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Figure 1: Our cross-cultural user study was conducted in three cities in different countries. Cyclists used a novel AR simulator 
to cycle in real physical space and interact with moving virtual AVs projected onto the real world. 
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Abstract 
Cultural differences influence how cyclists and drivers interact, 
affecting global autonomous vehicle (AV) adoption. AV-cyclist in-
terfaces are needed to clarify AV intentions and resolve ambiguities 
when no human driver is present. These must adapt across cultures 
and road infrastructure. We conducted the first cross-cultural AV-
cyclist user study across Stockholm (high segregation of cyclists 
from drivers), Glasgow (some segregation), and Muscat (no segrega-
tion). Cyclists used an AR simulator to cycle in physical space and 
experienced three holistic AV-cyclist interfaces. These integrated 

multiple interfaces into a larger ecosystem, e.g., a smartwatch syn-
chronised with on-vehicle eHMI. Interfaces communicated AV loca-
tion, intentions, or both. Riders from all cities preferred combined 
AV location and intention information but used it differently. Stock-
holm cyclists focused on location, validating intentions with driving 
behaviour. Glasgow riders valued both cues equally. Muscat cyclists 
trusted interfaces, prioritising intentions without relying on driving 
behaviour. These insights are key for global AV adoption. 

CCS Concepts 
• Human-centered computing → HCI design and evaluation 
methods. 
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1 Introduction 
Cycling is gaining worldwide popularity as people recognise its 
benefits for health and environmental sustainability [1]. However, 
encounters with motorised vehicles remain a significant safety con-
cern [3]. According to the World Health Organisation, over 41,000 
cyclist fatalities occur worldwide annually due to collisions [25]. 
Research has shown that cyclists must know driver intentions to 
clarify traffic ambiguities and safely navigate shared roads [2, 14]. 
Interpreting this information implicitly from vehicle driving and 
braking behaviours may be insufficient or misleading, so social in-
teraction is common [9, 27]. This happens when drivers and cyclists 
explicitly communicate their next manoeuvres through social cues 
such as eye contact or hand gestures [2, 11, 27]. However, social 
cues may vary between cultures; for example, a raised hand may 
indicate a thanks gesture in one culture but a request to stop in 
another [19]. Different countries also have different levels of cyclist 
segregation from motorised vehicles, which could impact interac-
tion behaviours [13]. Cyclists accustomed to more segregated cycle 
lanes typically only encounter vehicles at more controlled scenar-
ios, such as intersections [38], so interaction may be slower-paced 
with more expressive or detailed signals, such as facial expressions 
[2]. In contrast, riders who frequently cycle in mixed traffic face 
more dynamic situations, such as lane merging, with faster-paced 
interactions on-the-move [24, 26]. Here, the exchanged cues may 
be less expressive; for example, road users may only establish eye 
contact to quickly validate they are aware of each other [2, 43]. 

As autonomous vehicles (AVs) join our roads, the social cues 
will disappear, and interfaces, such as external Human-Machine 
Interfaces (eHMIs) on vehicles [14], must compensate to provide 
clear communication [9, 14, 27]. Interfaces must also accommo-
date cultural variations in social interaction, and messages must 
be universally understood for the successful global integration of 
AVs [38]. Research on AV-cyclist interfaces has been predominantly 
conducted in single, mostly Western countries [4, 9, 24]. Different 
interfaces were proposed and evaluated for usability, including aug-
mented reality (AR) glasses [46], vibrating bike handlebars [24], 
and eHMIs [6]. However, their effectiveness across broader cul-
tural settings remains unclear. More recently, Holistic AV-cyclist 
Interfaces, or more simply ’holistic interfaces’, were proposed [5]. 
These synchronise individual interfaces into a larger interconnected 
ecosystem to facilitate interaction collectively. For example, han-
dlebar vibrations could be synchronised with pulsing eHMI anima-
tions, and AR glasses could project eHMI state onto the road for 
enhanced visibility [2, 5]. Holistic interfaces provide key advantages 
by making individual interfaces multimodal or extending the reach 
of displays, such as eHMIs, onto wearables [5]. However, they add 
further complications to cross-cultural problems by introducing a 
wider range of placements, modalities, and messages. Cyclists from 
different cultures may require different combinations of this large 

set of features, making the evaluation of holistic interfaces in single 
cultures insufficient [38]. So far, research on holistic interfaces has 
primarily been conducted in the UK [2, 5], where cyclists navigate 
a mix of segregated lanes and shared road spaces [2]. These stud-
ies suggested multimodal cues to communicate an AV’s location 
and intentions simultaneously [5]. However, these insights may 
not apply universally. In countries like Sweden or the Netherlands, 
where cycling infrastructure includes highly segregated lanes [38], 
communicating an AV’s location may be less critical since interac-
tions usually happen in controlled scenarios with AVs in direct view 
[22]. On the other hand, in regions without cycle lanes and AVs 
may be in blindspots behind cyclists [2], AV location and intention 
information may be necessary for safe interaction [38, 43]. 

We explored cultural differences in how cyclists use holistic in-
terfaces to identify culturally-inclusive placements, messages and 
modalities. We conducted the first cross-cultural AV-cyclist user 
study. The study was conducted across three cities, each in a dif-
ferent country to maximise the potential cultural differences [43]. 
Given the potential impact of physical cycling infrastructure on 
cycling behaviour [38, 43], we also ensured that each city had a 
different level of cyclist segregation from motorised vehicles: Stock-
holm, Sweden (highly segregated cycle lanes); Glasgow, UK (some 
segregated lanes, but cyclists ride in mixed traffic for parts of their 
journeys); and Muscat, Oman (no cycle lanes). Twenty cyclists from 
each city used an AR cycling simulator to evaluate three multimodal 
holistic interfaces communicating AV location, intention, or both. 
The simulator projected virtual buildings, traffic features, and AVs 
aligned with the real world. Cyclists interacted with moving AVs 
in three traffic scenarios while riding a real bike in real physical 
space. We found that cyclists across all cities preferred combined 
AV location and intention information but used it differently. Stock-
holm participants focused more on AV location and validated any 
intention signals with driving behaviour rather than fully trusting 
interface signals. In Glasgow, cyclists valued AV location and inten-
tion equally. In contrast, Muscat cyclists prioritised AV intention 
messages, placing more trust in interfaces and less need to verify the 
AV’s behaviour visually. We contribute (1) the first cross-cultural 
AV-cyclist interaction study with participants using interfaces and 
interacting with AVs; (2) identification of novel cultural differences 
in cyclist perceptions of AVs and AV-cyclist interfaces; (3) insights 
into cycling behaviour in the Sultanate of Oman—a region where 
no prior automotive user interface or cycling user studies have 
been conducted; (4) novel design guidelines for culturally inclusive 
AV-cyclist interfaces. These findings are crucial for understanding 
how to integrate AVs globally across diverse traffic environments, 
ensuring that solutions are inclusive and effective worldwide. 

2 Related Work 
Autonomous vehicles will diminish the social interactions cyclists 
rely on to navigate shared road spaces safely [27]. Explicit com-
munication of AV intentions is necessary to compensate for the 
loss of traditional driver cues [14, 27]. In real-world observations of 
autonomous shuttle-cyclist encounters, Pelikan [35] and Pokorny 
et al. [36] found that the lack of social communication between AVs 
and cyclists caused significant issues and ambiguities. For example, 
cyclists merged into lanes with a shuttle behind them without clear 
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signals from the vehicle, leading to emergency braking and causing 
cyclists behind the shuttle to swerve into oncoming traffic, compro-
mising their safety. These findings underscore the need for inter-
faces that explicitly communicate AV intentions to cyclists [9]. This 
was further emphasised by Hagenzieker et al. [20], who conducted 
a study with cyclists comparing photographs of human-driven vs 
autonomous vehicle-cyclist encounters. They found that cyclists 
were more confident in the awareness of human drivers due to eye 
contact, suggesting that AV-cyclist interfaces must compensate for 
the lack of traditional social cues to ensure predictable cycling expe-
riences. A range of studies followed Hagenzieker et al. [20]’s work 
to design and evaluate novel AV-cyclist interfaces [9]. Interfaces 
consistently outperformed baseline no interface conditions in these 
studies [4, 14, 24, 32, 46, 48]. This further emphasises the need for 
AV-cyclist interfaces in future traffic. However, these must work 
across traffic cultures to be successful globally [14]. 

2.1 AV-Cyclist Interaction Across Cultures 
Traffic culture impacts how cyclists perceive motorised vehicles 
and interact with drivers, directly influencing AV-cyclist interface 
design [43]. In a survey by Rodríguez Palmeiro et al. [38], cyclists 
from 15 Western countries evaluated photographs of AV-cyclist 
encounters at intersections. Cyclists from all countries felt more 
confident when AVs had a visible sign indicating they were self-
driving, suggesting that AV-cyclist interfaces could be effective in 
these regions. However, perceptions varied based on the level of 
cyclist segregation from vehicles. Cyclists in countries with highly 
segregated cycle lanes, like the Netherlands and Denmark, had 
greater confidence in the AV’s awareness and expected it to give 
them priority; AV-cyclist interfaces in these countries may need 
more focus on communicating intentions than awareness [2]. In 
contrast, cyclists from regions with less developed cycling infras-
tructure, such as North America, expressed lower confidence, citing 
concerns about AV reliability in shared roads, so clearer messages 
on both intentions and awareness may be needed [2, 6]. AV-cyclist 
interfaces should adapt to these varied expectations to ensure safety. 

Similarly, Chataway et al. [13] conducted a survey to compare 
self-reported cycling behaviour between Brisbane and Copenhagen. 
Brisbane cyclists, with partially segregated lanes, exhibited a greater 
fear of traffic and felt less prioritised. Conversely, Copenhagen cy-
clists, benefiting from highly segregated lanes, were more likely to 
cycle while distracted. These findings indicate that differences in 
cycling infrastructure influence cyclist trust and expectations of ve-
hicles. In our study, we chose regions with varying levels of cyclist 
segregation from vehicles to capture these differences and inform 
the design of interfaces adaptable to different traffic environments. 
Even countries with similar cycling infrastructure can exhibit dif-
ferences in how cyclists behave. For example, Haustein et al. [22] 
conducted a survey comparing cycling behaviour in Stockholm and 
Copenhagen; both have highly segregated cycle lanes. Despite these 
similarities, cyclists in Copenhagen perceived themselves to have a 
higher priority in traffic and cycled more frequently than those in 
Stockholm. Additionally, Useche et al. [43] surveyed cyclists from 
19 countries, revealing notable differences in road behaviour. For 
example, cyclists from African and Asian countries were more likely 
to take risky manoeuvres, while German cyclists were found to 

commit the most traffic violations. Therefore, we involved cyclists 
from three cities in different countries to maximise behavioural 
differences between our study locations. 

To address cross-cultural challenges in AV-cyclist interface de-
sign, Al-Taie et al. [5] surveyed cyclists from 23 countries about 
their expectations of AVs. They found that most cyclists had not yet 
encountered AVs and could not define clear expectations without 
direct experience. This motivated our approach; rather than con-
ducting a cross-cultural survey, we ran a user study with cyclists 
from different regions interacting directly with AVs, giving clear 
insights into cross-cultural perceptions and behaviours toward AVs 
and AV-cyclist interfaces. The authors [5] also asked cyclists to re-
port their current devices to explore whether existing devices could 
be adapted for interaction or if new ones should be developed. Cy-
clists carried various devices, such as bike computers, phones and 
smartwatches. However, they strongly preferred interfaces placed 
on the vehicle or environment rather than on themselves. Berge 
et al. [11] interviewed cyclists in the Netherlands and found similar 
preferences for interface placements on the AV or environment. 

In addition to cultural differences [13, 38], cyclists will encounter 
AVs in diverse traffic scenarios [8], such as roundabouts or lane 
merging, each with unique challenges [23]. Al-Taie et al. [2] stud-
ied human driver-cyclist encounters to inform AV-cyclist interface 
design. They first observed encounters in five scenarios with dis-
tinct traffic features and vehicle positions. Over 50% of encounters 
involved interaction, reiterating the need for AV-cyclist interfaces. 
However, the social cues and messages exchanged differed between 
scenarios. Therefore, interfaces should be versatile and adapt not 
only to different cultures but also to scenarios [4, 6]. In a second 
study [2], the researchers equipped cyclists with eye trackers and 
asked them to record their commutes to analyse their attention dur-
ing vehicle encounters. Cyclist gaze behaviour also varied between 
scenarios. For instance, they focused more on traffic control features 
like road markings when available to anticipate driver intentions 
and assess right-of-way. Our study explored three scenarios with 
different levels of traffic control and AV positions to investigate the 
versatility of the evaluated interfaces. 

2.2 AV-Cyclist Interface Limitations 
So far, no studies have focused on designing and evaluating AV-
cyclist interfaces across cultures. Berge et al. [9] reviewed existing 
interfaces, including AR glasses worn by cyclists [47], eHMIs [45], 
and helmet-mounted audio [24]. However, these were primarily 
studied in single, mostly Western countries. A similar review by 
Dey et al. [14], which focused on eHMIs, echoed this finding, high-
lighting a significant research gap in the field. Interfaces designed 
and tested in one cultural setting may not generalise to others and 
could cause miscommunication when deployed elsewhere [13, 38]. 
Despite these challenges, studies consistently agreed that AV-cyclist 
interfaces must at least communicate basic vehicle intentions, typi-
cally using binary signals like AV-yielding or not yielding to the 
cyclist [4, 14, 24]. However, holistic interfaces can potentially com-
municate more comprehensive information using a wider range of 
modalities [5]. 

Despite cyclists preferring on-vehicle interfaces [3, 9], these 
solutions have limitations. Hou et al. [24] designed and evaluated 
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interfaces for a lane-merging scenario, including AR glasses, eHMIs, 
and vibrating handlebars. In a Virtual Reality (VR) simulator study, 
cyclists merged lanes with an AV behind them. Results revealed that 
eHMIs are ineffective when the AV is behind the cyclist, leading 
to frequent shoulder checks. Al-Taie et al. [4, 6] reached similar 
conclusions. First, they conducted design sessions with cyclists and 
HCI researchers collaboratively sketching eHMIs on stationary ve-
hicles [6]. Cyclists suggested features like visual and auditory cues 
to convey AV intentions and animations to indicate AV awareness. 
Designs were evaluated across five traffic scenarios in a VR simula-
tor, followed by an outdoor Wizard-of-Oz study [4]; it became clear 
that eHMIs could become overloaded with information, leading 
to high cognitive demands on cyclists. They recommended that 
eHMIs stick to visual cues and limit their focus to communicating 
basic AV intentions. Like Hou et al. [24], they also found that eHMIs 
are ineffective when the AV was occluded or out of view in lane 
merging scenarios. 

Both Hou et al. [24] and Al-Taie et al. [4] used VR simulators 
in their evaluations. While these display higher-fidelity visual dis-
plays compared to outdoor studies [39], they require cyclists to be 
stationary [49], significantly limiting the authenticity of the riding 
experience. To address this, Matviienko et al. [32] developed an AR 
simulator using HoloLens AR glasses to evaluate AR displays for 
AV-cyclist interactions. Cyclists wore the AR headset and cycled in 
real physical space to experience different displays around moving 
virtual AVs. AR displays were effective in facilitating interaction. 
However, the concern for added responsibility on cyclists remained, 
as not all cyclists may have access to AR glasses [11]. Nevertheless, 
the study effectively balanced the high-fidelity displays with au-
thentic riding experiences. However, the HoloLens had limitations 
with a narrow field of view and translucent AR objects, reducing 
immersion. Newer simulators improved this with advancements in 
mixed-reality passthrough technology. For example, Aleva et al. [7] 
conducted a study with pedestrians using mixed-reality headsets 
that offered a wider field of view and clearer AR objects integrated 
with the real world. We applied this mixed-reality approach for 
cyclists in our study. 

2.3 Holistic Interfaces Overcome Limitations, 
But Bring Cross-Cultural Challenges 

Given cyclists’ global preference for not needing to carry devices 
to safely share the road with AVs [3, 11] and the limitations of 
on-vehicle interfaces [24], Al-Taie et al. [5] recommended holistic 
interfaces. These integrate multiple interfaces into an intercon-
nected ecosystem that uses different placements and modalities to 
enhance interaction. Holistic interfaces minimise the risk of con-
flicting signals cyclists may receive if individual interfaces were 
used independently without integration. They align with cyclist 
tendencies to rely primarily on vehicle or environment displays 
[2] while benefiting from additional, multimodal feedback from 
wearable or bike-mounted devices. For example, an eHMI could 
serve as the main display, while a smartwatch synchronised with 
eHMI animations could extend it to communicate AV intentions, 
even when the AV is out of view [5]. The authors conducted six 
design sessions where cyclists and HCI researchers collaborated 
around stationary vehicles, using props like helmets and bicycles to 

sketch holistic interface concepts and place them accordingly. Their 
findings stressed that holistic interfaces should communicate the 
AV’s location and intentions, such as “an AV behind you is going 
to yield”. 

From this, they developed, but did not evaluate, a novel holistic 
interface that met participant needs and communicated a combi-
nation of AV location and intentions [5]. We used this design as a 
starting point for our evaluation. It was straightforward to sepa-
rate these messages, allowing us to synthesise holistic interfaces 
communicating AV location, intention or both, suitable for our 
cross-cultural approach to identify the optimal messages between 
cultures [38]. Holistic interfaces remain largely conceptual and 
only explored in UK-based design sessions [5]. Given the diverse 
combinations of devices, cues, modalities, and placements holistic 
interfaces could employ, deploying them across cultures introduces 
significant complexity, especially if they communicate more than 
simple, binary AV intentions. 

2.4 Motivation and Research Question 
Traffic culture and cycling infrastructure significantly impact how 
cyclists perceive and interact with AVs [38]. Previous research has 
established the need for AV-cyclist interfaces to provide clear com-
munication [35], but these have only been designed and tested 
within single countries [9, 14, 24]. To be effective globally, they 
must adapt to diverse cultural contexts [14, 38]. Cyclists will also 
encounter AVs in diverse traffic scenarios [2], such as intersections 
or lane merging, each presenting unique challenges [6]. Interfaces 
must be versatile to work effectively across scenarios [4, 23]. Re-
cently, holistic interfaces were recommended [5]; these integrate 
individual interfaces into an interconnected ecosystem, allowing 
cyclists to rely on vehicle or environment displays while receiving 
additional, multimodal feedback from wearable or bike-mounted de-
vices. However, holistic interfaces add complexity to cross-cultural 
challenges, introducing a large variety of device placements, mes-
sages, and modalities. So far, they have only been explored in UK-
based design sessions [5] and were not evaluated with cyclists, so 
evaluation is a clear next step. Initial findings suggest they should 
use multimodal cues to communicate AV location and intentions, 
which may not apply across different cultures. Traditional evalu-
ation within a single country is insufficient [13, 38]. Understand-
ing cultural differences in how cyclists perceive holistic interfaces 
across different traffic scenarios is crucial for global adoption. There-
fore, we ask: 
RQ Considering holistic interfaces communicating AV location, 

AV intentions or a combination of both, how do cyclist percep-
tions and behaviours toward these interfaces differ across 
cultures and traffic scenarios? 

3 Method 
To answer the research question, we conducted a cross-cultural user 
study in Stockholm (highly segregated cycle lanes from vehicles), 
Glasgow (some segregation), and Muscat (no segregation). In each 
city, cyclists used our AR simulator to interact with AVs in three 
traffic scenarios. Participants tested a baseline eHMI -only condition 
and three holistic interfaces communicating AV location, inten-
tions, and a combination. This study is the first to reveal cultural 
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differences in cyclist use of AV-cyclist interfaces following direct 
interaction. 

3.1 Interfaces 
The evaluated interfaces are shown in Figure 2. Videos of each 
interface are supplementary materials. The interfaces were acti-
vated when an AV was within 15 metres of the cyclist. They were 
multimodal, each comprising an eHMI, AR glasses, a vibrating smart-
watch and audio from a bike helmet. The same eHMI was used for 
all conditions. They worked as follows: 

• eHMI : We used the LightRing eHMI [4]. This was a cyan 
light bar around the vehicle to communicate that it is in 
autonomous mode and that all sensors function correctly. 
The lights pulse slowly in green (2 pulses per second) if the 
AV has recognised the cyclist and is yielding and flashes 
quickly in red (3 flashes per second) when not yielding. We 
chose LightRing because it was positively evaluated with 
cyclists in VR and real-world settings [4]. It was also shown 
to be easily integrated with other displays in a holistic inter-
face; its simple AV-yielding/not-yielding signals are simple 
to translate across modalities [5]. 

• FullIntel: We adapted Al-Taie et al.’s [5] holistic interface. 
This communicates the AV’s location and intentions, making 
it a suitable starting point for answering the RQ. AR glasses 
display a traffic sign on the road scene; this explicitly speci-
fies the AV location through text to avoid ambiguity (similar 
to road repair signs), e.g. "AV behind you". AR also augments 
all road markings within a 10-metre radius from the cyclist 
to flash red/pulse green in sync with the eHMI. Cyclists can 
check AV intentions on this large road surface through quick 
glances [4]. The smartwatch pulses/vibrates in sync with the 
eHMI to communicate AV intentions: two pulses per second 
if the AV is yielding and three if not. Vibrations are felt more 
strongly as the AV moves closer to communicate proximity. 
Spatial audio from the helmet loops a ringing noise if the AV 
is yielding and a beeping noise if not. It points toward the 
AV to communicate its location. 

• Locator: A variation of FullIntel that only communicates 
AV location so cyclists can check the eHMI for the AV’s in-
tentions. AR glasses display the traffic sign specifying AV 
location using text. The smartwatch vibrates a continuous 
tone that gets stronger as the AV moves closer to communi-
cate proximity. Spatial helmet audio loops a sonar-like sound 
pointing to the AV. The same sound is played independent 
of AV-yielding intentions. 

• Mirror: Uses features from FullIntel to communicate AV 
intentions without location. AR glasses augment all road 
markings in a 10-metre radius from the cyclist to flash red 
or pulse green, synchronised with the eHMI. Smartwatch 
vibrations pulse in the same rhythm as the eHMI, but the 
pulse intensity remains consistent independent of AV prox-
imity. Helmet speakers also loop a ringing noise if the AV 
is yielding and a beeping noise if not. However, the audio is 
not spatial. 

3.2 Apparatus 
We developed an AR cycling simulator using Unity (see Figure 3). It 
projected virtual objects around participants as they used a real bike 
to cycle in physical space while wearing a mixed-reality headset. 
This included AR buildings, road markings, and AVs, which were 
white Citroen C3 city cars. All AR objects were to-scale and aligned 
with the real world. The simulator was deployed on a Meta Quest 31 

headset, which provided passthrough and depth-sensing features. 
This presented a wide field of view with a clear, coloured real-
world background and opaque AR objects for enhanced immersion. 
The headset also supported spatial audio and controller haptics, 
suitable for multimodal interfaces. The left controller was attached 
to the participant’s wrist to simulate smartwatch vibrations and 
was visually represented as a smartwatch in AR. 

The AR simulator effectively balanced real riding with high-
fidelity interface implementations [31, 32]. In contrast, VR simula-
tors provide high-fidelity displays but require stationary riding that 
does not feel realistic, and outdoor Wizard-of-Oz studies provide 
real riding but use low-fidelity displays [4, 24, 29]. Our simulator 
used a headset-only setup for easy transport between cities, making 
it more practical than a VR simulator which would require addi-
tional hardware like a static bicycle trainer [49], or outdoor studies 
that require real vehicles and physical props to simulate obstacles 
[15]. It also allowed us to explore the interfaces with non-yielding 
AVs, while outdoor studies can only use yielding vehicles to pre-
serve participant safety [4]; even then, AV driving behaviours are 
often inconsistent between trials as these typically take a Wizard-of-
Oz approach with a hidden human driver [39]. Driving behaviours 
were identical between sessions in the AR simulator. The experi-
ment was conducted indoors to maintain consistent environmental 
conditions across locations, such as weather, and to protect the 
headset from potential damage due to rain or snow. We rented a 
hall in each city. Each hall measured at least 25 metres in length and 
12 metres in width. The flooring was dark grey to black, simulating 
tarmac and providing a contrasting background for the white AR 
road markings. Participants used common city bikes: a Van Moof 
S5 in Stockholm, a Giant Escape 3 in Glasgow, and a Scott Metrix 20 
in Muscat. For safety, participants were also provided with helmets. 

3.3 Study Design 
The experiment had City as a between-subjects independent vari-
able and Interface and Traffic Scenario as within-subjects variables. 
Cities were in different countries to maximise the differences be-
tween traffic cultures [43]. They were chosen for their distinct 
levels of cyclist segregation from motorised vehicles [38]: Stock-
holm, Sweden, has highly segregated cycle lanes, providing minimal 
encounters with motorised traffic. Glasgow, UK, has some segre-
gated lanes, and cyclists navigate mixed traffic for parts of their 
commutes. Muscat, Oman, has no dedicated cycle lanes, requir-
ing cyclists to share the road with motorised vehicles at all times. 
Research showed that cyclists will encounter AVs across a range 
of traffic scenarios, with different levels of traffic control and AV 
positions around a cyclist [2, 6, 9, 10]. Therefore, evaluating Inter-
faces in a single traffic scenario, such as an intersection, would be 

1Meta Quest 3: meta.com/quest/quest-3/ 

meta.com/quest/quest-3/
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Figure 2: The evaluated interfaces. Top: Common components used in all of the interfaces. Bottom: Cyclist point-of-view 
in the AR simulator and the visual cues for each interface. Virtual objects were overlaid on the real-world environment. No 
additional displays were used in the Baseline eHMI condition (light band around the vehicle; green means it is yielding, red 
means not yielding). Road marking projections were synchronised with the eHMI for the Mirror condition, and a traffic sign 
communicated the AV’s location for Locator. FullIntel combined both of these into one interface. 

Figure 3: Study Setup. Left: Our headset-only approach with the left controller on the participant’s wrist to simulate a smartwatch. 
Middle: A cyclist riding in real physical space with a mixed-reality headset. Right: The cyclist’s point-of-view, with the real 
world (the indoor hall) overlaid with to-scale AR objects, in this case, the FullIntel interface in one of our scenarios. 

insufficient [4]. We assessed Interfaces across three Traffic Scenar-
ios, each with distinct features. This allowed us to explore cultural 
differences in navigating them and compare Interface versatility [4]. 
Scenarios were chosen from prior research on real-world motorised 
vehicle-cyclist encounters [2, 10], which showed these are common 
in everyday cycling routes [2, 8]. 

We set up our AR environment to facilitate the Scenarios; see 
Figure 4. It featured a 15-metre cycle lane beside a two-lane road 
leading to a three-way intersection. We used standard traffic fea-
tures [8] for consistency between cities: the cycle lane had bicycle 

symbol road markings and solid white borders, while the inter-
section had dashed give-way line road markings. Scenarios were 
modelled according to real-world descriptions and video footage 
from prior work [2, 8, 37]. We placed obstacles to explore dynamic 
scenarios. These were red parked cars (to differentiate from white 
AVs) and road repairs in the lane farther from the cyclists on the 
two-lane road. All AVs were SAE level 5 vehicles [41]. Scenarios 
were mirrored in Glasgow for consistency with the city’s right-hand 
drive traffic infrastructure. They were: 
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Uncontrolled 
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Participant 
Path 

Figure 4: Top: The path participants had to navigate in the scenarios; any AR buildings disappeared after reaching the end road 
markings. Bottom: Our scenarios: Uncontrolled Intersection, Lane Merging and Bottleneck. These were mirrored in Glasgow. 

• Uncontrolled Intersection: Cyclists approached the inter-
section. The AV approached from the right (left in Glasgow). 
It accelerated to 50 km/h when 50 metres from the cyclist 
and stopped 0.5 metres behind the give-way line if yielding. 
It maintained its speed when not yielding. This scenario 
involves stationary infrastructure, with give-way lines indi-
cating right-of-way [4, 32, 47]. Intersections are commonly 
explored for AV-cyclist interaction [32, 33, 47], as they cause 
high collision rates [25]. This suggests that cyclists would 
benefit from knowing AV intentions to overcome ambiguity 
in this scenario [27]. For the first time, we explore inter-
sections with holistic interfaces, across different cultural 
settings. 

• Lane Merging: A parked car positioned 10 metres into the 
cycle lane represented an obstacle. This prompted cyclists 
to move from the cycle lane and merge lanes with a moving 
AV behind them. The AV drove at 40 km/h and decelerated 
to 15 km/h when yielding, maintaining its speed when not 
yielding. Cyclists previously ranked Lane Merging as one of 
the most challenging scenarios [3, 24]. In contrast to Uncon-
trolled Intersection, Lane Merging is dynamic; it can occur 
anywhere on the road due to obstacles or cycle lanes transi-
tioning to mixed traffic [2, 24]. The primary challenge is that 
it requires cyclists to interact with moving vehicles behind 
them [24], triggering shoulder checks [2]. This allowed us 
to investigate Interfaces across different AV positions. 

• Bottleneck: Parked cars on the cycle lane and adjacent road 
created a narrow lane between them. Due to road repairs, 
the AV was redirected to approach from opposite the cyclist 

[2, 37]. One road user had to steer away to avoid collision. 
The AV drove at 25 km/h. It steered to the left (right in 
Glasgow), between two parked cars, with the directional in-
dicator active, and stopped when yielding. The AV continued 
straight, maintaining speed when not yielding. Bottleneck 
is common in urban areas [2, 3, 8, 37], with frequent road 
repairs and parallel parking setups. Urban areas may have 
narrower roads [8, 11, 14], making this scenario challenging 
as obstacles may be closer to cyclists, with little space to 
steer away [2, 8]. Bottleneck is slower-paced than the others, 
but requires fast decision-making from the cyclist [4], who 
should know the AV’s intentions to make a decision [4, 8]. 
Bottleneck also allowed us to explore Interface versatility be-
cause in contrast to Uncontrolled Intersection, it has no traffic 
control, and unlike Lane Merging, the AV is in the cyclist’s 
view. 

3.3.1 Task and Measures. Participants navigated each Scenario 
twice per Interface condition: once with a yielding AV and once with 
a non-yielding AV, to minimise learning effects and maintain focus 
[4]. We aggregated results from both yielding states for simplicity 
and clarity in our analysis. All scenarios had the same designated 
start and endpoints, marked by white road markings labelled "Start" 
and "End". The start was at the beginning of the cycle lane, and 
the end was 5 metres into the left turn at the intersection (right for 
Glasgow). Participants cycled in a loop from the start to the end, 
then returned to the start (see Figure 4). Upon crossing the end road 
markings, any AR buildings disappeared, creating a clear path for 
participants to loop back to the start and begin the next Scenario. 
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This setup provided visual feedback indicating the Scenario’s com-
pletion, and the buildings reappeared once participants reached the 
start. 

Scenarios were organised into four tracks, each corresponding 
to a different Interface condition. Each track involved six loops, 
one loop per Scenario and AV-yielding state. The order of Scenarios 
within a track was randomised. All AVs in a given track shared the 
same Interface condition, and the sequence of Interface conditions 
was counterbalanced using a Latin square design. We collected the 
following data: 

• Post Scenario Questionnaire: After each Scenario, partici-
pants completed the NASA-TLX [21] to measure the work-
load experienced. Cyclists should know whether the AV is 
aware of them and understand its intentions [4, 6, 14], so 
they answered five-point Likert scale questions (Strongly 
disagree - Strongly agree): "I was confident the AV was aware 
of me" and "I was confident in the AV’s intentions"; 

• Post Track Questionnaire: Answered after each group 
of scenarios to give an overall perspective on the Interface. 
Participants responded to the Perceived Performance and 
Anxiety dimensions of the Car Technology Acceptance Model 
(CTAM) [34], adapted for cyclists. They answered five-point 
Likert scale questions: "I felt safe when using the interface" 
and "I trusted the interface’s messages." Participants also 
completed the User Experience Questionnaire - Short Version 
(UEQ-S) [40] to assess Interface usability; 

• Perceived Usefulness of Displays: As part of the Post-
Track Questionnaire, participants ranked the usefulness of 
cues for each Interface condition. These were: AR displays, 
eHMI, smartwatch vibrations, audio, and AV driving be-
haviour, into three categories: Not Useful, Somewhat Useful, 
and Very Useful; 

• Cycling Behaviour: Logged by the simulator every 0.5 
seconds. This included Cycling Speed, unity camera (player) 
movement in metres per second, and Shoulder Checking: ’1’ 
if the unity camera, which was on the participant’s head, 
was rotated more than 90 degrees (determined through six 
pilot tests), and ’0’ otherwise. The simulator also logged any 
Collisions between the cyclist and AV; 

• Qualitative Data: A short pre-study interview gathered 
participant comments on their experience riding in their city. 
Post-study semi-structured interviews provided additional 
context to the findings. Participants discussed and ranked 
each Interface. 

3.4 Participants 
We recruited participants who were either natives or residents (e.g., 
international students) of the respective cities through personal 
contacts and social media. To ensure familiarity with the city’s 
traffic culture, natives had to have cycled in the city at least once a 
month over the past 18 months, while residents had to cycle in the 
city multiple days a week over the same period. The experiment 
included 60 participants, with 20 from each city: Stockholm (Natives 
= 17, Residents = 3; Male = 10, Female = 10; Mean Age = 29.5, SD 
=6.6), Glasgow (Natives = 18, Residents = 2; Male = 12, Female = 8; 
Mean Age = 30.2, SD = 5.5), and Muscat (Natives = 18, Residents = 2; 

Male = 14, Female = 6; Mean Age = 30.1, SD = 6.0). All participants 
were fluent in English, so no questionnaire translation was required. 
Participants were compensated with £10 gift vouchers to online 
stores in the region in their respective currencies. 

3.5 Procedure 
The same procedure was followed in each City: The participant 
arrived at the designated hall; they were briefed on the study and 
completed a demographics survey. They also participated in a short 
pre-study interview about their experiences cycling in the city. Next, 
the participant tested their comfort with the bike gear and saddle 
height by riding for 3 minutes without the headset; adjustments 
were made if needed. The experimenter calibrated the AR headset 
and secured the left controller around the participant’s wrist to 
simulate the smartwatch. The participant practised riding loops in 
the AR environment for 7 to 15 minutes without any AVs to become 
familiar with the setup and equipment. 

After practice, they removed the headset, and the experimenter 
selected the Interface and Track according to the Latin square. The 
experimenter explained that the participant would start encoun-
tering AVs, clarified the scenario setups, and described how the 
selected interface worked. The participant then wore the headset 
and began riding. After completing each Scenario, they stopped 
at the endpoint, where the experimenter read the Post Scenario 
Questionnaire for the participant to answer verbally. After each 
track, the participant removed the headset and answered the Post 
Track Questionnaire using a tablet, providing a break from the AR 
environment. This was repeated four times, allowing the partici-
pant to experience all the interfaces. Following the experiment, a 
semi-structured interview was conducted to gather additional in-
sights. The entire study lasted approximately 80 minutes. The same 
experimenter conducted the study across the three cities, ensuring 
consistency. Relevant University Ethics Committees approved the 
study. 

4 Results 
We answer the RQ by reporting the differences in cyclist experiences 
riding in each city. Next, we reveal the cultural differences in cyclist 
use of the interfaces through the Post-Track and Post-Scenario 
findings and cycling behaviours. Finally, we report themes from the 
post-study interviews to contextualise our quantitative findings. 

4.1 Riding Between Cities 
We summarise pre-study interviews on participant experiences 
riding in each city. Deductive thematic analysis [12] was conducted 
to answer the research question: "What is participants’ experience 
riding in each city?" Interview transcripts, auto-transcribed by Ot-
ter.ai2 and corrected by an author, were imported into NVivo3 for 
analysis. One author identified 12 unique codes from the data. Two 
authors then collaboratively sorted these codes into themes for each 
city based on their relevance to the research question. This process 
involved discussing and resolving any disagreements through code 
remapping. Themes containing two or more overlapping codes 
were reassessed and combined when necessary. 

2Otter.AI transcription software: otter.ai 
3NVivo qualitative analysis software: lumivero.com/products/nvivo/ 

otter.ai
lumivero.com/products/nvivo/
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Stockholm. Cyclists ride on segregated lanes and rarely en-
counter vehicles: "I have been biking to work for ten years. I rarely 
see cars" (P5). "I only see cars in the suburbs. They move at very low 
speeds" (P10). Interactions mostly happen at stationary infrastruc-
ture, e.g., intersections, so they could also interpret intentions from 
expressive social cues and driving behaviour: "Most of my encoun-
ters are at intersections or something, we negotiate through gestures. 
I expect the car to completely stop before doing anything" (P11); "I 
ensure the driver saw me through eye contact, and wait for them 
to stop" (P13). Therefore, cyclists in Stockholm have slower-paced 
interactions with drivers, allowing the exchange of diverse social 
cues while interpreting intention from driving behaviour before 
deciding on the next manoeuvre. 

Glasgow. Cyclists switch between segregated lanes and mixed 
traffic. This increases attentiveness and anxiety: "It’s great when 
you’re segregated, then poof! There are many scary cars" (P35); "It 
makes me nervous. You must plan and know where the bike lane will 
end" (P38). Cyclists encounter vehicles in a mix of slower-paced 
and dynamic scenarios: "You see them at roundabouts, but I hate it 
when they overtake me" (P22); "You see cars throughout. Sometimes, 
they slow down, but they mostly speed past you" (P30). These diverse 
encounters require cyclists to adapt their interaction behaviour: "I 
wait for the car to stop and drivers to gesture, but when I’m in moving 
traffic, I don’t have that luxury" (P36). In summary, Glasgow cyclists 
encounter vehicles in scenarios with different traffic control levels 
but can expect drivers to give them right of way at intersections 
or roundabouts. The exchanged cues depend on the interaction 
scenario. 

Muscat. Has higher-speed roads without cycle lanes: "It feels 
like swimming with sharks" (P51). Constantly riding in mixed traffic 
means interactions happen in more dynamic scenarios: "Cars move 
quickly with little patience" (P48); "Cars can be behind you, in front of 
you; you must be assertive; there’s no infrastructure to do this daily" 
(P51). Interactions are fast-paced, leaving little room for expressive 
cues such as driver hand gestures: "It happens so fast; cars don’t 
really stop at intersections. You have to make decisions based on little 
information" (P59). To summarise, Muscat’s cyclists share the road 
with motorised vehicles at higher speeds. Vehicles rarely come to 
a complete stop, and cyclists must have fast-paced interaction to 
negotiate right-of-way quickly. 

4.2 Post Scenario Questionnaire 
Data were not normally distributed, as demonstrated via a Shapiro-
Wilk test. We conducted a three-way Aligned Rank Transform (ART) 
ANOVA [50] to explore the fixed effects of Interface, City, Scenario, 
and their interactions on each Post Scenario Questionnaire subscale. 
The model included a random intercept for Participant to account 
for individual variability. Post hoc comparisons were performed 
using the ART-C method [18]. Mean values are in Table 1. 

We report our factors’ impact on the Overall NASA-TLX Workload, 
Confidence in AV Awareness and Intentions. A better-performing 
Interface would impose a lower workload and increase the cyclist’s 
confidence in the vehicle’s awareness and intentions. We found that 
Interface did not meaningfully influence the workload. However, 
confidence in AV awareness was increased when receiving cues 

through wearable devices, e.g. a smartwatch. This reassured cyclists 
that the AV had seen and communicated with them directly [16]. 
Confidence in AV intentions was increased when communicated 
outside the eHMI in Mirror and FullIntel. Regarding the Scenar-
ios, participants consistently found Uncontrolled Intersection less 
demanding. This effect was more pronounced in Muscat, where 
pre-study interviews revealed that vehicles do not usually stop at in-
tersections. Interestingly, Stockholm cyclists did not trust interfaces 
enough to be confident in AV awareness or intentions compared to 
those from other cities. 

4.2.1 Overall NASA-TLX Workload. There was no significant 
effect of Interface (F(3, 627) = 2.1, 𝑃 = .1), or City (F(2, 57) = 1.26, 
𝑃 = .29). However, we found a significant effect of Scenario (F(2, 
627) = 30.98, 𝑃 < .001; 𝜂 2 = 0.09). Comparing Scenarios showed 
Uncontrolled Intersection required a significantly lower workload 
than the others (𝑃 < .0001 for all), and Lane Merging caused a 
significantly lower workload than Bottleneck (𝑃 = .0001). This 
could be due to the narrow lane and an AV driving toward the 
cyclist; participants had to make quick decisions in a tight space. 

Interactions. We did not find interactions between Interface and 
City (F(6, 627) = 1.78, 𝑃 = .1) or Interface and Scenario (F(6, 627) = 1.6, 
𝑃 = .15). However, there was a significant interaction between Sce-
nario and City (F(4, 627) = 2.38, 𝑃 = .05; 𝜂 2 =.01), with no interaction 
between the three variables (F(12, 627) = 0.84, 𝑃 = .6). Comparing 
Scenario workloads in each City showed that Uncontrolled Intersec-
tion caused a significantly lower workload than Bottleneck in all 
Cities (𝑃 < .01 for all). However, in Muscat, Uncontrolled Intersec-
tion also caused a significantly lower workload than Lane Merging 
(𝑃 = .0004), possibly because cyclists are not accustomed to vehicles 
stopping at intersections, as discussed in the pre-study interviews. 
Hence, Uncontrolled Intersection was straightforward for them to 
navigate. 

4.2.2 Confidence in AV Awareness. There were significant ef-
fects of Interface (F(3, 627) = 8.68, 𝑃 < .001; 𝜂 2 = 0.04), City (F(2, 
57) = 4.72, 𝑃 = .013; 𝜂 2 = 0.14), and Scenario (F(2, 627) = 9.49, 
𝑃 < .001; 𝜂 2 = 0.03). Between Interfaces, eHMI was significantly 
less effective than FullIntel (𝑃 < .0001), Locator (𝑃 = .0046), and 
Mirror (𝑃 = .0047). Therefore, receiving cues through wearables 
(e.g., smartwatches), indicating that the AV had seen them and pre-
sented messages to them, increased confidence in awareness. For 
Scenarios, participants were least confident with the vehicle out of 
view during Lane Merging (𝑃 = .0005 for all). Among the Cities, 
participants from Stockholm were significantly less confident than 
the others (𝑃 = .02 for all). 

Interactions. There was a significant interaction between Inter-
face and City (F(6, 627) = 3.00, 𝑃 = .007; 𝜂 2 = 0.03). However, there 
were no interactions between Interface and Scenario (F(6, 627) = 
1.12, 𝑃 = .349), Scenario and City (F(4, 627) = 1.52, 𝑃 = .194), or 
all three factors (F(12, 627) = 1.17, 𝑃 = .3). Comparing Interfaces 
within each City revealed: In Glasgow and Muscat, eHMI caused 
significantly lower confidence than FullIntel and Locator (𝑃 < .005 
for all). Additionally, FullIntel in Glasgow was more effective than 
eHMI and Mirror in Stockholm (𝑃 = .003 for both). Therefore, AV 
location cues improved cyclist confidence in AV awareness, par-
ticularly in Glasgow and Muscat. In contrast, communicating AV 
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Interface City Scenario 
FullIntel Locator Mirror eHMI Stockholm Glasgow Muscat Intersection Bottleneck Lane Merging 

Workload 8.04 ± 3.32 8.18 ± 3.15 8.36 ± 3.29 8.58 ± 3.41 8.95 ± 2.93 7.67 ± 2.55 8.24 ± 4.09 7.59 ± 2.95 9.02 ± 3.48 8.25 ± 3.39 
Awareness Confidence 3.91 ± 1.13 3.73 ± 1.17 3.76 ± 1.12 3.51 ± 1.12 3.29 ± 1.05 3.97 ± 0.96 3.92 ± 1.26 3.82 ± 1.06 3.82 ± 1.11 3.54 ± 1.23 
Intent Confidence 4.31 ± 0.88 4.02 ± 1.13 4.13 ± 1.05 3.78 ± 1.23 3.85 ± 1.01 4.10 ± 1.10 4.24 ± 1.15 4.34 ± 0.88 4.10 ± 1.04 3.75 ± 1.26 

Table 1: Mean ± Standard Deviation values of the Post-Scenario Questionnaire subscales per Interface, City and Scenario. 

Figure 5: Bar charts showing means and standard deviations of Post-Scenario Questionnaire scores for each interface in each 
city. The left bar chart shows the workload imposed by interfaces in each City: Stockholm cyclists reported a higher workload 
for all interfaces. The middle bar chart shows participant confidence in AV awareness for each interface: Stockholm cyclists 
were least confident throughout. The right bar chart shows participant confidence in AV intentions for each interface: Muscat 
cyclists were the most confident in AV intentions throughout the interface conditions. 

intentions without providing location information was particularly 
ineffective in Stockholm. 

4.2.3 Confidence in AV Intent. We found a significant effect of 
Interface (F(3, 627) = 17.14, 𝑃 < .001; 𝜂 2 = 0.08), but no effect of City 
(F(2, 57) = 2.83, 𝑃 = .067). There was a significant effect of Scenario 
(F(2, 627) = 38.66, 𝑃 < .001; 𝜂 2 = 0.11). Among Interfaces, eHMI 
was significantly less effective than FullIntel (𝑃 < .0001), Locator 
(𝑃 = .001), and Mirror (𝑃 < .0001). Similarly, Locator resulted in 
lower confidence than FullIntel (𝑃 = .005). Therefore, presenting re-
dundant AV intention cues beyond the eHMI improved confidence. 
For Scenarios, participants felt most confident navigating Uncon-
trolled Intersection (𝑃 < .0001 for all); traffic control may have made 
AVs more predictable. They were also significantly more confident 
in Bottleneck than Lane Merging (𝑃 = .003), with the eHMI clearly 
in view. 

Interactions. There were significant interactions between Inter-
face and City (F(6, 627) = 3.10, 𝑃 = .005; 𝜂 2 = 0.09), and Interface 
and Scenario (F(6, 627) = 8.12, 𝑃 < .001; 𝜂 2 = 0.07). There were no 
interactions between Scenario and City (F(4, 627) = 0.28, 𝑃 = .894) or 
the three variables (F(12, 627) = 1.16, 𝑃 = .312). In Glasgow, FullIntel 
was significantly more effective than Locator and eHMI (𝑃 < .0001 
for both). In Muscat, eHMI was less effective than all (𝑃 < .0001 
for all). eHMI in Stockholm resulted in significantly lower confi-
dence than FullIntel in Glasgow, and FullIntel and Mirror in Muscat 
(𝑃 < .005 for all). Therefore, in Muscat, any interface helped, but 
Glasgow’s participants preferred AV intentions beyond the eHMI. 

Comparing Interfaces within each Scenario showed that eHMI 
in Lane Merging was significantly less effective than all other con-
ditions (𝑃 < .001 for all). Locator during Lane Merging was sig-
nificantly less effective than Locator at Uncontrolled Intersection 
(𝑃 = .0037), and FullIntel at Uncontrolled Intersection (𝑃 < .0001) 

and Bottleneck (𝑃 = .007); presenting location cues without inten-
tions when the AV was out of view reduced participant confidence. 
Moreover, Mirror at Bottleneck was significantly less effective than 
FullIntel at Uncontrolled Intersection (𝑃 = .014); reiterating inten-
tions was ineffective with the eHMI clearly in view. 

4.3 Post Track Questionnaire 
Data were not normally distributed, as assessed via a Shapiro-Wilk 
test. We conducted an ART two-way ANOVA to explore the fixed 
effects of Interface, City and their interactions on each Post Track 
Questionnaire subscale. The model included a random intercept for 
Participant to account for individual variability. Post hoc compar-
isons were performed using the ART-C method. Mean values are 
in Table 2. 

A better-performing Interface would lower anxiety and raise 
scores for the other subscales. Cyclists consistently rated FullIntel 
as the best-performing Interface; eHMI was perceived as the most 
cumbersome. Participants from Muscat were the most receptive 
to AV-cyclist interfaces. They trusted displays more and found the 
interaction more usable than cyclists from other cities, regardless 
of the Interface used. This is likely due to their experience with 
fast-paced, dynamic interactions. FullIntel significantly reduced 
anxiety in Glasgow, addressing a key concern raised in pre-study 
interviews. 

Perceived Cycling Performance. We found significant effects 
of Interface (F(3, 171) = 22.13, 𝑃 < .001; 𝜂 2 = 0.28) and City (F(2, 57) 
= 3.67, 𝑃 = .032; 𝜂 2 = 0.11). They had no interaction (F(6, 171) = 1.22, 
𝑃 = .3). Among Interfaces, eHMI produced significantly worse per-
formance than all others (𝑃 < .0001 for all), and FullIntel produced 
significantly better cycling than Locator (𝑃 = .0165) and Mirror 
(𝑃 = .003). Therefore, additional cues alongside the eHMI improved 
cycling performance, especially when receiving a combination of 
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Interface City 
FullIntel Locator Mirror eHMI Stockholm Glasgow Muscat 

Cycling Performance 4.17 ± 0.84 3.95 ± 0.69 3.86 ± 0.83 3.31 ± 0.86 3.68 ± 0.68 3.78 ±0.83 4.01 ± 1.03 
Anxiety 2.35 ± 0.55 2.48 ± 0.52 2.51 ± 0.60 2.69 ± 0.67 2.52 ± 0.54 2.51 ± 0.64 2.50 ± 0.61 
Trust 4.08 ± 0.87 3.92 ± 0.85 3.93 ± 0.92 3.77 ± 1.00 3.73 ± 0.80 3.83 ± 1.00 4.23 ± 0.89 
Perceived Safety 3.94 ± 0.82 3.7 ± 0.86 3.77 ± 0.82 3.44 ± 0.79 3.48 ± 0.69 3.75 ± 0.89 3.91 ± 0.87 
Usability 0.99 ± 0.65 0.90 ± 0.62 0.93 ± 0.64 0.69 ± 0.7 0.65 ± 0.55 0.79 ± 0.61 1.2 ± 0.69 
Cycling Speed 1.49 ± 0.43 1.46 ± 0.38 1.50 ± 0.39 1.53 0.41 1.56 ± 0.38 1.29 ± 0.30 1.64 ± 0.43 

Table 2: Mean ± Standard Deviation values of the Post-Track Questionnaire subscales per Interface and City. 

AV location and intent. There were also cultural differences; par-
ticipants from Muscat rated their performance significantly higher 
than those from Stockholm (𝑃 = .01). 

Anxiety. We found a significant effect of Interface (F(3, 171) = 
4.29, 𝑃 = .006; 𝜂 2 = 0.07), but no effect of City (F(2, 57) = 0.0004, 
𝑃 = .996). There was still a significant interaction between them 
(F(6, 171) = 2.83, 𝑃 = .012; 𝜂 2 = 0.09). Among Interfaces, anxiety was 
significantly higher in eHMI than FullIntel (𝑃 = .0005). Comparisons 
for the interaction effect showed that in Glasgow, anxiety was 
significantly higher in eHMI than FullIntel (𝑃 < .0001). Therefore, 
communicating AV location and intent, in addition to the eHMI, 
significantly lowered anxiety in Glasgow. 

Trust. We found a significant effects of Interface (F(3, 171) = 
3.89, 𝑃 = .01; 𝜂 2= 0.06), and City (F(2, 57) = 3.48, 𝑃 = .037; 𝜂 2 = 0.11). 
There was no interaction (F(6, 171) = 1.85, 𝑃 = .093). Among Inter-
faces, participants trusted FullIntel significantly more than eHMI 
(𝑃 = .0009); presenting redundant AV intent cues increased trust, 
but cyclists needed the AV’s location to validate them. Between 
Cities, participants in Muscat trusted interfaces more than those in 
Stockholm (𝑃 = .017). 

Perceived Safety. We found a significant effect of Interface (F(3, 
171) = 10.97, 𝑃 < .001; 𝜂 2 = 0.01), but no effect of City (F(2, 57) = 2.44, 
𝑃 = .1), and no interaction (F(6, 171) = 1.05, 𝑃 = .39). Participants 
felt significantly less safe using eHMI than all others: FullIntel (𝑃 < 
.0001), Locator (𝑃 = .005) and Mirror (𝑃 = .0003). Therefore, placing 
cues exclusively on the AV hindered perceived safety. 

Usability. We found significant effects of Interface (F(3, 171) 
= 7.08, 𝑃 < .001; 𝜂 2 = 0.11), and City (F(2, 57) = 7.15, 𝑃 = .002; 
𝜂 2 = 0.20). There was no interaction (F(6, 171) = 1.48, 𝑃 = .187). 
Between Interfaces, eHMI was significantly less usable than FullIntel 
(𝑃 < .0001), Locator (𝑃 = .0213), and Mirror (𝑃 = .004). Between 
Cities, participants in Muscat rated the usability significantly higher 
than those in Glasgow (𝑃 = .0251) and Stockholm (𝑃 = .001). 

4.4 Perceived Usefulness of Displays 
The frequency of each display within each usefulness category 
is presented in Figure 7. Data from the baseline eHMI condition 
were excluded as there were no additional displays. To explore the 
relationship between Display and Perceived Usefulness, a Chi-square 
test of independence was performed for each Interface and City. Post 
hoc tests were conducted using Chi-square tests of independence 
with Bonferroni correction. Results are shown in Table 3. 

Between Interfaces, participants consistently found AR displays 
to be the most useful. They also rated Vibration as more useful 
than Audio cues throughout. eHMI and Driving Behaviour were 
important for inferring AV intentions in Locator. However, these 
were less valuable when AV intentions were beyond the eHMI 
in FullIntel and Mirror. Between Cities, participants from Muscat 
primarily relied on explicit visual cues, such as AR displays and 
eHMI, to make decisions. In contrast, participants from Glasgow 
and Stockholm also placed importance on AV Driving Behaviour. 

4.5 Cycling Behaviour 
We report the cultural differences in Cycle Speed and Shoulder Check-
ing for each Interface. The number of collisions per Interface, City, 
and Scenario is visualised in Figure 8. Collisions predominantly 
occurred in dynamic scenarios with no traffic control, especially 
during Lane Merging. They were more frequent when AV intentions 
were not communicated outside the eHMI, i.e. in the Locator and 
eHMI conditions. To summarise cycling behaviour, participants 
were slower in Locator. They reduced their speed and took less 
frequent but longer shoulder checks to infer AV intentions through 
its eHMI or driving behaviour. Glasgow participants were notably 
slower and conducted more shoulder checks, which aligns with our 
findings on their higher anxiety. This cautious cycling resulted in 
the fewest collisions among cities. 

Cycling Speed. We conducted the same analysis as the Post 
Track Questionnaire, investigating the impact of Interface, City and 
their interactions on Speed. We found significant effects of Interface 
(F(3, 658) = 3.77, 𝑃 = .011; 𝜂 2 = 0.02), and City (F(2, 59) = 10.97, 
𝑃 < .001; 𝜂 2 = 0.27), but no interaction (F(6, 658) = 0.48,𝑃 = .822). 
Participants were significantly faster around eHMI than Locator 
(𝑃 = .001). Glasgow cyclists were significantly slower than the rest 
(𝑃 > .001 for all). 

Shoulder Checks. Figure 8 shows the number of shoulder checks 
per Interface in each City and Scenario. Chi-square tests of inde-
pendence were performed to investigate the likelihood of Shoulder 
Checks in different Interface, City, and Scenario settings. Post hocs 
were Chi-Square tests of independence with a Bonferroni correc-
tion. 

We found a significant association between Interface and Shoul-
der Check (𝜒 2(3, 1045) = 24.6, 𝑃 < .001). Participants were less 
likely to shoulder check in FullIntel than Mirror (𝑃 = .007) and 
eHMI (𝑃 < .0001). Shoulder checks were also unlikely around Lo-
cator than eHMI (𝑃 < .0001). There was a significant association 
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Interface Interface Interface 

InterfaceInterface 

Figure 6: Bar charts showing means and standard deviations of Post-Track Questionnaire scores for each interface in each 
city. The bar charts from left to right illustrate Perceived Cycling Performance, Anxiety, Trust, Perceived Safety and Usability. 
Muscat cyclists were generally the most trusting of the interfaces. They also found them the most usable. Stockholm cyclists 
saw the least value in the interfaces. 

Chi-Square (𝜒 2) P-Value Significant Post Hocs Post Hoc P 

Interface 

FullIntel 𝜒 2 (8, 295) = 94.08 𝑃 < .001 AR > All Displays 𝑃 < .0001 
Audio < Driving Behaviour, eHMI 𝑃 < .01 

Locator 𝜒 2 (8, 288) = 57.294 𝑃 < .001 AR > Driving Behaviour, Audio, Vibration 𝑃 < .0005 
Audio < eHMI 𝑃 < .005 

Mirror 𝜒 2 (8, 293) = 71.12 𝑃 < .001 AR > All Displays 𝑃 < .001 
Audio < eHMI 𝑃 = .0001 

City 

Stockholm 𝜒 2 (8, 295) = 95.621 𝑃 < .001 AR > All Displays 𝑃 < .001 
Audio < All Displays 𝑃 < .05 

Glasgow 𝜒 2 (8, 294) = 102.83 𝑃 < .001 AR > All Displays 𝑃 < .0001 
Audio < All Displays 𝑃 < .0001 

Muscat 𝜒 2 (8, 285) = 48.198 𝑃 < .001 AR > Driving Behaviour, Audio, Vibration 𝑃 < .0005 
eHMI > Driving Behaviour, Vibration 𝑃 < .01 

Table 3: Perceived Display Usefulness for each Interface and City. The Significant Post Hocs column shows which displays were 
useful compared to others; > means more useful, and < means less useful. 

between City and Shoulder Check (𝜒 2(2, 1045) = 39.3, 𝑃 < .001). 
Participants from Glasgow were more likely to shoulder check than 
the rest (𝑃 < .0001 for both). Finally, we found a significant asso-
ciation between Scenario and Shoulder Check (𝜒 2(2, 1045) = 125.6, 
𝑃 < .001). Participants were most likely to shoulder check during 
Lane Merging (𝑃 < .0001 for all). 

4.6 Post-Study Interviews 
We identified themes based on post-study interviews using an induc-
tive, data-driven thematic analysis [12]. The interview transcripts 
were auto-transcribed by Otter.ai and corrected by an author. Tran-
scripts were then imported into NVivo for further analysis. One 
author initially extracted 15 unique codes from the data. Two au-
thors then sorted these into three themes based on their similarities. 
This process was iterative, involving discussions to resolve dis-
agreements and remapping codes until a consensus was reached. 

https://Otter.ai
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Figure 7: Dot plots showing the frequency of each Display within each Usefulness Category for each Interface and City. The 
larger dots illustrate a larger frequency. The top three dot plots show the frequencies for each interface, and the bottom three 
for each city. 

Figure 8: Barcharts illustrating the frequency of shoulder checks and collisions when navigating each Scenario, using each 
Interface in each City. Left: the number of Shoulder Checks conducted in each scenario per city and interface. Right: the 
number of Collisions in each scenario per city and interface. 

Themes containing two or more overlapping codes were reassessed 
and combined when necessary. Figure 9 visualises the participant 
Interface rankings across the three cities. Participants in all cities 
ranked FullIntel as the best and eHMI as the worst. The extracted 
themes are as follows: 

Theme 1: AR Simulator Immersion. Participants in all cities 
were immersed in the AR simulator: "It just felt so real!" (P18); "I 
totally forgot the car was virtual; didn’t expect myself to steer away 
from that car, but it felt too real." (P31); "Wow! I cycled like I do 
every day. I totally forgot these cars aren’t real" (P45); "The threat felt 
completely real. I felt like I needed to avoid crashing, just as normal" 
(P55). This suggests that the AR simulator was an effective way of 
testing cycling around AVs in the scenarios, and such simulators 

could be useful in HCI cycling research. Cyclists reported that they 
cycled as they normally do, also suggesting that AR simulators are 
effective in measuring real cycling behaviours. 

Theme 2: Non-visual Interface cues. Participants generally 
appreciated non-visual cues: "It’s good that not everything is visual; 
it helps if I miss anything I can always rely on other signals" (P19). 
Audio required careful interpretation to understand and differen-
tiate: "Spatial audio needs more focus, you need to carefully deduce 
where it’s pointing" (P30); "I think with all the visual displays, I don’t 
really have the headspace to process different sounds for vehicle inten-
tions" (P40). Vibration cues effectively communicated AV proximity 
and enhanced confidence in AV awareness: "Vibration messages felt 
more personal to me, like the car was talking to me directly" (P55). 
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Figure 9: Participant rankings of the interfaces in each city. Less pronounced colours toward the left represent lower rankings, 
while brighter colours on the right are higher rankings. The left graph shows the rankings of Stockholm participants, the 
middle for Glasgow and the right for Muscat. 

Theme 3: AR cues for AV location. Participants across cultures 
had varying preferences regarding the design of AR location cues. 
Text was universally appreciated: "Text is great. It’s unambiguous; if 
an arrow was used, I wouldn’t be so sure if I should turn or the car" 
(P10). However, opinions diverged on whether text should appear 
as a Head-Up Display (HUD) or a traffic sign. Some preferred a 
HUD for quicker recognition: "I had to look for the sign, this would 
be confusing when there are many traffic signs on the road, a HUD 
would be faster to find" (P35). Others favoured the traffic sign format: 
"I like the traffic sign. It reminds me of signs for traffic lights or speed 
bumps. You can see them, like how I can sometimes see the car, but you 
get extra warning that there is a car approaching" (P48). An adaptive 
approach displaying a HUD when AV is out of the cyclist’s field of 
view, and a traffic sign otherwise could be beneficial. 

5 Limitations and Future Work 
While we explored cultural differences in interface use, our sam-
ple was limited to three cities. We maximised cultural diversity 
by selecting cities in different countries with varying levels of cy-
clist segregation from motorised vehicles. Our results show that 
future research should extend to more regions to enhance interface 
inclusivity. Additionally, we focused on three messages communi-
cated to cyclists: AV intentions, location, or both, but other cultures 
might require different information. Future work could involve 
cross-cultural design sessions to identify cultural variations. 

Participants experienced the interfaces implemented in the AR 
simulator. Even though the simulator enabled real cycling in phys-
ical space, and participants described it as immersive, we used 
the headset controller’s haptics rather than a real smartwatch and 
spatial audio from the headset rather than a bike helmet. This main-
tained consistency and synchrony between displays, especially 
with the eHMI projected in the simulator. AVs were also projected 
by the headset. This may have influenced our results, and future 
work could attempt a Wizard of Oz approach [39], using remotely 
controlled vibrations from a smartwatch, spatial audio, and AR pro-
jections alongside a real vehicle with a hidden human driver [4, 29]. 
However, this may be challenging to synchronise across partici-
pants and cities. It will also prohibit any testing with non-yielding 
AVs to maintain participant safety [4]. We conducted our study in-
doors to control external factors, including weather, and maintain 

consistency between trials in each city. Future work should repli-
cate the study outdoors, for example, by choosing specific seasons 
where differences in weather between cities are minimal. Finally, 
our study addressed one-to-one AV-cyclist encounters as a first 
step. While real-world interactions may involve multiple cyclists 
and AVs, investigating cultural differences in simpler encounters 
was essential to understanding perceptions of distinct AV posi-
tions and traffic control levels before scaling up to more complex 
many-to-many scenarios. 

6 Discussion 
Our research question was: “Considering holistic interfaces com-
municating AV location, AV intentions or a combination of both, how 
do cyclist perceptions and behaviours toward these interfaces dif-
fer across cultures and traffic scenarios?” Cyclists from all cities 
preferred FullIntel, communicating AV location and intention. This 
provided an adaptable solution; it communicated comprehensive 
information, and cyclists used different design aspects according to 
their traffic culture norms. Regarding the scenarios, our findings 
coincide with prior work that stationary infrastructure, e.g. Uncon-
trolled Intersection, is less demanding than dynamic scenarios, e.g. 
Lane Merging [4, 24]. Lane Merging is a challenging scenario [4], 
as the AV is out of the cyclist’s view [24], making displays on the 
vehicle difficult to see. In line with earlier work, the eHMI alone did 
not suffice [2], but extending it with any holistic interface improved 
confidence and safety. 

6.1 Stockholm: Interface Signals Must Be 
Validated With Driving Behaviour 

Stockholm’s participants were the most conservative toward inter-
faces. Pre-study interviews showed they were used to slower-paced 
interactions at stationary infrastructure by exchanging social cues 
with drivers before making decisions. They also typically waited 
until a vehicle completely stopped before proceeding. This was 
mirrored in our experiment. Participants expected expressive sig-
nals compared to binary AV intentions and for the AV to always 
prioritise them. This aligns with previous work where cyclists ac-
customed to highly segregated cycle lanes anticipated right-of-way 
[13], and led to lower interaction usability scores than participants 
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from other cities. Stockholm cyclists also reported lower perceived 
cycling performance, likely due to our study’s dynamic scenarios, 
such as Lane Merging and Bottleneck, which required them to adjust 
to interactions beyond the stationary infrastructure they are used 
to. In these situations, binary AV intention signals may be needed 
to make faster decisions [4]. However, Stockholm cyclists did not 
trust these on wearable devices; they also wanted AV location cues 
to locate the vehicle and verify any intention signals with the eHMI 
and driving behaviour. Stockholm participants remained sceptical 
about AV awareness, regardless of the interface, perhaps because 
they were used to regular eye contact with drivers. In contrast, 
prior work with UK cyclists found that changing eHMI states, i.e., 
yielding to not yielding, implicitly conveyed AV awareness [4]. 

These insights highlight compelling directions for future re-
search. First, AV driving behaviours were frequently interpreted 
as implicit intention signals in our study, but these may need to 
be more pronounced for better clarity. In Stockholm, AVs might 
require exaggerated braking and driving behaviours to facilitate 
quicker validation of interface signals, especially in dynamic sce-
narios where the AV does not completely stop. Second, the binary 
nature of AV intention signals is minimal compared to the more 
expressive negotiations Stockholm cyclists typically have. More de-
tailed messages could improve their confidence in AV intentions and 
awareness. Holistic interfaces can support more detailed messages 
[5] with minimal adjustments to the current setup. For example, 
AR glasses could display a HUD showing a pair of eyes when the 
AV detects the cyclist and uses animated hand gestures as intention 
cues, complementing the eHMI rather than redundantly displaying 
its signals. This could improve global adoption because AR displays 
may be customised by their owner [42], whereas changing physical 
eHMIs on vehicles would be more challenging, especially given the 
success of binary signals in other cities. 

6.2 Glasgow: Adaptive Interaction Behaviours; 
Location and Intention Signals Valuable at 
Different Points 

Glasgow’s participants regularly navigate stationary infrastructure 
and dynamic scenarios, leading to more cautious cycling. They 
performed more shoulder checks and cycled slower, giving them 
time to process and validate signals. This resulted in the fewest 
collisions among the cities. More cautious riding may be attributed 
to higher anxiety reported in pre-study interviews and post-track 
questionnaire scores. This aligns with previous research showing 
that transitioning from segregated cycle lanes to mixed traffic is one 
of the most challenging scenarios for cyclists [2, 3]. FullIntel proved 
particularly effective for Glasgow cyclists, significantly lowering 
their anxiety. Participants equally valued AV location and intention 
cues to adapt their interaction behaviours based on the scenario, 
much like their current interactions [2]. For location cues, like Stock-
holm’s participants, Glasgow cyclists relied heavily on observing 
driving behaviour. Location cues were beneficial for identifying AVs 
and validating signals at stationary infrastructure like intersections, 
where clear changes in AV driving behaviour are expected. Prior 
work analysing UK cyclist gaze behaviours in real traffic [2] aligns 
with our findings; cyclists interpreted social cues from drivers at 
intersections and then looked at the vehicle’s bumper to verify the 

driver’s message through braking behaviours. Therefore, FullIntel 
aligned with the more reflexive behaviours of Glasgow cyclists. 

Intention signals were particularly useful in scenarios requiring 
faster decision-making, like Lane Merging [4]. Cyclists trusted in-
terfaces more than their Stockholm counterparts, leading to greater 
confidence in AV intentions when these signals reiterated the eHMI 
through wearables. This contributed to a more pleasant experience 
during Lane Merging, which previous studies showed to be demand-
ing due to the need to frequently shoulder check [24]. Unlike in 
Stockholm, providing personalised location cues, such as chang-
ing vibration intensity based on AV proximity, increased Glasgow 
and Muscat cyclists’ confidence in AV awareness. This gave the 
sensation that the AV had detected and communicated with them 
directly. This is similar to prior work with holistic interfaces [5], 
suggesting that communication through wearable devices reduces 
ambiguity about with whom the AV is communicating. Ultimately, 
we found that FullIntel is suitable for Glasgow cyclists, but future 
work may consider adjusting AR location cues to address anxiety. 
Our qualitative results suggested that traffic signs may be more 
difficult to find, so these could be used for Bottleneck or Uncontrolled 
Intersection where the AV is in view, but additional visual location 
cues may be needed. For Lane Merging, AR glasses could display a 
HUD that is easy to spot so cyclists can quickly process FullIntel’s 
signals. 

6.3 Muscat: Fast Paced Interaction Made 
Possible with AV Intention Signals 

Muscat’s participants were the most receptive to interfaces, likely 
due to their experience navigating fast-paced interactions without 
the benefit of cycle lanes. In pre-study interviews, they noted that 
vehicles rarely stop, even at intersections. Our findings confirmed 
this: Muscat cyclists found Uncontrolled Intersection significantly 
easier than those from other cities; vehicles in the study came to a 
complete stop. This may have contributed to Muscat cyclists’ higher 
perceived cycling performance scores. Participants mentioned they 
are rarely prioritised on the road and often negotiate right-of-way 
assertively rather than relying on expressive social cues. This di-
rectly contrasts with Stockholm participants and emphasises the 
impact of segregated cycle lanes on cycling behaviours [38]. Mus-
cat cyclists’ assertive riding style was reflected in their cycling 
behaviour during the study, where they displayed more aggressive 
and sometimes reckless cycling, leading to the highest collision 
rate among all cities. This aligns with previous research showing 
that countries with emerging cycling infrastructure, especially in 
Asia, tend to exhibit more reckless riding patterns [43]. Unlike other 
participants, Muscat cyclists did not heavily rely on AV driving be-
haviour, likely due to vehicle braking being harder to differentiate 
on faster roads [2]. Their main focus was on quickly interpreting 
AV intentions. They placed significantly more trust in interfaces, 
and minimal eHMI cues were sufficient for them to make decisions. 
This prompted higher interface usability scores than Glasgow and 
Stockholm participants. Perhaps because the eHMI already provides 
more affirming information than their real-world interactions, and 
this led them to prioritise AV intention signals over location cues. 
Interestingly, location cues also improved Muscat cyclists’ confi-
dence in AV intentions because they were used differently than in 
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other cities; cyclists located the AV faster to understand its eHMI 
rather than validating intention signals with driving behaviour. 

This raises important questions about how AVs should behave in 
Muscat. If AVs consistently yield while cyclists continue encounter-
ing assertive human drivers, AVs may be seen as out of place and 
confusing. Cyclists may take advantage of their predictable yielding 
behaviour, particularly in dynamic situations with ambiguous right-
of-way. This could result in negative experiences for AV passengers, 
reducing adoption. Conversely, making AVs more assertive could 
create unsafe conditions for cyclists, who already display more 
reckless riding. Muscat remains unexplored in the AutomotiveUI 
domain, and research must understand behavioural changes in AV 
deployment in the city; this should be longitudinal to see whether 
cyclists adapt to less assertive AVs over time or if AVs should in-
stead employ more assertive driving. This is critical for safe global 
AV adoption. Muscat cyclists may be safer if AV intentions were 
only displayed after cyclists indicate their intentions; this may be a 
departure from requirements in other cities, but it would promote 
clear two-way communication between road users. For example, 
cyclists may gesture, use on-bike direction indicators [5] or novel 
input techniques [44] to send AVs their intentions; only then will 
the eHMI show its state, and Mirror or FullIntel will display this. 
This would make Muscat’s interactions more expressive and may 
reduce collisions. 

6.4 Lessons Learned and Design Guidelines for 
Culturally-Inclusive Holistic Interfaces 

Given the complexity and scale of our study, we contribute Lessons 
Learned (LL) from our experience that may help researchers design 
such experiments and interpret their findings. We also use our find-
ings to contribute Design Guidelines (DG) for culturally inclusive 
AV-cyclist interfaces. 

LL: Researchers should classify any potential influencing factors 
between cities. We identified physical infrastructure and vehicle 
driving behaviours as factors influencing cyclist perception and 
behaviours toward interfaces. Future work should identify other in-
fluencing factors, e.g., through pre-study interviews. Cross-cultural 
researchers should use these to classify their study locations, e.g., 
high versus low segregation from motorised vehicles. This would 
help them contextualise and interpret their findings and deduce 
trends in the data. In our study, we classified cities according to the 
level of cyclist segregation from vehicles, allowing us to identify 
key trends. For example, greater segregation and slower vehicle 
driving resulted in cyclists putting more value on AV location cues 
than intentions. 

LL: Surveys are not always sufficient for cross-cultural interface 
evaluation. Cross-cultural studies are often conducted using on-
line surveys [3, 13, 38], which are valuable for reaching a large, 
diverse participant pool across multiple cities and countries [3, 22]. 
However, we encourage researchers also to consider replicable user 
studies. This would allow them to explore situations that require 
physical interaction, such as evaluating multimodal interfaces in 
greater depth [4, 24]. For instance, our study incorporated inter-
faces with haptic cues, which are challenging to evaluate through 
surveys alone. User studies provide a more detailed understanding 

of user behaviours when interacting with interfaces [9, 14]. Quan-
titative measures such as cycling speed, shoulder-checking, and 
other behavioural patterns can be logged [17], offering insights 
into perceptive and behavioural differences across cultures. Re-
searchers relying on online surveys should consider our previous 
lesson learned regarding classifying differences between cities or 
cultural settings. Online surveys are accessible globally; cultural 
distinctions may appear more nuanced, potentially complicating 
data interpretation. 

LL: Researchers should utilise platforms enabling study replica-
tion. Researchers should strive for identical setups across cities to 
clearly isolate cultural factors. We adopted a headset-only approach, 
which was highly convenient to transport and made replication 
straightforward. It projected a complete urban environment, includ-
ing props such as road markings, along with AVs and interfaces, 
meaning no other research equipment was required. Participants in 
all cities experienced identical AV behaviours and interface imple-
mentations. We also established specific requirements for indoor 
halls, including floor colours and hall dimensions, to minimise vari-
ability. We recommend that researchers centralise their hardware 
and adopt a similar approach wherever feasible. 

DG: We recommend designers to build culturally-inclusive inter-
faces around a common baseline. The LightRing eHMI [4] employed 
simple binary AV intention cues understood across cities, promot-
ing cultural inclusivity. eHMIs serve as a reliable failsafe for cyclists 
without additional devices [5], enabling cyclists to transition be-
tween cities with minimal effort if a consistent eHMI is adopted. 
LightRing’s design was highly extendable: AR road projections, 
smartwatch vibrations, and auditory cues were synchronised with 
the eHMI in FullIntel and Mirror. This meant a minimal learning 
curve across displays and fostered trust, allowing cyclists to ver-
ify redundant signals easily. Designers could take a ground-up 
approach and anchor their holistic interfaces around a culturally in-
clusive baseline. This could be an eHMI or a broader display feature, 
such as an extendable animation pattern. 

DG: We recommend designers to consider comprehensive ’middle-
ground’ interfaces. FullIntel was ranked as the best interface across 
the three cities. It was the most comprehensive and used multi-
modal cues to communicate the AV’s intentions and location. This 
allowed cyclists from all cities to use the same interface but adapt 
the information to their needs; for example, those in Stockholm 
preferred AV location cues, but those in Muscat used AV intention 
cues. This suggests that designers could consider developing similar 
comprehensive solutions that give different features equal footing. 
This could enhance cultural inclusivity, with users adapting them 
according to their local needs. 

DG: We recommend that any alterations to suit local norms be on 
wearable devices when a baseline display is used. Some cyclists may 
need additional information that could overload middle-ground 
solutions. For instance, cyclists in Stockholm could benefit from 
explicit cues confirming AV awareness. However, such cues might 
overwhelm Muscat and Glasgow cyclists if integrated into FullIntel. 
Designers could tailor awareness cues for Stockholm cyclists with-
out negatively impacting users in other cities by using wearable 
devices. Altering baseline displays like the eHMI may undermine 
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cultural inclusivity and extendibility. Disrupting universally under-
stood signals, for example, changing ‘green’ to mean not-yielding, 
would reduce inclusivity. Instead, designers can provide additional 
signals via wearable or bike-mounted devices for local needs. These 
signals would only reach cyclists equipped with such devices [5, 9, 
28–30]. Notably, vibration cues effectively reassured cyclists of AV 
awareness, especially when indicating proximity. Designers should 
explore non-visual cues further, as these can communicate specific 
information without being redundant to eHMIs. This approach al-
lows tailored support without compromising the baseline’s cultural 
inclusivity. 

7 Conclusion 
We conducted the first cross-cultural AV-cyclist interaction study 
with participants directly using interfaces and interacting with AVs. 
The study was conducted in Stockholm (high cyclist segregation 
from motorised vehicles), Glasgow (some segregation), and Muscat 
(no segregation). Cities were in different countries to maximise any 
cultural differences [13]. In each city, cyclists used our AR cycling 
simulator to ride in real physical space in an AR urban environment 
with moving AVs. They navigated three traffic scenarios to test three 
holistic interfaces, each incorporating an eHMI (conveying AV in-
tentions), with multimodal cues communicating either AV location, 
AV intentions (redundant to the eHMI), or a combination of both. 
We evaluated holistic interfaces because they bring a wider range of 
modalities, messages and display placements than individual ones 
such as eHMIs [5], complicating the cross-cultural design problem. 
Our study revealed that cyclists from all cities preferred combined 
AV location and intention information, but their respective cultural 
norms significantly influenced their usage of this information. Stock-
holm cyclists, accustomed to slower-paced, expressive interactions 
at stationary infrastructure, favoured AV location cues to interpret 
driving behaviour and validate intention signals, as they were less 
trusting of the interfaces alone. Glasgow cyclists, who navigate 
a mix of stationary and dynamic scenarios, valued location and 
intention cues equally, adjusting their reliance on each depending 
on the context. Muscat’s participants, accustomed to fast-paced in-
teractions in mixed traffic, placed greater trust in the interfaces and 
prioritised binary intention cues (yielding/not-yielding) to make 
quick decisions without verifying driving behaviour. Our findings 
provide the first insights into the design of culturally-inclusive AV-
cyclist interfaces. This is vital to the successful global adoption of 
AVs [38]. 
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