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Abstract— In the modern world due to an increased aging
population hand disability is becoming increasingly common.
The prevalence of conditions such as stroke is placing an ever
growing burden on the limited fiscal resources of health care
providers and the capacity of their physical therapy staff. As a
solution, this paper presents a novel design for a wearable and
adaptive glove for patients so that they can practice rehabilitative
activities at home, reducing the workload for therapists and
increasing the patient’s independence. As an initial evaluation of
the design’s feasibility the prototype was subjected to motion
analysis to compare its performance with the hand in an
assessment of grasping patterns of a selection of blocks and
spheres. The outcomes of this paper suggest that the theory of
design has validity and may lead to a system that could be
successful in the treatment of stroke patients to guide them
through finger flexion and extension, which could enable them to
gain more control and confidence in interacting with the world
around them.
Keywords—Hand rehabilitation; adaptive; variable; soft
robotics.

I. INTRODUCTION
In the modern world an extended life expectancy coupled
with a sedentary lifestyle raises concerns over long term health
in the population. This is highlighted by the increasing
incidence of disability stemming from multiple sources, for
example medical conditions such as cancer or stroke [1].
Whilst avoiding the lifestyle factors that have a high
association with these diseases would be the preferred
solutions of health services the world over, as populations gets
progressively older and more sedentary, this becomes
increasingly more difficult [1], [2]. The treatment of these
conditions is often complex, in stroke for example, the initial
incident is a constriction of blood flow in the brain which in
turn damages the nervous system’s ability to communicate
with the rest of the body. This damage will occur in one
hemisphere of the body, but can impact both the upper and
lower limbs, as well as impairing functional processes such as
speech and cognitive thinking.
Physical therapy has been shown to help in repairing some
of this damage, with additional benefits the sooner that this
therapy can begin [3], with studies suggesting that accurate
projections of stroke recovery can be made as soon as 4 weeks

post stroke [4]. The therapy process has the drawback of
being very intensive for the therapist to conduct coupled with
the fact that they can only attend directly to one patient at a
time, the intensity of this helper role places considerable strain
on them mentally as well as physically [5], [6], [7]. When
viewed alongside the increasing numbers of patients it is
inevitable that this necessity will start to apply considerable
strain on healthcare budgets in the coming future. A
mechanical solution should then in theory enable therapists to
engage with this increasing number of patients without the
physical burden of additional therapy. Therapists would then
be able to perform a more prescriptive role whilst the device
takes care of the manual tasks. Traditionally attempts at
therapy are focussed on the legs and getting the patient
independently mobile, however this does not enable the
patient to become fully independent, as the hand receives
limited focussed attention. This perception was supported by
our own consultation with stroke patients in various locations
around central Scotland. It has been shown that is important
to make sure that every muscle is treated to avoid a
directionally dependent recovery [8].
These factors suggest that it may be possible to improve
the outcomes of hand physical therapy by providing patients
with an artificial hand aid to assist them by guiding their
movement and performing the role of exercising the hand
during the early stages of recovery. There are a variety of
designs that have been developed in this field. More
traditional designs use a mounted system, [9], [10], [11], [12],
for these the patient would be required to sit down with little
scope for movement, this may benefit them in focussing on the
task in their therapy, but also has the drawback of being
restrictive as an advanced or more confident patient would be
unable to practice moving around and using their hand in
tandem.
These strengths and weaknesses are repeated in systems
that are not secured in place, but are too large and bulky to
carry around [13], [14]. These systems are also too large and
costly to be set up in patient’s homes, as a result they kept to
specialist facilities [15], [16]. Whilst this enables multiple
patients access to the device, it also means that an individual
patient only has access to it at set times, scheduling for which
may present a challenge to incorporate the individual factors
of their life, such as travelling time, fatigue or personal
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factors. This can also be restrictive for patients who live in
rural communities, where access to the resources will not be as
readily available.
Exoskeletons are not the only method that can be utilised,
with theories such as Virtual Reality being used to show
improvements in patient mobility [17], [18]. However if the
intention is to provide a patient with a system that they can
utilise at home, these is perhaps impractical as it raises
questions of operating cost, space and timescales, as these
programs require a rigorous training program of 5 hours per
day for 9 nine days.
From this the objective was to develop a design and
prototype of an exoskeletal hand that is both lightweight and
functional, enabling disabled patients the opportunity to
choose to exercise their fingers in a manner that better suits
them, such as whilst also walking around or when in a seated
position. If this flexibility were possible then stroke patients
for example may be able to conduct a portion of their assisted
therapy at home, which may improve engagement and
potentially their outcomes as well.
Robotic exoskeletons are the modern approach to
supporting physical therapy firstly because they provide a
rigid shape to improve patient posture, along with a solid
frame for which to place the components that will be used to
guide and drive movements. There are two traditional
approaches for their design, placing their emphasis on either
functionality or aesthetics, although now modern demands try
to integrate as much of both systems as possible [19]. Our
discussions with patient groups found that they were very
eager for any system that would enable them to practice
movement independently, preferably in their own home.
There are even models with computer control available,
with provisional testing showing a good repeatability of
activity [20]. Whilst the glove is of a size that it could enable
a patient to wear it whilst performing other tasks the
supporting computers required to operate it make this device
impractical for everyday use. It will also require a staff
member to be on hand to adjust the components to fit the
wearer. Devices can be programmed in advance by the
therapist to repeat a pattern of movements [21]. The
preliminary data shows a strong repeatability from the system
in comparison to the therapist motions. The main risk for a
system of this nature to be used in a domestic setting is in
extreme responses in the patient base, where some may be
demotivated by the lack of control the system gives them,
whilst may be overly enthusiastic and risk harming
themselves, this is a particularly big risk when using an
automated system with no therapist to supervise.
Another popular method of control for an exoskeleton is
with electromyography (EMG), where the electrical impulses
of the muscle can be used to directly control movement [22],
[23]. In a condition such as stroke, where there is damage in
the connection between the brain and the body, achieving this
for one patient can be very challenging and would require
individual programming for each patient with no guaranteed
level of output. EMG has further issues for control of the
hands as the muscles used to control the fingers are slender
and overlap with the arms, this can make differentiating clear

signals very difficult, particularly if the muscles are damaged.
Attempts have been made to work around this problem with
ideas such as signal mirroring, where the functional arm
would be used to make commands [24]. This theory
unfortunately limits the activities that the hands can perform.
Full arms as well as full body systems have been devised
previously, such as the HAL-5 [25], these enable the patient to
exercise more than one joint at a time, however they lack
specialist components to give the user full control of grasping
their hand. Many full arm systems will only provide the
operator with a bar to hold onto whilst performing the arm
motions, this does not provide an opportunity for the patient to
also practice grasping as a repeated measure [26], [27].
Mechanical systems have the common factor of being too
heavy to be practical to offer for a patient to use for home
therapy. Consequently if the intention is to look for a device
that a patient could utilise at home, it needs to be both
lightweight and easy to put on. These needs favour a cable
driven set up, which has been trialled previously [28], this set
up has flaws in terms of protecting the operating mechanism,
with many components exposed to the possibility of impact in
use. This means that if the device were provided for patients
at home they may incur further costs and inconvenience
having to get it repaired.
Current hand exoskeletons require additional bulk to make
them adjustable for the varied structures of the hand, as the
length of bones and thickness of muscles vary from person to
person. Using a single standard size would result in the joint
centres not being accurately placed and subsequently
inefficient when used on the whole stroke population. The
consequence of this is that the device would then be too heavy
and cumbersome for the patient to wear whilst walking
around.
In this paper we will introduce a new design to address the
issues highlighted by previous designs. The design was
developed with the key aims of providing good repeatability
of movement in a system that is both lightweight and low cost.
In the next section the design and developed prototype will be
outlined, this will be followed by a description of our
assessment process and an analysis of the outcomes.
II.

DESIGN AND PROTOTYPE DEVELOPMENT OF THE GLOVE

A. Design of the glove
This concept was influenced by looking at nature, thinking
about how an octopus is capable of wrapping around objects
and moving in sync with them. It was considered that this
principle of suction based gripping could be applied to make a
glove that could tightly fit the patient’s hand without the need
for a bulky metal frame.
To address the issue of weight it was considered that it
could be possible to develop a system that would utilise the
patient’s own skeleton as the frame to operate from, this
would limit the need for large, bulky components that would
need to be secured to the patient. The concept for this design
was that a glove would provide a tight fitting base that
matches the shape of the hand. However a glove is not able to
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power motion so would need an additional actuator to be
fitted, in turn making it difficult for a glove that can be donned
and doffed by the user to have a stable base for the actuator to
function consistently. This would result in the same action
producing different outputs from the mechanism due to
variation in its position, and the solution to this is to position
the actuators externally on a more level surface. The actuator
can then control the motion with a cable driven system that
would act in the same manner as the conventional muscle
tendons of the hand (Fig. 1). This set up would make the
device easier to don and doff as well as distributing the
weight, making the hand component lighter and therefore less
likely to weight down the arm. The glove would be held in
place during action by suction cups, where a dual layered
glove could have a vacuum created to tightly fit the shape of
the hand. The vacuum also enables one size of glove to
securely fit hands of a range of sizes rather than needing to be
adjusted for each user.
Multiple options were reviewed on what was the best way
to create the vacuum to ensure the strongest grip. The devised
solution was that there would be a two layered glove as shown
in Fig. 2, with the air gap in between being sucked out to
create the vacuum. This however only serves to make a glove
with double the thickness, so the inner glove would have holes
cut into it which the suction cups would then be threaded
through. When the air is extracted these cups will then fix the
glove to the skin before the actuators move the joints. If the
suction cups were fixed in place against the skin it would
provide the firmest base for the vacuum generation to be
performed, however once the vacuum is released, it would not
allow the skin to expand back to its natural shape after the
contraction created by the vacuum, subsequently damaging it.
The driving mechanism is required to be between the
layers firstly to protect the mechanism from damage that may
occur in making contact with objects they are interacting with
and secondly to lessen the deformation on the outer layer of
the fingers to maximise the surface area for gripping. The
most practical mechanism to control motion would be a cable
driven system with an external motor actuator. This reduces
the weight in two ways, firstly as the components are lighter,

Fig. 1.

Diagram of planned design for vacuum glove structure and
required components.

and secondly that the mechanism for driving the cable motion
can be moved away from the hand, distributing the remaining
weight.
This creates an issue where the downward pressure from
the outer layer of the glove will press down and constrict the
movement of the driving mechanism, or alternatively the
mechanism may damage the material of the glove. The
solution to this was to thread the cable mechanism through a
series of segments of plastic tubing as well as the suction cups,
preventing downward pressure constricting the cable and
removing the friction between the cable and gloves. It also
allows a straight path to be formed between the end of the
finger and the motor, minimising the horizontal forces on the
cable for more efficient performance. The suction cups also
serve the secondary purpose of acting as a guide for the cable,
as segments of plastic tubing (approximately 1cm in length)
were positioned through the suction cups to direct the cables
between the motor and the anchor point in the fingertip. The
fingertips were made from plastic caps from small drinks
bottles, as they were a similar size to the distal phalange of the
fingers, providing a fit that was not excessively tight for the
wearer whilst also allowing them to be able to feel contact.
For the fingers the cups were positioned on the palmar side
of the first two phalanges of the fingers, whilst the end of the
cable was anchored to the plastic cap, meaning that when the
motor contracts the cable the threaded between the cups
shortens. With both ends anchored in place, as the cable
shortens it will firstly apply a force pulling the cup away from
the finger in an attempt to form the most direct route possible
between all of the cups and the anchor point. This force is
cancelled out by a combination of the vacuum force pulling it
towards the finger and the force that the material applies to
hold the cup in position. This results in rotation of the finger
joints as the only solution to reducing the length of cable
without changing the position of the cups (Fig. 2), replicating
finger flexion.
The cups were positioned to the centre of the phalanges of
the fingers along with the areas of the body of the hand that do
not bend when flexing the fingers, this was to ensure that
motion firstly did not cause the vacuum to break as well as to
prevent the cups from impeding the movement of the joints.
The motion of the finger joints was limited to a single motion
action for three fingers (thumb, index and middle) that are
required for grasping. The final two fingers of the hand were
not motorised as they predominantly perform a supporting role
rather than a grasping one and the device is intended to
perform the therapy role of flexing the fingers. This motorised
design helps the user to perform both a two-finger and threefinger pinch grip that can enable patients to interact with many

Fig. 2.

Demonstration of the vacuum principle that will be used to
move the finger.
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everyday objects.
The motion was planned to be driven by a set of 12mm
micro motors, with one for each finger. These motors were
then to be secured to an arm plate that could wrap around the
wearer’s forearm; this unit would also have the control
switches attached to it (illustrated in Fig. 1 and photographed
in Fig. 3b). The motors had a rated torque of 60mNm, a speed
of 51rpm and an output power of 588mW. This will be
sufficient to overcome the level of static passive joint torque
projected by Kamper [29]. The power supply for these parts
would be stored away from this plate to keep it lightweight, as
a small belt attachment. The same principle was intended for
the location of the pump, keeping the heaviest components of
the design away from the arm to stop it dragging the user’s
arm downwards.

Inner Layer
Suction
Glove
Cup

Control Cable
Cable Guide

Motor Housing

Finger extension was powered by an elastic band that was
stitched onto the back of the hand, as the fingers flex the
elastic band would stretch and store potential energy that
would be released once the motor’s reverse setting is selected
to slacken the cable, this enabled the fingers to quickly extend
back to their initial position.
B. Prototype Development
With an established concept of the design, the next stage
was to develop a working prototype. The vacuum layers were
formed from rubber gloves, cut to an appropriate length with
vertical incisions into the smaller inner glove for the suction
cups to be positioned. They were placed on the palmar side of
the hand, away from areas of skin that contracts during
flexion. The cups themselves were constructed of a siliconerubber compound and were then secured in place with rubber
cement. Further incisions were then made on the cups to
allow the plastic tubing to be threaded through to support the
cable, no adhesives were necessary to secure the tubing in
place as the cup itself provided enough to constrict movement
of the tubing.
The tubing connections between the cups were stitched
into the inner layer to ensure they would not move under
loading, as were the elastic bands. They were secured to each
finger segment to ensure that the full finger extended when the
tension was slackened in the cable.
The motor housing was a custom-designed 3D printed unit
that was screwed onto an arm plate, providing a base for the
motors and their operating switches to be secured in place.
Each motor was operated by an on-off-on switch to give the
wearer the capacity to control flexion and extension. They
were wired so that if the switches were pointed proximally
towards the user the cables would contract to flex the fingers
and extend when directed distally towards the hand. To
reduce the total weight of the system the design was limited to
three motors to enable movement of the thumb and first two
fingers as these fingers are predominantly used in grasping
activities, with the remaining fingers often supporting a raised
object. Each motor was fitted with a miniature pulley for the
cable to coil around.
The arm plate that was used was a shin guard for contact
sports (youth size) as it was a good fit for the length of the

Shin Guard
Fig. 3.
Annotated images of an early stage inner layer prototype
model (top) and the arm plate (bottom).

forearm and came fitted with a Velcro strap to secure it in
place. The motor housing unit was custom designed and 3D
printed before being screwed into this shin guard with
additional screws being fitted vertically to one end of the shin
guard to act as cable guides to prevent a crossover of the
cables and subsequent tangling.
The vacuum was powered by a small air pump secured to
the glove by rubber tubing. This tubing was in turn glued by
rubber cement into position between the inner and outer
gloves. The vacuum pump was separated from the rest of the
device to reduce the total worn weight that would be applied
to the wearer’s arm. Once assembled the inner and outer
layers were sealed together at the base by rubber cement.
Once the user had donned the device to use it a Velcro
strap was wrapped around their wrist to ensure that no air
could get in to disrupt the vacuum. Images of the internal
mechanics and shin guard set-up are shown in Fig. 3 with the
final model in Fig. 4 and a demonstration of being worn in
Fig. 5.
III.

EVALUATION

A. Feasibility Study
To assess the effectiveness of the developed design it is
important to try and recreate the patterns of movement that a
person without a disability would use when interacting with
objects of differing shapes and sizes. This was achieved by
performing motion analysis of the fingers both with and
without the device when it was used to grasp and lift a
selection of small to medium sized spheres and cubes. These
grasping tasks would be performed in a range of conditions to
assess how the features of the glove impact the replicability of
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For the testing the participant would take a seated position
before placing their hand over the item, grasping it and raising
it off the tables surface above their head and holding it in
place for a count of two before returning it to the table and
releasing it (each lifting task will be performed 3 times). The
movements would be recorded by the Vicon motion analysis
system with a tailored marker set used on the hands to monitor
the angular changes in the finger joints (Fig. 6).

Glove
(Outer
Layer)

Vacuum
Pump

Wrist
Strap
Control
Tendon
Motors
Suction
Tube

Fig. 4.

Annotated Image of the completed prototype.

the hand’s movement. These conditions were (1) using the
hand without wearing the glove, (2) a baseline scenario where
the hand would be used within the glove but there would be no
motorisation of the joints to show if the structure of the glove
alters how hand grasping is performed, (3) using the device
whilst a healthy participant holds their hand limp and (4) using
the device on a pose able 3D printed hand to simulate a user
who had no control over their hand at all.
The items selected for grasping were drawn from the grasp
and pinch test stages of the Action Research Arm Test
(ARAT, [30]) as they were cubes and spheres suitable for
lifting with one hand as the largest of these items is 10cm in
length. The final selection of items were; 1 large block
(10x10x10cm), 1 small block (5x5x5cm), 1cricket ball (rubber
practice version) and 1 marble. These items were selected to
test the primary function of the device (grasping), with a mix
of weights and sizes.

B. Analysis
The Vicon marker set used in this study compared the
positional changes of the four markers that were positioned on
the active fingers along with at the base of the hand, enabling
it to calculate the angle at each joint during the recording
period. It was a custom marker set collecting data from the
first two fingers and thumb. This data was then filtered with a
second order recursive digital filter. Visual inspection was
performed of the recorded video data to assess which time
period could be classed as the completed grasp.
IV. RESULTS
Fig. 7 shows the changing relationship between the finger
joints under each of the experimental conditions. The most
notable outcome of the data is that when not wearing the
prototype the MCP for the index finger does proportionally
less work in lifting the large items (approximately 10-14% of
the fingers total rotation), with the exception of using the
pinch grip for the marble, where the MCP makes the largest
contribution to finger rotation (37%). The difference in the
action of the finger joints is shown fully in Fig. 8; this
illustrates the increased rotation of the MCP to complete the
grasping of the marble, whilst at the same time the DIP has a
negligible change from its resting position.
This trend is repeated in the middle finger action of each
joint across the activities, however the workload relationship
changes for gripping the marble, where the index finger has a
small inversion of its activity (with the largest contribution to
movement coming from the MCP and the lowest at the DIP),
however the middle finger has a very flat distribution of work
between the finger joints (each joint performs between 32.3
and 34.9% of the total workload).

Fig. 6.
Fig. 5.

Demonstration of how the device fits the user when worn.

Image of 3D printed hand and arm extension (left) and
demonstration testing protocol (right).
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Fig. 7.
Overview of the changes in percentage based workload distribution across the finger joints. Condition 1 (top left) shows the control condition
of the user’s hand when not wearing the device, condition 2 (top right) shows the performance when the user is wearing the device but not using the motors.
Condition 3 (bottom left) is when the user is operating the device as intended and condition 4 (bottom right) is the device being worn by the 3D printed
hand. Square markers indicate the index finger and triangular markers indicate middle finger.

When the device is worn (as shown in Fig. 7 and 9-11)
there is an inversion of the workload distribution by the finger,
giving the fingers a profile closer to the pinch grip used to lift
the marble, with an additional increase in activity of the PIP.
The 3D printed hand was unable to grasp the marble in the
device as the base of the thumb was positioned too distally on
the 3D hand and consequently the thumb and two fingers were
unable to form a ‘pincer’ shape to grasp the marble. The
required position was achieved by a user wearing the device,
suggesting that the error was due to the shape of the hand.
The findings show that there was a reduction of activity in
the DIP when the glove was worn by a user, with a range of
movement from 23.44-40.84° for index finger without the
device, dropping to 7.61-14.64° with the device on. As the
activity increases to 25.61-41.51° for the 3D printed hand this
suggests that the reduction may be due to the lack of cross
joint coupling in the finger as each joint for the printed hand
was independent. This principle of biomechanical coupling
has been shown to be present in both modelling [31], [32] and
can be factored into cable driven glove designs [33]. A cable
driven mechanism would be expected to have an increased
rotation at the distal end, as the DIP is the closest joint to the
anchored end of the cable, which would contract first as the
cable gets shorter under loading. Due to the changes in hand
structure this places the rotational forces on the loosest fitting
joint first.
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V. DISCUSSION
When testing without the prototype the marble is grasped
with a different pattern of movement to the other objects. It is
regarded as the pinch grip, where the fingers grasp an object
without using the palm for support and is required due to a
combination of the size and shape of the object being grasped.
To maintain strength and consistency in this grip the finger
joints rotate at similar angles, resulting in a straight line force
being applied between the tips of the index and middle fingers
with the thumb, giving the wielder better control of the
marble. In the power grasp the metacarpals and proximal

Fig. 8. Join t angle variations in the index finger for grasping the four
testing items without the device. The data is filtered for a moving
average of 50 data points.

phalange form a base whilst the distal phalanges wrap around
the object and push into this base. This allows the fingers to
create a greater force as control is not an issue when being
pressed against the palm of the hand. With respect to the first
testing condition, the differences between these patterns of
movement are illustrated in Fig. 7 & 8, where grasping of the
marble is shown to require a higher degree of rotation in the
MCP, coupled with a reduction in rotation of the DIP. For the
power grip activities the action of the middle finger replicates
the pattern of movement by the index finger; however for the
pinch the middle finger has a more even workload

Fig. 9. Joint angle variations in the index finger for grasping the four
testing items whilst wearing the device with no vacuum or motors used.
The data is filtered for a moving average of 50 data points.

1534-4320 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNSRE.2016.2521544, IEEE
Transactions on Neural Systems and Rehabilitation Engineering

distribution. This will be a result of the marble’s small,
spherical shape, where the majority of the grasping work will
be performed between the thumb and index finger, leaving a
supporting role for the middle finger to stop it from dropping.
When the device is worn by the user this pattern inverts for
the index finger, where DIP activity drops and the MCP
increases, for example when lifting the ball the DIP drops
from 31.74±2.38° in condition 1 to 15.08±1.2° in the second,
14.64±2.24° in the third and 21.48±2.92 in the fourth, whilst
the MCP increases from 7.22±1.61° in the first condition to
22.24±3.17°, 31.99±3.12° and 29.21±1.6 respectively (Fig. 811). This is counter-intuitive to the design, where the cabledriven system would be expected to have the greatest rotation
at the DIP as the anchor that holds the cable in place is located
there and would experience the brunt of the rotational forces.
The increase in workload at the MCP is most likely a result of
changes being made by the user in terms of their approach to
the items due to the performance of the glove, where the
unimpaired user may use a 3 fingered approach to gripping the
ball, when using the printed hand the index and thumb grasped
the central axis of the ball to prevent pushing it across the
surface. Consequently the distal phalanges are pressed against
the ball and do not rotate as much as they would otherwise,
resulting in an increased activity of the MCP to complete the
grasp. Ultimately the use of the glove is changing the
approach the wearer would take to objects in their
environment.
For conditions 1 and 2 there is no motorisation of the
joints, it could therefore be assumed that there would be
similar results in these conditions. Fig. 8 and 9 show that
there is a reduction in both the PIP and DIP for the index and
middle fingers with each object, this is likely contributed to by
the double glove, as the inner layer will move with the finger
through the rotation, but within the outer layer, giving the
impression of reduced movement. That this anomaly in the
performance repeats in the third condition (Fig. 10) but
changes in the fourth would suggest that the glove was a poor
fit for the user’s hand, as the 3D printed hand used in
condition 4 had a wider body and fingers, limiting the
possibility for movement to occur that is not noticeable by the
Vicon cameras and saw an increase in results for DIP (Fig.
11). The tip trajectory also decreases during this motion with
an average speed of 74.13°/s rotation for the total grasping
period when not wearing the device compared to 1.09°/s for
the 3D printed hand. By contrast, when the user wore the
device their average rotational speed was 3.66°/s, suggesting
that the larger printed hand provides a greater resistance
within the device than the user keeping their hand limp. This
places emphasis on ensuring that the outer glove is not too
loose that the performance may become affected; this could be
remedied by a tighter fitting glove or using a more flexible
material in the outer layer.
The middle finger experiences an additional decrease in
the peripheral interphalangeal joint, which may be due to the
shape of the item, for example the cricket ball’s spherical
shape will provide a greater restriction to any attempt to rotate
around its central point (19.94±2.7° for the middle finger
compared to 32.16±3.04° for grasping the ball in the second
condition as well as 14.87±5.39° compared to 45.11±3.77° for

Fig. 10. Joint angle variations in the index finger for grasping the four
testing items whilst wearing the device, keeping their hand limp. The
data is filtered for a moving average of 100 data points.

the third and 16.34±2.31 with 32.1±2.96 for the fourth). When
comparing the index and middle fingers, despite them being
operated by identical components in the same mechanism,
there is a clear discrepancy in their performance. This is
likely to be due to the glove changing the technique of the
wearer in grasping, for example the middle finger wrapping
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printed hand is used in Condition 4 this discrepancy between
the fingers becomes more acute at the DIP, suggesting this is
an issue of grasp technique prompted by the glove.
Technique was a critical factor for lifting the items, as the
device was capable of grasping the 10cm wooden block,
provided it had been rotated to accommodate that the fingers
were unable to stretch over the length of its sides, pinning the
block from 3 directions, however when coupled with its
weight the block became difficult to support for longer than a
few seconds, causing it to fall not long after it cleared the table
surface. At the opposite end, the marble’s small size and
smooth surface meant that the fingers were unable to
effectively grasp it. A two finger pinch was possible on the
marble, but due to its round surface and the rubber fingertips
of the glove there was an insufficient friction force to support
it. This was also an issue with grasping the rubber ball as the
rubber-rubber surface contact was not stable, contributing to
the adjustment made in where to grasp it when wearing the
device. Achieving the correct grasping technique was more
complicated with spherical objects as the first finger to make
contact with the object would apply a force prompting it to roll
out of position before the corresponding fingers could arrive to
pincer it. This meant that correct grasping with the device
also placed an emphasis on the timing of the finger
movements.
The angular changes (as illustrated in Fig. 8-11) showed
that there was a strong consistency within each condition,
however there is a noticeable variation across the conditions,
reinforcing the idea that the main catalyst for difference in the
recorded data was due to the device changing the subject’s
interaction with the objects, as across the recorded conditions
the sensations in the hand are different.

Fig. 11. Joint angle variations in the index finger for grasping the four
testing with the 3D printed hand wearing the deviice. The data is filtered
for a moving average of 100 data points.

around a wider part of the ball with the DIP and PIP coming
into contact sooner, this obstruction stops the joint from
rotating and results in an increase in the activity of the MCP to
compensate for this. This will change the profile of the finger
and may contribute to the irregular grasp pattern shown
particularly by the middle finger in Fig. 7. When the 3D

In terms of total rotation of the fingers there are significant
differences noted between each condition except for
conditions 2 and 3. When not wearing the glove the joints of
the index finger complete 82.28±11.21° of rotation compared
to 68.6±9.62° when only the glove is worn. When the user
operates the glove as designed the total rotation of the
fingers is 74.23±5.89° and for the 3D printed hand this rose to
108.49±25.42°. The variation for the final condition would
suggest that the 3D printed hand is used in different ways to
grasp the various objects. As all of the testing conditions
differ significantly from the control condition this supports
the thought that the glove does adjust how the wearer
grasps. Whilst the increased motion of the MCP may appear
on first inspection to be increased to compensate for a
reduction in the PIP and DIP, that this appears to be a false
reading means that the MCP change in all of the recordings
when wearing the glove must be due to a change in grasping
technique, with the palm of the hand playing as larger role in
supporting the lifted weight. This change in approach to the
object will be an attempt to protect the cups in the fingers
from taking the weight of the item and incurring strain
damage.
The most obvious variation across the recordings is the
change in the recording time, as the motors cannot function as
quickly as the natural hand. Time was measured by visual
inspection of the recording frame by frame to isolate the
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beginning and ending of grasping motion. The numbered
frames were then matched to their corresponding times to
assess the total time period. For the first testing condition all
of the trials are completed within 10 seconds (with 75% being
completed within 7), in comparison for the third condition
83% took over twenty seconds to complete with one taking
over fifty seconds (this was due to poor grasping technique
creating an error in positioning of the fingers, causing the
small block to be unstable and be moved more slowly to avoid
being dropped). To complete just the initial grasp took
0.68±0.4 seconds in condition 1, this increased to 8.47±4.5
seconds in condition 3, or approximately twelve times as long.
This shift in timescale is discouraging for using the system as
a supportive device in daily activity, for example a patient is
unlikely to want to approach a door, take over eight seconds to
grasp the handle before interacting with the door and then
taking another eight seconds to release it. The design will
need to be revised before it could be used in supporting daily
living, but could still be used in physical therapy. Possible
improvements would need to be made to the performance of
the motor, for example by increasing the torque.
Whilst an externally controlled mechanical system will
never be able to bridge the time difference created by reaction
time, the difference in rotational time would require a very
high torque motor, however a compromise must be struck to
ensure that the motors are not too large and bulky so that the
user retains the capacity to move around whilst wearing the
device. The prototype has been shown to be capable of lifting
small and medium sized objects and it is believed that with
small revisions to the design could be used to help patients
who have experienced a hand disability to perform
rehabilitative exercises and in the future regain independence.
VI.

CONCLUSION

In response to the increasing strain of physical disability
on the medical field there are possible mechanical solutions to
ease the therapist’s workload. A principle theory for a cable
powered vacuum glove was devised which was then
developed into a functional prototype. To test the device the
experimental protocol was developed to assess if this would
replicate motion or alter it. Our findings suggest that the
shape and structure of the glove does alter the recorded grasp
pattern, a change that is likely to be result of a combination of
the changed grasp position of the hand due to the suction cups
being pressed against it as well as the stiffness of the outer
material effecting the measurement. However whilst it is a
change from the instinctual power grasping pattern, it bears
similarity to an exaggerated version of the pinch grasp, with a
larger percentage contribution from the MCP (rising from
11.21 to 42.9% for grasping a cricket ball) and a reduction in
contribution from the DIP (falling from 49.28 to 19.64%).
Exaggerated motion can be beneficial in physical therapy to
recover independent motion. There is also a twelve-fold
increase in the time to complete a grasp. Ultimately the
design encouraged the wearer to use more of a clamping
action in grasping. It is an encouraging trial of the device’s
capability and suggests that with refinements it could be

utilised by disabled populations in physical therapy and to try
to help their independence at home.
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