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Abstract—Little is known about how dynamic acceleration study indicates that vibration may be a contributing factor to
affects wheelchair-rider comfort. The current study was to tefatigue among manual wheelchair users, which could lead to
both the operation of an instrumented wheelchair by a wheeinjury.

chair user over a Simulated Road Course (SRC) and the op

ation of the same instrumented wheelchair during normal dailkey words: accelerations, design, instrumentation, modeling,
activities (a field test) by test subjects. Sixteen subjects partivibrations, wheelchairs.

ipated in the protocol. A SRC allowed collection of data from

wheelchair users traversing obstacles similar to those expe

enced by a typical wheelchair user. The SRC consisted of eigINTRODUCTION

obstacles fixed rigidly to a flat concrete surface. The field tes
began after the conclusion of the SRC test. Transfer functior

were derived for all 16 subjects. It is clear from the results the : ; wpi
for the SRC, the acceleration at the wheelchair frame exceeprocesses of wheelchair design and “ride comfort assur

ed the 8-h “fatigue-decreased performance boundary.” Avertance” 'is a lack of Whee_lchair-accc_alt_aration data, measu_red
cal acceleration resonant peak was evident for eight of trOVer time, that vary with the activity of the wheelchair
subjects. The average for these peaks, when present, was 8.1 rider. Furthermore, little is known about how this dynam-
This frequency is higher than the 4-6 Hz resonant peak priC acceleration affects rider comfort. Most current litera-
sented in the literature for a seated human subject. This diture focuses on the vibration exposure of a seated
crepancy could be due to different levels of trunk controoccupant. To this end, standards have been developed by
between wheelchair users in this study and ambulatory subjethe International Organization for Standardization (ISO)
used in the literature. Subjects and their wheelchairs wettg quantify how much exposure is allowable for various
exposed to a few, high-acceleration events rather than consfrequencies of exposure.

tent, small-magnitude accelerations during the field test. Thi This study attempts to apply current vibration stan-
dards to wheelchair users, with the purpose of achieving
Veterans. Affirs, Vetetans  Health Adminisiation. Renabiitaton  Uvee goals: first, the development of instrumentation and
Research and Development Service (B805-RA). technigues necessary to measure dynamic acceleration;
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A barrier to performing in-depth analyses during the
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acceleration-analysis techniques apply to wheelchaof the head, had a resonance range centering at approxi-
users, based on their patterns of use. To achieve themately 4 Hz.
goals, the current study was designed with multiple cornr Instead of using empirical methods, other investiga-
ponents. Two test situations were devised. One test wtors have attempted to use analytical modeling methods.
the operation of an instrumented wheelchair over Fairley and Griffin (6) presented one of the simplest
Simulated Road Course (SRC) and the other was ttmodels of the seated human. Their model contains only
operation of the same, instrumented wheelchair durinone parameter, which they term “the apparent mass.” In
the normal daily activities of the test subjects. contrast, Muksian, and Nash (7) presented a 14 degree-
Very few studies have been performed specificallof-freedom model for the seated person. In their model,
to look at how dynamic acceleration affects wheelchaithe head, torso, thorax, back, diaphragm, abdomen, and
users. VanSickle and colleagues determined the accelelegs are modeled as separate masses joined by spring-
tion of the rider on the American National Standard<dampers units. The dampers of this model have a non-
Institute/Rehabilitation Engineering Society of Northlinear cubic relationship in order to obtain a good fit with
America (ANSI/RESNA) standard Curb-Drop machinepublished data. An attempt by Muksian and Nash (8) to
using an ANSI/RESNA test dummy (1,2). Using rigid-reduce the number of degrees-of-freedom to three, while
body dynamics, they were able to determine the acceleretaining the cubic dampening, failed to achieve accept-
ation at any point along the back and lap. The focus @ble results.
that study was the determination of structural loads, hov ~ Amirouche (9) presented a model that divided the
ever, and not rider comfort. human body into an arbitrary number of segments. His
Other studies have focused on physiological paremodel was simplified significantly by eliminating all
meters. Seidel, Bluethner, and Hinz (3) attempted to prdegrees-of-freedom except vertical translation. After
dict the compressive forces on the lumbar spine usirsome empirical adjustments, the model did fit the data for
electromyography and a model of the torso. Acceleratioseated vibration transmittance to the head. Amirouche,
was measured at the head (with the use of a bite baXie, and Patwardhan (10) later used a similar model to
shoulder, and the upper trunk. The combination of thoptimize the characteristics of the contact between the
accelerometer data with the predicted force applied by tivibrating surface and the human by minimizing the ener-
back muscles was used to determine the compressigy of body displacement.
load. An interesting conclusion of the Seidel, Bluethner ~ The great variety of methods used underscores the
and Hinz study was that the musculature of the back planeed to develop systematically the instrumentation, mea-
an active part in the resonant frequencies of the body (:surement techniques, and analytical tools to accurately
In contrast to those conclusions, Seroussi, Wilder, arcorrelate dynamic acceleration with wheelchair comfort
Pope (4) found no evidence that the muscle activitand possibly reduce associated health risks.
played an important role in resonance. Their finding:
indicated that body resonance is due primarily to rockin
at the pelvis and the resonance phenomenon has beMETHODS
shown in postures with low activity of the erector spinat
muscles. Standard For Vibration Testing: 1ISO-2631
This present study focuses specifically on the influ: To standardize the methods of data collection for
ence of active and dynamic trunk control on whole-bodwhole-body vibration, the ISO introduced the 1ISO-2631
resonance. In a radiographic study by Dupuis (5), res(11,12). ISO-2631 specifies acceptable boundaries for
nance of the body was associated with an increase in tvibration transmitted to the body in the seated and stand-
movement of the digestive organs. A meal enriched witing positions and is used in this study to analyze vibration
Unibaryt C (a consumable barium-containing compounddata recorded from a three-dimensional accelerometer
was given to fourteen test subjects. Each of these test siattached to a wheelchair.
jects underwent whole-body vibration for each of the =~ The boundaries in ISO-2631 are based on cumula-
three orthogonal directions (x,y,z) in the seated, standintive root-mean-square (RMS) amplitude over a single
and reclining positions. The resonances of the shouldeday, specified for frequencies between 1 and 80 Hz. No
head, spinal column, and trunk were reported. In the veallowance is made for the effect of recovery periods with-
tical direction (z), all the body parts, with the exceptiorin a given day. There are three boundaries defined in
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ISO-2631. These boundaries are, in increasing order
exposure: “reduced comfort boundary,” the “fatigue
decreased performance boundary,” and the “exposu
limit boundary.” The fatigue-decreased performancg
boundary is used as a baseline, and the other two bou
aries are determined by direct scaling. The exposure li
boundary is defined to be 6 dB (two times) greater i
magnitude than the fatigue-decreased performang
boundary, and the reduced comfort boundary is defind
as 10 dB less.

The resonant frequencies of the human body are us
as the bases for determining the level of exposure allowg
The frequencies where the lowest longitudinal vibratio
exposure is allowed are in the range from 4 to 8 Hz, whid
is the resonant frequency range of the human body in t

seated position. The boundaries for transverse vibraticFigure 1. o _
are lowest for the range of 1-2 Hz SMARTACC properly mounted to the Quickie 2 wheelchair.

SMARTACC

The SMARTCC consists of a three-dimensional Curb-Drop Test (CDT) machine has a maximum frequen-
accelerometer mounted to the frame of a wheelchair, aicy of approximately 25 Hz (1,2,16).
a data logger (13Figure 1is a photograph of the assem- Each ADXLO5 was supplied with a factory-certified
bly. The three-dimensional accelerometer was mountecalibration that was used for the study. The ADXL05
to align the axes of acceleration sensitivity with the axeaccelerometers have a maximum zero drift of £100 mV.
of the wheelchair within 3°. Theaxis in this system is Since drift is a slow process, the effects of drift were
directed toward the right side of the wheelchair. ¥he removed, in this case, by simply extracting the DC com-
axis of the wheelchair-coordinate system is in the direqponent of the power spectral density (PSD) estimation.
tion of wheelchair travel and thyeaxis is upward. Either The ADXLO5s have a nonlinearity of 0.2 percent, but a
the x-axis or they-axis of the accelerometer-coordinatetransverse sensitivity of up to 3.5 percent. The largest
system was aligned horizontally to within 3° of #aaxis ~ source for error is, therefore, the transverse sensitivity
of the wheelchair. For the two coordinate systems to kfrom mounting misalignment inside the module package.
aligned, analysis software determined the proper orient
tion using gravitational acceleration when the wheelchaBite-Bar Design
was at rest preceding the test. To determine a transfer function that represented the

A three-dimensional accelerometer with a suitableseated wheelchair user, acceleration at the head was mea-
frequency range and accuracy was required for thsured. A bite bar provides a commonly used and conve-
SMARTACC, Capacitive force-balance accelerometersient method to attach the accelerometer solidly to the
from Analog Devices, Inc. (ADXL 05; Norwood, MA) head of the rider (3). This bite bar was formed from sur-
were chosen because of the low power consumptiogical stainless steel, as showrFigure 2. Stainless sur-
small size, low drift, and high linearity requirements ofgical steel was chosen to provide an easily sterilized
this study. These single-chip, force-balance acceleromsurface with good resistance to hydrochloric acid disin-
ters have a range of +40 m#nd the added capability of fectants. To provide a comfortable biting surface, two dis-
a built-in Butterworth, second-order, low-pass analog filposable polyurethane mouthpieces were used above and
ter. For this study, a cutoff frequency of 100 Hz was sebelow the biting surface. The bite bar was held with the
Most vehicular dynamic measurements are made in titeeth between the mouthpieces with the accelerometer
frequency band between direct current (DC, 0 Hz) to 50 Hsuspended 90° downward by the bite bar. The bite bar was
(14,15). Furthermore, it has been shown that the dynanrsterilized in a bath of 10-percent common chlorine bleach
acceleration of a wheelchair being tested with the use for 10 min, as per the guidelines in tanual of Clinical
an ISO-ANSI/RESNA Double-Drum Test (DDT) or Microbiology (17).
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experienced by a wheelchair us€igure 3) (18). The
SRC consisted of eight obstacles fixed rigidly to a flat
concrete surface. The first obstacle was a four-tile
(4%x16.5-cm) “truncated dome strip” guidance marker,
usually used for visually impaired persons. The second
obstacle was a piece of light-industrial carpet. Third was
a simulated door threshold, 1.6 cm high, constructed of
an aluminum plate (91.4 cx25.4 cm). Fourth was a
Bite-Bar climb up a 1.27-m-long ramp leading to a 1.22piat-
form 5.0 cm off the floor, allowing the subject to attain
level before traversing off a 5.0-cm drop. Fifth were two
squares of “directional” guide strips (rumble bumps), also
used for visually impaired persons. The sixth, seventh,
and eighth obstacles were three sinusoidal bumps. Each
was 91.4 crix25.4 cm with the heights, in increasing
order, of 2.5 cm, 5.1 cm, and 7.7 cm.
The SRC was repeated three times with an instru-
mented wheelchair at a freely chosen speed. Assistance

ADXLOSEM-03 with transferring was provided and a transfer board was
Accalerstion Modle available. Wheelchair selection was based on subject size,
. with choices being a Quickie 2 (Sunrise Medical
E:qg”re 2 . . Incorporated, Fresno, CA), a Kuschall 1000 (Kuschall of
e nonsterlllz_ed accelerometer module of bite bar is external to th&m(_:‘ricé1 Camarillo, CA), or an E&J Metro (Everest &
mouths of subjects. | J !

Jennings, St. Louis, MO). The tire pressures were set
The same ADXLO5 accelerometer was used for botaccording to the recommendation of the manufacturer,
the SMARTCC and the bite bar. This three-dimensionalbefore the testing began. The enclosure for the data log-
accelerometer was kept external to the body at all timegers was placed in a book bag that was slung over the push
since it could not withstand the sterilization procedureshandles of the test wheelchair with the SMARTmount-

The entire bite-bar assembly weighs 68 g. ed to the wheelchair frame. A sampling rate of 960 Hz,
and an 8-bit A/D converter with a 5-V input range was
Subject Pool used. This data logger has been described in detail previ-

The criteria for participation in this study were thatously by VanSickle (19).
individuals have a physical disability resulting in a During the entire test, a spotter followed the subject
mobility impairment and that they use a manual wheelto prevent tipping and to keep the instrument cable from
chair for more than half of their individual mobility interfering with the subject’'s control of the wheelchair.
needs. No stratification was attempted concerning sulAnother investigator operated an IBM PC-compatible
ject size or athleticism, as this study was intended tcomputer used for data collection. This individual
obtain a cross section of results applicable to wheelchepressed the space bar when the casters first touched the
users in general and to evaluate potential testing proctape, indicating the beginning of an obstacle region, and
dures and standards. In all, sixteen subjects participatwhen the rear wheels just cleared the tape, indicating the
in the protocol. A list of characteristics of subjects isend of a task.
given inTable 1 These characteristics include the type
and sizes of the wheelchairs and cushions used perscrield Test

ally by the subjects, as well as the wheelchairs used The field test began after the conclusion of the SRC
the testing. test and the reprogramming of the data logger. For the

field test, the bite bar was not used, to prevent inconve-
Simulated Road Course nience to the subjects. Each subject was given specific

A SRC was used to collect data from wheelchaiinstructions on how to use the wheelchair, before the field
users, over obstacles similar to those that are typicaltest. The duration of the field test was a minimum of 4 h.
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Table 1.
Subjects’ characteristics.

Subject’s wheelchair Diagnosis Cushion type Test wheelchair Height (cm) Mass (kg)

W (cm) X L (cm)
1 Quickie 2

38.1x 38.1 Spina bifida Roho quattro Kushall 127 45
2 Quickie rev.

45.7X 45.7 SCI Contoured foam Metro 175 100
3 E-Tack Swede

elite 43.2X 40.6 SCI Roho Quickie 2 180 68
4 Quickie 2

457X 45.7 SCI Jay active Metro 183 100
5 Quickie 2

40.6 X 40.6 SCI Flat foam Metro 180 95
6 Quickie GPV

40.6 X 40.6 SCI Flat foam Kushall 183 80
7 Quickie 2

43.2x 45.7 SCI Jay Quickie 2 183 82
8 Invicare ridelite

40.6 X 40.6 SCI Jay Kushall 173 7
9 Quickie 2 HP

35.6 X 40.6 SCI Roho (10 cm) Kushall 65 45
10 Quickie GPV

40.6 X 40.6 Multiple sclerosis Flat foam Quickie 2 196 7
11 Quickie 2

457X 45.7 SCI Roho (2.5 cm) Quickie 2 173 91
12 Quickie 2

40.6 X 43.2 SCI Roho (5 cm) Quickie 2 170 75
13 Quickie 2

45.7% 35.6 SSD* Roho (10 cm) Kushall 173 45
14  Action

45.7% 43.2 SCI Jay Quickie 2 183 80
15 Quickie GP

43.2X 55.6 SCI Jay Kushall 183 80
16 Quickie 2

40.6 X 40.6 SCI Jay 2 Kushall 157 54

* Spastic spinal degeneration

Subjects were told to turn on the switch attached to ttData Analysis

frame when they were in the wheelchair and turn it ofSpectral Analysis Using the Fast Fourier Transform
when they transferred off the wheelchair (e.g., when dri Spectral analysis was performed with the periodogram
ving a car). An LED provided visual feedback on thetechnique, which is an estimation of the power spectral den-
position of the switch to the subject. All subjects weresity based on the Discrete Fourier Transform (DFT). The
instructed to use the wheelchair as they normally woulSRC data were analyzed with a script written for MatLab
and not to be concerned about the survivability of th(MathWorks, Inc., Natick, MA) while the field test data
instrumentation. Just as each subject was warnewere analyzed with an algorithm written in C (Archimedes,
against being more timid than usual, each subject widnc., Kirkland, WA) for the Motorola 6BHC11A1 on the data
also instructed not to try specifically to increase thdogger described by VanSickle (13). The C program consist-
aggressiveness of his or her activities. At the conclusiced of three interrupt-driven ring buffers, used to collect 8-bit
of the test, each subject was met at a predeterminconversions from the three acceleration directions; a high
location and the data uploaded to an IBM-PC laptojperformance, radix-2 Fast Fourier Transform (FFT) algo-
computer. rithm; and an estimation of the cumulative PSD.
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Figure 3.
Diagram of the Simulated Road Course (SRC) (units are in cm).
To improve performance, data from all three accel H— H,
erations were transformed simultaneously inside th G= 2] 3]

same looping structure. Furthermore, for each acceler

tion direction, two sequential 256-byte sequences wel
combined as complex data and calculated together. TI
first 256 bytes of each ring buffeg)ivere treated as real
input data, and the next 256 bytes) (gere treated as
imaginary input data, as shown in Equation 1 (20).

h,=f.+jgk

The PSD of each of the three acceleration signals is
then estimated, with the use of Equation 4s Fhe signal
power estimate, and N is the number of points in the FFT
calculation (N=256). To reduce the storage requirements,
the PSD estimates for frequencies of 1-14.8 Hz are stored

in individual bins, but the PSD estimates from 15.6 to

[1]

83.6 Hz are grouped into bins of 3.125 Hz. In addition to
estimating the average PSD, the program also calculates

the maximum PSD for each of the frequency bins.

The discrete Fourier transformuff@nd G§) can be

separated from the discrete Fourier transform of the con
bined data by Equations 2 and 3, wherefers to the
sampling frequency and the asterisk indicates the cor

plex conjugate (20). Using this technique nearly double
the speed of the FFT process.

F

_ HAH

2

k=0

1 T
P :N 2 (Fk,l)2+(Gk,l)2+(Pk,l)2+(G*k,l)2

[4]

Autoregressive moving-average (ARMA) modeling
was used as a comparison to estimate the validity of the

[2]

periodogram technique. With an ARMA model, the



415

VANSICKLE et al. Vibrations during wheelchair propulsion

measured data are assumed to be the impulse respons

Equation 5. If all gare zero, then the impulse response o X1 X, X1 X, Xoe
Equation 5 is simply the DFT of.c X, X3 X, X3 Xpet+1)
—jot —2jotg-- ... —(N—1)jot, X(N— XiN— X
CotCe it e adolot -+ Cy_ e 0 (N—pe) (N-po) N [8]
H(jw)=
(J ) l+ alefju)to_i_ azefzju)to_i_ . +a(M71)e*(M*l)jwt0 [5]
There are two fundamental approaches to the detern R=UNXN(SN>Pe)\/PePe [9]

nation of the coefficients in the Yule-Walker equation cor- ] o ]
responding to Equation 5. The coefficients can b Because the autocorrelation matrix is derived from
determined simultaneously through use of linear prograne>_<perimental data, it is likely to be fl_JII rank, but the under-
ming techniques, or the AR coefficients can be determinelYiNd AR process may not be. The singular values ¢an

first, followed by the MA coefficients. While the second P& used to estimate the order of the underlying process
technique is suboptimal, it was sufficient for determinincUSIng the ratio of the Frobenius norm of the reduced rank

the adequacy of the periodogram. (See Equation 6.) autocorrelation matrixRP) to the Frobenius norm of the
measured autocorrelation matriR)(@s shown in Equation

10. The value of v(p) is dependent on the assumed order

P q and converges to one as the p approaches as the p
x(K)+>, ax(k—n)=> cd(k—n) approaches the true order of the system. In practice, the
n=1 n=0 [6] order is determined to be the minimum required such that

v(p) is larger than an arbitrarily set threshold. For this

With the use of the suboptimal technique, all thestudy the threshold was set at 97 percent.
coefficients of the MA model were set to zero, to form

homogeneous Equation 7. The coefficients in Equatio

7 can be determined directly by a least-squares tec

nique if the order (p) of the AR model is known. One IRe| Joitodt - +af | . [10]
method of determining the order of an AR model is viev(p)= R o2 +02+ - +02 where : gp,

the singular value decomposition (SVD) (21). For 12 P

determining the adequacy of the periodogram, only th

order needs to be determined, and not the actu

coefficients. System ldentification

Two different methods for system identification were
used to approximate a transfer function for acceleration
from the wheelchair through the wheelchair user. The first
method was based on the assumption that the input-output
relationship can be modeled as a finite impulse response

[71  (FIR) filter with the use of the Wiener-Khintchine theorem,
with the required assumption that the acceleration signal is
wide sense stationary (WSS) and ergotic. The second

To use SVD, the autocorrelation matrix is formedmethod used the more general case of an autoregressive-
with the use of an initial model orderpselected to autoregressive model with exogenous inputs (ARARX).
be larger than the expected AR model order irGiven input acceleration from the wheelchair frame and

Equation 8. The autocorrelation matrix was then facoutput acceleration from the mouth of the subject, the

tored with an SVD algorithm based on QR iteratiorWiener-Khintchine theorem was used to estimate the mag-

(22). This process determines the orthonormal squanitude of the transfer function of the wheelchair/wheel-

matrices, U and V, in Equation 9. The diagonal elechair-user system after the power spectral densities of the
ments of the diagonal matrix, S, are the singulainput and output accelerations are estimated from the DFT,

values. as shown in Equation 11 (20).

p
x(K)+> ax(k—n)=0
n=1
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‘ Syy(w) Colored
H(w)‘ - S Mise
x(w) [11]
.. Wheslchair-Bider Sysiem
There are many methods of determining the pare o A e o - - =

meters of an ARARX model that “best” fit the recorded i
input and output data. Most rely on a least-square
approach, but other methods use maximum likelihoo —Le  Hiz]
techniques and even neural networks (23). The methc ?:_"_"_T'_”:l"': | F Hleawd
used was a least-squares approach, where the outputyv ! ——
assumed to be corrupted by colored noise (24). Adiagra @ = =====—-——-—- - = —

of this situation is shown iRigure 4.

In our case, the filter was af-order AR function. Model of input-output relationship of acceleration signals. Measured

With the use of a filter order equal to or higher than th‘output values, y(k), are assumed to be the result of input values (x(k))
AR portion of the transfer function H(z), a portion of thecoupled with convolution with the filter, H(z), and colored noise, v(k).
error may be assumed to be added to the input as weu.
Because the output of the model x(t) was not availablg&quation 12 is the measured acceleration, u(k), and the noise,
the colored noise v(t) was estimated. (v(k)), is colored by the AR model, defined by the coeffi-
The system irFigure 4 is represented algebraically in cients ¢ in Equation 13. Equivalently, Equation 12 can be
the time domain by Equation 12 (24). This is a form of thexpressed in matrix terms as shown in Equation 14, and
Yule-Walker Equation with additive noise. The input ofEquation 13 has a matrix equivalent as shown in Equation 15.

Figure 4.

q p
y(K) :_21 a,u(k— n)—Zlbnx(k—n)Jrv(k)

[12]
r
v(k)=2cnv(k—n)
=1
" [13]
y=A8=v
Uy U o Uem " Xer X2 o0 T Xn
A: UI.<+1 Uk. “es _le _Xk_l. . _Xk—n-.i—l
Uerp-1 Uksp—2 -+ Usp-1 " XKasp-2 " Xktp-3 -+ ~Xktp-n-1
0=[a,a ... a,b, b, ... T [14]
v=By+z
Vicr V-2 Me—r
Vi V-1 Mer1-r
Vk+p—2 Vk+p—3 \4<+p—r—1

y=[c; ¢y ... 6T [15]
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The matrixA in Equation 13 is a concatenation of theRESULTS
current input and delayed inputs with delayed noiseless ot
puts x(k). Both the input AR and exogenous coefficients cAcceleration Power Spectral Density Estimation
the transfer function H(z) are contained within The A typical PSD estimation graph for the field test is
delayed noise values are arrayed in the md¥ixand the given inFigure 5, along with the 8-h “fatigue-decreased
coefficients of the AR noise model were given in the vecteperformance boundary” on a log scale (12). Both the
{ Equation 15. The vectaz, was minimized by the least- average PSD estimates and the maximum PSD estimates
squares process and represents the difference betweenare included. These maximum PSD estimates are the
model of the noise and the actual additive noise. Equatiomaximum power for 2.56 s at each frequency for the
14 and 15 are combined into one matrix, Equation 16.  entire test. The time of 2.56 s corresponds to two sequen-
tial 256-point data series, analyzed together as a complex
series with the use of an FFT.
y=[A B][e]+z Figure 6 displays the PSD estimates from the SRC.
U [16] The maximum PSD was not estimated for this in-lab test-
ing because the nonreduced data were available, unlike
for the field test.Figure 6 displays the PSD estimates
Because the input noise vectdk) was not known from the SMARTCC and the bite bar. In addition to esti-
a priori, an iterative approach was used. Solvingmating the PSD with the FFT method, singular value
Equation 16 for an estimate @fgives Equation 17. decomposition was performed to determine if the FFT
model would be sufficient for this analysis. For all cases,
the autoregressive component of the signal was deter-
éi:(ATA)—lAy_(ATA)—lATB('\_,i_l [17] mined to be of zero order (24). Therefore, using the FFT
to estimate the PSD is adequate (20,21). This provides
additional confidence that the use of the FFT for real-time
Similarly, solving Equation 16 for an estimateyof PSD estimation on the data logger during the field test
gives Equation 18. The subscript i indicates that this is ttwas also valid.
ith iteration of the estimate for. Figure 7 presents graphs of transfer functions
between the SMARTC and the bite bar. These transfer
functions were derived for all 16 subjects who participat-

J,i=D—1|3T|v|y ed in this study. Data from the rumble bumps portions of
M=I—-A(ATA) AT the SRC was used for the derivation of the transfer func-
D=BTMB [18] tion because this section produced the richest signal

(most varied frequency content) as determined from the
examination of PSD estimates. The graphs show the
As an initial condition, was estimated with the use transfer functions derived with the use of both frequency
of Equation 16 with the assumption that v(k) was zercdivision and the ARARX model. The anterior-posterior
With use of Equation 15, v is calculatelg,. is then esti- acceleration transfer functions and the lateral acceleration
mated with Equation 18 artj determined with Equation transfer functions did not show peaks consistently.
17. The iteration is then continued until convergence in th
estimate for the parametersvas achieved. Convergence
is assumed when the condition in Equation 19 is satisfie PISCUSSION

A convergence error value of 1Owas chosen. ) ] )
A main thrust of this study was aimed at under-

standing wheelchair-rider comfort as it relates to vibra-
tion exposure. This approach was chosen because of the
large quantity of literature that has been accumulated
(0;—6;_)T(6;—6;_y) regarding vibration exposure and the link to neck pain
. <& (25), low-back pain (26—28), and abdominal and stomach
(6;-2)70; 5 [191  discomfort (29).
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Figure 5.

Power spectral density estimations during the field test, using the FFT technique. Left Column: Cumulative PSD estimatestebdvh, f
1ISO-2631, fatigue-decreased proficiency boundary (A-P, vertical, and lateral accelerations, respectively). Right Colun8D estindtes
shown for the 1-min, 1ISO-2631, fatigue-decreased proficiency boundary (A-P, vertical, and lateral accelerations, respectively).

It is clear from the results that for the SRC coursestrated that there was considerable dampening beyond
the acceleration at the wheelchair frame exceeds the Eapproximately 20 Hz. This dampening was probably due
“fatigue-decreased performance boundary” (12)to vibration absorption by the bodies of subjects. Heavy
Furthermore, the acceleration at the head exceeds tdampening for this range of frequencies is consistent with
same boundary. It could be argued that the cushicthe literature (3,30,31). The short data sets over the “rum-
absorbed some of the acceleration measured at the frable strips” have the disadvantage of limiting the useful-
and did not transmit the full magnitude to the subjects. Iness of the frequency division methodology for
the acceleration at the head exceeds the ISO-2631 bouidetermining the transfer function between the SMART
aries, it is likely that the acceleration transmitted througland the bite bar.
the wheelchair cushion exceeds the boundaries as we The variance of the transfer function derived with
Further studies will be needed to evaluate the effect ¢he frequency-division method is inversely proportional
cushions on the dynamics of a wheelchair riderto the number of individual PSD estimates used for the
Unfortunately, a standardized cushion cannot be useaverage PSD of the input and output acceleration signals
because the subject’s own cushion is necessary to previ(20,24). A vertical acceleration resonant peak was evident
potential ischemic injury. for eight of the subjects. The average for these peaks,

Using transfer functions to compare the accelerewhen present, was 8.1 Hz. This frequency is higher than
tions at the head with those at the wheelchair demoithe 4—-6 Hz resonant peak presented in the literature for a
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Figure 6.

Power spectral density estimation during the simulated road course, using the FFT-based periodogram technique. Left Cadenh Basti-
mates for A-P, vertical, and lateral accelerations, respectively, at the wheelchair frame. Right Column: Average PSOiaséirRatestical,
and lateral accelerations, respectively, at the bite bar.

seated human subject (3,30,31). The difference betwelowest frequencies. This appears to be due to voluntary
the measured resonant peak and the literature values nmotion of the user while propelling the wheelchair.
be related to a feature of the seating position inherent Evidence for this assumption comes from knowledge of
wheelchair propulsion, or may be related to the populehow individuals use their wheelchairs and from the max-
tion tested. This study used only subjects with disabilimum PSD estimation. The maximum PSD estimation for
ties, many of whom had spinal cord injuries or othethe anterior-posterior acceleration was only slightly
musculature deficits. According to Seidel, the resonargreater than the average PSD estimation, indicating that
peak may be influenced by active muscle control (3,30the acceleration amplitude must be repetitive in nature
For one to further analyze this result, it would be desirand occur nearly continuously throughout the day, con-
able to modify the SRC to include a much longer sectiosistent with wheelchair propulsion. Wheelchair propul-
of the “rumble bumps” to provide a more accurate estision, however, usually occurs at a rate of approximately
mation of the transfer function, with the use of either thl Hz. The average PSD graphs show an increase from
frequency division or the ARARX method. 1 Hz (lowest frequency measured) to approximately
During the field test, the anterior-posterior accelera8 Hz. This was probably due to two factors. There was
tion () and the lateral acceleration&SDs crossed the likely some “leakage” of the acceleration signal power
“fatigue-decreased performance boundary” only at thfrom the 1-Hz bin to the higher frequencies, simply
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Figure 7.
Power spectral density estimates during the rumble bumps of the simulated road course. The periodogram technique ihesationih t
model (MA order=6, AR order=5, AR noise order3), to provide estimates of A-P, lateral, and vertical accelerations.

because of the numerical calculation of the FFT. Becaued. The problem with using frequency analysis for an
this leakage was at most 4 percent from the most signilimpulse signal is that very high-speed sampling is necessary
cant frequency to its nearest neighbor, this was likely to capture an accurate picture of the impulse. Such high sam-
minor contributor. The major contributor to these highepling rates would require faster processing than was available
frequencies is likely the higher-frequency components cfor this study. Another type of analysis may provide more
the propulsion activity. information about the accelerations experienced by wheel-
Unlike the anterior-posterior acceleration, the verticachair users. An algorithm that detects acceleration peaks and
acceleration greatly exceeded the limit defined by the 8-records the acceleration magnitudes might be more appropri-
“fatigue-decreased performance boundary.” For this case, tate for this application. Rainflow analysis may be an even
maximum PSD profile was similar to the average PSD prcetter choice, because it includes the same information as a
file, but the magnitude of the maximum PSD was muclpeak detection method and is simpler to implement.
greater. The most likely explanation is that the subjects at In addition to peak detection algorithms, wavelet
their wheelchairs were exposed to a few high acceleratianalysis may work well (32). In simple terms, wavelet
events rather than consistent, small-magnitude acceleratioanalysis is a hybrid between frequency analysis and time-
If true, this is a case where the 1SO-2631 standard applidomain analysis, with localization in both time and fre-
only tangentially (12). The standard states that all accelerquency. Frequency analysis provides a poor localization
tions of 1-min duration or less must be smaller in magnitudin time by averaging the results over the entire Fourier
than the 1-min boundary, and this boundary is clearly exceetransform period. The 1SO-2631 standard assumes that
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