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ABSTRACT ARTICLE HISTORY

Ride comfort represents a critical yet still under-investigated aspect Received 25 February 2026
in the design of electric kick scooters, despite their widespread use Revised 16 July 2026

in urban mobility. This work presents an experimental assessment Accepted 13 September 2026
of vibration-induced discomfort under real riding conditions. Three KEYWORDS

vehicles with different layouts are tested at constant speeds on rep- Electric kick scooter: urban
resentative road surfaces. Dedicated laboratory tests are carried out mobility; ride comfort;

to characterise vehicle mass properties and tyre radial stiffness and whole-body vibrations;

to support the interpretation of on-road vibration measurements. hand-transmitted vibrations;
Accelerations transmitted to the rider at the foot-deck and hand- regression model
steering interfaces are recorded and processed according to ISO stan-

dards for whole-body and hand-transmitted vibrations, enabling an

objective and quantitative comparison among vehicles. The results

highlight a significant degradation of ride comfort on irregular sur-

faces and a strong dependence of discomfort levels on vehicle speed.

A regression analysis is conducted to relate the measured discomfort

indices to key vehicle characteristics and operating parameters. Vehi-

cle speed emerges as the dominant factor influencing the vibration

response, while road surface roughness and tyre radial stiffness pro-

vide secondary but significant contributions. The proposed regres-

sion model captures the main experimental trends across different

vehicles, speeds and surfaces, and supports a quantitative under-

standing of the mechanisms governing ride comfort in electric kick

scooters.

List of symbols

aij Raw acceleration at the human-vehicle interface i along direction j

ajj ISO-filtered acceleration at the human-vehicle interface i along direction j

a}}MS Root mean square of the ISO-filtered acceleration at the human-vehicle interface
i along direction j

ag-/[ax Maximum absolute value of the ISO-filtered acceleration at the human-vehicle
interface i along direction j

c Vehicle and surface case

CFjj Crest factor at the human-vehicle interface i along direction j

d Steering column length
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DI

Foot-deck measuring point

Discomfort index at the human-vehicle interface i

Experimental observation index

Total number of experimental observations

Front wheel hub point

Frequencies used in the computation of Hj;

Vehicle centre of gravity

Centre of mass distance along z from F

Band-pass filter prescribed by ISO 5349 along direction j

High-pass filter prescribed by ISO 2631-1 along direction j
Low-pass filter prescribed by ISO 2631-1 along direction j

First frequency filter prescribed by ISO 2631-1 along direction j
Second frequency filter prescribed by ISO 2631-1 along direction j
Frequency filter prescribed by ISO 5349 along direction j

ISO weighting transfer function at the human-vehicle interface i along direc-
tion j

Time-domain ISO weighting operator at the human-vehicle interface i along
direction j

Interface index (D, S)

Vibration direction index (x, y, z)

Directional multiplying factors at the human-vehicle interface i along direction
j for the computation of the discomfort index

Centre of mass distance along x from F

Vehicle mass

Applied vertical load during the tyre characterisation

Number of observations associated with vehicle-surface case ¢
Number of regressors in the regression model

Front and rear vertical wheel reaction force under steady-state conditions
Suspension points during the suspension tests

Road surface coeflicient

Coefficients used in the computation of the ISO weighting filters Hj;
Variable of the Laplace transform

Nominal tyre inflation pressure

Unloaded tyre radius

Coefficient of determination

Hand-steering measuring point

Road surface

Time variable

Duration of the segment used in the signal processing

Regressor vector associated with observation e

Vehicle speed

Vehicle

Vehicle wheelbase

Weighting factor used to equalise the contribution in the regression
Longitudinal axis of the vehicle reference frame

Lateral axis of the vehicle reference frame
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z Vertical axis of the vehicle reference frame

o; Regression coefficient vector at the human-vehicle interface i

B2 Inclination of the suspension lines w. r. t. z and x

0 Tyre radial deflection during the tyre characterisation

y Inclination of the steering column with respect to z

KF/R Front and rear tyre radial stiffness under steady-state operating load
Ko Average operational tyre radial stiffness

U Mean crest factor

o Standard deviation of the crest factor

w1,..,10 Angular frequencies used in the computation of Hj;

1. Introduction

Ride comfort represents a key performance attribute in the design and assessment of
wheeled vehicles, as it directly influences user acceptance, perceived quality, and indirectly
safety during operation [1]. Mechanical vibrations generated by the interaction between
the vehicle and road surfaces are transmitted to the human body through multiple con-
tact interfaces, producing sensations that range from mild to severe annoyance and, in
some cases, adverse effects on well-being [2]. For these reasons, the quantitative evalua-
tion of vibration-induced discomfort has long been a central topic in vehicle dynamics,
ergonomics, and human-machine interaction research [3-5].

Over the past decades, ride comfort has been extensively investigated in a wide range of
transportation systems, including road vehicles such as passenger cars, buses, and trucks
[6-8], rail vehicles [9-11], and aircraft [12—14]. In this context, ride comfort assessment
has increasingly relied on objective and standardised methodologies grounded in exper-
imental vibration analysis and human response modelling, while subjective evaluations
have remained essential for capturing the perceptual dimension of comfort. A consistent
outcome of this research is the recognition that human perception of vibrations depends
not only on their amplitude, but also on frequency content, direction, exposure duration,
and the specific body regions involved in the transmission process [15-17]. Accordingly, an
important research stream has focused on relating objective vibration descriptors to subjec-
tive comfort and discomfort ratings, using both correlation analyses and regression-based
models [18,19]. Such integrated approaches are particularly valuable because objective
metrics and subjective ratings capture complementary aspects of the same phenomenon:
the former provide repeatable and physically interpretable quantities, whereas the latter
reflect user perception and individual sensitivity.

From a biomechanical standpoint, the response of the human body to mechanical vibra-
tions reflects the complex dynamic behaviour of the musculoskeletal system, characterised
by frequency-dependent sensitivity and directional anisotropy. Several studies have shown
that variations in vibration direction, frequency bands, posture and contact conditions
may lead to markedly different discomfort sensations even at comparable acceleration lev-
els, highlighting the importance of appropriate frequency weighting and interface-specific
evaluation criteria [20,21]. Accordingly, vibrations transmitted to the human body are
commonly classified into whole-body vibrations (WB) and hand-transmitted (HT) vibra-
tions, depending on the dominant contact interfaces and posture of the subject: the former
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typically involve transmission through the feet, seat, or back, whereas the latter primarily
affect the upper limbs through steering or control interfaces.

To provide a consistent and objective basis for the evaluation of human exposure to
mechanical vibrations, international standards have been developed and widely adopted.
In particular, ISO 2631-1 [22] defines procedures for the measurement, frequency weight-
ing, and evaluation of WB vibrations under different postures and applications, including
comfort assessment, vibration perception, motion sickness, and health-related monitoring.
In parallel, ISO 5349-1 [23] establishes analogous methodologies for HT vibrations. These
standards, together with the earlier British Standard BS 6841 [24], constitute the consoli-
dated framework for experimental ride comfort assessment in conventional transportation
systems and have been extensively applied in both academic research and industrial
practice.

While these ISO-based procedures were originally developed for conventional vehicles
and working machinery, their direct transfer to emerging vehicle categories with substan-
tially different layouts and rider postures requires careful interpretation and experimental
validation. These aspects become particularly relevant when considering lightweight and
compact electric micro-vehicles (e-MVs), where the coupling between the rider and the
vehicle is stronger and the vibrational environment may differ markedly from that of
traditional vehicles.

In recent years, electric kick scooters (e-scooters) have undergone rapid growth in urban
environments, becoming one of the most prominent modes of micromobility. Their suc-
cess is commonly attributed to their compact dimensions, ease of use, and suitability for
short-distance trips, especially in dense urban contexts [25-29]. Several studies have doc-
umented how e-scooters have been progressively integrated into urban transport systems,
either as complementary modes to public transport or as standalone solutions for short
trips, contributing to changes in travel behaviour and modal choice [30-34]. Analyses
of usage patterns consistently indicate that e-scooter trips are typically short and often
occur in mixed-traffic environments, including bike lanes, sidewalks, and local streets,
where pavement quality may vary significantly [35]. From the user perspective, accep-
tance studies further show that perceived ride quality, physical effort, and overall comfort
play a non-negligible role in the adoption and continued use of shared e-scooter services,
especially for repeated or daily trips [36,37]. The relevance of e-scooters within urban
mobility systems has been further amplified during the COVID-19 pandemic, which sig-
nificantly altered travel demand and mode preferences. Several contributions report that
micromobility services, including shared e-scooters, gained importance during periods of
mobility restrictions, offering flexible and socially distanced alternatives to conventional
public transport [38-40]. Within this rapidly evolving scenario, the engineering character-
isation of e-scooters has not progressed at the same pace as their urban deployment. While
a substantial body of literature addresses policy, safety, and usage aspects, fewer studies
focus on the mechanical interaction between e-scooters, road irregularities, and riders,
particularly from the perspective of vibration transmission and ride comfort. This gap is
especially relevant given the diverse and often suboptimal surface conditions encountered
in real urban operation.

Despite apparent similarities with other light two-wheeled vehicles, e-scooters exhibit
a set of distinctive dynamic and structural characteristics that make their analysis funda-
mentally different from that of bicycles and small mopeds [41-43]. One of the most critical
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aspects is the adoption of very small wheels, which significantly increases sensitivity to
road irregularities and local surface defects, while also affecting stability and controllabil-
ity [44,45]. From a structural standpoint, most commercial e-scooters are characterised
by the absence of suspension systems or, in some cases, by the presence of simplified and
poorly tuned suspensions. As a result, vibration attenuation is often limited to the com-
pliance of the tyres, leading to a filtering effect that acts primarily at the wheel level and
provides limited isolation of the rider from road-induced excitations. A further distin-
guishing feature lies in the mass distribution of the vehicle-rider system: in e-scooters,
the mass of the rider is always dominant with respect to that of the vehicle, resulting in a
strongly rider-driven dynamic behaviour [46]. Finally, the standing riding posture and the
absence of a dedicated seating system eliminate a major vibration isolation interface and
reduce the human-machine interaction to essentially two contact points, i.e. the foot-deck
and hand-steering interfaces.

From an engineering perspective, recent literature on e-scooters has developed along
three main directions: rider-vehicle dynamics and handling, vibration/comfort assess-
ment in real operating conditions, and physics-based modelling of longitudinal/vertical
response. Experimental studies have investigated the rider behaviour and the vehicle
dynamics during typical manoeuvres [47,48], while several contributions have addressed
vibration exposure and comfort-related aspects through on-road measurements and com-
parative analyses [49-53]. In parallel, lumped-parameter and multibody models have been
proposed to describe the vertical dynamics of e-scooters under distributed road irregular-
ities and discrete obstacles [54-57]. Overall, these studies confirm the growing maturity
of experimental and modelling tools for e-scooters, but they also highlight the need for
systematic comfort benchmarks capable of linking measured vibration metrics to vehi-
cle design features and operating conditions. To clarify the positioning of the present
contribution within the existing literature, Table 1 summarises selected studies on e-
scooter dynamics, vibration exposure and ride comfort, distinguishing them in terms of
methodological approach, investigated vehicles, riders, test conditions and research focus.

Against this background, the objective of this work is to provide a quantitative experi-
mental assessment of ride comfort in commercial electric kick scooters under real driving
conditions, using an ISO-based framework to interpret the vibrations transmitted to the
rider. Differently from recent studies focusing on the vertical response of a single e-scooter
under a limited set of discrete operating conditions [58], or on the influence of inter-subject
variability when riding the same platform [59], the present work adopts a broader exper-
imental perspective. Three e-scooters characterised by different layouts are tested across
their full operational speed range on three representative urban pavement surfaces. Vibra-
tions are measured at the two human-machine interfaces dictated by the standing posture,
i.e. foot-deck and hand-steering, and processed according to WB and HT vibration stan-
dards. Further laboratory tests are conducted to characterise vehicle mass properties and
tyre radial stiffness, enabling a physically grounded link between design parameters, oper-
ating conditions and discomfort outcomes. The added value of the proposed approach
therefore lies in the integration of three complementary levels of analysis. First, ISO-based
WB and HT vibration metrics provide a standardised and interface-specific quantification
of the vibrations transmitted to the standing rider. Secondly, laboratory characterisation of
mass distribution and tyre radial stiffness allows interpreting the differences among vehi-
cles in terms of measurable physical properties rather than only in terms of nominal vehicle
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Table 1. Summary of the studies on e-scooter dynamics classified by methodological approach (exper-
imental and/or numerical), experimental conditions (number of vehicles, surfaces, and speeds), and
research focus.

Approach No. of
Study Exp. Num. Vehicles Surfaces Speeds Riders Focus
Paudel [44] v 27 config. Flat Parametric, full 1,2 postures Steering design, self-stability
range
Agundez [45] v 1 Flat Paramgetric, full 1 Multibody modelling, linear
range stability analysis
Garman [47] v 1 1 test track, 3 Manoeuvre- 8 Vehicle dynamics, rider
brak. surf. dependent kinematics
Brunner [48] v 1 1 test track 15km/h 24 Rider behaviour, stability
Cano-Moreno v 1 41S0 8608 road 5,10, 15, 20, 1 Comfort and health
[49] classes 25km/h assessment, multibody
simulation
Cano-Moreno 1 2, asphalt and Not constant N.A. Health-risk assessment of
[50] pavers WB and HT vibrations
Gulino [51] v 1 platform, 6 obstacles Up to 25km/h 1 Effect of deck material on
different 1SO-based comfort
decks
Boglietti [52] 1 e-scooter, 1 5 paths: bituminous, 10, 12.5 and 6 Comfort comparison
e-bike uneven and 15km/h between e-scooter/bike
regular
cobblestone,
metal grids,
dirt/concrete
Ventura [53] v« le-scooter, 1 10 and 15km/h Framework for comparing
e-bike e-scooter and e-bike
vibration comfort using
experimental and
simulated data
Asperti [54] v 1 Lumped obstacles 17 and 19km/h 1 Lumped-parameter vertical
dynamics model
Asperti [55] v 1 Distributed 17 and 23km/h 1
irregularities
Arslan [56] v 1 Curb 6, 8, 10km/h Parametric Dynamic response stability
Vaca v 1 2 10/20/30km/h 1 Effect of tyre stiffness on
Michilena vibration comfort
[571
Asperti [58] v v 1 4 6,13,18/20km/h 4 Vertical dynamics, influence

of pavement, speed, tyre
pressure and rider mass

categories. Thirdly, the regression framework combines this objective discomfort indicator
with vehicle and operating parameters, enabling the effect of speed, surface condition and
tyre stiffness to be quantified within a compact and physically interpretable model. This
integrated perspective extends previous experimental studies mainly focused on individ-
ual vehicles, single road surfaces, or narrower operating ranges, and provides a comparative
basis for identifying the main design- and operation-related factors governing e-scooter
ride comfort.
The novel contributions of this work are:

e comparative ISO-based vibration benchmarking of three commercial e-scooters with
markedly different layouts (e.g. mass distribution, motor/brake arrangements, tyre
characteristics, and suspension systems);

o laboratory characterisation of vehicle inertial properties and tyre radial stiffness, used to
support the physical interpretation of the differences observed in the on-road comfort
measurements;
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3 commerecial e-scooters with different topological layouts

4

On-road experimental campaign
* 3 road surfaces
+ full operational speed range
* acceleration measurement

[ Vehicle selection }

Laboratory tests
* mass distribution @
* tyre radial stiffness

Signal processing
+ steady-speed segment identification
* ISO frequency weighting
* root mean square and peak extraction

d

Comfort assessment and regression-based interpretation
+ influence of speed, surface and vehicle characteristics
» model identification on vehicle #1 and #2
* model validation on vehicle #3

Figure 1. Overview of the proposed framework for e-scooter ride comfort assessment, linking vehicle
characterisation, on-road vibration measurements, 1SO-based signal processing and regression-based
interpretation.

o development of a compact regression model combining ISO-based ride quality indi-
cators with experimentally measured vehicle properties and operating conditions, to
assess the role of speed, road surface and tyre radial stiffness in rider discomfort.

The overall workflow of the study is summarised in Figure 1, which illustrates how
vehicle selection and laboratory characterisation are combined with on-road vibration
measurements, ISO-based signal processing and regression-based interpretation.

The manuscript is organised as follows. Section 2 describes the analysed vehicles and the
laboratory tests performed to characterise the vehicle mass distribution and the tyre stift-
ness. Section 3 presents the on-road campaign, focusing on sensor setup, test protocol, and
signal processing. Section 4 discusses the experimental results, the regression-based inter-
pretation, the practical implications and the main limitations of the study, while concluding
remarks are drawn in Section 5.

2, Vehicle description and physical characterisation

In this study, three commercial e-scooters are analysed, as shown in Figure 2. Although
they target a similar market segment and price range, the selected models differ signif-
icantly in terms of vehicle layout and component configuration. These differences are
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Figure 2. E-scooters analysed in this study with their key layout differences: (a) V1, (b) V3, and (c) V3.

Table 2. Summary of the technical data, mass properties, and
wheel vertical loads of the three e-scooters (values in brackets
indicate the vertical load with the rider on the vehicle).

Vehicle

Vi Vi V3
Technicaldata ~ w [m] 0.875 0.895 0.940
d[m] 1.065 1.050 1.045

y [deg] 14 12 12.5

r[inch] 8.5 10 1

pa [bar] 35 2.0 25

Centre of mass  m [kg] 14.2 17.3 16.5
/[m] 0.340 0.455 0.450
h [m] 0.115 0.115 0.145

Vertical load N [N] 86.4(340.3) 83.4(359.5) 84.4(383.6)
Ng [N] 54.9(561.2) 86.3(570.5) 77.5(538.5)

expected to influence the transmission and filtering of road-induced vibrations through
the e-scooter structure, thereby affecting the vibration levels reaching the rider and the
resulting ride comfort.

In the left-hand (V) and middle (V;) vehicles, the electric motor (red dashed outline) is
integrated into the front wheel, while the mechanical braking system (blue dotted outline)
is located at the rear and consists of a disc brake. In contrast, the right-hand e-scooter
(V3) adopts an opposite configuration, with the motor housed in the rear wheel and a
front drum brake. Moreover, V3 is equipped with a basic suspension system (green dashed
outline) at both the front and rear wheels, whereas V; and V), feature rigid, unsuspended
architectures. Other technical differences among the three e-scooters are highlighted in
Table 2 in Section 2.1.
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Figure 3. Centre of mass identification through the suspension method: experimental configuration (a)
and schematic representation of the methodology employed to determine G coordinates (b).

2.1. Mass distribution

The mass distribution of each e-scooter is experimentally identified through a dedicated
measurement procedure applied to all vehicles; for clarity, it is illustrated in Figure 3 with
reference to V.

The coordinates of the vehicle centre of mass (G), expressed in the reference frame
{F;x,y,z}, are evaluated using the suspension method [60]. The e-scooter is suspended
from the handlebar (P;) and from the rear wheel rim (P;), as shown in Figure 3(a). G
is identified as the intersection of the two suspension lines, represented in Figure 3(b)
as dashed blue segments and inclined by the angles f; and f, with respect to z and x.
To improve the robustness of the estimation, the position of G along x is independently
verified using the static interface force measurement method [60]. In this configuration,
two weight scales are placed under the front and rear wheels to measure the corre-
sponding vertical reaction forces, Nr and Ng; the same procedure is repeated with the
rider standing on the vehicle in the reference riding position as described in Section 3.1,
allowing the load distribution on the tyres under steady-state operating conditions to be

determined.

The complete mass-property characterisation is summarised in Table 2. The wheelbase
and the steering column length are indicated by w and d, respectively, while y represents
the inclination of the steering column with respect to z. The nominal tyre inflation pressure
is indicated by p,, and the tyre radius by r. The parameters / and & denote respectively the

distance of G from F along x and z.
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2.2. Tyreradial stiffness

Tyre radial stiffness represents a key parameter governing the transmission of road-
induced vibrations from the ground to the vehicle and, ultimately, to the rider. For this
reason, the tyres of the three e-scooters are experimentally characterised under quasi-static
conditions by varying the applied vertical load.

These tests are performed on an MTS QTest/10 Elite tensile/compression machine, as
shown in Figure 4. The wheel hub is rigidly clamped to the fixed frame of the apparatus,
while a load cell (10 kN full-scale range, accuracy of £0.01 N) and a compression plate are
mounted on the moving crosshead. A digital dial gauge (accuracy of £1 nm) is used to
verify that the deformation of the wheel and the clamping structure remain negligible with
respect to the tyre deflection. Vertical load is applied in displacement control, while the
corresponding reaction load L, is recorded by the TestWorks 4 software at the sampling
frequency of 10 Hz. All tyres are tested at their nominal pressure, monitored by an elec-
tronic air compressor (accuracy of £0.1 bar). During each test, the crosshead is lowered
at a constant speed of 5 mm/min, resulting in an increasing vertical load from 0 to 1 kN.
The upper load limit is selected based on the steady-state vertical wheel loads measured
with the rider standing on the vehicle, reported in Table 2. Across the three vehicles, the
maximum static operating load is observed at the rear wheel of V; and is equal to 570.5 N;
therefore, the upper limit covers the full range of measured operating loads with a safety
margin of approximately 75%. This range is considered sufficient for characterising the tyre
radial stiffness in the load interval relevant to the subsequent regression analysis. This pro-
cedure is repeated five times to assess the repeatability of the results. Additional crosshead
speeds (2 mm/min and 10 mm/min) are also tested to verify that the results are insen-
sitive to the compression velocity. After verifying that wheel and fixture compliance are
negligible, the crosshead displacement is taken as the tyre radial deflection J. The result-
ing stiffness should therefore be interpreted as a quasi-static descriptor of the tyre radial
compliance under representative operating loads, rather than as a complete dynamic tyre
model. This assumption is sufficient for the scope of the present work because tyre stiffness
is used as a comparative vehicle parameter in the regression analysis, not to reproduce the
frequency-dependent tyre-road interaction during each run. In this sense, the measured
radial stiffness provides a physically interpretable indicator of the tyre compliance available
to filter road-induced excitations, while possible dynamic stiffness and damping effects are
implicitly included in the measured on-road acceleration response.

The experimental relationship between L, and J for the three tyres is fitted using a
fourth—order polynomial (R? &~ 0.99), as shown in the upper panel of Figure 4(b). The
radial stiffness x (J) is then obtained by differentiating the fitted curves and is reported in
the lower panel of Figure 4(b). Both V; and V3 exhibit nearly identical stiffness behaviour
over the investigated load range, whereas V; displays a higher radial stiffness over the full
compression interval. For 0 > 4mm, x of V, and V3 remains almost constant, while V;
shows a marked stiffening behaviour. For the sake of completeness, circular (O) and square
(0J) markers in Figure 4(b) denote the operating conditions at the front and rear wheels,
respectively, based on the corresponding steady-state vertical loads reported in Table 2.

The stiffness curve obtained for V; is consistent with the limited experimental data
available in the literature for pneumatic e-scooter tyres. Asperti et al. [54,55] model the
radial force-deflection relationship of an e-scooter tyre using a second-order polynomial,
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Figure 4. Tyres of the three e-scooters and experimental setup for radial stiffness characterisation (a),
tyre deflection and radial stiffness as functions of vertical load (b).

and report that, at a pressure of 2.5 bar, the radial stiffness increases from approximately
0.05 kN/mm when L, = 0 kN to about 0.1 kN/mm when L, & 0.8 kN (corresponding to a
deflection of 6 = 10mm). A similar order of magnitude is also reported in [61], where the
average stiffness ranges between 0.09 kN/mm and 0.13 kN/mm for pneumatic e-scooter
wheels, while substantially higher values are found for rigid wheels. These comparisons
support the consistency of the measured stiftness values with previously published data
and indicate that V| lies in the upper range of the stiffness values reported for pneumatic
e-scooter tyres.

3. Experimental testing and signal processing

This section describes the on-road testing protocol, the measurement locations selected
according to the standing riding posture, and the ISO-based signal-processing framework
used for vibration filtering and discomfort evaluation.

3.1. Sensor setup and test protocol

The instrumentation adopted for the experimental campaign is shown in Figure 5(a). Two
triaxial piezoelectric accelerometers (nominal sensitivity of 100 mV/g, range of £50 g, and
linearity of £5% up to 5 kHz) are installed on each vehicle to measure the vibrations trans-
mitted to the rider at the two human-machine interfaces associated with the standing
posture: the foot-deck (D) and the hand-steering (S) interfaces. In accordance with ISO
2631-1 [22] and ISO 5349 [23], the accelerometers are positioned as close as practicable
to the rider contact regions between the rider and the vehicle. To improve repeatability
throughout the experimental campaign, the same mounting procedure is adopted for all
vehicles. The accelerometers are rigidly fixed to the deck and steering structure using the
same mechanical supports and adhesive interface. Their orientation is checked before each
test to align the sensor axes with the vehicle reference frame shown in Figure 3. Small
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Figure 5. Layout of the experimental instrumentation (a) and road surfaces employed during the on-
road tests (b).

residual mounting deviations may remain due to the local geometry of the deck and steer-
ing column; however, the same reference directions and installation procedure are used
throughout the campaign to ensure consistency across all vehicles and test surfaces.

Vehicle speed is estimated by measuring the angular velocity of the driven wheel through
an inductive proximity sensor (maximum detection distance of 4 mm, supply voltage
between 4-36 V) repurposed as a tachometer. The sensor leverages the geometry of the
wheel spokes and is powered by an external lithium-polymer (LiPo) 7.4 V battery (not
shown in Figure 5(a)). In the two front-wheel-drive vehicles, the tachometer is installed
on the rear wheel, whereas in the rear-wheel-drive vehicle it is mounted on the front
wheel. All signals are synchronously acquired at a sampling frequency of 3200 Hz using
a Siemens SCADAS XS data acquisition system housed in a protective case fixed to the
steering column. Data acquisition and monitoring are managed through the Simcenter
Testlab Scope App running on a tablet connected to the acquisition unit via Bluetooth.

Each acquisition starts from standstill conditions and is followed by a transient phase
until reaching a target velocity. The rider then maintains a quasi-constant speed along a
straight road segment of approximately 200 m on the selected surface, before decelerating
to a stop, at which point the acquisition is terminated. During the analysed steady-speed
segment, the rider maintains a straight trajectory without intentional steering manoeu-
vres, except for small corrective inputs required to preserve balance and lane position. This
protocol is adopted to minimise vibration contributions associated with longitudinal and
lateral vehicle dynamics, so that the measured response mainly reflects the vertical exci-
tation induced by road surface irregularities. All tests are carried out under dry pavement
conditions and in the absence of visible surface contamination. Runs affected by traffic
interruptions, sudden manoeuvres, or non-stationary speed profiles are excluded from
the steady-speed analysis. Environmental conditions are therefore controlled at the level
required for a comparative on-road campaign, although no dedicated sensitivity analysis
to temperature, wind or tyre thermal state was performed.

Three urban surfaces are considered, as shown in Figure 5(b): smooth asphalt (S;),
pavé (S;), and a bike path (S3). No direct road-profile measurements are performed in
the present experimental campaign; therefore, the corresponding International Roughness
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Index (IRI) values are not used as measured descriptors of the tested surfaces. However, ref-
erence values reported in the literature for comparable urban pavements indicate mean IRI
values of approximately 2.7 m/km for smooth asphalt [58], 8.4 m/km for cobblestone/pavé
surfaces [58,62,63], and 6.5 m/km for regular flagstone block pavements representative of
modular pedestrian or cycling surfaces [62].

These values are used only to support the qualitative roughness ranking of the selected
surfaces, with S; representing the smoothest condition, S3 an intermediate condition, and
S, the roughest one.

For each run, the steady-speed segment is performed at different velocities distributed
within the range from 5 to 25 km/h. The lower bound of 5 km/h corresponds to the mini-
mum speed setting available on the tested e-scooters, whereas the upper bound of 25 km/h
reflects the speed limitation imposed by current regulations for this vehicle category. The
aim is therefore not to test a fixed set of equally spaced speed levels, but to cover the usable
operational speed range of each vehicle-surface combination. On the roughest surface,
the highest velocities cannot always be reached or safely repeated, because the vibration
severity may compromise rider safety and vehicle controllability. Therefore, the experi-
mental dataset is representative of the practical operating range of each vehicle-surface
combination rather than of a perfectly balanced full-factorial design.

All tests are conducted with the same rider, a healthy young adult male (height of
1.80 m, mass of 77.5 kg) with no known neurological or musculoskeletal disorders and
with prior experience in e-scooter driving. The rider maintains a tandem stance through-
out the experimental campaign, consistent with the guidelines reported in the literature
[47,59]. The use of a single rider is intentionally adopted to control inter-subject variability
and to isolate the effects of vehicle configuration, road surface and speed on the mea-
sured vibration response. This choice allows a more direct comparison among the tested
e-scooters under repeatable rider-related conditions, while the implications for the gener-
alisation of the results are discussed in Section 4.4. The experimental protocol was reviewed
and approved by the Local Institutional Review Board. The participant provided informed
written consent prior to participation. All procedures were conducted in accordance with
the Declaration of Helsinki.

The same sensor setup and testing protocol are adopted for all vehicles. The number
of runs performed for each combination of vehicle and surface is reported in Table 3. The
number of repetitions is determined by combining repeatability requirements and practi-
cal constraints related to surface availability, traffic conditions, battery autonomy and rider
safety. For each vehicle-surface combination, repeated runs are collected over the investi-
gated speed range to ensure repeatability and to capture the main trends of the ISO-based
discomfort indicators. As a consequence, the number of runs differs among vehicle-surface
combinations, as reported in Table 3.

3.2. ISO-based vibration filtering and discomfort indicators

Figure 6 illustrates the procedure followed for processing the experimental signals. The
measured wheel angular velocity signal, w, is first low-pass filtered (cut-off frequency of
10 Hz) to remove the experimental noise and then used to estimate the vehicle longitudi-
nal speed assuming negligible tyre slip, as shown in Figure 6(a). To ensure a homogeneous
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Table 3. Number of experimental runs per-
formed for each vehicle—surface combination.

Surface
S S2 S3
Vehicle Vi 30 27 27
%) 57 71 33
V3 29 46 24
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Figure 6. Data processing: vehicle velocity (a), raw and filtered acceleration components measured at
the deck (b, c and d) and at the steering (e, f and g), root mean square and maximum values.

comparison among different test runs, the time histories of the accelerations are anal-
ysed only over road segments characterised by quasi-constant speed. Initial, settling, and
final transient phases are therefore excluded from the analysis (shaded areas in grey in
Figure 6(a-g)). This selection guarantees that the evaluated vibration levels are represen-
tative of steady riding conditions.

The raw acceleration signals a;;(t) (blue curves in Figure 6(b-g)) are processed in the
time-domain by applying the frequency weighting function Hj; prescribed for comfort
assessment. Specifically, ISO 2631-1 [22] weightings for WB vibrations in standing pos-
ture are adopted for signals measured at the foot-deck interface (i = D), while ISO 5349
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[23] weightings for HT vibrations are applied to signals measured at the hand-steering
interface (i = S). The standards are used here as general frameworks for the objective pro-
cessing and comparison of human vibration exposure, rather than as e-scooter-specific
comfort models. This distinction is particularly important because the standing posture
adopted on e-scooters differs from the seated posture typically encountered in passen-
ger vehicles: the back and pelvis contact interfaces are absent, and whole-body vibration
transmission occurs mainly through the foot-deck interface, while the hand-steering inter-
face is treated separately as hand-transmitted vibration. For each vibration direction,
Jj = x,,z, the weighting operation yields a filtered acceleration signal a;; (orange curve in
Figure 6(b-g)), obtained as

(/_'lij(t) = sz{alj(t)} i=D,S ] =Xz (1)

The operator H;;{-} denotes the time-domain implementation of the ISO weighting filter
associated with the transfer function H;j(p), whose definition is reported in Appendix A.
From the filtered signals, two basic descriptors are extracted. The root mean square (RMS)
value (green dotted lines in Figure 6(b-g)),

1
GRMS _

=2 . s
i T aij(t)dt i=D,S j=xy2z (2)

o~

represents the overall vibration energy, while the maximum (Max) absolute value (yellow
downward triangles in Figure 6(b-g)),

Max __ = . .
a; = tlev[l(i)T(] |a,J(t)| i=D,S j=%xyz (3)

captures peak events occurring during the run. Here t denotes the time variable, while T is
the duration of the segment after excluding the initial, settling and final transient phases.

These quantities are combined to derive two synthetic indicators. The first is a dis-
comfort index, DI;, obtained by combining the RMS components through the directional
multiplying factors k;; prescribed by the standards,

DLi= [> (kgal™  i=DS j=xyz (4)

J

This index provides an objective benchmark for comparing different vehicles, surfaces
and operating conditions. The second indicator is the crest factor,

Max

ij . .

RMS i=DS j=xyz (5)
Y

a

CF; =
/ a

which characterises the relative prominence of impulsive events in each vibration direction.
According to ISO recommendations, the RMS-based evaluation is considered appropriate
when CFj; < 9. Further details on the definition of the weighting filters are reported in
Appendix A for completeness.
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3.3. Influence of vehicle and operating parameters on ride quality

A regression-based analysis is carried out to investigate the dominant dependencies
between the discomfort index and selected vehicle- and test-related parameters. The anal-
ysis is intentionally limited in scope and is not intended as a general predictive model
for arbitrary e-scooter configurations; rather, it is used to support the physical interpreta-
tion of the experimental trends observed across different vehicles, road surfaces and riding
conditions.

The regression analysis is performed using data collected with V; and V, on S; and S,
(model identification). This choice defines four vehicle-surface identification cases. The
measurements obtained with V3, as well as those collected on S3, are instead reserved for
validation. Since the number of available observations is not uniformly distributed among
vehicles and surfaces, a Weighted Least-Squares (WLS) approach is adopted to ensure a
balanced contribution from each vehicle-surface combination. The imbalance arises from
practical constraints of the on-road campaign and from the need to ensure rider safety
under particularly severe vibration conditions. Specifically, not all target speeds could be
safely repeated for every vehicle-surface combination. The WLS formulation is therefore
introduced to prevent cases with a larger number of observations from dominating the
identification process. By assigning the same overall weight to each vehicle-surface com-
bination, the regression preserves the relative contribution of the different configurations
despite the unequal number of runs.

For each human-machine interface (i = D, S), the coefficient vector &; = [a;},.. .,
@in,]" is obtained by solving

E
o; = arg minz (DI, — ué&i)z i=D,S (6)
i e=1
where E is the total number of observations, DI; . denotes the measured discomfort index at
interface i for observation e, u, € R™ is the regressor vector describing the corresponding
vehicle and test conditions, and w, are the weighting factors. w, are defined to ensure equal
overall contribution from each vehicle-surface case, as shown in

z We = Z 1 c=1,...,4 (7)

e: c(e)=c e: c(e)=c e

where c(e) € {1,...,4} identifies the vehicle-surface case associated with observation e in
the identification dataset, and 7, is the number of tests available for case c.

The set of regressors u, involves vehicle and test-related parameters, as well as their
mutual interactions. Specifically, the parameters under analysis include:

e vehicle speed (v);
e road surface type, represented by the coefficient gr € {0, 1}, withqr = Ofor S; andgqr =
1 for Sy;
e average operational tyre stiffness kg, defined as a vertical-load-weighted combination of
front and rear tyre stiffness under steady-state conditions (Figure 4(b)), as expressed in
keNF + KrRNR

e A S 8
0 Nf + Nr ®)
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e unloaded tyre radius (r);
o vehicle geometries, i.e. the wheelbase (w) and the steering column length (d);
e mass (m) and centre of mass location (I, h).

The selection of the final regressors is driven by the objective of maintaining model par-
simony and physical interpretability, rather than maximising fitting accuracy. Candidate
variables are first identified based on observed experimental trends and are subsequently
screened through diagnostic checks aimed at excluding spurious correlations, collinearity
effects and inadequate functional forms [64,65].

Using the selected regressors and the corresponding estimated coefficients, the discom-
fort index is reconstructed for each observation and compared with the corresponding
experimental value. The overall goodness of fit is quantified through the coefficient of
determination R?, while the validation of the regression model is achieved in two distinct
steps:

e estimation of gr on S3 through a second WLS procedure;

e computation of the Normalised Root Mean Square Error (NRMSE) between measured
and predicted discomfort index, clustering the dataset according to vehicle (V, V;, and
V3) and road surface (S, S, and S3).

4. Results and discussion

This section presents the experimental results and discusses their regression-based inter-
pretation, practical implications and main limitations.

4.1. Ride comfort assessment

Figure 7 compares the three vehicles in terms of discomfort index (DI;) as a function of
the testing velocity v for asphalt (S;) and pavé (S ). Results obtained at the foot-deck inter-
face (i = D) are reported in Figure 7, while Figure 8 shows the corresponding values at
the hand-steering interface (i = S). Colours and markers are used consistently across the
panels to distinguish vehicles and road surfaces: cyan, green and magenta are used for V7,
V3, and V3, while circles (O) and squares (L) denote tests on S; and S;. In Figure 7, the
background colour bands indicate the ride quality regions suggested in ISO 2631-1 [22]
(see Appendix A for details). These comfort regions are used as reference bands for inter-
preting the severity of foot-deck vibration exposure, rather than as absolute thresholds of
perceived comfort for all e-scooter riders. For the sake of clarity, DIp and DIg detected on
the bike path (S3) are reported in Appendix B, in Figures Al and A2.

For all vehicles and measurement locations, the discomfort index generally increases
with vehicle speed, confirming the dominant role of speed in amplifying road-induced
vibrations. On pavé, both DIp and DIs for V, and V3 increase up to approximately v =
20 km/h and then tend to level off. From a physical interpretation standpoint, this trend
should not be regarded as a reduction in road excitation at higher speeds. Rather, it may
result from the combined effects of ISO frequency weighting and changes in rider-vehicle
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interaction under severe vibration conditions. As speed increases, the spatial irregulari-
ties of the pavé surface are shifted toward higher temporal excitation frequencies, causing
part of the vibration spectrum to fall outside the frequency range where the ISO weighting
functions are most sensitive. At the same time, severe vibration levels may induce small
adaptations of the rider posture, knee compliance, grip force and foot-deck contact condi-
tions, thereby modifying the effective transmission path between the vehicle and the body.
It is worth noting that V; cannot be tested on pavé above 19 km/h because the vibration
levels become excessive and compromise rider safety.

For a given speed, pavé systematically produces substantially higher comfort degrada-
tion than asphalt at both interfaces, highlighting the strong influence of surface roughness
on vibration transmission. At the foot-deck interface, discomfort levels on pavé are typ-
ically 4.5 to 6 times larger than those measured on asphalt, while at the hand-steering
interface the increase ranges from approximately 3.5 to 8 times, depending on the vehi-
cle. Beyond the overall increase in vibration severity, pavé surfaces also enhance the ability
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Figure 7. Discomfort index evaluated at the foot-deck interface for the three vehicles on asphalt and
pavé surfaces for different vehicle velocities.
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Figure 8. Discomfort index evaluated at the hand-steering interface for the three vehicles on asphalt
and pavé surfaces for different vehicle velocities.
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to discriminate between different e-scooter layouts. On asphalt, the three vehicles show
relatively close DI; values, particularly at low and moderate speeds. In contrast, on pavé
the separation among vehicles becomes more pronounced across the entire speed range,
indicating that rough surfaces magnify the effect of design differences on the transmit-
ted vibrations. Among the tested models, V; exhibits the worst comfort across the entire
speed range and at both measurement locations. V; and V3 show similar behaviour at the
foot-deck interface for both surfaces and similar values at the hand-steering interface on
asphalt, while V is slightly more comfortable than V3 on pavé at the steering.

Considering the comfort regions defined by ISO 2631-1 reported in Figure 7, asphalt
runs remain predominantly within mild to moderate vibration exposure over the inves-
tigated speed range (DIp < 1.4m/s?). In contrast, pavé results fall almost entirely within
the most severe ISO 2631-1 reference comfort region (DIp > 1.8m/s?), emphasising that
highly irregular surfaces, e.g. S,, impose vibration levels associated with severe discom-
fort according to the ISO 2631-1 reference band. Bike path represents an intermediate
condition between asphalt and pavé. Both at the foot-deck and hand-steering interfaces,
discomfort levels on the bike path surface are higher than those measured on asphalt but
remain significantly lower than those observed on pavé, further confirming the sensitivity
of e-scooter comfort to surface quality.

Figure 9 summarises the crest factor values (CF;) evaluated at the foot-deck and hand-
steering interfaces for all vehicles and surfaces. Since no clear dependence on vehicle
speed is observed, crest factors are averaged for each vibration direction (x, y, and z) and
are reported together with their dispersion. Figure 9(a)-(c) show the crest factor at the
foot-deck interface (i = D), while Figure 9(d)-(f) present the corresponding values at the
hand-steering interface (i = S). Figure 9(a) and (d) refer to asphalt (S;), Figure 9(b) and
(e) correspond to pavé (S,), and 9(c) and 9(f) show the results from the bike path (S3). In
each plot, the cross symbol indicates the mean crest factor (u), the error bar represents
the standard deviation (+0), the downward triangle marks the maximum values, and the
upward triangle denotes the minimum values. Colours are used consistently to distinguish
the three vibration directions: blue for the x-axis, orange for the y-axis, and yellow for the
z-axis.

Across all vehicles, directions and surfaces, the mean crest factors, together with their
standard deviations, remain below the reference threshold of CF = 9 at both human-
vehicle interfaces, supporting the use of the RMS-based indicators adopted in this study.
The values of CFp are comparable among the three vehicles on all surfaces, indicating
similar overall peak-to-RMS characteristics at the foot. However, the maximum values
occasionally exceed the threshold on asphalt, particularly for V; in the x and z directions
(CFpx = 9.6, CFp, = 12.0) and for V; in the x direction (CFp, = 10.0).

In general, CF exhibits a larger dispersion on asphalt and on the bike path than on pavé.
This behaviour arises from the lower weighted RMS typically measured, which increases
the prominence of peak accelerations in the crest factor ratio (Eq. (5)). Conversely, on pavé
the higher overall vibration levels tend to mask individual peaks, resulting in more compact
distributions and smaller standard deviations. Comparing the two measurement locations,
higher crest factors are generally observed at the hand-steering interface than at the foot-
deck interface. This evidence can be attributed to geometric and structural amplification
effects: the steering point is located farther from the ground and therefore is more sensitive
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Figure 9. Average, standard deviation, maximum and minimum values of the crest factor evaluated at
the foot-deck (a, b, and ¢) and hand-steering (d, e, and f) interfaces for the three vehicles on asphalt (a
and d), pavé (b and e), and bike path (c and f) surfaces.

to pitch dynamics (rotation around the y-axis of the vehicle), while the flexibility of the
steering column and possible joint clearances can locally amplify peak accelerations.

4.2. Regression-based interpretation of ride comfort

To support a physical interpretation of the ride comfort assessment, a regression analysis is
introduced. The objective of this analysis is not to provide a general-purpose predictive
tool for arbitrary e-scooter configuration, but rather to quantify the relative contribu-
tion of selected vehicle characteristics and operating parameters to the experimentally
observed discomfort indices. Consistently with this goal, the model formulation prioritises
simplicity and physical interpretability over the maximisation of fitting accuracy.

4.2.1. Regression formulation and physical interpretation
The regression function that is selected to describe DI; at the human-vehicle interface i is
expressed as

DI; = a1 + aigko + @i3qR + iaqrko + aisv + aisqrKoV + @i7qRV* )

The model structure reflects the experimental evidence observed in Figures 7 and
8, with vehicle speed v emerging as the dominant explanatory variable for both inter-
faces. Among the remaining parameters, the road-surface coefficient qr and the average
operational tyre stiffness ko exhibit the most significant contributions.

For asphalt runs (qr = 0), the regression reduces to a linear dependence on vehicle
speed. In this condition, DI; increases with a constant rate, reflecting the progressive ampli-
fication of broadband vibrations induced by rolling excitation. The baseline level of the
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Figure 10. Predicted versus measured discomfort index evaluated at the foot-deck (a) and hand-
steering (b) interfaces for V1 and V; on asphalt and pavé surfaces.

linear trend depends on y: stiffer tyres transmit larger accelerations to the vehicle structure
and, consequently, to the rider, leading to higher baseline discomfort levels.

The effect of the road surface is primarily introduced through the activation of the
terms associated with qg, which shifts DI; upwards when transitioning from asphalt to
pavé (qr = 1). This offset captures the higher excitation energy associated with the irregu-
lar cobblestone surface. The mixed terms grxg and grxov indicate that, on pavé, discomfort
not only increases in magnitude but also exhibits a higher sensitivity to speed, consistently
with the experimental trends observed in Section 4.1. This result suggests that stiffer tyres
exacerbate the transmission of road-induced vibrations on highly irregular surfaces, partic-
ularly at higher velocities, where both excitation amplitude and frequency content increase.
Finally, the quadratic term ggv?, which is non-zero on the pavé surface, introduces a non-
linear dependence on speed. This contribution reflects the increasingly complex dynamic
response of the e-scooter-rider system over irregular surfaces, where changes in speed
modify not only vibration amplitude but also the distribution of excitation frequencies.
For the sake of compactness, the regression parameters and the estimated coefficients a;
are reported in Tables A4 and A5, respectively.

4.2.2. Model performance and validation
Figure 10 compares DI; predicted by the regression model (Eq. (9)) with the corresponding
experimental values at the foot-deck (Figure 10(a)) and hand-steering (Figure 10(b)) inter-
faces. Colours differentiate the vehicles, whereas marker shapes correspond to the different
road surfaces. The dashed line represents the ideal one-to-one correspondence between
predicted and measured values while black dotted lines indicate a 10% tolerance band.
For both interfaces, the data points are distributed close to the one-to-one line, indicat-
ing that the model captures the main trends observed in the identification dataset.
To further assess the robustness of the proposed regression model, the formulation is
tested against data collected on vehicle V3, which is deliberately excluded from the iden-
tification phase: Figure 11 compares the predicted and measured discomfort indices at
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Figure 11. Predicted versus measured discomfort index evaluated at the foot-deck (a) and hand-
steering (b) interfaces for V3 on asphalt and pavé surfaces.

the foot-deck and hand-steering interfaces on asphalt and pavé surfaces using the same
regression coefficients identified from the V;-V,datasets.

Despite the absence of vehicle-specific fitting, the predicted DI; values show good agree-
ment with the experimental measurements for both interfaces and road surfaces. Data
points remain reasonably close to the ideal one-to-one correspondence line, indicating
that the regression model retains its descriptive capability even when applied to a vehicle
not used during identification. Slightly larger deviations are observed at the hand-steering
interface, particularly on pavé, although the overall trends with speed and road surface are
correctly reproduced.

A further validation of the regression framework is carried out by considering the bike
path surface (S3), which is not included in the model identification phase. In this analysis,
all regression coefficients identified from the asphalt and pavé datasets are kept fixed. The
only surface-related variable introduced for the bike path is gr, which is estimated through
a WLS procedure using the experimental data collected on S3 with all three vehicles. No
additional model coefficients or interaction terms are re-identified. Figure 12 compares
the corresponding predicted and measured discomfort indices at the foot-deck and hand-
steering interfaces.

Despite the scalar parametrisation of surface condition, the model demonstrates good
agreement with the experimental evidence. The larger dispersion observed in the bike path
results can be explained by the spatial variability of the surface excitation. For asphalt and
pavé (S; and S3), all acquisitions are performed along the same road segment, ensuring
a high level of repeatability in the realised roughness profile. In contrast, the tests on S;
are carried out on different locations of the same cycling infrastructure. Although the sur-
face type is nominally the same, local variations in pavement condition and construction
quality lead to different realisations of the roughness profile, which directly affects the
transmitted vibrations. This behaviour is consistent with the simplified representation of
road roughness adopted in the regression model, where the complex spatial characteristics
of the surface are condensed into a single scalar parameter.
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Figure 12. Predicted versus measured discomfort index evaluated at the foot-deck (a) and hand-
steering (b) interfaces for the three vehicles on the bike path.

Table 4. Normalised root mean square error
between predicted and measured discom-
fort indices at the foot-deck and hand-
steering interfaces, grouped by vehicle and
road surface.

NRMSE
Cluster D S
Vehicle Vi 0.04 0.034
VvV, 0.051 0.061
V3 0.094 0.088
Surface S 0.073 0.082
S2 0.053 0.055
S3 0.13 0.12

Finally, to quantitatively assess the predictive accuracy of the regression model, NRMSE
values between predicted and measured DI; are computed. The NRMSE:s are reported in
Table 4, clustering the results according to vehicle (V1, V,, and V3) and road surface (S;,
S», and S3), and separately for foot-deck (D) and hand-steering (S).

For all clusters, NRMSEs always remain below 0.1 except for Sz, indicating a gener-
ally good predictive capability of the regression model. As expected, the lowest errors
are obtained for Vi and V, which are used in the model identification phase. Slightly
higher errors are observed for V3 at both interfaces, consistently with its role as an external
validation case.

When clustering the data by road surface, marginally lower NRMSE values are observed
on pavé than on asphalt for both interfaces. This behaviour can be attributed to the higher
vibration levels measured on pavé, which reduce the relative impact of local discrepancies
between predicted and measured values when normalised by the signal magnitude. Con-
versely, on asphalt the lower overall discomfort levels amplify the effect of small absolute
prediction errors, leading to slightly larger normalised errors. Higher NRMSE values are
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also observed for the bike path surface (S3): this behaviour is consistent with the trends dis-
cussed in Figure 12 and can be primarily attributed to the spatial variability of the excitation
along the cycling infrastructure.

Overall, the error distribution reported in Table 4 confirms that the regression model
captures the dominant experimental trends governing vibration-induced comfort degra-
dation across vehicles and surfaces. The physical trends observed in the present study are
also consistent with previous experimental evidence on e-scooter and bicycle vibration
comfort. Asperti et al. [58] identify road quality and vehicle speed as the most influen-
tial parameters governing e-scooter vertical dynamics and frequency-weighted vibration
exposure. The observed sensitivity to road surface is also consistent with the compari-
son between e-scooters and e-bikes reported in [52,53], where e-scooters exhibited higher
vibration magnitudes and a stronger dependence on path, user and speed factors than
e-bikes. From the bicycle literature, similar dependencies between vibration exposure,
pavement condition, speed and tyre-pavement interaction have been reported in [41,42].
However, the present results indicate that these mechanisms are amplified in e-scooters
because of the smaller wheel diameter, limited passive isolation and standing rider pos-
ture, which reduce the available vibration attenuation between the road input and the rider
contact interfaces.

To further support the robustness of the regression-based interpretation, diagnostic
checks are performed on the final WLS models. For the sake of compactness, the corre-
sponding results are reported in Appendix C. The correlation matrix (Table A6) indicates
that the strongest correlations are localised in the road-activated interaction terms, i.e.
qrKo, qrKoVv, and quz. This behaviour is expected, since these terms are activated only
on rough-surface conditions (qr > 0) while in the present analysis the road-surface coef-
ficient gg can assume a limited number of discrete values. Conversely, the main physical
regressors, namely speed v and average tyre stiffness xo, do not show strong mutual corre-
lation, supporting the physical interpretability of the selected model structure. The global
F-tests (reported in Table A7) confirm that the WLS models are statistically significant,
with F > 6 - 103 and p < 107 for both foot-deck and hand-steering cases. The individ-
ual coefficient tests also indicate that all retained predictors are statistically different from
zero within the fitted models (p < 1073). Nevertheless, the Breusch-Pagan test (reported
in Table A8) rejects the null hypothesis of homoscedastic residuals for both interfaces
(LM > 30). This result is consistent with the experimental dataset, which combines operat-
ing conditions characterised by markedly different vibration amplitudes, especially asphalt
and pavé. Accordingly, the regression model should be interpreted as a compact and phys-
ically motivated description of the dominant experimental trends, rather than as a fully
inferential model based on homoscedastic residuals.

4.3. Practical implications for e-scooter design and deployment

The experimental and regression-based results provide practical indications for the design,
operation and deployment of electric kick scooters. From a design perspective, vibration
transmission should be explicitly considered during vehicle development. Tyre selection
represents a critical parameter, since more compliant tyres and larger wheels may reduce
the vibration levels transmitted to the rider, especially on irregular pavements. Similarly,
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the adoption of effective suspension elements may help mitigate the severe vibration expo-
sure observed on rough surfaces, encouraging further investigation of suspension design
and tuning strategies specifically tailored to the dynamic characteristics of compact e-
scooters. From an operational perspective, the dominant influence of speed suggests that
regulations should not rely solely on a uniform maximum speed limit but should also
account for local pavement conditions. On highly irregular pavements, reducing the per-
mitted speed may improve not only comfort, but also controllability and operational safety.
Low-cost inertial measurement units integrated into the vehicle could be used to monitor
vibration levels during operation and to support adaptive strategies in which the maxi-
mum speed is automatically reduced when excessive vibration exposure is detected. For
shared micromobility fleets, which are often already equipped with GPS-based localisation
systems, this approach could be complemented by geofencing strategies that implement
area-specific speed limits based on pavement quality, road category, or predefined urban
zones.

4.4. Limitations and scope of the study

The present study is designed to provide a controlled and reproducible comparison of
vibration-induced ride comfort among different e-scooter configurations, rather than a
complete representation of all real-world riding conditions. Accordingly, the analysis delib-
erately focuses on objective ISO-based indicators evaluated at the two main rider-vehicle
contact interfaces, i.e. the foot-deck and hand-steering interfaces. This approach enables a
standardised and physically interpretable comparison among vehicles, surfaces and speeds,
but it does not include subjective rider ratings, which depend on individual sensitivity,
expectation, confidence and riding experience.

A first limitation concerns the use of a single rider throughout the experimental cam-
paign. This choice is intentionally adopted to reduce inter-subject variability and isolate
the effects of vehicle layout, road surface and speed on the measured vibration response.
However, rider-related factors may substantially affect the coupled rider-vehicle dynam-
ics and the resulting vibration transmission. In particular, body mass modifies the static
wheel loads and tyre operating conditions, while posture, joint compliance, riding style and
experience influence the mechanical impedance of the rider-vehicle system. Therefore, the
reported results should be interpreted as a controlled comparison among vehicle configu-
rations under a fixed rider condition, rather than as a direct description of the variability
expected across the broader e-scooter user population.

The experimental protocol also represents a simplified subset of urban riding. The tests
are performed on approximately straight 200m road segments, and only quasi-steady-
speed portions are retained for the ISO-based analysis. This approach allows the influence
of vehicle speed and road-induced vertical excitation to be investigated while limiting
the confounding effects associated with acceleration, braking, cornering, obstacle avoid-
ance and traffic interactions. As a consequence, the results are representative of controlled
steady-speed riding on homogeneous straight surfaces, but they should not be interpreted
as a complete estimate of vibration exposure over full urban trips, where route length, tran-
sient manoeuvres, repeated stops, rider adaptation and traffic conditions may alter both
excitation input and rider-vehicle coupling.
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A further limitation concerns the simplified representation of the mechanical trans-
mission paths between the road input and the rider contact interfaces. The regression
model includes compact descriptors of vehicle layout, road surface and speed, but it
does not explicitly account for structural compliance of the steering column, joint clear-
ances, damping properties of the frame and suspension elements, or frequency-dependent
rider biomechanics. As a consequence, part of the residual discrepancies, especially those
observed at the hand-steering interface, may originate from unmodelled structural and
biomechanical effects rather than from the selected regressors alone.

The vehicle and road samples should also be interpreted within the scope of a con-
trolled experimental comparison. Although the three selected e-scooters differ in wheel
size, tyre characteristics, mass distribution and suspension layout, they cannot represent
the full range of commercial designs currently available. Similarly, the three road sur-
faces are treated as representative urban pavement categories, and the regression model
condenses surface effects into a compact scalar coefficient. This formulation supports a
parsimonious interpretation of the dominant experimental trends, but it does not replace
an independent quantitative characterisation of road roughness, such as profile-based PSD
or IRI indicators. The higher prediction errors observed on the bike path surface are con-
sistent with this limitation, since local spatial variability of the pavement cannot be fully
captured by a single surface descriptor.

A specific methodological aspect concerns the interpretation of ISO-based comfort ref-
erences for e-scooter riding. ISO 2631-1 and ISO 5349 provide established procedures
for processing whole-body and hand-transmitted vibrations, but they are not developed
specifically for compact standing vehicles. In e-scooters, the absence of seat, backrest and
pelvis contact interfaces makes the foot-deck interaction the dominant path for whole-
body vibration transmission, while the hand-steering interface must be considered sepa-
rately. Moreover, the analysed runs correspond to short steady-speed exposures, whereas
perceived comfort in daily use may depend on cumulative exposure and trip duration.
For these reasons, the ISO-based discomfort indicators and the ISO 2631-1 comfort bands
are used here as reference metrics for objective comparison, not as absolute predictors of
perceived comfort for all e-scooter riders.

Although the main experimental trends are supported by repeated runs, a complete
uncertainty propagation analysis is not included in the present work. The uncertainty
affecting the ISO-based discomfort indices and crest factors may originate from accelerom-
eter sensitivity and linearity, residual sensor mounting misalignment, data acquisition
resolution, vehicle-speed estimation from the wheel tachometer, and the selection of the
steady-speed analysis window. In addition, the on-road nature of the campaign intro-
duces experimental variability related to the exact trajectory followed during each run, the
local section of pavement actually travelled, small residual speed fluctuations, and possible
variations in the rider’s posture and contact conditions. These effects are addressed by per-
forming repeated runs for each vehicle-surface combination and analysing the resulting
data dispersion, rather than by applying a formal error-propagation framework.

Finally, tyre radial stiffness is characterised under quasi-static loading conditions and
used as a compact design parameter in the regression model. This assumption is appro-
priate for comparing the relative compliance of the tested vehicles under representative
vertical loads, but it does not capture the full dynamic behaviour of the tyres when rolling
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over irregular surfaces. Dynamic stiffness, damping, contact-patch effects and frequency-
dependent phenomena may contribute to the measured vibration response but are not
explicitly represented by the stiffness parameter used here.

5. Conclusions

This work presented an experimental assessment of vibration-induced ride comfort in
commercial electric kick scooters under controlled steady-speed urban riding condi-
tions. Three vehicles with different layouts were tested on three representative pavement
surfaces, and dedicated laboratory tests were performed to characterise vehicle mass prop-
erties and tyre radial stiffness. Accelerations transmitted to the rider at the foot-deck and
hand-steering interfaces were processed in accordance with ISO 2631-1 and ISO 5349, pro-
viding an objective, standardised, and interface-specific comparison of whole-body and
hand-transmitted vibration exposure.

The ISO-based analysis showed that surface type has a major effect on rider vibration
exposure. Compared with asphalt, pavé increased the discomfort index by approximately
4.5-6 times at the foot-deck interface and by approximately 3.5-8 times at the hand-
steering interface, depending on the vehicle. While asphalt generally resulted in mild to
moderate vibration exposure at the foot-deck interface, pavé conditions almost always fell
within the most severe ISO 2631-1 reference comfort region. For Vy, the vibration levels
on pavé were sufficiently high to preclude safe testing above 19km/h, indicating that severe
vibration exposure may also affect rider controllability and the practical speed range.

Vehicle speed emerged as the dominant operational parameter governing vibration-
induced discomfort across all vehicles and surfaces. Tyre radial stiffness also played a
relevant role, since the vehicle with the highest operational stiffness consistently exhibited
higher vibration levels, especially on irregular surfaces. The proposed regression model
provided a compact and physically interpretable description of these trends, linking the
discomfort indicators to speed, road surface condition and tyre stiffness. Despite its sim-
plified structure, the model showed good agreement with the experimental data, with
NRMSE values below 0.1 for all vehicle- and surface-based clusters except for those asso-
ciated with the bike path surface, for which larger errors were mainly associated with the
spatial variability of the pavement.

Overall, the results indicate that e-scooter ride comfort is governed by a limited set of
dominant factors whose combined effects can rapidly lead to vibration levels incompatible
with comfortable and controllable riding on highly irregular urban surfaces. These findings
support the need to consider vibration transmission as a design and deployment criterion,
promoting more compliant tyres, effective suspension or vibration isolation solutions, and
surface-dependent speed management on routes intended for e-scooter use.

The present study focused on steady-speed riding along straight road segments and
on distributed pavement irregularities. Future research should extend the analysis to a
wider set of riders and vehicle layouts, include quantitative road roughness descriptors,
and investigate concentrated or impulsive irregularities, such as speed bumps, kerbs,
and local obstacles. These conditions involve different excitation mechanisms and may
pose additional comfort, controllability and safety challenges for compact micromobility
vehicles.
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Appendices

Appendix A.1SO 2631-1 and ISO 5349 signal filtering

For the foot-deck interface (i = D), the transfer function Hp;(p) associated with the ISO 2631-1
weighting operator Hp;{-} for WB vibrations in standing position is computed as:

Hpj(p) = Hyj(p)H;(p)H:j(p)Hs j(p) (A1)

where p represents the variable of the Laplace transform. The high-pass and low-pass filter are
computed as:
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while the frequency weighting is computed as

2
e (L) )2
Hij0)Hsp) = P : »\? SJP § ;J 2 (coisj) (A9
P i )]

I+ oyt (MJ) I+ weiQs + (WGJ)

The parameters in Equations (A2)-(A4) are reported in Table Al where w, = 2z f, with n =
1,...,6.

For the hand-steering interface (i = S), the transfer function Hg;j(p) associated with the ISO 5349
weighting operator Hg;{-} for HT vibrations is computed as:

Hgj(p) = Hp,j(p)Huw,i(p) (A5)

where the band-pass filter is computed as:

Prog
Hyj(p) = (A6)
(0 + 2 +2) (o2 + BL +})
while the frequency weighting is computed as:
(p + 0)9)27[f120 (A7)

(PZ + %ﬁj + w%o)f9

The parameters in Equations (A6) and (A7) are reported in Table A3 where w, = 2z f, with
n=7...,10.

Appendix B. Other results

Figures A1 and A2 compare the three vehicles in terms of discomfort index (DI;) as a function of the
testing velocity v on the bike path surface (S3) evaluated at the foot-deck (i = D) and hand-steering
interface (i = S).

Table A1. Parameters of the ISO 2631-1 filter for comfort assessment.
Axis fi [Hz] f, [Hz] f3 [Hz] fa [Hz] Q4 [-] fs [Hz] Qs [-] fe [Hz] Qs [-] kp; [-1

x/y 0.4 100.0 2.0 2.0 0.63 0o - 0o - 1
z 12.5 125 0.63 237 0.91 335 0.91

The discomfort bands from 1SO 2631-1 are reported in Table A2. Since the ISO 2631-1 comfort bands partially overlap, the
upper bound of each region is used here to define non-overlapping intervals.

Table A2. Discomfort regions for whole-body vibrations accord-
ing to ISO 2631-1.

Perception Lower bound [m/s2] Upper bound [m/s2]
Not uncomfortable 0 0.315
A little uncomfortable 0.315 0.63
Fairly uncomfortable 0.63 1
Uncomfortable 1 16
Very uncomfortable 1.6 2.5
Extremely uncomfortable 25 00

Table A3. Parameters of the ISO 5349 filter for comfort assessment.

Axis  f;[Hzl  Q;[-] fglHzl fo[Hzl fio[Hz  Qio[-]  ks;[-]
x/y/z 631 071 12589 15915 15915 064 1
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Figure A1. Discomfortindex evaluated at the foot-deck interface for the three vehicles on the bike path
for different vehicle velocities.
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Figure A2. Discomfort index evaluated at the hand-steering interface for the three vehicles on the bike
path for different vehicle velocities.

Table A4. Parameters used in the regres-
sion model.

Parameter Operating condition  Value

qr (-] N 0
S2 1
S3 0.047
Ko [kN/mm] V1 0.1073
\') 0.0844
V3 0.0867

Appendix C. Regression model

The parameters related to road surface (qr) and tyre stiffness (x¢) included in the final regression
model (Equation (9)) are reported in Table A4.

Table A5 reports WLS-estimated coeflicients a; together with their standard errors (SE), the cor-
responding t-statistics (t-stat), and the associated two-sided p-values. For each coefficient, the test
refers to the null hypothesis that the corresponding regression coefficient is equal to zero.
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Table A5. WLS-estimated regression coefficients, standard errors, t-statistics and two-sided p-values
for the foot-deck and hand-steering models.

Human-vehicle interface

Foot-deck (i = D) Hand-steering (i = S)
Coefficient Value SE t-stat p-value Value SE t-stat p-value
i1 [m/s?] —1.16 0109  —10.7 <1073 —207 0315  —6.50 <« 1073
a2 [(m mm)/(s? kN)] 14.7 1.02 14.5 22.1 293 7.50
a3 [m/s?] —2.84 0164  —17.3 —4.58 0473  —9.74
aia [(m mm)/(s? kN)] 333 1.97 16.8 95.1 5.68 16.9
ais [1/s] 0.14 0.007 20.2 0.474 0.02 23.50
aie [mm/(kN s)] 9.77 0.315 313 14.8 0.908 16.0
ajy [1/m] —0.063 0.003 -213 —0.088 0.009 —10.1

Table A6. Correlation matrix of the retained non-
constant regressors used in the WLS identification

dataset.
qr Ko qRrKo v qrroV QRVZ
qr 1 —0.07 099 —0.01 091 0.72
Ko —0.07 1 004 -027 -0.1 —0.23
grKo 0.99 0.04 1 —0.05 0.89 0.67
v —-0.01 -0.27 -0.05 1 0.27 0.47
gricoV 091 -0.1 0.89 0.27 1 0.93

% 072 —023 067 047 093 1

Table A7. Global significance indicators
of the WLS regression model identified on
V7 and V5 over S; and S5.

Global F  df1  df2  Global p-value

D 71247 6 178 < 1073
S 64327 < 1073

To document the correlation structure of the retained regressors, Table A6 reports the correlation
matrix of the non-constant columns of the WLS design matrix used for the model identification.

The global significance indicators of the WLS regression models are reported in Table A7. The
F-test compares the complete regression model with an intercept-only model. Here, df1 = n, is the
number of regressors excluding the intercept, while df2 = E — (n, + 1) is the number of residual
degrees of freedom.

Residual heteroscedasticity is assessed through the Breusch—Pagan test. The test is applied to the
residuals of the final WLS models for the foot-deck and hand-steering interfaces, and the results are
reported in Table A8. The null hypothesis corresponds to homoscedastic residuals.

Table A8. Breusch—-Pagan test
for residual heteroscedasticity in
the WLS regression models.

LM statistic  df  p-value

D 393 6 <1073
S 488 <« 1073
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