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Abstract: The movement of a wheelchair with manual propulsion depends on the kinematics of the
human body and the forces exerted by the muscles. To design innovative wheelchair propulsion
systems, the biomechanical parameters resulting from human interaction in this anthropotechnical
system must be formalised. The research objectives were thus adopted: an analysis of the propulsion
wheel angle of rotation resulting from the hand movement’s trajectory and the mathematical formal-
isation of the propulsion wheel angle of rotation described as a function of the propelling phase’s
duration. The research was carried out using three variants of manually propelled wheelchairs
on a group of 10 patients representing the same group (C50) of anthropometric dimensions. The
research demonstrated that the function of the propulsion wheel angle of rotation shows the features
of central symmetry occurring at an angle of rotation of ¢ 52° and a propelling phase duration of
58%. Moreover, the measurements were averaged and a mathematical model of the propulsion
wheel rotation function during the propulsion phase was developed, depending on the percentage
of duration.
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1. Introduction

The way in which the function of motion is performed depends on the type of
wheelchair being used [1-3]. The basic classification of wheelchairs defines them as electric,
manual, or hybrid wheelchairs [4,5]. Manual propulsion wheelchairs are the most common
and widespread type of wheelchair. They gained popularity thanks to their simple design
and high mobility. The disadvantage of this type of solution is that the motion entirely
depends on the strength of the user’s muscles [6,7] and the kinematics of their body. There-
fore, the use of such propulsion is closely related to human kinematics [8] and muscular
effort [9].

The process of propelling a manual wheelchair consists of two phases: the propelling
phase and the return phase. This division results from observations of the path of the hand
movement [10-12] and the two distinct parts, in which the hand holds the handrims and
then freely returns to the starting position. The propelling phase is when the hand holds the
handrims and the muscular system generates the propelling force [13,14] that is delivered
to the propulsion wheel. The return phase is when the hand returns freely to the starting
position. During this phase, the movement of the upper limb is not restrained, and the
way the user returns to the starting position translates only into the duration of the entire
propelling cycle, which is a combination of the propelling and return phases.

When linking the movement of the upper limb with the kinematics of the wheelchair
as an anthropotechnical system, it was found that the propelling phase is the most impor-
tant one, since the propelling force is delivered to the system during this phase. However,
as shown by a number of publications, the intensity of the propelling force generated
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varies [15]. The variability of this force results from the variability of the angular acceler-
ation [16] of the propulsion wheel pushed by the user’s upper limb. This variability of
wheelchair acceleration can be observed by measuring the wheelchair’s wheel angle of
rotation [17]. Assuming that the hand is holding the handrim during the propelling phase,
it is possible to analyse the acceleration of the wheelchair in the propelling phase based on
the measurement of the hand motion capture [18,19]. Such measurement takes into account
the hand slipping in relation to the handrims, which is normally ignored by researchers.
Hand slipping occurs most often when grasping and letting go of the handrims.

Knowing that the path of hand movement in the propelling phase is defined by
the shape of the propulsion wheel and the position of the trunk in relation to its axis of
rotation, two research objectives were adopted. The first one is an analysis of the propulsion
wheel angle of rotation resulting from the trajectory of the hand’s movement during the
propelling phase; the second one is the mathematical formalisation of the propulsion
wheel angle of rotation described as a function of the propelling phase duration. These
research objectives are justified by the ongoing work on modifications and improvements
to wheelchair manual propulsion systems [5,20-22]. When developing such innovative
manual propulsion systems, it is necessary to provide data reflecting the so-called human
factor, in this particular case, referring to the course of the angle of rotation of the propulsion
wheel during the propelling phase.

2. Materials and Methods
2.1. Measuring Apparatus

The propulsion wheel angle of rotation during the propelling phase was measured
using a measuring system attached to each of the wheelchairs used in the tests (Figure 1).
The system consisted of a GoPro HERO 7 camera (a) and a lamp (b) mounted on a boom
(c) permanently fixed to the frame of the wheelchair. The camera records the image in 960p
resolution with a speed of 240 fps. The image was saved in .mp4 format. Fragments in
which the upper limb made a driving movement were manually extracted from the recorded
image. Bandicut software was used to split the raw material. Using proprietary software,
a calibration file was generated for the camera used. This file defined the parameters of
image bending through the camera lens. The calibration file eliminated the “fisheye” effect
and made it possible to generate a scale between the actual dimension of the AruCo marker
and its size on the image recording. The illuminating lamp provides a lighting intensity of
200 to 1000 Im. The camera recorded AruCo markers (d) 50 mm by 50 mm [23]. Proprietary
software based on the OpenCV library was used to analyze the recorded image with Aruco
markers. This software made it possible to detect the position of the movable markers in
relation to the stationary ID0 marker. Kulyukin described a similar effect of object detection
on selected frames from the recording in his publication [24].

Figure 1. Measuring apparatus used in the research: (a) GoPro HERO 7 camera, (b) lamp, (c) boom,
(d) AruCo marker.
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2.2. Patients and Wheelchairs

Ten patients took part in the research (Table 1), classified according to height, weight,
age, maximum push force of the upper limb, and wheelchair experience. The push force
measuring method was methodologically formalised and used a special station where the
user, in a sitting position, pushed the handle connected with the strain gauge towards the
knee. The patients subjectively evaluated the experience using a five-point scale. Each
patient was acquainted with the research procedure and provided informed consent to
participate in the study. Prior to commencing the research, it was decided to include
people with unimpaired mobility due to the use of prototype propulsion system solutions
in difficult field conditions. The study was accepted by the Bioethical Commission at
Karol Marcinkowski Medical University in Poznan, Poland (Resolution No. 1100/16 of 10
November 2016, under the guidance of Prof. MD P. Checiniski for the research team led by
B. Wieczorek, PhD). The authors obtained the written consent of the individuals involved
for the publication of research results. The data were presented in such a way as to ensure
complete anonymity.

Table 1. Comparison of anthropometric features and the level of experience in operating a wheelchair
for the test subjects.

Height Upper Limb Length Weight Age Push Force Experience
cm cm kg Years n [-]
Patient MK 183 62 90 32 364 cccce
Patient MKA 179 60 88 33 322 ececee
Patient BW 175 55 110 31 298 eeee0
Patient BWA 178 57 96 30 309 eee00
Patient LWA 171 55 93 33 306 eeec0O
Patient LW 173 56 87 32 296 LYY Y Y
Patient DRA 169 52 72 30 263 eee00
Patient DR 174 57 81 35 247 eeee0
Patient MKB 188 64 74 36 291 eeec0
Patient MKC 185 61 72 36 321 0000

The research tests were performed using three wheelchairs equipped with manual
handrim propulsion: Vermeiren v300 (W1), ARmedical AR-300 (W2), and the Vermeiren
v300 equipped with an anti-rollback system (W3) [PL 239693].

2.3. Measurement Test

The kinematics analysis was limited to the hand movement analysis (ID1) (Figure 2a).
The measurement test required the patient to ride through a route consisting of four sections
(Figure 2b): a horizontal section allowing for the acceleration of the wheelchair (Section A),
a ramp section inclined at an angle of & = 4.58° (Sections B and C) and a horizontal section
allowing for braking of the wheelchair (Section D). Full propulsion motions made on the
final inclined section (Section C) were selected for the analysis. In this way, the influence of
the mechanical energy [25] accumulated during the wheelchair acceleration in the form of
inertia of the accelerated system (section A) was minimised. Each patient performed three
measurement tests on each of the three wheelchairs, based on which three propelling cycles
were selected. Subsequently, the selected propelling cycles were averaged and represented
each patient.

The measurement of the propulsion wheel angle of rotation during the propelling
phase was determined by the hand trajectory during the propelling cycle (Figure 3). Know-
ing the trajectory of the hand, the angular position of the hand in relation to the vertical
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axis 3 (1, 2) and the total angle of rotation of the propulsion wheel ¢ (3) as a function of the
percentage of the propelling phase’s duration (PD) were determined.
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Figure 2. Schematic layout of the motion capture measuring point (a) and the ramp on which the
tests were carried out (b), where Section A—part of the route where the wheelchair was accelerated,
Section B—section of the route for which the measurement results were not taken into account,
Section C—section of the route for which the measurement was performed, Section D—the final
section where the wheelchair was stopped, a—the inclination angle of the route.

X PD[%]

Figure 3. An example graph of the hand movement'’s trajectory (a) and the total angle of rotation
of the propulsion wheel as a function of the duration of the propulsion cycle in per cent (b), where
gS.—handrim grasping point, gE—handrim releasing point, f—angular position of the hand in
relation to the vertical axis, ¢—propelling wheel angle of rotation, PD—percentage of the propelling
phase’s duration.
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2.4. Measurement Evaluation

On the basis of the measurement and processing of the measurement signal, in accor-
dance with the method described above, the change of the handrim’s angle of rotation as
a function of the percentage of the propelling phase’s duration was assessed (Figure 4).
The dependence of the propulsion wheel angle of rotation on the percentage of the propul-
sion phase was utilised to unify the measurement results for all patients. The unification
was necessary because each patient executed the propelling phase at different times. The
procedure for converting the propelling phase duration (expressed in seconds) into the
percentage of the propelling phase’s duration was formalised with Equation (4):

PD = —5 4 100%, ()

max

where t; is any time from the interval <0; tmax>, tmax is the propelling phase’s duration, and
PD is the percentage of the propelling phase’s duration.

¢[°]

—

Figure 4. Graph of the handrim’s rotation angle course (the parameters used to evaluate the symmetry
are marked). SP—central symmetry point, SL—symmetry line, Al—area of the area delineated by the
lines of symmetry and the line of the rotation angle function of the circle to the left of the symmetry
point, A2—the area of the field plotted by the lines of symmetry and the line of the wheel angle of
rotation to the right of the midpoint, ¢—ang]le of rotation of the drive wheel, PD—duration of the
driving phase expressed as a percentage.

Central symmetry in the course of the propulsion wheel angle of rotation was observed
from the test results and the review of the measuring signal. In order to analyse this
phenomenon, two parameters—describing the point of central symmetry (SP) and the lines
of symmetry (SL)—were determined. SP was defined by two coordinates (5), whereas SL
was the trend line for the analysed real course of the angle of rotation ¢.

SL[PD; ¢(PD)] ®)

where ¢ is the propulsion wheel angle of rotation recorded after the end of the propulsion
phase and PD is the percentage of the propulsion phase’s duration, ranging from 0-100%.

Bearing in mind that the test was performed on humans, it was not possible to obtain
a perfectly central symmetry. Therefore, in further analysis, the symmetry coefficient
SF (6) was determined, describing by what per cent a given result differed from the
ideal symmetry. When the SF coefficient reaches the value of 0, there is perfect central
symmetry [26]; positive values indicate right asymmetry, and negative values indicate
left asymmetry. This asymmetry should be understood as the direction of the shift in the

symmetry point SP.
Ay — Aq
SF = ———100% 6
Ay + Ay ©)
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where A is the area of the field delineated by the lines of symmetry and the line of the
wheel angle of rotation to the left of the symmetry point, and A; is the area of the field
delineated by the lines of symmetry and the line of the wheel angle of rotation to the right
of the symmetry point.

3. Results and Discussion

In accordance with the study methodology, the average course of the change in the
propulsion wheel angle of rotation as a function of the percentage of the propulsion
phase’s duration was determined for each patient (Figure 5). Additionally, a comparison
of the mean of the function of the propulsion wheel angle of rotation ¢ depending on the
wheelchair was carried out for all patients (Figure 5d).

Based on the courses of the propulsion wheel angle of rotation, it was found that for
each patient, there was central symmetry in the shape of the function ¢. Despite variance
in the final values of the propulsion wheel angle of rotation, two characteristic inflections
of the function were noticeable for each patient, the first of which occurred in the range of
0-50% PD, and the second was in the range of 50-100% PD. By averaging the patient results
for individual wheelchairs (Figure 5d), it was found that the model of the wheelchair did
not affect the course of the propulsion wheel angle of rotation.

The differences in the values of the propulsion wheel angle of rotation ¢ obtained by
individual patients result from their physical attributes, such as the strength and length
of the upper limbs (hand, forearm, arm). Therefore, in further analysis, the results of all
patients for individual wheelchairs were averaged. This procedure is justified because it
was earlier found that the function of the propulsion wheel angle of rotation ¢ for each
patient had the same characteristics as the inflection points and that each function had the
same PD time base.

Using the averaged functions of changing the propulsion wheel angle of rotation, graphs
were prepared for each wheelchair, enabling an analysis of the symmetry (Figures 6-8).
Additionally, using the averaged results for the three wheelchair models, an additional
graph was prepared that represented the entire group of wheelchairs equipped with manual
handrim propulsion (Figure 9). In addition to the averaged function of the propulsion
wheel angle of rotation AVG ¢, the course of the approximate function by the mathematical
model MOD, the symmetry line SL, the central symmetry point SP and the value of the
standard deviation between the patients o ¢ are marked on these graphs. The numerical
values describing the symmetry parameters are included in Table 2.

Based on the analysis of the average function of the propulsion wheel angle of rotation
AVG ¢ for individual wheelchairs, a significant similarity was found in the course of
these functions. This is confirmed by the mathematical models for approximating AVG
functions ¢. The resulting polynomials (7-9) for individual wheelchairs are characterised by
similar values of the polynomial coefficients, which is a sufficient premise for excluding the
influence of the wheelchair model on the course of the handrim’s rotation angle function.

w1 (PD) = —0.001PD? + 0.0196PD? + 0.1989PD 7)
ew2(PD) = —0.0001PD? + 0.0198PD? + 0.1991PD (8)
ew3(PD) = —0.0001PD? + 0.0182PD? + 0.2732PD 9)

where @y is a polynomial approximating the propulsion wheel angle of rotation chang-
ing function course, depending on the percentage duration of the propelling phase for
wheelchair W1, @2 is a polynomial approximating the propulsion wheel angle of rotation
changing function course, depending on the percentage duration of the propelling phase
for wheelchair W2, @3 is a polynomial approximating the propulsion wheel angle of
rotation changing function course, depending on the percentage duration of the propelling
phase for wheelchair W3 and PD is the percentage of the propulsion phase’s duration.
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Figure 5. Graph of the function of changing of the propulsion wheel angle of rotation depend-
ing on the percentage of the propulsion phase’s duration: (a) wheelchair W1, (b) wheelchair W2,
(c) wheelchair W3, and (d) averaged ¢ function of all patients for individual wheelchairs.
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Figure 6. A graph of the averaged function of the change of the propulsion wheel angle of rotation
and the standard deviation depending on the duration of the propulsion phase for wheelchair W1.
SP—symmetry point, SL—symmetry line, AVG @—mean for all patients” function of the propulsion
wheel angle of rotation, 0 ¢—standard deviation between the participants, MOD—mathematical
approximation function of the average function AVG ¢, ¢—propulsion wheel angle of rotation,
PD—the percentage of the propelling phase’s duration.
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Figure 7. A graph of the averaged function of the change of the propulsion wheel angle of rotation
and the standard deviation depending on the duration of the propulsion phase for wheelchair W2.
SP—symmetry point, SL—symmetry line, AVG @—mean for all patients’ function of the propulsion
wheel angle of rotation, o ¢—standard deviation between the participants, MOD—mathematical
approximation function of the average function AVG ¢, ¢—propulsion wheel angle of rotation,
PD—the percentage of the propelling phase’s duration.
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Figure 8. A graph of the averaged function of the change of the propulsion wheel angle of rotation
and the standard deviation depending on the duration of the propulsion phase for wheelchair W3.
SP—symmetry point, SL—symmetry line, AVG @—mean for all patients” function of the propulsion
wheel angle of rotation, o ¢—standard deviation between the participants, MOD—mathematical
approximation function of the average function AVG ¢, ¢—propulsion wheel angle of rotation,
PD—the percentage of the propelling phase’s duration.

Table 2. List of parameters describing the central symmetry of the average function of the propulsion
wheel angle of rotation for wheelchairs W1, W2, and W3 and for the entire group equipped with a
manual handrim propulsion system (AVG W). PD—propelling phase duration, ¢—handrim rotation
angle, SF—symmetry coefficient, t—propelling phase duration.

Wheelchair Type Symmetry Point Symmetry Factor Propulsion Time
PD [%] © [°] SF [%] t[s]
W1 54 47 14 113
W2 62 54 -8 1.18
W3 57 53 3 1.23

AVGW 58 52 4 1.18
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Figure 9. A graph of the averaged function of the change of the propulsion wheel angle of rota-
tion and the standard deviation depending on the duration of the propelling phase for the entire
group of the manual handrim propulsion wheelchairs and for all patients. SP—symmetry point,
SL—symmetry line, AVG @—mean for all wheelchairs’ function of the propulsion wheel angle of
rotation, o ¢—standard deviation between the tested wheelchairs, MOD—mathematical approxi-
mation function of the average function AVG ¢, ¢p—propulsion wheel angle of rotation, PD—the
percentage of the propelling phase’s duration.

When analyzing the standard deviation o ¢, it was noticed, regardless of the wheelchair
model, the differentiation in the value of the angle of rotation of the drive wheel generated
by patients increases with the duration of the PD drive phase. The maximum values of
the standard deviation were 12° for wheelchair W1, 15° for wheelchair W2, and 14° for
wheelchair W3. The differences between patients resulted from different body structures
(despite the same percentile of anthropometric dimensions being considered), physical
strength, and wheelchair propelling style. The greatest discrepancies between patients
were found around the central point of symmetry SP. The discrepancy in the value of
the propulsion wheel angle of rotation near SP should be explained by the differences in
the anthropometric dimensions of the participants. By watching the patients during the
test, it was found that the position of SP during the propelling phase occurred when the
hand was at the highest point on the handrim of the propelling wheel, i.e., at an angle
3 = 0° (Figure 3), whereas the duration of the propelling phase for which this phenomenon
occurred resulted from the speed of the hand and the length of the entire limb.

An important observation is the location of the symmetry point SP, which is significant
for systems characterised by central symmetry. For all wheelchairs, this point was located
near the centre of the propulsion phase PD duration and in the half of the maximum
propulsion wheel angle of rotation ¢. The position of SP for all wheelchairs was on the
horizontal axis within the range of 54—62% and on the vertical axis within the range of
47°-54°. Based on these results, one can see a tendency for SP to shift to the right and up
relative to the midpoints. The reason for this is the position of the propulsion wheel axis of
rotation in relation to the seat. However, exploring the factors affecting this relationship
would require a separate study.

The analysis of symmetry using the symmetry factor SF did not reveal perfect sym-
metry in any case. The expected result is due to the participation of different patients
and the human factor related to the individual capabilities of each patient. However, the
asymmetry was small, ranging from 3% to 14%, which is a good result by the standards
of an anthropotechnical system burdened with very small repeatability of measurement
attempts.

Bearing in mind the above observations and the lack of contraindications to averaging
the results for the three tested wheelchairs as one object representing the entire group of
semi-active manual wheelchairs with manual handrim propulsion, a generalised math-
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ematical model was derived that can determine the current propulsion wheel angle of
rotation @(PD), depending on the percentage of the PD propelling phase’s duration (10).

¢(PD) = —0.001PD? + 0.0192PD? + 0.1971PD (10)

Describing the model in absolute form, expressed as a percentage of the propelling
phase’s duration, allows it to be adapted to different patients with different paces of
wheelchair propelling. This model, assuming the total duration of the propelling phase
expressed in seconds, can generate the course of the function of the propelling wheel angle
of rotation, depending on the actual duration of the propelling phase.

4. Conclusions

The tests performed for this study showed central symmetry in the shape of the
propulsion wheel angle of rotation changing function during the propelling phase. This
observation made it possible to discover the influence of both the physical features of the
wheelchair and the human anthropometric features on the difference in the rate of handrim
propulsion. The symmetry found in the results made it possible to distinguish three stages
of the propelling phase, characterised by different hand movement accelerations. The
first stage lasted from 0 to 45% of the propelling phase of the wheel acceleration, the
second stage lasted from 45 to 70% of the propelling phase—in which the hand moved
with constant acceleration—and the third stage lasted from 70 to 100% of the propulsion
phase, in which the hand pushing the handrim decelerated.

The research has shown that the average position of the central symmetry occurred
for the rotation angle ¢ of 52° and that the propelling phase duration amounted to 58%.
In further research, it should be checked how the position of this point is influenced by
the position of the seat in relation to the propulsion wheel axis of rotation. Based on the
tests carried out during the research, it can be concluded that the horizontal position of the
central symmetry point had the greatest impact on the position of the seat in relation to the
propulsion wheel axis of rotation.

The convergence of the results obtained for individual patients and wheelchairs
made it possible to derive a mathematical model of the propulsion wheel angle of rotation
function during the propulsion phase. The model was obtained on the basis of 90 individual
measurement tests (10 patients performing three measurement tests on three wheelchairs
of the same type) and can be successfully used in the further description of wheelchair
kinematics. Moreover, it can be used in the design of innovative wheelchair propulsion
systems, the purpose of which will be to unify the speed of the propelling system.

5. Patents

Patent in the Patent Office of the Republic of Poland, PL 239693, Module for the
Universal Lever Brake of a Wheelchair Wheel, WIECZOREK Bartosz, WARGULA tLukasz,
KUKLA Mateusz, 2019.

Funding: This research is a part of the project: “Innovative Drive Systems for Wheelchairs—Design,
Prototype, Research, number: “Rzeczy sa dla ludzi/0004/2020”, financed by the National Centre for
Research and Development, https://www.gov.pl/web/ncbr (accessed on 3 October 2021).

Institutional Review Board Statement: The study was accepted by the Bioethical Commission at
Karol 97 Marcinkowski Medical University in Poznan, Poland (Resolution No. 1100/16 of 10 No-98
vember 2016, under the guidance of P. Checiriski for the research team led by B. 99 Wieczorek PhD).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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