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Abstract: Medical developments have led to lower mortality rates but have increased the proportion
of people with disabilities or mobility dysfunctions. A higher level of awareness of the general
need to perform physical activity, in different spheres of life and at any age, is necessary. A device
produced in response to the growing need of supporting active participation in activities of daily life
is the Torqway. The aim of this research conducted at the Faculty of Transport, Warsaw University of
Technology, was to evaluate the kinematic of users” upper and lower body muscles motion while
riding the tested device. The research was carried out using the MyoMotion system on a stand
designed for the purpose of the experiment. Analysis of the results showed a high level of activity in
the muscles of the upper limbs, demonstrating that the device can be used to train muscle strength
and mass, prevent muscle atrophy, improve the elasticity of periarticular soft tissues and improve the
action of the muscle pump (increasing blood flow to the muscles and, with it, the flow of oxygen and
nutrients, which promotes the development and subsequent regeneration of muscles). The device
can not only serve as a form of recreation but also be used to promote convalescence.

Keywords: physical activity; environmentally friendly means of transport; rehabilitation

1. Introduction

In recent years, there has been a steady upward trend in the development of ecological
means of transport [1,2].

Everyday journeys, not only in large conurbations, involve hours spent in traffic jams,
often experiencing aggression on the road, as well as being exposed to millions of pollutants
emitted into the atmosphere [3-6].

Harmful substances emitted by road transport are a key factor causing strain on
health and danger to life. According to statistics, they cause 385,000 deaths worldwide [7].
Car transport, on the one hand, has many advantages and, on the other hand, poses
risks to the environment and people [8]. The search for alternative solutions, providing a
range of benefits to both people and the environment, is nowadays the responsibility of
designers. Ecotransport is not only a way to reduce pollution, but also a way to spend time,
improve one’s physical conditions or participate in the social life of people with different
dysfunctions [9-12].

Electric vehicles are the future of transport [13,14]. In addition to electric cars, personal
means of locomotion such as Segway, skateboards, scooters, bicycles or Torqway vehicles
are entering the market [15,16]. Currently, there are a number of facilities that stimulate the
development of personal electric vehicles thanks to, among other things, project funding
from the European Union.

These vehicles ideally complement cars and the public transport system. They are
mainly used for short distances, allowing covering them faster than by walking. The
developing technology of ecological individual means of locomotion is also conducive to the
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development of civilisation in society. It causes a number of facilitations and conveniences
connected with functioning in everyday life. It also increases the level of activation and
presence of people with reduced mobility in various spheres of private and professional life.

2. Overview of Individual Environmentally Friendly Means of Transport

Around the world, motor vehicles have long been considered superior to other modes
of transport. This is due to the many advantages of the car such as its flexibility, the
possibility of door-to-door transport, thermal efficiency. In recent times, however, the
advantages of the car over other means of transport, especially in urban environments,
have become questionable. It has become increasingly obvious that cars are not the fastest
vehicles and that there are more disadvantages than advantages in using them. Rising
parking charges have increased the cost of using a car, and the lack of parking spaces
has also caused more inconveniences for drivers. In addition, cars are a major source of
environmental noise, which has a negative impact on our health. It is associated with,
among other things, sleep disorders, irritability, cardiovascular and metabolic diseases,
perinatal and pregnancy complications, cognitive impairment, deterioration of mental
health and well-being and premature deaths.

Long-term exposure to traffic noise triggers a permanent stress response that results
in the release of stress hormones, increased heart rate, increased blood pressure and vaso-
constriction, ultimately leading to various chronic diseases [17,18]. In order to minimise
the above negative effects, alternative, modern, environmentally friendly means of trans-
port are being sought. These can be divided into electric, human-powered and hybrid
vehicles [19-21].

This article refers to the most popular and modern alternative vehicles. The first group
includes Segway, electric scooters, electric skateboards, while the second group includes
bicycles, regular scooters and Torqway vehicles. Individual hybrid vehicles are electric
bicycles and Torqway vehicles with additional assistance provided by an electric motor.

The most common individual means of urban transport are scooters and bicycles. In
Poland, as in other countries, the popularity of electric scooters has grown rapidly. They
were first introduced to the streets of Warsaw and Wroctaw in 2018 by Lime [22]. Already
in 2019, nine companies offering to rent them were operating in the country, and more
than 11,000 such unicycles appeared on the streets. Their number continues to grow. Lime
claims that just one year of operation, its vehicles had travelled almost 7 million kilometres
travelled [23]. In turn, Bolt, another scooter rental system operator, intends to offer its
services in more than 100 cities in Europe, making available over 130,000 electric scooters
and bicycles [24]. Thanks to its wide tyres, an electric scooter can move smoothly on uneven
surfaces such as pavement slabs. It is a more comfortable and safer means of transport than
a traditional scooter. Other popular means of transport in cities are electric bicycles and
scooters [25]. Estimates of recent changes in urban transport mode preferences in the USA
show that e-scooters could also replace up to 1% of taxi trips in central urban areas [26].

These vehicles are also slowly making their way into Polish cities—they can be hired in
Warsaw, for example. In the case of bicycles, a small number of them are available within the
urban bicycle network. Regular bicycles still have their adherents, e.g., in the Netherlands and
other cities, and are an unbeatable means of travel. In addition, they provide the possibility of
performing physical activity and therefore have a beneficial effect on users” health. However,
the performance of a bicycle depends on the physical fitness of the cyclist and his/her
willingness to expend the high energy needed to reach the destination [27]. Scooters, on the
other hand, can be rented similarly to electric scooters, though their renting has been limited so
far. At the beginning of the season in 2021, there were about 800 units in 11 cities, with about
a third of this number in Warsaw. At the moment, however, the scooter market is not growing
as fast as that of electric scooters. There is also a lack of the necessary infrastructure, i.e.,
places where to charge the scooters and locations designated for their parking [28]. According
to forecasts [28], the global personal mobility devices market is expected to grow at least
until 2024 with a compound annual growth rate of 7.0%. This figure shows unprecedented
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potential. North America is currently the leading market, while Europe is in second place
with approximately a 35% share [29].

Less popular today is the Segway, originally used in shopping centres, warehouses
and airports. Segway is a self-balancing vehicle with a maximum speed of about 20 km/h.
The first commercially available model was the Segway HT i167; later, the name of the man-
ufacturing company became widely used to designate products with similar characteristics,
even if they were made by other companies. The Segway was introduced in December
2001. From March 2002 to February 2003, only about 6000 units were sold, while the factory
was designed to produce up to 40,000 Segway per year [30]. For many years, the Segway
that was synonymous with fast and eco-friendly travel in urban traffic [31]. Now, many
Segway models are available, although this vehicle is not as popular as scooters.

The countries with the fastest growth in private e-scooter use in 2019 are Spain (498%
annual growth), France (132%), Germany, Italy (286%), Poland, Austria, the Netherlands,
Belgium and Switzerland [32]. A total of 55% of all electric scooters are located in Spain
and France alone, where more than every second scooter is distributed. The provision of
electric scooters was implemented in most European countries since 2019. Germany is
currently in third place. The main European cities where scooter sharing is implemented
are Madrid, Paris, Barcelona, Berlin, Milan, Rome and Nice.

3. Research Object

A slightly different means of transport is the above-mentioned Torqway, an invention
patented in Poland in 2011. It was created first of all for sport and recreation purposes. What
distinguishes it from scooters, Segway or electric scooters is the fact that its use involves
the muscles of the upper and lower limbs and of the torso. It is a manually propelled
vehicle that enables movement in a standing position, similarly to Segway. Moving the
lever forwards and backwards while riding generates a unidirectional rotational movement
of the wheel axle, causing the vehicle to move forward. The device can be used to ride in
the city, in parks, on a bike path or in a shopping centre. It allows driving at speeds of up to
12 km/h. Activity on the Torqway combines elements of Nordic walking and work on an
orbiter-type device. As the device is easy to operate, it can be used by children, adults and
seniors. The wide range of potential users significantly distinguishes the Torqway from
other individual means of transport (Figure 1). A hybrid version is now also available,
which can be used by physically weak people.

Figure 1. Torqway vehicle. Source: based on https://torqway.com/pl (accessed on 20 May 2022).
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Propulsion of the vehicle mainly involves movement of the shoulder and elbow joints.
The direction of travel is controlled by foot activity. To make a right turn, the pedal must be
pressed with the right heel. The outward movement of the lever is used for braking. The
length and frequency of the lever movement depend on the user’s will. The resistance of
the lever is moderate

As the Torqway is not as popular as the other mentioned means of individual transport,
research was undertaken to assess its level of functionality. This vehicle was the subject of
research conducted by the Faculty of Transport at the Warsaw University of Technology.
The study group consisted of 11 women aged over 50 years.

Taking into account its design and the way it is set in motion, the hypothesis was
formulated that the use of this vehicle for recreational purposes may have beneficial effects
on the musculoskeletal system, which means that to some extent, the vehicle may be used
in rehabilitation exercises. It was also hypothesised that parameters such as muscle tone
and range of motion of body segments of a person riding the Torqway could be used to
assess its level of functionality.

The experimental research was carried out using the surface electromyography method,
which enables the analysis of the activity of muscles involved in driving a vehicle, and the
Myo Motion system, which enables the analysis of body kinematics while driving. The
research was conducted on a test stand designed for the purpose of the experiment.

The article presents the results of body kinematics obtained using the Myo Motion
system. These results are part of an overall assessment of the level of functionality of the
Torqway vehicle.

4. Materials and Methods

Experimental research on the physical activity of users using the Torqway vehicle
(manufacturer Torqway, Toruni, Poland) was carried out on behalf of the TORQWAY com-
pany, implementing the construction of the hybrid stand-up mobility vehicle “Torqway”
within the framework of the European Union research and innovation programme called
Horizon 2020, project number: 778154 (SMEI H2020).

4.1. Aim and Scope of the Research

The aim of the research was to assess the activity of the muscles of the upper and
lower body. The experimental research was carried out on a specially constructed test
stand (Figure 2). The research group consisted of 11 women aged 50+ years. Assumptions
regarding age resulted from the conditions of the project. The characteristics of the research
group are presented in Table 1.

Table 1. Characteristics of the study group—pilot studies.

Respondent Age Height (cm) Weight (kg) BMI
k1 54 165 72 26.45
k2 54 164 79 29.37
k3 52 153 62 26.49
k4 59 162 69 26.29
k5 62 165 63 23.14
k6 50 167 90 32.27
k7 57 166 69 25
k8 50 170 57 19.7
k9 52 164 57 21.2
k10 58 161,5 62 23.92

k11 50 170 72 2491
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The mean age was 54.36 years. Due to the small size of the research group, homogene-
ity was maintained in the selection of participants from the point of view of fitness and
physical build.

The participants performed movements with their upper limbs by driving a vehicle
immobilised on a roller stand using levers (Figure 2).

Figure 2. Test stand.

The design of the stand allowed the wheels to be driven at different speeds, shown on
a display. By ensuring constant driving conditions, it was possible to accurately determine
and evaluate the ranges of body motion. The driving conditions corresponded to the
“normal” operation of the Torqway vehicle in real conditions. Fifteen anatomical angles of
the body elements (joints) were taken into account in the tests in order to determine the
range of their work.

List of body parts tested:

Lumbar Flexion
Lumbar Lateral
Lumbar Axial
Thoracic Flexion
Thoracic Lateral
Thoracic Axial

Elbow Flexion
Shoulder Total Flexion
Shoulder Flexion
Shoulder Abduction
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Shoulder Rotation out
Hip Flexion

Hip Abduction

Hip Rotation out
Knee Flexion

4.2. Description of the Mlyo Motion System Used for Testing

Noraxon’s MyoMotion ( manufacturer Noraxon, Scottsdale, AZ, USA) system was
used in the study [33]. This system is used to assess the movement of body segments in 3D
using a set of inertial sensors, each containing an accelerometer, a gyroscope and an earth
magnetic field sensor. In addition, it is equipped with sensor mounting accessories and
software that enables both data recording and comprehensive data analysis. The system
used for the research has a number of advantages useful for functional evaluation studies of
various mobile means of transport; namely, it is a completely wireless motion registration
system that analyses in 3D changes in angles between segments, sensor orientation and
linear acceleration. It is a system used outdoor or indoor. The accuracy of registration of
angular changes is +/—1° in static conditions, +/ —2° in dynamic conditions, with sampling
frequency of 100 or 200 Hz (depending on the configuration). It has an extensive software
with implemented models of all main joints, thanks to which it is possible to assess their
range of motion or analyse the repeatability of a movement. In the system, each sensor can
be assigned to any body segment, and the visualisation of the measurement takes place in
real time using an avatar (skeleton).

4.3. Test Procedure

In order to examine the angular values at individual joints of the upper and lower
limbs, ranges of motion were measured for 9 movements (including flexion, abduction,
external rotation) at 4 joints (shoulder, elbow, hip, knee) for both the right and the left side
of the body. The determination of the anatomical angles was performed according to the
principles of the medical neutral /zero method. It was assumed according to [34,35] that in
a human standing upright, all joints are in zero position, even if there is a deviation from
the geometric zero angle. For example, the geometric angle at the ankle joint is 90°, and
the anatomical angle is 0°. Left rotations and lateral flexions are always negative, right
rotations are always positive.

Each sensor used was labelled with the X, Y and Z axis. All sensors were placed on
the body segments in such a way that, when standing, the X-axis vector on the sensor label
was directed vertically along the axis of gravitational force. It was important to establish a
location where the muscle belly in a given segment would not move the sensor relative
to the underlying bones. In order to obtain the best possible results, the principles for
sensor placement described in [36] were followed. The sensor placement used, along with
its description, is shown in Figures 3 and 4, with frontal and sagittal plane views of the
subject, respectively.

Changes in spinal angles were measured using 11 motion sensors. Selected properties
of the sensors are presented in Table 2.

All sensors were attached to the body via special straps. The sensors wirelessly
transmitted information about angular changes in relation to each other to a computer with
dedicated software.

Once the sensors were placed in the appropriate places, they were calibrated (in
other words, landmarks were digitised). During calibration, the subject stood still in a
pre-determined position (upright, feet hip-width apart, hands along the body at shoulder
width). The digitisation of the landmarks allows the myoMOTION model to be scaled and
positioned to fit the subject and eliminates the assumptions used in standard calibration.

After calibration, the test subject entered the Torqway vehicle, took a starting position
and, at a preset cue, began the test. The measurement lasted 3 min (180 s). During the
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measurement, the subject performed motor activities similar to those performed during
natural Torqway driving.

Upper arm

Forearm

Shank

Figure 3. Location of the sensors on the test person.

Upper chest

Lower chest

Pelvis

Figure 4. Sensor placement on the test person—side view.
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Minimum angle

Maximum angle

@ Initial position value

Table 2. Characteristics of the sensors.

Characteristics
Dimensions 37.6 mm (L) x 52 mm (W) x 18.1 mm (H)
Weight Lessthan34 g

Up to 2.5 mW

Output & Transmission Frequency

DSSS 2415-2472 MHz on (up to) 8 selectable radio channels

Utilizing up to 4 different radio frequencies on each channel

Signal latency of 140 ms during data collection

sensor transmission range: 30 m

X, Y, Z acceleration sampled at:

Low g accelerometer: 800 Hz

High g accelerometer: 400 Hz

X, Y, Z angular velocity sampled at:

Low speed gyro: 800 Hz

High speed gyro: 400 Hz

X, Y, Z magnetic field sampled:

50 Hz

+/—1 degree in vertical plane, +/—2 degrees in horizontal

Accuracy plane
Battery life 8 h, 3 h charge time
Sample rates 100 Hz and 200 Hz

Other

Fully wireless Inertial Measurement Sensor

2.4 GHz unlicensed radio

5. Results

The results are presented in the form of graphs, which include the minimum and
maximum angular value reached at a given joint during the Torqway test and the range of
motion (ROM). These data re helpful in planning the use of the device in the rehabilitation
process, especially after surgery on individual joints. The results obtained for selected
anatomical angles of body elements are presented in Figures 5-9.

LUMBAR AXIAL RT

25,0
20,0 18,90
15,0 15,2
s 11,94 11,90
7,49
5,0
3,14 351 378 5461
0,0 0,91§ 0;1 . '
® 185 IRV i ® -255
5,0 '5'54f -440° -4,19 -4.89 95,355
. ¢ -7.86
- 9 8,68 -8,85
-12, 12,4
-13,2p 13, ;
55 13,30 S
-17
. 8 70
_20‘0 —18,9 _20‘50 18,70 _19'50
25,0
K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11l
18,9 |-12,00 -20,50 -13,20 -18,70|-13,30 -4,19 -19,50 -12,40 -17,00 -18,20
152 0,916 3,14 11,90 1890 -4,40 | 351 378 | 261 11,90 7,49
-1,85 [-5,542| 8,68 | 0,65 | 0,1 | -8,85 | -0,34 | -7,86 |-4,895| -2,55 |-5,355

Figure 5. Angle ranges for lumbar rotation.
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25,00
20,00
15,00
10,00
5,00
0,00
5,00
-10,00
-15,00

Minimum angle
Maximum angle

@ Initial position value

Figure 6.

15,00
10,00
5,00
0,00
-5,00
-10,00
-15,00

-20,00

Minimum angle
Maximum angle

@ Initial position value

Figure 7.

HIP FLEXION LT

22,60
19,90
14,8 14,6
: 14,1 ; 13,80
13,20 12,30
9,69 ® 10,095
9,245 817 9,30 o 0
1eo] 528 gE5 teo ’ ¢ 5,01
. . 3,09
2,40 ? 261 456
- -0,93p g
1551, 1,25 249
-3,78
-4,79¢7 559
-866 800
K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11
369 | 240 -1,51 930 369 -866 -800| 1,56 -559 -2,49 -3,78
14,8 8,17 14,10 19,90 9,69 -0,934| 13,20 12,30 3,09 22,60 13,80
9,245 5285 6,295 146 | 669 -4,797 26 @ 693 -1,25 10,055 5,01
Angle ranges for left hip flexion.
13,10
9,84
g15] 3%, 853
‘ 7,03
178 5,45 5,51
285 3,685 2,sz+ 3,35 3,62 + 3,295 3,12
1,25 1089 155
0,068
i -1,169 -0,91 -1,27
.’ 2,951
4,44 -3,60
-6,16° -5,97
-10,20 -10,00
138
-17,40
K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11
245 473 -1,16 -444 1,25 -17,40 -6,16 -597 | 1,08 -10,00 -3,60
815 | 934 853 262 545 -10,20 3,62 0,068 5,51 | 13,10 9,84
2,85 |7,035(3685(-091| 335 (-13,8| -1,27 |-2951| 3,295 | 1,55 | 3,12

Angle ranges for left hip joint extension.
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KNEE FLEXION LT

25,00
20,00
17,70 0 18,50
15,00
11,80
10,80 ’
10,00 ’ 10,18 9,32 o 539M2285
5,00 5,84 473 5,61 4,405
2,66 2,58 184
0,00 5 0,11 : -0,0543
0,43 -1,34 1885 25 29 5th
- 456 9% 348 -3,
-6,71
; -7,58
-10,00 -9,38 -9,28" -9,10 -8,80
-15,00 -14,00
-20,00
K1 K2 K3 K4 K5 K6 K7 K8 K9 = K10 Kl
Minimum angle 6,71 -1,34 9,38 266 -7,58 -14,00 -9,10 -2,99 -8,80 -3,22 -0,0543
Maximum angle 584 10,80 561 17,70 258  -4,56 9,32 11,80 1,84 19,90 18,50
@ Initial position value -0,435 4,73 -1,885 10,18 -2,5 -9,28 0,11 4,405 -3,48 8,34 9,22285

Figure 8. Angle ranges for left knee joint flexion.

SHOULDER ROTATION OUT RT

60,0
47,10
40,0 40,70 40,50
28,3
i 24,004
20,0 14,9 17.3( 19,20 15,10
4,25
op ' gt ® 5.4
-11,® 99 -11,55 7
200 @ 22 @ 21957182 ¢ 248 213
-29,3p 32,95
-40,0 -39,5p
-47,4D 5130 -47,1p
-60,0 -60,50 -57,6p 61,80 -57,9p
-72,3
-80,0 181,00
-88,70
-100,0
K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 Ki1
Minimum angle -72,3 -47,40 -51,30 -39,50 -60,50 -57,60-88,70 -61,80 -47,10 -57,90 -81,00
Maximum angle 28,3 4,25 14,90 17,30 40,70 -1,12 40,50 | 19,20 24,00 47,10 | 15,10
@ Initial position value -22 21,575 -182 -11,1| 99 -29,36| -24,1 -21,3 -11,55 -54 -32,95

Figure 9. Angle ranges for external rotation of the right shoulder joint.

Table 3 shows the normal ranges of motion in the spine (for the cervical, thoracic and

lumbar segments) and in the hips.
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Table 3. Normal ranges of motion in the spine and hips. Source: based on [37].
R - o Hips (°)
Cervical °)  Thoracic (°)  Lumbar (°) (Excluding ab and Adduction)
Flexion 0-60 0-50 0-60 0-110
Extension 0-75 0-45 0-25 0-30
Lateral Flexion 0-45 0-40 0-25 n/a
Rotation 0-80 0-30 0-18 Internal = 0-40

External = 0-50

The measured values for all study participants are shown in Table 4.

Table 4. Values of measured ranges of movement analysed for all subjects.

Range of Motion

K1 K2 K3 K4 K5 Ko K7 K8 K9 K10 K11

Lumbar Flexion

Lumbar Lateral RT
Lumbar Axial RT
Thoracic Flexion

Thoracic Lateral RT
Thoracic Axial RT

Elbow Flexion LT

Elbow Flexion RT
Shoulder Total Flexion LT
Shoulder Total Flexion RT

8.78 11.51 13.09 13.53 10.16 6.79 10.80 8.29 11.14 1426 2032
6.09 526 7.14 7.19 8.28 5.83 5.42 5.48 4.51 13.50 8.31
34.10 1292 2364 2510  37.60 8.90 7.70 23.28 15.01 2890  25.69
11.77  11.85  22.72 15.55 16.62 9.36 29.10 14.62 3070 3790  33.09
11.66 8.08 17.07  12.16 11.48 9.81 24.07 9.69 16.27  16.16 16.44
2737 1122 25.59 15.48 14.69 1234 5150 2912 3619  43.30 16.10
120.90  90.20 110.10 11770 11336 68.10 10585 107.35 99.80 11545 109.38
11530 9121 10890 69.80 123.10 59.80 12850 103.52 7990 109.50 130.17
4270 3928 5411 41.07 4756 3250 5515 3970 4280 6819  63.09
51.03 4042 4480 41.89 55.61 3454 5289 4126 4597 57.02  66.42

Shoulder Flexion LT 89.20 60.00 6283 4730 58.02 3966 89.10 6970 7930 8490  86.10
Shoulder Flexion RT 8590 59.00 5355 5650 80.50 4248 10190 6040 90.60 90.60  83.20
Shoulder Abduction LT 5830 2123 5400 5280 4210 26.66 66.10 3555 3583 53.90 4030
Shoulder Abduction RT 4740 2279 4403 2406 6620 2035 8040 3390 40.00 56.20 51.96

Shoulder Rotation out LT
Shoulder Rotation out RT
Hip Flexion LT

Hip Flexion RT

Hip Abduction LT

Hip Abduction RT

Hip Rotation out LT

Hip Rotation out RT
Knee Flexion LT

Knee Flexion RT

71.41 5698 7530 137.10 5020 4779 113.80 6145 90.60 10620 77.71
100.60 51.65 6620 56.80 101.20 56.48 12920 81.00 71.10 105.00 96.10
11.11 5.77 15.61 10.60 6.00 7.73 21.20 10.74 8.68 25.09 17.58
12.46 8.76 10.79 11.27 8.77 8.48 28.67  12.40 9.74 30.96 14.16
10.60 4.61 9.69 7.06 4.20 7.20 9.78 6.04 443 23.10 13.44
10.08 540 11.51 4.81 4.21 3.49 10.86 7.24 10.12 18.58 11.65
74.80 73.60  73.30 78.60 7200 5650 6670 83.00 78,60 8570  81.50
82.30  48.00 111.00 98.00 6250 8157 99.20 44.00 5040 79.70 6540
12.55 12.14 14.99 15.04 11.84 9.44 18.42 14.79 10.64  23.12 18.55
13.18 10.50 14.93 14.16 10.31 7.74 24.51 14.65 16.48 2047 17.92

6. Discussion

The research presented here involved analysing the kinematics of body movement
of a person simulating the movement on a Torqway vehicle on a stationary stand. The
measurements were carried out using inertial measurement sensors (IMSs) from Noraxon’s
MyoMotion system and were aimed at assessing the level of functionality of the prototype
Torqway vehicle. It is worth noting that this type of system can be used to assess the
kinematics of movement, allowing the development of solutions that can be used to support
the rehabilitation and training evaluation of athletes. The use of MyoMotion to analyse the
movement of athletes, e.g., in alpine skiing, has been reported [38]. However, the aim of
the aforementioned studies was to evaluate the correct placement of the sensors in order
to obtain the best possible feedback signal. Research using the same technique was also
performed at the Academy of Physical Education in Poznar [39], and its aim was to develop
an appropriate training programme based on the assessment of movement kinematics in
athletes. There are also many papers in the medical and biomechanics literature describing
the use of the MyoMotion system to assess lower or upper limb movement kinematics after
medical procedures, e.g., endoplasty [40,41].
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Among the most commonly used systems for the analysis of movement kinemat-
ics, we can distinguish optoelectronic tracking systems—multi-camera systems measuring
the trajectories of markers placed on the patient’s body (example systems: Vicon, BTS,
Optitrack), video systems—markerless systems, recording images in visible light, using
image analysis methods (example system: Simi), acoustic systems—using time-of-arrival
measurements or phase shifts of the generated ultrasonic waves (example system: Zebris),
electronic goniometers—measurement of angles in a joint in a selected plane.

While selecting the system for measurements, it is important to assess the accuracy
of inertial sensors measurements during various tasks of everyday life, as formulated
by [42]. Their low cost and ease of use make them an attractive option for motion analysis
tasks. Moreover, different studies using the MyoMotion system for level walking [43—48],
long-term ergonomic tasks [49], stair climbing [43,45] and inclined walking [42], showed
a good agreement in angle waveform in the sagittal plane. In the non-sagittal planes, the
angle waveforms did not agree as well. Measurements of the ranges of movement of body
parts on the Torqway vehicle were performed in the sagittal plane, so the choice of the
measurement system can be considered correct given, these results.

The stationary tests were designed by minimising the risk of injury during real-world
driving, given the insufficient time for training classes prior to the tests. An additional
requirement formulated by the principal was the nature of the research group, namely,
women aged 50+ years. In formulating the research hypothesis, it was assumed that one of
the parameters that can indicate good vehicle functionality is the range of movement of
the limbs and of the human body during driving. The greatest differences in anatomical
angles could be seen in lumbar rotation, hip flexion and extension, knee flexion and right
shoulder joint extension. The most standardised movements were elbow flexion and
external rotation of the hip joint. However, all ranges were within the limits accepted as
normal. In addition, the design of the vehicle allows each person to adapt the range of
motion to their own abilities and preferences, which is why the results of different subjects
differ slightly. Analysis of the results showed a change in position in all joints included in
the study. The joints of the rim and upper limbs moved more than the joints of the lower
limbs and trunk, but movement occurred at every level. As a result, Torqway can be used to
improve overall body mobility and overall fitness. The highest ROM values were obtained
for the following movements: elbow joint flexion, shoulder joint abduction, shoulder joint
flexion [50-57]. The lowest ROM values were obtained for lower limb and spine movements.
The minimum and maximum joint angles achieved by a test subject vary from person to
person. This means that the body position while riding the Torqway is individually adapted
to the capabilities of the subject (due to limitations, comfort, compensations). Given the
possibility of using the Torqway vehicle as a rehabilitation device, immobilised on the stand,
the possibility of individual adaptation does not exclude any patient from training on this
device. The above results entitle us to conclude that our hypothesis about the possibility
of using the analysis of limb and human body movement kinematics to assess the level of
functionality of the Torqway vehicle is true. A comprehensive assessment of the level of
functionality still requires the measurement of muscle tension by surface electromyography
and the verification of the truth of the hypothesis. This issue requires a separate discussion
in a subsequent article.

It is worth noting that no work was found in the literature on the evaluation of the
movement kinematics of users of individual, mobile, environmentally friendly means of
transport. The research on the Torqway device was first carried out at the Department of
Transport and on a prototype device. The application of the techniques described in this
study to test the suitability of individual vehicles from the point of view of user fit and the
potential benefits that their use can bring represents a new approach in research that will
undoubtedly be pursued.
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Limitations

The sensors used are exposed to soft tissue movements that cause their wobbling and
affected the internal IMU. This might lead to the overestimation of the joint angles in the
non-sagittal planes. Another drawback of the IMU system is the method of calibration:
firstly, it is dependent on the subject to achieve the calibration posture and, secondly,
coordinate systems are defined on the segment orientation only. Thereby, the IMU system
disregards possible physiological reasons for deviations, e.g., varus or valgus positions of
the joints. Additionally, the sensors might be influenced by magnetic distortion, which
will lead to an incorrect offset rotation. Both limitations strongly influence the joint angle
calculation. This subject was previously discussed [42,43].

7. Conclusions

The research presented here was concerned with analysing the level of functionality
of a new personalised vehicle, the Torqway. Functionality, as formulated in this case, is a
function of parameters defining the range of movement of individual body parts when
using the vehicle and the tension of the muscles involved in this movement. Research using
the MyoMotion system showed that the ranges of all movements were within the limits
assumed to be normal. The participants in the experiment—women aged 50+ years—had
no problem realising the reciprocating movements with their upper limbs that generate
the vehicle’s movement. The design of the vehicle allows each person to adapt the range
of movement to their own abilities and preferences, so the results differ slightly between
the subjects.

According to the female participants, the vehicle is easy to use. It can therefore be
concluded that the assessment of the functional level from the point of view of the ranges of
movement of individual body parts is satisfactory. A comprehensive assessment, according
to the hypothesis, still requires muscle tone testing to form an opinion on the use of the
Torqway in rehabilitation programs. The results of these studies will be presented in a
subsequent article.

Finally, it is worth emphasising that the Torqway not only has the potential to promote
the performance of physical activity by people of all ages and thus their health, but also is
environmentally and surroundings-friendly, as it does not generate any pollutants into the
atmosphere. Therefore, it can be freely ridden both in cities and in fume-free green areas.
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