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Abstract—Stroke patients often have flexor hypertonia and
finger extensor weakness, which makes it difficult to open their
affected hand for functional grasp. Because of this impairment,
hand rehabilitation after stroke is essential for restoring func-
tional independent lifestyles. The goal of this study is to develop a
passive, lightweight, wearable device to assist with hand function
during performance of activities of daily living. The device, Hand
Spring Operated Movement Enhancer (HandSOME), assists with
opening the patient’s hand using a series of elastic cords that apply
extension torques to the finger joints and compensates for the
flexor hypertonia. Device design and calibration are described as
well as functional and usability testing with stroke subjects with a
wide range of hand impairments. In initial testing with eight stroke
subjects with finger flexor hypertonia, use of the HandSOME sig-
nificantly increased range of motion (p < 0.001) and functional
ability (p = 0.002). There was some decrease in grip strength
with the HandSOME device at the subject’s ideal setting, however
this was not statistically significant (p = 0.167) and did not seem
to have a significant effect on function. Overall HandSOME shows
promise as a training tool to facilitate repetitive task practice for
improving hand function in stroke patients. HandSOME can be
used as part of a home-based therapy program, or as an orthotic
for replacing lost function.

Index Terms—Function, hand, orthotic, rehabilitation, stroke.

1. INTRODUCTION

tion in the affected limbs. At three months poststroke, only
12% of stroke survivors report no difficulty with hand function
and 38% of survivors reported major difficulty with hand func-
tion [1]. In stroke survivors, hand function is often lost due to
flexor hypertonia (increased resistance to passive finger exten-
sion) and weakness in finger extensors. Unfortunately, reason-
ably precise motor function of the hand is necessary to perform

S TROKE has significant detrimental effects on motor func-
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activities of daily living (ADL) and thus stroke patients are often
very dependent on compensatory strategies. The goal of this
study was to develop a lightweight, passive, wearable device
that assists with hand function during performance of ADL. The
long term goal is to incorporate this device into a home-based
training protocol for stroke survivors.

Repetitive use of the affected limb is an effective way to im-
prove motor function [2]. As a result, many devices have been
created to assist with hand movement and therapy. Available
hand rehabilitation devices vary greatly in structure and me-
chanical properties but all have the general purpose of assisting
with finger extension. The majority of devices currently on the
market are active systems powered by electric or pneumatic mo-
tors. This leads to an increased device weight due to the inher-
ently large weight of motors and power supplies relative to the
weight of the human hand. These factors prevent current active
systems from being used during ADL task training with stroke
survivors, where proximal arm weakness is common. Many of
these actively actuated devices utilize internal grasp structures
[3]-[5], but this diminishes the possibility of use with real world
objects, and can limit range of motion (ROM). Most of the cur-
rent actively powered external grasp devices are exceedingly
bulky and limit the type of grasp and hand orientation that can
be used for task practice (see [6] for a complete review).

The passive (nonpowered) hand device field is relatively
small, although several passive arm rehabilitation devices have
been developed to aid with stroke recovery. These devices pro-
vide arm weight compensation using overhead pulley systems
[71, [8], spring-based arm orthotics attached to wheelchairs [9],
[10], and passive exoskeleton rehabilitation devices [11], [12].
The Saeboflex is an example of a passive hand rehabilitation
device that has been successful in assisting with opening the
grasp of stroke patients and is commonly used for tone man-
agement therapy [13]. However, this device is not intended for
functional grasp of diverse objects, as it was designed only for
picking up objects 3—4 in diameter and smaller objects cannot
be grasped. The springs that are connected to the distal phalanx
of each finger provide increasing force with increasing finger
flexion, which makes it difficult to obtain and maintain full
flexion even with low force springs, limiting ROM. Another
passive hand device used for motor training is a cable driven
orthotic by Fischer et al. [14]. However, this device requires
the subject to use shoulder and elbow movement to assist
with finger extension, which decreases the ability for normal
movement kinematics in reach and grasp task training. This
device has been extended to a motorized device controlled with
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voice, electromyography or manual input [15]. However, this
change makes the device no longer passive, and the increased
complexity and weight may affect arm transport and limit
potential home use.

We have developed the Hand Spring Operated Movement
Enabler (HandSOME), a passive, lightweight hand rehabilita-
tion device that overcomes many of the limitations of current
devices. HandSOME provides a large ROM and allows grasp
of both small and large real world objects in even severely
impaired subjects. This was accomplished by basing the design
on the biomechanics of the hand after stroke. Kamper et al.
examined the torque required to extend hypertonic finger joints
and found a nearly linear relationship between metacarpopha-
langeal (MCP) joint extension angle and applied extension
torque [16], [17]. They also found that stretching of the flexors
elicited muscle activity in the paretic extensors. Therefore, we
designed HandSOME to provide increasing extension assis-
tance with increasing finger extension angle. The majority of
stroke subjects have some residual ability to flex the fingers
voluntarily, so assistance for flexion is generally not required.

HandSOME was designed only for the pinch-pad grasp,
which brings the pads of the thumb and fingers together and
contrasts with a power grasp where the thumb wraps around the
fingers. Pinch-pad grasp can be used with many object shapes
and sizes and is commonly used in ADL. The simplification
to training a single gross grasp posture was motivated by
the fact that stroke survivors often must rely on gross grasp
for ADL due to loss of isolated individual finger movement,
finger proprioception, and fine touch sensation [18]. Although
different therapy methods may be needed to help retrain more
dexterous movements, restoration of hand use in ADL through
gross grasp training will likely impact the amount of use of
the limb in everyday life, which may improve many stroke
survivors’ quality of life. The HandSOME device also utilizes a
linkage between the finger and thumb actuating components to
ensure proper inter-joint coordination in the grasp movement.
This design will allow stroke survivors with lost independent
joint control to obtain and hopefully retrain proper inter-joint
coordination in grasp [19], [20].

These concepts of increasing assistive torque with increasing
extension angle, potential for use in ADL, and the need for pa-
tient-initiated repetitive task practice inspired the HandSOME
design. This device utilizes passive actuation via elastic cords
to assist with finger and thumb extension. Passive actuation, as
well as the use of light weight materials, allows for a wearable
design, which increases portability. The HandSOME device was
tested for comfort, the effect on ability to perform simple ADL,
the effect on active ROM, and the potential negative effect on
grip strength in individuals with various levels of hand impair-
ment due to stroke.

II. HANDSOME DESIGN

HandSOME was designed to follow the normal kinematic tra-
jectory of the hand during pinch-pad grasp, provide the assis-
tance torque profile that best compensates for finger flexor hy-
pertonia, and measure the angle of grasp using a small encoder
(E4 Series, US Digital, Resolution 0.25°). A 4-bar linkage was

Fig. 1. The left image shows a subject lifting the one inch block using a typical
compensatory strategy. The subject was unable to pull his thumb around the
block in grasp. The right image shows the HandSOME device fitted to a stroke
subject with hypertonia.

designed to force the thumb and fingers to coordinate move-
ment in the grasp. The HandSOME design uses elastic cords
as springs to assist with finger and thumb extension, and pro-
vide assistance profiles that emulate the torque versus exten-
sion angle profiles for passive movement reported by Kamper
et al. [17]. Changes in the spring location and stiffness used
allow the therapist to vary the assistance profile and magni-
tude. Although two design versions were used in stroke sub-
ject testing, the two designs were identical in terms of the crit-
ical features of the HandSOME. The finger-thumb linkage and
the assistance torque profiles remained unchanged between ver-
sions. Version 2 decreased the weight and general profile of the
device. This difference between versions 1 and 2 of the device
did not affect performance of the study tasks because subjects
were allowed to support the paretic arm with their other arm if
needed. Therefore, test data from all subjects were grouped to-
gether for analysis. All images shown in this paper depict the
second version of the device. Fig. 1 shows the latest completed
design and the hand interface.

The tested devices weigh 0.22 kg (version 1) and 0.128 kg
(version 2). The device is able to accommodate a maximum
finger length of 0.13 m and a maximum hand width of 0.1 m,
with no minimum hand width or length. These hand measure-
ments represent the 99th percentile for male hands [21].

Adjustable hard stops are used to control the ROM. This pre-
vents the device from causing any harm to subjects who can not
tolerate full ROM. Padding and support straps were added to
the device for comfort and to maintain ideal positioning of the
device on the back of the hand throughout the movement. The
Velcro straps were positioned distally to prevent the fingers from
curling around the straps. One strap was aligned with the distal
phalanx of the pinky and another at the proximal interphalangeal
joint (PIP) of the pointer finger. If needed, a third strap was used
across the distal phalanges of the middle three digits. A single
Velcro strap was used at the interphalangeal joint (IP) of the
thumb. Therefore, the straps restricted movement of the thumb
IP, finger DIP and finger PIP joints. The main movement is about
the MCP of the fingers and the carpometacarpal joint (CMC) of
the thumb. A wrist brace was used for subject testing to maintain
neutral wrist posture in the device and to ensure proper orien-
tation of the HandSOME device on the subject’s hand. Various
adjustments can be made to adapt for different size hands. The
finger and thumb attachment points can be extended to match
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Fig.2. The 4-bar linkage of HandSOME. The dark circles designate the ground
points of the linkage (finger MCP and thumb CMC). The line between these two
points (not shown) designates link G of the 4-bar linkage. The black lines are
the links A, B, and C.

finger length and the thumb attachment component can be ro-
tated to match the subject’s thumb orientation.

A. Linkage Design

Since the device must be able to smoothly follow the move-
ment of the human hand for comfort and proper retraining of
normal grasp movement, the kinematics of the hand during
the pad-pinch grasp were modeled. The hand movement was
measured using an acoustic based three-dimensional motion
tracking system (Zebris CMS-HLS). Markers were placed on
the distal ends of the pointer finger and thumb as well as at the
MCP joints. Five repetitions of this movement were recorded
and the angles of rotation and coordination of the fingers and
thumb were calculated. The finger MCP and thumb CMC
joint positions were used as the rotation centers of the device.
Analysis of the kinematics of several normal subjects showed
synchronous movement coordination between the fingers and
thumb with a range of motion of approximately 78° in the
fingers and 39° at the thumb. To accommodate full passive
ROM, the design specification for the linkage was defined as
synchronous movement of 90° at the finger MCP and 45° at
the thumb CMC.

A 4-bar linkage was designed to mimic the grasp motion and
maintain the relationship between fingers and thumb that was
modeled (Fig. 2). At first, a simplified three-position analysis
was used to calculate a family of possible solutions that achieved
the closed, half extended, and full extension hand positions. The
ground link (Link G) was established between the finger MCP
and thumb CMC. The length and direction of the link attached
to the finger actuating component (Link A) was calculated by
examining a grid of possible end points for Link A and the as-
sociated 4-bar design that achieved all three hand positions. For
each design, the angles between the links were calculated and
the set of solutions that did not approach singularities (0° or
180°) during the desired range of motion were chosen. This re-
duced the number of possible solutions to a manageable level.
A mathematical model of the motion of each linkage was cre-
ated and the link forces were calculated assuming the maximum
design torque (4 Nm) was being applied by the user on the de-
vice (Matlab, Mathworks, Natick, MA). We then examined the
remaining candidate linkage designs and chose the design that
performed well in each of the following categories: avoiding
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singularities, minimizing link forces, minimizing link lengths,
and not impeding grasp or view of the palm of the hand. The
resulting 4-bar linkage is shown on the HandSOME device in
Fig. 2. The actual ROM of the tested device was 90° at the finger
MCP and 52° at the thumb CMC.

B. Torque Profile by Spring Location

The ability to control the applied torque profile is important
for tailoring device assistance to the patient’s ability. Our design
goals were a torque magnitude greater than 4 Nm in the fully
extended position, decreasing extension torque as the fingers
flex to a closed position, and minimal spring length change over
the ROM. 4 Nm was chosen based on pilot testing with a small
sample of high tone patients; however higher peak torque values
can be achieved simply by increasing spring stiffness by placing
more elastic cords in parallel.

The linkage, spring properties, and the kinematics were input
into a static model of the device to analyze a 2-D grid of possible
locations for the spring ground and distal attachment locations.
Examination of solutions determined that the most linear assis-
tance profiles resulted from a spring path that goes through the
center of rotation of the finger MCP when the hand is closed,
thus completely eliminating the applied torque in this posture.
To allow adjustment of the assistance profile for different pa-
tients, a series of ground point locations was selected that varied
the amount of torque applied in the fully closed position. The
system was then tuned for spring constant, spring rest length,
and distal spring attachment point. This tuning involved exam-
ination of the torque assistance profiles with each possible de-
sign, with the goal of selecting spring characteristics that yielded
an approximately linear torque assistance profile.

The final design is shown is Fig. 3. The ground point of the
spring is located at the end of a lever arm that can be rotated
to change the assistance profile. When the lever arm is in its
normal position, the spring path goes through the center of rota-
tion of the finger MCP when the hand is in full finger flexion (0°
of finger extension). Theta is defined as the angle of the lever
arm relative to this normal position. By rotating the lever arm
away from this normal position, the therapist is able to change
the shape of the assistance profile and increase the amount of
assistance applied in the fully closed position. This allows in-
dividuals with no extension ability to use the device by simply
relaxing their hand, causing the device to open their hand for
them, whereas the Theta = 0 setting will require some ability
to extend volitionally from the fully closed position. The dif-
ferent torque profiles theoretically available are also shown in
Fig. 3.

These diverse profiles can be used to match the tone profile of
the subject, which will maximize the subject’s range of motion
and grip strength in the device. The actual torque profile was
measured by attaching a force/torque sensor (Model: 67M25A,
JR3 Inc., Woodland, CA) to the device and measuring the torque
required to slowly open and close the device (no hand in device).
The measured profiles were very similar to the theoretical cal-
culations. We calculated the error between theoretical and ex-
perimentally measured torque profiles and found that with five
springs attached, the average error across the full ROM of the
device was 0.007 Nm for Theta = 0 deg, and 0.036 Nm for



394 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 19, NO. 4, AUGUST 2011

Theta

Theta
40°30°20° 10° 0’
Ve

e——— Theta=0
Theta=10

----- Theta=20
. - Theta=30
—— Theta=40

Assistance Torque (Nm)
N

0 10 20 30 40 50 60 70 80 90
Finger Extension Angle (Degrees)

Fig. 3. The top images show the possible Theta settings for the HandSOME
device, which determines the spring line of action. The images show the device
at 0° of finger extension. At Theta = 0 (top left image) the elastic cord line
of action, as shown with the black dotted line, is directly through the center
of rotation of the MCP when the device is in the fully flexed position and no
assistance torque is applied. The other Theta settings are defined as an angle
relative to the Theta = 0 line of action. The elastic cord line of action for
Theta = 20 is shown in the top right image. The bottom plot shows the torque
profiles corresponding with the different Theta settings.

Theta = 10 deg. Using the same method without any springs
attached, friction of the device was measured and found to be
mostly constant through the device ROM with a maximum value
of 0.038 Nm.

C. Elastic Cord Choice

The choices of spring attachment points were affected by the
maximum extension ratios (the max spring length divided by
the initial length) and spring constant (k) values of the potential
actuators. Elastic cords were chosen instead of metal springs due
to their higher extension ratios. Even with elastic cords, their
limited extension ratios caused the peak of the torque profile
to be moved to a more flexed position than the desired fully
extended angle. The chosen elastic cords (Joubert 10-in Mini
Bungee, kK = 74.6 N/m ) are easily attached to HandSOME
and stiffness can be increased by simply adding more cords in
parallel.

III. HANDSOME TESTING

The goal of this testing was to examine comfort, patient ac-
ceptance, and functional use of the device in subjects with se-
vere to moderate hand impairment. Tests examined the ability of
the device to increase ROM, improve performance in functional
activities as measured by a block lifting task, and the effect of
the device on the subject’s grip strength. Inclusion criteria were
a clinical diagnosis of stroke, elevated tone in the fingers, and

TABLE 1
SUMMARY OF SUBJECT CHARACTERISTICS

Subject # 1 2 3 4 5 6 7 8
Gender F M F M F F M M
Affected Hand L L L L R R R L

Time Post Stroke (yrs)| 6 2 1 1 35 | 55] 04
Ashworth, Finger
Flexors (0-4) [23] 1+ | 1+ 1+ 2 1+ 2 1+ 2
Fugl-Meyer Upper

Extremity (0-66) [22]| 28 | 15 5 19 | 43 37 16 24

F=Female M=Male L=Left R=Right

0.17

absence of pain in the hand/wrist area. Eight stroke subjects
were tested and their general information is shown in Table I.
The clinical measurements were done before device testing by
atrained occupational therapist. Upper extremity movement im-
pairments at the shoulder, elbow, wrist, and fingers were eval-
vated with the Fugl-Meyer Assessment [22]. It scores reflexes
and the ability to perform several simple movements and tasks
on a three-point scale. A maximum summed score of 66 indi-
cates no impairment. Muscle tone was measured in the finger
flexors with the Modified Ashworth Scale [23]. The Ashworth
is a five-point rating scale for measuring muscle tone, with rat-
ings of 0 for no increase in tone up to a score of 4 for a rigid
limb. All testing was approved by the MedStar Health Human
Subjects Institutional Review Board. Due to the exploratory na-
ture of this study, there was no correction for multiple statistical
tests on the data collected.

A. Biomechanical Tone Examination

Characterization of hypertonia can be difficult due to the
highly variable nature of the hyperactivity of the finger flexors.
In order to get a general idea of the magnitude and profile of the
subject’s tone, the following experiment was performed before
device testing. A force-torque sensor (Model: 67M25A, JR3
Inc.) was attached to HandSOME at a known distance from the
finger component’s center of rotation. The subjects were fitted
into the device without springs attached and told to relax their
hand while the researcher moved the subject’s hand through
their comfortable ROM three times at approximately 5°/s. The
friction and gravity torques from the device during movement
were subtracted from the measured torque profile.

B. Selecting Ideal Spring Settings and ROM

The following procedure was used to determine the ideal
spring settings for each subject. To determine the best match to
the subject’s tone profile, three different torque profile settings
were tested for each subject: Theta = 0°, 20°, and 40° for the
first version of the device and Theta = 0°, 10°, and 20° for
the second version of the device. The Theta = 30° and 40°
settings were eliminated in the second version of the device
since initial subject trials indicated there was no need for these
extreme settings. The patient was asked to extend and flex their
hand in the device three times at their own pace to obtain the
unassisted free ROM. The subject was then asked to relax their
hand and springs were then added until the patient’s hand was
in full extension. Again, the patient was asked to close and
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open his or her hand three times. These angles were recorded to
determine the subject’s maximum range of motion and move-
ment profiles. The same fitting and testing procedure was used
with each Theta setting. The Theta setting with the smallest
number of springs and largest consistent range of motion was
used in the functional testing as the ideal HandSOME setting
for that subject. Paired t-tests were performed on ROM and
peak movement velocity with and without spring assistance
from HandSOME.

C. Functional Testing

The HandSOME device’s capacity to increase performance
of functional activities was measured in a task modeled after
the Box-and-Blocks task [24]. Subjects were asked to move his
or her hand from a start position to a block, lift the block off
the table about 3-in and then put it down again. Since lifting the
object was meant to show that the subject had a firm grasp on
the block and we did not want proximal arm weakness to affect
the data, the subject was allowed to use their unaffected limb
to assist with the lifting and transport process by supporting the
paretic forearm if needed. The blocks used were all of equal
height and length but varied in width from 1/2- to 4-in. The
functional testing was performed with and without the device.
Subjects were allowed to rest and stretch their hand as needed
during testing outside of HandSOME, but stretching was not al-
lowed during testing inside of HandSOME. The time required to
complete each task was recorded with a stopwatch to get a gen-
eral measure of ease of movement. Stopping to stretch the hand
was considered the end of an attempt and not included in the
time recording. Subjects were informed that they did not need to
rush, the pacing of movement was their choice, and that the time
was only being recorded to compare between the hand alone
and HandSOME trials. Functional testing of the hand alone was
performed first to avoid potential increased hypertonia from re-
peated effort over the course of the test session. This functional
testing was performed after the ROM testing, which determined
the ideal HandSOME setting. Paired t-tests were performed on
the largest block that could be lifted with and without Hand-
SOME.

D. Grip Strength Testing

One potential concern with the HandSOME design is that the
subject’s grasp force may be decreased by the springs. This was
tested by asking the subject to grasp a force sensor as strongly
as possible for two seconds and then relax for three seconds
(grip aperture = 0.04 m). Since the subject’s hand is not com-
pletely closed, the springs are providing an extension torque
to the fingers as they squeeze the sensor. This procedure was
repeated three times with the subjects in the HandSOME de-
vice, first without spring assistance, and then again at their ideal
spring settings. Paired t-tests were performed on peak grip force
with and without HandSOME.

IV. RESULTS

Eight stroke subjects with a relatively wide range of func-
tional ability were tested. The subject feedback on the Hand-
SOME device was positive. Subjects commented that the device
was generally comfortable and did not have any pressure points.
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Fig. 4. Tone data of two subjects who used the three spring setting. Some sub-
jects showed good matching of tone and assistance torque at maximum exten-
sion, while other subjects did not.

Most of the subjects reported that they would be interested in
using the device at home. The first four subjects were tested with
version 1 of the HandSOME device [25]. Some of these sub-
jects reported some difficulty in arm transport due to shoulder
weakness and the device’s weight. This problem was addressed
in version 2 of the device and no subjects using this version re-
ported added difficulty with arm transport. The major difference
between the two versions of the device is weight, which should
not have a significant effect on testing since subjects were al-
lowed to use their unaffected arm to assist with transport of the
objects in functional testing. Therefore data from both devices
were collapsed for group analysis.

Maximum measured hypertonia varied between (0.2 and
0.8 Nm across subjects. The mean tone profile for all the
subjects linearly increased with finger extension angle with an
R-square value of 0.95. The resting hand posture was often not
the fully flexed position (defined as O degrees-of-extension), so
many of the tone profiles begin at around 20 degrees-of-exten-
sion. Fig. 4 shows the tone of two subjects who used an ideal
spring setting of three springs. The figure shows that while
one subject had a good match between tone and assistance
torque at full extension, the other subject did not, possibly due
to changes in tone over the course of the test session. In half
of the subjects, the tone and assistance levels matched at full
extension, which was the goal of the fitting procedure.

Theta = 0° was the ideal setting for 7 out of 8 subjects
since they were able to move out of the fully flexed position, and
had the lowest required spring force at this setting. The optimal
setting for subject 7 was the Theta = 10° position. Although
this subject had a slight amount of volitional extension, in ROM
testing his movement was not consistent and he would occasion-
ally get stuck in the full flexion position with the Theta = 0°
setting. The Theta = 10° setting allowed consistent volitional
extension away from the fully flexed position. Across all sub-
jects, the optimal spring stiffness settings ranged from 2 to 5
springs. For two springs and Theta = 0, the applied torque was
0 Nm with the hand closed and increased up to 0.2 Nm with the
hand fully extended. For five springs and Theta = 0, the exten-
sion torque at full extension was 0.5 Nm.

The active ROM increased with use of HandSOME (p <
0.001). All subjects had increased maximum ROM (max exten-
sion angle—min extension angle) with the HandSOME device,
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Fig. 5. Maximum range of motion (max extension angle—min extension
angle) of the fingers with and without spring assistance from the HandSOME
device. No ROM is shown for subject 3 in the hand free condition since the
subject could not produce any finger extension.
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Fig. 6. Subject 6’s movements in the HindSOME device with and without as-
sistance from the HandSOME device. The other subjects had similar profiles
in HandSOME, although the unassisted movements were sometimes much less
consistent, with the three attempts resulting in only a single movement.

with an average increase of 48.7+1.0 degrees-of-extension with
the ideal HandSOME device settings as compared to the unas-
sisted hand free condition (Fig. 5).

Subjects produced smooth movements in the device both
in flexion and extension although the time for the extension
movement was much larger than for flexion. In flexion, subjects
showed a significant (p = 0.004) peak velocity increase from
26.9 £ 13.9 (mean + SEM) degrees per second with the
unassisted hand to 93.1 £ 24.76 degrees per second with the
HandSOME device. Velocity in extension also increased from
11.3 £ 4.45 degrees per second with the unassisted hand to
59.4 £ 22.34 degrees per second with the HandSOME device,
and this difference approached significance (p = 0.053). Fig. 6
shows the ROM data of a single representative subject.

The goal of the block lifting task was to determine if using
HandSOME increased the size of the largest object that could be
lifted while not impairing the ability to lift smaller objects that
subjects could already lift unassisted. Group analysis found that
using the HandSOME device increased the size of the largest
block that could be lifted (p = 0.002). All subjects had im-
provements in the functional block testing with the HandSOME

W Hand Free

Functional Ability Testing
O HandSOME

N W A
|

RN

Successful Block
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0 L
1 2 3 4 5 6 7 8
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Fig. 7. The top panel shows the largest successfully lifted block width with and
without HandSOME. All smaller blocks were successfully lifted in each case.
The panel on the bottom shows the average self-paced time for a successfully
lifted block with standard error bars. Subject 3 is not included in the lower plot
due to lost timing data. Subjects 1 and 2 do not have time data in the Hand Free
condition because they did not perform any successful lifts.

device. Fig. 7 displays movement times and the largest success-
fully lifted block width for each subject with and without the
HandSOME device. In all cases, subjects were successful in
lifting all blocks that were smaller than the largest lifted block.
For example, subject 1 could not lift any of the blocks unas-
sisted, but lifted all blocks from 1/2-in up to 3-in with Hand-
SOME. There was little difference between hand free and Hand-
SOME testing in terms of the average time for a successful lift in
subjects 5, 6, and 8. The time data for subject 3 was lost. How-
ever, subjects 4 and 7 had the largest movement times in the
hand free condition and had dramatic reductions in movement
time when assisted by HandSOME. Subject 4’s movement time
improved from 25.6 to 7.3 s with HandSOME, while subject 7°s
movement time went from an average time of 41.1 s to 8.6 s per
block. Since the subjects were told to move at their own pace,
the large change in movement time showed that in these two
subjects, the tasks were generally easier with the HandSOME
device.

Grip strength was decreased when using the HandSOME, but
this reduction was not statistically significant (p = 0.17). On
average the subjects lost 3.7 N of grip force, with an average
grip strength of 29.9 + 1.9 N for hand alone, and 26.2 £ 1.8 N
with the HandSOME. This decrease in grip force was compa-
rable to what would be predicted by calculating the extension
torque applied to the hand by the springs. The aperture during
testing corresponded to approximately 30 degrees-of-extension,
which puts the extension torque at 0.12 Nm (two springs), 0.18
Nm (three springs), 0.24 Nm (four springs), and 0.30 Nm (five
springs) for Theta = 0. For the one subject who used three
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springs and Theta = 10 deg, the torque was 0.23 Nm. As-
suming an approximate finger length of 0.09 m, the average
force lost from the springs would be 3.83 N.

V. DISCUSSION

Although all subjects had a large comfortable range of motion
with HandSOME, no subject attained 90° of MCP extension as
was the goal when determining the number of springs during
fitting. This was most likely due to increased hypertonia after a
period of hand use. Rapid changes in tone levels could also ex-
plain why hypertonia measurements at full extension matched
assistance torque for only half of the subjects. Tone could have
decreased due to the stretches performed during the tone mea-
surements, or increased due to the unassisted range of motion
testing. Although springs could be added or removed as needed
to compensate for these fluctuations, we elected to not adjust
the number of springs after the initial fitting period to properly
evaluate the fitting procedure we developed.

In the unassisted hand functional testing, subjects were al-
lowed to compensate by pushing their hands over the blocks,
which allowed some subjects with little or no volitional exten-
sion to grasp some of the smaller blocks. Although this cre-
ated some discrepancies between the ROM data and the implied
ROM of the functional testing, this method allowed for the most
realistic evaluation of real world use of the affected hand. The
subjects did not use this compensation method with the Hand-
SOME device.

Some decrease in grip force was expected since the hand
was not fully closed during grip testing, resulting in extension
torques from the springs that would reduce grip force. The es-
timated theoretical lost force (3.83 N) was approximately equal
to the measured force lost (3.7 N). However, three subjects actu-
ally showed increased grip strength with the HandSOME, which
could be due to a better hand posture when the springs were ap-
plied. Nevertheless, decreased grip force did not affect the func-
tional lifting task with HandSOME, as in all cases a failed at-
tempt was due to inability to open the hand wide enough for the
object and not due to difficulty maintaining a large enough grip
force.

The HandSOME facilitates practice of functional reach and
grasp tasks. However there is debate over whether this func-
tional approach is superior to impairment-based training that fo-
cuses on components of a functional task, such as joint ROM ex-
ercises. Therapists currently emphasize functional training for
many types of stroke patients, and this practice is supported
by recent reviews [26], [27]. However a study by Krebs et al.
showed that training of robot-assisted reaching movements pro-
duced greater reductions in shoulder-elbow impairment than a
time-matched dose of functional robotic training consisting of
combined reach and grasp tasks [28]. A contributing factor to
this result might have been the smaller number of total reaching
repetitions in the functional protocol because of the time re-
quired for the grasping movements. The authors also hypoth-
esized that the subject’s focus on grasp and release in the com-
bined functional task diverted attention from the arm transport
aspect of this task. Another study showed that when training
stroke subjects on a pointing task, outcomes were better when
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subjects were given feedback on shoulder and elbow kinematics
rather than feedback on endpoint errors [29]. This further sup-
ports the advantages of focusing attention on the components of
a functional task.

Despite this clinical evidence in favor of impairment-based
approaches, there is physiological evidence in favor of training
a coordinated reach and grasp task. While some studies support
the independent visuomotor channel hypothesis of different
control pathways for arm transport, hand orientation and grasp
[30], [31], several other studies have shown a coordination
between grasp aperture and arm transport in neurologically
normal subjects [32], [33] that is impaired after stroke [34].
Primate and brain imaging studies in humans are beginning
to isolate the neural substrate that underlies this coordination
[35], [36]. The existence of these neural pathways suggests
training of coordinated arm transport and grasp might be more
beneficial than grasp training alone. Furthermore, integration
of grasp practice into the context of a functional ADL may be
more motivating for the subject than repetitive grasp training
alone. Further research on the optimal paradigm for arm and
hand training is needed.

Passive, lightweight hand rehabilitation devices could prove
beneficial to the rehabilitation process because they can be worn
during ADL with minimal weight effects on arm transport.
None of the subjects tested with the lighter version had problems
with the added weight. However, given that many patients have
severe proximal arm weakness and fatigue quickly, further
weight reductions may be required. Although this paper only
presented the possible use of the HandSOME device for
therapeutic intervention, the device could potentially also be
used as an orthotic for replacement of functions that cannot be
retrained. This might be particularly useful in patient populations
with significant bilateral hand impairment, where use of an
orthotic such as HandSOME might greatly improve functional
independence.

Limitations of the device and the study should be noted. Since
only extension assistance is provided, it is clear that subjects
with severe weakness in flexors cannot use the device. Our con-
venience sample did not yield a subject with an Ashworth tone
level greater than 2. It is possible HandSOME will not be effec-
tive in these high tone subjects. However, we surmise this will
not be the case, as extension assistance can be easily increased
by adding additional spring elements in parallel. Block lifting
is a relatively limited representation of “functional testing” and
in future studies, performance on standardized clinical evalua-
tions such as the Box-and-Blocks should be tested. Currently,
placing the subject’s hand into the device is an intricate process
requiring considerable skill on the part of the experimenter.
Since one of the long term goals is use of HandSOME in a home
training program, improvements are underway so that a subject
can easily don the device on their own. Currently, the available
assistance levels are too coarse to perfectly match the subject’s
tone profile. We are working on modifications to allow easy ad-
justment of assistance level in fine increments to motivate max-
imal effort on the part of the subject. We are also working on
ways to accommodate a power grasp and a pinch-pad grasp in
the same device to increase the repertoire of possible ADLs that
can be performed with the device.
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VI. CONCLUSION

HandSOME can assist stroke survivors with hypertonia to
regain functional grasp ability. The newest version of the de-
vice has very low weight, which should allow for arm transport
with the device and ADL use even in subjects with shoulder
weakness. In summary, the general benefits of the device are:
1) passive, lightweight, wearable hand rehabilitation device, 2)
small device profile with no internal grasp structures for use in
ADL, 3) a linkage for improved coordination of the fingers and
thumb, 4) allows for nearly full ROM in pinch-pad grasp, and 5)
adjustable torque profile and magnitude to best match the sub-
ject’s hypertonia for accurate and optimal compensation. Sub-
jects showed large increases in active ROM with the device as
well as increased ability for functional grasp of objects. This im-
proved ability should help encourage stroke survivors to use the
affected limb in everyday activities, which may lead to improve-
ments in hand function without the device. Future efforts will
examine the ability of stroke patients to independently don the
device, develop a method for finer adjustment of assistance mag-
nitudes, and explore the device’s potential use in the home en-
vironment. For home use, we envision a training program based
on a version of HandSOME that has a wireless sensor recording
movement and a game interface to further motivate practice.
Whether or not using the device provides added value over an
equivalent amount of practice without the device is an empirical
question that will have to be answered in future studies. How-
ever, given that the device can potentially be very inexpensive,
justification for its use might be based solely on its role as a mo-
tivator for increasing home practice.
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