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Abstract

Smart on-Road Technologies (SRT) are installations on the road, with which drivers interact passively, designed to reduce road
accidents by increasing driving performance and/or road network sustainability. Although SRT are a core element of the future
Smart Road Infrastructures, as they might significantly improve the road system, they are usually presented just as conceptual
models instead of actual solutions. Consequently, evidence on the effectiveness of SRT in increasing driving performance and/or
safety are scarce and not conclusive. Here, we present an overview of SRT systems (theoretical or existing) to try to identify their
goals and objectives in terms of impact on road safety and driving behavior. More than 100 peer-reviewed articles on SRT,
published in the last five years, were screened. Based on their impact on the road transportation system, we classified SRT into two
main categories: (i) those that encourage appropriate road users’ behaviors and awareness, including active and adaptive road
delineator systems such as luminescent horizontal road markings, temperature-sensitive paints, or musical roads, and (ii) those able
to reduce the environmental impact of the road transportation system, including technologies such as electrified priority lanes, and
smart road lightning. Preliminary empirical evidence has shown the effectiveness of SRT in improving drivers’ performance (e.g.,
vehicle lane positioning) and perceived safety. This result is based on just eight works, however. Overall, our results pointed out
that SRT lack dedicated research aimed at evaluating the effects on driving performance and safety (traffic crash/injury prevention).
To discourage the misuse of any new SRT, future research investigating the impact of these advanced innovations, using both
simulated and real settings, is needed.
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1. Introduction

In line with the European “Vision Zero” policy (European Commission, 2021), the installation of (Smart)
technology on road infrastructure is a promising technique for reducing road accidents. In this context, the term Smart
usually refers to technologies that self-adapt to the traffic and environmental context, aim to increase sustainability of
the road network, reduce road accidents, and eliminate the negative impact of human factors on road safety (e.g.,
Pompigna & Mauro, 2022). In this overview, we defined on-road Smart Road Technologies (hereafter SRT) as fixed
installations on the road surface with which the drivers passively interact. To date, SRT have been mostly classified
into two categories based on their main functions: (i) reducing the environmental impact of the road transport system,
and (ii) promoting appropriate road user behavior and awareness. For instance, while the first category includes
technologies such as electrified priority lanes, and smart road lighting (Toh et al, 2020), the second one comprises
active road delineator systems (e.g., luminescent markings, active road studs), and traffic sensitive markings (Zhu et
al. 2021; Llewellyn et al., 2020). Even though SRT are reshaping road and city concepts (Savithramma et al., 2020),
in most of cases, they are only a concept without scientific evidence supporting their effectiveness. Besides, evidence
suggest new technological innovation may have a negative impact on safety due to changes in risk perception and
acceptance by drivers (Wilde, 1998; 1982), and general technophobia may influence users’ intention to use new
technologies (Koul and Eydgahi, 2020). Thus, it is utterly relevant to understand the effects of these new technologies
on drivers’ behavior and attitude toward SRT.

Our overview aims to explore the existing research on SRT (theoretical and currently used) to map the current state
of evidence and identify knowledge gaps for further studies. The key objectives of this work are twofold: (i) identifying
the SRT and their purpose, and (ii) assessing the impact of SRTs on road safety and driving behavior.

2. Search methodology

In this overview, we summarize the state of the art of on-road SRT reporting technologies and their evolution, their
goal, impact on the road transportation system, driving behavior, performance, and acceptance. We conducted a
comprehensive search including peer-reviewed articles, technical reports, and news (from websites/newspapers) in
any context that included, at least, one on-road SRT. We used four electronic bibliographic databases: Scopus,
ProQuest One Academic, MedLine, and Web of Science. Moreover, Google Scholar online tool was used to broaden
the search. We included English and non-English (Spanish and Italian) scientific literature published before January
2023. The keywords included terms such as smart and intelligent, which are often used in the literature when referring
to innovations within road technologies. Moreover, the terms active and dynamic are usually associated with
technologies capable to self-adapt to different traffic situations (e.g., variability in traffic flow and/or road visibility).
As we focused on technologies applied on the road surface, we included road, pavement, and horizontal terms in the
search strategy. Finally, we used truncation, and phrase searching to search in a broad range of databases (e.g., smart
AND (road OR pavement OR horizontal) AND (technolog* OR marking*), (active OR dynamic) AND (road OR
pavement OR horizontal) AND (marking*).

3. Smart Road Technology

We extracted 267 studies from the databases. After removing duplicates (n = 55), two reviewers (authors: FA and
AP) independently screened 212 studies. To assess the eligibility of documents, the reviewers independently
performed first a title and abstract screening, and then a full-text screening of the included records. We found 31
studies that met the eligibility criteria and were used to identify the SRT. Afterward, we assigned each SRT to the
respective category according to their main goal (for a schematic representation see Fig. 1). Finally, we analyzed
whether the studies included any results on drivers’ behavior, performance, and acceptance using objective (e.g.,
speed, lateral position) and/or subjective (e.g., self-reported measures, questionnaires) indicators.
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Fig. 1. Schematic representations of SRT on the road surface. In this figure we represent photoluminescent road markings (A), musical roads (B),
temperature-sensitive paint (C), dynamic road markings (D), multifunctional posts (E), smart crosswalk (F), electric vehicles charging lane (G),
smart street lightning (H).

3.1. SRT improving sustainability of the road network

We identified four types of SRT aimed to enhance the sustainability of the road network: (i) the solar road, (ii)
piezoelectric road, (iii) smart road lighting, and (iv) electric priority lanes. Most of these SRT are just proof-of-concept
designs which are in development and testing phases (i.e., not currently installed on road) or employed in a few road
stretches.

The solar road concept combines road infrastructure with photovoltaic technology that converts sunlight into
electricity to provide clean energy (Solar Impulse Foundation, 2019). This SRT can be installed on shoulders, cycle
paths, car parks and urban areas, and can also empower the street lighting. Piezoelectric roads consist of piezoelectric
devices and a stainless-steel substrate installed underneath the road pavement which collect the kinetic energy coming
from the movement of road users (Giudici & Pérez-Fortes, 2022). This smart energy-harvesting system is expected to
reduce or eliminate the black ice problem by measuring the temperature of the road surface (Do Hong et al., 2022).
Smart road lighting technology may exploit those energy sources. It can sense the environment and react accordingly
by providing different lighting conditions, focusing on specific users, or illuminating specific sections of the road
when a car is approaching (Mao et al., 2021; Todorovi¢ & Samardzija, 2017; Samardzija et al., 2010). This strategy
saves a significant amount of electricity and is expected to improve driver visibility and reduce the number of
accidents. However, while the payback in terms of energy consumption has been demonstrated for all three SRT, their
influence on drivers’ performance is still unclear. Finally, the increasing uptake of electric vehicles (EVs) requires the
development of a charging network to support the transition to the new generation of low-emission vehicles (for a
recent review, see Hemavathi & Shinisha, 2022). Therefore, SRT such as electric priority lanes will soon be introduced
in the European road network, allowing cars and trucks to charge using magnetic field or contact with rail technologies
(Toh et al., 2020). Nevertheless, it is worth noting that the introduction of these lanes will probably lead to an increased
number of lane-changing maneuvers, but the effect on longitudinal and lateral driving behavior has not been
investigated yet.

3.2. SRT encouraging safe driving behavior

We identified four types of SRT aimed to enhance driving behavior and promote road safety: (i) active road
markings, (i) musical roads, (iii) multifunctional posts, and (iv) temperature-sensitive paints.

Firstly, active road markings aim to support driver’s vision in low-visibility traffic scenarios by making the
horizontal markings visible beyond the vehicles’ headlamps beams during the night, which represents the main
improvement with respect to conventional passive (retroreflective) markings. These SRT can be divided into two
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categories: photoluminescent road markings, and electric luminous road markings (for a recent review see, Lin et al.,
2023). Photoluminescent technology allows to produce the “glow-in-the-dark” markings by employing materials
which accumulate energy during the day to release it as light at night (Bhujbal et al., 2022; Zhu et al., 2021). The
results obtained with different materials are promising and this solution does not require any changes in the road
structure (Villa et al., 2021; Yangqiu et al., 2020). However, factors such as daily color variations, painting formula,
and temperature make it complicated to define material service life and a standard characterization methodology (Lin
et al., 2023; Villa et al., 2021). On the other hand, electric luminous markings employ light emitter devices which are
empowered by an electric energy supply or solar energy (Llewellyn et al., 2021; Grabinsky, 2019). Electric energy
supply is mainly used by dynamic road markings, active road studs, and smart crosswalks. Dynamic road markings
consist of a series of LED sensors (without painted markings) integrated with intelligent transport system devices
aiming to improve traffic management and safety (Wiafe et al., 2020; Nguyen, 2018; Le Roux, 2013). Then, active
road studs consist of self-illuminating LED devices applied in combination with existing painted lanes, which aim to
control drivers’ over-speeding behavior, improve lateral vehicle control, and provide light-based traffic guidance (Tao
et al., 2022; Llewellyn et al., 2020; Shahar et al., 2018; Shahar & Bremond, 2014; Samardzija et al., 2012; Birk &
Osipov, 2008). Finally, smart crosswalks aim to improve driver behavior (e.g., longitudinal speed) and the interaction
with pedestrian at night. They are mainly composed of detection system (optical or integrated), and an alerting unit
which mainly consists of a set of high-brightness LED (Lozano Dominguez et al., 2021; Patella et al., 2020; Lozano
Dominguez & Sanguino, 2018). Although electric luminous markings are a remarkable leap forward in road safety,
lightening intensity management, system reliability, and high cost of implementation and maintenance require further
research (Ram et al., 2021; Villa et al., 2015a; 2015b).

We identified also SRT exploiting auditory stimulus, such as musical road, to induce appropriate speed behavior
and warn drivers of hazardous situations (Toh et al., 2020). Musical road technology has been mostly adopted in Japan
and consists of a series of grooves and rumble strips applied to the road pavement that produce different tones as
vehicle pass, depending on their speed (Zhou et al., 2018). Finally, we found other two proof-of-concept SRT, which
are multifunctional posts, and temperature-sensitive paints. Multifunctional posts will wirelessly detect incoming
environmental conditions and dangerous situations (e.g., passing vehicles, wildlife, and pedestrians in poor visibility
conditions) and alert drivers by displaying the information on an external screen with a simple visual interface installed
on the post (National Highway Authority [ANAS], 2021; Agafonovs et al., 2013). The temperature-sensitive paint is
transparent under normal conditions, but becomes visible under adverse meteorological conditions (e.g., icy
conditions) and reveal warning symbols on the road (Studio Roosergaarde, 2013; Dumé, 2008).

4. Effectiveness of SRT on driving behavior and road safety

In this section we present studies reporting results on the effects of existing SRT on driving behavior, performance,
and acceptance, and/or road safety. We found that only 26% of the included studies (i.e., 8 out of 31) showed specific
outcomes on SRT effectiveness (see Table 1). To assess the impact of the SRT studies on road safety and driving
behavior, we extracted information on the population, the investigated conditions (comparison, if applicable), and the
research outcomes. Four of the included studies do not report any information on population characteristics (Patella
et al., 2020; Hakkert et al. 2002; Llewellyn, 2015; Llewelyn et al., 2021). When reported, the mean age of the drivers
recruited was about 37 years old (SD from £10.2 to £11 years), with the number of participants ranging from twelve
to thirty-one (Zhu et al., 2021; Shahar et al., 2018; Shahar & Bremond, 2014). Finally, Llewellyn and colleagues
(2020) considered respondents to a survey older than 18 years old (Llewellyn et al., 2020).

Regarding the study settings, we found three driving simulation studies, four naturalistic (on-road) studies, and one
survey. Three driving simulation studies explored the effectiveness of active road markings (i.e., LED studs or
continuous markings) on driving behavior showing mixed results, however. Factors such as illumination, road section,
and light color were investigated (Zhu et al., 2021; Shahar et al., 2018; Shahar & Bremond, 2014). Active road studs
seem to induce a similar speed along curved sections as the passive conventional markings condition, but a higher
speed was detected along straight sections on rural roads (Shahar et al., 2018; Shahar & Bremond, 2014). Moreover,
active LED markings induced lower speed variance than conventional markings, suggesting a positive effect on
drivers’ vehicle speed control (Shahar et al., 2018). However, Zhu and colleagues (2021) observed higher vehicle
speeds with active road markings when compared to passive road markings along highways. Thus, results on the effect
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on drivers’ longitudinal behavior are inconclusive. Regarding lateral behavior, active road studs were effective in
improving lateral control (Zhu et al., 2021; Shahar et al., 2018; Shahar & Bremond, 2014). In addition, a
comprehensive driving performance indicator combining physiological (i.e., pupil area change rate) and driving
performance variables (i.e., steering wheel speed, brake pedal force, gas pedal, lane departure, speed), showed that
yellow LED active road markings were more effective than white and continuous active markings along highways
(Zhu et al., 2021). Finally, roads including active road studs were perceived to be safer, more comfortable, and allow
better vehicle control (Shahar et al., 2018; Shahar & Bremond, 2014).

Concerning the naturalistic (on-road) studies, we identified four observational studies that investigated the effects
of smart crosswalks (Patella et al., 2020; Hakkert et al., 2002), and active road stud (Llewellyn et al., 2021; Llewellyn,
2015) which reported results on driving behavior and/or road safety. Smart crosswalks showed beneficial effects on
driving behavior, performance, and pedestrian safety as the mean speed of vehicles was significantly decreased at the
smart crosswalk with and/or without pedestrian (Patella et al., 2020; Hakkert et al., 2002). Although outcomes are
promising for road safety, findings must be interpreted with caution as some results appeared to be site dependent
(Hakkert et al., 2002). On the other hand, the application of active road studs on rural road and spiral-marked
roundabout showed beneficial effects on driving behavior. Llewellyn and colleagues (2021; 2020) observed a positive
influence on driver confidence and a significant decrease in mean speeds immediately after installation of the road
studs and in low-light condition (speed limit 70 mph). However, long term beneficial effects of SRT were not
demonstrated and change in mean speed by road sites and light condition were mixed both in direction and magnitude
(Llewellyn et al., 2021). The implementation of active road studs on spiral-marked roundabout induced a better
drivers’ lane discipline (i.e., reduction in lane transgression) which means lower probability of vehicle conflicts and
more predictable drivers’ behavior (Llewellyn, 2015). Nevertheless, it is not clear whether this SRT can effectively
reduce collisions and if the beneficial effects will be durable and sustainable.

Table 1. Review of previous studies reporting outcomes on impact of SRT on driving behavior, performance, and acceptance and/or road

safety.
SRT Participants Study setting Observed indicators Results Reference
Active road N=31 Driving Pupil area change rate (%) A comprehensive indicator showed Zhu etal.,
markings Age (M, SD) = simulation, Steering wheel speed (°/s) that yellow active road stud with a 2021
(yellow/white and ~ 37.5, 10.2 years highway Brake pedal force (N) moderate blinking (40 times per
stud/continuous) 45.2% female Gas pedal (%) min) was the best SRT in promoting
Lane departure (m) safer driving behavior.
Speed (km/h)
Active road stud N=20 Driving Speed (km/h) On straights, participants drove Shahar et
Age (M, SD) = simulation, Lane positioning (m) faster with SRT, and closer to the al., 2018
37.0, 11.0 years rural Crossover (s) lane centerline. Drivers also had
25.0% female Questionnaire (3 items) better vehicle lateral control along
curve with SRT.
Active road stud N=12 Driving Speed (km/h) Participants drove faster on straights =~ Shahar &
Age (M, SD) = simulation, Lane positioning (m) with SRT. Drivers had better vehicle  Bremond,
37.9, 10.2 years rural Questionnaire (3 items) lateral control along curves with 2014
33.3% female SRT, and considered this scenario
safer, more comfortable and
allowing better control.
Active road stud ND On road, Vehicle speed (mph) SRT was effective in reducing speed  Llewellyn
rural immediately after installation and in et al., 2021
dark condition (limit = 70 mph).
Active road stud ND On road, Lane transgressions (-) SRT reduced lane transgression rate ~ Llewellyn,
roundabout for almost all vehicle types and 2015
maneuvers during daytime.
Active road stud N =698 Survey, Survey (16 items, and Drivers reported a positive level of  Llewellyn
>18 years rural open-ended questions) confidence both during hours of etal., 2020
35.8% female daylight (87%) and nighttime (52%).
(N =589)
Smart crosswalk ND On road, Speed (km/h) SRT was effective in reducing speed  Patella
urban Deceleration (m/s?) both with pedestrian absence, while et al., 2020
decelerations were higher.
Smart crosswalk ND On road, Speed (km/h) Reduction in vehicle speeds near the ~ Hakkert et
urban Yield to pedestrian (%) crosswalk zone of 2-5 km/h in mean __al., 2002
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User conflicts (-) speeds, and in the conflict rates to
Pedestrian crossing (%) less than 1%. Increased rate of
giving way to pedestrians.

5. Conclusions

We aimed to map the existing and theoretical SRT solutions and investigate their influence on road safety and
driving behavior, performance, and acceptance. The overview highlighted that most of the literature dealt with
technical issues, while few studies have investigated the fallouts of these technologies on traffic operation and safety,
as well as on drivers’ behavior and acceptance. SRT effectiveness on driving behavior and road safety have been
rarely targeted by previous research, while others are only futuristic concepts that are not yet ready to be implemented
and tested. Although technological innovations such as active road markings and smart crosswalks have shown
promising positive effects on driving behavior and road safety, there are few studies reporting research results, and
those outcomes are not always consistent. Finally, as SRT are being slowly introduced on European public roads, it is
essential to fill these gaps and avoid any costly mistakes before their widespread implementation.
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