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Abstract


Traffic calming devices (TCMs) are widely implemented to reduce urban vehicle speeds; however, their influence on drivers’ direct control inputs remains underexplored. This study examines how drivers redistribute braking, throttle and steering inputs in the presence of speed cushions, extending driver–infrastructure interaction assessment beyond speed-only metrics. A driving simulator reproduced an urban corridor in Messina (Italy). Twenty-five drivers completed three scenarios: baseline without traffic calming (No TCM), daytime with speed cushions and nighttime with speed cushions. Cushion colour (red/blue) and width (1.5, 1.8, 2.1 m) were varied. Vehicle telemetry was analyzed using repeated-measures ANOVA with corrected post hoc tests and partial η2 as effect size. The analysis was complemented by paired within-subject comparisons, bootstrap confidence intervals and additional transient indicators computed on travelled-distance windows to support transparent effect interpretation without replacing the RM-ANOVA framework. Compared with No TCM, speed cushions increased mean braking (+224% Day, +372% Night) and reduced the mean normalized throttle input by approximately 55%, with stronger braking at night. Width primarily influenced throttle release and steering corrections, whereas colour modulated braking under reduced visibility. Despite limitations related to sample size and simulation, the findings provide actionable evidence for contexts where cushion width and colour are not standardized.
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1. Introduction


In recent decades, urban policies have increasingly focused on enhancing road safety by implementing targeted interventions aimed at reducing vehicle speed. Given the widely recognized association between operating speed, crash severity and fatality risk in an urban environment [1], effective speed mitigation is particularly critical in areas characterized by a high concentration of vulnerable road users [1,2].



Traffic calming devices, such as speed humps, speed cushions, raised pedestrian crossings, chicanes and traffic islands [2,3,4], have been reported to reduce crash frequency, primarily through their impact on vehicle speed [5]. However, these measures are not intended to influence speed alone. By introducing physical constraints or perceived discomfort, traffic calming devices can also generate secondary effects on driving style and decision-making processes, indirectly modifying drivers’ behaviour.



Previous research has investigated driver behaviour in the presence of different types of vertical traffic calming measures. Abdulmawjoud et al. [6], for example, analyzed flat-topped humps and single and double bumps installed on arterial roads, reporting substantial speed reduction. Their results showed 85th-percentile speeds decreasing to approximately 12 km/h at flat-topped humps, with peak deceleration values of up to approximately 1.20 m/s2 observed in proximity to the calming measures, highlighting the pronounced influence of such devices on longitudinal driving behaviour.



The study of traffic calming interventions in real-world environments remains challenging. Urban traffic systems are shaped by dynamic and interacting variables, including traffic demand, environmental conditions and infrastructure characteristics, which are difficult to replicate across analyses. Moreover, the range of physical configurations that can be tested is often constrained by logistical limitations related to installation procedures, production costs and safety requirements [4].



The use of driving simulators combined with digital design techniques represents a valuable methodological alternative. Simulator-based experiments allow high experimental repeatability while enabling the evaluation of multiple design configurations under controlled conditions and at reduced cost and time. This approach supports the safe and systematic investigation of user–infrastructure interactions and facilitates the assessment of design solutions prior to real-world implementation [7,8].




2. Literature Review


2.1. Traffic Calming Measures and Speed Control Effects


In urban and residential environments, areas typically characterized by a higher concentration of vulnerable road users, traffic calming measures (TCMs) are physical interventions designed to reduce vehicle speed and, consequently, improve road safety.



Numerous studies have demonstrated that the implementation of traffic calming measures [9] is associated with a significant reduction in traffic crashes, including fatal incidents [2,10]. This safety benefit is largely attributed to the speed reductions induced by the presence of these devices [11,12].



However, such effects tend to be localized when using concentrated interventions, such as speed humps [13] or raised pedestrian crossings [14,15], which nonetheless provide critical protection for vulnerable users, particularly pedestrians.



Over time, researchers and practitioners have explored the evolution of traffic calming strategies that respond more flexibly to the operational challenges of urban contexts, such as the circulation of emergency vehicles and public transport, which should ideally remain unaffected by speed-reducing devices [16].



Among the solutions tailored for selective interaction with target vehicle classes, Berliner cushions (or speed cushions) have emerged as a particularly effective measure for reducing vehicle speeds [17,18]. Due to their specific geometry, Berliner cushions can be strategically implemented to avoid interference with vehicles operating in dedicated lanes, such as buses or ambulances, an advantage not shared by full-width interventions like speed humps or raised crossings. This selective effect makes them especially suitable for deployment in urban settings where preserving traffic fluidity for certain user groups is critical, as highlighted in several studies [13,19].



A study conducted in Lithuania [2] reported substantial reductions in crashes, injuries and fatalities following the implementation of vertical traffic calming measures.



Among such measures, speed cushions have gained increasing attention as a viable solution in urban areas characterized by a high density of vulnerable road users. These devices are specifically engineered to reconcile two often conflicting objectives: on the one hand, to reduce vehicle speeds [16,17], and on the other, to maintain unimpeded access for emergency and service vehicles. This is made possible by their geometry and dimensional properties, which allow such vehicles to bypass the cushions when installed outside of designated emergency or priority lanes.



Similarly, a comparative investigation of traffic calming devices [9], installed in different but comparable urban areas, highlighted their effectiveness in reducing vehicle speeds. In particular, speed humps and speed cushions were shown to be highly efficient: in zones with a speed limit of 25 mph, they yielded an average operating speed of approximately 10 mph, confirming the capacity of both devices to achieve substantial speed reductions. Moreover, speed cushions influenced driver’s trajectory choices, with many drivers either centering their path over the device or traversing it with a single lateral pair of wheels. However, significant differences emerged in lane-keeping behaviour: certain configurations, especially when cushions were placed centrally between two lanes, prompted drivers to cross into the opposing lane in order to align their trajectory with the cushion’s centerline. This finding suggests the need for carefully planned placement strategies and for systematically evaluating driver behaviour in relation to different device configurations, to ensure that safety benefits are not offset by unintended manoeuvres.



Another case study conducted in Bari [17] investigated the performance of speed cushions at three installation sites, each with a different length (3.2 m, 2.7 m and 2.2 m), while maintaining a constant width of 1.7 m. The results indicated reductions in vehicle speeds ranging from 35% to 45%, corresponding to decreases of approximately 6 to 10 km/h depending on cushion length. These findings suggest that longer cushions are associated with smaller speed reductions.




2.2. Driving Simulators as a Tool for Evaluating Traffic Calming Measures


Driving simulators have been increasingly recognized in the literature as effective tools for evaluating infrastructural interventions, particularly in an urban environment where replicating hazardous or complex traffic scenarios in real life would pose safety risks. Their ability to reproduce critical situations in a safe, controlled, and fully repeatable environment offers a solid experimental foundation for testing traffic calming devices in urban and residential settings.



Notably, while absolute differences in driving speed between real and simulated environments have been observed, recent studies confirm that relative behavioural patterns remain consistent across both contexts. This consistency supports the relative validity of driving simulators in replicating driver responses to traffic calming interventions [20].



Furthermore, validation research has shown that the reliability of simulator-based experimental studies does not depend solely on the visual or physical fidelity of the virtual environment [21]. Simulator-based studies can provide robust and interpretable results when the simulator is well suited to the driving behaviours and performance measures under investigation. In particular, previous studies have shown that behavioural validity is not determined by physical fidelity alone, and that relative validity is often adequate when the aim is to compare experimental conditions rather than to reproduce exact on-road values [21,22].



In this regard, another recent study [23] demonstrated that driving simulators can effectively reproduce drivers’ physiological responses under cognitively demanding conditions. This supports the functional validity of simulators in replicating driver behaviour in high load scenarios, such as those involving the experimental evaluation of traffic calming measures.



Recent evidence confirms the growing centrality of driving simulators in road safety research. A comprehensive bibliometric and narrative review [24] analyzed simulator-based studies and highlighted their expanding role in examining driver behaviour across domains including traffic calming and infrastructure design. The review emphasizes that simulators provide controlled, safe and repeatable experimental environments. It also highlights the ongoing debate on simulator validity, suggesting that validity should be considered in relation to the specific behavioural constructs under investigation rather than solely in terms of physical fidelity. The present study adopts a control-oriented behavioural approach, focusing on relative changes in driver command allocation (brake, throttle and steering) and transient perturbation indicators, consistent with contemporary simulator validation frameworks.




2.3. Gaps in the Literature on Speed Cushions


To the best of the authors’ knowledge, the effectiveness of traffic calming devices depends not only on their presence but also on their design characteristics and integration within the urban context [25,26].



Available studies indicate that speed cushions are effective in reducing average speeds and crash rates [16,17,18,27]. However, existing literature suggests that harmonized technical standards are still limited, particularly with regard to geometric and visual characteristics such as width and surface colour [28].



In several countries (including the United States, France, the United Kingdom and Switzerland) speed cushions are included in road design guidelines, where minimum and maximum values for height or length are often specified. However, width and surface patterning are typically defined with greater flexibility, allowing for substantial variability in implementation. While several studies report standardized or nearly fixed widths (e.g., 1.70–2.10 m), the role of width as an independent design variable remains largely underexplored. In contrast, Italy currently lacks official standards for the application of speed cushions in ordinary road infrastructure, limiting their use to experimental installations under ministerial authorization [29,30,31,32,33,34,35,36].



In addition, most previous investigations have primarily focused on speed-related outcomes, but, from a vehicle-oriented perspective, analyzing drivers’ direct control responses to traffic calming devices may offer complementary information to traditional speed-based assessments. In particular, the statistical characterization of braking, throttle and steering inputs can contribute to a deeper understanding of human–vehicle interaction in constrained urban environments, potentially informing future approaches to the integration of traffic calming strategies within vehicle system development.



This study explicitly focuses on control adaptation and driver command allocation and interprets results as relative behavioural trends within a controlled simulator environment.





3. Methodology


3.1. Experimental Design


This study was designed to quantify drivers’ control responses to speed cushions under controlled and repeatable conditions. The experimental workflow consisted of two stages: a simulator-based driving campaign and post-processing and statistical analysis of vehicle telemetry.



We used a static driving simulator to minimize on-road safety risks and hold geometry, lighting and device placement constant across drivers. It was also done to enable a systematic evaluation of multiple device configurations within limited time and cost constraints. A comparable field campaign would have required manufacturing or procuring multiple cushion variants (e.g., different widths and colours), obtaining installation permits and conducting repeated measurements under variable and difficult-to-control traffic and lighting conditions. In contrast, the simulator environment allowed the same roadway geometry and driving task to be reproduced identically across participants and scenarios, while recording high-resolution vehicle telemetry (e.g., pedal and steering inputs) for subsequent analysis.



Although the simulator does not reproduce full vehicle dynamics, vertical acceleration profiles or whole-body motion cues associated with real cushion traversal, the analysis targets relative behavioural validity, namely consistent differences in control allocation across conditions. This interpretation is consistent with previous simulator validation research, which distinguishes absolute validity from relative validity and indicates that simulators may reproduce behavioural patterns across experimental conditions even when absolute numerical correspondence with on-road driving is not achieved [20]. More broadly, systematic evidence shows that simulator validity is measure- and task-dependent, and that the relationship between simulator fidelity and behavioural validity is not straightforward [21]. Therefore, the present simulator was used as a comparative tool to assess within-subject differences in control allocation rather than to estimate absolute on-road values of braking, throttle or steering responses. The setup includes active steering force feedback and adjustable pedal resistance, providing moderated haptic cues during manoeuvres. While these cues cannot replicate real suspension dynamics or full-body vibration, they enhance control realism beyond a purely visual simulation. Accordingly, the results should be interpreted as controlled comparative evidence on driver control adaptation.



A within-subject design was implemented. Each participant drove the same corridor under three scenarios: a baseline scenario called “No TCM” (corridor without traffic calming devices), Daytime (corridor with speed cushions under daytime visibility), and Nighttime (corridor with speed cushions under nighttime visibility).



Within the Daytime and Nighttime scenarios, six speed cushion configurations were tested by combining colour (blue and red) and width (1.5 m, 1.8 m and 2.1 m).



This structure enables a scenario-level comparison against baseline and a direct comparison among devices.




3.2. Simulation Environment and Roadway Model


3.2.1. Driving Simulator


The experiment was conducted at the Digital Laboratory for Road Safety (DiLaRS), University of Messina, using a compact static driving simulator (Figure 1).



It is a compact, static simulator featuring an ergonomic driver seat, conventional vehicle controls (clutch, brake and throttle pedals with manually adjustable passive force feedback, coupled with a manual gearbox) and a steering wheel equipped with an active force feedback system. The forward visual scenario is rendered across three integrated monitors. The simulation software utilized was Scaner Studio® rel. 2024, a comprehensive suite enabling full control over the driving environment, including vehicle dynamics, road geometry, pavement properties, traffic conditions, and environmental parameters. Furthermore, the software facilitates the recording of telemetry data encompassing variables such as spatial position, velocity, multi-axis acceleration, pedal and steering inputs, steering rotation rate, and the vehicle’s lateral position relative to lane markings or other reference points. All data can be visualized graphically and exported for external analysis. Additionally, the software allows for the programming of specific driving events using the Python rel. 3.10 programming language.




3.2.2. Virtual Road Corridor


The experimental trial was conducted on a virtual reconstruction of Via Garibaldi in the city of Messina, a roadway notable for recording the highest number of accidents within the urban area (Figure 2).



The road environment was modelled using Scaner Studio® software. The reconstructed route spans approximately 2200 m in a straight alignment and features a divided carriageway separated by a planted median. Its cross-section consists of three lanes per direction: the rightmost lane is designated for public transport and emergency use, while the remaining two are general-purpose lanes (Figure 3).



Via Garibaldi is intersected by several side streets, all of which are signalized intersections.



Speed cushions were distributed along the entire length of the track, ensuring they did not interfere with intersections. They were installed exclusively within the general-purpose lanes, consistent with the intent to avoid restricting emergency/public transport operation.




3.2.3. Device Design and Placement


Speed cushions were defined based on values reported in the literature and on ranges indicated in international guidelines. The geometric parameters adopted for the experimental devices are summarized in Table 1 (reference ranges) and Table 2 (tested configuration).



Height was selected to remain consistent with typical guideline ranges, while length was kept constant across the six devices to isolate the effects of width and colour on driver control responses. The three tested widths were selected to span the range of values reported in international guidance and previous applications, while also including a narrower experimental configuration. In particular, 1.8 m was adopted as an intermediate reference value consistent with commonly reported guideline ranges, whereas 2.1 m represents the upper value indicated in Table 1. The 1.5 m configuration was intentionally included as a narrower design alternative to test the behavioural effect of increased lateral clearance and reduced transverse occupation, which is relevant in contexts where speed cushion dimensions are not yet fully standardized. All devices were modelled with consistent visual marking to ensure that colour was the intended perceptual manipulation.



A representation of the cushions is shown in Figure 4.



The distance of each cushion from the simulation start point is detailed in Table 3.



These distances were deliberately selected to avoid inducing any memorization or learning effects among participants [37]. This approach ensures that observed driving behaviour can be attributed solely to the geometric and chromatic characteristics of the immediate speed cushion encountered, rather than being influenced by the previous one.



Background traffic (surrounding vehicles and pedestrians) was intentionally excluded to maximize internal validity and isolate infrastructure effects on control inputs. This choice reduces ecological validity: therefore, results should be interpreted as controlled, infrastructure-centred behavioural adaptation patterns rather than as full traffic-system performance estimates.





3.3. Participants and Experimental Procedure


3.3.1. Participants


Twenty-five licensed drivers participated in the simulator experiment. The participant sample, consisting of 25 licensed drivers (44% females, 56% males) with an age range of 19–41 years, was subject to “pre” and “post” drive questionnaires.



Questionnaire data revealed an average participant age of 29.64 years. All participants held a valid category B driving licence for passenger cars, which was required for the experimental vehicle. Among them, 9 participants also held a motorcycle driving licence and one participant possesses an additional driving licence category. Only one participant had fewer than 20 points on their driving licence; however, the score remained within the 10–19-point range, indicating no severe penalties. To reduce risk and improve data quality, participants reporting prior episodes of simulator sickness were excluded during recruitment. Each participant was assigned an anonymous alphanumeric identifier to ensure privacy and traceability during data processing.



The study was conducted in accordance with the Declaration of Helsinki and received approval from the Ethics Committee of Messina (AOU “G. Martino”, Deliberation No. 786, 16 May 2024). All participants provided written informed consent prior to participation.




3.3.2. Procedure


The participant sample was subject to a stringent protocol summarized as follows:




	
Administration of “pre” and “post” drive questionnaires.



	
A drive on a training road (the duration of which was subjectively determined based on individual driver proficiency, typically 8–10 min, until participants reported being comfortable).



	
Test drives: completion of three experimental scenarios (No TCM, Daytime, Nighttime) on the same corridor.








Day and Night were identical in roadway geometry and device placement, differing only in lighting conditions. Scenario order was counterbalanced across participants (approximately half starting with Daytime and half with Nighttime), with No TCM performed first for all participants.





3.4. Data Collection and Variable Definition


Vehicle telemetry was recorded in Scaner Studio® and exported as “.csv” files for post-processing. Signals were sampled at 10 Hz.



For each cushion, telemetry was extracted over a fixed 75 m travelled-distance window referenced to the cushion axis, extending 70 m upstream and 5 m downstream (Figure 5). The window captures the approach, traversal and immediate recovery phases, ensuring inclusion of manoeuvre completion.



While traffic calming studies often focus on speed, speed alone does not fully describe driver–vehicle interaction. Therefore, three control-oriented metrics were computed within each 75 m window:




	
Mean brake input (MeanBrake): average brake pressure (daN);



	
Mean throttle input (MeanThrottle): average normalized throttle pedal signal within the 75 m window (dimensionless, range 0–1);



	
Maximum steering angle (MaxSteeringAngle): peak absolute steering wheel angle (degrees).








These variables represent direct driver commands and capture longitudinal and lateral control adaptations induced by the device. All three variables are directly obtained from simulator telemetry and therefore describe driver command signals rather than physical vehicle outputs.



The 75 m window was selected as an operational analysis window after preliminary inspection of the telemetry profiles. The 70 m upstream portion was intended to include the anticipatory phase of driver response, including throttle release, braking onset and steering adjustment before reaching the cushion. The 5 m downstream portion was included to capture the physical crossing and immediate recovery phase, while avoiding the longer post-device acceleration phase, which may be influenced by factors unrelated to the direct interaction with the cushion. Using a travelled-distance window rather than a time window ensured that the same roadway portion was analyzed for all drivers, devices and scenarios. As illustrated in Figure 6, the selected window captures the main speed-control response associated with the cushion approach and traversal in the experimental data.



In addition to these primary control metrics, complementary transient and stability indicators were computed on fixed travelled-distance windows to represent response dynamics and evaluate temporal patterns. The complementary indicators included




	
Mean speed value (Speed_mean).



	
Root Mean Square of Steering angle (Steer_rms).



	
Root Mean Square of longitudinal jerk (Jerk_rms), that is, the time derivative of acceleration computed within the acquisition window, representing the intensity of transient longitudinal perturbations during approach and traversal.



	
Standard deviation of lateral offset from the lane centre (LaneGap_std), computed over the window, representing lateral stability and trajectory dispersion during device interaction.








These indicators were used for descriptive reporting and paired robustness checks and did not replace the RM-ANOVA inferential framework.



In this study, the term “control-oriented metrics” refers to telemetry-derived driver command variables, namely brake, throttle and steering inputs, used to characterize driver control adaptation. The expression “driver command allocation” refers to the redistribution of control effort across these inputs in response to the presence of speed cushions. The complementary indicators (Speed_mean, Steer_rms, Jerk_rms and LaneGap_std) are derived window-based descriptors used for descriptive reporting and robustness checks, and do not replace the primary RM-ANOVA inferential framework.



An example of the speed profile over a portion of a driving session is therefore reported in Figure 6, with a particular emphasis on the effective acquisition window (highlighted in blue).




3.5. Statistical Analysis


Two repeated-measures ANOVA (RM-ANOVA) models were applied to the telemetry-derived metrics.



A first RM-ANOVA tested the within-subject factor scenario (No TCM vs. Day vs. Night). This model quantified the overall effect of introducing speed cushions relative to baseline and assessed whether lighting conditions modulated driver control responses.



A second RM-ANOVA excluded the baseline condition and tested the within-subject factors: colour (red vs. blue), width (1.5 m vs. 1.8 m vs. 2.1 m) and scenario (Day vs. Night). This model compares cushion configuration directly and evaluates potential interaction effects (e.g., whether colour effects depend on lighting).



Analyses were performed in MATLAB rel. 2025 using filtrm and ranova. Repeated-measures ANOVA assumptions were verified. For RM-ANOVA, p-values are reported as provided by statistical analysis. Sphericity was tested using Mauchly’s test; no violations were detected. Greenhouse–Geisser corrections would have been applied otherwise. Post hoc paired comparisons were conducted with Holm correction and multiple comparisons on estimated marginal means were performed with Tukey adjustment. Effect magnitudes were reported using partial η2, to complete significance testing with practical relevance.



Although the sample size (n = 25) may appear limited, effect sizes (partial η2) were systematically reported to complement p-values and to assess practical significance. Several effects exhibited large effect size (ηp2 > 0.14) indicating robust behavioural modulation despite the moderate sample size [38,39]. Nonetheless, statistical power considerations suggest that small interaction effects should be interpreted cautiously and warrant replication with larger samples.



Raw telemetry was aggregated into a long-format table (Table 4), in which each row represents one participant, one device and one scenario observation.



To improve analytical transparency, descriptive statistics and graphical summaries were generated for all variables. Complementary transient and stability metrics were additionally inspected through paired within-subject comparisons to confirm the direction and consistency of RM-ANOVA results.





4. Results


4.1. Scenario-Level Analysis (ANOVA 1)


Two repeated-measures ANOVA models were applied; ANOVA 1 evaluated the within-subject factor scenario (No TCM, Day, Night) to quantify overall changes in driver control inputs due to the presence of speed cushions and to assess potential differences between daytime and nighttime visibility conditions.



Table 5, Table 6 and Table 7 report statistics (mean/maximum value and % versus baseline) and post hoc paired comparisons corrected using Holm and Tukey procedures. RM-ANOVA p-values are reported (peff) as provided by the analysis output.



Brake, evaluated as the mean value over the acquisition window, differed significantly across scenarios: F(2,48) = 27.207, peff = 1.13 × 10−7, ηp2 = 0.53.



Relative to baseline (Table 5), Mean Brake increased under both Day and Night condition, with significant post hoc differences versus No TCM according to both Holm and Tukey adjusted comparisons.



In particular, mean braking increased by approximately 224% in the Day scenario and 372% in the Night scenario relative to No TCM (Table 5).



A significant difference between Day and Night was also observed (pHolm = 0.002, pTukey = 0.005), indicating a stronger braking response under reduced visibility.



Figure 7 illustrates the mean values and 95% confidence intervals across scenarios. The non-overlapping confidence intervals between baseline and cushion conditions visually support the statistical evidence of substantial behavioural modulation.



Figure 8 reports individual within-subject trajectories. A consistent upward trend from No TCM to Day and Night conditions is observable in the majority of participants, confirming that the effect is not driven by isolated outliers but reflects systematic within-subject adaptation.



Analogous descriptive and within-subject visual inspections were conducted for the other primary control variables included in ANOVA 1 (Mean Throttle input and Max Steering Angle), yielding consistent directional patterns and supporting the robustness of the reported effects. For conciseness, only the representative results for Mean Brake are illustrated.



Mean throttle input, evaluated over the acquisition window, differed significantly across scenarios: F(2,48) = 34.586, peff = 5.36 × 10−8, ηp2 = 0.59.



Table 6 shows that mean throttle input decreased relative to baseline in both Day and Night conditions, corresponding to reductions of approximately 55% and 58%, respectively, relative to No TCM. Table 6 also reports significant post hoc differences versus No TCM.



Steering Angle, evaluated as the maximum value over the acquisition window, differed significantly across scenarios: F(2,48) = 19.531, peff = 1.48 × 10−6, ηp2 = 0.45.



Relative to baseline (Table 7) “Max steering angle” increased in Day and Night conditions, with significant post hoc differences versus No TCM according to both Holm and Tukey adjusted comparisons. No significant Day vs. Night difference was observed (pHolm = 0.145, pTukey = 0.306).



Residual diagnostics did not show patterns indicating major departures from model assumptions across the analyzed metrics.




4.2. Device-Level Effects (ANOVA 2)


ANOVA 2 was designed to exclude the baseline condition to evaluate the within-subject factors colour, width and scenario, including interaction terms. Table 8 reports RM-ANOVA outcomes for each dependent variable.



For brake, significant main effects of colour and scenario were observed, together with significant width × scenario and colour × width × scenario interactions (Table 8), indicating that braking response depends on the combined influence of device characteristics and visibility conditions.



For throttle, the dominant effect was associated with width, as reflected by a significant main effect and a strong width × scenario interaction (Table 8), while colour did not emerge as a significant standalone factor.



For steering angle, a significant main effect of width was found, whereas colour and scenario did not show statistically significant effect (Table 8).



To support the interpretation of the significant colour × width × scenario interactions observed for MeanBrake and MeanThrottle, simple-effect decompositions were added and are reported in Table 9. These adjusted comparisons clarify which scenario and device configurations contributed to the omnibus ANOVA results.



For MeanBrake, the colour effect was not significant in the Day scenario, whereas it became significant in the Night scenario. Width-related differences were mainly associated with contrasts involving the narrowest configuration, with stronger differences under Night conditions.



For MeanThrottle, the colour effect was also not significant in Day but was significant in Night. Width-related differences were again mainly driven by contrasts involving the narrowest configuration, with an additional significant difference between the intermediate and widest configurations under Night. Overall, these results indicate that the significant three-way interactions were configuration-specific and should not be interpreted as uniform colour or width effects across all scenarios.



To further clarify the practical interpretation of the significant width effect on MaxSteeringAngle, Tukey-adjusted post hoc contrasts were also inspected. MaxSteeringAngle was higher for d1 than for d2 (MeanDiff = 0.473 deg, 95% CI [0.023, 0.923], pTukey = 0.038) and higher for d1 than for d3 (MeanDiff = 0.711 deg, 95% CI [0.078, 1.343], pTukey = 0.026), whereas the d2–d3 contrast was not significant (MeanDiff = 0.238 deg, 95% CI [−0.131, 0.606], pTukey = 0.261). This additional information makes the width-related trend clearer: the main change occurs between the narrowest cushion and the two wider configurations, while the 1.8 m and 2.1 m widths do not differ significantly for steering.




4.3. Complementary Control-Dynamic Analysis


ANOVA analyses were complemented with dynamic analysis that confirmed strong reductions in speed on windows and increased transient perturbations during approach/traversal, consistent with the direction of RM-ANOVA effects.



Table 10 summarizes the four most informative complementary metrics and the transient perturbation indicator.





5. Discussion


5.1. Contribution Beyond Speed-Based Evaluations


Traffic calming measures are commonly assessed through speed-related indicators because operating speed is strongly linked to crash risk and injury severity. Although speed remains a fundamental variable, it does not fully capture how drivers adapt their control strategies when interacting with infrastructural constraints.



In line with the gaps identified in the literature review, the present study extends conventional evaluations by analyzing drivers’ direct control inputs (namely braking, throttle and steering commands) as indicators of human–vehicle interaction when encountering speed cushions. By adopting control-oriented metrics derived from vehicle telemetry, this work complements speed-based analyses and provides additional insight into how drivers redistribute longitudinal and lateral control effort in response to traffic calming interventions.



To support interpretability beyond summary means, phase-sensitive indicators computed on fixed travelled-distance windows were additionally inspected. These supplementary metrics (Speed_mean, Steer_rms, Jerk_rms and LaneGap_std) were used for descriptive reporting and robustness checks and did not replace the RM-ANOVA inferential framework.




5.2. Scenario-Level Adaptation of Driver Controls


The scenario-level analysis (ANOVA 1) showed systematic changes in driver control behaviour when speed cushions were introduced.



Mean Brake increased markedly under both Day and Night conditions relative to baseline driving without speed cushions, with a significantly stronger response observed. At night this result indicates that braking demand is linked not only to the physical presence of the device but also to visibility conditions, suggesting increased uncertainty in the interaction with the device as lighting conditions change.



Mean Throttle decreased substantially in both Day and Night scenarios compared to baseline, with no significant difference between visibility conditions. This finding shows that speed cushions induce a generalized reduction in throttle input, largely independent of lighting conditions.



Max Steering Angle also increased relative to baseline in both Daytime and Nighttime conditions, without significant difference between the two conditions. This result is consistent with the interpretation that lateral control adjustments are primarily driven by the geometric constraint imposed by the device rather than by perceptual factors related to visibility.



Complementary analyses were consistent with RM-ANOVA directionality, showing large speed reduction within the interaction window and increased transient perturbation.



In practice, drivers respond by shifting control effort from throttle to braking and steering when cushions are present. These findings are relevant to urban road safety because they show not only that drivers slow down near speed cushions, but also how they slow down and steer through them.




5.3. Role of Device Design Parameters: Width Versus Colour


The device-level analysis (ANOVA 2) clarifies how specific design attributes influence different control channels.



Throttle behaviour (Mean Throttle) was predominantly associated with cushion width, as reflected by a strong main effect of width and a significant width × scenario interaction. This result indicates that wider cushions more strongly discourage throttle use, with an effect that varies depending on visibility conditions.



Steering behaviour (Max Steering Angle) was also primarily influenced by width, while colour and scenario did not emerge as significant standalone factors. This result suggests that lateral control demand is primarily driven by geometric constraints rather than by visual appearance.



In contrast, braking behaviour (Mean Brake) showed significant sensitivity to colour and scenario, together with relevant interaction effects involving width. This pattern suggests that braking response is influenced not only by geometry, but also by perceptual cues and their interaction with visibility conditions.



Overall, these results highlight a functional differentiation among control channels: throttle and steering responses are mainly geometry-driven, whereas braking is additionally modulated by perceptual and contextual factors.




5.4. Selective Interaction and Operational Compatibility in Urban Traffic Calming


In recent years, traffic calming strategies have increasingly adapted to the evolving operational requirements of urban traffic systems. In central urban corridors, where a substantial flow of emergency vehicles and public transport is expected, targeted solutions become necessary in order to avoid introducing delays for vehicle categories that should ideally not be affected by speed-reducing measures. Within this context, speed cushions have been widely proposed as selective traffic calming devices, primarily interacting with passenger cars while allowing wider-track vehicles to traverse them with reduced discomfort or delay.



This interpretation is consistent with previous studies describing speed cushions as measures intended to reconcile speed mitigation with operational compatibility in urban corridors. The present findings provide additional insight into this selective interaction mechanism from a driver–vehicle control perspective.



The strong association between cushion width and throttle modulation, together with the effect of width on steering corrections, indicates that geometric design parameters directly shape how drivers adapt their control strategy when negotiating the device. Wider cushions were associated with stronger throttle release and braking responses, while narrower configurations elicited larger peak steering adjustments, suggesting different forms of control adaptation depending on the available lateral clearance.



From an operational standpoint, these results align with the rationale underlying speed cushion adoption in corridors where emergency vehicle circulation and public transport efficiency must be preserved (as urban corridors). A geometry that discourages aggressive throttle use without inducing excessive steering corrections may reduce speed while maintaining trajectory stability, potentially limiting lateral encroachments that could interfere with adjacent lanes or priority vehicles. Conversely, configurations that require pronounced steering inputs may increase local manoeuvring demand, which could be undesirable in constrained or mixed-traffic urban environments.



Although emergency and public transport vehicles were not simulated, the present results provide passenger-car control-level evidence on how drivers adapt to cushion geometry and appearance. The geometric principle underlying selective interaction with wider-track vehicles has been described in previous technical literature (e.g., ref. [16]); however, operational impacts under the specific configurations tested here should be verified through dedicated multi-vehicle simulations and field campaigns before drawing system-level conclusions.




5.5. Visibility Effects and Perceptual Modulation


The stronger braking response observed under nighttime conditions at the scenario level, together with the colour-related effects identified in the device-level analysis, suggests a role of perceptual modulation in braking behaviour.



In this context, surface coloration may act as a perceptual enhancer, influencing risk appraisal rather than altering the physical interaction between vehicle and infrastructure.



Colour cannot affect vehicle dynamics here; its effect is behavioural (risk expectancy) and it appears strongest under reduced visibility.



The supplementary stability indicator LaneGap_std showed a modest increase at night relative to baseline, suggesting modest visibility-related modulation of lateral dispersion during the interaction phase, whereas daytime comparisons did not show a systematic increase after correction.




5.6. Vehicle-Oriented Perspective: Control Inputs as Human–Vehicle Interaction Indicators


The main contribution of this study lies in the quantitative characterization of how infrastructural elements shape drivers’ direct control input. From this perspective, the effectiveness of a traffic calming measure should not be interested solely in terms of speed reduction, but also in relation to how driver control strategies are modified. While reducing speed is desirable, pronounced changes in control behaviour may require careful design and placement considerations to avoid unintended effects on driving behaviour.



Braking force, throttle opening and steering angle provide a compact, vehicle-centred description of the driver–vehicle control loop under urban constraints. These metrics offer an alternative representation of driver workload and behavioural adaptation that is directly relevant to vehicle-focused research, without assuming any specific level of automation.



The aim is not to redefine traffic calming effectiveness in planning terms, but to provide vehicle-centred evidence on how infrastructure-induced constraints are translated into driver control actions. Such evidence may support future studies addressing human-centred vehicle system design, driver assistance calibration and the integration of infrastructural constraints into vehicle development processes.



In line with contemporary simulator validation frameworks, the present study interprets findings primarily as relative behavioural trends (control allocation and transient perturbations) under controlled conditions, rather than an absolute on-road dynamic equivalence.




5.7. Methodological Considerations


Before statistical analysis, telemetry data were summarized at the participant level within each experimental condition. This approach ensures that each participant contributes equally to the results, regardless of the number of raw samples recorded.



Descriptive statistics are provided to illustrate the data, whereas statistical conclusions are based exclusively on repeated-measures ANOVA and corrected post hoc tests. Graphs and summary values are therefore used for interpretation, not for determining statistical significance.



To improve analytical transparency, the RM-ANOVA results were complemented by within-subject paired comparisons on windows, reported as mean differences with 95% confidence intervals and Holm-corrected p-values. These checks were used to confirm direction and consistency of effects without altering the primary inferential framework.




5.8. Limitations and Future Research Directions


This study is based on driving simulator experiment involving a limited sample size and a single urban corridor.



The corridor-specific geometry and traffic context may limit direct transferability to other road types or cities. The selected segment represents a high vehicle–pedestrian crash location within Messina and was adopted as a contextually relevant case study.



The sample size (n = 25) limits sensitivity to small effects and higher-order interactions. Although several effects exhibited moderate to large effect sizes, subtle interaction patterns should be interpreted cautiously and warrant replication with larger and more heterogeneous samples.



The use of a static simulator strengthens experimental control but does not fully reproduce vertical acceleration feedback, full-body motion cues or real-world risk perception; therefore, results should be interpreted primarily in terms of relative behavioural adaptation rather than absolute dynamic equivalence with on-road conditions. Accordingly, a fidelity-related bias in the magnitude of the observed braking, throttle or steering responses cannot be completely excluded, and future work should include motion-based simulation or on-road validation.



Background traffic was excluded to reduce confounding effects on control inputs, strengthening internal validity while reducing the realism of real-world traffic conditions. Future work should incorporate controlled traffic interactions to assess robustness under more naturalistic conditions.



Only one vehicle category (passenger car) was modelled. The selective operational compatibility of speed cushions for buses/ambulances should be verified in multi-vehicle simulation and field measurements before system-level conclusions are drawn.



While the main ANOVA focused on three primary control variables, additional transient and stability indicators (Speed_mean, Steer_rms, Jerk_rms, LaneGap_std) were included as supplementary evidence; future studies could further expand the metric set (e.g., speed variance, comfort-related accelerations, lane encroachment events under interaction and workload proxies).



Future research should therefore investigate additional road layouts, include controlled traffic interactions, extend the analysis to different vehicle types and driver populations, and perform on-road validation to assess the generalisability of the observed control-level patterns.





6. Conclusions


This study investigated human–vehicle interaction in the presence of traffic calming devices, with specific focus on speed cushions, adopting a control-oriented perspective that goes beyond conventional speed-based evaluations.



Through a simulator-based experimental campaign reproducing a real urban corridor and by analyzing vehicle telemetry data, driver interactions with three fundamental control channels were examined: braking, throttle and steering.



The introduction of speed cushions alone produced systematic changes in vehicle control. Mean braking increased markedly under both daytime and nighttime conditions compared to the baseline scenario without devices, with a more pronounced increase observed at night. Mean throttle input decreased consistently in both visibility conditions, with no significant difference between day and night. Maximum steering angle also increased in the presence of cushions, indicating larger lateral corrections relative to driving without devices, again without significant modulation attributable to visibility.



Analysis showed that different control channels respond to different determinants. Cushion width emerged as the dominant factor affecting throttle modulation and steering corrections, with particularly strong interactions with scenario. Braking behaviour was instead sensitive to both scenario and surface colour, as well as to interactions involving width, indicating that braking response is influenced not only by geometry but also by perceptual and contextual components.



Overall, the results show a relevant design trade-off in contexts where cushion width and colour are not fully standardized. Wider configurations tend to discourage throttle use more effectively and to amplify braking response, whereas narrower configurations require larger steering corrections. Surface colour, while not directly affecting vehicle dynamics, appears to act as a potential modulator of driver behaviour.



Complementary metrics computed on travelled-distance windows corroborated the RM-ANOVA trends by showing large speed reductions during the interaction phase and increased transient perturbations and, at night, modestly higher lateral dispersion. These supplementary analyses support transparent effect interpretation without replacing the primary RM-ANOVA inferential framework.



From an urban road safety perspective, these control adaptations should be interpreted as safety-relevant behavioural mechanisms. The observed reductions in throttle input and mean speed are consistent with the expected role of traffic calming devices in lowering kinetic energy and potential impact severity, particularly in areas with vulnerable road users. However, the simultaneous increases in braking, jerk and steering corrections indicate that speed cushions may also introduce transient control perturbations. These effects suggest that speed cushion design should aim not only to reduce speed, but also to promote smooth and predictable driver responses under different visibility conditions.



The Day and Night scenarios were generated using the simulator software settings, which allowed the driving environment to be rendered under daytime and nighttime conditions. These settings were selected to reproduce two distinct visual conditions within the same roadway geometry and device layout. However, no independent photometric characterization of the simulator scene was performed, and luminance or illuminance levels at the driver viewpoint were not instrumentally measured. Consequently, Day–Night differences should be interpreted as effects associated with the simulated visual condition. Future simulator studies should report luminance or illuminance values to better quantify the relationship between lighting conditions, visual perception and driver control responses.



This study is subject to limitations related to sample size, the analysis of a single urban corridor and the simulated nature of the experiment. Future research should consider scenarios with controlled traffic interactions, different road layouts and vehicle types, as well as on road validation, to assess the robustness and generalisability of the observed control patterns.
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Figure 1. Simulator set-up. 
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Figure 2. Top view of the road artery segment reproduced in the driving simulator, highlighted in yellow and derived from Google Maps® (https://maps.google.com). 
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Figure 3. Simulation view. “Via Giuseppe Garibaldi” road layout, with two standard lanes and one dedicated lane per direction of travel, with a central median. 
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Figure 4. Representation of the cushions referred to as R1 (a) and B3 (b), characterized by standard length and height dimensions (1.8 × 0.07 m) and widths of 1.5 m and 2.1 m, respectively; the colouring reflects the structure of commercially available products, both in the primary hue (red or blue) and in the front retroreflective bands. 
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Figure 5. Schematic definition of the 75 m window. 
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Figure 6. Speed profile of participant AC000000 under daytime driving conditions. The acquisition window previously defined is highlighted in light blue, while the vertical dashed lines indicate the exact position of the speed cushions. In the example shown, the R3 cushion is considered. 
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Figure 7. Mean Brake (±95% CI) across scenarios (n = 25). 
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Figure 8. Within-subject trajectories of Mean Brake across scenarios (n = 25). 
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Table 1. Regulatory framework for the dimensional design of speed cushions.
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	Regulations
	Height [m]
	Width [m]
	Length [m]





	DDT
	0.18
	1.8–2.1
	3.66



	DFT
	0.065 ≤ H ≤ 0.08
	≤2.0
	1.7 ≤ L ≤ 3.5



	CERTU
	0.05 ≤ H ≤ 0.07
	≥1.7
	3 ≤ L ≤ 5



	[17]—MIT
	0.075
	1.7
	2.2 ≤ L ≤ 3.2










 





Table 2. Experimental speed cushions’ configuration.
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	Device ID
	Height [m]
	Width [m]
	Length [m]
	Colour





	B1
	0.07
	1.5
	1.8
	Blue



	B2
	0.07
	1.8
	1.8
	Blue



	B3
	0.07
	2.1
	1.8
	Blue



	R1
	0.07
	1.5
	1.8
	Red



	R2
	0.07
	1.8
	1.8
	Red



	R3
	0.07
	2.1
	1.8
	Red










 





Table 3. Speed cushions’ distance from origin.
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	ID of Cushion
	B1
	B2
	B3
	R1
	R2
	R3



	Distance [m]
	90
	420
	660
	1270
	1720
	2040










 





Table 4. Input data structure for RM-ANOVA.
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	OBS
	UserID
	CushionID
	Scenario
	MeanBrake [daN]
	MeanThrottle [-]
	MaxSteeringAngle [deg]





	1
	AC000000
	1
	No TCM
	0.00
	0.07
	1.62



	2
	AC000000
	2
	No TCM
	0.00
	0.11
	1.51



	…
	…
	…
	…
	…
	…
	…



	449
	VB000000
	5
	Night
	3.06
	0.00
	5.99



	450
	VB000000
	6
	Night
	3.48
	0.03
	2.87










 





Table 5. ANOVA 1—RM-ANOVA and post hoc results for brake.
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	Condition
	Mean Brake [daN]
	Δ vs. No TCM [%]
	pHolm vs. No TCM
	pTukey vs. No TCM





	No TCM
	0.27
	-
	-
	-



	Day
	0.89
	223.9
	0.0002
	0.0003



	Night
	1.31
	372.3
	6.21 × 10−6
	6.03 × 10−6










 





Table 6. ANOVA 1—RM-ANOVA and post hoc results for Throttle.
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	Condition
	Mean Throttle [-]
	Δ vs. No TCM [%]
	pHolm vs. No TCM
	pTukey vs. No TCM





	No TCM
	0.072
	-
	-
	-



	Day
	0.032
	−55.30
	5.93 × 10−6
	8.63 × 10−6



	Night
	0.030
	−57.90
	2.27 × 10−6
	2.21 × 10−6










 





Table 7. ANOVA 1—RM-ANOVA and post hoc results for steering angle.
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	Condition
	Max Steering Angle [deg]
	Δ vs. No TCM [%]
	pHolm vs. No TCM
	pTukey vs. No TCM





	No TCM
	1.54
	-
	-
	-



	Day
	2.64
	71.2
	5.52 × 10−5
	7.94 × 10−5



	Night
	3.00
	94.6
	5.33 × 10−5
	5.13 × 10−5










 





Table 8. ANOVA 2—RM-ANOVA three-way results.
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Metric

	
Factor

	
F (df)

	
peff

	
ηp2






	
Brake

	
Colour

	
F(1,24) = 12.23

	
0.002

	
0.34




	
Width

	
F(2,48) = 0.49

	
0.605

	
0.02




	
Scenario

	
F(1,24) = 35.96

	
3.43 × 10−6

	
0.60




	
Colour × Width

	
F(2,48) = 0.15

	
0.827

	
0.01




	
Colour × Scenario

	
F(1,24) = 0.25

	
0.624

	
0.01




	
Width × Scenario

	
F(2,48) = 5.53

	
0.008

	
0.19




	
Colour × Width × Scenario

	
F(2,48) = 4.01

	
0.031

	
0.14




	
Throttle

	
Colour

	
F(1,24) = 0.26

	
0.611

	
0.01




	
Width

	
F(2,48) = 17.88

	
3.10 × 10−6

	
0.43




	
Scenario

	
F(1,24) = 0.76

	
0.391

	
0.03




	
Colour × Width

	
F(2,48) = 2.52

	
0.096

	
0.09




	
Colour × Scenario

	
F(1,24) = 3.15

	
0.088

	
0.12




	
Width × Scenario

	
F(2,48) = 40.56

	
5.41 × 10−11

	
0.63




	
Colour × Width × Scenario

	
F(2,48) = 4.39

	
0.020

	
0.15




	
Steering Angle

	
Colour

	
F(1,24) = 2.27

	
0.145

	
0.09




	
Width

	
F(2,48) = 6.63

	
0.008

	
0.22




	
Scenario

	
F(1,24) = 0.01

	
0.937

	
<0.01




	
Colour × Width

	
F(2,48) = 0.36

	
0.661

	
0.01




	
Colour × Scenario

	
F(1,24) = 2.96

	
0.098

	
0.11




	
Width × Scenario

	
F(2,48) = 0.97

	
0.378

	
0.04




	
Colour × Width × Scenario

	
F(2,48) = 1.65

	
0.205

	
0.06











 





Table 9. Simple-effect decomposition of significant colour × width × scenario interactions.
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	Metric
	Scenario
	Effect
	Contrast
	MeanDiff
	95% CI
	pTukey





	MeanBrake
	Day
	Colour
	Blue–Red
	−0.135
	[−0.361, 0.091]
	0.230



	MeanBrake
	Night
	Colour
	Blue–Red
	−0.350
	[−0.615, −0.084]
	0.012



	MeanBrake
	Day
	Width
	d1–d2
	−0.475
	[−0.865, −0.084]
	0.015



	MeanBrake
	Day
	Width
	d1–d3
	−0.661
	[−1.111, −0.210]
	0.003



	MeanBrake
	Night
	Width
	d1–d2
	−0.849
	[−1.242, −0.456]
	<0.001



	MeanBrake
	Night
	Width
	d1–d3
	−0.709
	[−1.122, −0.296]
	<0.001



	MeanThrottle
	Day
	Colour
	Blue–Red
	−0.001
	[−0.008, 0.005]
	0.728



	MeanThrottle
	Night
	Colour
	Blue–Red
	0.012
	[0.003, 0.021]
	0.010



	MeanThrottle
	Day
	Width
	d1–d2
	0.018
	[0.007, 0.028]
	0.001



	MeanThrottle
	Night
	Width
	d1–d2
	0.029
	[0.017, 0.041]
	<0.001



	MeanThrottle
	Night
	Width
	d2–d3
	−0.014
	[−0.026, −0.002]
	0.017







Note: d1, d2 and d3 correspond to cushion widths of 1.5 m, 1.8 m and 2.1 m, respectively.













 





Table 10. Paired user–event matched comparisons on windows.
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	Metric
	Comparison
	MeanDiff (A-B)
	95% CI
	pHolm





	Speed_mean
	Day—No TCM
	−15.62 km/h
	[−17.82, −13.44] km/h
	1.11 × 10−28



	Speed_mean
	Night—No TCM
	−10.85 km/h
	[−13.1, −8.47] km/h
	5.06 × 10−14



	Steer_rms
	Day—No TCM
	0.28 deg
	[0.21, 0.36] deg
	2.35 × 10−10



	Steer_rms
	Night—No TCM
	0.38 deg
	[0.27, 0.51] deg
	1.39 × 10−7



	Jerk_rms
	Day—No TCM
	2.35 m/s3
	[1.61, 3.10] m/s3
	8.46 × 10−10



	Jerk_rms
	Night—No TCM
	3.10 m/s3
	[2.26, 4.05] m/s3
	2.01 × 10−11



	LaneGap_std
	Day—No TCM
	0.01 m
	[<0.001, 0.02] m
	0.30



	LaneGap_std
	Night—No TCM
	0.03 m
	[0.02, 0.05] m
	5.30 × 10−5







LaneGap_std showed a modest increase only under Night relative to baseline, suggesting modest visibility-related modulation of lateral stability, while no systematic lateral dispersion effects were observed in daytime conditions.
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