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Abstract—Wheelchair locomotion is an important form of
mobility for many individuals with spinal cord injury. How-
ever, manual wheelchair propulsion can lead to upper-limb
pain and can be very inefficient. This has led investigators to
apply biomechanics to the study of wheelchair use. The objec-
tives of this study were (1) to determine the frequency content
of the motion of both hands during two speeds of wheelchair
propulsion, (2) to obtain the filter frequencies necessary to
remove noise from wheelchair motion data, and (3) to provide
signal-to-noise ratio data for wheelchair kinematics. The par-
ticipants in this study were a random sample of manual wheel-
chair users with paraplegia caused by spinal cord injury.
Subjects propelled their persona wheelchairs on a computer-
controlled dynamometer at speeds of 0.9 m/s and 1.8 m/s.
Motion data were collected at 60 Hz with the use of a commer-
cial infrared marker-based system. The main outcome mea
sures were arm motions and noise frequency spectra, filter
cutoff frequencies, and signal-to-noise ratio. Our results indi-
cate that there is no useful signal power above 6 Hz during
manual wheelchair propulsion at the speeds that we analyzed.
In many cases, there was no useful signal power above 4 Hz.
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This would indicate that the frequency content of manual
wheelchair propulsion is similar to that of human gait. The
mean signal-to-noise ratio varied from a high of 91 dB to alow
of 21.8 dB. The signal-to-noise ratio was greatest in the
x direction (along the line of progression) and lowest in the
zdirection (medial-lateral). Manual wheelchair propulsion
kinematic data should be low-pass filtered at approximately
6 Hz for speeds at or below 1.8 m/s. The data presented in the
archival literature appear to have been filtered at an appropriate
frequency.

Key words: filtering, frequency, motion analysis, noise reduc-
tion, wheelchairs.

INTRODUCTION

The manual wheelchair is an important form of |oco-
motion for individuals with spina cord injury. Under-
standing the biomechanics of wheelchair propulsion may
result in improved mobility and fewer episodes of pain.
Kinematic studies of manual wheelchair propulsion
require tracking the positions of the upper limb as func-
tions of time. Typically, data are collected in absolute
coordinates defined with respect to the laboratory setting
in which the experiment is conducted.

Wheelchair propulsion studies have used either film
or videotape to collect motion data [1-8]. The motion
data must be processed to produce time-series data for
anatomical landmarks on the upper limbs. Regardless of
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the measurement system or data reduction techniques
applied, noiseisintroduced into the signal [9-11]. Calcu-
lation of velocities and accelerations requires differentia-
tion of the position data, which have the effect of
reducing the signal-to-noise ratio (SNR) [12,13]. The
SNR can be increased, and therefore, appropriate filter-
ing can reduce error in variables associated with kine-
matic data.

Wheselchair propulsion motion analysis is becoming
increasingly more common with the number of laborato-
ries and clinics collecting and attempting to clinically
apply the data. All motion analysis data require filtering to
provide data suitable for analysis and clinical interpreta
tion. Filtering is used to reduce the errors inherent in the
data collection process so that the interpretation of the data
is not unduly influenced by anomalies in the data collec-
tion that could result in false conclusions and recommen-
dations. Studies have been presented on the importance of
filtering the kinematics of racing wheelchair propulsion
[14] and on the filtering of the kinetic (i.e., force and
moment data) for manua wheelchair propulsion [15].
Guidelines established for filtering manua wheelchair
propulsion kinematic and kinetic data are parallel to the
work established for other movement activities [16].

The goa of this study was to analyze the signal and
noise spectrum of kinematic data collected bilaterally
during manual wheelchair propulsion at two speeds and
to provide guidance for the selection of an appropriate
filter cutoff frequency. Knowledge of the signal and
noise spectrum can be used to select an appropriate digi-
tal filter. The purpose of this study was to determine if
there were side-to-side differences in the frequency con-
tent of the motion and to determine the maximum fre-
guency content of the third metacarpal phalangeal joint at
two speeds (i.e., does the maximum frequency content
change sufficiently to warrant a change in the filtering).

METHODS

Subjects

The subjects consisted of 28 individuas with para-
plegia caused by a spinal cord injury. All were experi-
enced in manua wheelchair use. The subjects included
8 women and 20 men. Only people with spina cord inju-
ries below T-4 were included in the study. Each subject
gave written informed consent before participating, and
each subject completed a medical history questionnaire.

The average age of the subjects was 36.2 + 9.5 years,
ranging from 21 to 66 years of age. The subjects had
been using a wheelchair for an average of 12.9 + 5.9
years. The mean body mass for the subjects was 76.4 +
17.4 kg. Each subject propelled his or her personal
wheelchair during testing.

Protocol

The analysis of manual wheelchair propulsion kine-
matic data in the frequency domain, rather than in thetime
domain, allowed for the determination of key signal com-
ponents used in the selection of appropriate digital filters.
Each subject used his or her own manual wheelchair. The
only adjustment to the individual’s wheelchair was the
replacement of rear tires with SMARTWheds [8] The
wheel position, wheel alignment, and wheel camber were
the same as those for the subject’s standard wheelchair
wheels. The SMARTWheds \were used to measure the
force imparted by the user onto to the pushrims. The pur-
pose of the SMARTWheSs for this study was to provide
another means of determining the position of a marker
placed on the whed at each instant in time with the use of
the optical encoder built into the SMARTWheels The
wheelchair with each subject was aligned and secured
over the rollers of a computer numericaly controlled
(CNC) dynamometer [17]. We set the resistance of the
dynamometer similar to rolling over a smooth tile floor
[18]. We then asked subjects to propel their wheelchair on
the dynamometer for 5 minutes to become accommodated
to the experimental setup. After the accommodation
period, two trials were performed, one where the subject
was asked to propel at 0.9 m/s, 15 W, and the other at
1.8 m/s, 30 W. Data were collected for 20 seconds after
the person had maintained the desired speed for at least
10 seconds. To collect data from 56 trials from 28 sub-
jects, we used an OPTOTRAK [19] Motion Analysis Sys-
tem to collect three-dimensional (3D) data of markers on
the right and left third metacarpal phalangeal joint (3MP),
olecranon, lateral epicondyle, ulnar styloid, radial styloid,
and acromion process, as well as markers on both wheels.
Data were analyzed during both the propulsion and recov-
ery phases of the wheelchair stroke (i.e., for the complete
cycle). While data were collected at multiple anatomical
sites, preliminary analysis showed that the frequency con-
tent, in al directions, of the 3MP was consistently higher
than the other locations. Therefore, only the datafrom the
3MP were selected for analysisin this study.
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Data Collection

A six-camera motion analysis system, OPTOTRAK
[19], is an active marker system, which alowed for the
digitization of light-emitting diode (LED) markersin 3D.
This system works in real time, which was calibrated
prior to use with arigid body aligned with the vertical,
horizontal, and transverse axes of the laboratory. Two
sets of recording devices, each consisting of three cam-
eras, were used, one set positioned on the left side of the
subject and the other set positioned on the right side of
the subject, providing a bilateral view. We collected
bilateral data. Because it has been shown that some man-
ual wheelchair users exhibit asymmetriesin their propul-
sion technique, it is possible that these asymmetries
could affect the frequency content of their stroke from
side to side [20]. Data were collected at 60 Hz with a
shutter speed of 3,000 Hz. A pulse that the OPTOTRAK
system generated was used to ensure that the
OPTOTRAK and SMARTWMS data collection were
synchronized. We placed four LEDs (approximate size of
marker was 10 mm; approximate size of light source was
1 mm) on the left and right 3M P and on the left and right
SMARTWheels  regpectively. The LED markers on the
SMARTWheels \yere positioned 68.3 mm and 65.1 mm
from the center of the hub for the left and right sides,
respectively. The raw data (position of the marker) were
not filtered. The position of each of the markers in 3D
space was calculated in meters for each 1/60 second.

Definition of Signal and Noise

The absolute origin of the system in the laboratory
coordinate system was midway between the two dyna
mometer drums at the level of the dynamometer cover.
The positive z-axis was defined as a line that runs along
the shaft of the right drum (right, left, front, and back
were defined from the perspective of an individual sitting
in a wheelchair that is attached to the dynamometer),
while the positive y-axis was perpendicular to the plane
formed by the dynamometer cover. The positive x-axis
was perpendicular to the z and y-axes. We defined the
experiment coordinates by a right-hand Cartesian coordi-
nate system. The placement and orientation of the labora-
tory coordinate system are depicted in Figure 1.

The calculation of the noise was based on the posi-
tion of the hub marker given by an optical encoder inte-
grated into the SMARTWheels gnd the motion analysis
system. First, we calculated the error between the posi-
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Figurel.
Cartesian coordinate system used to represent laboratory coordinate
system, x, y, and z.

tion of the hub marker based on the SMARTWheels gatg
and the postion of the hub marker based on the
OPTOTRAK datato represent the noise in the entire sys-
tem (e.g., vibration, digitizing error, optica error). This
method assumes that the error from the optical encoder
mounted to the wheel is negligible in comparison to the
error accumulated through the data collection process of
the motion analysis system. Then we subtracted the mean
of the error (noise) from the difference in the x, y, and z
directions, respectively. The parameter chosen to repre-
sent the signal was the 3MP minus the mean of the 3aMP
in the x, y, and z directions. The mean was subtracted
from the signal and noise data, respectively, to remove
any constant offset components. Further, the signal was
referenced (i.e., the coordinates of the wheel hub were
subtracted from the coordinates of the 3MP) to the wheel
hub to allow comparisons across subjects with different
size wheelchairs and to have a comparable reference for
the two rear wheels of the wheelchair. This is equivalent
to setting the origin of the motion analysis system at the
center of the wheel, essentially removing the offset (i.e.,
zero frequency component) of the signal because of the
arbitrary origin location. We attached the 3MP markers
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to the skin following published methods [21,16]. The
location of the 3MP, and the other anatomical markers,
was found by palpation; a detailed description of the
markers can be obtained in the OPTOTRAK owner's
manual [19].

Freguency Analysis M ethods

Using MATLAB, we performed a frequency analysis
on the signal and the noise obtained from the kinematic
data [22]. The analysis consisted of first applying a
tapered sinusoidal window to the discrete displacement
data. The tapered sinusoidal window is

[, KT
S 2 011 0<kT<0.1r
h(KT) = 1

m kKT-09

cos[i * W} 0.9r<kT<r ,

0Ur<kT<0or ()

where h(kT) is the kth sample of the tapered sinusoidal
window, T is the sampling interval in the time domain (1/
60 s), and 7 is the length of the window (20 s). We then
multiplied the sampled displacement data x(kT) by the
tapered sinusoidal window h(kT) to obtain the windowed
data y(KkT):

Y(KT) = x(KT) « h(kT) . 2

Next, we used Equation 3 to obtain the discrete Fourier
transform of the windowed data

F(raw) = £y y(kme? 7M. 3

k=0
F(rAa) isthe rth sample of the Fourier transform, Awis
the sampling interval in the frequency domain (0.05 Hz),
and N is the total number of samplesin atrial (1,200 sam-
ples). Finaly, the periodogram S(jrAw) was calculated
from the discrete Fourier transform using Equation 4. The
periodogram was used to determine the cutoff frequency:

S(iraw)= SIF(raw)’ . @

In the calculation of the periodogram (S(jrA«)) for each
tria, the sampling frequency (fs = 1/T) was 60 Hz, while
the number of discrete frequency intervals (N) used in the
periodogram, between 0 and 60 Hz, was equal to the num-
ber of frames in each trial (N). The analysis of the fre-

guency content only consisted of the frequencies from 0 to
30 Hz, because 30 Hz is the Nyquist frequency and the
periodogram from 30 to 60 Hz is the mirror image of the
periodogram from 0 Hz to 30 Hz. Therefore, no new infor-
mation is obtained from the periodogram from 30 to 60 Hz.

The tapered sinusoidal window was selected because
of the minimal distortion of the displacement data, while
smoothly forcing the beginning 10 percent and final
10 percent of the data to zero. Also, the tapered sinusoi-
dal window reduces the leakage of the periodogram from
one frequency to another, which occurs because the dis-
placement data are of finite length. Other windows, such
as Hanning and Hamming windows [9], were examined
for use in this application; however, it was determined
that they significantly distorted the majority of the datain
the time domain when applied across the entire trial. The
size of the window was chosen to be the length of the
trial because the tapered sinusoidal window was specifi-
cally chosen to be applied to the displacement data across
multiple strokes rather than a single stroke. Once we cal-
culated the periodogram, we determined the minimum
frequency (which contained at least 50, 75, 90, 95, and
99 percent of the overall power, respectively, for asingle
trial) in each coordinate direction (x, y, and z). We pre-
sent all the percentage power levels to alow the inter-
ested readers to draw their own conclusions based upon
the data and their application.

RESULTS

The periodogram was created for each of the motion
signalsinx, y, and z (see Figure 2). Then we determined
the mean and standard deviations of the ideal filter cutoff
frequencies for each speed and overall speed in each
coordinate direction (X, y, and z) (see Tables 1-3). We
did this based on the percentage of the power (i.e., 50, 75,
90, 95, and 99 percent) across all subjects for both hands.
The periodogram of each trial was then transformed into
decibels (dB):

Decibel= 20+ log,(S(jrAw) . (5)

The periodograms for the motion signals in x, y, and
zin decibels are presented in Figure 3. The minimum
frequency for each speed and across all trials were deter-
mined when the periodogram, in decibels, dropped below
a specified cutoff magnitude and stayed below that
magnitude for all increasing frequencies (see Table 4).
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Figure2.
Periodogram of aleft side signal for a1.8 m/strial in x, y, and z directions, respectively. Cutoff frequency that contains 50, 75, 90, 95, and 99

percent of power is labeled for each coordinate direction.
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Table 1.

Cutoff frequencies based on percentage of periodogram magnitude for signal in x direction (n = 28).

Speed (m/s) Side

Cutoff Frequency (H2)

50% 75% 90% 95% 99%
0.9 Left 0.93+0.15 0.94+0.15 0.97+0.15 1.05+0.15 2.08+1.18
0.9 Right 0.93+0.15 0.94+0.15 1.03+0.37 1.22+0.97 2.46 £ 3.33
1.8 Left 1.30+0.25 1.32+0.25 1.35+0.25 1.39+0.26 234+1.01
1.8 Right 1.30+0.25 1.36+0.31 1.51+0.86 1.71+1.68 3.06+4.11
All Left 111+ 027 1.13+0.28 1.16+0.28 1.22+0.27 221+1.10
All Right 1.11+0.27 1.15+0.32 1.27+£0.70 146+ 1.38 276+£3.72

Table 2.

Cutoff frequencies based on percentage of periodogram magnitude for signal in'y direction (n = 28).

Speed (m/s) Side

Cutoff Frequency (H2)

50% 75% 90% 95% 99%
0.9 Left 101+0.24 1.31+044 1.62+0.52 2.21+0.43 3.23+0.97
0.9 Right 1.10+0.32 1.23+0.37 1.74+0.60 2.12+0.40 2.98+049
18 Left 1.35+0.26 1.88+0.59 2.41+0.82 3.02+ 1.06 448 +2.30
18 Right 1.47+0.40 1.76 +0.51 244+ 0.65 2.86+0.59 4.14+0.63
All Left 1.18+0.30 1.60+0.59 2.01+0.79 2.61+0.90 3.86 +1.86
All Right 1.29+0.40 1.49+0.52 2.09+0.71 249+ 0.62 3.56 +£0.81

Table 3.

Cutoff frequencies based on percentage of periodogram magnitude for signal in zdirection (n = 28).

Speed (m/s) Side

Cutoff Frequency (H2)

50% 75% 90% 95% 99%
0.9 Left 1.00+0.31 1.40+0.59 201+1.20 258+ 1.60 4.27 +3.36
0.9 Right 1.03+0.40 1.43+0.72 1.98+0.75 250+ 1.15 4.01+3.36
1.8 Left 1.38+0.51 1.79+0.70 2.71+1.05 3.35+1.27 5.78 £4.03
1.8 Right 1.41+0.55 1.89+0.83 2.63+0.94 3.28+1.18 5.33 + 3.06
All Left 1.19+0.46 1.60 + 0.68 236+ 1.17 297+1.48 5.03+3.75
All Right 122+0.51 1.66 £ 0.81 2.31+0.90 2.89+1.22 4.67 £3.25

The cutoff magnitudes that we used were-41, -48, and
-53 dB in the x, y, and z directions, respectively for the
left side, and —41, -55, and -56 dB in the x, y, and z direc-
tions, respectively, for the right side. The value of the
cutoff magnitudes was chosen based on the mean plus
two standard deviations of the noise periodogram.

Ensemble Average of Periodogram

We performed an ensemble average of the peri-
odogram on each speed grouping to provide a composite
of the power at each frequency across multiple subjects
(see Figure 4). For the ensemble average of the peri-
odogram to be calculated, the frequency intervals (Aw) in
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Figure 3.

Periodogram of a left signal, in decibels, for a 1.8 m/s trid in x, y, and z directions, respectively. Cutoff frequency based on mean plus two
standard deviations of maximum magnitude of noise periodogramsis |abeled for each coordinate direction.

the periodogram had to be constant across dl trials. Since
each trial consisted of collecting 20 seconds (7) of data
with a sampling frequency of 60 Hz (1/T), the number of
samples in each trial (K) and therefore in each peri-
odogram (r) is a constant at 1,200 samples. Therefore,

neither the signal nor the noise had to be truncated or
zero-padded to perform the ensemble average. Following
the calculation of the ensemble average for each speed
grouping and for all the trials, the minimum frequency,
which contained at least 50, 75, 90, 95, and 99 percent of
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Table 4.

Cutoff frequency inx, y, and z directions, respectively, when periodogram in dB for a speed grouping falls below cutoff threshold and stays bel ow
cutoff threshold. Left side cutoff thresholds are —41, —48, and —-53 dB, in X, y, and z directions, respectively. Right side cutoff thresholds are —41,
55, and 56 dB in x, y, and z directions, respectively. Cutoff thresholds are based on maximum magnitude of periodogram for noise (n = 28).

Speed (M/s) Side Cutoff Frequency (Hz)
X y z
0.9 Left 2.65 +0.95 2.82+0.55 2.43+0.73
0.9 Right 251+1.06 3.23+0.61 2.64+0.84
18 Left 3.02+0.74 3.87+0.64 3.34+0.82
18 Right 3.16 £1.62 429+ 0.69 3.37+£0.98
All Left 2.83+0.86 3.34+0.79 2.89+0.90
All Right 2.83+1.39 3.76+0.84 3.00+0.97

the overall power, respectively, was calculated (see
Tables 5-7). There were differences in the cutoff fre-
guencies for the left and right hands at 1.8 m/s, but they
were not significant.

We also performed an ensemble average on the peri-
odogram in decibels across each speed grouping and
across all the trials (see Figure 5). Then using the cutoff
magnitudes described in the previous section, the mini-
mum frequency for each speed and overall speeds were
determined when the periodogram, in decibels, dropped
below and stayed below the cutoff magnitude for all
higher frequencies (see Table 8). There were differences
between the left and right side for all speeds in they
direction and at 1.8 m/sfor the x and z directions.

Signal-to-Noise Ratio

We calculated the SNR based on the root mean
sgquare (rms) for an entire trial for the displacement data
in each direction and for each side, respectively, using

|
-
X

SNRrms = ——— (6)

=|=
M~
m
N

I
iy

where Sisthe signal, E is the noise, k is the total number
of discrete points in the trial, and j is the jth point in the
series. The mean and standard deviations across each
speed grouping and across al the trials were calculated
for both types of SNRs (see Table 9).

DISCUSSION

Wheelchair propulsion kinematic analysis has not
benefited from the same attention to filter frequency
selection as gait analysis. Winter et al. reported on one of
the first studies to analyze the frequency content of
motion signal and noise during human gait [10]. Their
study showed that a low-pass filter with a cutoff fre-
quency of 6 Hz was appropriate for gait analysis at nor-
mal walking speeds. They used a second-order digital
Butterworth filter. When the Winter et a. paper was
published, personal computers were not widely used.
This may have influenced their choice of filter order.
Since that time, digital signal processing has progressed
dramatically.

Lesh et a. developed a computer program to imple-
ment finite impul se response (FIR) filtering for kinematic
data during gait [13]. Their study showed a cutoff fre-
guency of between 4 and 6 Hz was adequate for a low-
pass FIR filter. FIR filters are simple to program, but they
require large numbers of terms to achieve useful fre-
guency roll-off above the cutoff frequency.

Antonsson and Mann studied the frequency content
of gait [23]. The focus of their study was on the reduction
of noise effects during differentiation. Antonsson and
Mann pointed out that for low-pass filtering to be opti-
mal, two conditions must be satisfied: (1) the noise fre-
guencies do not overlap the signal frequencies and (2) the
data must be sampled at a least twice the highest fre-
guency of the signal and noise to avoid aliasing (i.e., the
Nyquist sampling frequency).
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Figure 4.
Ensemble average of periodogram for all 56 trials (left side, both speeds) in X, y, and z directions, respectively. Mean and standard deviation are

shown for each frequency interval. Cutoff frequency that contains 50, 75, 90, 95, and 99 percent of power islabeled for each coordinate direction.
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Table5.

Cutoff frequencies based on percentage of periodogram magnitude
ensemble average for signal in x direction for 0.9 m/s trials, 1.8 m/s
trials, and all trials combined (n = 28).

Speed
Side Cutoff Frequency (Hz
(/) equency (Hz)
50% 5% 90% 95% 99%
09 Left 0.90 1.00 1.15 1.25 1.95
0.9 Right 0.90 1.00 1.15 1.25 1.95
1.8 Left 1.20 1.35 1.50 1.60 2.30
1.8 Right 1.20 1.35 1.50 1.75 2.55
All Left 1.05 1.25 1.40 1.55 2.10
All  Right 1.05 1.25 1.40 1.55 2.30
Table6.

Cutoff frequencies based on percentage of periodogram magnitude
ensemble average for signal iny direction for 0.9 m/s trias, 1.8 m/s
trials, and all trials combined (n = 28).

Speed
Sid Cutoff Frequency (Hz
(/) e equency (Hz)
50% 75% 90% 95% 99%
09 Left 0.95 1.15 1.80 2.30 3.25
09 Right 0.95 1.30 1.90 2.35 3.25
1.8  Left 1.30 1.65 2.35 2.90 4.40
18 Right 135 1.95 2.40 2.90 4.10
All Left 1.15 1.50 2.20 2.65 4.00
All  Right 115 1.55 2.20 2.65 3.90
Table7.

Cutoff frequencies based on percentage of periodogram magnitude
ensemble average for signal in z direction for 0.9 m/s trials, 1.8 m/s
trials, and all trials combined (n = 28).

?fne/: Side Cutoff Frequency (Hz)
50% 75% 90% 95%  99%
0.9 Left 095 120 18 225 350
0.9 Right 0.95 1.15 1.85 2.20 3.65
18 Left 1.30 1.45 2.45 2.90 5.60
18 Right 120 140 235 285 5.05
All Left 1.15 1.40 2.20 2.65 4.60
All Right 1.10 1.35 2.20 2.60 4.40

Angeloni et al. [24] examined the frequency content
of different body segments by using the rms error
method. Their study provides upper bounds for useful
kinematic data for each body segment during gait. They
show the optimal low-pass filter cutoff frequency to be
between 5.5 and 9.8 Hz [24]. Our results indicated that
thereis no useful signal power above 6 Hz during manual
wheelchair propulsion at the speeds that we analyzed. In
many cases, there was no useful signal power above
4 Hz.

When examining the standard deviations of the
ensembl e average periodogram, we found that there were
no notable differences in the critical frequencies. This
would indicate that the frequency content of manual
wheelchair propulsion is similar to that of human gait.
The optimal cutoff frequency does increase moderately
with speed. Therefore, higher low-pass filter frequencies
may be better for speeds greater than 1.8 m/s. Our results
suggest that there may be differences in the frequency
content between the subjects’ left and right sides. This
difference likely is due to asymmetries in the propulsion
stroke and instantaneous differences in wheel speeds
(i.e., people tended to turn and correct small amounts
even while driving straight). The left to right side differ-
ences tended to grow with increasing speed. Our results
are mixed as to whether these differences are significant.

Several studies have been conducted on the kinemat-
ics of wheelchair propulsion [25-30]. However, we were
unable to find any studies that dealt with issues concern-
ing frequency analysis or filtering of data collected dur-
ing manual wheelchair propulsion. The dominant trend
among the reported studies of wheelchair kinematics was
to refer to a study on gait or to provide no justification for
the selection of filter type, filter order, or cutoff fre-
guency. Table 10 presents information about the filtering
applied to wheelchair propulsion kinematic data from
17 studies [1,3-8,21,25,27-33]. Of the studies that pro-
vided information about filtering all used low-passfilters,
most were Butterworth-type filters. The cutoff frequen-
cies ranged from 4 to 10 Hz, and sampling frequencies
ranged from 50 to 200 Hz. The filter orders ranged from
second to eighth. From this review, a need is apparent for
providing afoundation for appropriate filtering of wheel-
chair propulsion kinematic data. Our data indicate that
thefilter frequencies that have been reported in the litera-
ture on wheelchair propulsion are appropriate. This is
encouraging because it means that the published data
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Figure5.
Ensemble average of periodogram, in decibels, for all 56 trials (Ift side, both speeds) in x, y, and z directions, respectively. Mean and standard

deviation are shown for each frequency interval. Cutoff frequency based on mean plus two standard deviations of maximum magnitude of noise
periodogramsis labeled for each coordinate direction.
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Table8.

Cutoff frequency in x, y, and z directions, respectively, when
periodogram of ensemble average, in decibels, for a speed grouping
falls below cutoff threshold and stays below cutoff threshold. Left
side cutoff thresholds are —41, —48, and -53 dB, in x, y, and z
directions, respectively. Right side cutoff thresholds are —41, -55, and
—56 dB in X, y, and z directions, respectively. Cutoff thresholds are
based on maximum magnitude of periodogram for noise (n = 28).

S(Fnegj Side Cutoff Frequency (Hz)
X y z
0.9 Left 1.95 2.00 1.90
09 Right 2.00 2.85 1.95
1.8 Left 1.95 2.35 2.20
1.8 Right 2.20 3.35 2.40
All Left 1.95 1.85 1.50
All Right 1.95 2.95 1.60

have been properly filtered and should contribute to our
clinical knowledge base.

This study focused on the subjects with paraplegia
caused by spinal cord injury. Most likely, these subjects
represent a broad class of manual wheelchair users. How-
ever, studies on individuds with tetraplegia and other neu-
rological disorders (e.g., cerebral palsy) or orthopedic
impairments should be conducted in the future as the pro-
pulsion techniques may differ from those of our subjects.
Aswith al areas of motion analysis, the results of this study
are influenced by experimental setting and protocol. The
laboratory setting (e.g., lighting, temperature, and equip-
ment) as well as the use of a dynamometer (e.g., speed,
power levels) may haveintroduced biasinto the data.

The analysis of the SNR demonstrates that when data
are collected with care, noise can be controlled. The mean

Table9.

SNR varied from ahigh of 91 dB to alow of 21.8dB. The
SNR was greatest in the x direction and lowest in the
zdirection. This likely is due to the coordinate system
chosen. The z direction represents medial-lateral motion
that constitutes the smallest range of marker motion for
the reference marker. The 99-percent frequency content
of the z direction is larger than the other directions
because of the smaller range of motion in this direction
and because of the complexity of the hand coupling (e.g.,
rotation about the handrim axis) [14]. The disparity in the
SNR between the x and y directions may be caused by a
shortcoming in the motion analysis system. The reference
marker traveled a near circular path in the x-y plane. The
motion analysis system that we used combines three cam-
eras in a single housing. These cameras were aligned
along a horizontal line. This can result in higher horizon-
tal resolution than vertical resolution. However, a simple
test with a calibration frame with markers of known dis-
tances placed horizontally, vertically, and medial laterally
about the cameras showed that the results are acceptable
in every direction and are no cause for concern.

In conclusion, our results indicate that manual wheel-
chair propulsion kinematic data should be low-pass fil-
tered at approximately 6 Hz for speeds at or below 1.8 m/s.
There were no significant differences (p > 0.05) overall in
the frequency content of the signals from the left and right
sides. Therefore, one can use the same filter to filter the
data sets from both sides when analyzing bilateral motion
data from wheelchair propulsion. However, there were
some specific significant right-to-left-side differences that
need to be examined in more detail in a future study. The
data presented in the archival literature appear to have
been filtered at an appropriate frequency.

Mean and standard deviations of SNR based on rms of data. Signal was defined as 3M P minus mean of 3MP, and noise was defined based on hub

minus mean of hub data.

Speed (Mm/s)  Side SNR of rms
X y z
(Unitless (dB)) (Unitless (dB)) (Unitless (dB))
0.89408 Left 70.28 + 26.34 (36.06 + 4.50) 2291 + 13.36 (25.08 + 7.08) 22.35+ 24.06 (23.52 + 7.60)
0.89408 Right 91.00 + 44.23 (38.17 + 4.36) 36.01 + 17.27 (29.78 + 5.55) 32.42 + 28.69 (26.79 + 8.25)
1.78816 Left 61.36 + 28.99 (34.66 + 4.79) 22.14 + 10.74 (25.59 + 5.40) 21.77 + 15.79 (24.74 £ 6.10)
1.78816 Right 75.54 + 36.91 (36.21 + 5.53) 35.08 + 20.45 (29.11 + 6.21) 21.82+17.15 (21.21 + 7.12)
All Left 65.82 + 27.81 (35.36 + 4.66) 22.53+12.02 (25.33 + 6.24) 22.06 + 20.17 (24.13 + 6.86)
All Right 83.27 + 41.11 (37.19 + 5.04) 35.55 + 18.76 (29.44 + 5.84) 27.12 + 24.02 (25.50 + 7.74)
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Sampling rate and filter parameters used in wheelchair kinematic studies.

Sampling Filter Cutoff

Sudy Frequency Frequency Filter Type Filter Order
(H2) (H2)

Bednarczyk & Sanderson [5], [21] 60 6 Butterworth low-pass digital filter Fourth
Cooper et d. [8] 60 6 Butterworth zero-phase low-pass digital filter Eighth
Masse et al. [30] 50 6 Butterworth low-pass Second
Raoetdl. [7] 50 4 Butterworth low-pass digital filter Second
Rodgers et al. [1] 60 Not reported Not reported Not reported
Sanderson & Sommer [29] 200 4 Low-pass Not reported
van der Linden et al. [31] 50 7 Butterworth recursive low-pass filter Second
van der Woude et al. [32] 60 6 Butterworth recursive low-pass Second
van der Woude et al. [33] 54 Not reported Not reported Not reported
Vanlandewijck et a. [4] 50 Not reported Not reported Not reported
Veeger et d. [28] 60 5 Butterworth filter Second
Veeger et d. [3] 50 10 Butterworth recursive Second
Veeger et al. [27] 50 Not reported Not reported Not reported
Veeger et al. [25] 20 Not reported Not reported Not reported
Wang et . [6] 200 7 Butterworth low-pass digital filter Not reported
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