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Abstract: Objective: The main objective of the tests conducted was to analyze the position variability
of the human body’s center of gravity during propelling the wheelchair, and to demonstrate the
properties enabling the description of this variability by means of plane figures with a symmetry
axis. A secondary objective was to show the impact of the used manual propulsion type and the
wheelchair inclination angle in relation to the plane on the dimensions of the position variability
areas of the center of gravity. Method and materials: Three patients participated in the research
representing 50 centiles of anthropometric dimensions. Each patient carried out fifteen measurement
tests on three wheelchairs for three inclination angles of the wheelchair frame in relation to the level.
Each measurement test consisted of five propulsion cycles for which the positions of the center of
gravity were determined with the sampling frequency of 100 Hz. The measured positions of the
center of gravity were approximated with ellipses containing 95.4% of the measurements conducted,
assuming their dimension scaling basis in the form of the double value of standard deviation defined
based on the registered results. Results: Based on the measurements conducted, the average values of
five ellipses parameters were determined for nine cases in which a variable was the type of wheelchair
propulsion and its inclination angle in relation to the level. The area of the highest variability of the
position of the center of gravity was measured for the wheelchair with a multispeed transmission.
The average dimensions of the ellipse semi-axis amounted to 108.53 mm for the semi-axis a and
29.75 for the semi-axis b, the average position of the ellipse center amounted to x = 114.51 mm and
y = —10.53 mm, and the average inclination angle of the ellipse « amounted to —6.92°. The area
of the lowest variability of the position of the center of gravity was measured for the wheelchair
with a hybrid transmission. In this case, the average dimensions of the ellipse semi-axis amounted
to 64.07 mm for the semi-axis a and 33.85 for the semi-axis b; whereas, the average position of the
ellipse center amounted to x = 245.13 mm and y = —28.24 mm, and the average inclination angle of
the ellipse o« amounted to —0.56°.

Keywords: center of gravity; wheelchair; wheelchair propelling

1. Introduction

According to the World Health Organization (WHO) data, 10% of the world’s popula-
tion is constituted by people with disabilities. A considerable portion of this group includes
people with motor disabilities who must use wheelchairs. The main function fulfilled by
the wheelchair in the case of such a person is a locomotion function [1]. A wheelchair with
a patient constitutes an anthropotechnical system described with a range of interrelated
biomechanical parameters, such as speed [2], acceleration [3], muscle activity [4] and the
position of the center of gravity [5]. One of the most important biomechanical parameters is
the position of the center of gravity. Unfortunately, many biomechanical analyses simplify
it to a single fixed point. Such an approach is an excessive simplification because a human
body moves continuously during the wheelchair operation.
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The human body movement range during propulsion generation depends mainly
on the type of wheelchair used. A basic division of wheelchairs results from the type of
propulsion system used, and it is as follows: electric wheelchairs, manual wheelchairs
and hybrid wheelchairs. Wheelchairs with electric propulsion do not require any physical
activity of the user during propulsion generation. Thus, it may be assumed that during
the movement of such a wheelchair, the position of the human body center of gravity
is constant in relation to any stationary point on the wheelchair. As far as wheelchairs
with manual propulsion are concerned, propelling the wheelchair requires human body
physical activity, which results in the variability of the position of the center of gravity in
relation to any stationary point on the wheelchair. The currently observed trends in the
rehabilitation sector indicate the increasing interest of the disabled in hybrid wheelchairs
combining manual propulsion with electric propulsion [6]. Such wheelchairs have become
more popular because they still require the physical activity of the user, at the same time
compensating for its physical limitations by means of the electric propulsion system.

In the event of manual wheelchairs and hybrid wheelchairs, locomotion is the effect
of, for instance, pushing the pushrims [7,8]. Pushing the pushrims results in the changes
in the position of the human body and its respective segments [9,10], which generates
the variability of the position of the human body center of gravity. The changes in the
body position may be observed in relation to any point placed on the moving wheelchair.
Conditioning the variability of the human body position on the type of manual propulsion
used is caused by the specification of a propelling cycle, which consists of a push phase
and a return phase [11]. In the push phase (Figure 1A), the upper limbs hold the pushrims,
and they push them forwards. At the beginning of the driving phase, the torso rests against
the backrest of the wheelchair, the upper limb is bent at the elbow, and the hand is on
the pushrims in the extreme rear position. As the driving phase progresses, the upper
limb is straightened at the elbow, and the torso is slightly tilted forward. At the end of the
driving phase, the hand is still on the pushrims but in the extreme-forward position. At
the beginning of the driving phase, the torso rests against the backrest of the wheelchair,
the upper limb is bent at the elbow, and the hand is on the pushrims in the extreme rear
position. As the driving phase progresses, the upper limb is straightened at the elbow, and
the torso is slightly tilted forward. As a result of these activities, there is a dislocation of
the human body’s center of gravity towards the front wheels of the wheelchair. During the
return phase (Figure 1B), the upper limbs release the pushrims and return freely to their
initial position. Free movement of the upper limbs consists of bending them again in the
elbow joint without the simultaneous contact of the hand with the pushrims. In addition,
in the return phase, the torso is vertically upright so that it rests its entire back against
the wheelchair’s backrest. The return phase ends with grasping the pushrims with the
hand again in the extreme rear position. The human body kinematics in the return phase
translates into a shift of the human body’s center of gravity towards the rear driving wheels.
Relating the individual phases of the propulsion movement to the locomotive function,
the key phase is the driving one during which the driving force is generated. During
its duration, the variability in the position of the center of gravity is more predictable
as all gripping members of the human body are in contact with the wheelchair. In the
case of the return phase—the influence on the locomotive function is the smallest, but it
is characterized by the greatest influence on the randomness and differentiation of the
position of the center of gravity of the human body. The familiarity with the variability
area of the position of the human body center of gravity in dynamic conditions is crucial
in a designing process since it enables defining the application place of a load dependent
on the human body weight. Furthermore, defining the position of the center of gravity is
significant when determining wheelchair stability [12]. When analyzing the current state
of knowledge, it is noticeable that there are no data that describe the variability ranges
or occurrence areas of the human body center of gravity in dynamic conditions. Such
data would be useful in designing processes or during the computer simulations of the
biomechanics of the man-wheelchair anthropotechnic system.
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Figure 1. Time-lapse photos depicting the change of the human body position in the push phase (A)
and return phase (B). The dashed green line shows the hand trajectory during its contact with the
pushrim; the dashed red line shows the hand trajectory during free return movement.

During the analysis of the position variability of the human body center of gravity,
there are a few scenarios, such as maneuvering and driving ahead. In the event of maneu-
vering, the upper limbs make non-symmetric movements. Whereas, when driving ahead,
the upper limbs make a symmetric movement [13,14], which guarantees driving ahead.
Such symmetry of the movement of the upper limbs results in the symmetric distribution
of the position of the human body center of gravity measured during the propelling cycle.

The main objective of the research carried out was to determine the variability areas
of the position of the human body center of gravity. An additional objective of the research
was to conduct an analysis parametrizing the indicated area by indicating its symmetric
nature. An attempt to demonstrate the constancy of the symmetric nature of the areas
indicated required conducting a test for the various configurations of the wheelchair
inclination angle and various types of pushrim drives.

2. Materials and Methods

The tests were carried out on three wheelchairs equipped with the various types of
manual pushrim drives. The first wheelchair, called hybrid (Figure 2A) (P. 427855), was
characteristic of the combination of the manual pushrim drive (1) with electric engines
embedded in the hub (2) [15]. This combination resulted in increasing the driving torque
generated by the upper limb with the value of the torque generated by the electric engine.
In this structure, the manual propulsion system was assisted only when the upper limb
made a propelling movement. The second type of wheelchair, also known as the multispeed
wheelchair (Figure 2B), had a multispeed hub embedded in the drive wheel (3) (PL 223142).
The hub had three speeds with the following transmissions: 0.56, 1.00, 1.96, by means of
which the driving force supplied to the pushrims was transformed (1). The third wheelchair
type, also referred to as typical (Figure 2C), was a semi-active wheelchair Vermeiren v300.
The propulsion system of this wheelchair was characteristic of the direct coupling of
pushrims (1) with the drive wheel (4).
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Figure 2. Wheelchairs used during the tests: hybrid manual-electric (A), multispeed with the
planetary transmission (B), typical semi-active with the pushrim drive (C); where: 1—pushrims,
2—BLCD (brushless DC motor) electric motor embedded in the hub, 3—planetary transmission
embedded in the hub, 4—drive wheel.

The measurement of the position variability of the center of gravity during propelling
the above-described wheelchairs was carried out for three patients without any disability
(Table 1). The patients were classified according to height, weight, age, the maximum
strength of an upper limb generated during pushing and experience in moving on a
wheelchair. Each patient was familiarized with the test procedure and completed the volun-
tary consent form. It was decided to engage people without any motor disabilities to partic-
ipate in the test on account of the use of the prototype solutions of propulsion systems. The
research has been positively evaluated by Bioethical Commission at Karol Marcinkowski
Medical University in Poznan, in Poland, Resolution No. 1100/16 of 10 November 2016,
under the guidance of Prof. MD Checiriski P. for the research team led by Ph.D. Wieczorek
B. The authors obtained the written consent of the examined person for the publication
of the research results with its participation. The data are presented in such a way as to
ensure its complete anonymity.

Table 1. Comparison of anthropometric features and the level of experience in wheelchair operation

of the test subjects.
Patient No. Height Weight Age Push Force?  Experience !
) cm kg years N (=)
Patient 1 186 88.4 32 315 XY T
Patient 2 176 60.8 27 244 [XYY)e)
Patient 3 186 79.4 34 282 00000

! qualitative assessment of the driving skills of the wheelchair, where the O representing the user’s first contact
with the manual drive. 2 right limb repulsion force, all patients declared right-handedness. e qualitative
assessment of the driving skills of the wheelchair, where the O representing the user’s first contact with the
manual drive.

The measurement of the position of the human body center of gravity was conducted
in the test stand, which was the chassis dynamometer for wheelchairs [16] (P. 424482). The
dynamometer was equipped with four strain gauge scales W; (Figure 3), which enabled
the measurement of reaction forces R; which was the effect of loading the scale with the
wheelchair, including a man.
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Figure 3. The used test stand with the indicated strain gauge scales W1-W, and the force of reactions
in the scale supports R;j—Rj.

The measurement of the position of the human body center of gravity consisted of the
measurement of the reaction forces value R;, based on which, with the defined distances
between strain gauge scales (L, H), the position of the human body center of gravity
was determined fjj (1-4) by the rotational balance on four planes 71,7y in relation to the
coordinate system from originating in the scale W; (Figures 4 and 5).
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Figure 4. The outline specifying the data required for determining the position of the center of
gravity, where CG—the center of gravity of the human body, mi—one of four side planes, Ry, Ry, R3,
R4—a reaction in the scale support, fj—the position of the center of gravity on one of the side planes,
L—scale length, H—scale width. For the used model Ry = 0 and Ry = 0.
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Figure 5. The scheme of the method for determining the location of the center of gravity on the XY
horizontal plane, the description of symbols is given in the text.

Using the determined distances f;; (Figure 4), they were marked on the sides of the
rectangle drawn on the plan of the locations of the strain gauges W;, which are also the
points of application of the reaction forces R;. Then two straight lines were drawn through
the points Pi marked on the sides of the right angle. These lines intersected at one point
on the horizontal XY plane (Figure 5). The x (5) and y (6) coordinates of this point are the
searched position of the center of gravity of the human body CG.

Hfp
" fis—fu2 — fua
_ - , ©
: (f23Lf14) - <f43[—{f12>

_ H _
() (25) - () 6
y= (fz3zf14) . ( H ) fis ©)
fiz—fn

The research method required each patient to propel the wheelchair forwards (equal
and simultaneous pushes of the left and right pushrim) with the constant speed of pushes
amounting to 50 pushes per minute. For each tested wheelchair, the following three
inclination angles towards the ground were simulated: 0°, 7°, 14°. One measurement test
consisted of five full propulsion cycles [17], during which the position of the center of
gravity of the human body was determined with the sampling time of 0.01s. The outcome
of each measurement test was the set of points depicting the position variability of the
human body center of gravity in dynamic conditions, that is, propelling the wheelchair
on the straight-line track. Such a set was replaced with an ellipse defined with such
parameters as the position of the ellipse center xcog and ycog, semi-axis a, semi-axis b and
the ellipse inclination angle o (Figure 6). The position of the ellipse center was determined
by calculating the average value of the coordinate x and y of the points measured. The
semi-axis length o« constituted the double value of the standard deviation (20) of the
coordinate x of the points measured, whereas, as far as the semi-axis b is concerned, its
length corresponding to the double standard deviation (20) of the coordinate y of the points
measured. Assuming the ellipse dimensions as the double standard deviation ensured the
ellipse covering 95.4% of all the points measured. The ellipse inclination & corresponded

to the inclination of the trend line determined based on all the measured points [5,18].
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Figure 6. The outline which illustrates drawing the ellipse determining the position variability of the
human body center of gravity based on the measured points of the position of the center of gravity in
the exemplary test sample.

For the purpose of analyzing the symmetric nature of the position variability of the
human body center of gravity on the horizontal plane, the ellipses were decomposed
(Figure 7A). As a result of decomposition, the following ellipse parameters were defined:
geometrical dimensions (Figure 7B), inclination angle (Figure 7C) and the position of the
ellipse center in relation to the central point of the rear wheels rotation axis (Figure 7D).
Specifying such parameters enabled the separate analysis of each ellipse parameter de-
pending on the type of the used propulsion system and the wheelchair inclination angle.

-70 -50 -30 -10 10 30 50 70

3
2 x [mm]
s
-]
4 -
: -» B
2 -+
375+ v —— . e COG
T COG L T T
£ = € 0 t . . Pl T | | L 4 |
Es0 | -5 E } } + + f e } |
> - >-1 s
325 + -2 T
_3 +
300 } + + + -4 <+
100 125 150 175 200 -50 -40 -30 -20 -10 O 10 20 30 40 50
x [mm] x [mm]

Figure 7. An example of the ellipse decomposition depicting the variability of the human body center
of gravity (A) on the ellipse geometry (B), ellipse center position COG (C), and the ellipse inclination
angle (D).
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3. Results

In accordance with the adopted research procedure, the measurement tests were
carried out on the typical wheelchair, multispeed wheelchair and hybrid wheelchair. In
the event of the multispeed wheelchair and the hybrid wheelchair, the patient carried out
the same number of measurement tests for various transmission ratios and the various
degrees of electric engine assistance. As far as the multispeed wheelchair is concerned, the
patient chose a transmission ratio that was comfortable for such a patient, and it was used
during all the measurement tests. Whereas during the tests carried out on the wheelchair
with the hybrid propulsion, the control system automatically selected a driving torque
amplification coefficient with the torques generated by electric motors. This selection
depended on the external conditions; in this case, this was the wheelchair inclination angle.
With such limit conditions, the subsequent analysis focused only on the impact of the
manual propulsion type and the wheelchair inclination angle on the area and shape of
the variability field of the position of the human body center of gravity. The geometrical
interpretation of the analyzed ellipse parameters is presented in Figure 8. It specifies the
position (a) and center (b) of ellipses in relation to the assumed reference system O, and a
directional line (c) defining the trunk inclination direction. In the remainder of this chapter,
the averaged results for the three tested patients are presented, while the average test
results for individual patients are included in Appendix A.

Figure 8. The outline of the positioning of the analyzed ellipses within the tested patient body, where:
a—ellipse which is the variability area of the position of the human body center of gravity, b—ellipse
center, c—directional line, d—measured positions of the human body center of gravity during the
measurement test.

The decomposition of the measured variability areas of the position of the human
body center of gravity consisted of determining such parameters as ellipse dimensions, the
position of the ellipse center in relation to the rotation axis center of the wheelchair rear
wheels and the ellipse directional line. The directional line defines the ellipse inclination
angle in relation to the system axis x. Furthermore, it defines the main direction of the trunk
movement, and it fulfills the role of the symmetry axis in relation to which the variability
area of the position of the human body center of gravity is distributed. The graphs of the
directional line course for the tested wheelchairs are presented in Figure 9.

The ellipse dimensions analysis allowed the determination of the area size within
which, in the horizontal plane XY, the position of the human body center of gravity may be
located. The elliptical shape accepted in the method allowed to include 95.5% of all the
measured points in the analysis. The diagrams presenting ellipse dimensions, depending
on the manual propulsion type, are presented in Figure 10.
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Figure 9. The graphs of the ellipse directional lines, depending on the wheelchair inclination angle k for
(a) wheelchair with the multispeed manual propulsion system, (b) hybrid propulsion system, (c) typical
manual propulsion, where o_¢o —directional line inclination angle during propelling the wheelchair
inclined at 0°, &y_7> —directional line inclination angle during propelling the wheelchair inclined at 7°,
ay-14° directional line inclination angle during propelling the wheelchair inclined at 14°.
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Figure 10. The ellipse diagrams describing the variability of the position of the human body center of
gravity depending on the wheelchair inclination angle k for (a) wheelchair with multispeed manual
propulsion system, (b) hybrid propulsion system, (c) typical manual propulsion system, where
ay-go—the length of the semi-axis in the directional axis during propelling the wheelchair inclined
at 0°, o_yo—the length of the semi-axis in the directional axis during propelling the wheelchair
inclined at 7°, ay_14o—the length of the semi-axis in the directional axis during propelling the
wheelchair inclined at 14°, by_g-—the length of the semi-axis perpendicular to the directional axis
during propelling the wheelchair inclined at 0°, by_go—the length of the semi-axis perpendicular to
the directional axis during propelling the wheelchair inclined at 7°, by_y-—the length of the semi-axis
perpendicular to the directional axis during propelling the wheelchair inclined at 14°.




Symmetry 2021, 13, 154

10 of 17

The last element enabling the definition of the variability range of the position of
the human body center of gravity was the position of the ellipse center (Figure 11). The
analysis of this parameter allowed us to determine the position of the ellipses in relation
to the rotation axis center of the wheelchair rear wheels. Furthermore, the analysis of this
parameter enabled the performance of the observation of the wheelchair inclination angle
impact on the shifting of the areas of the variability of the human body center of gravity in
relation to the rotation axis of the rear-drive wheels.

e k=0° ek=7° ek=14°

50 Xpge = 18227 mm y, .= -10.82mm  y ,
30
T 10 Xpere = 11337 mm y, 7= =15.90mm =7 e
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X [mm)]
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30 T IEI —a1c _ y
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E 101 X L 5 , —_—
%-m 17T ' | X =24428 mmy, ;.= -18.21 mm |l =
1 1
:iz _T\$ Xyoiqo= 17135 mm y,_,,- = -38.48 mm =='&' X
150 200 250 300 350
X [mm]
o k=0° ek=7° ek=14°
B
c
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_ Xj—e = 127.52 mm y; o = 12.38 mm 1
E0 ‘ [ o X =69.73 mm y,_po = ~16.19 mm -
S-10 5 5
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Figure 11. The diagrams of the position of the ellipse center describing the position variability of the
human body center of gravity depending on the wheelchair inclination angle k for (a) wheelchair with
multispeed manual propulsion system, (b) hybrid propulsion system, (c) typical manual propulsion
system, where Xy_g° and yy-o-—the coordinates of the position of the ellipse center during propelling
the wheelchair inclined at 0°, where xy_7> and yy_y>—the coordinates of the position of the ellipse
the coordinates of

center during propelling the wheelchair inclined at 7°, where xy_14° and yy_14°
the position of the ellipse center during propelling the wheelchair inclined at 14°.

The analysis of the measured parameters of the variability area of the position of
the human body center of gravity for the tested wheelchairs is presented in Tables 2—4.
In order to conduct the interpretation of the results obtained, a mean of the respective
parameters was appointed M for three tested inclination angles and average increase A. The
average increase specified the millimeters or degrees with which the parameters changed
depending on the change of the wheelchair inclination angle.



Symmetry 2021, 13, 154

11 0of 17

Table 2. The comparison of the ellipse parameters describing the variability area of the position of
the human body center of gravity during propelling the wheelchair with the multispeed propulsion
system; where: a—the length of the semi-axis parallel to the direction of the trunk movements,
b—the length of the semi-axis perpendicular to the direction of the trunk movements, x—the ellipse
inclination angle in relation to the human body sagittal plane, x and y—the coordinates of the position
of the ellipse center in relation to the rotation axis center of the wheelchair drive wheels.

k=0° k=7° k=14° M A
a (mm) 91.89 107.65 126.05 108.53 17.08
b (mm) 29.75 36.57 39.02 35.11 4.63
o ©) —8.27 -5.10 —7.40 —6.92 2.73
X (mm) 182.27 113.37 47.90 114.51 67.19
y (mm) —10.82 —15.90 —4.87 —10.53 8.05

Table 3. The comparison of the ellipse parameters describing the variability area of the position of the
human body center of gravity during propelling the wheelchair with the hybrid propulsion system;
where: a—the length of the semi-axis parallel to the direction of the trunk movements, b—the length
of the semi-axis perpendicular to the direction of the trunk movements, a—the ellipse inclination
angle in relation to the human body sagittal plane, x and y—the coordinates of the position of the
ellipse center in relation to the rotation axis center of the wheelchair drive wheels.

k=0° k="7° k =14° M A
a (mm) 58.22 67.99 65.99 64.07 5.89
b (mm) 43.52 30.91 27.12 33.85 8.20
104 ) 1.99 —222 —1.45 —0.56 2.49
X (mm) 319.77 244.28 171.35 245.13 7491
y (mm) —28.03 —18.21 —38.48 —28.24 15.04

Table 4. The comparison of the ellipse parameters describing the variability area of the position of the
human body center of gravity during propelling the wheelchair with the typical propulsion system;
where: a—the length of the semi-axis parallel to the direction of the trunk movements, b—the length
of the semi-axis perpendicular to the direction of the trunk movements, a—the ellipse inclination
angle in relation to the human body sagittal plane, x and y—the coordinates of the position of the
ellipse center in relation to the rotation axis center of the wheelchair drive wheels.

k=0° k=7° k=14° M A
a (mm) 69.20 9291 92.45 87.19 15.13
b (mm) 32.75 23.88 21.49 26.04 5.63
104 ©®) —9.24 —3.48 —-091 —4.55 4.17
X (mm) 127.52 69.73 4.84 67.36 61.34
y (mm) 12.38 —16.19 4.84 0.34 24.80

4. Discussion

The analysis of the sets of points of the position of the human body center of gravity
measured during propelling the wheelchair in the straight-line track demonstrated the
symmetric nature of the points distribution. The symmetry axis, in this case, is the direc-
tional line, which at the same time is the trend line of the measured points of the position
of the center of gravity. It may be observed that regardless of the case tested, the directional
line was always inclined at a certain angle in relation to the axis x in the sagittal plane of the
human body [19]. The inclination angle of the directional line ranged from —9.24° for the
wheelchair with the typical manual propulsion system (Table 4) when climbing the slope
of k = 0° to 1.99° for the wheelchair with the hybrid propulsion system when climbing the
slope of k = 0° (Figure 9, Table 3). The directional line, through its inclination, depicts the
direction in which the trunk bends during propelling the wheelchair [20]. The value of the
directional line inclination is strictly connected with the user’s physical capabilities and
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with the differences between the muscle system of the left limb and the right limb [21,22].
When analyzing the measured values of the directional line inclination angle, it may be
noticed that in eight cases, the inclination angle is negative, which should be interpreted
that, for such measurement tests, the user’s trunk was bent to the left side. Taking into
account the non-symmetry of the maximum force generated by the upper limbs and the
dextrality of all the tested persons, it has been stated that the directional line of the trunk
movement is directed towards the limb, which generates a higher driving force. In the
design application, the value of the ellipse tilt angle informs about the uniformity of the
distribution of the points of the center of gravity of the human body between the left and
right sides of the wheelchair frame. With a tilt angle of the direction line of 0°, the ideal
situation occurs, meaning that the number of loading cycles on the left and right side of the
wheelchair frame is the same. In case of an increase in this angle, one of the quarters of the
wheelchair frame is loaded more often.

Based on the proved symmetry of the distribution of the points measured, a method
was assumed, which replaces the measured points of the position of the center of gravity
with the ellipse. The dimensions of this ellipse semi-axis are the double value of the
standard deviation of the coordinate x of the position of the center of gravity in the event
of the semi-axis a and the double value of the standard deviation of the coordinate y in
the event of the semi-axis b. Such an approximation of the set of the position points of the
center of gravity considers 95.4% of all the points measured in the sample. Since in the
measurement test, the user performed five full propelling cycles, it was assumed that the
rejected 4.6% points included extreme measurements as a result of a measurement error
and a human factor causing minor discrepancies between the tracks of the upper limb
movement in respective propelling cycles.

The analysis of the dimensions of the position variability field of the center of gravity
demonstrated that regardless of the type of propulsion system used; the wheelchair inclina-
tion angle affects the geometrical dimensions of the drawn ellipses. In the tested propulsion
systems, the following differences in the semi-axis length were observed: 17.08 mm for
semi-axis a (Aa) and 4.63 mm for semi-axis b (Ab) with the multispeed propulsion system
(Figure 10, Table 2), 15.13 mm for semi-axis a (Aa) and 5.63 mm for semi-axis b (Ab) with
the typical propulsion system (Figure 10, Table 2), and 5.89 mm for semi-axis a (Aa) and
8.20 mm for semi-axis b (Ab) with the hybrid propulsion system (Figure 10, Table 3). On
the basis of the defined ellipse dimensions, it was stated that the largest variability area of
the position of the human body center of gravity was measured for the wheelchair with
the multispeed propulsion system (Figure 10, Table 2). In the event of this wheelchair, the
average length of the semi-axis a (M a) amounted to 108.53 mm; whereas, the semi-axis b
(M b) was 35.11 mm. The smallest variability area of the center of gravity was observed
for the wheelchair with the hybrid propulsion system (Figure 10, Table 3), for which the
average semi-axis length a (M a) amounted to 64.07 mm, whereas the semi-axis b (M b)
was 33.85 mm. This is a significant observation that may indicate that the modification
of the typical manual propulsion system results in the change in the distribution of the
position of the human body center of gravity in dynamic conditions. The differences in
the dimensions of the position variability areas of the center of gravity result from the
human body kinematics during propelling the wheelchair [18-20]. The presented results
of the dimensions of the ellipses show that it is advantageous to use systems supporting
the manual traction drive. During their use, the smallest increases in dimensions of the
area of the variability of the position of the center of gravity of the human body as a
result of changes in the parameters of the wheelchair operation occur. On the basis of the
determined ellipses, it was observed that, regardless of the type of the tested drive, the
dimensions of the ellipse semi-axis increase with the increase in the inclination angle of the
wheelchair frame. The largest increase is observed in the case of the semi-axis a.

The functionality and the operating rule of the mechanical propulsion systems, such
as the typical pushrim system and the multispeed pushrim system, require the user to
apply the increased muscle activity of the upper limbs and the pectoral girdle [21]. As
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far as the multispeed propulsion system is concerned, the possibility of ratio change
results in the various states of the muscle system loading. For reduction ratios, a person
propelling the wheelchair did not must generate high levels of propelling force; therefore,
the propelling movement was performed with the minimum participation of the trunk
muscles. Whereas, while using the multiplication ratios, the wheelchair user had to
generate a higher level propelling force, which resulted in the increased muscle activity
stimulating larger movement ranges of the body segments, including the trunk inclination
angles. An opposite situation was observed in the event of the wheelchair with the
hybrid propulsion system. In the case of this propulsion design, the system of electric
engines assisted the user in propelling. The assistance took place with varied intensity [14],
adapting to the change of the external movement resistances. Thus, the user propelling the
wheelchair had to generate a similar propelling force value [22]. The applied electric engine
assistance caused the user to feel, in its opinion, a constant and convenient resistance
during propelling the wheelchair. This was demonstrated by the low muscle activity in
the upper limbs and pectoral girdle, resulting in the small movement ranges of the body
segments taking part in propelling the wheelchair. In consequence, the smallest variability
area of the position of the human body center of gravity was observed among all the tested
propulsion systems.

The analysis of the average measurement results demonstrated that regardless of the
propulsion system tested, the increase in the wheelchair inclination angle results in the
semi-axis a length increase and a simultaneous decrease in the semi-axis b length. This
dependence confirms the impact of the wheelchair inclination angle on the method of
propelling the wheelchair [23,24]. The increase in the wheelchair inclination angle results
in an increase in the trunk tilt angles and a simultaneous increase in the similarity in the
hand movement track during the return phase. The increase in the trunk tilting is reflected
in the elongation of the semi-axis a; whereas, the increase in the similarity in the upper limb
movement tracks is seen in the decrease of semi-axis b length. It is particularly noticeable
in the event of the wheelchair with the multispeed propulsion system.

The wheelchair inclination angle also affects the position of the ellipse center. The tests
carried out indicated that the increase in the wheelchair inclination angle causes the entire
variability area of the position of the human body center of gravity move towards the rear
wheels’ rotation axis. It is possible to notice the linear dependence between the wheelchair
inclination angle and the change of the coordinate x of the position of the ellipse center.
For the tests performed, the wheelchair inclination with 7° resulted in the movement of the
ellipse center with 67.81 mm on average towards the rear wheels rotation axis (Figure 11).
Such a dependence was observed for all the tested propulsion systems, notwithstanding
the coordinates of the position of the ellipse center for the wheelchair inclination angle of
0° (k = 0°). The uniformity of the variability of the position of the center of the ellipse on
the x-axis results from the assumption of the same pitch of the wheelchair tilt angle. The
type of drive system used did not affect the change of the x coordinate value. Differences in
the position of the center of the ellipse on the y-axis result from the asymmetrical position
of the human body in relation to the geometric center of the seat. The type of drive system
used did not affect the change of the x coordinate value. Differences in the position of
the center of the ellipse on the y-axis result from the asymmetrical position of the human
body in relation to the geometric center of the seat. In the case of wheelchairs with an exact
adjustment of the seat to the pelvic width of the human body, it would be even smaller. It
should be noted that the variability of the position of the center of the ellipse on the y-axis
should not be related to the type of drive used or the change in the operating conditions
of the wheelchair. First of all, it depends on the individual preferences of the wheelchair
user and the degree of matching his anthropometric dimensions to the dimensions of the
seat. Furthermore, it may be noticed that in each tested case, the patient did not sit in the
geometrical center of the seat, i.e., its sagittal plane did not converge with the wheelchair
symmetry plane.
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5. Conclusions

The conducted research demonstrated that during propelling the manual wheelchair
along a straight section, there is the symmetric distribution of the position points of the
center of gravity on the horizontal plane. A symmetry axis, in such a case, is always a
directional line depicting the trunk inclination direction. However, the directional line
does not converge on the wheelchair symmetry axis, and it is always inclined at a certain
angle towards it. A directional line is always directed at the direction of the upper limb
characteristic for larger muscle system development. The directional line inclination
confirms the non-symmetry of the human body and its physical predispositions in relation
to the sagittal plane.

The performed measurements of the position of the human body center of gravity are
exposed to extreme measurements divergent from the general trend. This results from the
lack of the full repeatability of the performed propelling cycles by the upper limb. This
is particularly noticeable in the return phase, when the upper limb has no contact with
the pushrims, and it returns freely to its initial position. Notwithstanding the possibility
of such measurements, the area of the position variability of the center of gravity may be
approximated with an ellipse, which ensures very good mapping of the actual position
of the measured points. Each such ellipse is described with five parameters, which may
be implemented in various biomechanical calculations requiring information about the
position of the center of gravity. Furthermore, unlike the currently existing trends, the data
depicting the entire spectrum of the position variability of the center of gravity will be used
instead of a single static point.

In the subsequent works, it is planned to extend the research with the measurement
of the position of the center of gravity in three axes and the parallel measurement of the
motion capture of the human body segments. Such research will enable the connection of
the movement track impact of the respective body segments on the parameters depicting
the variability area of the position of the human body center of gravity in dynamic condi-
tions. The motion capture analysis would be particularly helpful in depicting the position
variability of the center of gravity during the return phase of the upper limb because, in
this phase, there are most frequent differences in the movement tracks of the human body
segments.

The tests involved three various types of manual pushrim propulsion systems, and
they demonstrated that the modification, changing the transformation method of the
upper limb muscle strength to the driving torque, significantly affects the distribution
variability of the position of the center of gravity. The reason for the above is different
methods of propelling each propulsion system. The tests carried out indicated that the
best propulsion type was the hybrid propulsion system because it adapted to the variable
operating conditions. In this case, regardless of the wheelchair inclination angle and motion
resistance, the body segment trajectories were similar. This could be observed in smaller
differences in the dimensions of the respective ellipses depicting the variability of the
position of the center of gravity. The least advantageous in these terms was the wheelchair
with the multispeed propulsion system.

6. Patents

A patent at the Patent Office of the Republic of Poland: PL 223142, Multispeed
transmission hub for manual wheelchairs, WIECZOREK Bartosz, ZABLOCKI Marek, 2012.

Patent application at the Patent Office of the Republic of Poland: P. 427855, Modifi-
cation Kit for Hybrid Electric-Manual Wheelchair Drive System; (original title in Polish:
Zestaw modyfikacyjny ukladu napedu do hybrydowego elektryczno-recznego do wézka
inwalidzkiego), WARGULA Lukasz, WIECZOREK Bartosz, KUKLA Mateusz, 2018.

Patent application at the Patent Office of the Republic of Poland: P.424482, Simulation
device for the wheelchair operating conditions and the measurement of dynamic param-
eters, GORECKI Jan, WIECZOREK Bartosz, KUKLA Mateusz, WILCZYNSKI Dominik,
WOJTKOWIAK Dominik, 2018.
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Appendix A

Figures A1-A3 present a summary of the averaged results of the measurement of the
area of variability in the location of the center of gravity for individual patients. In the case
of these results, the measurement samples of individual patients were averaged.
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Figure A1. Dimensions of the areas of variability in the position of the center of gravity of individual
patients during the operation of a wheelchair with a multispeed drive for three angles of inclination
of the wheelchair k.


https://www.ncbr.gov.pl/en/

Symmetry 2021, 13, 154 16 of 17

—k=0" ——k=7" ——k=14°

40 | patient 1 vy

—80 -60 -40 -2 20 40 60 80
x[mm]

v [mm]

—k=0° ——k=7° ——k=14°

:
E —
~-20 \%
—40 =

-60 n
-100-80 -60 -40 -20 0 20 40 60 80 100
x [mm]
—k=0° ——k=7° ——k=14°

[mm]
88

\4
1

BN

oo
i
H

x [mm]

Figure A2. Dimensions of the areas of variation in the position of the center of gravity of individual
patients during the operation of the wheelchair with a hybrid drive for three inclination angles of the
wheelchair k. Patient 2 refused to perform the test for the angle of inclination k = 14°.
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Figure A3. Dimensions of the areas of variability in the position of the center of gravity of individual

patients during the operation of a wheelchair with a classic drive for three angles of inclination of the
wheelchair k.
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