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Abstract—This technical report presents the recent
progress in the design and construction of a closed loop
automated seating system . Preliminary test results are
reported. The system is designed to measure seating
surface forces and control the seating surface geometry of
a seated human. It uses force information as feedback to
determine custom seating contours which produce desired
seating characteristics . Ultimately, the system is intended
to be used for research studies with patients.

The system consists of an electronically actuated,
force-sensing seating surface which is controlled by a
computer . Stepper motors are used to move force sensing
probes up or down until the desired seating surface
characteristic is attained.

Preliminary test results are presented and analyzed . A
force-equalizing control algorithm has been written and
found to produce relatively uniform force distributions
for soft, hemispherical loads of various weights.

Key words : cushion, force feedback, force sensor, seat
contours, seating, skin ulcer, wheelchair.

INTRODUCTION

Wheelchair users who spend many hours sitting
are at risk of developing pressure sores . Factors that
affect the cause of pressure sores may include the
magnitudes, directions, and durations of applied
external pressures as well as tissue properties includ-
ing : temperature, moisture, tissue viability, age, and
hygiene (1,2) . In the hope of preventing pressure
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Kwiatkowski, Thornton Hall, Department of Electrical Engineering,
University of Virginia, Charlottesville, VA 22903 .

sores, wheelchair users often utilize custom con-
toured cushions . In this report, custom contoured
cushions are defined as foam cushions that have
been manufactured or modified for use by a specific
individual in order to distribute the tissue/support
interface pressures as desired . A popular method of
characterizing a seating surface is to measure the
resultant interface pressures . Some of the problems
associated with this technique are : 1) it may be hard
to distinguish high, but safe pressures from high,
but harmful ones ; 2) it is not known exactly what a
"safe" pressure may be for a given individual ; 3)
normal interface pressure measurements alone do
not account for potentially damaging shear or
frictional forces ; and, 4) the presence of the mea-
surement device at the tissue/support interface may
modify the quantity to be measured (3) . The
quantitative comparison of the undeformed, un-
loaded shape of the buttocks to the loaded one has
been suggested to be a better method of measuring
the net effect of the external load (3) . A review of
the literature reveals that a purely hydrostatic
loading condition in which the external pressures are
uniform and the tissue deformation is minimized
may be an optimal seating situation (3,4) . Studies
have been taken which have shown that the use of
custom contoured cushions can result in lower mean
interface pressures and more uniformly distributed
pressures than those resulting from noncontoured
cushions (5,6,7).

Due to the potential benefits of using custom
contoured cushions, products have been designed to
aid in the measurement and fabrication of such
cushions (8,9,10,11) . However, there exist few tools
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which allow for simultaneous adjustment of con-
tours and measurement of the resulting interfacial
forces . The seating system described in this paper
will have these capabilities . This system will reduce
the amount of wasted time and materials which
result from trial-and-error-based adjustments to
custom cushions, because the trial-and-error process
occurs while a client is seated on the system before
the cushion is ever fabricated.

The Closed-Loop Automated Seating System
(CLASS) described in this paper is meant to be used
in conjunction with the Custom Cushion Fabrica-
tion System (CCFS) designed at the University of
Virginia Rehabilitation Engineering Center (UVA
REC) (11,12) ; however, its applicability could easily
be extended to other fabrication techniques . A
typical cushion could conceivably be designed with
the use of the CLASS and then fabricated with the
CCFS, all within an hour, and produce high quality
contouring with minimal wasted material . The
CLASS could be a useful tool to assess different
seating contours and their resulting load distribu-
tions.

METHODS

System Design Specifications
The system described in this paper has evolved

over the last five years and is the result of the efforts
of various researchers who have worked on the
project at the UVA REC (11,12,13,14,15) . Some of
the desired specifications for the system are listed
below:

1. The system should be able to measure seated
individuals with masses up to 100 kg . This
value is the same as the International Standards
Organization (ISO) maximum wheelchair test
dummy mass.

2. The controllable seating surface area should be
no less than 45.7 cm by 45 .7 cm.

3. Each probe should be capable of measuring
static forces normal to the seated surface
ranging from 20 to 5900 grams with a resolu-
tion of at least 33 .2 grams.

4. The actuator linear position resolution should
be better than ± 0.78 millimeters.

5. The system convergence time should be no
longer than 5 minutes .

These specifications were chosen to ensure that
the system would be able to measure 95 percent of
the potential subjects as well as to ensure that the
displacement and force resolutions are as good as,
or better than, existing systems.

System Overview
Figure 1 illustrates the main components of the

CLASS . The seating surface consists of an 11 x 12
rectangular array (minus the four corner elements)
of movable force sensing probes . The system uses
motor-driven actuators which can position each
probe vertically within a 12 .7 cm range with a
±0.1mm vertical resolution . Since 128 motors are
required (one for each probe), the size of the motors
is an important consideration . The stepper motors
chosen are small enough to allow two layers of 64
motors to fit in the available area and powerful
enough to lift the rated 5900 gram load when
coupled with acme drive screws . Also, the stepper
motors allow the position of a given probe to be
calculated from the number of pulses sent to the
respective motor, if steps are not missed . This
eliminates the need for separate position sensors for
each probe.

The probes are connected to a control system
via cables and interfacing circuitry. The system
contains an STD bus multiple processor computer
with its related input/output and user interfacing
equipment. Multiple processors allow for a control-
ler hierarchy in which a host processor runs high

Figure 1.
Closed Loop Automated Seating System components.

SYSTEM COMPONENTS
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the desired force distribution (uniform, inversely
proportional to stiffness, minimal specific site pres-
sures, etc), or other features specific to a given
client . This information is sent to the host STD bus
computer via a keyboard or file indicating force
distribution preferences . The computer analyzes this
information and the current probe force and orienta-
tion signals and, by running a selected contour
algorithm, determines the new probe position adjust-
ments . Drive signals are sent to the stepper motor
control cards where they are converted into the
stepper pulses and sent to the motors . The stepper
motors are coupled to acme drive screws which
transform the rotary motion into the vertical probe
positions . The load (the body of the seated individ-
ual) reacts to the probe adjustments, and the probe
heads tilt and rotate with the new load position.

The feedback path of the block diagram con-
sists of the probe force and orientation signals
produced by the force and orientation sensors . The
force sensors convert the vertical forces along the
probe axes into voltage signals which are scanned,
amplified, and sent to an analog-to-digital converter
(A/D) to be digitized. The scanned orientation
sensors' outputs are in the range of from 0 to 5 volts
and are therefore not amplified before being digi-
tized . The A/D then serializes the force and orienta-
tion signals and sends them to the host computer via
an RS-232 serial link where the feedback path is
completed. The host computer program then exam-
ines this new information and determines if the
desired seating characteristics are met . If they are,
the process is completed and the final seating
parameters (probe positions, forces, etc .) are saved.
If the desired characteristics are still not met, the
process continues as described above.

Force Sensor
To measure the force normal to a given probe

head, it is necessary to determine the three-dimen-
sional surface normal vector. This is done by
measuring the orientation of the probe head as well
as the vertical component of the force acting on the
probe. Potentiometers are used to measure the
orientation angles of the probe head, and a cantile-
ver beam strain gage force sensor is used to measure
the vertical force acting on the probe . Figure 3
shows a detailed view of three probes positioned at
different heights . A cross-sectional drawing of a
typical probe is shown in Figure 4.

level tasks and monitors three peripheral processors
which independently and concurrently control either
the probe actuator or force sensing signals . The
system contains a monitor, keyboard, and mouse
for user interaction . It also contains a D .C. power
supply which is used for energizing the stepper
motors, the force transducers, and the orientation
potentiometers, as well as the supporting circuitry.
Attached to the chair unit, analog multiplexers are
used to scan the force and orientation signals before
they are digitized and sent to the computer . Also
located on the chair unit are controller cards that
receive digital signals from the computer and con-
vert them into the drive pulses for the stepper
motors.

The chair body can be adjusted to simulate the
client's wheelchair (or stationary chair) . The seating
surface and chair back can be independently tilted to
the front and back . The arm and foot rests can also
be adjusted to support the client as desired.

System Information Flow
A description of how information flows

through the CLASS is given below. Referring to
Figure 2, we see that the system can be represented
by a closed-loop block diagram . The forward path
starts on the left with the desired seating characteris-
tics . This represents the information entered by the
system operator regarding the desired features of the
resulting seating contour . This information may be
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Figure 3.
Side view of three motor-actuated, force-sensing probes.

Figure 4.
Cross-sectional view of a typical force-sensing probe.

The force sensor consists of four strain gages
wired in a "full resistive bridge" network . It is

possible to use fewer gages to measure the applied
load, but the full bridge offers linearity, temperature
compensation, maximum sensitivity, and increased
noise immunity due to the differential output . The
vertical force applied to the probe is transmitted
down a steel piston to the cantilever beam . The
piston has a conical end where it comes in contact
with the cantilever beam to concentrate the load at
approximately one point . An overload safety feature
has been designed into the probe by allowing only a
specific amount of deflection in the beam to occur
before the sensor body comes in contact with the
piston bearing. This deflection is set by adjusting the
cantilever beam vertically with the use of two
mounting screws and slotted holes in the vertical
portion of the beam.

Each probe surface consists of a conical swivel-
ing head which tilts and rotates freely with the
seated surface by means of a ball and socket joint
(see Figure 4) . The orientation of the probe head is
detected by two separate potentiometers which
measure the tilt and rotation angles . The potentiom-
eters convert the associated angles to electrical
signals which are processed by the computer . The
probe head can rotate freely 360° about the center
axis of the connecting shaft . A toroidal potentiome-
ter attached to the top of a sliding cylindrical collar
measures the contacting point of the conical probe
head, thereby determining the head rotation. This
potentiometer measures the full 360° rotation minus
a contact angle of about 16°.

The tilt angle of the head is measured with a
separate potentiometer . The sliding collar is spring
loaded and resists the tilt of the head . A wiper
attached to the collar makes contact with a linear
potentiometer mounted on the probe body . As the
probe head tilts, the collar is forced to slide down
the probe body, causing the wiper to travel along the
linear potentiometer.

The tilt angle, 0, of a given probe is used to
determine the force normal to the probe surface.
The vertical force, Fv, acting on the probe is
measured with the force sensor. The normal-to-
surface force, FN , can then be calculated using:

Fv
Fr,=

cosO

where 0 varies between ± 50° and has a value of
zero degrees for a horizontal probe surface. This
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equation assumes that the forces acting on the probe
surface can be represented solely by F N , a force
located in the center of the probe head and acting
normal to the surface. It is assumed that any shear
forces acting along the probe surface are small
compared to the normal forces and can be ignored.
If necessary, the shear forces could be taken into
account by determining the frictional coefficient at
the seating interface.

Force Sensor Tests
The graph in Figure 5 shows the amplified

output voltage of a typical force sensor when loads
from 0-6300 grams were applied in a vertical
direction on the probe head. A nonswiveling probe
head was used to support the load during the test.
The output is fairly linear over a load range of
0-3600 grams (0-8 lbs), and then saturates for
higher loads due to the overload protection built
into the sensor . These data were used to calibrate
the probe force sensor so that the system's computer
could later calculate the load applied to the sensor.
Figure 6 shows the resulting measured vs . applied
load characteristic of a typical probe when loads
from 0-5400 grams were applied to the sensor.
Various masses were stacked on top of each other,
one at a time, then removed, one at a time, during
the test to illustrate the hysteresis and the overall
accuracy of the force sensor.

Tests were also taken to measure the accuracy
of the force sensor when off-axis loads were applied.
It was found that frictional effects acting on the

v
= 4 _

	

I

	

1

	

i a -
I- -
o -

	

Io -
a 3	 I	o -
zz -
w -cn

-
-

a

	

I
o
IL

	

I

	

i

	

'I
-

	

i

	

I

	

i 000	2000

	

3000

	

4000

	

5000

	

6000

	

7000

Figure 5.
Load/Voltage characteristic of typical force sensor .

surface of the piston and guide/bearing increased
with tilt angle and resulted in decreased transducer
accuracy . It was found that producing a vibration
by moving the probe down then up 5 mm helped
reduce this static friction, or "stiction," and in-
creased the sensor's accuracy to off-axis load mea-
surements.

Orientation Sensor Tests
After the tilt and rotation sensors were cali-

brated, data were taken to test the accuracy of the
sensors. The measured versus applied tilt and rota-
tion angles are shown in Figure 7 and Figure 8 . The
tilt angle data were taken by incrementally rotating
the swiveling head from - 50 to + 50 degrees

Figure 7.
Typical tilt sensor measured vs . applied angle.
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Hysteresis test for vertical static loading of typical force sensor.
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Figure 8.
Typical rotation sensor measured vs . applied angle.

through an arbitrary horizontal axis of the ball of
the joint. Only the magnitude of the tilt angle is
measured with the linear potentiometer . The cali-
brated tilt sensors were found to be accurate to
within 4 percent and to have a 0 .4° digital resolu-
tion .

The rotation angle data were found by fixing
the tilt angle at 45 ° and incrementally rotating the
swivelling head from 0° to 360° through the vertical
axis of the ball of the joint . Figure 8 reveals that the
typical rotation sensor is inaccurate for angles
between 0° and 16° . This is due to the construction
of the rotation sensor toroidal potentiometer . The
solder attachment of the potentiometer wire to a
lead wire shorts the potentiometer which produces a
zero volt output when the swiveling head comes in
contact with the potentiometer within this region.
For rotation angles between 16° and 360°, the
sensors were accurate to within 7° and had a digital
resolution of 1 .5°.

Test Set-up
Sixteen probes arranged in a 4 x 4 array were

used to test the contour algorithms . Successful
completion of these tests will indicate the feasibility
of complete system implementation . To avoid prob-
lems associated with load instability, the test load
was supported externally from the seating surface so
it could not become statically unstable and tip over.
Stability problems will most likely need to be
addressed when the full 128-probe seating array is

tested. The load used for the test was a convex
hemispherical indentor made from a rubber and
glycerine gel . The indentor was chosen as a test load
since it fairly realistically models the area of the
human buttocks around an ischial tuberosity . In the
center of the gel is a wooden core which models a
bony prominence. The indentor has a diameter of 17
cm and, along with a supporting rod, weighs
approximately 2900 grams . Weights can be added to
the test load to increase the total weight if desired . A
supporting frame was used for the tests, which kept
the indentor from tilting, but allowed it to move
vertically with the supporting probes . A detailed
drawing of the hemispherical test load and a view of
the test set-up used for the contour algorithms
described below are shown in Figure 9 and Figure 10.

Spring Probe Simulation Algorithm
After the test load was lowered onto the flat

array surface, a quick, one-step initial contouring
algorithm was used to better distribute the weight of
the load. The initial algorithm is based on the
CONTOUR1 algorithm described by Gordon (14).
The idea is to model each probe as a spring with a
stiffness k . Then, after the normal surface force, f i ,
on the ith probe has been calculated, the displace-
ment of each probe, d i , is calculated using the spring
equation :

fi

Figure 9.
Hemispherical gel test load detail .
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Figure 10.
Test load support frame with 4 x 4 probe array side view.

The probes are lowered one after another in 2 .5
mm increments until they arrive at the calculated
position. This process is only performed once, so it
is guaranteed to end (if the process is repeated
multiple times, the probe positions are not guaran-
teed to converge to a specific value since the force
values are discrete and the force feedback is disabled
during the probe motion) . How well the force is
distributed over the 16 probes depends on factors
such as the spring stiffness k and the original weight
distribution . If k is too small, then it is likely that
the originally higher weighted probes will be lowered
too far and, as a result, the majority of the load will
be supported by the other probes . If k is too high,
then the higher weighted probes will not be lowered
as much, and they will end up still supporting a
disproportionately large amount of the load . Unfor-
tunately, depending on the physical characteristics
of the load (i .e., the stiffness of the buttocks at
various sites), it may be likely that one k is good for
one type of load, and another k for a different load.
So if only one spring stiffness k is used, one should
not expect the load to be distributed equally well
after the routine is performed for different loads.

After the spring simulation routine was run, it
was found that there were still large differences
between the resulting maximum and minimum probe
loadings, and the following algorithm was used to
equalize the probe loadings .

Force Equalizing Algorithm
The force equalizing algorithm used is based on

Gordon's CONTOUR3 algorithm (14), which he
found to be fairly successful at distributing loads
amongst a 1 x 8 array . The idea behind the algo-
rithm is to model the portion of the load supported
by a probe as a spring with a stiffness K, which is
not coupled to any other part of the whole load.
This stiffness can be determined experimentally by
dividing the change in probe loading it experienced
by the known vertical displacement it made . For
relatively small displacements, this stiffness calcula-
tion can be used to decide how a probe should be
adjusted so that it supports its share of the total
load .

After the simulated spring algorithm has been
run, the number of probes, n, in contact with the
load are counted and the individual probe loadings,
Li , are summed to get the total weight . The desired
probe loading, D L , is then calculated by dividing the
total weight by the number of loaded probes:

n

E Li

n

The vertical displacement, Vi, of a given probe is
then calculated by subtracting the present loading of
the probe from the calculated desired loading and
dividing the result by the current stiffness value, Ki ,
of that portion of the load supported by the probe:

DL – Li

Ki

The stiffness values are computed using:

L, – L,*

vi
where L* i is the load on the ith probe from the
previous iteration of the algorithm. A flow diagram
of the contouring algorithm is presented in Figure
11.

RESULTS

The motor-actuated, force-sensing seating
probes have been designed and tested and found to
accurately position loads up to 5900 g in a vertical

SIDE VIEW

Vi

=
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Figure 11.
Force equalizing contouring algorithm flow diagram.

range of 0-12.7 cm with a ± 0.lmm accuracy . The
force sensor in each probe has been found to
measure vertically applied loads from 0-4500 g with
24 g resolution and a 5 percent error when the probe
is jogged up and down by 5 mm before the load is
measured . The accuracy decreases for higher loads
due to the nonlinear sensor behavior when the
overload protection is activated . The accuracy also
decreases due to friction for off-axis applied loads.
The 4500 g upper limit represents a 24 .2 kPa
maximum pressure measurement due to the 4 .26 cm
probe spacing.

The hemispherical test load weighted to three
different values, (2 .9, 6.1, and 12.4 kg), was used to
test the force equalizing algorithm . For each test,
the stiffness value, k, used in the spring simulation
routine was set to 50 grams/mm.

Initially, the test was run on the 2 .9 kg load,
and it was found that one or more of the four
corner probes could come in contact with the
wooden base of the test load. When this occurred,
the probe(s) in contact with the very stiff wooden
base would cycle back and forth during successive

iterations of the algorithm . When they were in
contact with the base, they tended to support too
much load, and when they were lowered a little, they
were not in contact with the load at all . So it was
discovered that the algorithm would only converge if
the probes were in contact with relatively soft loads.

Foam disks were mounted onto the test load at
the areas where the corner probes had made contact
with the wooden base and the algorithm was run
and experimentally found to converge for all three
test loads.

The algorithm was run for each of the three
loads until the final probe loads were within ± 35
grams of D L, and it took 10, 21, and 37 iterations
respectively for the 2 .9-, 6 .1-, and 12.4-kg loads.
The spring simulation procedure took an average of
33 seconds, and the force equalizing routine had an
average of 16 seconds per iteration which produced
total convergence times of 192, 368, and 624 seconds
for the three loads . Figures 12, 13, and 14 show
measured probe loads versus time for the three test
loads with the ± 35 gram convergence criterion.
Data from typical corner, edge, and center probes in
the array are provided.

The probe loadings before and after the routine
was run as well as the final probe displacements* for
the three ± 35 gram convergence tests are shown in
Tables 1, 2, and 3 . As can be seen from data in these
tables, the final displacements for the 16 probes
were not the same for the three different load
weights . Since the same contour was used, but
weighted to different amounts, it might seem likely
that the final positions of the probes should be
nearly equivalent for the three tests . This idea is
based on the theory that the peak pressure between a
ball and a spherical seat will be minimal when the
radii are equal (16). So it may be reasonable to
assume that the peak probe load will be minimized
when the probe array contour is the same as that of
the undeformed hemispherical load . However, the
theory is only valid when the seat and ball have the
same material properties (elastic and isotropic),
which for these tests, they did not . Also, the
undeformed load contour was not perfectly symmet-
rical and no attempt was made at the start of the
testing to ensure that the load was placed in the
same position on the probes for each test . Inaccura-

* For comparison purposes, the probe displacements have been shifted
so that the probe with the highest final position has a displacement of
zero.

RUN SPRING SIMULATION
ROUTINE

UPDATE PREVIOUS
FORCE VALUES

MOVE PROBES TO NEW
POSITIONS

UPDATE STIFFNESS VALUES

CALCULATE DISPLACEMENTS

INITIALIZE SYSTEM
THEN LOAD ARRAY

READ FORCES

UPDATE OPTIMAL
LOADING VALUES

IS LOADING
OPTIMAL?
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TOTAL LOAD: 2900 grams
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Figure 12.
Measured probe load vs . test time (2 .9 kg load).

Figure 13.
Measured probe load vs . test time (6 .1 kg load).

cies in the force sensors, especially for the probes
with large tilt angles, may also explain the resulting
differences in displacements.

The total load values measured by summing the
individual probe vertical loads during each iteration
are shown in Figure 15 for the three ± 35 gram
convergence tests . It was found that initially the

Figure 14.
Measured probe load vs . test time (12 .4 kg load).

measured total loads were below actual but ended
up much closer to the actual total loads with errors
of 1 .0 percent, – 2 .9 percent, and – 3 .8 percent,
respectively for the increasing loads.

DISCUSSION

The force equalizing algorithm discussed above
works well for the test load, but will need to be
modified when the full 128-probe seating system is
tested . The test load was supported so that it could
not tip over, no matter how the probes were
positioned. When a person is seated on the full
system, it will be necessary to take into consider-
ation the center of mass and the overall position of
the person to make sure that (s)he is not being
positioned in an unstable, or other undesirable
manner.

Another issue not mentioned so far has to do
with the load-bearing ability of specific sites on the
seated individual . Obviously, certain areas are more
suited to supporting the weight of the body than
others . Also, to help reduce pressure sores, it may
be better to more heavily load thick-tissued, low-
stiffness areas of the buttocks than thin-tissued, stiff
areas which are close to bones . There may also be
specific sites which should not be heavily loaded for

TOTAL LOAD: 6100 grams
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Table I.
Force equalizing routine run data (2 .9 kg load).

Initial Probe Loads (grams)

	

Final Probe Loads (grams)

	

Final Probe Displacements (mm)

0 0 0 0 174 186 206 184 13 .1 19 .6 18 .3 12 .2

0 902 737 0 197 213 189 178 18 .4 36 .8 35 .0 14 .9

0 596 433 0 174 186 177 185 17 .9 33 .9 33 .5 15 .3

0 0 0 0 182 170 190 192 4 .5 9 .7 8 .9 0.0

Ideal probe load based on summed normal loads : 186 .4 grams.

Table 2.
Force equalizing routine run data (6 .1 kg load).

Initial Probe Loads (grams)

	

Final Probe Loads (grams)

	

Final Probe Displacements (mm)

0 201 135 0 406 447 435 406 7 .7 21 .7 23 .1 14 .4

151 1443 1188 78 439 418 416 413 20 .3 40 .2 37 .6 18 .4

58 956 823 21 409 413 415 392 17 .2 35 .0 35 .0 15 .6

0 18 0 0 381 412 415 426 2 .2 10 .4 11 .0 0 .0

Ideal probe load based on summed normal loads : 415 .2 grams.

Table 3.
Force equalizing routine run data (12 .4 kg load).

Initial Probe Loads (grams)

	

Final Probe Loads (grams)

	

Final Probe Displacements (mm)

19 510 353 41 837 834 835 821 6 .7 19 .1 23 .1 10 .9

474 2257 2048 254 821 827 813 824 20 .8 37 .4 35 .4 17 .3

254 1457 1349 264 824 836 826 823 15 .9 33 .6 32 .3 16 .3

0 109 141 0 816 810 826 828 0 .0 8 .4 10 .3 2 .4

Ideal probe load based on summed normal loads : 825 .1 grams.

other reasons such as the presence of pressure sores,
bruises, cuts, etc.

To accomplish these objectives, it is necessary
for the algorithm to have some knowledge of which
parts of the body are loading specific probes as well
as their relative supporting ability . The overall
orientation of the body on the system can be
partially controlled by the operator and assisting
personnel. If there are specific low-load capability
sites known, these could be entered into the com-
puter by the operator and used as boundary condi-
tions in the contouring algorithm.

Brienza's contouring algorithm (12) allowed for
different criteria for determining the optimal probe

loadings . Although he came up with a solution for a
specific case : loadings which were inversely propor-
tional to the load stiffness for a 2 x 4 array, his
algorithm could theoretically be solved for the whole
11 x 12 array and use other performance criteria.

The maximum load that can be accurately
measured with the force sensor could possibly be
increased by adjusting the overload protection gap.
An increase in the thickness of the strain gage
aluminum beam would allow for larger loads to be
measured . The hysteresis errors measured for the
off-axis loads are mainly due to the friction present
between the sensor piston and guide bearing . This
friction could be reduced with a better bearing
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Figure 15.
Measured total load vs . test time.

design possibly incorporating ball bearings or other
materials . Overall, the current force sensor has the
best balance between sensitivity, accuracy, and
maximum load measuring capability of the various
sensors designed and tested by the CLASS research-
ers to date.

A force-equalizing contouring algorithm was
tested on a 4 x 4 subsection of the whole seating
array, and the typical convergence times were longer
than 5 minutes for the heavier two loads tested.
During the tests, only one probe was moved at a
time, and the probe positioning time was the
limiting factor in the overall test duration . It seems
likely that the convergence time will increase ap-
proximately linearly with more probes . To keep the
total time to near 5 minutes for the full 128 probes,
it may be necessary to modify the stepper motor
controller circuitry to allow up to 16 motors to be
moved at once . Other algorithms can and will be
implemented to satisfy more sophisticated seating
contour criteria once the system is fully operational.

No attempt has been made at this point to
prove that the force-equalizing algorithm will con-
verge for all (or even any) loads . Preliminary testing
has suggested that the system has trouble converging
with very stiff loads but consistently converges for
relatively soft loads . Since the human buttocks are
generally relatively soft, this is encouraging ; how-

ever, some theoretical work should be made to show
what types of conditions are required for the
algorithm to converge.

CONCLUSION

The CLASS has been designed to determine
seating contour/load relationships for individuals
with masses up 100 kg . The controllable seating
surface dimension is 50 .4 cm by 46.2 cm, which
should be large enough to seat approximately 95
percent of the intended individuals with special
seating needs . A 4 x 4 portion of the whole array has
been tested and found to be capable of producing
contours which result in fairly uniform force distri-
butions for a soft hemispherical load . The seating
system when completed should be a useful tool for
investigating the effects of seating contours on the
resulting load distributions . It should be possible to
determine contours that produce fairly uniform
force distributions, thereby approximating hydro-
static loading conditions which produce minimal
tissue distortion.
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