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Abstract: Purpose: The main purpose of the research conducted was the analysis of kinematic and
biomechanical parameters measured during manual wheelchair ramp-climbing with the use of the
anti-rollback system and the comparison of the values tested with the manual wheelchair climbing
the same ramp but without any modifications. The paper presents a quantitative assessment relating
to the qualitative research of the anti-rollback system performed by another research team. Method
and materials: The article presents the measurement results of the wheelchair motion kinematics
and the activity of four upper limb muscles for eight subjects climbing a 4.58° ramp. Each subject
propelled the wheelchair both with and without the anti-rollback system. The kinematic parameters
were measured by means of two incremental encoders with the resolution of 500 impulses per single
revolution of the measurement wheel. Whereas, the muscle activity was measured by means of surface
electromyography with the use of Noraxon Mini DTS apparatus equipped with four measurement
channels. Results: The surface electromyography measurement indicated an increase in the muscle
activity for all four muscles, during the use of the anti-rollback system. The increase was: 18.56% for
deltoid muscle anterior, 12.37% for deltoid muscle posteriori, 13.0% for triceps brachii, and 15.44%
for extensor carpi radialis longus. As far as the kinematics analysis is concerned, a decrease in the
measured kinematic parameters was observed in most participants. The medium velocity of the
propelling cycle decreased by 26%. The ratio of the generated power and the loss power in a single
propelling cycle A had decreased by 18%. The least decrease was recorded for the measurement
of mechanical energy E and the propelling cycle duration time. For the total mechanical energy,
the decrease level was 3%, and for the propelling cycle duration it was 1%. The research carried out
did not demonstrate any impact of the anti-rollback system use on the push phase share in the entire
propelling cycle.

Keywords: wheelchair propulsion; motion resistance force; manual wheelchair

1. Introduction

A disabled person moving on a manual wheelchair pushes the drive wheels with their upper
limbs what results in the linear motion of the wheelchair [1,2]. When propelling a wheelchair, its user
overcomes various architectural and terrain barriers [3,4]. One of the most demanding obstacles most
frequently faced by a wheelchair user are slopes and ramps [5], this problem worsens with unfavorable
weather conditions (icing, residual snow) [6]. When climbing a ramp, a manual wheelchair user must
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perform cyclic propelling motions consisting of a push phase and a phase of hand returning to their
initial position [7]. During the hands return phase, the wheelchair begins to slow down abruptly
and if another push is not performed in a proper time interval, the system will start to roll down
the ramp. This is an effect of the gravity force impact on the system, which results in so called slope
resistance [8-10].

The limited physical capabilities of a disabled person and the structure of a wheelchair contribute
to the fact that the occurrence of terrain barriers may prevent the user from unaided movement around a
public space. This is visible particularly in developing countries and old municipal agglomerations [11].
Currently, in newly-constructed urban areas, all the types of facilities are used for the disabled,
whose task is to level terrain unevenness such as curbs. Levelling such unevenness is obtained through
the construction of special ramps or road slopes [12]. In order to prevent the excessive values of
the ramp inclination angle, many countries introduce construction guidelines and standards. In the
USA, the maximum ramp inclination for the disabled may reach 8.3% [13]. In EU countries, the ramp
inclination angle may reach 4.57° for the height of 0.5 m and 3.42° for the height above 0.5 m [14].
Even despite introducing standards harmonizing the range of the ramp inclination, a wheelchair user is
still subject to a considerable muscle effort [15]. Such an effort, in extreme cases, may prevent climbing
the ramp.

Apart from reducing terrain disruptions by town planners and designers, work is underway on
the development of wheelchairs to overcome the described obstacles. Various technical solutions are
available for overcoming terrain obstacles other than elevations, such as, e.g., stairs and thresholds [16].
However, they require additional electric drives [17] or the participation of third parties in moving [18].
One of the basic systems supporting climbing hills by the disabled or ramps is an electric wheelchair.
Despite the improved movement, it has the following shortcomings: difficulty to transport in a
vehicle [19,20], limited battery life [19], limited use inside the home [20], the need to take into account
control delay characterized by unnatural interaction with the user [20-22]. What is particularly
noticeable is reduced precision of control compared to classic wheelchairs [20], due to the increased
weight, size and the possibility of delay of control signals [23]. In addition, there is a risk that
wheelchairs users may have a less active lifestyle, which limits their physical development, which in
turn may predispose them to a variety of long-term health problems [23]. In order to protect the health
of users, hybrid (electric-manual) wheelchairs or wheelchairs with propulsion assistance system [24-29]
are used. However, the cost of these devices is much higher than traditional manual wheelchairs.
Moreover, manual wheelchairs can be used periodically by people who have suffered non-permanent
injuries and do not want to incur relatively large expenses for the purchase of a wheelchair. In such
cases, it seems advantageous to use much cheaper mechanical systems that assist in climbing ramps by
securing the reverse movement of the wheelchair [30].

The type of disability has a significant impact on the ability to overcome terrain inclinations
because it affects the value of the generated propelling force [31]. Whereas, the generated propelling
force is reflected in a range of dynamic parameters describing the motion of the human-wheelchair
system. One of such parameters is the wheelchair velocity, which in the event of moving on the levelled
terrain may reach 1.5 m/s right after the end of the push phase [32]. It must be noted that during the
phase of hands returning to the initial position, the wheelchair velocity decreases to around 1.2 m/s only
as a result of the motion resistance impact which is connected with the surface type [33]. Wheelchair
users, in order to facilitate their climbing, accelerate the wheelchair to gather an energy reserve, which
in the effect of inertia will make climbing easier. The tests conducted on the level road demonstrated
that in three propelling cycles it is possible to accelerate the wheelchair to the velocity of 3.0 m/s.
Such wheelchair velocity results in the reduction in the frequency of performed pushes in the initial
phase of ramp climbing. However, as far as longer ramps are concerned, kinetic energy accumulated
during wheelchair acceleration is lost and the user is forced to increase the frequency of pushes, at the
same time shortening the path distance in a single propelling cycle [34]. Notwithstanding, the selected
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ramp climbing technique, in the event of each user, the increase of muscle activity and effort is observed
which is demonstrated through the growth of the user’s pulse rate and the frequency of breaths.

The increase in the above-mentioned parameters is closely related to the driving force generated
by the upper limb. There is a scientific work [35], in which the changes in the value of forces in various
movement phases during the rotation of a wheelchair wheel were analyzed. The authors suggested
that research results could reduce the risk of injury by minimizing joint forces as a way to maximize
performance. The risk of injury caused by overexertion can be minimized by modifying the structure
or changing the biomechanics of driving the wheelchair [36].

The specificity of propelling a manual [37] wheelchair consisting of an alternating push phase
during which propelling force is generated [38] and a return phase results in the considerable
decreases in the wheelchair velocity during hands returning to the initial position on the push rims.
In consequence, there is a risk of wheelchair moving downhill and muscle system injuries due to
excessive physical effort. A response to such problems are the modifications of a traditional propulsion
system consisting in adding the anti-rollback system [39-41]. One of the research papers includes
the evaluation of two prototypes of anti-rollback devices [42]. As part of the research, the utility
and functionality was evaluated by means of Quebec user evaluation of satisfaction with assistive
technology (QUEST 2.0). The subjects stated that using the anti-rollback system makes ramp climbing
easier and safer. Nevertheless, the authors of the experiment claimed that it would be worth conducting
some additional tests focused on the quantitative measurement of kinematic parameters resulting
from propelling the wheelchair on the inclined ramp. This conclusion as well as the author’s solutions
in the aspect of the anti-rollback system were the motivation for undertaking the presented research
paper. In response to the indicated needs, the research was carried out aimed at comparing the
unmodified manual wheelchair in the traditional configuration and the wheelchair equipped with the
anti-rollback system. The comparison was conducted during ramp climbing, measuring such dynamic
and biomechanical parameters as: velocity, power, mechanical energy and muscle activity (muscle
electromyography). The main objective of the research was to check whether the qualitative test
determining the increase in comfort and safety during propelling the wheelchair with the anti-rollback
system on the ramp results in the improvement in the motion dynamics of the human-wheelchair
anthropotechnic system.

2. Materials and Methods

A Vermeiren v300 manual wheelchair equipped with the anti-rollback system, consistent with
the patent application, was used for the tests. The anti-rollback device prototype (Figure 1) may
fulfil two functions: a parking brake and anti-rollback. The anti-rollback system is an addition to the
classic lever brake, so it can be disengaged when driving on flat terrain. The brake module consists
of a central axis 3 screwed down to the arm of the traditional parking brake by means of the screw
unit 1-2. The unidirectional coupling 5, pre-forced into the brake roller 4, is pulled over the central
axis. The brake roller 4 can be covered with plastic or rubber to improve contact between the roller
and the wheel [43,44]. The coupling enables only the unidirectional movement of the brake roller.
This provides the effect of the wheelchair pulling back lock. The unidirectional coupling 5 is secured
on the central axis 3 with a locking plate 6 pressed down by the screw 6. The safety lock 9 is screwed
into the locking plate 6. The safety lock consists of a locking fastener 11, which blocks the brake roller,
body 9, press spring 10 and holder 8 facilitating the disconnection of the brake roller lock 4. The safety
lock is responsible for switching the device from the anti-rollback function to the traditional parking
brake function. During the tests, the safety lock was removed in order to obtain the anti-rollback
function. During the test, the pressure in the wheels cooperating with the anti-rollback device was
checked to remain at the level of 3 + 0.1 bar.
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Figure 1. The structure of the anti-rollback system used in the test.

The measurement was conducted on the special ramp (Figure 2) consisting of a horizontal section
enabling wheelchair acceleration (Section A), a ramp section inclined at the angle o« = 4.58° (Section B,
Section C) and a horizontal section enabling braking the wheelchair (Section D). The assumed ramp
inclination angle satisfies the requirements of the European standards referring to designing ramps for
terrain down casts exceeding 0.5 m. The analysis of dynamic and biomechanical parameters included
only the data measured after covering approx. 30% of the ramp (Section C). Thus, the impact of the
share of mechanical energy [30] accumulated during wheelchair acceleration in the initial horizontal
section in the form of the inertia of the accelerated system (Section A).
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Figure 2. Test ramp outline, where: Section A—a section of the road where the wheelchair was
accelerated, Section B—a section of the ramp for which the measurement results were not considered,
Section C—a section of the ramp for which measurement was carried out, Section D—a final section in
which the wheelchair was stopped, x-ramp inclination angle.

Eight able-bodied participants participated in the tests (Table 1). The participants were classified
according to height, weight, age, maximum strength of an upper limb generated during pushing and
experience in moving on a wheelchair. Each participant was familiarized with the test procedure and
filled in the form of voluntary consent. Able-bodied subjects were chosen because the anti-rollback
system prototype had not previously been tested. The participation of people without any motor
disabilities increased safety and guaranteed that in the event of any prototype failure, a person would
be able to leave the wheelchair before it moved downbhill. The task of the participants was to cover
the whole prepared track, at the same time keeping the wheelchair trajectory which was straight and
parallel to the track, with the comfortable frequency of pushes. The research was evaluated positively
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 Checiniski P. for the research team
led by Ph.D. Wieczorek B. The authors obtained the written consent of the examined person for the
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publication of the research results with its participation. The data was 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. The experience was assessed on the basis of the number of hours spent driving a
manual wheelchair.

Height Weight  Age Push Force Experience

(cm) (kg) (Years) N) -)
Participant 1 170 96 33 282 eccce
Participant 2 173 90 33 244 eeee0
Participant 3 178 89 32 315 ecoee
Participant 4 175 83 32 292 LYY YY)
Participant 5 176 72 33 271 eeeo
Participant 6 180 74 33 290 #0000
Participant 7 175 110 32 320 eeee0
Participant 8 170 103 29 311 eee00

e qualitative assessment of the driving skills of the wheelchair, where the O representing the user’s first contact
with the manual drive.

The test was performed with the use of a measurement system consisting of two incremental
encoders: 1 was connected with the central unit 2 transmitted by means of the micro-controlled
system based on Arduino architecture, a measurement signal for the author’s software (Figure 3).
The measurement system used Hohner 21-122-500 encoders with the resolution of 500 impulses for
determining the angular velocities of the left drive wheel wy and right drive wheel wp. Then, the above
was used to generate the wheelchair velocity histogram from which single propelling cycles were
separated (Figure 4).

Figure 3. A wheelchair with the test apparatus for measuring its motion kinematics, where:
1—incremental encoder with the resolution of 500 steps, a central unit collecting a measurement
signal, 2—a central unit collecting a measurement signal. Selected symbol wp is the angular velocity of
the right wheel of the wheelchair.

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 0 10 20 30 40 50 60 70 80 90 100
t[s] propulsion cycle [%]

Figure 4. The example of the wheelchair velocity diagram during slope climbing (A) and a separated
single propelling cycle in the function of the percentage value of the propelling cycle completion (B).
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Given the wheelchair linear velocity v(t) for a single propelling cycle, firstly, the path distance
was defined s¢ (1) and the wheelchair total acceleration a7 (2). Based on the defined acceleration at the
propelling force Fp (3) of the whole wheelchair was calculated. Given the propelling force Fp power
P(t) was calculated (4). Then, based on the above and based on the given propelling cycle duration
time, total mechanical energy E generated during a single cycle was determined (5).

tend

sc = fv(t)dt 1)

ar(t) = dz;(:) v)
Fo(t) = (m, -+ moar(t) = (my + me) 20 ®
P(O) = Folt)olt) = (m,-+ i) S o(t) @

tend tend

E= f P(t)dt = f [Fp(#)o(t)]dt ®)

where: sc is the a path distance by the wheelchair during a single propelling cycle, ts: is the propelling
cycle starting time, f,,,7 is the propelling cycle stopping time, at is the wheelchair total acceleration
considering all the enforcements and delays occurring in the propelling cycle, v is the wheelchair linear
velocity measured at the constant time interval, Fp is the wheelchair propelling force affecting the
human-wheelchair system, m, is the body weight, 1, is the wheelchair weight, P is the power of the
human-wheelchair system generated in the propelling cycle, E is the mechanical energy generated
after the end of the entire propelling cycle.

The muscle activity measurement enabling the estimation of the upper limb muscle activity was
conducted by means of Noraxon Mini DTS apparatus for surface electromyography equipped with
four measurement channels. The analysis and recording of the muscle activity signal was carried out
with the use of Noraxon MR3 software. The muscle effort analysis applied to four muscles taking part
in propelling the wheelchair: deltoid muscle anterior and posteriori, triceps brachii, and extensor carpi
radialis longus. Prior to the commencement of the proper muscle activity measurement (during slope
climbing), each participant went through a standardization procedure consistent with the guidelines
of EMG [45], the apparatus producer. It was aimed at determining a reference value necessary
for subsequent calculations. A set of five dedicated exercises was carried out to test the maximum
contraction of any muscle, which was selected on the basis of the previous studies [15]. The recorded
data were normalized successively, taking the arithmetic mean of the amplitude of the highest signal
segment with a constant duration of 1000 ms as the reference value. Round electrodes (20 mm in
diameter) with a gel were used in the tests. They were placed in the central part of the tested muscles
belly. The measurements were carried out with the frequency of 1500 Hz. Standardization was
performed a day before the proper test, to allow muscle regeneration after an effort resulting from the
standardization procedure. After a one-day rest, a participant performed the proper measurement test
on the ramp. The measured EMG signals were rectified and then smoothed using Root Mean Square
(RMS) algorithms with a window width of 150 ms. Later the maximum voluntary contraction test
(MVC) was performed. This post-processing method uses a reference value normalize subsequent
EMG data series (6). The output is displayed as a percentage of the MVC value, which can be used to
establish easily a common ground when comparing data between repetitions and subjects.

MVC

MA = mloo Yo (6)
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3. Results

Each tested participant climbed the ramp six times. Three times with the activated anti-rollback
system and three times with the deactivated anti-rollback system. Three complete propelling cycles
were separated from each climbing made by a participant, and they were subject to a further kinematic
and biomechanical analysis. The following was verified as part of the kinematic analysis: propelling
cycle maximum velocity vy, propelling cycle minimum velocity v,,,, propelling cycle medium
velocity My, path distance during a single propelling cycle s, propelling cycle duration ¢y, a push
phase share in the propelling cycle, a return phase share in the propelling cycle, the ratio of generated
average power and average loss power for a single propelling cycle A, and the total mechanical energy
after a single propelling cycle E. The average values of these kinematic parameters for 72 propulsion
cycles performed in total by 8 users are presented in Table 2.

Table 2. The comparison of the average tested kinematic parameters during ramp climbing with
the activated anti-rollback system and with the deactivated anti-rollback system, where M-mean,
o—standard deviation, y—distribution skewness coefficient (the description of the kinematic parameter
symbols is provided in the text).

Umax  Omin M, s teycle Push  Return A E
(m/s) (m/s) (m/s) (m) (s) ) - -) ()]

0.47 0.13 0.31 0.40 1.06 0.62 0.38 0.80 0.30
0.21 0.21 0.21 0.13 0.14 0.09 0.09 0.41 5.30
0.95 1.37 1.09 057 =201 -0.62 0.62 1.70 -1.27
0.54 0.27 0.42 0.43 0.99 0.62 0.38 0.97 0.29
0.23 0.22 0.23 0.15 0.17 0.10 0.10 0.48 5.49
0.64 0.54 0.55 095 -087 -0.07 0.07 149 -2.82

anti-rollback ON

anti-rollback OFF

=a T o

The measurement results of the path distance in a single propelling cycle s, maximum velocity
obtained in a single propelling cycle v, and the share of the push phase in the propelling cycle during
ramp climbing for all the tested participants are presented in Figures 5-7. The diagrams include
the division of the analyzed values among respective participants and a mean value for the entire
population. The kinematic parameters shown in these diagrams were characteristic for the highest
discrepancy between the activated anti-rollback system and the deactivated anti-rollback system.

The impact of the use of the anti-rollback system on respective participants depending on the
analyzed kinematic parameter is presented in Figures 8-10, and Tables 3 and 4. In order to depict
the differences between the activation and deactivation of the anti-rollback system, the percentage
increases or decreases A of kinematic parameters were determined individually for each participant.

Based on the analysis of the kinematic parameter values averaged for each participant, the following
comparison was prepared (Table 5) containing information on the average percentage difference in
the values of the tested parameters depending on the activation and deactivation of the anti-rollback
system. Moreover, the comparison includes the information on the number of participants in which
the increase, decrease and lack of changes occurred in the values of the tested kinematic parameters
with the activated anti-rollback system during slope climbing.
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Figure 5. The diagram with the wheelchair maximum velocity for all the analyzed measurement

tests, where MAX v-on—wheelchair maximum velocity with the activated anti-rollback system,
MAX v-off-wheelchair maximum velocity with the deactivated anti-rollback system, M MAX
v-on—wheelchair average maximum velocity for all the measurement tests with the activated

anti-rollback system, M MAX v-off—wheelchair average maximum velocity for all the measurement

tests with the deactivated anti-rollback system.
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Figure 6. The diagram of the path distance in a single propelling cycle for all the analyzed measurement

tests, where s-on—a path distance in a single propelling cycle with the activated anti-rollback system,

s-off—a path distance in a single propelling cycle with the deactivated anti-rollback system, M s-on—an

average road for all the measurement tests with the activated anti-rollback system, M s-off—an average

road for all the measurement tests with the deactivated anti-rollback system.
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Figure 7. The diagram of the push phase share in the propelling cycle for all the analyzed measurement
tests, where push-on—a push phase share with the activated anti-rollback system, push-off—a push
phase share with the deactivated anti-rollback system, M push-on—an average push phase share for all
the measurement tests with the activated anti-rollback system, M push-off—an average push phase

share for all the measurement tests with the deactivated anti-rollback system.

Simultaneously, with the kinematic parameters measurement, the muscle activity measurement
was carried out for each tested participant. The analysis involved only the muscle activity MA
measured during ramp climbing. The aim of this analysis was to compare the impact of the activated
anti-rollback system on the selected muscles of the upper limb. The average results of the muscle
activity of the upper limb four muscles for respective participants are presented in Figure 11, and in
Tables 6 and 7. The compared results also include a percentage difference A between the muscle activity
measured with the activated anti-rollback system and with the deactivated anti-rollback system.

Table 3. The comparison of the average values of maximum velocity vy, of the roads, push phase

duration time f,, for respective participants. Where: A—a percentage difference between the

parameter measured with the deactivated anti-rollback-system and the activated anti-rollback system,
ON—activated anti-rollback system, OFF—deactivated anti-rollback system.

Umax A s A tcycle A

(m/s)  (m/s) (%) (m) (m) (%) (s) (s) (%)

ON OFF ON OFF ON OFF
Participant 1 0.44 0.70 37.14 0.38 0.45 15.56 1.10 0.75 46.67
Participant 2 0.48 0.46 4.35 0.44 0.39 12.82 1.09 1.06 2.83
Participant 3 0.86 0.96 10.42 0.52 0.61 14.75 0.73 0.69 5.80
Participant 4 0.65 0.74 12.16 0.60 0.69 13.04 1.06 1.05 0.95
Participant 5 0.27 0.32 15.63 0.28 0.30 6.67 1.11 1.10 0.91
Participant 6 0.27 0.32 15.63 0.28 0.29 3.45 1.08 1.12 3.57
Participant 7 0.34 0.34 0.00 0.29 0.31 6.45 1.08 1.09 0.92
Participant 8 0.56 0.56 0.00 0.49 0.46 6.52 1.10 1.00 10.00
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Figure 8. The diagrams of (a) the average values of the maximum velocity in the propelling cycle and a
(b) path distance in a single propelling cycle (B) for respective participants with the activated anti-rollback
system (anti-rollback ON) and the deactivated anti-rollback system (anti-rollback system OFF). Where:
A—a percentage difference between the parameter measured with the activated anti-rollback-system

and with the deactivated anti-rollback-system.
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Figure 9. The diagrams of (a) the average values of the propelling cycle duration time and (b) the push
phase share in the propelling cycle for respective participants with the activated anti-rollback system
(anti-rollback ON) and the deactivated anti-rollback system (anti-rollback system OFF). Where: A—a
percentage difference between the parameter measured with the activated anti-rollback-system and

with the deactivated anti-rollback-system.
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Figure 10. The diagrams of (a) the average coefficient of the generated power and loss power ratio in a
single propelling cycle and (b) the total mechanical energy of a single propelling cycle for respective
participants with the activated anti-rollback system (anti-rollback ON) and the deactivated anti-rollback
system (anti-rollback system OFF). Where: A—a percentage difference between the parameter measured
with the activated anti-rollback-system and with the deactivated anti-rollback-system.
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Table 4. The comparison of the average values of the push phase share in the entire propelling cycle, a
coefficient of the generated power and loss power ratio in the propelling cycle A, total mechanical energy
for a single propelling cycle E. Where: A—a percentage difference between the parameter measured
with the deactivated anti-rollback-system and the activated anti-rollback system, ON—activated
anti-rollback system, OFF—deactivated anti-rollback system.

Push A A A E A
-) -) (%) -) ) (%) ) ()] (%)
ON OFF ON OFF ON OFF

Participant 1 0.61 0.62 1.61 1.10 1.19 7.56 0.60 -1.36 144.12
Participant 2 0.53 0.64 17.19 1.10 1.31 16.03 3.37 1.24 171.77
Participant 3 0.62 0.76 18.42 0.86 0.62 38.71 -328 -1.83 79.23
Participant 4 0.69 0.63 9.52 0.58 0.95 38.95 -341 -0.50 582.00
Participant 5 0.63 0.55 14.55 0.61 0.98 37.76 0.54 0.63 14.29
Participant 6 0.64 0.59 8.47 0.57 1.02 44.12 0.27 0.79 65.82
Participant7  0.60 0.59 1.69 0.89 1.13 21.24 0.92 0.75 22.67
Participant 8 0.61 0.57 7.02 0.91 0.82 10.98 1.37 0.12 1041.67

Table 5. The comparison of the average percentage difference in the values of the tested parameters
MA—a percentage difference in the average values of a selected kinematic parameter resulting from
the activation of the anti-rollback system, increase—the number of participants in which the analyzed
parameter was higher with the activated anti-rollback system than with the deactivated anti-rollback
system, decrease—the number of participants in which the analyzed parameter was lower with the
activated anti-rollback system than with the deactivated anti-rollback system, equality—the number of
participants in which the analyzed parameter was equal with the activated anti-rollback system and
with the deactivated anti-rollback system.

MA Increase Decrease Equality

(%)  Number of Participants Number of Participants Number of Participants

Umax 12 1 5 2
s 6 2 6 0
teyele 6 7 1 0
push 0 5 3 0
A 17 2 6 0
E 337 4 4 0

Table 6. The comparison of the average muscle activity of deltoid muscle anterior and deltoid muscle
posteriori for respective participants, where MA—muscle activity, ON—activated anti-rollback system,
OFF—deactivated anti-rollback system, A—a percentage difference between muscle activity measured
with the activated anti-rollback system and the deactivated anti-rollback system.

Deltoid Muscle Anterior MA A Deltoid Muscle Posteriori MA A

(%) (%) (%) (%) (%) (%)

ON OFF ON OFF
Participant 1 121.88 168.53 27.68 64.27 67.75 5.14
Participant 2 109.19 166.75 34.52 59.35 58.98 0.62
Participant 3 112.74 137.98 18.29 64.06 72.84 12.06
Participant 4 109.68 119.15 7.95 109.80 140.93 22.09
Participant 5 40.54 46.30 12.43 85.49 94.56 9.59
Participant 6 37.85 44.89 15.67 95.19 97.20 2.07
Participant 7 41.19 50.15 17.87 54.73 67.49 17.87

Participant 8 49.80 57.92 14.03 66.65 94.96 29.81
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Table 7. The comparison of the average muscle activity of triceps brachii and extensor carpi radialis
longus for respective participants, where MA—muscle activity, ON—activated anti-rollback system,
OFF—deactivated anti-rollback system, A—a percentage difference between muscle activity measured
with the activated anti-rollback system and the deactivated anti-rollback system.

Triceps Brachii MA A Extensor Carpi Radialis Longus MA A

(%) (%) (%) (%) (%) (%)

ON OFF ON OFF
Participant 1 51.30 65.37 21.52 87.72 93.86 6.54
Participant 2 60.16 66.00 8.85 71.59 82.41 13.14
Participant 3 53.10 63.84 16.84 33.12 33.41 0.86
Participant 4 37.46 46.05 18.67 37.39 43.37 13.79
Participant 5 55.71 45.94 21.27 19.05 29.18 34.69
Participant 6 46.69 55.05 15.18 18.14 23.26 22.01
Participant 7 33.15 35.63 6.96 15.07 20.76 27.42
Participant 8 27.55 43.92 37.28 26.99 28.43 5.08

Deltoid muscle anterior Deltoid muscle posteriori

N A
é’\“_ ,06‘ ,bé” ,b(\“ q,(’\“ ,36” ,bé“ ,b(’\‘

N R KRR KRR

QO QR EE
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Triceps brachii Extensor carpi radialis longus

MA (%)

B anti-rollback ON mmmm anti-rollback OFF = o -A B anti-rollback ON mmmm anti-rollback OFF = o -A

Figure 11. The diagrams of the average muscle activity for respective participants with the activated
anti-rollback system (anti-rollback ON) and with the deactivated anti-rollback system (anti-rollback
system OFF). Where: A—a percentage difference between the muscle activity measured with the
activated anti-rollback-system and with the deactivated anti-rollback-system.

4. Discussions

Based on the mean from the performed 72 measurement tests it was determined that the average
maximum velocity v,y in a single propelling cycle with the activated anti-rollback system was 0.47 m/s
and with the deactivated anti-rollback system it was 0.54 m/s. This results in a 13% decrease in velocity
during ramp climbing with the activated anti-rollback system in relation to the ramp climbing with the
deactivated anti-rollback system. In the event of the minimum velocity of the propelling cycle, the
following values were recorded: 0.13 m/s for the activated anti-rollback system and 0.27 m/s for the
deactivated anti-rollback system. This results in 52% decrease in velocity during ramp climbing with
the activated anti-rollback system in relation to the ramp climbing with the deactivated anti-rollback
system. When averaging the velocity of a single propelling cycle and then determining a mean for all
the performed measurement tests, the results were as follows: 0.31 m/s for the activated anti-rollback
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system and 0.42 m/s for the deactivated anti-rollback system. For this parameter, the decrease amounted
to 26% during ramp climbing with the activated anti-rollback system. Despite this decrease of the
average propelling cycle velocity with the activated anti-rollback system, a minor difference in the
path distance in a single propelling cycle was observed. The decrease in the path distance in a single
propelling cycle s equaling 7% with the activated anti-rollback system was determined. Moreover,
during ramp climbing with the activated anti-rollback system, it was determined that the average
increase in the propelling cycle duration time f,, was 1%.

These observations indicate that the kinematics of the upper limb movement propelling the drive
wheel did not change with the activated anti-rollback system in relation to the wheelchair without
such modifications. This was confirmed by the analysis of the push phase share in the propelling
cycle because an average value of the push phase share was the same for ramp climbing with the
activated anti-rollback system and with the deactivated anti-rollback system. The differences described
in the velocity values result only from supplying the propelling system with an additional element
generating motion resistances.

The analysis of power and mechanical energy indicated that for the coefficient of generated power
and loss power ratio A, the decrease of 18% was observed. The skewness i of the measured coefficient
distribution A is also of importance here. It was right-sided for ramp climbing with the activated and
deactivated anti-rollback system. Therefore, for the majority of the performed tests, the coefficient
values A were higher than the average value. Whereas, the average coefficient value A for ramp
climbing with the activated anti-rollback system was 0.8 and for ramp climbing with the deactivated
anti-rollback system it was 0.97. The differentiation of coefficient A indicates the significant impact of
additional motion resistances resulting from the use of the anti-rollback system. In the event of the
total mechanical energy of a single propelling cycle, it was observed that the use of the anti-rollback
system did not exert any significant impact. Based on the measured values it was determined that
the total mechanical energy o E decreased on average merely by 3% during ramp climbing with the
activated anti-rollback system.

Referring to the individual evaluation of kinematic parameters for respective participants, it was
determined that for 88% tested participants, the increase in the propelling cycle duration time f was
observed cycle, which on average amounted to 6% as compared to ramp climbing with the deactivated
anti-rollback system. This proves the performance of propelling cycles with lower frequency. Probably,
such a phenomenon is a consequence of the feeling of safety [42] in users who did not have to worry
about wheelchair rolling down in the event of decreasing the frequency of propelling cycles. For 63%
participants, the maximum velocity decrease v, was recorded on average as 12% during ramp
climbing with the activated anti-rollback system. For the same number of participants, the decrease
was observed in coefficient A, which was 17% during ramp climbing with the anti-rollback system.
While analyzing the changes in the value of the total mechanical energy, it was observed that in 50%
participants there was the increase of mechanical energy. In the event of the push phase measurement
in the propelling cycle, it was observed that in 63% of participants, an increase was observed and
in 37%—a decrease was observed in the push phase. Whereas, the difference in the shares of the
push phase depending on the activation of the anti-rollback system did not exceed 1%. A main factor
affecting the differences among respective participants in the increases or decreases of respective
kinematic parameters during ramp climbing with the activated or deactivated anti-rollback system
includes physical conditions such as static force during pushing and body performance [46]. In the
case of participants with a push force lower than the average (for all subjects), the greatest drops
in the kinematic parameters of the wheelchair were found while using the anti-rollback system.
In participants with a high physical fitness, the high amplitudes of wheelchair acceleration were
observed which resulted directly in the value of mechanical energy.

The analysis of muscle activity (MA) demonstrated that during the use of the anti-rollback
system when climbing the ramp, the participant’s muscle system was exposed to a higher effort
as compared to ramp climbing without the use of the anti-rollback system. An exception from the
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above observation was determined only in two cases. During the MA measurement of deltoid muscle
posteriori for Participant 2 with the recorded 0.62% decrease during the use of the anti-rollback
system, and the MA measurement of triceps brachii for Participant 5, with the observed 21.27%
decrease during the use of the anti-rollback system. During ramp climbing, the highest MA increase
was recorded for Deltoid muscle anterior. The average MA increase value during ramp climbing
with the activated anti-rollback system was 18.56%. For all the tested muscles, a difference in
muscle effort (MA) depending on the use of the anti-rollback system was at a similar level and it
amounted to accordingly: deltoid muscle anterior—18.56%, deltoid muscle posteriori—12.37%, triceps
brachii—13.0%, extensor carpi radialis longus—15.44%. As with the analysis of kinematic parameters,
also during the analysis of muscle activity, a considerable increase in the percentage difference was
observed between muscle activity measured with the activated anti-rollback system and the deactivated
anti-rollback system for participants demonstrating a large experience in the operation of a manual
wheelchair. This phenomenon may be observed in Participants 1 to 4, especially for muscle effort
measured on deltoid muscle anterior and triceps brachii.

The two types of recordings (with and without anti-rollback system) were made for each subject
for four muscles. The determined values of muscle activity were analyzed statistically. The significance
level of differences between these results was analyzed by paired student’s t-test. For all statistical
tests, the limit of significance was set on 5% level (p < 0.05). The determined values of student’s ¢-test
are shown in Table 8.

Table 8. The values of the student’s t-test for different muscles and participants.

Participant Number

Muscle
1 2 3 4 5 6 7 8
Deltoid muscle anterior 0.0343  0.0011  0.0001 0.0383 0.0320 0.1496 1.36x10°  0.0314
Deltoid muscle posteriori 0.0008  0.0493  0.2260 0.0072 475%x10° 228 x 10° 0.8412 0.6248
Triceps brachii 0.1963  0.0485  0.0018 213x10° 270x10° 0.0020 0.0470 0.0084
Extensor carpi radialis longus ~ 0.0000 0.8673 0.0471  1.01 x 10° 0.6146 0.0092 0.0020 0.0022

The determined values show that in most cases (88%) for the analyzed muscles, significant
differences according to the student’s t-test (p < 0.05) can be indicated. Values deviating from this
rule are as follows: triceps brachii for Participant 1, extensor carpi radialis longus for Participants 2
and 5, deltoid muscle posteriori for Participants 3, 7, 8 and deltoid muscle anterior for Participant 6.
The results of the analysis showed no differences for the examined muscles of Participant 4.

Interestingly, there were no statistically significant differences in more than one muscle in any of
the cases. Perhaps the human factor is responsible for such an observation. Everyone has their own
individual way of performing certain physical activities. Propulsive movements may differ from one
participant to the other: torso tilt, limb motion range, or hand motion trajectory. As a result, individual
people carry out the work related to propelling the wheelchair, engaging different muscle groups
in this activity in different ways. This suggests that, in future, tests should focus on examining the
influence of the position of the human body on the recorded results (in the context of the movement of
body segments while propelling the wheelchair).

5. Conclusions

It is unquestionable that the use of various anti-rollback system structures in wheelchairs with
manual propulsion system increases the operation safety and usage comfort. Nevertheless, comfort is
to be understood as the psychical comfort of a user having the increased safety feeling and awareness
of the possibility of resting in any place, even on the ramp with a significant inclination angle [42].
Unfortunately, this comfort does not result in the mechanical and biomechanical parameters describing
the human-wheelchair anthropotechnic system. The performed analysis of kinematic parameters
demonstrated their deterioration in the event of using a wheelchair equipped with the anti-rollback
system. This is particularly visible in the decreases in the wheelchair velocity. The reasons for the
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decrease in the velocity value is the outcome of introducing additional motion resistances to the system
due to the specification of the tested anti-rollback system structure. Additional rolling resistances
result from a friction coupling between the anti-rollback system and the wheelchair drive wheel.
As part of this coupling, in order to avoid a slide between the brake roller and the drive wheel, a force
pressing the brake roller is generated. The presence of this force results in the deformation of a
drive wheel tire, thus additional resistances are introduced to the propulsion system during brake
roller rolling along the drive wheel. In the event of a disabled person with a significant disability
degree or with little experience in the operation of a wheelchair, the use of the anti-rollback system is
advantageous even despite the determined decrease of a few percent of some kinematic parameters.
This thesis results from the main anti-rollback system advantages, which is the improvement of
operation safety and preventing the wheelchair rolling down the ramp. In the event of participants
with much experience in the wheelchair operation and demonstrating significant physical fitness,
the anti-rollback system may introduce adverse limitations in their learnt biomechanics of wheelchair
propulsion. The impact of supplying the human-wheelchair system with additional motion resistances
resulted in the muscle effort increase. In the muscle activity analysis, it was observed that the highest
deterioration of this parameter was in participants with significant physical fitness and large experience
in the wheelchair operation.

The conducted research achieved the main goal of supplementing the qualitative assessment
performed for anti-rollback systems with additional quantitative tests. As part of these studies,
the impact of the anti-rollback system on the kinematic, dynamic and biomechanical parameters when
driving a manual wheelchair was assessed. It must be noted that the tests involved the anti-rollback
system design solution based on the unidirectional coupling. It resulted in the above discussed
motion resistances which reduced effectively the possibility of mechanical energy accumulation during
wheelchair acceleration in the horizontal section before the ramp. This had a particularly negative effect
in participants who conditioned their ramp climbing technique on such a phenomenon. In the event of
using the anti-rollback system, kinematic parameters increase and a muscle effort decreases with the
uniform and long-term propelling cycles. Hence, it is worth conducting identical tests for other design
solutions fulfilling the same function [47]. In consequence, it would be possible to reduce the negative
impact of the anti-rollback system on kinematic and biomechanical parameters, with the simultaneous
lack of impact on the natural technique of ramp climbing which is based on the mechanical energy
accumulation through wheelchair acceleration [24]. It is worth emphasizing, however, that in some
cases the user’s feeling of safety, which directly translates into driving comfort, may be more important
than the need to exercise more physical effort while climbing a ramp. Calm implementation of
successive propulsion phases with greater force (as a result of the use of an anti-rollback device) may
be subjectively perceived by the user as seemingly easier than more dynamic and chaotic propulsion of
the wheelchair in such a way that it does not roll back while climbing the ramp, even if it requires less
force (no additional friction in the system). The solution can be beneficial for disabled people with high
physical fitness, e.g., athletes [48,49] and people infirm or inexperienced in moving in a wheelchair,
as it affects their efficiency while moving [50].

6. Patents

Patent application in the Patent Office of the Republic of Poland, 431924, Module for the Universal
Lever Brake of a Wheelchair Wheel, WIECZOREK Bartosz, WARGULA, 2019.

Patent application in the Patent Office of the Republic of Poland, 431449, Wheelchair Reversing
Lock Module for Lift Parking Brake, WIECZOREK Bartosz, WARGULA Lukasz, BERDYCHOWSKI
Maciej, 2019.
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