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A B S T R A C T

It is well known that road safety is a major problem in cities, resulting in a large number of accidents with
significant injuries and loss of life. Much of this problem occurs when vehicles interact with pedestrians. To try to
minimize this problem to a large extent, a combined system using resins and a photoluminescent additive was
proposed. To confirm the goodness of this material, a characterisation was carried out covering luminance,
vibroacoustic and mechanical properties and a study of its photogrammetry under real conditions of use. A
luminance of 68 mcd/m2 at 20 min was confirmed, which would allow, by a wide margin, a pedestrian crossing
to be observed in a vehicle more than 100 m away. The acoustic vibration test confirmed that the proposed
system would provide a very efficient audible warning to pedestrians and would reduce the average vehicle
speed by about 37 % overall, while in cases where vehicles have to stop for pedestrians, this reduction would be
about 28 %. With the mechanical characterisation, it was possible to determine a vertical displacement of always
less than 2 mm in vehicles with a wheel load of 12.5 kN, reaching a compressive and tensile strength of more
than 56 MPa. The results obtained confirm a potential reduction in mortality of close to 110 %, and injuries by
approximately 55 %, as a consequence of the reduction in vehicle speed. In addition, improved night-time vis-
ibility of pedestrian crossings would reduce deaths by 35 % and injuries by 26 %, while in the most favourable
situations, these values would be 14 % and 10 % for deaths and injuries respectively. All this confirms the great
advantage of the system for improving road safety in urban environments.

1. Introduction

Pedestrian-vehicle collisions, particularly at crosswalks, represent a
significant safety concern on roadways. Only in 2022, there were 7,508
pedestrian fatalities in the United States, marking the highest number of
such deaths in over four decades [1]. Many of these accidents stem from
drivers failing to notice pedestrians, a factor that is often aggravated by
poor visibility and high vehicle speeds. On other occasions, the reasons
are due to uncivil attitudes and lack of compliance with traffic rules. For
instance, one study found that a large proportion of drivers (36 %)
typically do not yield to pedestrians at crosswalks. The probability of
conflict increases when cars move at higher speeds and there is greater
traffic density, among other causes [2]. The findings are consistent with
other studies who highlight that vehicle speed and distance to pedes-
trians are the most important factors affecting the occurrence of acci-
dents in vehicle–pedestrian interaction [3].

The perception that car drivers have towards vulnerable road users
has been studied in cyclists, one of the main categories of users

particularly exposed to the risk of accidents [4]. Such study revealed
that crossings are crucial points in the infrastructure where a notable
level of distraction and workload is noted due to the interactions with
different road users (e.g., pedestrians, vehicles or electric scooters).
Another study highlighted the crucial role of visibility in road safety and
demonstrated that higher reflectivity of pavement markings leads to
longer visibility distances. The study concluded that drivers adjust their
visual behaviour to brighter markings, resulting in higher preview times
and longer distances. This improved visibility helps in the acquisition
and processing of information, contributing to improved road safety [5].
Studies have also shown that drastic measures to reduce vehicle speeds
in areas with high pedestrian traffic can significantly decrease the
likelihood and severity of collisions [6]. These works collectively show
that enhancing driver awareness, enhancing visibility and decreasing
vehicle velocity at critical road points can lower the chances of acci-
dents, which can be accomplished with the integration of innovative
solutions [7].

Pedestrian crossings are critical points on the road that play a crucial
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role in ensuring pedestrian safety. Data from the United States in 2021
revealed that of 957 pedestrian-related traffic collisions, 335 incidents
involved pedestrians using crosswalks at intersections [8]. These find-
ings account for approximately 35 % and align with studies conducted in
other countries like Ghana and Poland [9,10]. In this regard, effective
crosswalks have been shown to significantly reduce pedestrian deaths
and injuries. As per the World Health Organization (WHO), well-
designed and marked crosswalks help reduce accidents by improving
visibility and predictability for both drivers and pedestrians [11].

Modern accident reduction measures can be divided into three pri-
mary areas of focus: active safety, passive safety, and integrated safety.
The first category includes advanced driver assistance systems (ADAS)
that use in-vehicle sensors and cameras to prevent collisions. Most
manufacturers are integrating these systems into their high- or mid-
range vehicles [12,13]. However, ADAS adoption remains limited due
to its high cost and does not reach all users. Even though ADAS are being
implemented in high-end or mid-range vehicles, these advances are not
being installed in low-end vehicles. These vehicles are mainly used by
commercial enterprises (e.g., service sector, electricians, delivery
agencies, etc.). In addition, ADAS are also not included in trucks, buses,
motorcycles, and emergency vehicles (e.g., police, fire-fighters, etc.).
Another limitation is that ADAS are semi-autonomous and not fool
proof. Vehicles currently reach a maximum autonomy level of 4 out of 5,
which has led to injury and fatality accidents around the world. Another
constraint is the mean age of cars [14]. ADAS typically include a
motherboard, 12 ultrasound sensors, a front RADAR, 8 video cameras, a
navigation map and a WiFi or 5G connection, which makes them un-
feasible to include in older vehicles due to high software and hardware
requirements [15]. For all these reasons, only car owners can utilize
these solutions, which are not permanently deployed on public roads.

The second category includes structural designs to mitigate injuries,
where a variety of concepts ranging from personal protection to road
systems have been found. For instance, a novel sandwich-type hood with
a straw structure has been created to prevent severe head injuries in kids
from vehicle hoods [16]. Other solutions include basic road markers
with illuminated canopies at pedestrian crossings, speed humps with
passive lighting and traffic lights that can be operated manually or by
sensors, among others. A detailed analysis of these road systems is
provided in [17,18]. Their main drawbacks are: i) the lack of an estab-
lished relationship between accident reduction and the visibility of road
markings, attributed to the scarcity of studies, except those carried out
by national authorities (e.g., DGT) or research actions such as COST 331,
IMPROVER, and RAINVISION [19–21]; ii) many of these solutions are
not available on the market as they are patented; iii) the procurement of
infrastructure by public authorities mostly relies on economic criteria,
which do not always prioritize security; iv) the solutions implemented
normally require prior civil works for installation and the use of the
electrical network for their operation, which makes them dependent,
vulnerable to voltage variations, and costly. Therefore, traditional so-
lutions such as speed humps, raised concrete pedestrian crossings, and
pedestrian crossing markings with passive reflectors or illuminated
canopies remain the most common and visible in cities today. For more
details on these approaches, see [22].

The third category includes integrated safety solutions, that combine
active and passive technologies with considerable benefits in pedestrian
protection. A study analysed that –in 74 % of cases– the stopping dis-
tance of vehicles to pedestrians was less than the distance required to
manoeuvre safely. The authors evaluated a controlled braking system,
confirming it as an alternative to reduce pedestrian injuries caused by
ground contact with vehicles [23]. Additionally, research shows that
integrated systems are more effective in reducing severe head injuries of
pedestrians compared to individual active or passive systems, with up to
42 % higher effectiveness [24]. Integrated passive and active systems
are therefore recommended to improve pedestrian safety. However, the
effectiveness of these measures depends on the type of vehicle, height
and age of pedestrians, so specific vehicle designs and age profiles of the

population must be considered [25].
This highlights that traffic safety is a comprehensive system

involving humans, vehicles, and roadways. Such an integral approach
justifies the value of road safety research, as understanding and opti-
mizing these interactions is essential for developing effective safety so-
lutions. In line with this comprehensive approach, photoluminescence
has recently been used as an additive pigment in various materials, such
as plastics, metals, ceramics, or binders, to enhance urban in-
frastructures. For example, the creation of architectural and decorative
concrete incorporating photoluminescent pigment has been investigated
to improve safety and signage at night while preserving architectural
expressiveness [26]. In this context, Ambient Glow Technology (Min-
nesota, USA) has registered the trademark AGT™ Glow Stone for
concrete-based decoration in areas such as bathrooms, recreational
areas and gardens.

Photoluminescence has not been widely used in road safety, more
specifically in horizontal road marking. Its uses include reducing the
costs of road lighting and implementing urban services with enhanced
safety and efficiency for specific user groups, such as cyclists. For
example, a 150 m2 pedestrian path called Startpath has been developed,
which consists of three layers of polyurethane to which a polyaspartic
coating and a photoluminescent spray coating have been applied by Pro-
Teq Surfacing (Cambridge, UK). The University of Texas (Texas, USA)
and Textas Transportation Institue designed and presented a cycle track
with photoluminescent paint to improve safety, mobility and connec-
tivity. Likewise, Studio Roosegaarde (Oss, The Netherlands) contributed
by transforming a motorway using a combination of photoluminescent
pigment and road coating to delineate continuous longitudinal mark-
ings. However, the use of photoluminescent substances in road marking
remains largely unexplored. To the authors’ knowledge, there is no
previous research specifically addressing the application of photo-
luminescence at pedestrian crossings.

In a related study, the performance of photoluminescent paints on
pavements was assessed using photometry techniques. The research
considered different surfaces and paint treatments, modelling the pho-
toluminescent phenomenon’s charge and discharge time. Results proved
that performance varies depending on pavement characteristics and
paint treatments, offering insights for optimizing painting treatments for
various bituminous mixtures. Nonetheless, the study’s applicability may
be limited to specific surface types (i.e., asphalt mixtures), potentially
restricting broader applicability [27,28]. Additional limitations include
performance dependent on lighting levels and specificity of results for
certain pavement types, which limits generalization [29]. Another work
explored the development of photoluminescent materials for highway
markings, introducing a new paste formulation comprising polymeric
components and photoluminescent colourants. This material exhibits
wear resistance, resistance to atmospheric effects, and photo-
luminescence suitable for various coloured lines on highways. However,
the study primarily focused on material development and lacked
comprehensive performance evaluations [30]. Another research inves-
tigated the feasibility of photoluminescent asphalt coatings made from
recycled expanded polystyrene and strontium aluminate particles. The
characterization revealed the potential for improving road safety and
aesthetics through artificial lighting without electricity consumption.
Yet, further evaluations are needed to assess the coating’s long-term
performance under real-world conditions [31]. Finally, another study
explored composite materials containing luminophores for highway
markings and signs, emphasizing their potential for enhanced brightness
compared to conventional materials. However, the research lacks dis-
cussion on compliance with visibility requirements and ways for further
enhancing visibility, suggesting a need for comprehensive evaluations
and considerations [32].

Based on the findings of these studies, this manuscript suggests a
solution related to road safety, focusing on transportation systems and
infrastructures, with a key emphasis on inorganic compounds. Accord-
ing to the United Nations Educational, Scientific and Cultural
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Organization (UNESCO) nomenclature, the work is classified according
to the codes corresponding to Transport Systems Technology (3327),
Urban Planning (3329), and Chemical Engineering and Technologies
(3303). The main objective of this work is to change the collective
behavior of road users in order to reach “zero victims”, an objective in
line with the policies of Sweden, Finland and the European Union itself.
This is also a goal pursued by national initiatives such as the Spanish
Traffic General Directorate (DGT) aimed at improving urban mobility,
implementing new technologies for public benefit and promoting the
development of intelligent and safe cities [33].

The objectives and hypotheses of this research focus on determining
whether improving users’ perception of crosswalks could positively in-
fluence driver behaviour, which in turn would reduce speed and acci-
dents (i.e., recognizing the importance of both seeing and being seen).
This work seeks to expand previous research [34–36] by introducing an
innovative approach to signalling pedestrian crossings, as well as car-
rying out new experimentation in mechanical, structural and vibroa-
coustic analyses. Accordingly, the contributions that differentiate this
present study are the following: i) to use cold-injected resin-aggregate
mixtures on silicone moulds for the fabrication of road tiles as a method
not previously explored in the literature; ii) to carry out detailed
experimentation to validate the mechanical, structural and vibroa-
coustic properties of the crosswalk; iii) to evaluate the feasibility of said
approach to influence user behaviour and, as a consequence improve
pedestrian road safety. Table 1 discusses the contributions of other ac-
ademics in this field, contrasting their objectives and methodologies to
understand the value and novelty of the present work.

To achieve these objectives, this manuscript follows the following
structure: Section 2 describes the proposed crosswalk design. Section 3
details the materials and methods employed in its fabrication. Section 4
presents the mechanical, optical and functional properties of the system.
Section 5 discusses the results of the experimentation conducted with
the system. And, at the end, conclusions and future work are presented.

2. System description

This study focuses on road marking systems designed to reduce
pedestrian-vehicle accidents through the use of photoluminescence.
Electroluminescence occurs when an electric current passes through a
material that requires an active source, while photoluminescence in-
volves natural or artificial light illuminating a substance that emits its
own light even after the activation source has been switched off.

Based on this idea, this work introduces an inventive crosswalk
concept that incorporates new materials and shapes organized in diverse
topologies, lengths, and quantities to establish road markings with a
distinctive character. Specifically, the tiles have the purpose of replacing
classical crosswalks through long-lasting elements and taking advantage
of photoluminescence to emit more sustainable and safer light in situ-
ations of low or no illumination (Fig. 1). Photoluminescent materials
offer the potential to bolster road safety by enhancing night-time visi-
bility for drivers. Evaluations conducted on these materials involved
laboratory tests and visibility computations, including luminance decay
measurements under various night-time lighting conditions. Results
indicate that photoluminescent road markings could extend the visi-
bility distance beyond headlamp beams during the early hours of the
night and in unlit areas. However, their effectiveness is contingent upon
night-time illumination levels.

Benefits for road safety have been successfully proven in a relevant
study for this proposal [37]. The solution is also applicable to other types
of horizontal signage. This may include discontinuous transverse
markings (e.g., stop line or pass line), arrows (e.g., direction, lane se-
lection or exit), inscriptions (e.g., reserved zone or speed limit), curb/
island markings, or other roadway signs (e.g., parking zones, railroad
crossings, no-entry lines). The proposed approach offers numerous
technical benefits compared to traditional signage methods such as
acrylic, two-part paint and approaches based on cobblestone materials:

1) the maintenance costs for the municipality are reduced by eliminating
the need for regular repainting of white road markings; 2) it requires no
construction work and installation merely entails adherent fixtures or
mechanical anchors, facilitating reuse; 3) improved perception is facil-
itated by enhanced visibility in low-light situations; and 4) it does not
require any connection to an electrical lighting source, thus avoiding the
energy dependence unlike active road marking systems.

2.1. Photoluminescence

A key aspect of the system is that it comprises a photoluminescent

Table 1
Contributions of other scholars in research related to pedestrian crossings.

Ref. Objectives Methodology Value and novelty

[23] Assess controlled
braking’s impact on
pedestrian injuries

Simulations with
software on various
vehicle shapes and
braking approaches

Significant injury
reduction with
controlled braking,
enhancing pedestrian
safety

[24] Evaluate head injury
reduction with
protection systems

Database analysis,
impact tests, and
system comparison

Combining passive
and active systems
reduces severe head
injuries more
effectively

[25] Review technologies
and designs for
pedestrian safety

Literature review and
analysis of injury data
and vehicle designs

Effective technologies
for pedestrian safety,
focusing on energy-
absorbing materials
and protection
systems

[26] Test
photoluminescent
materials in
concrete

Study of physical
properties and
durability of concrete
with
photoluminescent
pigments.

Improved nighttime
visibility and
durability, with
potential road safety
applications

[27] Analyze
photoluminescent
paints on pavements

Laboratory
measurements of
photoluminescent
paint properties and
pavement
characteristics

Performance depends
on pavement
characteristics;
enhances nighttime
visibility

[28] Model
photoluminescent
phenomenon in
pavements

Laboratory
measurements and
modeling of
luminance and
photoluminescence
effects

Insight into how
pavement features
and seasons affect
photoluminescence

[29] Evaluate
photoluminescent
road markings’
effectiveness

Luminance and
visibility tests under
various lighting
conditions

Improved driver
guidance with
enhanced nighttime
visibility;
effectiveness depends
on lighting levels

[30] Develop a durable
photoluminescent
material for road
markings

Formulation and
testing of a
photoluminescent
paste with high wear
resistance

New material with
high durability and
effectiveness for
various colored road
markings

[31] Assess a
photoluminescent
coating with
recycled EPS

Characterization of
coating with recycled
EPS using microscopy
and mechanical tests

Coating improves
safety, reduces energy
use, and enhances
road aesthetics

[32] Explore composite
materials with
luminophores for
road markings

Development and
testing of polyepoxy
composites with
luminophores

Enhanced brightness
and visibility for road
markings and signs

Authors Develop and
evaluate a
photoluminescent
resin system for
crosswalks

Characterization of
luminance,
vibroacoustic, and
mechanical
properties; real-world
photogrammetry
study

Significant
improvement in
crosswalk visibility
and vehicle speed
reduction, enhancing
urban safety
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component that appears whitish during the day and emits passive self-
light in conditions of partial or total darkness. As a result, it elimi-
nates the need for connection to an electrical source, ensuring sustain-
ability while attaining energy self-sufficiency unlike illuminated road
marking crossings. This study primarily advocates for the use of pho-
toluminescent blue, though other hues like white, green, purple, or or-
ange offer diverse lighting effects. The photoluminescent material boasts
waterproof properties, and luminosity may vary between 20 % and 50 %
of the proportion of the base material. Quality of light intensity,
measured on a six-level rating (A, B, C, D, E, S), aligns with level 2 as per
DIN 67510 specification, facilitating clear identification of photo-
luminescent indicators in regions illuminated continuously.

2.2. Reflectivity

The proposed material integrates glass microspheres since they re-
turn part of the light coming from the vehicle headlights, thus making
road markings more visible at night and safer for road users. Because
light reflection is greater when the luminance of the base material is
greater, the reflective effects are enhanced by combining glass micro-
spheres on the photoluminescent substrate. This feature increases the
visibility on pavements with low contrast or at greater distances, which
differentiates it significantly from classic solutions. This improvement is
even more important when the surface is wet, as retro-reflection typi-
cally decreases between 15–40 % in relation to its dry state. To this end,
we used glass microspheres formed by Na2Ca3Si6O18 crystal with a
circularity exceeding 70 %, density ranging from 1.55 to 1.65, refractive
index between 1.5–1.55 and diameter between 60–850 μm in a pro-
portion of 500 gr/m2.

2.3. Anti-slip

This characteristic is accomplished through the integration of two
components. On the one hand, the substrate includes Al2O3 granules,
meeting FEPA 20–36 standards designed to enhance traction and free
from carcinogens and toxins. On the other hand, the components are
engineered with a dual-purpose anti-sliding pattern. It features a macro
pattern in the form of drainage ducts to facilitate liquid elimination,
enhancing the system’s effectiveness in damp situations. Moreover, the
pieces incorporate small sub-patterns that enhance responsiveness,
mitigating the likelihood of slipping by pedestrians and other users such
as cyclists or scooter riders.

2.4. Sonority and vibrational capacity

The components of the crosswalk incorporate a surface pattern
intended to generate physical and auditory effects when vehicles pass
over them. The aim is to warn drivers to the necessity of adhering to the
road’s speed limit, as studies have demonstrated that auditory cues and
vibrations play a role in reducing accident rates [38]. Consequently, the
texture serves as an advisory mechanism for drivers, with its shape,
height, and spacing engineered to increase sound when vehicle speed
exceeds specific limits according to the road (e.g., between 20–50 km/
h). A pattern resembling dots is proposed to transmit tremors through
vehicle tires and increase sound levels. This mechanism not only proves
beneficial in alerting pedestrians to the presence of silent vehicles (e.g.,
EVs) but also aids in guiding visually impaired individuals. This presents
an advantage over other existing solutions, such as road lateral mark-
ings, which require maintaining the pattern with new layers of material
during road sign repainting.

2.5. Durability

The goal is for the desired effects to emerge gradually over time as
the road system materials wear down. This solution uses poly-iso resins
protected against sunlight and high temperature hydrowashing up to
100 Celsius degrees. The white pieces are tinted with RAL 9016 colour
(i.e., reference B-118 according to UNE 48103 standard). In parallel,
there are the black pieces tinted in RAL 9017 to make it easier for users
to walk on. Both the top and bottom sides feature identical construction
features, allowing components to be rotated if worn, effectively
doubling their lifespan without requiring replacement.

2.6. Removable

The parts are fixed on the asphalt by means of screws, although
chemical adherent fixing can also be considered. Adherent elements
include bituminous binders that harden with temperature. Nevertheless,
it is preferable to use mechanical fixation means since the system parts
can be quickly removed and replaced by road workers without requiring
specific training (e.g., in eventual works when the resurfacing of a road
section is required). Anti-vandalism fasteners with insertion in steel
bolts were used to avoid unauthorized screw subtraction or unpinning
caused by the traffic vibration. Finally, the height of the system pieces
has been set to guarantee vehicle integrity and the occupants according
to current traffic regulations.

2.7. Sustainability

Classical crosswalks made of white acrylic water-based paint re-
quires a typical consumption of 0.2–0.25 kg/m2 per layer. This results in
a cost of 60-150€ per crosswalk with 5–12 bands (i.e., 1–4 lanes). In the
case of white polyurethane paint, the construction of pedestrian cross-
ings requires a typical wastage of 2–3 kg/m2, which has a cost of 135-
200€. When constructed with granite pavers of 8 x 8 x 10 cm, the cost
increases to 950-2200€. We estimate that the construction of a photo-
luminescent crosswalk costs about 767-1841€, thus being an interme-
diate feasible solution among classical crosswalks. Furthermore,
streetlamps have an average power consumption of 200 W. This is
equivalent to 2920 KWh of energy consumption considering a crosswalk
illuminated by two conventional streetlamps for 2 years with an average
of 10 h a day. If LED lighting is utilized, the energy consumption
amounts to 1094.96 kWh. This translates to a reduction in carbon di-
oxide emissions ranging from 1080.40 kg to 405.14 kg released to air.
Based on the annual mean price of CO2 emission allowances as per the
European Trading Scheme (ETS), the benefits represent a saving of €6.29
to €16.77 due to the lighting itself provided by the proposed system.

Fig. 1. Crosswalk overview.
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3. Materials and methods

This section provides detailed information on the design, materials
and methods employed in the creation of the pedestrian crosswalk.
Subsection 3.1 gives insights into the crosswalk structure and safety
features. Subsection 3.2 describes precisely the composition of each
component, including the pigments and surface treatments applied.
Subsection 3.3 explains the manufacturing process involving, vacuum
casting and surface treatment. Finally, the composition of the black and
white parts is provided, specifying the percentages of polyurethane
resin, photoluminescent powder and pigment in each one.

3.1. Design

It consists of two types of components differentiated by their loca-
tion, either on the inside or on the edges of the pedestrian crossing. The
inner pieces are square, 500 x 500 mm, and have the same shape on both
sides, which allows them to be used on both sides. On the other hand, the
peripheral pieces or ramps, measuring 500 x 250 mm, have a flat bottom
surface and an edge height of less than 5 mm, which is according to
current traffic regulations [38]. The different components are joined
together using a ‘dovetail’ type assembly system, which ensures a uni-
form behaviour of the assembly. These elements are manufactured in
alternating black and white stripes according to conventional road
marking design. The illustration in Fig. 2 shows an inner slab on the left
and the specific shape of the ramp on the right. It can be seen in the
picture that the inner slabs have a wave design parallel to each other
that is crossed at 90 degrees with respect to the movement of the ve-
hicles, together with small 1 mm high cylinders, 8 mm in diameter and a
separation between centres of 15 mm, which, together with the incor-
poration of glass microspheres, guarantees adherence. In the case of the
ramp pieces, they have only the cylindrical projections with the same
geometry as described for the slabs. The intention in designing the ge-
ometry of parallel waves in the inner parts is to ensure that the vibra-
tions are transmitted to the vehicle through its wheels, raising the noise
level by at least 3 dB. These waves would be 5 mm high and 100 mm
apart, with an amplitude and width of 15 mm in both cases.

3.2. Materials

The basic material for the manufacture of the two parts of the pho-
toluminescent pedestrian crossing is a thermosetting resin polymer ob-
tained from polyol G0181RPC P-SL 120 000 and isocyanate G0181RPC
I-SL000 221, both components being transparent and colourless and
with the same viscosity value of 450 mPa.s determined by Brookfield
LVT equipment according to MO-051 standard; and with very similar
density values (1.08 and 1.10 g/cm3 respectively for polyol and isocy-
anate) according to MO-032. The resin obtained from this mixture is
specifically indicated for use in vacuum moulds and is a mercury-free
material that complies with the most important European directives in
the environmental and safety field, such as 2002/96/EC, 2000/53/EC,
2000/11/EC, 2011/65/EU and 2017/2012/EU (RoHS), among others.
This material is easy to work with and handle, can be easily dyed and
polished, and is also UV stable, making it ideal for use in outdoor en-
vironments. In addition to the properties already indicated, Table 2
shows the most important mechanical and thermal properties of the

Fig. 2. Graphical representation of the pedestrian crossing components, where: a) corresponds to the central slab and b) to the perimeter ramp.

Table 2
Average mechanical and temperature traits of the polyurethane resin.

Feature Testing procedure Measurement

Temperature at which glass undergoes
transition (◦C)

ISO 6721–10: 2015 91

Temperature at which heat causes
deflection (◦C)

ISO 75–2: 2013 84

Hazen coloration at a thickness of 50 mm ISO2211: 1973 < 30
Refractive index measured at a

temperature of 20 (◦C)
ISO 489: 1999 1.51

QUV-B accelerated degradation (ΔE after
1000 h)

< 3

Elasticity modulus under stress (MPa) ISO 178: 2011 2200
Maximum elasticity modulus under stress

(MPa)
ISO 178: 2011 88

Elasticity modulus under tensile stress
(MPa)

ISO 527–1: 2012 2350

Deformation at maximum tensile strength
(%)

ISO 527–1: 2012 6.5

Highest tensile strength (MPa) ISO 527–1: 2012 65
Charpy impact resistance (kJ.m2) ISO 179–1/1eUb:

2010
84

Hardness / Shore D1 ISO 868 85
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resin, whose average values have been determined on parts cured
following a specific protocol indicated by the manufacturer: 2 h at 70 ◦C,
then 16 h at 100 ◦C and, finally, 24 h at room temperature.

Although the black parts have not received any additional treatment
than mentioned above, the white parts have been treated with photo-
luminescent powder. This additive gives them outstanding luminous
properties: during the day they are white, but when night falls and the
photoluminescent substance is activated, they take on a bluish hue. After
being exposed to sunlight for only 10 to 30 min, they can glow for more
than twelve hours. The photoluminescent powder, purchased from
Zhejiang Minhui L&T Co. LTD under reference MHB-5B, consists of
Sr4Al14O25: Eu+2, Dy+3, a rare earth-activated strontium aluminate.
This compound is safe, non-toxic and non-radioactive, chemically sta-
ble, in addition to being resistant to weather conditions, which allows it
to reach a useful life of 15 years. Its characteristics, described in Table 3,
include properties related to vibrations and luminosity, among others.
The material complies with various European and US regulations,
including the EU REACH Regulation (EC) No 1907/2006, and US toy
safety regulations (ASTM F963-16), as well as total lead testing (CPSC-
CH-E1003-09.1) and soluble heavy metals regulations (ASTM F963-16,
Clause 8.3).

To achieve the final colour of the different pieces, two types of
pigment were added. The black slabs and ramps were dyed using CAS-
TRO Composite’s black pigment, reference DTH9002D-0.03, which has
a density of 1.05 gr/cm3 (±0.001), being a 30 % (±8%) non-volatile
material. This dye is specially designed for outdoor use and works well
with both water and solvent based paints. According to the information
obtained through the GIMP application, the black tiles and ramps show
RGB values of 38, 37 and 45, corresponding to the final colour RAL 5008
(specified on the website https://hextoral.com/rgb-to-ral/). In com-
parison with the so-called traffic black (RAL 9017), this colour presents
a difference of 6.85, which implies a difference of 7.72 %.

Castro Composites’ white pigment 501, reference WCP0501-0.1, was
added to the white tiles and ramps. This colour concentrate in form of a
medium viscosity paste (12.5 dPa.s at 25 ◦C) is specifically designed to
dye different types of resins such as those used here and has an acidity
index of 25 mg KOH/gr. All the white pieces were manufactured by the
RGB values obtained using the GIMP application, with values 231,
235, 238, which coincides with a RAL 9003, according to the reference
found at https://hextoral.com/rgb-to-ral/. Compared to the white
defined for RAL 9016 traffic, a difference of 4.55 is observed, which
represents a variation of 5.13 %. To evaluate the percentage difference
between the colours used in the traffic paint, the total variation between
RAL 9016 (white) and RAL 9017 (black) was considered to reach a value
of 88.74.

To achieve a better finished product, two other components were
used. Montana Colors thermoplastic acrylic resin-based varnish was
added, which has the most important properties of excellent adhesion,
durability, good hardness, drying in a few minutes, good elasticity, high
water resistance, no yellowing, high gloss, simple application and
repainting, and strong UV resistance. The specific properties of this
material are detailed in Table 4. Finally, silica-sodium-calcareous glass

beads were used as a material to enhance the reflective effect, the
characteristics of which are shown in Table 5.

3.3. Methods

To find an adequate balance between durability and the photo-
luminescent characteristics sought in the parts and given the lack of
awareness concerning akin applications such as the one proposed, it was
necessary to develop several samples varying the percentages of com-
ponents such as photoluminescent powder, glass beads and various
pigments. Initially, it was observed that the polyurethane-based for-
mulations did not meet the requirements, which led to the decision to
use a polyol-isocyanate-based mixture.

For the production of the slabs and ramps, the moulding method was
chosen, using a vacuum casting machine. This required the creation of
two different silicone moulds, one for each type of part. Once the moulds
were prepared, the resin was cast according to the manufacturer’s
specifications. The ratio of polyol to isocyanate established for the
mixture is 56 to 100 by weight. The procedure consists of nine points as
follows: 1) the moulds are preheated to 70 ◦C, 2) the isocyanate is
weighed into the upper cup, 3) the polyol, the second component of the
resin, is weighed into the mixing vessel, 4) the mixture is exposed to
vacuum for 10 min, 5) the previously weighed isocyanate is added to the
mixing vessel, 6) the mixture is stirred until the mixture is completely
clear and kept at 25 ◦C for at least 120 sec, 7) the mixture is poured into
the silicone mould, 8) the oven is heated to 70 ◦C and kept for approx-
imately 120 min, following the method described in MO-116 (the exact
duration of this process depends on the thickness of the part), and 9) the
part is cooled with compressed air so that it can finally remove from the
mould. Following this procedure, a service life for the 160 g material at
25 ◦C of 9 min is achieved, following the indications in MO-062.
Following this procedure, a shelf life for the 160 g material at 25 ◦C of
9 min is achieved.

Table 3
Photoluminescent pigment properties and characteristics.

Feature Measurement

Stimulus wavelength (nm) 240–––440
Emission wavelength (nm) 490
Density (g/cm3) 3.4
pH 10–––12
Particle size (μm) 65–––85
Luminosity (mcd/m2) at 10 min (1) 700
Luminosity (mcd/m2) at 1 h 120
Luminosity span (hours) > 12*

(*) Testing luminance under standard D65 lighting conditions, using a light
intensity of 1000 LX for an excitation period of 10 min.

Table 4
Varnish coating’s physical properties.

Feature Measurement

Binder type Thermoplastic acrylic
Colour Transparent
Brightness 60◦ (ASTM D-523

ISO 2813)
>80 % bright; 15–35 % satin; <10 % matt

Touch-drying (ASTM D-1640
ISO 1517)

10 min

Total drying (ASTM D-1640
ISO 1517)

12 h

Dry layer thickness (ASTM D-
823 ISO 2808)

15 µ/layer

Adherence (ASTM D-3359
ISO 2409)

4B

Theoretical yield (continuous
painting)

5 m2/l

Diluent Butyl acetate
Product life >5 years
Repainting After 10 min
Heat endurance of paint 150 ◦C
Application requirements Conditions for application include a minimum

ambient temperature of 8 ◦C, surface temperature
ranging from 5 ◦C to 50 ◦C, and a maximum
humidity of 85 % R.H.P.

Table 5
Attributes of glass beads.

Feature Measurement

Circularity Higher than 70 %
Density by volume (gr/cm3) 1.55 – 1.65
Refraction coefficient 1.5 – 1.55
Width (μm) 37–––45
Tolerant to Water, solvents, mild acids, and bases
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On the resin base, three layers of varnish and glass microspheres
were applied to all parts (both black and white), as detailed in Fig. 3. On
top of the first layer of varnish (layer 1) and before it dried, glass beads
(layer 2) with an approximate density of 500 gr/m2 were uniformly
applied. After the drying of this layer of varnish, two other layers of
varnish were applied sequentially (layers 3 and 4 in Fig. 3), allowing
each one to dry according to the manufacturer’s instructions before
applying the next one.

As for the final composition of the pieces, the white pieces consisted
of 87.48 % resin, 9.84 % photoluminescent pigment and 2.68 % white
dye. On the other hand, the black pieces, contained 97.03 % resin and
2.97 % black dye.

Comprehensive testing procedures were conducted on all prepared
samples to ascertain Shore D hardness, tensile and compression prop-
erties. Tensile and compression tests were executed using the Servosis
ME 403/200kN equipment, adhering to specifications outlined in stan-
dards UNE-EN ISO 527–1:2019, UNE-EN ISO 527-2:2012, and UNE-EN
ISO 604:2003–2021. For hardness tests, a Sauter HDD 100-1 durom-
eter was employed, following UNE-EN ISO 868:2003. Tensile tests were
performed at a constant speed of 0.2 kN/s, while compression tests were
conducted at a speed of 0.08 kN/s. Tensile samples, produced in a
controlled laboratory environment at 20 ◦C and 50 % humidity,
measured 170 mm in total length and 75 mm in initial length, featuring
an average central section of 10 x 10 mm. Compression test samples,
crafted under conditions of 58 % humidity and 22 ◦C temperature,
possessed a length of 50 mm and a middle section of 10 x 10 mm. To
determine the elastic modulus in resistance tests, predefined limits were
established to accurately delineate the regression line. These limits
comprised values proximate to 15 % and 35 % for tensile tests and 15 %,
40 %, and 20 % to 80 %, respectively, for compression tests involving
polyurethane and polyol-isocyanate mixtures. The Shore D hardness
test, contingent upon the elastic reaction generated when a pointed in-
strument is vertically introduced to the sample, was conducted on
samples prepared with flat, clean surfaces. To minimize potential effects
of sample hardening, four tests were conducted on each sample at
different points, with 12 values determined per sample, with the
exclusion of the highest and lowest values.

4. Mechanical analysis

4.1. Mechanical characterization

A total of 40 tensile tests, 40 compression tests, and 48 Shore D
hardness tests were conducted to ascertain the optimal solution. The
results obtained are shown in Fig. 4. The average values of the finally
selected solution are a tensile strength of 58.6 MPa, a modulus of elas-
ticity for tensile strength of 1119.1 MPa, and a strain at break of 9.5 %.
Additionally, it offers a compressive strength of 56.3 MPa, a modulus of
elasticity for compressive strength of 1618.0 MPa, and a strain at break
of 4.2 %. Lastly, the modulus of elasticity E (MPa) for Shore D is 80.8.

4.2. Structural assessment

The SolidWorks 2021 software was used to construct a system model,
considering a vehicle with a weight of 50 kN. Each wheel supports a
weight of 12.5 kN, applied on a 20x20 cm surface located at the most
critical point of each piece. The parameters used to create the model
include polyol-isocyanate as the material, Mohr-Coulomb as the error
criteria, a specific weight of 11.2 kN/m3 at 20 ◦C, a tensile strength of
58.6 MPa, a compressive strength of 52.1 MPa, a tensile modulus of
elasticity of 1119 MPa, and a Poisson’s ratio of 0.4. The loads applied to
both components are illustrated in Fig. 5. The contact planes with the
ground are treated as mobile supports in the model of both components,
allowing sliding along the supporting plane. Simultaneously, the anchor
points to the road are modelled as fixed supports, preventing longitu-
dinal movements but allowing free rotation. The type of mesh used is
curvature adaptation with tetrahedral elements, with a minimum mesh
size of 5 mm, 8 elements in cylindrical geometry, and 6 degrees of
freedom per node (Fig. 6).

The stresses observed in both models, as depicted in Fig. 7, follow the
Von Mises criterion. These stress values consistently remain below the
strength threshold, with a safety coefficient exceeding 1.46 and stress
levels below 40 MPa. Notably, in the case of the ramp, where continuous
support spans its entire surface, this coefficient achieves a notably
higher minimum, while experiencing significantly smaller deformations
(Fig. 8). Regarding the central components, the maximum vertical dis-
placements reach approximately 2 mm. Furthermore, a dynamic anal-
ysis incorporating six vibration modes was conducted, revealing that
both maximum stresses and displacements were registered approxi-
mately 13 % higher in this scenario.

4.3. Photoluminescent characterization

A luminance meter has been used to evaluate the performance of the
intensity of the photoluminescence generated by the pieces used to
create the white stripes of the pedestrian crossing [39]. The device used
complies with the JIS Z 9096:2012 standard, which includes the lumi-
nous intensity that the different types of horizontal road signs located on
the ground must have [40]. The model of the instrument used is BM-100
from the company Topcon Technohouse Corporation. In addition, the
UNE 23035-1 standard has been followed to measure photo-
luminescence in signs, which can be applied to fire safety signs, as well
as to road signs in cycle paths in night-time conditions. According to the
methodology outlined in the standard, brightness quantification is per-
formed on the finished product. To achieve this, the pieces with pho-
toluminescent material were irradiated with an artificial source for 5
min with a measured illuminance of 1000 lx. In this way, the material
was stimulated under controlled conditions with a radiation distribution
similar to solar radiation. The measurements made on the pieces were
made with a distance of 50 mm between the instrument and the area to
be measured. The illuminated area has a circular shape with a width
greater than 50 mm. Values were taken at multiple points (e.g., dot and

Fig. 3. Four-layer surface treatment.
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line areas) to accommodate the inherent variability in the manual tile
construction process, such as gravity deposition of additives or particle
agglomeration. Measurements were conducted under darkroom condi-
tions after light exposure, both in a laboratory and under real operating
conditions. Photoluminescence in real environments was measured after
12 h of exposure to natural sunlight (Fig. 9).

The results obtained revealed significant differences in the intensity
of photoluminescence among the different resins (Table 6), with PU212
generally exhibiting the lowest values. Furthermore, it was observed
that the photoluminescence effectiveness under real operating condi-
tions consistently exceeded the results obtained in laboratory tests,
which is a promising finding. A P/I resin containing 9.84 % photo-
luminescent pigment was selected, which offered a consistent balance
between higher photoluminescence and a lower proportion of additives
in various situations. This material made it possible to reach a maximum
value of 55 mcd/m2 and 68 mcd/m2 after 20 min of illumination from
both artificial and natural sources. This allowed them to be classified as
Class A according to the UNE 23035-4:2003 standard. As a reference, the
luminous intensity received at a distance of 100 m generated by the high
beams of a vehicle on the pavement is approximately 30 mcd/m2. This
demonstrates the potential that the developed material offers in

Fig. 4. Test results for unreinforced mixtures of polyurethane mixtures/polyol-isocyanate: a) tensile strength, b) compressive strength, and c) Shore D.

Fig. 5. Load patterns: a) tile, b) ramp.

Fig. 6. Mesh detail.
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practical applications, especially in low-light situations at night, road
safety could be improved as long as there is good exposure to sunlight
during the day.

4.4. Vibrational and acoustic characterization

Among the works performed, an evaluation of the vibroacoustic
properties of the crosswalk was carried out to confirm the design of the
surface depicted above in subsection 2.4. This texture manages to alert
drivers to the presence of the crosswalk, in addition to warning and
alerting pedestrians of the existence of vehicles. The study was con-
ducted on an urban road where the crosswalk was mounted, and which
was previously equipped with a common crosswalk (see details of the
location in section 5 of this document).

To carry out this process, vibroacoustic data was collected from in-
side a vehicle and information was recorded around the crosswalk. A
three-year-old car with adaptive suspension was used along with a BQ
Aquaris V device to perform the measurements. The mobile version of
Matlab® was used to collect data from the mobile device’s sensors. The

values were then stored in.csv format and analysed using the desktop
version of Matlab®. For in-vehicle measurements, the mobile device was
mounted on the steering wheel, using a mounting system that allowed
data to be taken while driving without interruptions, ensuring the safety
of the driver at all times. For measurements outside the vehicle, and
aligned with the centre of the crosswalk, the device was placed on the
sidewalk at a distance of one meter from the edge.

The test conditions involved driving the vehicle over the crosswalk at
constant speeds, with reference velocities set at 20, 30 and 40 km/h. The
absence of both internal and external interference was ensured, with the
windows closed, the radio turned off and the ventilation switched off.
Ten repetitions were conducted for each set speed. Inside the vehicle,
audio and vibration signals were recorded on the vertical axis (the Z-
axis), and audio signals were collected exclusively outside the vehicle,
totalling 90 sets of data overall. The respective sampling sequences were
44,100 Hz for the audio signals, which were captured using the device’s
microphone, and 100 Hz for the vibration signals, which were recorded
using the same device’s accelerometer. Further processing of the vi-
bration signals involved filtering the vehicle data during the crosswalk,

Fig. 7. Von Mises stresses (N/m2): a) tile, b) ramp.

Fig. 8. Vertical deformations (mm): a) tile, b) ramp.

Fig. 9. Tile appearance: a) during the day, b) with absence of light.
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removing first and last movements, normalizing the values using the
min–max technique, and extracting the relevant features from each
sample. As for the sound, the samples were not subjected to a normali-
zation process since this operation was performed by the device itself at
the time of data capture. After extracting the attributes of every
collection of signals, the corresponding means and variability measures
were calculated for analysis.

In relation to audio signal processing, there is an upward trend in the
ratio of vehicle speed/bandwidth of the audio level generated by the
pedestrian crossing. The trend is the same inside and outside the vehicle,
but it is higher outside the vehicle (Fig. 10a). This situation is probably
due to the materials used in the interior and the design of the vehicle
construction, which, as we know, is intended to isolate the passengers
from the sounds produced outside the vehicle. This last detail is very
important since a driver’s perception of outside sound, the ambient
sound, clearly influences the safety of all road users. In addition, the
signal strength was evaluated to determine the level of noise generated
by traffic over the crosswalk. The results show that it increases with
increasing speed (Fig. 10b). The results obtained clearly indicate that the
system emits more powerful sounds the higher the speed at which ve-
hicles circulate, implying a certain relevance in terms of road safety
since it alerts pedestrians to the existence of vehicles circulating on the
roadway.

An increase in the sound level could imply an increase in noise
pollution and be an undesirable result, but the analyses performed

indicate that the acoustic level generated by the tested signals remains
below acceptable ambient noise levels in urban environments. The
evaluation of the acoustic level produced was carried out using the
equations of a signal analysis system. Equation (1) calculates the
acoustic level of a signal in decibels (dB) from the power spectral density
(PSD) and bandwidth (BW), and equation (2) estimates the PSD of a
signal using the data in Table 7. In addition, equation (3) is used to
calculate the uncertainty in the sound level, taking into account the
standard deviations in signal power and bandwidth.

Signal level = 10⋅log10(PSD)+10⋅log10(BW) (1)

PSD =
Signalpower

BW
(2)

σSignal level = 10⋅log10(σPSD)+10⋅log10(σBW) (3)

The sound levels recorded on the road vary between 16.33 ± 3.07 dB
and 17.62 ± 3.29 dB. According to the WHO guidelines [41], the exte-
rior noise level in residential areas should not exceed 55 dB during the
day, while it is recommended that during the night it should not exceed
45 dB to preserve people’s rest and health. Therefore, the evaluated
signals do not exceed the recommended noise limits, suggesting their
suitability for use in urban environments.

Regarding the vibration signal analysis, the findings indicate that,
regardless of speed, the bandwidth produced by the vehicle passing over
the pedestrian crossing remains constant at 46 Hz (Fig. 11a and Table 8).
This consistency could be significant for the well-being and safety of
vehicle passengers. Relate to amount, the study revealed that vibration
levels are lower when the vehicle is traveling at 30 km/h (Fig. 11b).

4.5. Discussion on characterisation

In relation to the mechanical characterisation and structural anal-
ysis, the results indicate that the designed material exhibits strong me-
chanical features, with suitably high tensile and compressive strength,
together with a significant elastic modulus and considerable Shore D

Table 6
Photoluminescent characterization.

Sample 20 min
(mcd/
m2)

60 min
(mcd/
m2)

90 min
(mcd/
m2)

Pigment
(%)

Resin Scenario

1 53.17 ±

16.09
23.83
± 9.20

17.5 ±

7.15
18.1 PU28LE Lab

1 111.00
± 24.93

48.4 ±

13.39
35.6 ±

10.06
18.1 PU28LE Street

2 55.00 ±

31.11
29.5 ±

16.26
22.5 ±

12.02
9.84 P/I Lab

2 68.00 ±

3.56
27.5 ±

3.00
20.0 ±

2.94
9.84 P/I Street

3 36.75 ±

6.18
18.00
± 6.48

12.25
± 2.06

6.77 P/I Lab

3 38.00 ±

6.93
18.00
± 7.94

10.33
± 1.15

6.77 P/I Street

4 27.5 ±

3.54
12.00
± 2.83

8.50 ±

2.12
6 PU28LE Lab

4 51.00 ±

2.83
21.00
± 7.07

16.00
± 5.66

6 PU28LE Street

5 8.00 ±

0.00
3.00 ±

0.00
2.00 +

0.00
6 PU212 Lab

5 8.33 ±

8.38
3.33 ±

4.04
2.33 ±

3.21
6 PU212 Street

6 19.00 ±

4.24
7.5 ±

2.12
5.5 ±

0.71
3.09 PU28LE Lab

6 31.00 ±

2.83
13.5 ±

0.71
9.5 ±

0.71
3.09 PU28LE Street

Fig. 10. Audio characteristics: a) bandwidth versus speed, and b) signal power dependent on speed.

Table 7
Sound attributes of the pedestrian crossing observed both inside and outside the
vehicle.

Position Velocity
(km/h)

Bandwidth
(Hz)

Signal power
(dB)

Sound level
(dB)

Inside 20 681.43 ± 49.23 –23.17 ± 1.34 13.65 ± 2.44
30 633.75 ± 38.05 − 18.36 ± 0.29 13.89 ± 2.63
40 1194.59 ±

129.87
− 15.26 ± 0.72 11.66 ± 2.83

Outside 20 4650.47 ±

900.55
− 20.27 ± 1.29 17.62 ± 3.29

30 5180.92 ±

878.67
− 17.44 ± 0.48 17.44 ± 3.26

40 5443.79 ±

617.28
− 15.02 ± 0.51 16.33 ± 3.07
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hardness. Although the vehicle weight of 50 KN may seem relatively low
in certain contexts, it is essential to consider the load applied per wheel.
This weight could increase on larger vehicles with more axles, resulting
in a noticeably higher total weight, even if the weight per wheel remains
constant. Therefore, the analysis performed is relevant for such cases.

Concerning photoluminescent features, various important outcomes
can be inferred. It should be emphasized that the measurement meth-
odology used made it possible to obtain results that comply with current
safety standards, thus ensuring the reliability of the results obtained. In
the tests carried out, significant differences were obtained in the pho-
toluminescent intensity between the different resins evaluated, with the
P/I resin standing out for presenting generally higher values than the
rest of the mixtures. The photoluminescent characteristics were superior
in real operating conditions compared to those achieved in controlled
laboratory environments, which confirms its actual performance. The
selection of the P/I resin, with a 9.84 % content of photoluminescent
powder, demonstrated an optimum balance between higher photo-
luminescence and a lower proportion of additives, classifying it ac-
cording to UNE standards in the Class A tile category. These tiles
achieved an exceptional glow of 68 mcd/m2 after 20 min, significantly
exceeding the apparent brightness of car headlamps at a considerable
distance. These results highlight the capabilities of photoluminescent
properties to improve safety in low-light conditions, benefiting both
walkers and drivers.

The study conducted confirmed the important benefits of the use of
the proposed system. Thus, it was confirmed that an increase in vehicle
speed results in better sound perception by pedestrians with respect
to vehicles traveling at higher speeds, due to the increase in sound
bandwidth and signal power produced when the vehicle passes through
the crosswalk. In situations where pedestrians encounter a vehicle,
installing soundtracks of the same system before the crosswalk (e.g., a
single one) could alert drivers to slow down before reaching the cross-
walk. In addition, the potential of vibroacoustic signals goes beyond
directly alerting pedestrians at crosswalks. First, these signals could
serve as auditory signals to drivers, prompting them to adjust their
speed, which would indirectly improve pedestrian safety. Second, in
busy traffic scenarios, these signals could assist pedestrians about to
cross. In addition, acoustic signals could provide vital alerts for the
visually impaired, thus contributing to inclusive urban design.

In addition, the clear distinction between in and vehicle and out-of-
vehicle sound bandwidth highlights the relevance of taking into account
both vehicle design and road infrastructure to optimize acoustic envi-
ronments for safety. With respect to vibration, the constant bandwidth
of 46 Hz, which remains stable against speed variations, suggests

coherent interactions with the pavement contributing to predictability
and safety on roads. The fact that vibrations are minimized traveling at a
speed of 30 km/h influences vehicle comfort, indirectly improving road
safety by mitigating passenger distractions. This could be attributed, on
the one hand, to the arrangement of points and curves designed into the
crosswalk surface and, on the other hand, to the vehicle’s adaptive
suspension system used. These results provide valuable insight into how
vehicles engage with their surroundings, thus contributing to balance
both safety on roads and passenger comfort.

5. Experimentation

This section describes a study that compares the effectiveness of a
traditional crosswalk with the proposed crosswalk. The first subsection
details the experimental setup, explaining the location chosen and the
methodology followed to analyze vehicle speeds. The second subsection
presents the results. It shows that, in general, vehicles moved more
slowly near the new crosswalk than the traditional one.

5.1. Methodology

The experiments took place in an actual setting situated in the uni-
versity area (37.273202 N, − 6.923660 W), adjacent to an educational
building housing around 2,150 individuals. This location was selected
due to its long track length and the flow of both vehicle and pedestrian
traffic at the crosswalk. The road segment spans 270 m with a maximum
gradient of 1◦ and a maximum velocity of 30 km/h. A 4.5 m by 5.5 m
pedestrian crossing configuration was tested, monitored with real traffic
over 15 days. The street was divided into several sections: S1, S2, and S3
with 37 m, 12 m, and 23 m, respectively (see Fig. 12).

A study using photogrammetry was carried out to analyze 1.5 Gbytes
of information collected from 180 moving images along the monitored
track sections. Photogrammetric analysis is a method employed to
extract geometric data from images, facilitating precise characterization
of object movement. By analyzing spatial relationships and temporal
variations, this technique enables precise calculation of target velocities,
particularly applicable in traffic monitoring scenarios [42]. Conse-
quently, this approach was employed to gauge vehicle speeds in video
sequences, leveraging time intervals between frames and distance
measurements between road landmarks. A comparative study using
photogrammetry was carried out with 1.86 Gbytes of information
comprising 174 moving images monitored at the proposed pedestrian
crossing. The same photogrammetric analysis method was used to
extract geometric data and calculate vehicle speeds in the monitored
sections.

5.2. Results

Using the conventional pedestrian crossing, the user profile identi-
fied 244 vehicles, comprising 166 automobiles, 60 public transports, 19
persons, 6 cargo vehicles, 4 motorbikes, and 1 car yielding to a pedes-
trian. An analysis centred on drivers revealed that average velocities in

Fig. 11. Vibration profile relationship: a) bandwidth vs. velocity, and b) signal power vs. velocity.

Table 8
Vibration attributes of the pedestrian crossing observed inside the vehicle.

Position Velocity (km/h) Bandwidth (Hz) Signal power (dB)

Inside 20 43.77 ± 1.21 8.45 ± 0.34
30 45.56 ± 2.07 2.82 ± 0.85
40 46.07 ± 0.74 8.68 ± 0.98
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segments S1, S2, and S3 were comparable and exceeded the speed limit
of the road (refer to Table 9). Motorbikes, cargo vehicles, automobiles,
and coaches recorded the highest speeds in descending order. This
suggests that the existence of a traditional crosswalk has little impact on
vehicle velocity when no pedestrians are present. However, a decreased
speed observed in S2 for the vehicle yielding to a person indicates that
the pedestrian crossing was acknowledged, and safety measures were
enacted by reducing the speed by half until reaching the pedestrian
crossing. Nonetheless, 8 drivers were observed exhibiting uncivil
behaviour by driving in the wrong direction. These findings may signal
the necessity for supplementary safety precautions at pedestrian cross-
ings or increase police surveillance so that drivers comply with traffic
regulations.

The analysis identified 244 vehicles with a similar profile including
165 automobiles, 60 public transports, 10 persons, 5 cargo vehicles, 3
motorbikes and a vehicle yielding to pedestrian (refer to Table 10). The
study of the vehicles revealed a notable difference between the driver
mean velocity in sections S1, S2, and S3 compared to that of the vehicle
yielding to a pedestrian. Moreover, the mean velocity change of drivers
showed a notable decrease compared to the mean velocity change for a
vehicle yielding to a pedestrian when comparing the variations between
S1-S2 and S2-S3. This suggests that vehicles reduce speed more when
safety takes priority. However, uncivil behaviour was observed in 10
vehicles, including 9 cars that bypassed the proposed crosswalk and 1

driving in the opposite direction. This indicates that although the new
pedestrian crossing may have influenced a decrease in mean velocity,
vehicles may have adopted new risk conducts.

An evaluation comparing vehicle conduct at both traditional and
proposed pedestrian crossings revealed several key findings. At the
intended pedestrian crossing, mean velocity was found lower in general
compared to that at the conventional crosswalk (Fig. 13). In the tradi-
tional crosswalk, the highest velocity was recorded in segments S3, S1
and S2 with speeds of 38.22 km/h, 35.70 km/h and 35.56 km/h,
respectively. On the contrary, at the new pedestrian crossing, the
maximum velocity was observed in segments S1, S3 and S2 with speeds
of 30.09 km/h, 26.40 km/h, and 22.62 km/h, respectively. Although
both types of pedestrian crossings achieved a notable decrease in ve-
locity as the vehicles approached the S2 section, the new pedestrian
crossing presented greater percentage differences in velocity both be-
tween S1 and S2 (− 24.28 %), and between S2 and S3 (15.71 %). This
indicates that the new crosswalk could have more significantly influ-
enced a reduction in velocity as vehicles approached the pedestrian
crossing, thus improving traffic flow and pedestrian safety. A notable
aspect is the decrease of 46.37 % in velocity observed between S1 and S2
for the vehicle yielding the road to pedestrians with the new system
compared to a greater reduction of 54.82 % in the conventional
pedestrian crossing. This underlines the effectiveness of the proposed
system in smoothing out sudden changes in speed. Although the scope of

Fig. 12. Configuration of the analyzed system.

Table 9
Speed profile for different vehicles using a conventional pedestrian crossing.

Vehicle Speed
in S1

Speed
in S2

Speed
in S3

Variation
S1 vs. S2

Variation
S2 vs. S3

Automobile 35.70 ±

6.38
km/h

35.56 ±

6.99
km/h

38.22 ±

8.29
km/h

− 0.40 % 7.50 %

Public
transport

34.09 ±

3.65
km/h

35.60 ±

4.54
km/h

39.24 ±

5.43
km/h

4.45 % 10.22 %

Cargo 41.48 ±

5.14
km/h

43.01 ±

5.56
km/h

48.20 ±

7.74
km/h

3.69 % 12.05 %

Motorbike 52.84 ±

19.36
km/h

52.96 ±

19.17
km/h

54.01 ±

18.51
km/h

0.24 % 1.98 %

Car yielding
to a
pedestrian

32.73 ±

0.0 km/
h

14.79 ±

0.0 km/
h

32.55 ±

0.0 km/
h

− 54.82 % 120.17 %

Weighted
mean

35.72 ±

6.67
km/h

35.98 ±

7.30
km/h

39.00 ±

8.25
km/h

0.73 % 8.41 %

Table 10
Speed profile for different vehicles using the proposed pedestrian crossing.

Vehicle Speed
in S1

Speed
in S2

Speed
in S3

Variation
S1 vs. S2

Variation
S2 vs. S3

Automobile 30.09 ±

5.31
km/h

22.62 ±

6.29
km/h

26.40 ±

7.13
km/h

− 24.83 % 16.71 %

Public
transport

29.55 ±

2.81
km/h

22.49 ±

6.32
km/h

25.48 ±

7.29
km/h

–23.90 % 13.31 %

Cargo 32.52 ±

10.47
km/h

28.67 ±

13.46
km/h

32.78 ±

15.01
km/h

− 11.83 % 14.35 %

Motorbike 25.71 ±

0.14
km/h

19.29 ±

0.49
km/h

21.02 ±

0.45
km/h

− 24.98 % 8.96 %

Car yielding
to a
pedestrian

19.94 ±

0.0 km/
h

10.69 ±

0.0 km/
h

21.56 ±

0.0 km/
h

− 46.37 % 101.65 %

Weighted
mean

29.96 ±

5.07
km/h

22.69 ±

6.61
km/h

26.25 ±

7.49
km/h

− 24.28 % 15.71 %
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the study is limited by the sample size, ongoing research efforts aim to
increase the data collection to provide more consistent evidence.
Nevertheless, these findings lay a solid foundation for further
exploration.

6. Conclusions and future works

Traffic accidents involving pedestrians pose a significant road safety
challenge, with 10,461 incidents recorded in Spain according to avail-
able statistics. However, current solutions face several limitations,
including lack of understanding about the effect of road markings on
road safety, lack of proprietary solutions, dependence on energy sources
and restricted accessibility of driver assistance systems, and scarcity of
studies on photoluminescence properties used in road markings, more
specifically at pedestrian crossings. To address these limitations and
improve visibility at pedestrian crossings, a solution focused on road
systems using photoluminescent materials is proposed. The potential
objective is to avoid a significant percentage of injuries and fatalities in
line with the “zero casualty” target required by Sweden, Finland and the
EU itself, among others.

The present pedestrian crossing aims to substitute traditional
pedestrian crossings incorporating long-lasting components that emit
eco-friendly and secure lighting in dim or no-light situations. The ele-
ments used Contains photoluminescent materials, glass microspheres
and durable polymers, as well as auditory and vibrating components for
driver awareness, slip-resistant characteristics, and effortless removal
for maintenance. This photoluminescent pedestrian crossing, in addition
to being environmentally sustainable and cost-effective, contributes to
energy conservation and a decrease in CO2 emissions. The design con-
sists of tiles and ramps that are reversible, featuring photoluminescent
pigment on white tiles, resulting in a luminous effect for an extended
time of more than 12 h. Extensive testing was conducted to demonstrate
that the composite material is resistant to tensile and compressive stress,
with a high Shore D hardness that ensures durability and strength. To
model the crosswalk, SolidWorks software was used considering a 50 KN
vehicle with each wheel supporting a weight of 12.5 KN. Photo-
luminescence tests and vibroacoustic study verified the effectiveness of
the selected components for both visual alertness and awareness.

In a real scenario, field tests showed reduced average velocities
compared to traditional pedestrian crossings, obtaining a notable
decrease in both the average vehicle traffic speed (36.96 %, i.e., 35.98
km/h vs. 22.69 km/h) and the speed when drivers yield to pedestrians
(27.73 %, i.e., 14.79 km/h vs. 10.69 km/h). Therefore, the proposed
system potentially reduces accident rate by focusing on road conditions
and factors that directly relate to the driver.

The proposed system faces several potential limitations to achieving
comprehensive and sustainable road safety, including integration with
existing road infrastructure, collaboration challenges between traffic
technicians, urban planners and local administration, and the need for
continuous monitoring. Future work should focus on addressing local
conditions to successfully integrate the solution into existing road
infrastructure, establishing interdisciplinary committees and guidelines

for coordinated implementation with road safety authorities, and
deploying automated monitoring systems with intelligent algorithms to
optimize system efficiency (e.g., during peak hours).

The scope of the study is restricted by the sample size, which limits
the breadth and generalizability of the findings. A limited sample size
may not encompass all variations in driver behavior, traffic flow, and
environmental influences. This restriction requires conducting research
to improve data collection and gather a more diverse set of samples, thus
offering stronger evidence to support the efficiency and reliability of the
system. The preliminary research results are valuable but serve only as
the beginning for future studies. To extend the results, it is essential to
prolong the research by carrying out long-term field tests. Short-term
research may not consider seasonal changes, which could affect long-
term traffic trends or the development of road users’ adaptation to the
new system. Expanded studies can provide insight into the system’s
impact on long-term road safety and pedestrian behavior. Furthermore,
it is essential to expand current research to cover different traffic con-
ditions and types of urban environments. For example, the effectiveness
of the system may vary depending on whether it is used on wider roads
or in areas with more congestion. Each of these configurations poses
distinctive obstacles and possibilities for system efficiency. Testing in
different environments helps identify any restrictions or modifications
necessary to ensure that the system works efficiently in various
situations.

Future research will explore additional factors such as driver
awareness and compliance with road regulations, which are significant
contributors to traffic accidents due to driver distraction, lack of civic
education, poor road conditions, and inadequate traffic signalling. By
improving drivers’ perception of pedestrians and enhancing their
compliance with road safety practices, the effectiveness of the proposed
system can be significantly increased. This comprehensive approach
aims to create a safer road environment, ultimately reducing traffic
accidents and improving pedestrian safety. Other potential research
areas include further exploring the impact of sound and vibration fea-
tures on speed reduction, which may lead to innovative designs using 3D
geometry to mitigate slipping, particularly for personal mobility devices
like scooters and electric bicycles. Another focus could be adapting the
surface pattern of pedestrian crossings to incorporate tactile elements
aimed at enhancing safety for individuals with visual impairments.
Additionally, combining photoluminescent crosswalks with emerging
technologies such as smart sensors and real-time data analytics could
enhance the system’s adaptability to changing traffic conditions. Smart
sensors could continuously monitor traffic and environmental factors,
including pedestrian presence, vehicle speed, traffic density, and
weather conditions. Analyzing traffic patterns and pedestrian behavior
could help optimize crosswalk design and placement in future projects
and develop predictive models to identify high-risk areas and address
additional safety needs.
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época, 25, 33–53 (2019).
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