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performed for two compensation force values: first at 51,5
N, and secondly at 22,7 N for supporting a common arm
weight.

As can be concluded from Fig. 5, the system exerts
different forces for both moving directions (up/down) at a
single vertical position and compensation setting. This is the
characteristic behaviour of virtual play. The general term is
hysteresis, which can be observed in Fig. 5 as the differents
set of points for upward (bottom set in both the graphs) and
downward (upper sets). The energy in the compensation
system that is dissipated during movement will not be
recovered for movement in the opposite direction, and
therefore friction - e.g. in the mechanism pivot bearings and
the mounts of the spring - decreases the working, as the test
results show. Some stick-slip helps to maintain a balanced
position, but this in general is not an objective of the Das.
Another example of disadvantageous friction is the elastic
deformation of the spring, where energy is also lost as heat.
The magnitude of hysteresis in the Das is +3,3% of the
compensated weight. The necessary muscle force to move
downward after initial upward movement is 1,5 N maximum
at a height H of 4 cm, when the system is set to compensate
common arm weight. This corresponds with the order of
magnitude of downward user force in the ballpark figures in
[21], however the prototype may not be usable for the very
weak users and improvements are necessary.

Furthermore, a nonlinearity of compensation force over
height exists. In general the compensation force is larger
when the system is in a higher position. The nonlinearity can
be attributed to phenomena such as dimensioning and
machining errors, which are easily corrected. Furthermore, it
appeared that an inaccurate setting of the system in assembly
is a clear cause of nonlinearity, and in the end-of-stroke
shock dampers have their apparent effect. In addition,
several other components have non-ideal and/or position-
dependent behaviour that can be remedied. Examples are
again the spring, which can always be improved in linearity,
and the roller bearings with load-dependent friction.

The maximum compensation force however is sufficiently
large, also for lifting large weights up to 5 kg. The relative
total error in compensation is at worst 4,4% for the lowest
preset compensation force (for common arm weight), which
is promising because room for improvement is apparent. A
gravity compensation error smaller than 2% seems easily
attainable.

A simple timing experiment shows the adjustment time
from minimum to maximum compensation force. At first the
time to reach maximum (50N) compensation force from
zero, is 9,2 s. Zero compensation force from maximum is
reached in 8,9 s. The corresponding mean speeds are 3,4 and
5,6 N/s respectively.

B.User validation

The wuser validation was performed at the St
Maartenskliniek, Nijmegen, the Netherlands, and at the
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TABLE II
TrIAL USER. DEMOGRAPHICS AND PROPERTIES
User 1 User2 User 3 User 4
Gender female male male female
Age 7 ylo 10 yfo 19 v/o 31 y/o
Living with with with indepen-
situation parents parents parents dent
Length of . 17cm 2lcm 27cm 24 cm
lower arm
Arm T34 gk 1060 g + 1234 g+ 1750 g+
weight” 20g 20g 50g 0g
. right- right- right- right-
Dexterdy  ponded  handed  handed  handed™
Clinical SMA SMA DMD SMA
picture
Wheelchair ~ Permobil Permobil Ligtvoet
LMD
type Playman Playman Leader

Data correspond to trial user's left arm.

“From elbow to wrist (processus styloidus ulnae).

“Measured at total arm's composite CoG approximate location;
variation is due to inaccuracy of scales and muscle force.

**User's left hand is the most active for e.g. steering the wheslchair
and using an arm support.

home of the third potential user. The main goals of user
validation were:
1. Ewvaluate RoM
2. Obtain vser feedback
3. Investigate detailed items below for:
a) finishing basic Das version
b) further development

The trial user group of two adulis and two children
represented some extremes of the target group, in hand
function, age and body size, see table II. Hand function
varied from relatively good (but not able to lift arm or to
push buttons or to drink) to very weak. This variation gives a
good measure for usability in the total target group [19].

First the user's arm function was assessed and an interview
was taken to determine which tasks the user would like to
perform with the Das. The Das was placed on a tripod next
to the user's wheelchair. After a brief explanation of the
device, and an accurate fitting of the arm cup to the user's
lower arm, the user was given full control of the Das. Then a
few specific tasks such as drinking were executed, when
relevant.

The performed tasks per user are:

User 1. drinking from a mug, reaching forward, scratching
her head, typing on a computer keyboard, and playing a
game of "Comnect 4" [22],

User 2: scratching the top of his head,

User 3: touching the face, scratching the back of his head,
and picking up something from a low table,

User 4: drinking from a mug, reaching to the side,
scratching the top of her head, and writing.

The Das showed sufficient RoM for all users. The stroke
from front to back was the first limit eventually encountered,
but only when the Das was set up incorrectly. The linkage
will need to be adapted slightly, to give a larger margin of
positioning error. The vertical and side-to-side stroke are
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sufficient. Elevator buttons were accessible for User 4, as
she desired. The high vertical position allows all users to
scratch their head, and the possible low position was also
deemed a big advantage over other devices. Any vertical
position in between was reachable when the gravity
compensation was adjusted correctly.

The maximum compensation force was sufficient for all
users, and additionally lifted objects posed no problem. All
had relatively lightweight arms, but the Das did also support
the heavier arms of ergotherapists that evaluated the Das.

The main problem during user validation was the
hysteresis through friction and nonlinearity in the vertical
unit, which is clearly detectable in the device and easy to
improve by replacing several components. Although the
hysteresis of £3,3% (see previous section) is small, three out
of four potential users experienced it. Hysteresis led to
sudden movement downward of the limb when the
compensation force was decreased by the user. Second, two
out of four users had difficulty tilting the lower arm
downwards with a fixed compensation force, since the limb's
composite CoG has to move downward for this and these
users did not have enough force capability. The maximum
downward force of the strongest user (User 3) of the three
users who encountered hysteresis, is of a magnitude of about
2,2 N, and he had only a small trajectory of about 10 cm
over which he could move his arm downward without
decreasing the compensation force. The adjustment of the
compensation force however was - although too fast and
therefore inaccurate - easy to learn and use intuitively. The
first user needed only a single instruction before moving her
arm up and down to play a game of Connect 4.

It should be noted that the User 2 has such strong
contractions in his elbow, and unwanted backward position
due to a too small size wheelchair, that his joints would not
allow any other arm position than directly in front of his
body and face. He assessed the Das as not useful for him at
that time. The other user opinions ranged from relatively
positive to enthousiastic. The arm cup fitting did not give
problems in terms of comfort, but the adult-sized arm cup
{fitted by using padding) proved too bulky for small
children. In general, the retractable elbow support was
favoured over the rigid one, and it is currently being
designed for production as well as smaller sizes arm cup.

The vser's wheelchairs were all possible to mount the Das
on, although this is not a ftrivial task considering the very
large back wheels of User 4's wheelchair, which was of an

old type.

VI.CONCLUSION

An assistive device referred to as the Das has been newly
designed. It provides a compensation force that enables
up/downward movement of the arm by small muscle force,
and is yet of simple form, fitting to the user and his/her RoM
and electric wheelchair.

The Das is - at this time of writing - being improved for
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gravity compensation with smaller errors, because hysteresis
and nonlinearity causes limitations in use for some potential
users with very small muscle force. User validation also
revealed that the Das gravity compensation is definitely
usable for part of, and the RoM for all tested potential users.
Applicability for the total target group is expected after a.o.
improvement on hysteresis. The Das is currently being
designed for production.

For future work, a brake in the vertical unit is considered
to lock a certain vertical position. This brake will be
switched on/off by the user by means of a third button.

Finally, an antomatic balance system accounts for variable
wheelchair seating angles which may be changed by the user,
whereas the Das should remain perpendicular to earth for
ideal use. Both the brake and the balance system are
optional.
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