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Abstract: In recent years, mobility as a service (MaaS) (i.e., a system combining public transport,
shared rides, short-term vehicle rentals, and taxis sourced via mobile applications) has become a
solution that is increasingly available in smart cities. Along with the development of transport
options, the range of vehicles offered as part of this type of service has expanded widely, from buses,
taxis, bicycles, and cars to the innovation of electric scooters. The universality of MaaS services
has led to a change in communication behavior and, at the same time, to a rapid increase in the
number of people using the proposed solutions. Due to this increase, several researchers devoted
their dissertations to issues of the management or optimization of websites; however, they ignored
the many technical and health aspects. Recognizing a scientific niche area, the research conducted
has been devoted to assessing the impact of the vibrations generated by electric scooters upon the
user. Research on the vehicles used in MaaS systems has been conducted to learn and analyze the
selected design solutions and their impact on the user who utilizes them. The scope of the research
included vibroacoustic research and the mathematical modeling of the studied phenomena.

Keywords: e-scooter; smart cities; vibroacoustic; mobility as a service (MaaS)

1. Introduction

Sustainable mobility and transport are directly linked to several of the United Nations’
Sustainable Development Goals, especially those related to health, energy, economic growth,
and the infrastructure and well-being of cities and people [1]. Due to their key importance
to the economic development of the world, the search for various types of new solutions
in the field of social movement has become one of the main considerations of leading
international organizations, such as the European Union or the United Nations [2]. As such,
sustainable mobility has been identified as a critical route to achieving the 2030 Sustainable
Development Goals and all activities leading to their achievement are considered a priority,
these being promoted and subsidized in the form of various types of grants or projects by
H2020 Electrific or ERA-NET Cofund Electric Mobility Europe [3-5].

One of the possible ways by which we might achieve a higher level of transport envi-
ronmental performance while offering a positive impact on the economic aspects and the
quality of life of residents, is the elimination of fossil-fuel vehicles and the implementation
of electric vehicles in their place. Actions taken in this area that lead to changes in the
culture of movement, in terms of an orientation toward electric vehicles, are referred to as
electromobility [6].

As part of government policies on the development of electromobility, various ini-
tiatives have been proposed to encourage the public to change their current transport
habits [7,8]. These include [9,10]:

1.  The implementation of all shared mobility services, such as electric cars, bicycles,
mopeds, or scooter-sharing services;
2. The conducting of campaigns promoting the purchase of electric vehicles;
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3. The introduction of tax exemptions or the offering of additional privileges to the
owners of electric vehicles;

4.  The spread of new mobility patterns with electric vehicles, including electric scooters,
segways, unicycles, and electric skateboards.

As shown by the indicated solutions, in recent years, electromobility has been gar-
nering more and more interest from users, both in the world in general and in Europe in
particular. In the case of the Polish market, to which this article is devoted, electromobil-
ity has become increasingly popular in recent years. Currently, 22,291 electric passenger
cars are registered on the Polish market; this trend has increased by 117% compared to
2019 [11]. Although the trend of selling electric vehicles is not as intense as in the case
of Germany, Great Britain, or France, complementary forms of electromobility, such as
electric micromobility services, are being intensively developed [11]. In July 2021, the
number of available e-scooters in Poland reached 37,700 vehicles, which is 3.5 times higher
than at the beginning of the season in 2019 [12]. The market also offers 1000 e-mopeds,
as part of shared mobility services, operating in 19 Polish cities [12]. In addition, the
number of electric and private scooters is also growing. In 2020, this reached a value of over
120,000 units [13].

Among the various forms of electromobility, electric scooters, which are often utilized
in scooter-sharing services, have become the most easily accessible vehicle for the average
user [14]. Obviously, the use of electric scooters has a positive impact on urban transport
and the environment, thereby reducing the number of internal combustion vehicles in cities.
Electric scooters offered in urban mobility systems have a number of advantages, such as
small dimensions or the low weight of the vehicle, which can be transported or taken with
you, e.g., for shopping or when on the train [15]. From year to year, scooters have gained an
increasing number of users who are more willing to use a scooter than a motor vehicle [16].

The increasing availability of electric scooters and scooter operators in cities has
enabled micromobility operators to access travel and vehicle availability data, which has
led researchers to take an interest in this type of vehicle and service [16]. From a broad
literature review, it is clear that scooter-sharing services are also of interest to scientists
around the world. For example, Gebhardt et al. considered the environmental impact
of scooters and the consequent reduction of CO, emissions [17]. In turn, Sanders et al.
analyzed the impact of the use of scooters on improving the level of physical activity in
society [18]. In comparison, Wang et al. discussed the impact of scooters on changes
to the transport behavior of society [19], while Oztag Karli et al. considered the level of
acceptance of scooters by city dwellers [20]. Research was also carried out regarding the
appropriate location and relocation of vehicles, the development of technical equipment
in the form of batteries, the management of scooter systems, and optimization [21-23].
Among the literature, however, a research gap has been identified regarding research
on the impact of traveling on an electric scooter on the user. The safe movement of
scooters is an important element of the proper development of mobility as a service (MaaS)
systems [24,25]. Micromobility plays a key role; it provides essential solutions for the first
and last kilometers of a journey to make MaaS more accessible, to power public transport
services, and, in addition, to increase the overall adoption of sustainable mobility [26].
What is more, this aspect of the impact of scooters on the user is particularly important
because it directly affects the health of scooter users; it also refers to the main assumptions
of sustainable mobility, which emphasize that this form of travel is safe for users, improves
their quality of life, and does not threaten the loss of health. One of the key factors regarding
the impact of vehicles on users during travel is the vibrations generated by vehicles [27].
The level of vibration generated must not exceed the daily permissible value for exposure
to mechanical vibration, which is set at 0.8 m/s? [27].

In response to the indicated research gap, the aim of this article is to identify those
factors that have the greatest impact on the generation of vibrations during the use of
scooters and, above all, to determine the level of generated vibrations per user. In addition,
the article contributes to the development of research on electromobility, along with the
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impact of vehicle use on humans. Analyzing the presented results will allow a broader
look at micromobility vehicles, which are increasingly becoming the commonest means of
transport in modern cities.

This paper is divided into five sections. In the first section, we offer a general out-
line of the context of the current work. The second section presents the methodology
of the conducted research. The third section presents the obtained results. The fourth
section presents a discussion of the results, while the fifth section provides a summary
and offers our conclusions, with recommendations for the safe use of scooters in urban
transport systems.

2. Materials and Methods

The subject of the current study is an electric scooter. The electric scooter has been
tested to reflect the standard rides performed by scooter users in shared mobility systems.
The research schedule is shown in Figure 1.

Analysis of the

Planning research obtained results and
their interpretation

!

*

Carrying out the
research in

accordance with the
experiment plan

Figure 1. The research schedule for performing the research.

In order to carry out the research, an experimental plan was created using an electric
scooter. However, it was necessary to properly select the parameters of the tests. On the
basis of the literature, it has been established that electric scooters most often move on
an asphalt surface (x1), paving stones, and mixed surfaces (50% asphalt and 50% paving
stones) [28,29]. Another task was to identify the speed (x;) at which users move and the
distance (x3) that is covered by them. It has been specified that electric scooters move
within the speed range of 10-20 km/h over a distance of 1-5 km [30].

The plan of the experiment was developed with a d-optimal ternary plan. This
determines the impact of individual factors on the final result. Figure 2 shows a diagram of
the installation of the measuring sensor and the recording system (which was equipped
with a GPS).
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Figure 2. Diagram of the installation of the measuring sensor and the recording system.

The value measured during the tests represents the effective value of the vibration
signal generated during the journey. The variability of the received vibration signal per unit
of time is randomly printed from the vibration generator of the tested object. The definition
of characteristics is possible thanks to the dimensions of the estimation, e.g., self-correlation
function, mean value, and effective value. The RMS value (Arwmsg) is the root of the mean
square value and is written using Formula (1) [31-33]:

T
ARrms = %/0 x2(t)dt, where t = time. (1)

To record the signal, a manual LMS SCADAS XS data acquisition module was used
that allowed the recording of 6 channels with a sampling rate of 51.2 kHz and 3 vibration
acceleration sensors, which were mounted on the handlebars of the scooter. Signal transfor-
mations and analyses were carried out using the computing environment via the signal
processing tools. To measure the rotational speed of the wheel, a SELS PCID-8ZP inductive
sensor with a working range of 8 mm was used. The study plan is presented in Table 1.

Table 1. The research plan.

Sample
No. x1 X2 X3
1 -1 -1 1
2 1 -1 -1
3 -1 1 -1
4 1 1 1
5 -1 0 0
6 1 0 0
7 0 -1 0
8 0 1 0
9 0 0 -1
10 0 0 1
11 0 0 0
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The values of the individual input factors have been determined according to the
following Formulas (2)—(4):

—1 for asphalt
x1 = } 0 for a mixed surface (paving and asphalt) (2)
1 for paving

—1 for 10 km/h
x2 =< 0 for15km/h 3)
1 for20km/h

—1 for 1km/h
x3=1< 0 for3km/h 4)
1 for5km/h
In Table 1, the values expressed as —1, 0, and 1 determine the maximum variability of
a given factor (x1, xo, and x3). The mathematical model can be presented by a second-degree
polynomial (5):

f(xi, oo,xg) = a0+ ) ai(x) + Y aii(x;) + Y aij(xi) (x)) ®)

where:

fxi ..., x]-)—results;
- Xi) oue, x]-—the input factor in the normalized scale;
- 4o, a;, a;j—regression coefficients.

3. Results

Following the experiment plan (Table 2), e-scooter rides were performed, and the
values of the vibration acceleration signal per unit of time were recorded. Based on the
recorded vibration acceleration signals, the value of Arys was determined. The Arms
signal value allows the researcher to define the limit value of the vibration energy for
individual waveforms. The results of the conducted research are presented in Table 2.

Table 2. The research plan results.

Sample Surface Course Speed [km/h] Distance [km] ARMs
No. (x1) (x2) (x3) [m/s?]
1 asphalt 10 5 0.192
2 paving 10 1 1.136
3 asphalt 20 1 0.147
4 paving 20 5 0.705
5 asphalt 15 3 0.167
6 paving 15 3 1.104
7 mixed surface (paving and asphalt) 10 3 0.578
8 mixed surface (paving and asphalt) 20 3 0.397
9 mixed surface (paving and asphalt) 15 1 0.610
10 mixed surface (paving and asphalt) 15 5 0.547
11 mixed surface (paving and asphalt) 15 3 0.555

Thanks to the use of the d-optimal plan of the experiment, it was possible to derive
mathematical formulas determining the influence of the studied factors (i.e., the type of
surface, the speed, and the distance) on the effective value of the generated vibrations.
Figures 3-11 show the relationship between individual input factors and the value of the
RMS A signal. On the basis of Formula (5), mathematical descriptions of the conducted
research were created, as can be seen in Figures 3-5. The highest values for the acceleration
of interacting vibrations were obtained when moving an electric scooter on a paving stone
at a speed of 20 km/h. The extreme was reached for Agys = 1.22 m/s?. Furthermore, the
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values obtained for the surface—paving stones exceeded the limit of vibrations to which a
person can be exposed, which was equal to Aryis = 0.8 m/s?. For other surfaces, the values
were not exceeded.

RMS of vibration signal

- Speed [-] . : 5 Distance [-]

X1 = -1 A f(xZ, X3) = —0.09x2x3 = 008x2 + 0.109

Figure 3. ARys signal values, depending on the speed of the electric scooter and the distance traveled
when moving on an asphalt road.
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Figure 4. Agys signal values, depending on the speed of the electric scooter and the distance traveled
when moving on a mixed-surface road.
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RMS of vibration signal
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Figure 5. Agys signal values, depending on the speed of the electric scooter and the distance traveled
when moving on paving stones.
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Figure 6. Agys signal values, depending on the surface course and the distance traveled when
moving an electric scooter at a speed of 10 km/h.
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Figure 7. Agrys signal values, depending on the surface course and the distance traveled, when
moving an electric scooter at a speed of 15 km/h.
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Figure 8. Agnys signal values depending on the surface course and the distance traveled, when
moving an electric scooter at a speed of 20 km /h.



Smart Cities 2022, 5 1087

0.9
o 1.2
g- 14 0.8
-
10}
o o 0.8-] 0.7
o] Nm
-ﬂ ~
E E 0.6 o6
[2]
S B0.4-
<& 0.5
“
o 0.2
0.4
2 o
1 0.3
0.2

0

x, - Speed [-] -0.5 i

-1 - X, - Surface course [-]

X3 = —-1A f(xl,xZ) = 0468x1 + 0.577

Figure 9. Agrys signal values, depending on the surface course and the speed of the electric scooter
when covering a distance of 1 km.
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Figure 10. ARys signal values, depending on the surface course and the speed of the electric scooter
when covering a distance of 3 km.
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Figure 11. Agys signal values, depending on the surface course and the speed of the electric scooter
when covering a distance of 5 km.

Figures 6-8 show the detailed speed relationships of an electric scooter. The vibration
acceleration values increase as the speed of the scooter increases. In addition, when moving
at a speed of 15 km/h, the distance covered did not affect the value of the change in the
generated vibration accelerations.

Figures 9-11 show the detailed relationships with the distance traveled by an electric
scooter. For short distances (1 km), the value of the generated vibrations depends solely
on the surface over which the electric scooter moves. The longer the distance traveled,
the more the speed of the electric scooter begins to increase the value of the generated
vibrations. The biggest influence is the type of surface.

4. Discussion

The results obtained during the conducted research indicate that the measurement
and analysis of the value of vibration accelerations affecting a person riding on an electric
scooter are very important. The measurements of simple vibration acceleration values
that have been taken under selected conditions may exceed the limits of the values to
which a person should be subjected. The tests that were carried out should be continued in
order to identify the individual characteristic frequencies that occur when moving on an
electric scooter. Limiting human exposure to vibrations of a certain frequency is of great
importance in terms of the occurrence of individual disorders in human organs, i.e., for
the spine, 8 Hz, for the upper limbs, 3 Hz, for the lower limbs, 5 Hz, and for the head,
4-25 Hz [34]. The literature [34,35] indicates that the frequencies that are characteristic
of internal organ disorders range from a few Hz to 130 Hz. The longer-term impact of
such frequencies on the human body should be avoided. Due to the growing popularity of
electric scooters, it is necessary to expand the scope of this research, the results of which
are presented in this article.

Referring to research carried out by other scientists, it should be emphasized that there
are no clear guidelines regarding the vibrations generated by scooters. In terms of other
modes of transport analyzed in the literature, several studies can be found on the impact of
the road surface on the user of a motorcycle [27]. The authors found that the vibrations
affecting the lower and upper limbs are much higher than those through the motorcycle
seat. In addition, by analyzing the vibration and noise values, it can also be concluded that
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the vibrations through the steering and the noise level in the helmet may exceed the limits
of values set in the applicable standards [27].

Munera et al. [36] emphasized in their article that the influence of vibration is little
studied in sports, despite the problem’s ubiquity. Vibration can cause discomfort, impair
performance, and cause musculoskeletal disorders. The authors also developed a model
for predicting the effects of vibrations on the human body.

Kasin et al. [37], who were studying the impact of vibration on the bodies of heli-
copter pilots, determined that despite the relatively low vibrational impact, at a level of
0.32-0.55 m/s?, pilots complained of back pain in the sacral region.

5. Conclusions

Mechanical vibrations transmitted from a vibrating system to the human body can
negatively affect individual tissues and blood vessels directly or can cause vibrations in the
whole body or its parts, or even in cellular structures. Long-term exposure to vibrations can
cause disturbances in the human body, leading to permanent, irreversible lesions, the types
of these changes being dependent on the types of vibrations to which the person is exposed
(either general or local). Based on the waveforms of the vibration acceleration spectra
of the measurements, the vibration frequencies occurring in this study were determined
according to the speed of movement of the scooter and the surface. Based on the studies
carried out, the following conclusions can be determined:

e Based on the waveforms of the vibration acceleration spectra of the measurements,
the occurring vibration frequencies were determined, depending on the speed of
movement of the scooter and the type of surface.

e  The occurrence of low frequencies (f < 5 Hz) allowed us to describe a moving human
as a rigid body.

o  The tests that were carried out should be developed to include additional factors, i.e.,
tire pressure, driving position, or other road surfaces.

e Based on the waveforms of the vibration acceleration spectra of the measurements,
the nuisance vibration frequencies occurring with different speeds of movement of the
scooter and two types of surfaces were determined.

e Riding the scooter on paving stones, regardless of the speed of the scooter, is more
burdensome for the human body, above all for the upper limbs, than traveling over an
asphalt surface.

e It should be noted that in the case of low vehicle speeds, the phenomenon of close
natural frequencies from various elements may occur, which will result in an increase
in vibration acceleration.

Research into the impact of an electric vehicle on the human body offers a very
interesting and modern field of study. The results of the preliminary research presented
in this article indicate that it will be useful to expand the research that has already been
undertaken. In future studies (which are already being conducted), the impact of an electric
vehicle under different test conditions will be analyzed. These studies will be developed
using experimental research models that will allow us to determine the impact of selected
factors on the values of the generated vibration signals. There is an immediate relevance
to addressing the topic of vibrations generated by electric scooters. The research that was
planned and carried out for this work confirmed and proved the goals that were set for this
study. The research that was performed is limited and should be extended in subsequent
tests by including other factors that may affect the generation of vibrations when moving
on a vehicle, such as an electric scooter.
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