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powered wheelchair frames
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Abstract —Two wheelchairs, one manual, one electrically
powered, were instrumented with strain gages and oper-
ated over various laboratory terrains . Both wheelchairs
were folding models with cross tubes pinned together at
the center . The wheelchairs were operated on a constant
speed treadmill with no bump, and with 0 .953 cm (0 .375
in) and 1 .6 cm (0 .625 in) dowels simulating bumps . The
wheelchairs were also rolled off a 10.8 cm (4 .25 in)
platform to simulate a curb drop . The von Mises stresses
were computed from the recorded strains, and statistical
hypothesis tests were performed to determine whether the
stresses were consistent with a stationary, narrow-band
Gaussian random process . Such a stress history has been
used in random fatigue analyses . Summary data for two
strain gage locations on each wheelchair, for the four
different test terrains, suggest that the von Mises stress
can be considered stationary, but neither narrow-banded,
nor Gaussian distributed.

Key words : dynamic response, manual wheelchair, metal
fatigue, power wheelchair, random process, strain gage,
treadmill testing.

INTRODUCTION

Active wheelchair users operate their wheel-
chairs over many different terrains in the course of
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their day. The roughness of the terrain and the
response of a particular wheelchair structure to that
terrain are the controlling factors in several aspects
of wheelchair performance, including ride comfort
and the long-term survivability of the structure.
Long-term survivability of the wheelchair frame is
basically an issue of the susceptibility of that frame
to metal fatigue, and the accumulation of fatigue
damage over the lifetime of the wheelchair . One
measure of structural longevity that accounts for the
inherent variability in loading, structural response,
and material properties, is the probability of failure
of the structure.

It was shown by Rice (1) that the peaks of a
stationary, narrow-band Gaussian (SNG) random
process follow the Rayleigh distribution . Miles (2)
first used this result in studying the fatigue of
aerospace structures excited by acoustic emissions.
If the stresses in a solid are assumed to be
adequately modeled by a SNG process, then it
follows that the stress peaks are Rayleigh distrib-
uted. By coupling a probability distribution of stress
peaks with a fatigue model (S-N curve), and
cumulative damage rule (generally Miner's hypothe-
sis), random fatigue models have been derived from
which various statements of the probability of
fatigue failure are given (2,3,4,5,6). None of these
investigators, however, addressed the task of sub-
stantiating the validity of the stress random process
assumption for their analyses.
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The probability of fatigue failure of a tubular
wheelchair frame has been addressed (7,8,9), but
purely from the perspective of assumed structural
loading. Structural loading and response data for
the wheelchair frame under consideration were
presumed known . The primary assumption made by
Baldwin, et al . (7,8,9) was that the dynamic stresses
acting in a wheelchair structural element could be
adequately modeled by a SNG random process (at
the time no real data for the response of a
wheelchair structure under load were available).
Then, a probability density function for the number
of stress cycles to failure in fatigue was derived
following Lambert's method (4).

This study was undertaken to investigate the
accuracy of the SNG stress random process model as
it applies to specific locations on two wheelchair
frames. Dynamic strain gage data were recorded and
analyzed for a manual and power wheelchair with a
human occupant riding over bumps on a treadmill
and performing a simulated curb drop. Statistical
hypothesis testing was performed to provide an
objective measure of the agreement of the computed
von Mises stress data with the SNG assumption.
Testing was carried out so that data collection
occurred only for one pass of the wheelchair over a
given bump, or for one drop from the platform;
therefore, the validity of the SNG assumption is
addressed only for that event . Summary test data
and findings from this testing are presented.

The collection of dynamic strain gage data
serves two purposes . First, the data will be used to
form an objective assessment of the validity of the
SNG assumption for the stresses occurring at spe-
cific locations in the wheelchairs under test . Second,
the body of strain data will provide the basis for
future fatigue life estimates of the wheelchair frame
locations investigated . It should be stressed that the
results presented here are valid only for the wheel-
chairs tested, for the specific locations instrumented,
and for the test terrain under consideration.

Test Equipment and Procedure
Two wheelchairs, an Invacare Rolls IV (man-

ual), and an Invacare Rolls Arrow (power), were
used in this investigation . Both wheelchairs were of
the folding type with two steel cross tubes pinned
together at the center; the steel alloy was unknown
in both cases . The manual wheelchair had solid
front and rear tires and chrome-plated frame tubes .

The front tires of the manual wheelchair had an
outside diameter of about 20 cm (7 .9 in), and a
radial thickness of about 1 .9 cm (0.75 in) . The
power wheelchair had solid front tires, pneumatic
rear tires, and painted frame tubes . The front tires
of the power wheelchair had an outside diameter of
about 19 cm (7 .5 in), and a radial thickness of about
3 .8 cm (1 .5 in).

The major components of the data acquisition
system were an AT&T 6300 personal computer
containing a MetraByte DASI6 data acquisition
board, Measurements Group model 2120 strain gage
conditioners, and low pass filters . The data acquisi-
tion system was configured to record three channels
of data simultaneously . The data acquisition system
is illustrated schematically in Figure 1 ; the strain
gage terminal blocks are shown at the left side of the
figure . A BASIC language computer program ini-
tialized and controlled the data collection and a
FORTRAN program performed the data reduction
and analysis.

The wheelchairs were instrumented with 3-
element rectangular strain gage rosettes (WA-06-
060WR-120, Micro Measurements Division, Meas-
urements Group, Inc.). The three elements of the
rosette have been designated Gage 1, Gage 2, and
Gage 3, as shown in Figure 2. Each element of the
rosette has a gage length and grid width of 1 .5 mm
(0 .060 in), a nominal resistance of 120 ohms, a gage
factor of 2 .09, and a transverse sensitivity of + 0 .5
percent . Rosettes such as these allow full determina-
tion of the two-dimensional strain state existing at
their point of attachment (10).

Two strain gage rosettes were attached to a
cross tube, one on the side of the tube directly
adjacent to the center pin, the other on the bottom
of the tube lying along the pin. The strain gage
wiring terminal blocks are shown schematically to

A/D Data
Acquisition

	

8086 Computer
Board

Strain Gage
Amplifiers

Lox—pass
Filters--)

Figure 1.
Schematic representation of data acquisition system .



226

Journal of Rehabilitation Research and Development Vol . 30 No. 2 1993

indicate the orientation of the gage elements (Figure
3) . The cross tube was chosen for this initial
investigation because several finite element analyses
of this type of structure (7,11) have shown that large
static stresses occur in this area . The strain gages
were installed in the same locations on both the
manual and power wheelchairs : they were attached
directly to the chrome surface of the manual
wheelchair tube . This is a potential source of error
in that the strain gages were not attached directly to
the base metal . On the power wheelchair, the paint
was scraped from the tube at the points of applica-
tion of the strain gages . The strain gage rosettes
have been designated XG1 and XG2 (for "cross
tube Gage 1," etc .).

Strain gages measure the average strain over
their gage length . If the strain gage is measuring a

Figure 2.
Rectangular strain gage rosette .

strain field with large gradients relative to the gage
length of the strain gage, an error is introduced into
the measurement . For this investigation, it was
assumed that the strain gradients at the gage
locations were not large with respect to the active
length of the strain gages.

Strain gages respond to the deformation of the
metal to which they are bonded by a change in their
electrical resistance . The change in resistance is
measured as a voltage, E, output by a Wheatstone
bridge circuit in a "quarter-bridge" configuration
(Figure 4). The three-wire circuit configuration
shown has the advantage of minimizing any temper-
ature variation effects from the data collection (12).
The bridge excitation voltage V was nominally 6
volts dc. Each strain gage element had its own
Wheatstone bridge circuit.

The strain gages were connected to a bank of
strain gage conditioners/signal amplifiers which
provided the excitation voltage, bridge calibration
and balancing functions, and controlled the amplifi-
cation of the voltage outputs from the bridge . The
signal conditioners had a frequency response of
0-5,000 Hertz + 5 percent with a gain continuously
adjustable from 100 to 2,100 Hz.

The amplified voltage output from each
Wheatstone bridge passed through a fourth-order
Butterworth active low-pass filter with a nominal
signal cutoff at 30 Hz . The low-pass filter acted as a
frequency limiter, eliminating elements of the dy-
namic strain signal that had frequencies larger than
the cutoff. This effectively eliminated the electrical
noise (typically found at 60 Hz) induced by the

View From Front
(Casters and Leg Rests Not Shown)

strain
909e

V
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Figure 3.
Location of strain gage rosettes on cross tubes .

Figure 4.
Wheatstone Bridge circuit .
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fluorescent room lighting, nearby power equipment,
and miscellaneous atmospheric electrical disturb-
ances . When filtering a signal, one must consider
how much data is being thrown away by the filtering
process . In this case, unfiltered dynamic strain
signals were examined in the frequency domain, and
it was found that no significant frequency content
existed above about 15 Hz (except a contribution at
60 Hz attributable to lighting) . Comparing
unfiltered signals to filtered signals showed that
more than 98 percent of the unfiltered RMS voltage
existed in the filtered data streams ; thus, no real
data loss occurred due to filtering. It is conceivable,
though, that an experimental testing program may
excite strains in the wheelchair frame that have
higher frequency content, in which case, a different
filtering strategy must be used.

The sampling rate for this investigation was set
at 512 samples per second from each strain gage
channel . This rate was more than ten times the
filtered signal bandwidth, allowing accurate detec-
tion of the strain wave forms (13) and minimizing
the phenomenon of frequency aliasing . Samples were
recorded for 4 seconds . This combination of sam-
pling rate and duration produced data streams with
an integer power of two number of points, suitable
for use in Fourier transform frequency analysis.

The filtered strain signals were sampled by a
MetraByte DAS16 analog-to-digital (A/D) data ac-
quisition board mounted in a personal computer.
The A/D board was programmed to sample the
analog strain signals (voltages) and convert them to
digital values suitable for computer storage and
manipulation.

To date, both wheelchairs have been tested on
both a constant speed treadmill fitted with wooden
dowel bumps, and in simulated curb drops . The
treadmill testing employed 0 .953 cm (0.375 in) and
1 .588 cm (0.625 in) diameter bumps, as well as no
bump testing . The dowels extended across the width
of the treadmill belt and were aligned so that they
would be perpendicular to the direction of relative
travel of the wheelchair under test . Both front
casters impacted the dowels simultaneously . The
data collection was initiated manually by the wheel-
chair occupant and was timed to have the wheelchair
impact the bump near the middle of the 4-second
data window.

The curb drop test platform simulated a 10.8
cm (4 .25 in) drop . The occupied wheelchairs were

held in a wheelie position and rolled off the
platform. After rear wheel impact, the front casters
were allowed to fall to the ground freely . Data
collection was triggered manually prior to the
wheelchair rolling off the platform.

The treadmill test with no bump was intended
to simulate smooth surface operation . The treadmill
bump testing was intended to provide data on the
response of wheelchairs as they cross obstacles
similar to those that might be encountered in
everyday operation . The curb drop simulation was
from a platform that was not as high as a standard
curb, but would nonetheless provide useful data on
the response of wheelchairs under rear wheel impact
conditions.

A test series involved recording the output of
one of the strain gage rosettes on one of the
wheelchairs as it traversed one of the test terrains.
Thus, for this test program, there were 16 test series;
between 5 and 30 data sets were recorded for each
test series. For all of the tests reported here, the
wheelchair occupant was a nondisabled male with a
mass of 80 .3 k (177 lbs) and a height of 1 .8 m (70 in).

Computational Models
The data processing stage of the investigation

required that the recorded digital values be con-
verted to voltages and then to strains . The strains
were corrected for the transverse sensitivity of the
strain gages (14), and then the mean and standard
deviation of each strain gage output data stream
were calculated.

The principal strains and stresses were com-
puted from the output of the strain gage rosettes.
The principal strains E 1 , E2 , and rymax were calculated
using the relationships between the strains measured
by the rosettes (10):

ymax — V (E O — E90)2 + [2E 45 — (EO + E90)1 2

	

[ 1 J

The quantities Eo, E 45 and E90 were the strains
measured by Gage 1, Gage 2, and Gage 3 of the
rosette, respectively . The angle Et) measured the angle
between the line of Gage 1 and the maximum
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principal strain, E l . Once the principal strains had
been calculated using Equation 1, the principal
elastic stresses were computed using the plane stress
constitutive relationships (15):

al

	

E
2
	 (El + VE 2)

v
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E

	

+ v€ l)_ (E2

E

[2]

'Ymax
2(1 + v)

where v is the Poisson ratio and E is the elastic
modulus . For the steel tube material considered
here, these parameters were assumed to have the
values v = 0.285 and E = 29 .5 x 10 6 psi . The quanti-
ties a l , o 2 and rmax are the maximum principal
stress, minimum principal stress, and maximum
shear stress, respectively, in the frame tube at the
location of the strain gage . The von Mises stress was
computed from the principal stresses using the
relationship

cre = V0- 1 2 +

Several statistical hypothesis tests were per-
formed on each data set to determine the agreement
of the recorded data with the SNG assumption . The
Reverse Arrangements Test for data independence
addressed the stationary nature in time of the data
stream; in this case, the stationary nature of the
mean square value of the data was investigated . A
parameter known as the regularity factor was
computed to determine whether the data exhibited
narrow-band behavior . Finally, the chi-square good-
ness of fit test provided an estimate of the agree-
ment between the measured data and a Gaussian
distribution. It was the time variation of the von
Mises stress, ae , that was examined for consistency
with the stationary, narrow-band Gaussian random
process assumption.

In order to perform the Reverse Arrangements
Test (16,17), the ae data stream was divided into 20
intervals . The mean square value was computed for
each interval and reverse arrangements were then
calculated . The 95 percent confidence interval for
the Reverse Arrangements Test with 20 intervals is
from 65 to 125 reversals . If the data sample
produced less than 65 or more than 125 reverse

arrangements, the assumption of stationary data
was rejected.

The regularity factor a of the a, data stream
was calculated to determine whether the data repre-
sented narrow-band response . For experimental
data, the regularity factor is defined as the number
of times a data stream has an uperossing of its mean
value divided by the number of peaks above the
mean value (18) . The regularity factor can have
values in the interval 0< a< 1 . A regularity factor
a 1 indicates narrow-band response where nearly
every positive peak occurs above the mean value of
the data. This situation arises when there is one
dominant frequency in the data . When a 0, very
few of the positive peaks occur above the mean
value and wide-band response is indicated. Wide-
band response refers to the fact that the frequency
content of a signal is spread over a range of
frequencies . It is the higher frequency cycles super-
imposed on the low frequency cycles that lead to
peaks below the signal mean value.

Finally, a chi-square goodness of fit test (16)
was performed on the ae data stream . Using the
computed mean and standard deviation, the stresses
were compared with a Gaussian distribution having
the same mean and standard deviation . The data
were grouped into 16 bins 0.4 standard deviations
wide ranging from -2 .8 to + 2 .8 standard devia-
tions and compared with the expected number of
observations assuming a Gaussian distribution . The
95 percent confidence limit for a chi-square test with
13 degrees of freedom is 22 .4. If the data sample
produced a chi-square statistic greater than 22 .4, the
assumption of conformance with the Gaussian dis-
tribution was rejected.

RESULTS AND DISCUSSION

Because of the volume of data on hand (370
data sets of 6,144 data points each), a complete data
presentation will not be given in this paper . How-
ever, one data set from one of the manual wheel-
chair treadmill tests will be examined in detail, and
the statistics of several other treadmill and curb
drop data sets will be presented.

The data set designated TRD55 is from a
4-second treadmill test on the manual wheelchair,
recording strain gage rosette XG1 . The treadmill
bump was 0 .953 cm (0 .375 in) in diameter, the

2
a2
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wheelchair occupant was a nondisabled male with a
mass of 80 .3 k (177 lbs), and the nominal treadmill
speed was 1 m/sec . The strain versus time plot of
this test is shown in Figure 5 . The data are plotted in
terms of microstrain ( = strain * 106).

Notice that the strains recorded by Gage 1 were
nearly always in compression, while Gage 3 was
usually in tension . Gage 2 strains went through both
tension and compression in a cyclic fashion . It is
also interesting to note that the Gage 2 signal had a
wider range between the maximum and minimum
strains (—91 microstrain) than either Gage 1 (—39
microstrain) or Gage 3 (— 46 microstrain) . This was
the result of the orientation of the Gage 2 element of
the XG1 rosette along the tube axis, as shown in
Figure 3, tending to measure the overall axial
tension and compression of the tube, as well as any
bending action out of the plane of the tubes . This
observation was not surprising, given that the
vertical motions of the wheelchair occupant (caused
by the bump) would tend to be transmitted to the
cross tube in a predominantly compressive manner.
The orientations of Gages 1 and 3 were such that
they tended to measure the twisting of the tube,
which the data show to be a relatively constant state.

A very noticeable feature of this data set is the
rapid variations shown by all three gages in the time
interval from approximately 1 .5 to 2 .0 seconds . This
is the time period where the measured strains varied
most widely in response to the bump on the
treadmill . It can be seen in Figure 5, that the Gage 2
strain had large compressive peaks near times 1 .5
seconds and 2 .0 seconds. These points are about 0 .5

seconds apart and represent a spatial separation of
approximately 50 cm (19 .6 in) at the 1 m/sec
treadmill speed . The points of contact of the front
and back wheels of the manual wheelchair were
about 35 .6 cm (14 in) apart . It seems reasonable to
assume that the large negative strain peaks seen in
the Gage 2 signal at times 1 .5 seconds and 2 .0
seconds were the response of the wheelchair to the
bump impacting the front and rear wheels, respec-
tively. What appears to be another response increase
occurred just prior to 3 .0 seconds . It is felt that this
response was due to the settling of the wheelchair
occupant after passing over the bump . These three
events are marked with arrows in Figure 5.

Given the rosette strain output, the principal
stresses were calculated for this test . Figure 6 shows
the maximum principal stress, minimum principal
stress, maximum shear stress, and the angle counter-
clockwise from Gage 1 to the maximum principal
stress. All four of these quantities exhibit increased
variation during the bump . The figure shows that
the rotation angle is typically in the neighborhood of
90°, which is aligned with Gage 3.

It can be seen that the angle to the maximum
principal stress is not constant, but varies with
time (Figure 6) . The implication of this observation
is that a biaxial fatigue theory incorporating
nonproportional loading (i .e ., variable angle to
maximum principal stresses) should be considered
when designing such a connection for fatigue . Also,
like the strains, the principal stresses exhibited larger
than average variations in the time intervals near
1 .5-2.0 seconds and 3 .0 seconds.
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▪ Goge 3
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Figure 5.
Strain vs . time history for a treadmill test .

Figure 6.
Principal stresses and angle for a treadmill test .
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The von Mises stress history was computed
using Equation 3 and is plotted in Figure 7. As with
the strains and principal stresses, the von Mises
stress exhibits increased variation in the time inter-
vals near 1 .5-2.0 seconds and 3 .0 seconds.

The Reverse Arrangements Test for the TRD55
ae data stream yielded 81 reverse arrangements,
indicating that the mean square von Mises stress was
stationary in time. The ore regularity factor a was
found to be 0.129, indicative of wide-band varia-
tions. Thus, the narrow-band assumption was re-
jected for this data set . The calculated chi-square
measure was 1,082, which was large enough to cause
rejection of the Gaussian distribution hypothesis.

The TRD55 chi-square, reverse arrangements,
and regularity factor numbers were typical of the
other data sets . Summary test data for both the
manual and powered wheelchair treadmill tests is
presented in Table 1 . A similar summary of data
from the curb drop simulations is presented in Table
2 . The data sets chosen for analysis were considered
to be representative of the body of test data . The
data in Table 1 and Table 2 show that for most of
the test data presented, the null hypothesis that the
von Mises stresses are stationary could not be
rejected. All of the tabulated data exhibit wide-band
behavior (i .e ., a G< 1 .0). Finally, a most notable

	

Von Mises stress for a treadmill test.

Table 1.
Summary treadmill test data .

Test Index Wheelchair Gage
Bump Diam .

von Mises Stress

(cm/in) Rev . Arr . x 2
10 Manual XG2 0.0/0 .0 25 0 .026 1466

30 „ XG1 0 .0/0 .0 69 0 .126 171

55 XG1 0 .953/0 .375 81 0 .129 1082

80 XG2 0.953/0 .375 38 0 .036 1110

115 XG2 1 .59/0 .625 107 0 .070 4750
„145 XG1 1 .59/0 .625 85 0 .212 957

195 Power XG1 0.0/0 .0 86 0 .143 136

215 XG2 0.0/0 .0 54 0 .182 178
„250 XG2 0.953/0 .375 47 0 .214 796

270 XG1 0 .953/0 .375 100 0 .377 655

305 XG1 1 .59/0 .625 92 0 .168 655

330 XG2 1 .59/0 .625 107 0 .192 1935

result is that none of the tests were even close to
satisfying the Gaussian assumption . It is felt that
this is due to the highly correlated (in time) nature
of the deformations in a structure as it vibrates . The
Gaussian distribution presumes independent data
points . It appears that any sampling of structural
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Table 2.
Summary curb drop test data .

von Mises Stress

Test Index Wheelchair Gage Rev . Arr . a zx

3 Manual XG1 119 0 .343 2344

7 XG2 112 0 .045 1524

12 Power XG1 61 0 .300 4111

18 XG2 145 0 .024 4066

C

o

responses, such as strains, that occurs at a rate high
enough to capture the peaks of the signal, will result
in data points that are too strongly correlated to be
accurately modeled by a Gaussian distribution.

The frequency content of the dynamic strains is
displayed in Figure 8, which shows the magnitude of
the Fourier transform of the strain data from each
gage of the rosette. It was stated earlier that the
frequency content of the strain data was confined to
the lower frequencies ; this is demonstrated in Figure
8 . The low frequency content of the strains extended
to the von Mises stresses also (Figure 9) . It can be
seen from Figure 9 that the frequency content of the
von Mises stress extends beyond the large compo-
nent at 0 Hz . The band of frequency components
above 0 Hz is graphical indication that the narrow-
band assumption is not satisfied .

trd 55: Manual Chair — XG1
FFT — 0 .375 Bump

Figure 8.
Frequency content of strain data.

CONCLUSIONS

The test program described here has been useful
in demonstrating the time-varying nature of the
dynamic strains and stresses in a wheelchair cross
tube. The implementation of a data collection and
analysis system has allowed the examination of the
dynamic response of wheelchair frames and the
nature of the deformations that cause metal fatigue . N
Specifically, the assumption that the dynamic von
Mises stresses developed in the manual wheelchair,
impacting a 0 .953 cm (0 .375 in) treadmill bump, are
narrow-band and Gaussian distributed at the cross
tube location investigated, does not appear to be
valid . The data did indicate, however, that the von
Mises stress response could be taken to be stationary
during the bump . Data have been presented for

	

Figure 9.
other wheelchair/strain gage location/terrain combi-
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nations that lead to the same conclusions . One
should remember, however, that other wheelchair/
location/terrain combinations may exhibit the as-
sumed narrow-band Gaussian response, although
this outcome seems unlikely due to the correlation in
time of the deformations of a vibrating structure .

	

4.

It has also been shown that the computed
principal stresses tend to change directions during

	

5.

the traverse of a bump. Such behavior may indicate
that a biaxial fatigue analysis is required when
analyzing the probability of failure of joints such as

	

6.
those investigated here.

The data and findings presented here are for a
very small fraction of the possible wheelchair frame
locations and load conditions that may be examined.
It is not to be inferred from these findings that the
von Mises stress in a dynamically loaded wheelchair
frame can generally be considered stationary, but
neither narrow-band nor Gaussian distributed . Simi-
larly, the frequency spectra presented can be consid-
ered valid only for the specific test configuration
used here.

In the future, effort will be made to implement
fatigue analysis procedures that take advantage of
the recorded strain signals to develop estimates of
the time-to-failure of dynamically loaded wheelchair
frames. Also, testing could be expanded to explore
the effect of different test terrains, investigate other

	

12.

high stress wheelchair frame locations, and other
types of wheelchair structures .
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