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Abstract: Innovative wheelchair designs require new means of controlling the drive units or the
propulsion transmission systems. The article proposes a signal to control the gear ratio or the amount
of additional propulsion torque coming from an electric motor. The innovative control signal in this
application is the signal generated by the maximum voluntary contraction (MVC) of the muscles of
the upper limbs, transformed by the central processing unit (CPU) into muscle activity (MA) when
using a wheelchair. The paper includes research on eight muscles of the upper limbs that are active
when propelling a wheelchair. Asymmetry in the value for MVC was found between the left and
right limbs, while the belly of the long radial extensor muscle of the wrist was determined to be the
muscle with the least asymmetry for the users under study. This pilot research demonstrates that
the difference in mean MVCpax values between the left and the right limbs can range from 20% to
49%, depending on the muscle being tested. The finding that some muscle groups demonstrate less
difference in MVC values suggests that it is possible to design systems for regulating the gear ratio or
additional propelling force based on the MVC signal from the muscle of one limb, as described in the
patent application from 2022, no. P.440187.

Keywords: wheelchair; maximum voluntary contraction (MVC); assistive technology; shifting gear;
torque control; drive

1. Introduction

A contemporary trend in the design of machines and devices is used to increase
safety [1-3], reduce energy consumption [4-6], and automate the processes involved [7-9].
Wheelchairs and devices that support the movement of people with disabilities and infir-
mities are propelled either manually [10-12] or electrically [13,14]. The disadvantage of
manually propelled wheelchairs is the limited propelling force that can be generated by the
wheelchair users themselves [15,16]. The use of such devices may lead to a situation where
a person using a wheelchair cannot reach their destination, for example, due to excessive
fatigue, changing weather conditions (strong winds or slushy surfaces) [17-19] or chang-
ing the route and additional obstacles from the terrain (steep hills) [20,21]. These factors
limit the independence [22] and psychological comfort [23] of people using wheelchairs.
Research by Rousseau-Harrison et al. in 2009 [24] and Wong and Yap in 2019 [25] indicates
that reducing wheelchair users’ discomfort is beneficial to society as a whole. Electric
wheelchairs have made a significant contribution to alleviating the above-mentioned prob-
lems, but their long-term and exclusive use is detrimental to the health of their users.
People who use only electric wheelchairs have health problems due to limited physical
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activity [26]. The most advantageous and innovative solutions for people with disabili-
ties and infirmities are wheelchairs equipped with gears (for manual propulsion systems)
and assistive technology systems (for electric-manual hybrid propulsion systems) [27-29].
Wheelchairs equipped with assistive technology can support the movement of wheelchair
users by adding tractive torque of a specific value transferred by electric motors to the
wheelchair’s drive wheels. The amount of this torque can be declared by the user [29]
or set by control algorithms based on signals from additional sensors, for example, those
which use gyroscopic systems to recognize slopes [29]. Signals of the bioelectric potential
of muscles, for instance, from the muscles of the face [30] and neck [31], can be used to set
the direction and speed of travel for a wheelchair. However, it is not used for controlling
wheelchairs using assistive technology. In 2020, Callejas-Cuervo et al. conducted a review
of control systems and electronic instrumentation applied to autonomy in wheelchair mo-
bility, showing that classic controller control is the most popular [32]. On the other hand,
control with the use of bioelectric potential of muscles signals is designed to control electric
wheelchairs in terms of speed control [33,34] and steering the driving direction [35]. A simi-
lar range of control using signals bioelectric potential of muscles was demonstrated by Kaur
in 2021 in his review analysis wheelchair control for dis-abled patients using an electromyo-
gram (EMG)/electrooculogram (EEA)-based human-machine interface [36].Conventional
mechanical gears used in wheelchairs require manual gear shifting, which is very often as-
sociated with a loss of propelling force whilst shifting. In addition, the user adjusts the type
of transmission on their own, which may not always be beneficial over longer distances.
Manually propelled wheelchairs achieve the greatest efficiency when the load on the mus-
cles is equal and constant. Changes in the push frequency and force values of the wheels
may contribute to greater muscle fatigue and shorter distance of travel [37]. Excessive load
on the muscles, e.g., when climbing hills, also limits the comfort of riding [38]. In order to
design manually powered wheelchairs that provide a level of comfort in movement similar
to electric-manual hybrid wheelchairs equipped with assistive technology systems, efforts
were made to develop a gear shifting system for the propulsion system based on electrical
signals generated from the muscle tension of the upper limbs. Changes in the propelling
force used to move the wheelchair can be recorded based on the electrical signals generated
by muscle tension (the bioelectric potential of the muscles) of the upper limbs, which can
be used to select the propulsion system gear ratio in a manually propelled wheelchair or
the drive torque in an electric wheelchair using assistive technology.

The control system at the initial stage of the project is intended for people with motor
disabilities caused by an accident, and the spinal cord injury is related to the lumbar (L1-L5)
or sacral (51-55) section. Damage to this extent and the absence of genetic diseases mean
that the mobility of the upper limbs is not affected. The developed solution at this stage
of the research is intended for use by people with muscle atrophy, because the propelling
abilities of the upper limbs of such people are different for the left and right limbs. The
authors strive to develop a single-limb monitoring system that would ensure the optimal
selection of parameters for the comfortable driving of the wheelchair with the use of
both limbs.

The paper aims to carry out exploratory research in order to determine the group of
muscles in the upper limbs and the value of their signals and to enable the development of
a system that would change the gear ratio based on these signals. The assumption of the
control system is to measure the muscle tension on one of the arms; therefore, the tests are
also intended to determine the phenomena of symmetry and asymmetry while propelling
a wheelchair.

2. Materials and Methods

The commonly used Vermeiren v300 manual wheelchair with nominal tire pressure
on a hard surface was used in the tests.

Ten people who had no genetic diseases took part in the test, and their disability
resulted from accidents in which they suffered spinal cord injuries. The examined persons
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suffered damage to the spine of the lumbar (L1-L5) or sacral (51-S5) spine. The spine injury
in this section does not affect the mobility of the upper limbs. The subjects of the study are
characterized in Table 1. The examined persons suffered 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. The subjects of the study are characterized in Table 1.

Table 1. Presentation of anthropometric features, the level of experience in an operating wheelchair,
and the region of spinal cord injury for the test subjects.

Height Weight Age Dominant Hand  Push Force  Experience Region of ?pmal
Patient Gender Cord Injury
cm kg Years - N - -
P1 male 183 90 32 right 364 EEENC lumbar
P2 male 171 67 25 right 282 ENEER sacral
P3 male 169 72 30 right 263 ] | W sacral
P4 male 185 72 36 right 321 | |HE] lumbar
P5 male 179 88 32 right 321 EEERC lumbar
P6 male 188 74 36 right 291 [ lumbar
p7 male 173 87 31 right 296 | |HEE] sacral
P8 male 174 81 35 right 247 EEERC sacral
P9 male 175 110 31 right 333 ERERC lumbar
P10 male 183 100 32 right 329 HEEC0 sacral

The participants were familiarized with the test procedure and signed a form of
voluntary consent. The research was evaluated positively by the Bioethical Commission
at Karol Marcinkowski Medical University in Poznar, Poland (Resolution No. 1100/16 of
10 November 2016), under the guidance of Prof. MD P. Checiriski for the research team led
by B. Wieczorek, Ph.D. The authors obtained the subject’s written consent to publish the
research results with their participation. The data are presented in such a way as to ensure
complete anonymity.

The measurement of muscle activity, which enabled the upper limb muscle activity to
be estimated, was conducted with a Noraxon Mini DTS apparatus for surface electromyo-
graphy, equipped with four measurement channels. The analysis and recording of the
muscle activity signal were carried out in the software program Noraxon MR3. Eight
muscles involved in propelling a wheelchair were subjected to exercise stress analysis:
biceps (A), triceps (B), deltoid middle head (C), long wrist extensor (D), deltoid anterior
head (E), deltoid posterior head (F), and trapezius and subcapsular (G). Before commencing
the actual muscle activity measurement, each participant went through a standardization
procedure consistent with the guidelines of EMG [39], the manufacturer of the apparatus.
This was carried out in order to determine a reference value necessary for subsequent
calculations. A set of five dedicated exercises was carried out to test the maximum contrac-
tion of any muscle, which was selected based on 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 belly of the muscle being tested. The measurements were carried out at a
frequency of 1500 Hz. Standardization was performed a day before the test to allow muscle
regeneration after exertion during the standardization procedure. After a one-day rest, the
participant performed the measurement test. The resulting EMG signals were rectified
and then smoothed using root mean square algorithms with a window width of 150 ms
(signal MVC). Later, the maximum voluntary contraction (MVCpay) test was performed
for normalization test. This post-processing method uses a reference value to normalize
subsequent EMG data series (1). The output is displayed as a percentage of the MA value,
which can be used to easily establish a common ground when comparing data between
repetitions and subjects.
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MA= ——
MVCmax

-100% 1)

where:

MA—muscle activity (expressed in %);
MYV C—maximum voluntary contraction during the propulsion phase (expressed in mV);
MV Cpay—maximum voluntary contraction during normalization test (expressed in mV).

In searching for muscle groups in the left and right upper limbs that would show a
similar level of muscle activity, six measurement tests were carried out, during which the
subject travelled on a wheelchair along a straight surface. They searched for the muscles
with the lowest percentage of MVC difference between the right and left upper limbs.

Six complete driving cycles were identified for each patient. In each driving cycle, eight
muscles were distinguished and muscle activity was identified. Based on the observation of
the results, it was found that there is no normal distribution. On the basis of this observation,
a statistical analysis was performed consisting in determining the confidence intervals for
the mean calculated on the basis of the performed six repetitions. When determining the
confidence intervals, the Student’s t-distribution and the 95% probability level (p = 0.05)
were used.

3. Results and Discussion

The maximum voluntary contraction recorded in the static standardization test differed
for the left and right upper limbs (Tables 2 and 3). Exemplary detailed results are presented
for the first patient (P1) in Table 2 and Figure 1, while the summary of the results of all
patients is presented as mean values (Table 3 and Figure 2). The MVC was determined
for each muscle based on six measurements with a confidence level of 0.05. It can be
noted that in most cases there was a higher MVC value for the muscles of the dominant
upper limb (Figure 2). The research confirmed that a right-handed patient has a greater
MVC in their dominant hand during exercise, which is consistent with the results of other
researchers [40-42]. The smallest difference of MVC between the right and the left arms
was recorded for muscle D; the difference did not exceed 20 + 10% (deviation of the mean
is also the smallest (Figure 2)). This muscle can be used by the control system described
herein to collect control signals from the left or right upper limb. It is important that the
control system uses the muscle tension signals with values that are similar for the two
upper limbs. Otherwise, the measurement from a much stronger or weaker upper limb
would lead to an improperly selected gear ratio or torque value. In such a situation, the
assistance adjusted to the overall physical abilities of the user would be out of proportion.
This pilot research has shown that muscle D generated the best control signal for such a
system, but this finding should be tested in a larger group in the future.

After selecting muscle D in the control process as the one with the most favorable MVC
signal, the muscle was subjected to further analysis. The purpose of this analysis was to ex-
tract the phases of the cycle involved in propelling a manually propelled wheelchair [43,44].
Two basic phases of wheelchair propulsion can be distinguished: the propelling phase
(P1), with the highest muscle tension, and the return phase (P2), with a low MVC value
(Figure 3). It was observed that the propelling phase time (arm movement from position 1
to 2) is shorter than the return phase (arm movement from position 2 to 3). The return
phase time is the time when the system is allowed to make adjustments to the propulsion
system. Such adjustment requires the development of an innovative control algorithm and
a new design for the wheelchair.
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Table 2. MVC values during the process of propelling a wheelchair for patient 1 (P1). The mean MVC
value was determined with the confidence interval for the probability level p = 0.05.

Measurement Test

Mean MVC
Muscle Limb 1 2 3 4 5 6
mV mV
. R 1883.0 2061.0 2039.0 23950 2537.0 2721.0 2272.67 + 343.95
Biceps muscle (A)

L 1417.0 1356.0 1116.0 1096.0 1101.0 1111.0 1199.5 + 153.53

. R 687.9 589.7 384.7 522.5 625.0 513.6 553.9 + 110.6

Triceps muscle (B)

L 1086.0 1069.0 1100.0  1110.0 1344.0 1321.0 1171.67 £131.76

R 1202.0 1132.0 890.2 982.8 720.0 724.5 941.92 +212.31

Deltoid middle head muscle (C)

L 744.5 780.5 758.7 744 4 768.3 697.3 748.95 + 30.32

. R 2128.0 2137.0  2115.0 22920 2676.0 2423.0  2295.17 + 233.16
Long extensor muscle of the wrist (D)
L 1769.0 1837.0 1942.0 1881.0 2110.0 2162.0  1950.17 £ 163.19
R 1369.0 1530.0 1376.0 1567.0 1743.0 1426.0  1501.83 £ 150.21
Deltoid front head muscle (E)

L 1294.0 1119.0 915.1 896.8 1169.0 1078.0  1078.65 4 163.19

. R 865.3 787.6 789.3 789.7 868.0 731.2 805.18 + 55.2

Deltoid back head muscle (E)
L 586.3 565.7 651.3 619.1 574.2 606.2 600.47 £+ 33.40
. R 634.9 553.1 569.9 547.4 450.3 489.1 540.78 + 67.62
Trapezius muscle (G)
L 341.5 3414 385.2 367.1 343.1 387.9 361.03 +23.14
R 190.2 188.7 194.7 187.2 238.5 225.6 204.15 +23.23
Subcapsular muscle (H)
L 157.5 147.1 145.9 147.7 193.7 204.0 165.98 + 27.28

Table 3. Mean MVC values during the process of propelling a wheelchair for all patients. The mean
MVC value was determined with the confidence interval for the probability level p = 0.05.

Patient
Mean
Muscle Limb 1 2 3 4 5 6 7 8 9 10 Mvc
mV mV

Biceps muscle R 2273+£344 1958 £327 2447 +£413 2156310  2283+£311 3265413  2679+£447  2141+£361 2994430 1903 £258 2410 +445
*) L 1200154 1356 £154 1228 +169 1206169  881+£123  1167+161  1763+£200 1395+192 1151161  881+123 12234254
Triceps muscle R 554111 1058 £100  935+109 1232133 119694 1506 + 122 855 + 98 1001 £100 1066 £97 1478 £113 1088 +95
®) L 1172 £132 531 +£341 381 £ 292 627 + 382 531 £ 306 565 + 392 525 + 275 346 £ 313 460 =+ 330 638 £ 378 577 £ 215
Deltoid middle R 942 £212 1064144 926 £ 160 826 £ 129 677 + 144 898 +£190 1517 4£206 926 +160  1219+190 533+ 114 953 £ 274
head muscle (C) L 749 + 30 695 + 98 645 £ 94 663 + 98 684 + 98 621 +£98 624 + 88 615 £ 90 640 + 95 684 + 98 662 + 42
Long extensor R 2295+£233 2992482 2538413 2796420 36131464 2956 +£420  2650£426 2834461 3025454 3291423 2899 +£375
mlvlvsrcili?g)he L 1950 £ 163  2223+186  2194+173  2276+186  2743+200 2486 +177  2113+177 2428 +192 2408 +197 2490 +181 2331 +226
Deltoid front R 1502 £150  2494+£180 2133171 2413170 2597 +£165 2367 +£184  2219+160 2298 +185  2413+170  2702+171 2314 331
head muscle (E) L 1079 £163  1779+£547  1382+519  1372£526 1637482  1692+540 1567482  1482+557  1345+516 17424512 1508 + 218
Deltoid back R 805 + 55 709 + 138 671 +131 695 + 135 738 £ 131 600 + 126 701 + 137 679 £ 132 655 £ 127 764 £ 135 702 + 58
head muscle (E) L 600 + 33 441 £ 86 502 + 85 489 + 87 448 + 86 467 £ 85 436 + 85 515 + 87 483 £ 86 454 + 87 483 £ 49
Trapezius R 541 + 68 431 + 268 399 + 241 405 + 255 342 + 261 377 £ 265 404 £ 251 422 + 255 411 +258 333 £ 255 406 + 57
muscle (G) L 361 +23 263 + 118 273 £ 109 264 + 111 264 + 118 303 + 120 259 + 117 289 + 115 290 + 121 261 + 117 283 +£31
Subcapsular R 204 +23 175 £ 103 179 £ 102 170 £ 101 229 + 106 212 4 104 179 £ 105 181 =+ 103 172 £ 102 229 + 106 193 £23
muscle (H) L 166 + 27 134 + 313 136 + 320 139 + 323 184 + 327 202 + 341 146 + 341 137 + 323 142 + 330 190 + 337 157 + 26
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Figure 1. Maximum voluntary contraction asymmetry for the left and right upper limbs
(patient 1 (P1)), where A—biceps; B—triceps; C—middle deltoid muscle; D—long extensor muscle of
the wrist; E—deltoid anterior head; F—deltoid posterior head; G—trapezius muscle; H—subcapsular
muscle. The mean MVC value was determined with the confidence interval for the probability level
p =0.05.
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Figure 2. Mean maximum voluntary contraction asymmetry for the left and right upper limbs for all
patients, where A—biceps; B—triceps; C—middle deltoid muscle; D—long extensor muscle of the
wrist; E—deltoid anterior head; F—deltoid posterior head; G—trapezius muscle; H—subcapsular
muscle. The mean MVC value was determined with the confidence interval for the probability level
p =0.05.

the direction of movement of the upper limbs

the direction of movement - 1,3
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propulsion cycle time (s)

Figure 3. The MVC characteristics as a function of time when propelling a wheelchair forward on a
flat hard surface.
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4. The Concept of an Innovative Wheelchair Design and Control Algorithm

A control system using the MA signal requires the design of a wheelchair equipped
with a hybrid electric-manual propulsion system [27] or a wheelchair with a mechanical
transmission gear [11,45] equipped with electrically controlled mechanisms [46,47].

The patient must undergo the maximal voluntary muscle contraction tests used in
the normalization process before using the wheelchair. The contractions will allow the
MVC signal, expressed in mV, to be converted into the MA control signal, expressed as
a percentage of the muscle load. The average absolute value of MA is preferred over a
moving average every 100 ms. The algorithm must determine the maximum extreme of the
function in the propelling phase. In addition, identifying the extremum of the long radial
extensor muscle of the wrist MA function allows the propelling phase and the beginning of
the return phase to be distinguished. It is recommended that the program calculates the
average of the two pushes in order to average the results and eliminate artefacts.

In the example arrangement, an electrode is attached to the user’s skin on the belly of
the long radial extensor muscle of the wrist (E1). Each electrode consists of two active elec-
trodes and one reference electrode with a Wi-Fi module (Figure 4). The electromyographic
signal is sent to a microcontroller (CPU) via a Wi-Fi signal. A switch that enables and
disables the system is connected to the microcontroller (S1). The microcontroller transmits
a signal to the two motors coupled with the left (M1) and right (M2) wheels. A battery is
connected to the entire system.

CPU «— 4

+ [

i\ _

)

Figure 4. Control system components: 1 and 2—active electrodes; 3—reference electrode; 4—battery;
El—electrode attachment point on the belly of the long radial extensor muscle of the wrist; M1 and
M2—electric motors; S1—switches and the system’s main switch.

The control system is started using the switch (S1) (Figure 5). Then, the muscle signal
recording procedure MV C,; is initiated. The algorithm converts the signal into a graph
of muscle activity, a dimensionless quantity, on a scale from 0 to 1 MA,;, according to the
following equations:

i |MVCa (1)

MV Ceirms(ti) = 100 [mV] ()
MA (1) = M eRus(h) ®

where MV C,; is the electrical signal from the belly of the long radial extensor muscle of the
wrist and MV Cyay,, is the signal from the static test.
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S1

on off

MVC,; (mV)

4 (s)

Figure 5. Schematic of the control system.

In the first step (2), the signal MV C,; is converted into positive values before a moving
average is calculated: MV C,rums(t;) every one hundred measurements for time unit tj.
Based on these values, the muscle activity MA,; is determined for a time unit ¢;. The
time unit ¢; is shifted by one hundred measuring cycles in relation to the actual EMG
measurement time £;.

Based on the measured signal, the algorithm determines two coefficients informing
about the current phase of the propelling cycle. The first coefficient k;, reflects the end of
the propelling phase and is derived from the maximum of the function M A, (¢;). The end
of the return phase is also determined and marked with the symbol k,. The limit value of
the coefficient k, is set at 0.1 MA,;(t;). This value was adopted based on experimental
studies, and it represents the value of muscle activity when the arm is extended. The
values of these coefficients make it possible to determine the duration of the return phase
and the propelling phase. The long radial extensor muscle of the wrist is responsible for
straightening and bending the wrist, among other things. For this reason, the signal from
that muscle was chosen as the signal that defines the propelling cycles.

Next, the algorithm searches for the maximum value of muscle activity MA, (t;)
during the propelling phase. The analysis is performed with one propelling cycle lag.
According to the algorithm, the user defines k, which is the value of muscle activity MA,q,
above which the muscular propelling system is supported by the additional propulsion
system. It is preferable that the coefficient k is equal to 0.25 because this corresponds
to 25% of the muscular system load. The value of such a load ensures the safe physical
activity necessary for the process of rehabilitation. The value of k cannot be lower than k,
or greater than the value of k. It should be noted that these are only proposed values based
on the analysis of one person’s electromyographic signals. The values of the coefficients
kn and k, will vary depending on the successive propelling cycles, and the value of k is
defined experimentally by the user based on their subjective feelings. Further research
may be dedicated to defining the value of k depending on the course of the disease or the
rehabilitation process. If the coefficient k, is higher than k, its value is sent to the CPU,
where it is converted into a signal to control the electric motors.
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5. Conclusions

The MVC signal can be used to control propulsion systems and to control the drive
transmission systems. In wheelchairs, such a control signal may be used by the assistive
technology systems installed in hybrid manual-electric propulsion systems or manual
systems with electrically controlled transmissions. In the pilot research, it was found that a
measurement of MVC for the control system from only one upper limb requires careful
analysis, because the asymmetry in the mean MVC signal values of the left and right
upper-limb muscles may vary from 20% to 49%. The long radial extensor muscle of the
wrist provided the most similar mean MVC values for the left and right upper limbs of
the test subject (about 20% difference). The research shows the possibility of using the
MVC signal for innovative control systems and in systems that support movement, and
not only in the systems responsible for choosing the direction. It was also confirmed that
despite the asymmetry in the value of the MVC signal, the effort for the left and right limb is
proportional, which confirms the possibility of the developed system working. The research
provided information on the ranges of the tested values and may constitute input data for
the design work of a new device and the development of an innovative control algorithm.
Additionally, the concepts were presented for a system that would facilitate the movement
of people with disabilities and infirmities. The limitation of the application of the presented
research results and the concept of the system is the correctness of operation only in the
case of selected types of disability. Some users may have selected inactive muscle groups; if
this is the case, further research should be carried out to find the right muscle that enables
control. Another limitation of steering precision is the change in the MVCpax signal, which
may alter as a result of, e.g., an increase in physical activity or lack thereof. For the best
efficiency of using the system, the standardization test should be performed at regular
intervals, the more often the better, because it is an individual matter. The disadvantage of
the control system is the necessity of a glued measuring electrode in the entire life cycle of
the device. Inference based on these results is limited because the research was part of a
pilot study and was carried out on a small sample. Future research should be extended
to include more wheelchair users or should follow an individual approach to designing
disability and infirm mobility systems.
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