimal latency as a result of its computational efficiency.
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Conclusions: Findings suggest HANDLINK was effective in improving function, grip force, and
range of motion among hand-impaired individuals. The HANDLINK, and its complementary
stacked SVM-LDA classification algorithm, work as a viable solution for a fully adaptable and cost-
effective assistive hand aide for individuals with paraplegia.

Keywords: Hand exoskeleton; motor imagery; upper body paralysis; maestro robotic exoskeleton.

1. INTRODUCTION

Currently, there are nearly 7 million stroke
survivors in the United States [1]. Eighty percent
of stroke patients experience hemiparesis of the
contralateral upper limb acutely and more than
40% chronically [2]. Though some individuals
can regain functionality, approximately 65% of
affected individuals remain paralyzed, reduced
range of motion, grip strength or have other
significant impairments to daily movement [3].

Hand function is crucial for maintaining
independence during daily life activities [4].
Unfortunately, this is the most challenging
impairment to recover from; in fact, just 5% of
stroke survivors with hemiparesis fully recover
hand functionality. The most conspicuous
symptoms of a hemiparetic hand include
weakness of specific muscles, lack of mobility,
incorrect timing of movements, abnormal
muscular  synergies, loss of inter-joint
coordination, loss of sensation, reduced range of
movement (ROM), reduced finger independency,
closed position, and incapability to maintain a
constant grip force, etc. Motivated by the goal to
help or enhance arm function in patients with
hemiparesis and other upper-limb motor
impairment, a plethora of studies addressing
assistive technologies and hand exoskeletons
have been published [5,6].

Assistive technology, an umbrella term for
assistive, adaptative, and rehabilitative devices
for people with disabilities and the elderly, is
used to help a person with a disability perform a
certain task or multiple tasks. An exoskeleton is
an active mechanical device used for either
therapeutic or assistive intent, is worn by an
operator, fits closely to their body, and works in
concert with the operator's movement [7].

Currently, there are three main categories of
assistive devices for upper-body paraplegics:
silicon assistive attachments, tension-based
exoskeletons, and pneumatic-soft exoskeletons
[8-10].

Silicon assistive attachments are aides placed on
household objects that make them easier to be

used and maneuvered by individuals with upper-
body paralysis [11]. Silicon is chosen because it
is a flexible yet durable material that is
inexpensive to manufacture. Although silicon is a
versatile substance, it limits the user to only
interacting with objects with specified assistive
attachments. Furthermore, some assistive aide
attachments adopt the philosophy of a one-size-

fits-all product, limiting the availability of
customizable grips in the assistive device
market.

Exoskeleton-based assistive devices are placed
directly onto the user's hand and are actuated
through different mechanisms. There are both
tension-based exoskeletons and pneumatic-soft
exoskeletons that operate to increase the
mobility of users. Tension-based exoskeletons
emulate the antagonist-antagonist joint actuation
of the human hand using a cable-based
actuation mechanism [12]. Though it presents a
feasible prosthetic design, it is less desirable for
exoskeletons for two reasons. First, they cannot
scale to the entire hand. For example, the
HANDEXOS prototype [12] only accommodates
one fully actuated finger partially because the
actuator for a single finger takes up the entire
surface area of the wrist. Similarly, the Maestro
robotic exoskeleton [13] highlights the need for
the device to be more compact. The second
limitation is related to the practical functionality of
a device with an actuator for all five fingers. The
average weight of one finger using a traditional
tension-based exoskeleton is about 115g [12];
actuating all fingers would mean creating an
excessively heavy device.

Pneumatic-soft exoskeletons, the other type of
exoskeleton-based assistive device, are typically
comprised of five soft actuators on the dorsal
side of each finger. These actuators are either
connected to a single or multiple air source. For
example, the “ExoGlove’ is made with a two-part
mold, the bottom part creating pneumatic
channels inside the actuator that inflates upon
pressurization, and the upper part, acting as a
feature mold to impose variable stiffness in
different areas that can change the shape [14].
Pneumatic-soft exoskeletons work in a circular
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motion, thus not conforming to the shape of the
finger [15]. This results in inaccurate joint
kinematics.

Furthermore, the soft robotic hand exoskeletons
with a pneumatic actuator are bulky and heavy
due to the numerous required accessories,
including a compressor, storage tank, valves,
and transport air tubes [16]. For example, the
Harvard University hand exoskeleton [17] can
only operate continuously for three hours and
limits user movement due to bulky device
accessories such as voltage regulators and valve
controls. For these reasons, soft robotic hand
exoskeletons with pneumatic actuators are
recommended for remote actuation or are
constrained to users with wheelchairs to store all
the accessories [18].

Exoskeletons provide functionality for the user
using intention-sensing methods. These are
methods that recognize and interpret electrical
signals given off by the user’s brain when trying
to perform a task and dictate movement through
the exoskeleton. Intention sensing methods for
hand exoskeletons can be divided into two main
types: surface electromyography (SEMG)-
controlled, and electroencephalography (EEG)-
controlled.

An sEMG-driven exoskeleton uses myoelectric
signals collected through electrodes placed on
the user’s forearm. The sEMG is a type of AC
voltage; however, the exact measurements will
change based on the individual and the exact
muscle being measured [19]. It is common for
the electrodes of the sEMG to be placed on the
antagonist muscles of the forearm to pick up the
best signals. There are limitations to this type of
intention-sensing method. First, the approach to
capture electrical signals is not sensitive enough
to distinguish the movements between fingers,
leading to the wrong type of movement or grasp
[20]. This is clearly shown in the Maestro hand,
which can only do three poses due to the
sEMG'’s inability to detect muscles corresponding
to individual finger movements [21]. Further,
EMG-driven exoskeletons do not act as a
practical intention-sensing method for assistive
hand exoskeletons for more severe cases of
paresis, because these users often cannot
generate muscle activity until more advanced
stages of therapy [20].

The alternative intention-sensing method is an
electroencephalography-based  system. An
electroencephalographic hand exoskeleton is

driven by brain signals collected from a group of
electrodes placed on the user’s head in a specific
formation. The electrodes capture brain signals
and transfer them to the exoskeleton using brain-
computer interphase (BCI) technology. The most
common BCl-based hand exoskeleton is
attention based. In this scenario, the intensity of
a user’s attention acts like a switch to start and
end the grasping motion of the user. More
sophisticated BCI approaches attempt to classify
motor imagery, the conscious access to the
content of the intention of a movement [22-24].
Generating a mental image of a movement is
typically followed by a discharge of neural activity
to activate the target muscles [25]. In most
research regarding motor imagery, the classifier
has both a filter and a mathematically based
classifier. For example, some EEG-based
devices use a Finite Impulse Response (FIR)
filter with a Bayesian classifier based on EEG
covariance matrices [26]. Significant limitations to
EEG-driven exoskeletons include the cost and
feasibility of the machine. Few machines are
completely portable, but they have fewer input
channels when reading data from the user’s
brain.

In summary, studies on exoskeletons result in
bulky, costly, and inefficient prototypes. No
adaptable and universal aides have been
reported that allow stroke patients to maneuver
unmodified objects. This paper presents the
design of an adaptable hand exoskeleton that
allows individuals with hand paralysis to
manipulate real-world objects. This hand
exoskeleton is controlled through a non-invasive
EEG machine, with all processing occurring in
real-time with minimal latency. The performance
of the exoskeleton was measured using tests of
overall hand function, range of motion, and grip
force.

2. METHODS
2.1 The Device

This study reports the results of testing on a
novel exoskeleton device. The HANDLINK is a
linkage-based hand exoskeleton, comprised of a
battery unit and microcontroller. The linkage
structure is made up of three four-bar linkages
arranged in  series. This  structure is
characterized by a single-linear actuator that is
used to move each finger, allowing each finger to
be fully actuated while still having the entire
hand-exoskeleton remain lightweight (12 02z).
The linkage structure of the exoskeleton was
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created through an additive manufacturing
process and is made up of 1.75 + 2 mm
Polylactic Acid (PLA) Filament (Fig. 1).

Fig. 1. Overview of the HANDLINK
exoskeleton

All intention signals for this device are received
by an Open BCI 16-channel EEG headset. The
exoskeleton provides 2D-movement  with
millimeter-level accuracy, without the need for
external sensors. The three four-bar linkage
design allows the microcontroller (Arduino)
attached to the hand exoskeleton to
mathematically calculate the exact angle of each
of the joints without any sensors. This is shown
with the kinematic model, derived from the
vector-loop method, of :

ael + bel%2 — cel% —d =0 )

del® + fel%s — gel¥s —h = 0 ()

hel®7 + kel% — /% —m = 0 (3)
where:

a, b, c df g, h,k I, m=length of linkages
91, 92, 93’ 94, 95, 96, 97, 98, 99 = interior angIeS

2.1.1 Biomechanical modeling

The HANDLINK has multiple remote centers of
motion (RCM) for each finger. RCM allows for a
body to rotate around an axis that is remotely
located from the center of the joint. As a result of
this unique linkage structure, each four-bar
linkage has one RCM. In the HANDLINK, the
RCM is in line with the Metacarpophalangeal
(MCP), Proximal Interphalangeal (PIP), and

Distal Interphalangeal (DIP) joints. This allows for
a mechanism that does not interfere with the
participants’ joints, but still allows for a full range
of motion.

2.1.2 Finger mechanism

The HANDLINK exoskeleton uses a novel three
four-bar linkage structure set up in a series to
achieve full adaptability. Each four-bar linkage
has 1 degree of freedom (DOF), and when set up
in series it allows for a single linear actuator to
move each finger. The entire mechanism and
actuation system is situated on the dorsal side of
the hand, leaving the palm open to grasp items.

The four-bar linkage is the simplest, and often,
most useful mechanism. It has three moving
links, and one fixed linkage considered the
ground link. For each four-bar linkage, each
phalange is considered a ground link; therefore,
there is one four-bar linkage that corresponds to
each phalange. However, the novel aspect of this
research is arranging the linkage structures in
series, and the mechanical advantage provided
by each to move the next linkage. This allows
each finger to only need one actuator and a
reduced number of sensors, making the entire
hand exoskeleton even more lightweight.

A four-bar linkage converts reciprocal motion to
rotary motion (Fig. 2). The reciprocal motion is
provided by a linear actuator attached to the
dorsal side of a hand. A linear actuator is one of
the most effective actuators for this innovation as
it is compact, lightweight, and cost-effective.
Furthermore, it is possible to know the angle of
each finger from the encoder in the motor.

2.1.3 Intention sensing

All intention signals for this device are received
by an Open BCI 16-channel EEG headset. The
main board reading all the EEG data input is an
Open BCl's Ganglion Board. However, the
classification of what finger the user wants to
move is done using Amazon Web Services
(AWS)s’'s EC2 Virtual Machine (VM). This
decreases processing time due to the VM'’s
computing power; however, it does increase total
transfer time as the data must be sent to the
cloud, processed, and then the result must be
sent back to the Arduino. The data is processed
using band-pass filtering from 7 Hz to 30 Hz and
a Common Spatial Pattern (CSP) algorithm to
reduce dimensionality. The data is classified with
a novel stacked SVM-LDA classifier.
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Fig. 2. HANDLINK CAD concept,

2.2 Participants

Convenience sampling was used to identify ten
individuals with impaired hand movement.
Eligibility criteria included adults (ages 18-85)
who had difficulty fully closing or opening their
hands due to a self-reported physical condition or
disability. Due to the design of the exoskeleton
used in the study, only right-hand dominant
participants were eligible for the study. The
Edinburgh Handedness Inventory (EHI) was
used to assess hand dominance. Those with a
laterality quotient score above 80% were
included. Adults with hand mobility challenges
due to self-reported cognitive disabilities and
adults that could not understand the interview
guestions due to either cognitive impairment or
language barrier were excluded from the study.

A similar sampling strategy was used to recruit
an additional ten individuals from the same
facility to serve as controls. Inclusion criteria for
the control group were adults (ages 18-85) who
self-reported no injuries in the spinal cord or
hand, did not report cognitive disabilities, and
were right-handed.

No identifying information about the participant
was recorded or kept.

2.3 Study Procedure

Eligible and consenting participants completed a
battery of mobility measures. All participants
repeated each measure three times, except for
the Sollerman Hand Function test which was
done once. The experimental group was then
fitted with the exoskeleton and asked to repeat
the same battery of measures three times.

Hand Function: Participants were asked to
perform eight of the most common types of hand
grips: pulp pinch, lateral pinch, tripod pinch, five-

The mechanism for only a single finger is
shown

finger pinch, diagonal volar grip, transverse volar
grip, and spherical volar grip. These hand grips
are considered basic hand movements and are
used in everyday life [27]. To test each grip, the
Sollerman Hand Function Test [28] was used to
measure performance across each grip.
Participants were scored on 20 items: 8 items
measuring pulp pinch, 8 tests measuring lateral,
3 tests measuring the tripod grip, 3 tests
measuring five-finger pinch, 2 tests measuring
diagonal volar grip, 3 items measuring transverse
volar grip, and 1 item measuring the spherical
volar grip. The scoring procedure is outlined in
Table 1. Participants’ scores on each item were
summed for a total score representing hand
function.

ROM was assessed using a goniometer [29], A
dorsal finger goniometer was used to measure
the maximum angle each finger joint can move
from the origin in the flexion direction, for all
joints and extension direction for the
metacarpophalangeal joint. The maximum angles
for each joint were recorded and then averaged
across each finger, for a total of four averages
per individual: a maximum angle value for the
flexion of the metacarpophalangeal joint (Joint1),
a maximum angle for extension of the
metacarpophalangeal joint, a maximum angle for
the extension of the interphalangeal joint (Joint 2),
and a maximum angle for the extension of the
distal interphalangeal joint (Joint 3). Since the
thumb only has a metacarpophalangeal and
interphalangeal joint, it was not included in the
distal interphalangeal average.

Grip Force: Grip force was measured using the
CAMRY Digital Hand Dynamometer Grip
Strength Measurement Meter [30]. Each patient
was asked to fully grip the device to produce a
grip force measured in pounds. If the patient
could not fully grip the device, their result would
be recorded as zero.
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2.4 Statistical Analysis

All descriptive information about the participants
is shown in Table 1. Paired two-sample t-tests
were used to compare mean performance across
the physical function outcomes for experimental
group participants with and without the
exoskeleton (Table 2). Unpaired two sample t-
tests assuming unequal variance were used to
compare the mean performance across the
physical function outcomes for experimental
group participants with the exoskeleton and the
control group. Performance across the three
iterations of the ROM and Grip tests for each
participant was recorded and averaged across
groups. The performance of the Sollerman Hand
Function test was directly recorded without any
averaging. Results were reported to be
statistically significant if the p-value was under
0.05.

3. RESULTS

There were 10 participants in the experimental
Group and 10 participants in the control group.
The median age of the experimental group is
75.5 while the median age of the control group is
47. The experimental group was tested two
times, once without the exoskeleton and once
with it.

Average ROM performance across all
fingers and joints was poorer for experimental
group participants without the exoskeleton aid
when compared to ROM with the exoskeleton aid
(see Table 3). The mean difference in
performance for all joints across all fingers was

statistically  significant. A statistically
significant  improvement in the mean
performance with the exoskeleton was also
observed for Grip Force and the Sollerman hand
function test.

The performance of the experimental group with
the hand exoskeleton was similar to that of the
control group. The average ROM was similar for
most of the fingers and joints. The mean
difference in performance for all joints across
most fingers and joints showed no statistically
significant difference between the experimental
group with the exoskeleton and the control
group. Results from the Grip Force and the
Sollerman Hand Function tests similarly showed
no statistically significant difference between the
two groups.

4. DISCUSSION

HANDLINK consists of four finger modules, each
made up of three four-bar linkages set up in
series. By using this novel linkage structure, the
hand exoskeleton is fully adaptable, allowing any
individual to wear it. The linkage structure uses a
remote center of motion that aligns with each
joint of the finger, allowing almost any individual
to obtain a full ROM. This hand exoskeleton
provides  extension/flexion  for all  four
metacarpophalangeal joints and flexion for all
four proximal interphalangeal and distal
interphalangeal joints. Due to this unique setup,
the hand exoskeleton could be applied to all
levels of hand impairments as it does not need
any muscular or skeletal requirements to be
met.

Table 1. Scoring procedure for sollerman hand function test [28]

0 The patient could not carry out the task

=

The task was partially performed in 60 seconds

2 The task was completed, but with great difficulty, or the task was not carried out with the
prescribed hand-grip, or the task was not completed within 40 seconds but within 60

seconds

3 The task was completed, but with slight difficulty, or the task was carried out with the
prescribed hand-grip but with slight divergence from normal, or the task was not completed

within 20 seconds but within 40 seconds

4 The task was carried out without any difficulty within 20 seconds and with the prescribed

hand-grip of normal guality

Table 2. Demographic table

Experimental (n = 10)

Control (n = 10)

Age, median (IQR)
Male, N 4

75.5 (79-73.25)

47 (52-30.25)
7
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Table 3. Mean performance across groups

Groups Significance testing:

Experimental group Experimental group Control No Exoskeleton vs. Exoskeleton vs

without exoskeleton  with exoskeleton Exoskeleton Control
Range of Motion, Mean (SD)
Finger 1
Joint 1 (Extension) 10.6 (3.4) 35.6 (3.2) 35.9 (2.9) p <0.001 p =0.85
Joint 1 (Flexion) 5.7 (2.4) 62.3 (2.7) 61.9 (2.1) p <0.001 p=0.71
Joint 2 (Flexion) 19.4 (2.4) 85.2 (1.8) 87.4 (1.3) p <0.001 p=0.01
Joint 3 (Flexion) 13.0 (4.1) 37.7(1.8) 40.1 (3.2) p <0.001 p =0.05
Finger 2
Joint 1 (Extension) 8.8 (3.6) 33.9(2.5) 36.0 (2.7) p < 0.001 p=0.10
Joint 1 (Flexion) 7.9 (2.8) 59.7 (2.9) 62.8 (1.7) p <0.001 p=0.01
Joint 2 (Flexion) 19.7 (2.8) 84.1 (1.9) 86.6 (2.0) p <0.001 p=0.01
Joint 3 (Flexion) 12.1 (4.3) 38.6 (2.8) 41.3 (2.8) p <0.001 p =0.05
Finger 3
Joint 1 (Extension) 10.0 (3.1) 34.3 (2.3) 36.7 (2.2) p <0.001 p =0.03
Joint 1 (Flexion) 7.8 (2.6) 61.7 (3.2) 63.6 (2.3) p <0.001 p=0.16
Joint 2 (Flexion) 8.6 (4.0) 84.5 (1.6) 86.9 (2.4) p <0.001 p =0.02
Joint 3 (Extension) 8.7 (3.5) 39.0 (2.8) 42.0 (2.9) p <0.001 p =0.04
Finger 4
Joint 1 (Extension) 9.7 (2.8) 36.0 (2.9) 36.3(2.5) p <0.001 p=0.84
Joint 1 (Flexion) 8.5(3.1) 59.1 (2.8) 63.0 (2.3) p <0.001 p <0.001
Joint 2 (Flexion) 12.5 (4.9) 84.3 (2.1) 86.3 (2.4) p <0.001 p =0.07
Joint (Extension) 12.5 (4.9) 39.4 (3.0) 41.4 (2.6) p <0.001 p=0.13
Grip Force, Mean (SD) 4.3 Ibs. (2.02)° 38.1 Ibs. (3.67) 58 Ibs. (5.03) p <0.001 p <0.001
Solleramn Hand Function Test, 17.1 (9.73) 74.9 (4.91) 78.4 (2.01) p < 0.001 p =0.06
Mean (SD)

#Joint 1: Metacarpophalangeal Joint, Joint 2: Proximal Interphalangeal Joint, Joint 3: Distal Interphalangeal Joint
®Two participants were not able to grip the device, receiving a score of 0
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By allowing this linkage structure to be fully
adaptable, it is possible to mass produce this
hand exoskeleton, while still being cost-effective.
The current prototype is 3D-Printed and weighs
120z. Compared to the HANDEXQOS, in which a
single finger module weighs 4.06 o0z, the
HANDLINK is much lighter [12]. This weight
includes all mechanisms and actuators, unlike
Harvard’s exoskeleton which requires the entire
control box (power supply unit, electronics,
hydraulics, and a variety of sensors) to be
externally mounted [17]. The total cost of this
hand exoskeleton was $206. More than half of
this cost came from the purchase of linear
actuators. Yet, the device was robust. The 3D-
printed structures did not require repair or
replacement throughout the testing period.

Aside from the exoskeleton, we have worked on
creating two new EEG-Processing algorithms.
The first utilizes the Common Spatial Pattern
algorithm, a mathematical procedure used in
signal processing for separating a multivariate
signal into additive subcomponents. We used
this algorithm to find the EEG channels with the
most activity and only used the signals from
those channels as inputs in our stacked SVM-
LDA classifier. Through this we can reduce the
16 channel EEG to just 7 channels, greatly
increasing the processing speed of the algorithm.

5. CONCLUSION

Through this research, we developed a novel
hand exoskeleton that allows for an adaptable,
cost-effective  assistive aide. Pilot testing
indicated that the exoskeleton was successful in
restoring the hand functionality of impaired
individuals. Our future work for the hand
exoskeleton includes adding force sensors,
decreasing the weight of the actuators, and
making all processing occur locally without the
need for an internet connection. We believe that
these advancements to the HANDLINK will make
it a more robust and universally deployable
device.

6. LIMITATIONS

This was a small study, only including 10
individuals in the experimental group; however,
this disability affects millions of people across the
world. Wider application requires further study.
Furthermore, this study required a constant, hi-
speed internet connection at all times because all
processing and classification occurred in the
cloud. Finally, it is important to note that in the

HANDLINK we have not integrated any touch
sensors so there is no force sensing, which is
desired and included in our future work.
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