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Abstract—Wheelchairs are the most widely used assistive
device to aid activities of daily living (ADL) for disabled
people. However, manual pushing of a wheelchair
frequently leads to overuse of upper extremities causing
shoulder pain and carpal tunnel syndrome. The purpose of
this study was to test a novel method of estimating temporal
parameters of wheelchair propulsion using inertial sensors.
In this paper, normalized coordinate values of the vector
defined on the upper arm were calculated from an inertial
sensor attached on the upper arm. The number of strokes
and push cycle timings including duration of propulsion and
recovery phases were estimated for steady state wheelchair
propulsion. This estimation was completed using a novel
vector-based approach and a previously published resultant
acceleration method; both were compared to timings
measured using the SmartWheel. Measurements were
performed on level and sloped surfaces with 10 able bodied
subjects. The vector-based method improved estimation of
the number of strokes when compared to the resultant
acceleration method. However, the push cycle was estimated
with better accuracy by the resultant acceleration method.
Therefore, a combination of the vector-based and the
resultant acceleration methods is proposed to ensure more
accurate estimation of temporal parameters. The results
suggest inertial sensors can be used to measure wheelchair
activity accurately and reliably.

1. INTRODUCTION

Manual wheelchairs are widely used as assistive
devices to aid activities of daily living (ADL) for dsabled
people. Wheelchairs have been shown to increase the
quality of life of disabled people [1], but in doing so they
put large loads on the upper limbs which subsequently
have been shown to cause injury. For example, about
60 % of the wheelchair users experienced shoulder pain
[2-4] and more than 50 % of the users had carpal tunnel
syndrome [5]. These injuries have been shown to have to
further reduce people’s quality of life (QOL) due to
increased pain and reduction in functional activities and
therefore independence [6].

Such injuries of the upper limbs that are caused by
wheelchair propulsion are considered to be associated

with amplitude of force applied to the hand rim and the
cycle of force application [7]. Therefore, it is
recommended to reduce the number of strokes and to
maximize the push arc and recovery time between pushes
for wheelchair users [8]. Therefore being able to
accurately measure the temporal paramters of pusing is
very important to assessing the risk of upper limb injury.

The number of strokes and the temporal parameters of
the push cycle during wheelchair propulsion can be
quantitatively evaluated using an optical three-
dimensional motion analysis system and a force sesing
handrim such as the SmartWheel [7, 9, 10]. This method
makes it possible to measure movements and applied
force with high accuracy. However, the high cost of such
measurement tools make the cost prohibitive for many
clincal settings. Further, there are few studies which have
assessed pushing in non-clinical environments. In
practical environments, higher push forces are applied
when starting to push [11]and over everyday footway
barriers [12]. Inertial sensors offer an opportunity to
collect a greater range of data in outdoor environments
and across a larger population due to the fact they are: not
limited in measurement environment, easy-to-use, small in
size, light weight and inexpensive.

Wheel-mounted accelerometers have been used to
measure information on wheelchair movement [13]. In
addition, Ojeda et al. [14] used triaxial accelerometers
attached on the upper limb to estimate stroke number and
temporal parameters of the push cycle [14]. This was
completed using a method which necessitated determining
trial-specific cutoff frequencies for the low-pass filter,
which was applied to the acceleration signal. This might
sometimes limit the monitoring of wheelchair users when
it is expanded to a daily use.

We propose a new system for measuring the temporal
parameters of pushing which would not require tuning for
each run and a cutoff frequency of low-pass filter to
remove high frequency noise of acceleration signals
determined for each propulsion trial in order to be more
applicable to everyay testing. This paper aimed at testing a
method of estimating temporal parameters based on
measurement of upper arm movements. Three
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Figure 1

Outline of experimental setup and definition of vector of
the upper arm.

Figure 2 An example of measured locus of the vector defined on
the upper arm during 3D movements of the shoulder joint.

dimensional upper arm movements were represented by
the vector defined on the upper arm. In this paper,
normalized coordinate values of the vector were
calculated from signals measured with the inertial sensor
attached on the upper arm.

The estimation method based on upper arm movements
does not need to determine a cutoff frequency for the low
pass filter for each trial as used in the previous study.
Furthermore, there is a possibility to detect hand contact to
the pushrim and hand release from it. It also makes
possible to estimate propulsion and recovery phases. In
this paper, a method of estimation of the number of
strokes, the push cycle and detection of propulsion and
recovery phases were examined for steady state
propulsion on the level and sloped surfaces with non-
wheelchair users.

II.  MEASUREMENT AND ESTIMATION METHODS

A.  Measurement Method

In this paper, signals measured with inertial senors
attached on the left upper limb were used to estimate
parameter values. As shown in Fig. 1, sensor signals
during wheelchair propulsion were measured with inertial
sensors attached on the upper arm, the forearm and the
hand with stretch band or double sided tape. Inertial
sensors were attached on the SmartWheel (left wheel)
with double sided tape in order to synchronize signals of
sensors and the SmartWheel.
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Figure 3  Definitions of parameters

B. Vector-based Method

A unit vector for the upper arm was defined in the
longitudinal direction from the shoulder joint as the origin
(Fig. 1). Normalized coordinate values of the vector can
be calculated from the sensor signals on the upper arm
based on 3 dimensional movement representation by
using quaternion [15]. First, quaternion calculated from
angular velocity was corrected by quaternion calculated
from acceleration signals by Kalman filter. Then, a
rotation matrix is calculated from the corrected quaternion.
Rotation of the vector of the upper arm from the
gravitational direction was calculated by using the rotation
matrix. Figure 2 shows an example of locus of the vector,
which is analogous to movement pattern of the elbow joint
position. Since the y-component of the vector shows the
forth and back direction, in this paper, push movements
were detected by using the y-component of the vector.

An example of calculated value of y coordinate of the
vector during wheelchair propulsion are shown in Fig.
3(a). First, a threshold is calculated for each trial as the
mean value of the y-component of the vector within the



steady state propulsion. Timing of hand contact (HC) on
the pushrim was defined as the minimum value of past y-
components preceded from the timing when the y-
component was over the threshold. Timing of hand release
(HR) from the pushrim was defined as the maximum
value after the timing when the y-component was over the
threshold. The stroke number was counted as the number
of maximum points. Push cycle was estimated by time
difference between two consecutive strokes using the HC
timing or the HR timing.

C. Resultant Acceleration-based Method

The method using resultant accelerations based on
Ojeda et al. [14] was implemented as follows. First, zero-
phase 2nd order Butterworth low pass filter was applied
to the resultant accelerations measured with the inertial
sensor. Figure 3(b) shows an example of the low-pass
filtered resultant acceleration. Mean value of the low-pass
filtered resultant accelerations was calculated within the
steady state propulsion on each trial. The threshold value
was determined as the mean acceleration plus 0.5
standard deviation.

Hand release (HR) from the pushrim was defined as
peak value of the processed signal over the threshold. The
stroke number was estimated by counting the detected
HR. The push cycle was estimated by time difference
between the HR timings of two consecutive strokes.

D. Measurement of reference signals

Reference signals for evaluation of estimated number
of stroke, push cycle and propulsion and recovery phases
were obtained from tangential force (Ft) measured with
the SmartWheel. Figure 3(c) shows an example of
waveform of measured Ft signals. Timings of the HC on
the pushrim and the HR from it were detected as the zero
cross points of the Ft before and after reaching the
threshold value (7 N), respectively.

The number of stroke was defined as the number of the
HR timings and the push cycle was calculated as the time
difference between two consecutive HR timings. The
durations of propulsion and recovery phases were
calculated between the HC and the HR and between the
HR and the HC, respectively.

III. EXPERIMENTAL TEST

A. Experimental Method

Ten able bodied subjects (i.e. non-wheelchair users)
propelled the wheelchair on level surface of more than
7.2m length and on sloped surface of about 4.8 m length
with about 6% of incline with flat surface of more than 2m
length after the slope. Measurements were performed in 6
trials for each subject. Inertial sensors (WAA-010, Cresco
wireless inc.) were attached on the upper arm, the forearm
and the Smartwheel (left side of the wheel). Other inertial
sensors (MTw, Xsens Technologies B.V.) were attached
on the hand and the SmartWheel.

Sampling frequencies were 240 Hz and 100 Hz for the
SmartWheel and inertial sensors, respectively. The signals
measured with the SmartWheel were down sampled to
100 Hz before analysis. In this paper, push movements in
the steady state propulsion were analyzed by removing the
first stroke and the breaking movements.

10
< 9 vector-based (HC)
5 8 vector-based (HR)
5 7 resultant acceleration
o
5 0
2 5
|y
k=]
83 }
=

2
£
o 1
Z

0

flat slope
Figure 4 Normalized absolute error of push cycle estimation.
B.  Results

Three measurement trials on flat surface and 2 trials on
sloped surface were removed from analysis because of
troubles of measurement devices in data recording.
Totally, 408 and 442 strokes for flat and sloped surfaces
obtained from 10 subjects were analyzed.

Before calculating parameter values, a cutoff
frequency of low pass filter for the resultant acceleration-
based method was determined as 2 Hz by analyzing the
data of the 3rd trial of each subject. That is, the number
of misdetection of the stroke was smallest with the cutoff
frequency of 2 Hz, in comparing the cutoff frequency
ranging from 2 to 6Hz that were used in the previous
study [14]. Then, the resultant acceleration method was
examined in estimation of the number of stroke with 3
inertial sensors for wheelchair propulsion on the flat
surface. Misdetection of the stroke was smallest with the
sensor attached on the upper arm (2.5 %). The senor on
the hand showed the largest number of misdetection
(31.1 %). The sensor on the forearm showed misdetection
ratio between the upper arm sensor and the hand senor
(8.6 %).

By using the upper arm senor, misdetection ratios were
compared between the 2 estimation methods. For the flat
surface, as described above, the resultant acceleration
method caused 10 misdetections (2.5 %) with 4 subjects.
One subject showed 17.6 % misdetection. On the other
hand, the vector-based method did not show misdetection.
For the sloped surface, both methods caused
misdetections: 2 misdetections (0.5 %) with 2 subjects
with the vector-based method and 13 misdetections
(2.9 %) with 3 subjects for the resultant acceleration
method. One subject showed 38.1 % misdetection with
the resultant acceleration method.

Results of push cycle estimation are shown in Fig. 4.
For the vector-based method, the push cycle was
estimated by both the HC timing and the HR timing. For
the both surface conditions, although the resultant
acceleration method showed the smallest average values
and variations of the error in estimation of push cycle, the
both estimation methods could estimate the push cycle
with good accuracy less than 3 % in average.

The vector-based method can detect both the HC and
the HR timings and estimate the propulsion and the
recovery phases. The results are shown in Figs 5 and 6.
Although the time differences of the detected timings for
the sloped surface were less than 50 ms in average, the
differences for the propulsion on the level surface were
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Figure 5 Time differences of detection of the HC and the HR
timings by using the vector-based method with the inertial sensor
on the upper arm.
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Figure 6 Normalized absolute error of estimation of propulsion
and recovery phases with the vector-based method with the inertial
sensor on the upper arm.
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larger than the sloped surface. Errors of estimated
propulsion and recovery phases were larger than 10 % for
both surfaces. Especially, propulsion phase on the flat
surface was about 50 % error in average.

IV. A TEST OF A COMBINED ESTIMAITON METHOD OF
THE PROPULSION AND THE RECOVERY PHASES

As a possibility of improving the detection of the HC
and the HR timings and the estimation of the propulsion
and the recovery phases, a combination of the both
estimation methods was examined. That is, the timings
were detected by the resultant acceleration after the

detection of stroke movement by the vector-based method.

Here, the inertial sensor attached on the hand was used
for the resultant acceleration method, because it was
assumed that large acceleration was produced at the HC
after backward movement and at the HR before forward
movement. The propulsion and the recovery phases were
estimated by using the HC and the HR timings detected
by the combined method.

Results of detection of the HC and the HR and
estimation of the phases for steady state strokes are
shown in Figs. 7 and 8. Time differences of the HC and
the HR timings from the reference signals were reduced
to smaller values than those of the vector-based method.
Estimation of both phases were also improved, although
variation of the error was still large for the propulsion
phase on the flat surface.
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Figure 7 Time differences of detection of the HC and the HR
timings by the combined method with inertial sensors on the
upper arm and the hand.
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Figure 8 Normalized absolute error of estimation of propulsion
and recovery phases with the combined method with inertial
sensors on the upper arm and the hand.

V. DISCUSSIONS

Misdetection of strokes during wheelchair propulsion
movements were improved by the vector-based method
proposed in this study. The misdetection of the vector-
based method was caused with 2 subjects on the sloped
surface, which were 1 of 65 strokes and 1 of 60 strokes,
respectively. Although average misdetection rate of the
resultant acceleration method was not so large, the method
caused large misdetection rate with some subjects, which
were 3 of 38, 3 of 43 and 3 of 17 strokes on the flat
surface, and 8 of 21 and 4 of 43 strokes on the sloped
surface.

For estimation of the push cycle, the resultant
acceleration method showed better estimation. This was
because some subjects produced large movements before
the HC and/or after the HR, which caused large error in
the vector-based method. The resultant acceleration
method is necessary to examine further in daily use of
wheelchair, because a cutoff frequency have to be
determined for each trial. The resultant acceleration
method is currently considered to be useful for laboratory
tests under the regulated experimental conditions.

The detection method of the HC and the HR were
modified by assuming that large acceleration is produced
at the HC and the HR timings. Although the resultant
acceleration can be useful to estimate the timings, it
sometimes caused large misdetection rate of the stroke.
Large variation and average value of error for the
propulsion phase was because large acceleration was not



produced at the HC with some strokes. Since the
combination of acceleration data and movement of upper
limb would be effective, further improvement of the
method would be expected.

In this paper, strokes during wheelchair movements
were analyzed excluding the first stroke and the braking
motions, because of preliminary tests. In addition, for the
resultant acceleration method, a cut off frequency of 2Hz
was used after a preliminary test of stroke detection. This
was because the previous study used the cut off frequency
between 2 and 6 Hz. Since the results of this paper
showed that inertial sensors were suggested o be used to
measure wheelchair activity accurately and reliably, the
method is expected to be modified for practical, daily use
decreasing the number of sensors.

VI. CONCLUSION

The vector-based method proposed in this paper
improved detection of strokes during wheelchair
propulsion. The method also made it possible to detect
hand contact and hand release timings, and estimation of
propulsion and recovery phases. A combination of the
vector-based and the resultant acceleration methods were
shown to improve accuracy of detection of the HC and the
HR timings and estimation of the propulsion and the
recovery phases. The results suggest inertial sensors can
be used to measure wheelchair activity accurately and
reliably.
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