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Evaluation of anti-rollback systems
in manual wheelchairs: muscular
activity and upper limb kinematics
during propulsion

Bartosz Wieczorek!*, Mateusz Kukla?, tukasz Warguta!, Marcin Giedrowicz? &
Dominik Rybarczyk?!

Self-propelling a wheelchair up a hill requires intense muscular effort and introduces the risk of the
wheelchair rolling down. The purpose of this paper was to assess the user’s muscular activity during
ramp climbing. Tests were carried out on a group of 10 subjects who had to propel a wheelchair

up a standardized wheelchair ramp. Basic parameters of upper limb kinematics were measured

to determine the total push-rim rotation angle. This was 105.91° for a wheelchair with a stiff anti-
rollback system, 99.39° for a wheelchair without an anti-rollback system and 98.18° for a wheelchair
with a flexible anti-rollback system. The upper limb muscle effort was measured at 55 +19% for the
wheelchair without an anti-rollback system, 59 +19% for the wheelchair with a stiff anti-rollback
system and 70 + 46% for the wheelchair with a flexible anti-rollback system. The conducted research
showed an increase in muscle effort while using anti-rollback systems. In the case of push-rim rotation
angle, no significant differences in the value of the rotation angle were found.

Each wheelchair should ideally be tailored to the user’s needs and to meet the user’s degree of disability and
lifestyle. Of relevance is that the selection of a wheelchair best suited to the individual requirements allows achiev-
ing a greater degree of social inclusion. In order to adjust the wheelchair to the individual needs of its users',
it is equipped with various functional modules. Modifications to the drive system can be distinguished among
the modules increasing the mobility of the wheelchair. The most popular modifications to the drive system of a
classic manual wheelchair include a lever drive? and a crank drive’. There is also a group of modifications that
do not change the drive system. These utilize push-rims. Such modifications affect only the reduction of the
force of resistance to motion. The most common types of such modifications are the FreeWheel attachment*
replacing the front wheels of the wheelchair with a single large diameter pneumatic wheel, and the reversing
lock modules’ of the wheelchair to make it safer for use when on an incline. The reversing lock module is a new
product introduced to the rehabilitation equipment market and still requires research to verify its functionality
and improve its design.

Survey results suggest that disabled people want to use wheelchairs not only in their everyday life, but also
for leisure in non-urban settings®. In order for the user to be able to use a wheelchair in such settings, the drive
system has to generate a driving force that compensates for the higher movement resistance forces. In everyday
life, the obstacles most frequently encountered by wheelchair users are architectural, which is especially true
in the case of developing countries, where building standards in terms of accessibility for disabled people are
often disregarded’. An example of a widely encountered type of obstacle that requires increased physical effort
are ramps, the purpose of which is to replace stairs or to compensate for the difference in terrain elevation for
wheelchair users. The guidelines of the U.S. State Department of Transportation of 2014 set the maximum slope
of the ramp at 8.3% and its width at 1.22 m®. In the case of European standards, ramps used for elevation differ-
ences up to 0.5 m should have a slope angle up to 4.57°, while for elevation differences greater than 0.5 m, the
angle should not exceed 3.42%.

Climbing up a ramp is one of the most difficult maneuvers performed by wheelchair users with motor dis-
abilities. The difficulty stems from the need to continuously perform propulsion cycles without a rest. What is
more, when moving up a ramp, the wheelchair is subject to additional motion resistance forces due to gravity'*-'2.
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Figure 1. Schematic illustration showing the push phase broken down into individual stages.

These forces significantly increase the muscular effort required of the user compared to the effort when travelling
on a flat surface. The propulsion phases are divided into push and recovery phases'*'%. The push phase (Fig. 1)
involves gripping the push-rims, the effective propulsion motion, and the release of the push-rims. In the push
phase, the user prepares to grip the push-rims by positioning his/her hands along them and adjusting the lin-
ear speed of the hands to the tangential velocity of the push-rims. This constitutes a buffer stage that ends the
recovery phase and starts the push phase. During the effective propulsion motion (EPM) stage, the hand holds
the push-rim and its trajectory is the same as the shape of the push-rim. In the course of this move, muscle force
is transferred to the propulsion system of the wheelchair and converted into driving force. The last stage of the
push phase is the release of the push-rims. During this action, the hand grip is released and the speed of the hand
changes in relation to the tangential velocity of the push-rims. The release constitutes a buffer stage that ends
the push phase and starts the recovery phase. The return phase gives the user full freedom of movement of the
upper limb. Therefore, the main return phase has the greatest impact on the kinematics of the upper limb and the
trajectory of the hand". In addition, during this phase, when climbing a ramp, there is a risk of the wheelchair
rolling down. Research indicates that the pattern of hand trajectory is influenced by such factors as the frequency
of propulsion phases and the total angle of hand to rim contact during the push phase!®!”.

Movement up a ramp is characterized by an extended hand movement trajectory, an increased frequency
of push phases and an increased muscle force converted into the wheelchair driving force. These parameters
significantly differ from those typical of movement along a horizontal surface. The increased muscular force
supplied to the propulsion system translates into an increase in mechanical energy'*!'® required to overcome the
motion resistance. Increased frequency of push phases eliminates the risk of the wheelchair rolling down the
ramp during the return phase. It also determines possible hand movement trajectories’. As a result, the indi-
vidual propulsion technique that compensates for the degree of motor disability of a given wheelchair user may
be disturbed. The pattern of hand movement trajectory is also affected by the need to maximize the angle of hand
to rim contact during the push phase. Available literature on the subject indicates limit values of hand to hand-
rim contact angle during the push phase ranging from 100.3° to 110.3° depending on the velocity of wheelchair
movement'”. Published research shows that in the case of increased motion resistance typical of ramp climbing,
a semicircular trajectory, whereby the upper limb moves close to the push-rims during the return phase, is most
effective?®. Ramp ascent not only affects the upper limb kinematics and hand trajectory, but also the maximum
voluntary contraction (MVC)? due to increased demand for muscle-generated force. Increased muscular activity
resulting from the need to generate muscle force compensating for motion resistance during ramp ascent also
translates into increased risk of upper limb skeletal muscle injuries*’. Vulnerability to such injuries is the greatest
in the case of wheelchairs using conventional push-rim propulsion systems, which require the stimulation of
the largest number of muscle groups and may lead to various injuries of the skeletal and muscular system, e.g.
shoulder joint degeneration®.

The mentioned correlations lead to a conclusion that conventional propulsion systems used when moving
in challenging terrain, such as ramps, may cause pain and injury to the upper limb due to increased demand
for muscle force?*. Consequently, there is a need for innovative propulsion systems and wheelchairs that would
compensate for physical limitations when overcoming terrain obstacles**-*%. Such solutions should require from
the user, physical activity, while compensating for his or her physical limitations. The main purpose of this paper
was to assess the user’s muscular activity and kinematics of upper limb movement during ramp ascent in a push-
rim wheelchair equipped with various ramp assist modifications designed to improve the conventional manual
drive system. A secondary purpose of the paper was to verify which variant of the anti-rollback system is better
and should be adopted for design and construction.

Material and method

Anti-rollback system and measuring apparatus. The research was conducted using a semi-active
push-rim wheelchair Vermeiren v300. The wheelchair was equipped with two variants of the anti-rollback
system®”C. Regardless of the variant, each anti-rollback system (Fig. 2a) consisted of a central axis with an anti-
rollback roller fixed by means of a one-way clutch. The use of a one-way clutch means that the anti-rollback roller
can only turn in the opposite direction to that of the wheelchair’s drive wheel. Reverse rotation is blocked. By
using this design feature and the frictional coupling of the wheel of the wheelchair with the anti-rollback roller,
the reverse movement of the wheelchair is prevented.
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Figure 2. Anti-rollback system (a) coupling with the drive wheel by means of a rigid body (b) and elastic body
(c), implementation of a rigid body variant (d); where: 1—central axle, 2—anti-rollback roller, 3—one-way
clutch, 4—pneumatic drive wheel, 5—anti-rollback system, 6—articulated link, 7—rigid beam, 8—tension
spring.

Friction coupling is the result of the clamping force R applied to the anti-rollback roller. As a result of the
force R, deformation occurs in the pneumatic tire of the drive wheel®"*2, causing surface tension o.°***. Adopt-
ing a simplified model, it can be assumed that under static conditions, the clamping force R is constant and
proportional to the surface tension (1).

R = 0.A, (1)

where: R—clamping force of the anti-rollback roller, o,—surface tension between the tire and the anti-rollback
roller, A—contact area between the anti-rollback roller and the drive wheel tire.

The pneumatic drive wheels of the wheelchair travel on surfaces with different deformability levels, includ-
ing transverse bumps such as thresholds and curbs. This causes dynamic deformation of the tires®® and, hence,
changes in the tire pressure®. Changes in the pressure inside the drive wheel tires make the surface tension o,
values to be variable. Due to dynamic changes in the position of the wheelchair user’s body and when overcoming
obstacles, the increase in pressure perceptibly increases rolling resistance caused by the coupling of the anti-
rollback roller with the pneumatic drive wheel of the wheelchair.

Due to the coupling characteristics of the pneumatic drive wheel to the road surface and the anti-rollback
roller, two ways of the anti-rollback system installation were taken into account in the test. In the stiff variant
(ARS) (Fig. 2b, d), the articulated link ends with the anti-rollback system being fixed by a rigid beam. The stiff
variant is characterized by variability of the clamping force R of the anti-rollback roller depending on the vari-
ations in the surface tension o;. In the flexible variant (ARE) (Fig. 2c), a tension spring is used instead of a rigid
beam. In this variant, the spring compensates for dynamic changes in surface tension o, keeping the clamping
force R constant under certain operating conditions. Such variants were adopted in order to determine further
directions of design development, not to determine the geometrical features of the device. In each test, the
clamping force R was adopted individually for each subject. The criterion for the selection of the R force was
maintaining the static equilibrium of the wheelchair with the user on the tested elevation.

A measurement system was connected to the tested wheelchair to assess limb mobility (Fig. 3). The system
consisted of a GoPro HERO 7 camera (e) and an illuminating lamp (d) mounted on an arm (b) permanently
connected to the wheelchair frame. The camera captured 960p quality video at 240 fps. The illuminating lamp
generated between 200 and 1000 lumens. The camera recorded 50 mm by 50 mm AruCo markers (a). Surface
electromyography EMG was measured using a Noraxon mini DTS device (c).

Test method. The test was performed in real conditions during the operation of the wheelchair in a closed
room of a public building. The research was carried out on men aged 30 to 36 years. The examined persons suf-

Scientific Reports |

(2022) 12:19061 | https://doi.org/10.1038/s41598-022-21806-z nature portfolio



www.nature.com/scientificreports/

Figure 3. Measurement apparatus used for testing: (a)—AruCo marker, (b)—arm, (c)—EMG apparatus, (d)—
illuminating lamp, (e)—camera.

Height | Weight | Age | Push force | Experience

cm kg years | N =l
Subject MK 183 90 32 364 00000
Subject MKA 179 88 33 322 00000
Subject BW 175 110 31 298 00000
Subject BWA 178 96 30 309 00000
Subject LWA 171 93 33 306 00000
Subject LW 173 87 32 296 00000
Subject DRA 169 72 30 263 00000
Subject DR 174 81 35 247 00000
Subject MKB 188 74 36 291 00000
Subject MKC 185 72 36 321 @0O000
AVG 178+4 | 86+9 33+2 |302+23 -

Table 1. Comparison of test subject anthropometric features and the level of experience in wheelchair
operation. Mean values determined at 95% confidence interval (p=0.05).

fered damage to the spine of the lumbar (L1-L5) or sacral (S1-S5) spine. The spine injury in this section does
not affect the mobility of the upper limbs. Ten subjects (Table 1) classified according to their height, weight,
age, maximum upper limb push force, and wheelchair experience, were examined. The measurement method
for the push force was formalized in terms of methodology. A special stand was used on which the user, in a
seated position, pushed a handle connected to a strain gauge towards his or her knee (Fig. 4a). The evaluation
of the participants’ experience was based on a five-point scale. This assessment was performed by the examined
patients, taking into account the time of using the wheelchair, the variety of places of its use and the general con-
fidence in moving about in a wheelchair. Each subject was familiarized with the test procedure and completed
informed consent forms to participate in the research. The research and experimental protocols were positively
evaluated by the Bioethical Commission at the Karol Marcinkowski Medical University in Poznan Poland, Reso-
lution No. 1100/16 of 10 November 2016, under the guidance of Prof. MD Checinski P. for the research team
led by Ph.D. Wieczorek B. The authors obtained written consent of the examined person for the publication of
research results with his participation. The data was presented in such a way as to ensure complete anonymity.
The measurement method and data acquisition were carried out in accordance with the directives of the Bioeth-
ics Commission at the Karol Marcinkowski Medical University in Poznan Poland, which are in line with the
guidelines of the Helsinki Declarations.

During the test, each subject’s muscle activity (MA) of the four muscle groups and the kinematics of hand
movement were monitored (Fig. 4a). Measurement of muscle activity was performed on four muscle groups:
Deltoid muscle anterior (1) and posterior (2), Triceps brachii (3), Extensor carpi radialis longus (4). EMG meas-
urement was monitored unilaterally, taking into account the asymmetries between the left and right limbs*’, and
the dominant limb was always used for measurement. The analysis of kinematics was limited to the analysis of
hand movement (ID1) (Fig. 4b). During the test, the subject had to complete a track consisting of four sections
(Fig. 4¢): a horizontal section for wheelchair acceleration (section A), a ramp section with an inclination of
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Figure 4. Schematic illustration of the push force measurement system (a), location of the motion capture
and EMG measurement points (b), and the ramp used to perform the test (c). In this diagram: t—strain gauge
force sensor, F,—push force, section A—the section used for wheelchair acceleration, section B—the section
for which the measurement results were disregarded, section C—the section for which the measurement
results were taken into account, section D—the final section where the wheelchair was stopped, o - the ramp
inclination.
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Figure 5. Block diagram of the performed measurement method.

a=4.58° (section B, section C) and a horizontal section for wheelchair deceleration (section D). Full propulsion
movements made at the final section of the ramp (section C) were selected for analysis in order to minimize
the impact of the mechanical energy® accumulated during the acceleration phase of the wheelchair on the first
horizontal section (inertia) (section A).

Detailed methodology of the test is shown in the diagram (Fig. 5). The first subject was (A1), who was
equipped with a set of electrodes for EMG measurements and a marker for motion capture recording. Subse-
quently, the process of EMG signal normalization (B1) and calibration of the camera with image processing
software (B2) was performed. The procedure was carried out in accordance with the guidelines of the EMG
camera manufacturer®. Its purpose was to determine the reference value for further calculations. A set of five
dedicated exercises was carried out to test the maximum contraction of any muscle. This was selected on the
basis of previous studies?!. As part of the standardization exercises, users performed the following activities:
lateral arm raise, lateral arm decline, forearm extension (elbows supported on thighs), wrist bend (underhand
grip) and forearm flexion (elbows supported on thighs). The recorded data were successively normalized, tak-
ing the arithmetic mean of the amplitude of the highest signal segment with a constant duration of 1000 ms
as the reference value. The normalization procedure was always followed by a regeneration break (C1) lasting
30 min. Subsequently, a measurement test (D1) was performed, which included an EMG measurement (D2)
and a motion capture measurement of the hand (D3). Both measurements were performed simultaneously. At
the end of each measurement, test data was collected (E1) and processed (F1). Hand kinematics (F2) and muscle
activity of selected muscle groups (F3) was analyzed. After each measurement test (D1), the subject returned to
the beginning of the track where he was allowed to rest for 10 min before the next round.

Data processing procedures. Processing of the measurement data allowed obtaining information on
hand kinematics and muscle activity (MA) of the upper limb. Hand kinematics was represented by the trajectory
of hand motion during the propulsion cycle (Fig. 6a), which was used to determine the angular position of the
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Figure 6. Graph representing hand motion trajectory (a) and the total angle of rotation of the drive wheel

as a function of the percentage share of the total propulsion cycle (b). Here: g—point of push-rim gripping,
gz—point of push-rim release, y—inclination of the trend line, f—angular position of the hand relative to the
vertical axis, p—total angle of rotation of the drive wheel.

propulsion cycle

grabbing % effective propulsion cycle release
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Figure 7. Graph representing angular position of the hand relative to the vertical axis as a function of the
percentage share of the total propulsion cycle, with individual stages of the propulsion cycle identified, where:
gs—push-rim gripping point, gg—push-rim release point.

hand relative to the vertical axis } and the total angle of rotation of the drive wheel ¢ as a function of the percent-
age share of the propulsion cycle total duration (Fig. 6b).

The initial angular position relative to the vertical axis of symmetry of the drive wheel was marked as —  (2),
while the final position was designated as {3 (3).

1 gg”

—B = cos™ T (2)
Ve +gs +/n
B = cos™! gﬁn

— 3)
Ve 8 +/n

where: g*—position of the gs point on the horizontal axis, g&'—position of the g5 point on the vertical axis,
gg*—position of the g; point on the horizontal axis, gg'—position of the g point on the vertical axis, n—any
positive real number.

The analysis of the variability of the hand position angle relative to the push-rims allowed for identification
of individual stages of the propulsion cycle (Fig. 7) and determination of push-rim gripping (gs) and release
points (gg). In order to determine these points, the hand angular position function p was used. The minimum
of the function denoted push-rim gripping point (gs), while the maximum expressed push-rim release (gg).

As part of the analysis of the total angle of rotation of the drive wheel ¢ (4), the inclination of the trend line
y was calculated. The analysis of this parameter allowed assessing the impact of the examined technical solution
on the increment of the push-rim rotation angle.

858E + &8k

1
N Y

@ = Ccos

(4)
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Figure 8. Graph representing hand position during wheelchair propulsion, where: sample 1 and sample n are
the outline of the analyzed measurement sample consisting of five full propulsion cycles.

In addition, the motion capture measurement allowed analyzing the hand position when propelling differ-
ent variants of the anti-rollback system (Fig. 8). For this purpose, three measurement tests consisting of five full
propulsion cycles were conducted separately. On this basis, the outline of the point cloud was determined. To
generate the outline, the alpha shape algorithm® was used with the alpha coefficient in the range of 0.7—0.8.
The analysis of the area occupied by the hand during propulsion focuses on ascertaining the length L (5) and
the height H (6) of the field drawn by the hand.

L =maxX — minX (5)

H=maxY —minY (6)

In order to determine muscular activity (MA), a surface electromyography of the upper limb muscle was
conducted using a Noraxon mini DTS surface electromyography device equipped with four measurement chan-
nels. The muscle activity signal was analyzed and recorded using Noraxon MR3 software. Muscle effort analysis
was conducted for four muscles that are involved in the propulsion of the wheelchair: Deltoid muscle anterior
(canal 1) and posterior (canal 2), Triceps brachii (canal 3), Extensor carpi radialis longus (canal 4). Before the
actual measurement of muscle activity (during the ascent), each subject underwent a normalization procedure
in accordance with the guidelines of the EMG device manufacturer®. Its purpose was to determine the reference
value for further calculations. A set of five dedicated exercises was carried out to test the maximum contraction of
any muscle. These exercises were selected on the basis of previous studies'. The recorded data were successively
normalized, taking the arithmetic mean of the amplitude of the highest signal segment with a constant duration
of 1000 ms as the reference value. Circular gel electrodes (2 20 mm) were placed in the central part of the belly
of the examined muscles. Measurements were performed at a frequency of 1500 Hz.

Normalization was performed on the same day as the actual test, with a break to allow the muscles to recover
from the effort associated with the normalization procedure. After the regeneration break, the subjects performed
the actual test on the ramp. The measured EMG signals were rectified and then smoothed using RMS algorithms
with a window width of 150 ms. In accordance with the adopted methodology, the sought value was muscle activ-
ity MA (7), which was determined on the basis of the maximum voluntary contraction (MVC) readout measured
during the measurement test and during the normalization procedure (MVC,,,,). The value of the MVC_,,, signal
was the reference value defining the maximum of the tested muscle group in the same static force test for all
tested patients. The activity value was determined as the percentage of the measured MVC signal relative to the
constant maximum value of MVC_,,, for a given patient. This approach made it possible to compare individual
users regardless of what results they achieved during the standardization exercises.

MVC
MA = ——— - 100% (7)
MVCax
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The performed measurement of the maximum voluntary contraction (MVC) allowed establishing the muscle
activity of each of the tested muscles (MA,). On the basis of the derived values of MA, the maximal effort of the
upper limbs (ME) was determined (8).

_ Z?=1 MA;
n

ME (8)

where: n—the number of examined muscles, MA;,—the value of muscular activity of one of the examined muscles.

Results and discussion

In accordance with the adopted research methodology, muscular activity and motion capture measurements
were performed simultaneously. First, the measured data was used to determine the hand position during the
entire propulsion cycle consisting of the push and return phases. Visual interpretation of the hand position was
then presented in the form of graphs representing three measurement tests for each of the tested wheelchair
versions and for each of the tested subjects (Fig. 9). After analysis of the registered positions, the average value
of the length L and width H of the position for the three wheelchair variants was established for each subject
(Fig. 10). In addition, for each subject, the difference in % of the above parameters in relation to the largest of
the registered values was determined. The greatest length L was recorded for a wheelchair equipped with a stiff
anti-rollback system. As regards the H parameter, the largest value was recorded for a wheelchair with a flexible
anti-rollback system.

Differences in the dimensions of the analyzed areas between individual wheelchair types are insignificant.
The average values for all subjects are L =26 mm and H=4 mm. Due to insignificant variation in the measured
parameters, it was assumed that the anti-rollback system variant does not affect the hand trajectory, which in turn
does not force the wheelchair user to adopt different body kinematics compared to a conventional wheelchair.
Assuming that the differences in the geometric shape of the areas are due to the individual predispositions of
the subjects, such as the frequency of push phases and the speed of the wheelchair*, the analysis of the hand
position during the propulsion cycle was concluded at that point.

Further analysis of the data obtained by the motion capture measurement of the marker placed on the hand
consisted in the identification of three individual drive phases for all subjects and all wheelchair variants. The
parameters determined from these three samples were averaged and used for further analyses. In order to stand-
ardize the time base for all subjects in each sample, the time base for the parameters in question was replaced
by the percentage share of the push phase total duration. A similar method of standardizing biomechanical tests
conducted on different individuals is used by other researchers, e.g. when measuring muscle activity*>. Building
upon these assumptions, we determined the total rotation angle of the push-rim ¢, the angular position of the
hand on the push-rim at the beginning of the push phase — f and at the end of it + B, the inclination of the trend
line y of the total push-rim rotation angle increment ¢, the duration of the push phase t, the percentage share
of the push phase total duration in which the hand was holding the push-rim gg and the percentage share of the
push phase in which the hand was released g (Fig. 11).

Based on the motion capture analysis, it was found that 8 out of the 10 subjects examined tended to rotate
the push-rims by the largest angle ¢ when using a wheelchair equipped with a stiff anti-rollback system. The
average total push-rim rotation angle ¢ for this type of wheelchair was 105.91°. In the case of the wheelchair
without the anti-rollback system, that value was 99.39°, while in the case of the wheelchair equipped with the
flexible anti-rollback system the value was 98.18°. In analyzing these results, it can be concluded that when using
the stiff anti-rollback system, the time when the wheelchair user is transferring muscle power to the propulsion
system is longer. This is corroborated by the measurement of the push phase duration. The average value of the
push phase t was 1.13 s for the wheelchair without an anti-rollback system, 1.23 s for the wheelchair with a stiff
anti-rollback system and 1.18 s for the wheelchair with a flexible anti-rollback system. On the basis of these find-
ings, one can notice an evident correlation between the use of ramp assist systems and the increase in duration
of the push phase t. In the case of a wheelchair equipped with a stiff anti-rollback system, despite the largest
value of the total push-rim rotation angle (¢) and the longest duration of the push phase, the highest rate of total
push-rim rotation angle increment (y) was observed. This rate was determined by the trend line inclination of
the function of the total push-rim rotation angle change. The value of this angle was 44.76° for the wheelchair
without an anti-rollback system, 46.70° for the wheelchair with a stiff anti-rollback system and 44.77° for the
wheelchair with a flexible anti-rollback system.

Regarding hand kinematics, we found that when using the wheelchair with the stiff anti-rollback system, at
the beginning of the push phase, the position of the hand was furthest back. Its angular position on the push-rim
— B averaged — 25.23° for all subjects. In the case of the wheelchair without the anti-rollback system, that value
was — 18,16°, while in the case of the wheelchair equipped with the flexible anti-rollback system it was — 18.48°.
In the case of the angular position of the hand on the push-rim at the end of the push phase (+f), there were
no significant differences among the different anti-rollback systems. In the case of the wheelchair without the
anti-rollback system, the +  angle was 81.33°, while for the wheelchairs with the stiff and flexible anti-rollback
systems, these values were 79.66° and 79.33°, respectively. The analysis of the push phase stages with the hand
gripping the push-rim gg and with the push-rim released g did not show any impact of the ramp assist systems
on these values. This was expected due to the users’ individual propulsion styles*>*,

Muscle activity measurement for each of the 10 subjects was performed in triplicate for each of the three
wheelchair variants. The average muscular effort of each muscle expressed as a function of the percentage share
of the total push phase duration was then determined for all the three measurement tests (Fig. 11) On the basis
of this data, an analysis was performed to assess the maximum muscular effort of each of the examined muscles
and the overall maximum muscular effort of the entire upper limb ME (Fig. 12).
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Figure 9. Graphs representing hand position when propelling a wheelchair with no modifications (NAR), with
flexible anti-rollback system (ARE) and with stiff anti-rollback system for 10 subjects, where ID1 is the location
of the marker on the upper limb.

An analysis of the EMG signal for individual subjects showed that neither the presence nor type of ramp assist
system used affected the shape of the muscular activity function. This is illustrated in Fig. 13 for three randomly
selected subjects. No changes in the shape of muscular effort curves indicate that ramp assist systems do not affect
the propulsion style and the muscles used. In deriving the maximum muscular effort values, we observed that
these values tended to be the lowest for the wheelchair without the anti-rollback system. The average maximum
muscular effort (ME) of the whole upper limb was 0.55+0.19 for the wheelchair without an anti-rollback system,
0.59+0.19 for the wheelchair with a stiff anti-rollback system and 0.70 + 0.46 for the wheelchair with a flexible
anti-rollback system. On analyzing the standard deviation, the largest discrepancy was observed for the flexible
anti-rollback system. This may indicate that this particular design has an impact on the subjective sensation
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Figure 10. Summary of L and H parameters of the hand position when propelling a wheelchair with no
modifications (NAR), with a flexible anti-rollback system (ARE) and with a stiff anti-rollback system—for 10
subjects, where: L—length of the area, H—height of the area, AL—% difference in length relative to the largest
value for a given subject, AH—% difference in height relative to the largest value for a given subject. All mean
values were determined at a 95% confidence interval (p=0.05).
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Figure 11. Results of the motion capture measurement analysis of the push phase for the wheelchair without
an anti-rollback system (NAR), with a flexible anti-rollback system (ARE) and with a stiff anti-rollback system
(ARS). In these graphs: ¢—the total push-rim rotation angle, -p—the angular position of the hand on the push-
rim at the beginning of the push phase, + p—the angular position of the hand on the push-rim at the end of the
push phase, y—the trend line inclination of the function of the total push-rim rotation angle, t—the duration of
the push phase, gs—the percentage share of the total push phase duration with the hand gripping the push-rim,
gz—the percentage share of the total push phase duration with the push-rim released. All mean values were
determined at a 95% confidence interval (p=0.05).

of the user, which determines the propulsion style and transmission mode of driving force. Similar values of
maximum ME were observed regardless of the type of wheelchair used for the following muscles: Deltoid muscle
anterior (canal 1) and posterior (canal 2), Triceps brachii (canal 3). The largest differences in maximum ME
ranging from 0.81 to 0.96 were found for the extensor carpi radialis longus muscle (canal 4). This muscle was
involved in gripping the push-rims, and the flexible anti-rollback system compelled 9 out of 10 users to apply a
stronger hand grip on the rims. This is particularly true in the later stages of the push phase (50-90%) (Fig. 13).

The main assumption of this research was to combine motion capture and EMG measurements in order to
assess two variants of anti-rollback system. Using a common basis for both measurement signals, namely, the
percentage share of the total push phase duration, graphs of total upper limb muscular effort were made for each
of the 10 subjects depending on the angle of the hand position on the push-rims (Fig. S1-S10). The average graph
of total upper limb muscular effort for 10 subjects as a function of time is presented in Fig. 14.

Assessment of the combined EMG and motion capture signals showed that the highest intensity of total mus-
cular effort for the upper limb was recorded for the hand holding the push-rims in a position between 30° and
70°. What is more, the lowest maximum muscular effort of the whole upper limb was recorded for the wheelchair
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Figure 12. Results of the maximum effort (ME) and maximum muscle activity (MA) analysis for the
wheelchair without the anti-rollback system (NAR), with the flexible anti-rollback system (ARE) and with the
stiff anti-rollback system (ARS), where: MA,—maximum value of muscular activity for the deltoid muscle
anterior, MA,—maximum value of muscular activity for the deltoid muscle posterior, MA;—maximum value
of muscular activity for the triceps brachii muscle, MA,—maximum value of muscular activity for the extensor
carpi radialis longus, ME—maximum value of total upper limb effort. All mean values were determined at the
95% confidence interval (p =0.05).

without any modifications. In the case of the wheelchair with the stiff anti-rollback system, the difference was
0.04, while for the wheelchair with the flexible anti-rollback system it was 0.16. It should be stressed that for the
flexible anti-rollback system, the highest values in relation to the other solutions were achieved only for hand
positions from ~ 25° to 50°. For the remaining angles, the muscular effort of the whole upper limb was lower
compared to the stiff anti-rollback system.

Conclusions

Climbing ramps is one of the most difficult and dangerous activities performed by wheelchair users. The existing
research describes the possibility of using ramp assist systems and their qualitative assessment in terms of safety
improvement>*>*. In this paper, a quantitative evaluation of the anti-rollback system in two different variants
was performed. Further stages of research and development will establish new directions for the designs of ramp
assist systems.

The motion capture measurements conducted have shown that the push phase is the longest when using a
wheelchair with the stiff anti-rollback system. The average time for this solution was 1.23 s. Increasing the dura-
tion of the push phase is desirable as it positively affects the value of the total push-rim rotation angle ¢ and
translates into uniform load on the muscular system. In addition, extending the duration of the push phase helps
in the process of learning to use a wheelchair®’. Increasing the total rotation angle was also accompanied by the
highest rate of angle increment as a function of time y. The observed increase in angle increment rate translates
into a higher speed of the wheelchair. This, in turn, positively affects the generated driving force*®. In the case of
the wheelchair with the stiff anti-rollback system, we also observed that the user tended to grip the push-rims
earlier. This was represented by the angular position of the hand B, which for this particular technical solution
ranged from — 25° to 80°. As regards the percentage share of the total push phase duration with the hand grip-
ping the push-rim (gs) and the push-rim released (gg), no impact of the ramp assist system was observed in this
regard. The values for these points were ~ 5% and ~ 95% respectively.

The EMG measurement indicated that the user exerts slightly more muscular effort when using wheelchairs
with anti-rollback systems no matter what type of system. Moreover, the maximum momentary exertion for the
whole upper limb was the greatest when using the flexible anti-rollback system. It should be noted, however, that
the maximum values were obtained only for specific hand positions of 30° to 50°. For the other hand positions,
the measured values of the whole upper limb effort were lower than in the case of the stiff anti-rollback wheel-
chair. Still, in analyzing the total upper limb muscular effort as a whole, the values obtained are similar (Fig. 7).
Significantly lower muscular effort was recorded only in the case of the wheelchair without any modifications.
This could be expected as equipping the wheelchair with an additional roller coupled with the drive wheel intro-
duces additional motion resistance. This resistance must be compensated for by the propulsion force generated
by the upper limb, which translates into an increased muscular effort. At the same time, it is true that equipping
the wheelchair with an anti-rollback system increases the overall effort of the user. This is due to the introduction
of more elements into the system, which primarily generates additional friction and elastic deformation in the
system. Therefore, a solution that allows for enabling or disabling the anti-rollback system, depending on the
user’s needs, should be considered particularly advantageous. From an energy efficiency point of view, the use
of this system is unjustified on a non-sloping surface.

In assessing the determined parameters, we concluded that despite the increase in muscular effort, the use of
an anti-rollback system is beneficial for the wheelchair user, due to greater safety, which is the most important
criterion. Furthermore, the increase in muscular effort is not significant enough to be harmful to the human

Scientific Reports |

(2022) 12:19061 | https://doi.org/10.1038/s41598-022-21806-z nature portfolio



www.nature.com/scientificreports/

paticnt BWA NAR ARS ARE
1,00 g, 100 z; : 100 %, :
—. 0,80 11 : . 0.80 T1 : . 0.80 11 :
0,60 1! ! =060 1! £,0,60 1! ;
§ 0,40 4 d § 0,40 &' ' § 0,40 '
0,20 0,20 14 0,20 4 :
0,00 0,00 - 0,00 +FH———+—+—+—+—++»i
coocooocoo cCOo00CoO0CcOoO0D cocoocoocooe
—AAFTAOERSS —AAFAOEDSS —AAFTAROERES
cycle duration [%] cycle duration [%] cycle duration [%]
patient MK NAR ARS ARE
1,00 : 1,00
— 0,80 1 : 0,80
20,60 ¢ =,0,60
S 0,40 S 040
=’ =
0,20 0,20
0,00 0,00
coocooococooo
—AATFTACEDSS
cycle duration [%] cycle duration [%] cycle duration [%]
patient LWA NAR ARS ARE
0,60 x, : 0,80 1,00
1 |}
- — 0,60 g 20
040 1) I = = 0,60
= . = 0,40 ey
S ' S < 040
s 0,20 = >
0,20 0,20
0,00 0,00 0,00
CO0OCOO0OoO0OOD cooocoocooC
—NAFTAEEDSS —NAFTARORISS
cycle duration [%] cycle duration [%)] cycle duration [%]
me= canal | | ===t canal 2 | === canal3 | === canald | ----1 push start | - - - -1 push end
Figure 13. Graphs for selected subjects representing the muscular activity of four muscles as a function of the
percentage share of the total push phase duration. In these graphs: NAR—wheelchair without the anti-rollback
system, ARS—wheelchair with the stiff anti-rollback system, ARE—wheelchair with the flexible anti-rollback
system, canal 1—deltoid muscle anterior, canal 2—deltoid muscle posterior, canal 3—triceps brachii, canal 4—
extensor carpi radialis longus.
muscular system. A particularly desirable feature of the anti-rollback system is the increase in the duration of the
push phase. It allows the user to maintain a constant contraction rather than flexing the muscles abruptly. This
translates into a reduced risk of injury*. Another argument in favor of the anti-rollback system is that it gives
the wheelchair user the opportunity to rest and take a break from propulsion, even when moving uphill. This
possibility significantly increases the physical and psychological comfort compared to a conventional wheelchair.
The research results show that the use of the stiff anti-rollback system involves the same muscles, to a similar
extent, as in the case of the conventional wheelchair. In turn, the flexible anti-rollback system allows for new
possibilities in terms of the speed and intensity of the generated propulsion force. This is confirmed by the larg-
est discrepancies in the results obtained for this system. It should be underlined, however, that these tests were
carried out on a track with an even, smooth surface. This might be a reason for the lack of differences between
results for the stiff and flexible anti-rollback system. Further research will focus on tests on different types of
surfaces, which will allow assessing the impact of the elastic body that presses the anti-rollback system against the
drive wheel. We also plan to conduct tests for different diameters of the roller, which will affect the deformation
of the wheelchair tire during frictional coupling. Additional research will also be carried out on the wheelchair
dynamics to determine the ratio of the driving torque delivered to the system to the generated muscular activity.
Based on the above observations and analyzes, we found that of the two proposed concepts of anti-rollback
system, the rigid variant is more advantageous. This choice is motivated by the lack of significant differences in
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Figure 14. Graphs of the average total muscular effort of the upper limb as a function of its position on the
push-rim. In the graphs: NAR—wheelchair without an anti-rollback system, ARS—wheelchair with a stiff anti-
rollback system, ARE—wheelchair with a flexible anti-rollback system.

the kinematics of the upper limb, a noticeable difference in muscle effort (ME) and the difference in the complex-
ity of the structure. In the case of the anti-rollback system in the rigid variant, muscle effort (ME) similar to a
wheelchair without modification (NAR) was measured and, additionally, was significantly lower than the anti-
rollback system in the flexible variant (ARE). The design of the anti-rollback system in the rigid variant is very
simple. It consists of three basic elements and, as shown in the example embodiment, it can replace the original
wheelchair parking brake while maintaining the ability to be enabled of disabled depending on the user’s needs.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.

Received: 15 November 2021; Accepted: 4 October 2022
Published online: 09 November 2022

References
1. Requejo, P. S., Furumasu, J. & Mulroy, S. J. Evidence-based strategies for preserving mobility for elderly and aging manual wheel-
chair users. Topics Geriatr. Rehabilit. 31(1), 26 (2015).
2. McLaurin, C. A. & Brubaker, C. E. Lever drive system for wheelchairs. J. Rehabil. Res. Dev. 23(2), 52-54 (1986).
3. Flemmer, C. L. & Flemmer, R. C. A review of manual wheelchairs. Disabil. Rehabil. Assist. Technol. 11(3), 177-187 (2016).
4. Berthelette, M., Mann, D. D,, Ripat, J., & Glazebrook, C. M. Assessing manual wheelchair caster design for mobility in winter
conditions. Assistive Technology (2018).
5. Katz, R. An affordable anti rollback brake for wheelchairs. In assistive technology: From research to practice (pp. 887-892). I0S
Press (2013).
6. Lovelock, B. A. Planes, trains and wheelchairs in the bush: Attitudes of people with mobility-disabilities to enhanced motorised
access in remote natural settings. Tour. Manage. 31(3), 357-366 (2010).
7. Hartblay, C. Good ramps, bad ramps: Centralized design standards and disability access in urban Russian infrastructure. Am.
Ethnol. 44(1), 9-22 (2017).
8. Blampied, N., & Tommelein, I. D. Product versus performance specification for wheelchair ramp construction. In Proc 24th Ann
Conlf of the Int’l Group for Lean Construction (2016).
9. Zierke, P. (2019). Buildings and their location-polish technical conditions 2018-Part iii buildings and rooms.
10. Van der Woude, L. H. V., Geurts, C., Winkelman, H. & Veeger, H. E. ]. Measurement of wheelchair rolling resistance with a handle
bar push technique. J. Med. Eng. Technol. 27(6), 249-258 (2003).
11. Teran, E. & Ueda, J. Influence of rolling resistance on manual wheelchair dynamics and mechanical efficiency. Int. . Intell. Robot.
Appl. 1(1), 55-73 (2017).
12. Wargula, L., Kukla, M., & Wieczorek, B. The impact of wheelchairs driving support systems on the rolling resistance coeflicient.
In Machine Modelling and Simulations 2019 (2020).
13. Sanderson, D. J. & Sommer, H. J. I1I. Kinematic features of wheelchair propulsion. J. Biomech. 18(6), 423-429 (1985).
14. Vanlandewijck, Y. C., Spaepen, A. J. & Lysens, R. J. Wheelchair propulsion efficiency: Movement pattern adaptations to speed
changes. Med. Sci. Sports Exerc. 26(11), 1373-1381 (1994).
15. Shimada, S. D., Robertson, R. N., Bonninger, M. L. & Cooper, R. A. Kinematic characterization of wheelchair propulsion. J. Rehabil.
Res. Dev. 35(2), 210-218 (1998).
16. Boninger, M. L. et al. Propulsion patterns and pushrim biomechanics in manual wheelchair propulsion. Arch. Phys. Med. Rehabil.
83(5), 718-723 (2002).
17. Koontz, A. M., Cooper, R. A., Boninger, M. L., Souza, A. L. & Fay, B. T. Shoulder kinematics and kinetics during two speeds of
wheelchair propulsion. J. Rehabil. Res. Dev. 39(6), 635-650 (2002).
18. De Groot, S., Veeger, H. E., Hollander, A. P. & van der Woude, L. H. Effect of wheelchair stroke pattern on mechanical efficiency.
Am. ]. Phys. Med. Rehabil. 83(8), 640-649 (2004).

Scientific Reports |

(2022) 12:19061 | https://doi.org/10.1038/s41598-022-21806-z nature portfolio



www.nature.com/scientificreports/

19. Slowik, J. S., Requejo, P. S., Mulroy, S. J. & Neptune, R. R. The influence of speed and grade on wheelchair propulsion hand pattern.
Clin. Biomech. 30(9), 927-932 (2015).

20. Slowik, J. S., Requejo, P. S., Mulroy, S. J. & Neptune, R. R. The influence of wheelchair propulsion hand pattern on upper extremity
muscle power and stress. J. Biomech. 49(9), 1554-1561 (2016).

21. Kukla, M., Wieczorek, B., & Warguta, L. Development of methods for performing the maximum voluntary contraction (MVC)
test. In MATEC Web of Conferences (Vol. 157, p. 05015). EDP Sciences (2018).

22. Louis, N. & Gorce, P. Surface electromyography activity of upper limb muscle during wheelchair propulsion: Influence of wheelchair
configuration. Clin. Biomech. 25(9), 879-885 (2010).

23. Santos Requejo, P. et al. Shoulder muscular demand during lever-activated vs. pushrim wheelchair propulsion in persons with
spinal cord injury. J. Spinal Cord Med. 31(5), 568-577 (2008).

24. Rankin, J. W,, Kwarciak, A. M., Richter, W. M. & Neptune, R. R. The influence of wheelchair propulsion technique on upper
extremity muscle demand: A simulation study. Clin. Biomech. 27(9), 879-886 (2012).

25. Rackley, J. W. U.S. Patent No. 7,900,945. Washington, DC: U.S. Patent and Trademark Office (2011).

26. Morales, R., Gonzalez, A., Feliu, V. & Pintado, P. Environment adaptation of a new staircase-climbing wheelchair. Auton. Robot.
23(4), 275-292 (2007).

27. Sundaram, S. A., Wang, H., Ding, D. & Cooper, R. A. Step-climbing power wheelchairs: A literature review. Topics Spinal Cord
Injury Rehabil. 23(2), 98-109 (2017).

28. Gaal, R. P, Rebholtz, N., Hotchkiss, R. D. & Pfaelzer, P. E. Wheelchair rider injuries: Causes and consequences for wheelchair
design and selection. J. Rehabil. Res. Dev. 34(1), 58-71 (1997).

29. 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).

30. 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).

31. Xiong, Y. & Tuononen, A. The in-plane deformation of a tire carcass: Analysis and measurement. Case Stud. Mech. Syst. Signal
Process. 2,12-18 (2015).

32. Raper, R. L., Bailey, A. C., Burt, E. C., Way, T. R. & Liberati, P. Inflation pressure and dynamic load effects on soil deformation and
soil-tire interface stresses. Trans. ASAE 38(3), 685-689 (1995).

33. Brewer, H. K. Tire stress and deformation from composite theory. Tire Sci. Technol. 1(1), 47-76 (1973).

34. Ridha, R. A., & Clark, S. K. Tire stress and deformation. Mechanics of pneumatic tires, (s K) (1981).

35. Mason, B. S., Lemstra, M., van der Woude, L. H., Vegter, R. & Goosey-Tolfrey, V. L. Influence of wheel configuration on wheelchair
basketball performance: Wheel stiffness, tyre type and tyre orientation. Med. Eng. Phys. 37(4), 392-399 (2015).

36. Arvidsson, J. & Keller, T. Soil stress as affected by wheel load and tyre inflation pressure. Soil Tillage Res. 96(1-2), 284-291 (2007).

37. Podnar, S. Bilateral vs. unilateral electromyographic examination of the external anal sphincter muscle. Neurophysiologie Clinique/
Clinical Neurophysiol. 34(3-4), 153-157 (2004).

38. Guo, L. Y,, Su, E. C., Wu, H. W. & An, K. N. Mechanical energy and power flow of the upper extremity in manual wheelchair
propulsion. Clin. Biomech. 18(2), 106-114 (2003).

39. Lou, S., Jiang, X. & Scott, P. J. Application of the morphological alpha shape method to the extraction of topographical features
from engineering surfaces. Measurement 46(2), 1002-1008 (2013).

40. Konrad, P. The abc of emg. Pract. Introd. Kinesiol. Electromyogr. 1(2005), 30-35 (2005).

41. Qi, L., Ferguson-Pell, M. & Lu, Y. The effect of manual wheelchair propulsion speed on users’ shoulder muscle coordination pat-
terns in time-frequency and principal component analysis. IEEE Trans. Neural Syst. Rehabil. Eng. 27(1), 60-65 (2018).

42. Mulroy, S.J., Gronley, J. K., Newsam, C. J. & Perry, J. Electromyographic activity of shoulder muscles during wheelchair propulsion
by paraplegic persons. Arch. Phys. Med. Rehabil. 77(2), 187-193 (1996).

43. Madansingh, S. I, Fortune, E., Morrow, M. M., Zhao, K. D. & Cloud-Biebl, B. A. Comparing supraspinatus to acromion proximity
and kinematics of the shoulder and thorax between manual wheelchair propulsion styles: A pilot study. Clin. Biomech. 74, 42-50
(2020).

44. Rodgers, M. M, Keyser, R. E., Gardner, E. R., Russell, P. ]. & Gorman, P. H. Influence of trunk flexion on biomechanics of wheelchair
propulsion. J. Rehabil. Res. Dev. 37(3), 283-296 (2000).

45. Kirby, R. L. & Ackroyd-Stolarz, S. A. Wheelchair safety-adverse reports to the United States food and drug administration. Am.
J. Phys. Med. Rehabil. 74(4), 308-312 (1995).

46. Ummat, S. & Kirby, R. L. Nonfatal wheelchair-related accidents reported to the national electronic injury surveillance system. Am.
J. Phys. Med. Rehabil. 73(3), 163-167 (1994).

47. De Groot, S., Veeger, H. E. J., Hollander, A. P. & Van der Woude, L. H. V. Adaptations in physiology and propulsion techniques
during the initial phase of learning manual wheelchair propulsion. Am. J. Phys. Med. Rehabil. 82(7), 504-510 (2003).

48. Moon, Y. et al. Variability of peak shoulder force during wheelchair propulsion in manual wheelchair users with and without
shoulder pain. Clin. Biomech. 28(9-10), 967-972 (2013).

49. Curtis, K. A. & Black, K. Shoulder pain in female wheelchair basketball players. J. Orthop. Sports Phys. Ther. 29(4), 225-231 (1999).

Author contributions

Conceptualization, B.W., £.W. and M.K.; methodology, B.W.; software, D.R.; validation,B.W., M.K., £L.W,; formal
analysis, B.W,; investigation, B.W., M.K., L.W.; resources, B.W.; data curation, B.W.;writing—original draft prepa-
ration, B.W.; writing—review and editing, B.W. and M.K; visualization, B.W. M.G.;supervision, B.W.; project
administration, B.W.; funding acquisition, B.W. All authors have read and agreed to thepublished version of the
manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-21806-z.

Correspondence and requests for materials should be addressed to B.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:19061 | https://doi.org/10.1038/s41598-022-21806-z nature portfolio


https://doi.org/10.1038/s41598-022-21806-z
https://doi.org/10.1038/s41598-022-21806-z
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:19061 | https://doi.org/10.1038/s41598-022-21806-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Evaluation of anti-rollback systems in manual wheelchairs: muscular activity and upper limb kinematics during propulsion
	Material and method
	Anti-rollback system and measuring apparatus. 
	Test method. 
	Data processing procedures. 

	Results and discussion
	Conclusions
	References


