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Abstract

Gravity compensation has an effect on the
movement executions of the upper
extemities of stroke patients. Our basic
gravity compensation system increased the
range-of-motion work area of patients with
below  average  Fugl-Meyer  scores.
Similarly, the horizontal shoulder-wrist
linear stretching distance also increases.

Introduction

Stroke is the leading cause of disabilities in
Western civilisations. In the last decade,
several therapeutic devices have been
developed by research groups from around
the world. These have made rehabilitation
therapy less labour intensive and more
challenging for the patient, and provided
better measurements for the therapists and
scientific community.

Recently, a systematically review from our
project group on literature assessing the
effect of robot-aided therapy on stroke
patients' upper-limb motor control and
functional abilities [4], concluded that robot-
aided therapy of the proximal upper limb
improves short- and long-term motor control
of the paretic shoulder and elbow in sub-
acute and chronic patients, although without
consistent influence on functional abilities.
In addition, robot-aided therapy appears to
improve motor control more than
conventional therapy.

Most of the current upper-extremity robotic
devices use some form of gravity
compensation. For instance, ITM's InMotion
Shoulder-Elbow Robot (previously known
as the MIT-MANUS [2]) has the lower arm
supported by a stiff connection to the

device-hand interface. The GENTLE/s [3]
connects the wrist to a haptic device, while
the arm is hung in two supporting gravity
compensation  slings. And at the
Rehabilitation Institute of Chicago, they
have used slides on an air table [1] and a
haptic device [5] to support the arm in their
studies of the effects of synergetic joint-
torque couplings in stroke patients.

The gravity compensation or support of
these and other robotic devices basically are
either stiff limiters of the vertical arm
movement [2, 1], or mechanisms which
apply upward-directed forces on an
otherwise free-moving arm [3, 5]. Both of
these types reduce the required anti-gravity
joint torques, but a stiff limiter also restricts
the movement to the horizontal plane. For
example, a patient with movement control
deficits  makes  stabilised  horizontal
movement even if he also uses muscles
which would normally move the arm out of
the horizontal plane. Therefore, a stiff
vertical-limiting gravity support may give
higher, but not necessarily better, results in
the horizontal plane [5].

Gravity compensation in stroke
rehabilitation could be useful tool on its
own. Severely affected patients can be given
functional limb-coordination therapy at an
earlier stage because they don't need to
utilise all their remaining strength for lifting
their arm. And the effects of synergetic
joint-torque couplings may be temporarily
reduced [5], facilitating better movement
executions during therapy.

To assist further developments in
rehabilitation robotics, we have investigated
what the effect is of wusing gravity



Figure 2: A subject strapped to the chair
with the black Freebal gravity compensation
system just behind the table. The two slings
of the Freebal are connected to the wrist and
elbow (see Figure 1).

compensation on the movement execution of
stroke patients. In this paper, we will report
on the results achieved in linear stretch and
circular range-of-motion (ROM) trails.

Methods

In this cross-sectional study, the results of
ten healthy subjects are compared to nine
stroke patients, all with informed consent.
The patients were recruited at the local
rehabilitation centre with inclusion criteria:
acute or chronic; dorsal flexion of at least 20
degrees in wrist and 10 degrees in fingers.
The exclusion criteria were: additional
orthopaedic diseases of either of the upper
extremities; shoulder pain; severe
impairment of cognition and
communication; psychiatric co-morbidity.
The mean (and standard deviation) age of
the patients was 60.1 (14.2) years, and 65.9
(6.4) for healthy subjects. The patients' time
post first stroke was 7.7 (13.2) months and
Fugl-Meyer (FM) upper-extremity score
43.0 (8.6) out of 66. The patients used their
affected and the healthy subjects their
dominant arm.

The movements were recorded with a Vicon
position-tracking system, with the optical
markers positioned on the arm and trunk
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Figure 1: Gravity compensation mechanism
of which the Freebal has two, operating
independently of each other. The gravity
compensation force F., at the end of the
beam is independent of the beam angle p
because the decompositioned ideal spring
force F in the z-direction (F;;) is always
equal to distance A times spring-stiffness k.
Fep = Fyy * Ri/Ry, thus by changing the
spring-attachment distance R;, the amount
of gravity compensation can be altered. The
gravity compensation force on the sling F
is equal to F.; except for some slight non-
linearities due to the cabling system
(roughly +/- 10% at the edges of a working
volume of Im’).

according to the ISB recommendations [6].
Gravity support was provided by our Freebal
gravity compensation system, which
generates the compensation force with an
inertia-free 1ideal-spring mechanism (see
Figure 1). The wrist and elbow of the
subjects were hung in the two slings of the
Freebal (see Figure 2). The amount of
gravity compensation was set to either zero
or the exact measured weight of the arm.
Three coloured target dots and a base dot
were placed on the table, which was
positioned as low as possible just above the
legs, with the base dot exactly underneath
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Figure 3: Typical examples of wrist paths,
relative to the dynamic shoulder position, in
ROM trials for a typical healthy subject (top
figure) and typical patient (bottom figure)
Black dotted lines are without gravity
compensation, grey lines with. The ROM
work area is defined as the area enclosed by
the medial, base and lateral dots (stripped
black line) and the relative wrist paths; the
black plusses mark the work area without
compensation, the grey circles with. The
paths are plotted with an offset which
positions the wrist above the base dot at the
start of the movement.

the fingertips postured with 90 degrees of
elbow flexion in the sagittal plane.

The participants were randomized into two
groups. The first group performed the task
first with gravity compensation and then
without. The second group performed the
tasks vice versa.
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Figure 4: Changes (in %, with standard
deviation) from trials without gravity
compensation to trials with, for stretch and
range-of-motion (ROM) trials. The results of
the stretch trials (in target-dot directions)
are given in changes of the maximum
shoulder-wrist distance. This distance is
either the horizontal projected distance
(HP), or the three-dimensional distance.
Results of the ROM trials are given in
changes of the square-root of the work
areas.

For the stretch trials, the subjects had to
move their hand from the base dot as far as
possible in free air in the direction of one of
the three target dots, repeated five times
successively for each target. The target dots
were ordered from medial to lateral. Both
the maximum-obtained horizontal as
maximum-obtained three-dimensional (3D)
shoulder-wrist distance are used as outcome
measurements.

For the range-of-motion trials, the subjects
had to make as large as possible roughly-
circular horizontal movement in free air,
starting from and ending at the base dot,
repeated five times. The first set of five
movements started in the medial direction of
the body, the second in the lateral. Though
the instructions were to make as big a ROM
movement as possible, the focus of this
experiment is on the results in the defined



medial, frontal and lateral target-dot
directions. The outcome measurement, the
square root of the work area, is therefore
limited to the area also enclosed by the
medial, base and lateral target-dots.

The measurements with gravity
compensation are compared to those
without, and averaged for all healthy
subjects or all patients.

Results

In Figure 3, two typical examples of ROM
wrist paths and the resulting areas are given.
The changes (in %) from without
compensation to with are given in Figure 4.

Discussion

In literature [5], the increase in ROM work
area recalculated according to our definition,
can be as high as 300%. In that study, the
patient had a FM score of 30 out of 66,
compared to our mean value of 43. In our
study, there seems to be a correlation
between FM scores and achievable ROM
work area; the strongest increase was 160%
for a patient with a FM score of 36. Above
FM scores of 49, no patient showed any
clear ROM work area enlargement.

For the stretch trials with stroke patients,
there is a difference between results of the
shoulder-wrist distance in 3D-coordinates
and on the horizontal projections. Without
compensation, many of the patients were
only able to lift there arm just above the
table, which severely limited the achievable
horizontal wrist-shoulder distance. With
compensation, they did lift their arm higher
in the air, leading to a greater horizontal
shoulder-wrist distance. This is logical as
the humerus elevation-torque requirement
increases with the humerus elevation angle.

Conclusions

The results show that even with a simple
gravity compensation system, the ROM
work area can be enlarged, even if this is

limited to patients with lower FM scores.
Similarly, the results of the linear stretch
trials show an increase in the horizontal
shoulder-wrist distance, which is mostly
explained by the patients being able to lift
their arm higher against gravity.
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