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Abstract: There is no consensus among researchers on the biomechanics of wheelchair propulsion
concerning the bilateral symmetry assumption. On one hand, the assumption is advantageous,
as it allows for the simplification of data collection, processing, and analysis. It also facilitates
the modelling of wheelchair propulsion biomechanics. On the other hand, there are reports that
the validity of the bilateral symmetry assumption is unclear. Therefore, the present study aims to
analyse the biomechanics of wheelchair propulsion for side-to-side differences. Motion capture
techniques based on ArUco with the use of OpenCV libraries were used for this purpose. The
research was carried out on a group of 10 healthy and inexperienced volunteers with a semi-circular
propulsion pattern, who declared right-handedness. The tests were carried out on a hard, even
surface, without an additional load, within the frequency of the propelling phases dictated by sound
signals, amounting to 30 BPM. The positions of markers on the hand, elbow, and wrist were analysed.
As aresult, a cloud of points of the markers” displacement on the sagittal plane in the propulsion push
progress function was obtained. The results were averaged with a breakdown by the right and left
hand for individual persons, but also for the entire group of volunteers. A comparative analysis and
the mutual position of the confidence intervals of the determined mean values were also performed.
The collected data suggest that the mean values for individual participants show greater asymmetry
than the mean positions of the markers for the entire group of participants. Therefore, the assumption
about the symmetry of upper limb propulsion may not be true when analysing the biomechanics of
propulsion for individuals, although it may be accurate when analysing larger groups of persons
(participants free of upper-extremity pain or impairment).
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1. Introduction

Wheelchairs are basic tools that provides motion for people with disabilities. They
are used for rehabilitation purposes [1], but they are also used during sports, such as
basketball [2,3], tennis [3,4], and rugby [5,6]. Taken as a whole, the wheelchair and the
human body constitute an anthropotechnical system [7,8]. This system can be defined by a
series of biomechanical parameters that are interrelated and that interact with each other.
The parameters are, inter alia, velocity [9,10] and acceleration [11] but are also alterations of
the centre of gravity position [12], for example, during propelling. In addition, the efficiency
of such an anthropotechnical system depends on the user’s anatomy [13], the parameters of
his or her muscles and muscle activity [14], and the geometry of the wheelchair itself—such
as the rear-wheel camber [15] or the seat position [16-18]. Additionally, the kinematics of
the wheelchair propulsion system can be modified by installing systems supporting its
manual propulsion. There are also works and research aimed at such wheelchair design
modifications that can allow the load on muscles and joints to be reduced in order to reduce
or avoid pain development [19].
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Since a human is a part of the discussed system, the ergonomics and effective design
of technical solutions in this respect is of particular importance. Such an approach allows
the possibility of injuries to be reduced and enhances physical performance regarding
wheelchair propelling. Most often, efficiency improvements are achieved through ex-
perimental or theoretical methods. A combination approach can also be used. On one
hand, experimental research allows for the observation and analysis of the biomechanics of
wheelchair propulsion during real working conditions or in laboratory conditions arranged
to simulate the real conditions as precisely as possible. Several parameters resulting from
the test scenarios (conditions) are analysed, such as the type of activity, type of disability,
experience [20], or age [21]. A good example of the effects of direct experiment analysis is
stroke pattern classification based on digitised video recordings [22,23].

The biomechanics of the wheelchair propulsion process can be broadly divided into
two separate cases related to the kinematics of the left and right upper limbs. Such
an assumption seems to be justified by the laterality of the right and left sides of the
human body. On the other hand, when analysing the process of wheelchair propelling, the
symmetry of both sides of the human body is often assumed. This can be explained by the
fact that the asymmetry of propulsion and the lack of the coupling of the wheels results in
difficulties in riding in a straight line [24]. Moreover, such a simplified assumption is also
advantageous during experiments, as it reduces the amount of equipment necessary for
recording the biomechanical parameters. Regarding motion capture techniques, it allows,
for example, the use of only one camera. This approach effectively reduces the resources
and time needed for such research and for the processing of the recorded data. Although
there is a justified possibility to apply the assumption of the symmetry of propulsion to
some extent, it is not a clear issue. There are a number of studies focusing on differences
concerning side-to-side differences in propulsion mechanics. On one hand, some results
suggest that there are no significant differences in symmetry in variables associated with
the kinematics [25] and kinetics [26] of wheelchair propulsion. It is also often indicated that
there are some differences in the arithmetic mean values of the analysed biomechanical
parameters, although the values remain statistically insignificant [25,27]. On the other hand,
there are also research results showing differences in similar propulsion variables for the
left and the right sides of the body [28,29].

The analysis of this issue suggests that it is unlikely that the biomechanics of wheelchair
propulsion of the dominant side are identical to the non-dominant side. Moreover, it is to
be expected that the individual propelling phases differ, even in the context of a single limb.
The human body cannot perform actions with the accuracy and repeatability of automatons.
Therefore, it may be a mistake to assume symmetry in the context of an individual. It is
possible to say that a larger scale of asymmetry occurs within two limbs of a single person
than in the set of averaged data for a particular side for a certain group of people [27,30,31].

The problem outlined in this way is the subject of the present paper. This research
is aimed towards checking the mutual relation of the upper limb kinematics of averaged
propelling cycles in the aspect of comparing the right and left sides of the body. In other
words, an answer was sought to the following question: what is the mutual relation of
deviations from the mean value between the individual propelling cycles for one hand and
the mean values recorded for the other hand? It was decided that we would analyse the
worst possible case, i.e., people with little experience in propelling a wheelchair.

2. Materials and Methods
2.1. Research Participants

The research included a group of 10 males (test subjects were marked: Al to A10)
aged 26.1 + 3.04 years, with a bodyweight of 83 & 8.94 kg and a height of 177.6 & 6.39 cm.
The participants of the research were selected regarding similar propulsion movement
stroke patterns (therefore, they were characterised by a semi-circular pattern [32]), and
each of them also declared right-handedness. Such a selection of participants was to
minimise the risk of the impact of the variables related to the diversity of the group on the



Symmetry 2022, 14, 1164

30f12

recorded results. For the worst-case assessment, people declaring no previous experience
in propelling a wheelchair were selected.

Such a choice was justified by the fact that the lack of experience should cause the
greatest dispersion of results (the greatest differences) in individual propulsion movements
of a given limb. Thus, an analysis of such results allows for the assessment of the greatest
possible differences in mean values recorded for individual limbs, i.e., the worst-case
scenario. Naturally, it should be noted at this point that, most likely, the results for people
experienced in propelling wheelchairs would have a smaller spread. More experienced
users are expected to develop more symmetrical propulsion mechanics and more energy-
efficient movements [27]. The volunteers were recruited from a group of students from
Poznan University of Technology and provided written informed consent. The research
conducted as part of the project was positively assessed by the bioethics commission at
Poznan Medical University (commission resolution no. 513/21 of 24 June 2021).

2.2. Data Collection

The research participants were supposed to ride the wheelchair inside a building, on
a flat and hard surface in such a way that it moved along a straight line, with the data
for each arm being recorded separately. To ensure the normalisation of the push-off pace,
study participants were asked to perform individual propelling phases to the beat of a
metronome set to 30 BPM, which translated into an average drive phase every 1.79 4= 0.16 s.

For motion capture, OpenCV libraries [33], based on the detection of ArUco markers,
were used. It should be noted, however, that markerless motion analysis systems for manual
wheelchairs can also be distinguished [34]. As part of the research, five markers (ID0-ID4)
with dimensions of 40 x 40 mm were used to determine the trajectory of movement of
the upper limb. One stationary marker was placed at the axis of rotation of the larger
wheel (ID0). The next four that remained in motion were placed on: the wrist (ID1), the
elbow (ID2), slightly under the shoulder (ID3), and on the shoulder (ID4). The locations of
the markers on the researched person’s limb are shown in Figure 1. A fixed GoPro hero?
camera (GoPro, Inc., San Mateo, CA, USA) was used to record the image in a resolution of
720 p at 240 fps. The successively recorded video streams were processed using software
developed by the authors using the OpenCV library. It allowed the positions of the markers
placed on the joints of the upper limb for the fixed (ID0) marker to be determined. In this
way, a cloud of points was obtained reflecting the position of individual markers, i.e., the
wrist, the elbow, and the shoulder of the tested person while propelling the wheelchair
with the use of handrims.

Right b)

D4
1ID3

D2

ID1

Figure 1. The locations of markers on the researched person’s limb and the assumed marking of the
coordinate axes are shown for (a) the left hand and (b) the right hand.

Marker ID3 was used, as needed, to derive and correct the position of marker ID4.
It was dictated by the fact that there were cases where marker ID4 was not visible to the
camera due to the movement of the hand of the person propelling the wheelchair. In
some situations, the positioning of the marker in relation to the plane of the recording
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device prevented its correct recognition by the position-detecting software (its rotation
plane deviated too far from the sagittal plane). The cloud of points collected in this way
had to be further processed to be used for calculations. For this purpose, the data set for
marker ID4 was smoothed with the simple moving average value with the width window
of the last 30 data points.

2.3. Data Processing

For further calculations, 5 full propelling cycles were taken into consideration for each
limb—right and left. For example, the calculation did not account for the propelling cycles
with attempts to correct the rectilinear movement of the wheelchair, considering them
“incomplete” (it happened that the researched person did not perform the full propelling
cycle but only a partial one to correct movement trajectory). The mean curves were
determined from the cloud of points collected in this way, illustrating the positions of the
sagittal plane markers on the x and y axes (Figure 1). The measurements for the left hand
were mirrored in sequence with respect to the y axis; therefore, the coordinate systems for
the left and right hands coincided (compare “a” and “b” in Figure 1). It was necessary
because, during the measurements, the positive part of the x axis was always assumed
in the direction of the wheelchair’s movement to standardise the set of data. The mean
curves from 5 propelling cycles were adopted as the estimators of the search value, and the
confidence interval was estimated following the t-Student distribution for the significance
level of « = 0.05.

An attempt was also made to evaluate the source of the differentiation of results
regarding the right and left limbs. For this purpose, the variability of the features in the
distributions for each limb was determined in accordance with the relationship (1):

c =" 100%, )
Xavg

where C is the coefficient of variation, y is the mean value measurement uncertainty, and
Xapg is the mean value of the position of a given marker on the x or y axes.

3. Results and Discussion

Figure 2 presents a view of the set of averaged results for the right and left hands of
the research participants: A1, A2, A3, and A6. Figures 3 and 4 show the mean ID1 and
ID4 marker position changes over the course of the propelling cycle for the left and right
hands, respectively. The graphs show the displacements on both the x and y axes. The
purpose of this was to show which parts of the push progress and displacements on which
axes were the greater sources of the position range changes. Figures 5-7 show the averaged
positions of the ID1, ID2 and ID4 markers in juxtaposition for the left and right sides of
the selected research participants. The graphs show the positions of individual markers
as the push progress function. This should be understood as the percentage advancement
of the propelling phase, where 0% is the beginning of the movement, and 100% is the end
of it. Therefore, going from 0% to 100% push progress is equal to one propulsion cycle.
The analysis of the presented charts shows that there are some differences between the
left and right hands in the averaged curves of displacement on the x and y axes for each
of the selected research participants. It was observed that greater side-to-side differences
were recorded for the ID4 marker than for the other markers. However, it is particularly
important to compare the mutual position of the confidence intervals for the average curves
determined. It can be observed that, in most cases, the mean values for the left and right
hands are contained in the confidence intervals of the opposite limbs (especially for the
ID1 and ID2 markers, located on the hand and elbow, respectively; this applies to a lesser
extent to the ID4 marker located on the arm). Nevertheless, there are also such large
differences that the average position and confidence intervals of the given markers on the
right and left hands do not coincide. It is clearly seen, e.g., in the final part of the chart
in Figures 3 and 7. This is due to the differences in the positions of the markers within
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the curves, based on which the mean values were determined. The conclusion is that the
differences observed between the left and right limbs are most likely caused by significant
differences in the relative position of the markers (and not the dispersion of their positions)
within the individual propelling cycles that comprise the mean curves.

-200 0 200 —A1DDIL —A1ID2L

759 ——AlID4R —A1ID2R

§ —A1DIR —A1DD4L

;é 600 Pushrim —A2ID1L
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Figure 2. A view of the set of averaged results for the right and left hands of research participants Al,
A2, A3, and A6.
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Figure 3. The average curve of the ID1 marker position change during the propelling cycle on the x
axis for the left and right hand (the thick line); the thin lines are + confidence interval; Participant A2.



Symmetry 2022, 14, 1164 6 of 12

680
660
640
620
600
580
560

Position on v axis (mm)

540
0 20 40 60 80 100

Push progress (%)

Figure 4. The average curve of the ID4 marker position change during the propelling cycle on the y
axis for the left and right hand (the thick line); the thin lines are & confidence interval; Participant A2.
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Figure 5. The averaged positions of the ID1 marker for the left and right side of participant A9; the
error bars marked in grey are &= measurement uncertainty for the left limb.
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Figure 6. The averaged positions of the ID2 marker for the left and right side of participant A9; the
error bars marked in grey are = measurement uncertainty for the left limb.
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Figure 7. The averaged positions of the ID4 marker for the left and right side of participant A7; the
error bars marked in grey are = measurement uncertainty for the left limb.

The average curves were determined successively, not accounting for the individual
research participants, but only with divisions into the left and right sides of the body
(in other words, the positions of markers for all left and right hands were averaged).
Figures 8 and 9 present the averaged curves (AVG) of the change in the position of the
ID1 marker on the x and y axes during the propelling cycle for all research participants,
separately for the right and left limbs. Figure 10 shows the averaged curves (AVG) of the
ID2 marker of all research participants for the right and left hands, respectively.

300

’E‘ 200 —AVGID1L
-
o \ A
e U ‘,’f
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5—100
£—200

=300

0 20 40 60 80 100
Push progress (%)

Figure 8. Change in the position of the ID1 marker on the x axis of the set of averaged results for all
research participants for the left and right hands, respectively (the thick line); the thin lines are +
confidence interval.

An observation of the data provided allows one to notice, again, that the confidence
intervals of the determined curves overlap only to a certain extent. However, no lack
of common parts of the confidence intervals was observed, as in the case of comparing
the results for the right and left hand with a breakdown by individual participants. Av-
eraging the results of all research participants for the left and right hands reduced the
differences between the recorded curves, but in many cases, it widened the confidence
intervals. This can be clearly seen by comparing, for example, Figures 3-8 and Figures 6-10.
Table 1 presents a summary of the largest determined values of the confidence interval
for individual participants in comparison with the averaged values. The analysis of the
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table shows that half of the values for individual participants are greater than the averaged
values for the entire group of research participants. Such observations may prove that,
for individual participants, greater asymmetries were observed in the movement of the
right and left limbs than in the mean value calculated for the entire study group, which
is consistent with the observations of other researchers [27,30,31]. Thus, the symmetry
assumption of the upper limb propulsive movement may not be true in the case of the
analysis of wheelchair propulsion biomechanics for individual people. It should be noted
that the tests were performed in fairly mild conditions, i.e., without additional loads (such
as riding uphill or on a soft surface), and the research participants were people not affected
by diseases of the locomotor system. As indicated in [27], asymmetry may be affected by
the magnitude of the load when the power demand of the upper limbs is increased. It
was also established in [35] that research participants with multiple sclerosis show greater
symmetry than able-bodied participants and participants with spinal cord injuries.

300
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Figure 9. Change in the position of the ID1 marker on the y axis of the set of averaged results
for all research participants for the left and right hands, respectively (the thick line); the thin lines
are & confidence interval.
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Figure 10. Position of the ID2 marker for the left and right hands averaged for all research participants;
the error bars marked in grey are = measurement uncertainty for the left limb.
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Table 1. A summary of the greatest determined values of the confidence interval for individual

participants in comparison with the averaged values. All values are given in mm.

Right or Left Side, Marker Number, and Axis

Test Subject Number
R ID1 x RID1y R ID2 x RID2y R ID4 x RID4y
Al 48.94 50.54 48.15 46.21 27.56 31.02
A2 89.10 27.95 57.88 31.84 21.24 22.06
A3 55.06 27.75 32.82 28.20 23.95 37.19
A4 45.89 54.36 34.88 30.45 18.06 25.89
A5 60.47 26.49 67.64 53.94 24.58 41.43
Ab 46.11 54.63 4412 30.83 19.21 25.95
A7 67.45 55.17 46.14 59.54 26.51 47.38
A8 71.33 42.56 43.57 52.09 30.05 49.76
A9 48.02 57.91 49.74 50.40 13.53 18.01
A10 48.02 5791 49.74 50.40 18.27 30.50
AVG 112.12 37.51 47.10 28.48 30.03 23.34
L ID1 x LID1y L ID2 x LID2y L ID4 x LID4y
Al 97.72 50.18 97.72 50.18 15.61 17.44
A2 64.07 33.61 24.04 39.13 16.51 23.85
A3 80.28 43.15 80.28 43.15 14.75 28.31
A4 64.74 34.09 64.74 34.09 53.04 31.46
A5 57.18 25.30 57.18 25.30 20.80 31.75
Ab 62.81 35.28 62.81 35.28 19.50 28.81
A7 78.71 42.19 78.71 42.19 16.57 31.96
A8 49.37 37.83 49.37 37.83 14.95 25.46
A9 55.67 30.38 28.97 34.95 13.53 18.01
A10 55.67 30.38 55.67 30.38 19.50 28.81
AVG 76.74 29.70 49.17 25.72 31.75 2591

A summary of the greatest determined values for coefficient C with a breakdown by
individual markers and the left and the right limbs is presented in Table 2. According to the
analysis of the values presented in the table, it is not possible to unequivocally assess which
limb generates greater deviations from the mean value. Therefore, it should be stated that,
within the group of research participants, it is not possible to clearly indicate whether the
leading limb provides a smaller scatter of the recorded results.

A potential limitation of this study is that measurements were obtained with one
recording device separately for each limb. However, the tests were performed without
loads in comfortable conditions and at a low speed of the wheelchair; therefore, potential
systematic differences between the tests resulting from fatigue of the research participants
should be small, if any. Additionally, efforts were made to minimise potential differences
by random selection of the test sequence for the left and right limbs.

Another limitation results from the selection of a group of healthy people for the
purpose of the research. This decision was dictated by an attempt to analyse the maximum
observable changes. It should be expected that, as a wheelchair user’s experience grows,
the precision of the propelling movements increases. Thus, the range of moves performed
by limbs during propulsion decreases, which is caused by the pursuit of greater energy
efficiency in the process.
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Table 2. Values of coefficient C with a breakdown by individual markers and the left and the right
limbs. All values are given in %.

Right or Left Side and Marker Number

Test Subject Number
RID1 R ID2 R ID4 LID1 L ID2 L ID4
Al 30.15 9.87 4.64 38.14 9.20 2.59
A2 10.83 7.06 3.72 21.62 8.51 3.78
A3 21.15 6.52 6.14 23.37 7.12 4.75
A4 32.04 6.34 4.20 23.19 7.50 4.92
A5 21.53 10.55 6.20 16.14 7.60 4.65
Ab 46.02 7.24 4.22 21.12 9.80 4.67
A7 38.86 13.16 7.51 31.36 7.73 5.10
A8 27.31 10.56 7.69 26.37 6.60 3.76
A9 23.78 10.32 2.65 30.47 7.53 2.65
A10 27.51 11.24 4.89 43.96 8.25 4.86

Research on a larger population should be considered an obvious extension and sup-
plementation of the work that was carried out. In particular, people with more experience
in propelling a wheelchair should be examined. The combination of experienced and
inexperienced users can allow for assessing the scatter of the data resulting from a lack of
training in the performance of the propelling motion. The direction of future work may
also focus on testing a similar scenario during propelling a wheelchair on a treadmill or
ergometer to assess whether such experimental variants affect the kinematics of upper
limb movements.

4. Conclusions
Based on the collected data and the analyses performed, it can be concluded that:

e Insome cases, large differences were observed between the average markers’ locations
on the left and right limbs.

e  The average markers’ locations for individual research participants are characterised by
greater asymmetry than the average markers’ locations for the entire group of participants.

e In the group of research participants, the leading hand did not generate a noticeably
smaller deviation from the averaged location of the markers.
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