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Abstract: Most of cyclists’ fatalities originate from collisions with motorized vehicles. It is expected
that automated vehicles (AV) will be safer than human-driven vehicles, but this depends on the
nature of interactions between non-automated road users, among them cyclists. Little research on
the interactions between cyclists and AVs exists. This study aims to determine the main factors
influencing cyclists’ crossing intentions when interacting with an automated vehicle as compared to
a conventional vehicle (CV) using a 360◦ video-based virtual reality (VR) method. The considered
factors in this study included vehicle type, gap size between cyclist and vehicle, vehicle speed,
and right of way. Each factor had two levels. In addition, cyclist’s self-reported behavior and trust in
automated vehicles were also measured. Forty-seven participants experienced 16 different crossing
scenarios in a repeated measures study using VR. These scenarios are the result of combinations
of the studied factors at different levels. In total, the experiment lasted 60 min. The results show
that the gap size and the right of way were the primary factors affecting the crossing intentions of
the individuals. The vehicle type and vehicle speed did not have a significant effect on the crossing
intentions. Finally, the 360◦ video-based VR method scored relatively high as a research method
and comparable with the results of a previous study investigating pedestrians’ crossing intentions
confirming its suitability as a research methodology to study cyclists’ crossing intentions.

Keywords: cyclists; automated vehicles; crossing behavior; virtual reality; interactions

1. Introduction

The majority of cyclists’ fatalities originate from collisions with motorized vehicles
in the Netherlands [1]. As the share of cyclists is increasing, and not only in the Nether-
lands [2], it is of importance to understand how they behave and will behave when
interacting with new types of motorized vehicles, such as automated vehicles. The effects
of automated vehicles (AVs), possibly with a new driving style, might lead other road
users to change or adapt their behavior. To successfully implement AVs in urban settings,
AVs need to be able to understand the intent of cyclists. Therefore, computer algorithms are
being developed that can predict intention of cyclists based on hand signaling [3]. AVs need
to detect and recognize other road users, automated or non-automated, to interact safely
with them. Multiple studies have been performed from the point of view of AVs regarding
their ability to recognize other road users [4,5]. Also, smart infrastructure is proposed to
create a safer environment in which cyclists can interact with AVs. The AVs could send
information to an upcoming intersection and the intersection could then adapt to create an
environment that fits the upcoming interaction [6]. However, there is less emphasis on how
these AVs will interact and communicate with other road users, such as manually driven
cars, pedestrians, and cyclists [7,8], and how these other road users will interact with AVs.
Non-automated road users need to adapt to a changing road traffic system and to a new
type of vehicles [9]. An important factor is the non-verbal communication between driver

Information 2021, 12, 7. https://dx.doi.org/10.3390/info12010007 https://www.mdpi.com/journal/information

https://www.mdpi.com/journal/information
https://www.mdpi.com
https://orcid.org/0000-0002-2919-0253
https://orcid.org/0000-0002-5884-4877
https://dx.doi.org/10.3390/info12010007
https://dx.doi.org/10.3390/info12010007
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/info12010007
https://www.mdpi.com/journal/information
https://www.mdpi.com/2078-2489/12/1/7?type=check_update&version=2


Information 2021, 12, 7 2 of 15

and other road users, such as eye-contact or a hand gesture [10,11]. However, such com-
munication may not be available in the same way or would even be impossible when there
is no driver present in the AV. How this would affect the interaction between cyclists and
AVs is still unclear and has until recently been overlooked in the literature.

Microscopic simulations of interactions between AVs and cyclists show that a decrease
in conflicts between AVs and cyclists can be expected. This is assuming a penetration rate of
100% of AVs. Furthermore, the severity of conflicts is also expected to decrease. However,
before reaching a 100% penetration rate the safety of cyclists should be considered when
interacting with AVs [12]. However, before reaching a 100% penetration rate AVs need to be
able to perform in a mixed environment. Initial video analysis of footage recorded during
the CityMobil2 demonstrations shows how cyclist adapt to AVs. Where possible cyclists
avoided getting too close to AVs. However, when it was not possible to keep distance,
cyclists stayed close to AVs instead of waiting for the AV to pass. This could be seen as
a risky behavior [13]. In line with these results, Bjørnskau et al. [14] found that cyclists
adapted their behavior. Over time, cyclists gave the right of way less to AV shuttles and
overtook the shuttles more.

Hagenzieker et al. [7] performed a small-scale photo study to investigate whether there
is a difference in the expectations and behavioral intentions of cyclists when interacting
with an AV at an intersection as compared to a contemporary vehicle (CV) using signs
stating that the vehicle was automated mounted on several places. Overall, the researchers
found that the way the vehicles are perceived depended on the scenario. Given the fact
that AVs are expected to be safer, it is surprising that no clear preference for the AVs over
the CV was found. The authors explain that the balanced results for AVs and CVs indicate
that the participants have a conservative and cautious disposition toward AVs.

In contrast with previous findings, a small preference was found in favor of AVs in
a follow-up study building on Hagenzieker’s and colleagues [7] design [15]. AVs were
perceived as more likely to stop for the cyclist. When interacting with AVs, participants
stated that they felt more likely to be noted and were more confident that the car would
stop for them compared to the CV. Furthermore, the results of the administered trust in
self-driving technology questionnaire were compared to the answers on the scenarios.
The findings show that participants with more trust in AVs reported to be more noticed by
the AVs, that AVs would stop for them, and decided to continue cycling more often than
participants with less trust.

Finally, another study on cyclists crossing intentions was performed using animated
videos [16]. The videos were made from the perspective of the cyclists and contained three
types of vehicles: automated, automated, and disclosing its intentions, and a CV. Further-
more, five situations were presented with the use of the videos. The researchers report
that cyclists yielded more often when the vehicle was automated and less often when the
vehicle was automated and also displayed its intention, as compared to the CV. In contrast
to the previous two studies, the cyclist yielded more for both types of automated vehicles
if they received the negatively framed information about AVs. The researchers explain
that the effect of an instruction video may be more effective in affecting the participants
than written instructions. In addition, a negative correlation was found between yielding
and trust in AVs. So, when participants experienced low trust in AVs they yielded more.
All in all, most of the results of this study are in line with the previous two. Cyclists act
carefully when interacting with AVs. Also, trust seems to be an important factor that can
affect cyclists’ decisions.

The present study aims at gaining insights into the crossing intentions of cyclists
while interacting with AVs as compared to CVs. Our main research question was the
following: How does the physical appearance of a vehicle affect the crossing intentions of cyclists?
We also investigated how the vehicles’ motion cues intentions and how the existing priority
regulations affected cyclists’ crossing intentions. In contrast to the presented studies,
this study made use of 360◦ video-based virtual reality (VR) to provide control over the
interaction. Psychological factors such as trust in AVs and perceived risk and perceived
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behavioral control were studied to provide insights into how these factors are affected by
AVs. Vehicle factors-vehicle speed and gap size were also included. Furthermore, the right
of way was included in our studies.

2. Research Methodology

A repeated measures experiment was designed where each participant completed
16 scenarios using a 360◦ video-based VR method. 360◦ video-based VR has been used
in pedestrians’ studies but has not been used to study cyclists. VR can facilitate having
participants immerse in the VR environment to study cyclist interaction with automated
vehicles in contrast to photos and videos that lack this level of immersiveness. VR is a useful
tool due its realism, reproducibility, increased control over the environment, and absence of
exposure to physical danger in contrast to real-life experiments [17]. Despite the advantages
of VR, its use in scientific research is relatively scarce when it comes to crossing intentions
of cyclists. Nevertheless, studies on the behavior of pedestrians at crossings show that
VR experiments can display differences in crossing intentions [18]. The participants did
not show reckless behavior and they adopted a crossing behavior that is common in real-
life [17,19]. Therefore, VR is a useful tool to study crossing intentions [20]. The 16 scenarios
were created considering a set of 4 variables each with 2 levels as described in Table 1.
The gap size was calculated as the time needed before the vehicle crossed the path of the
cyclist and was achieved by stopping the video at the desired time gap. The 16 scenarios
were completed twice per participant (session 1 and session 2). Before the second session
started, the participants were told explicitly that there were two types of vehicles present in
the experiment and which vehicle of the two was a CV and which was an AV. That ensured
there was a complete data set where the participants knew they were interacting with an
AV. The two vehicles are illustrated in Figure 1.

Table 1. Variables included in the VR experiment.

Variable Name Levels Annotation Explanation

Vehicle type 2
AV Automated Vehicle
CV Conventional Vehicle

Vehicle speed 2
20 Vehicle driving speed 20 km/h

30 Vehicle driving speed 30 km/h

Gap size 2
Small Gap (SG) Gap between vehicle and cyclist was

0.5 s/2.8 m (V = 20)/4.2 m (V = 30)

Large Gap (LG) Gap between vehicle and cyclist was
2 s/11.1 m (V = 20)/16.7 m (V = 30)

Priority to the cyclist 2
Yes Cyclist had priority over the vehicle
No Vehicle had priority over the cyclist
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Figure 1. Appearance of automated vehicles (AV) (left) and conventional vehicle (CV) (right).

2.1. Apparatus

All the videos were recorded using the Nikon Keymission 360. The camera has two
lenses making it possible to film in 360◦. The videos had a resolution of 3480 × 2160 pixels
with a 24 frames per seconds. A special camera mount (i.e., GoPro mouth mount) was
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used that allowed to record videos from the height of one’s chin. The videos were shown
to the participants using an iPhone 7 with a screen resolution of 1334 × 750 pixels and
using a consumer app (VR Media Player) downloaded from the App Store and a consumer
level head-mounted smartphone holder such as the Samsung Gear with a field of view
of roughly 100 degrees. The intersection on which the scenarios were filmed was a quiet
rural crossing with nothing obstructing the view of the car. A screenshot of one of the
videos can be seen in Figure 2. The videos represented a cyclist riding towards a crossing
while a vehicle was moving towards the cyclist from one of the side directions. The video
stopped at the critical moment (i.e., when the desired gap size was reached). This stopping
point (determining the gap size) was based on the needed braking distance for the cyclists
in case she/he would decide to stop, so that participants would still be able to stop [21].
The participants were asked what they would do: (1) continue cycling, (2) cycle faster,
or (3) slow down. They were free to imagine how much they would change their speed if
they chose to cycle faster or to slow down. Slowing down could also include the option to
come to a complete stop. The participants had to answer verbally and was noted by the
researcher. Every participant watched all 16 different scenarios per session. The videos
were randomized and three versions were made.

Information 2021, 12, x FOR PEER REVIEW 5 of 16 
 

 

 

 

Figure 2. Screenshots of the 360° videos with the vehicle at different distances. 

2.3. Pilot Studies 

Three pilot studies were conducted before setting the final experiment. The first pilot 

study was to attain a realistic cycling speed. The speeds tested were 12 km/h, 15 km/h, 

and 18 km/h as these are average cycling speeds [22]. Ten out of sixteen participants re-

ported that, to them, a cycling speed of 15 km/h felt the most realistic of all the three. In 

the second pilot study the speed of the vehicle, the gap sizes, and the vehicle’s color were 

investigated. The speed of the vehicle (i.e., 20 and 30 km/h) was chosen for practical rea-

sons. It was important that the vehicle would be visible (in the VR) for the cyclist to be 

able to notice it. This was not possible if the speed of the vehicle was higher than 30 km/h. 

Similarly, the gap sizes were chosen based on what was found to be the most realistic to 

the participants using the VR in the pilot studies. Besides gap sizes of 0.5 and 2.0 s, also a 

gap size of 4.0 s was tested but it did not result in a variation in the crossing intention 

among the participants of the pilot study since the vehicle would be too far out of sight of 

the cyclist. Therefore, only gap sizes of 0.5 and 2.0 s were used. A gap size of 0.5 s was 

tested as this was the shortest possible gap size in which the cyclist could cross the road 

without accelerating. This gap size proved to elicit variation in the crossing intentions of 

Figure 2. Screenshots of the 360◦ videos with the vehicle at different distances.



Information 2021, 12, 7 5 of 15

2.2. Location

Two locations were tested before choosing the one used for the experiment. Both loca-
tions contained an intersection of two roads. Two of the intersections were in urban areas
with traffic. Other road users appeared on the videos often. This could have an additional
(in this case undesired) effect on the participants. Furthermore, the urban environment
contained obstacles often blocking the view of the car. Thus, we decided against using
these locations. We searched for an intersection with the least amount of obstacles and the
lowest amount of traffic for our filming location. Other requirements were: the asphalt had
to be smooth to reduce shaking in the videos, and without priority markings present at the
location. A location in a rural area was found that met our requirements and was used in
the final videos.

2.3. Pilot Studies

Three pilot studies were conducted before setting the final experiment. The first pilot
study was to attain a realistic cycling speed. The speeds tested were 12 km/h, 15 km/h,
and 18 km/h as these are average cycling speeds [22]. Ten out of sixteen participants
reported that, to them, a cycling speed of 15 km/h felt the most realistic of all the three.
In the second pilot study the speed of the vehicle, the gap sizes, and the vehicle’s color
were investigated. The speed of the vehicle (i.e., 20 and 30 km/h) was chosen for practical
reasons. It was important that the vehicle would be visible (in the VR) for the cyclist to be
able to notice it. This was not possible if the speed of the vehicle was higher than 30 km/h.
Similarly, the gap sizes were chosen based on what was found to be the most realistic to
the participants using the VR in the pilot studies. Besides gap sizes of 0.5 and 2.0 s, also a
gap size of 4.0 s was tested but it did not result in a variation in the crossing intention
among the participants of the pilot study since the vehicle would be too far out of sight
of the cyclist. Therefore, only gap sizes of 0.5 and 2.0 s were used. A gap size of 0.5 s was
tested as this was the shortest possible gap size in which the cyclist could cross the road
without accelerating. This gap size proved to elicit variation in the crossing intentions of
the pilot study and was therefore maintained. Furthermore, a dark vehicle was hard to
distinguish in the recordings and therefore a light color vehicle was chosen. In the third
pilot study, the vehicle appearances and the priority markings were chosen. The vehicle
used in the recordings was a white BMW 5-series, since it was comparable in size to the AV
(which in this study was the Waymo Fiat Chrysler as can be seen in Figure 1 [23]). As can
be seen in Figure 1 the white color was clearly visible. Since AVs are not widely used yet,
it was difficult to get a real AV vehicle for the recordings. Therefore, the AV was created
via video editing which also ensured that the AV had the same size and speed as the CV,
because it was placed over the CV and tracked to its exact movements. Figure 1 shows the
appearance of both vehicles in the videos. The software used to edit was Adobe Photoshop,
Adobe Premiere Pro and Adobe after Effects. The Waymo Fiat Chrysler turned out to be
the most realistic appearance compared to the Google Firefly of an AV in the video and
was therefore used in the experiment.

To simulate priority for the vehicle, video edited priority markings were tested,
but they proved to be hard to see. Therefore, the vehicle approached the cyclists from the
right in half of the videos, thus in these cases it had the right of way. To simulate priority to
the cyclists, the vehicle approached the cyclists from the left.

2.4. Sample

To collect the data, 47 participants (24 males; 23 females) took part in the experiment.
The participants had to be 18 years old or older and cycle in daily life. Participants had to
be able to see clearly without glasses as these could not be used while wearing the head
mounted display. Since the experiment was conducted at the TU Delft, most of the partici-
pants were (former) students. As age was found in the literature to have an influence on the
crossing behavior of cyclists and the set of participants was relatively small, a homogenous
age was chosen for all the participants, so that the differences in their intentions were not
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due to differences in their age [24,25]. The participants were informed that the experiment
was about crossing behavior of cyclists. Automated vehicles were not mentioned in order
not to influence or bias their crossing decisions in the first session. We also tested whether
the participants noticed any difference between the vehicles. The experiment was approved
by the ethical committee of the Delft University of Technology.

2.5. Questionnaires

All participants filled in a set of questionnaires before, during and after the experi-
ment. The first survey contained questions about the participants’ demographics and the
pedestrian behavioral scale (PBS) adjusted for cyclists [26]. This questionnaire included
items such as “Cycle on the road instead of a bicycle lane,” “See a small gap in traffic and ‘go for
it,’” and “Think it is OK to cross safely, but a car is coming faster than you though.” One had to
respond on a scale from 1 (never) to 5 (often) how often they performed certain behaviors.
So, the higher the score the riskier one behaves. The results of this questionnaire were
used to divide the group in the lower risk group and a higher risk group by dividing the
participants based on the mean score of the whole group.

Furthermore, the level of trust in AVs was measured per participant using the trust
in AVs scale [27,28]. This scale contained questions such as “Globally, I trust the automated
vehicle,” “I trust the automated vehicle to have seen me,” and “I trust the automated vehicle to
drive safe.”

To determine how the participants experienced the VR environment, the Presence
Questionnaire has been used [29]. It contained items such as “How natural did your interac-
tions with the environment seem,” “How completely were your senses engaged in this experience?,”
and “How completely were your senses engaged in this experience?.”

A side-effect of using VR is that participants may get sick due to visually induced mo-
tion sickness [30,31]. Although most people do not experience this, previous research has
shown that not everybody can tolerate the virtual environment [20]. To ensure participants
did not suffer from motion sickness, they filled in a misery scale (MISC) before, during,
and at the end of the experiment [32]. The participants could score to what extent they
experienced simulation sickness symptoms on a scale from 0 to 10 with 0 being not expe-
riencing any symptoms and 10 being extremely simulation sick. If their scores increased
significantly during the experiment, the experiment was paused, and we checked with the
participant whether he/she was able to continue.

Perceived behavioral control (PBC) was measured using 2 items; “For me, crossing
the road in this way would be . . . ,” and “I believe that I have the ability to cross the road in this
way . . . ” [33]. PBC was measured for the BMW and the Waymo vehicle after session 1
if participants indicated to have noticed a difference between the vehicles, otherwise the
questions were skipped. After session 2, all the participants answered the PBC items.

Perceived risk (PR) was a 1 item scale that was applied using the same procedure as
PBC [33]. The item was the following: “Crossing the road in this situation would be . . . ” Both
PBC and PR were answered using a 7-point Likert scale. The scale was inverted for PBC.
So, the higher the score the less PBC one experienced.

2.6. Procedure

At the very beginning, the participants had to sign an informed consent form before
the experiment could begin. Then, the participants filled in a survey. The survey contained
questions about their demographics and regarding their vision (eyesight). Following this,
the adapted pedestrian questionnaire and the MISC were filled in. Then, they watched
the first 8 videos of session 1, which took 3 min in total. A MISC questionnaire was
filled in once again and then the last 8 videos of session 1 were shown. After the first
session, the participants were asked to fill in the MISC for the third time. Following
this, they were asked whether they had perceived any difference between the vehicles,
about their perceived risk and their perceived behavioral control per vehicle, and they
were asked to report how much they knew about AVs. Furthermore, they filled in the
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Trust in AVs questionnaire. Then, they were told about the AV and the CV types used in
the experiment, by showing pictures of the vehicles. In session 2, the same videos were
shown. The first 8 videos were presented. Then, a MISC was filled in. Finally, the last 8
videos of session 2 were shown. The final MISC was filled in after session 2. At the end,
the participants completed the Presence questionnaire before they were debriefed. In total,
the experiment lasted 60 min, and each session (i.e., 8 scenarios) took 3 min.

3. Results

We first present descriptive statistics followed by the overall results of the multinomial
logistic mixed regression (MLMR) model regarding the crossing intentions. In addition,
the results of the perceived behavioral control (PBC) and perceived risk (PR) are presented.
Then, the results of the MLMR models per session are displayed. Finally, the results of the
VR assessment are reported.

3.1. Descriptive Statistics

Forty-seven individuals (24 males; 23 females) participated in the experiment. Their
mean age was 24.0 (SD = 2.7). All the participants had normal or corrected to normal
vision. Forty-six participants cycled daily. Most of their daily cycling trips lasted between
15 to 60 min accumulated. Almost all, 43, stated to know what an automated vehicle
was. On a scale from 1 to 6, the self-reported mean score on how much one knew about
automated vehicles—1 is “almost nothing” and 6 “a great deal”—was 3.4 (SD = 1.2).
No statistically significant difference was found between genders, t (45) = −0.16; p = 0.87.
Thirty-five of the participants noticed a difference between the two vehicles. However,
only five thought that some of the vehicles were automated in session 1.

The Trust in AVs mean score was 4.7 (SD = 0.9) on a 7-point Likert scale—1 means
“low trust” and 7 means “high trust”–, and no statistically significant difference was found
between genders (males M = 4.7, SD = 1.0; females M = 4.6, SD = 0.9), t(45) = 0.53; p = 0.60.
The participants stated whether they had more, less, or equal trust in AVs as compared
to CVs. Six stated that they had more trust in AVs, 14 stated to have less trust in AVs
and 27 stated that they trusted them equally. The trust in AVs score differed significantly
between the groups, F(2, 44) = 8.21, p = 0.001. The group that trusted the AVs more than
CVs (M = 5.4, SD = 0.5) and the group that trusted them equally (M = 4.8, SD = 0.8) scored
significantly higher on the Trust in AV scale than the group that had less trust in AVs
(M = 4.0, SD = 1.0) as revealed by a Bonferroni post-hoc test. Further, the participants
were divided into two groups based on their score on the adapted Pedestrian Behavior
Scale (PBS); those that scored higher than the total mean were labeled “higher risk group”
and those that scored lower than mean were labeled “lower risk group.” The mean score
on the adapted PBS was 2.7 (SD = 0.6) on a scale from 1 to 7, 24 participants (12 females
and 12 males) were labeled as lower risk group (M = 2.3, SD = 0.3) and the other 23 as
higher risk group (M = 3.1, SD = 0.4). The difference in PBQ score between groups was
statistically significant, t(45) = −7.10; p < 001. No difference was found in Trust in AVs
score between the higher risk group (M = 4.9, SD = 0.7) and lower risk group (M = 4.4,
SD = 1.1), t(45) = −0.16; p = 0.87.

3.2. Crossing Intentions

Each of the 47 participants watched 32 videos and made just as many crossing in-
tention decisions. Therefore, the data set consisted of 1504 choices. In four occasions
a participant missed the vehicle in the video and could therefore not answer, these oc-
casions were eliminated, so that the total data set contained 1500 decisions. To analyze
which factors influenced participants’ crossing intentions, multinomial logistic mixed
regression models were estimated. A mixed model with a random intercept was cho-
sen to capture the correlation between the decisions made in different scenarios by the
same participant [34]. An unstructured covariance matrix has been chosen for the error
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structure [35,36]. The multinomial logistic mixed regression model was estimated using
maximum likelihood.

The participants were given three options in the experiment: continue cycling, cy-
cle faster, and slow down. In the models “continue cycling” was chosen as the reference
category to which slow down, and cycle faster were compared to. The variable time gap
size was converted to distance gap, since people select a gap mostly based on distance,
instead of a gap in time [27,37]. Furthermore, a gap size measured in meters enables to
remove speed from the equation, which allows to measure the effect of speed and gap size
separately [37]. Trust in AVs, gender, and speed have been omitted from the succeeding
models as they proved insignificant in all the models. Also, the random intercept was
found to be insignificant in all the models and was therefore omitted from the models.

As shown in Table 2, participants’ intentions to cross did not differ significantly
between the two vehicles. When the gap size was 4.2 m or smaller the participants chose
to slow down significantly more compared to continue cycling. The effect size was very
large for the case of slowing down. Cycling faster was chosen significantly more compared
to continue cycling only when the vehicle was 2.8 m from the cyclist. The effect size was
relatively large. If the cyclists had priority, they chose significantly less to slow down or
to cycle faster compared to continue cycling. The effect was large when it comes to slow
down and large when choosing to cycle faster.

The lower risk group decided to slow down and to cycle faster significantly more than
the higher risk group. The effect size was medium for both. The participants were divided
into groups based on their stated trust in AVs as compared to CVs. They were divided into
three groups, the ones who stated they trusted AVs more than CVs, the ones who trusted
AVs less than CVs and the ones who said there was no difference for them. However,
no statistically significant difference was found between the three groups. The interaction
between vehicles and stated trust showed a significant effect but only on the probability to
slow down and only when the vehicle was a CV. When the participants had less trust in the
AV as compared to the CV, then they slowed down less. The effect size was medium [38].

Table 2. Results of the Crossing Intention Multinomial Logistic Mixed Regression (MLMR) Model for both sessions combined.

Fixed Coefficients B (SE) Odds Ratio 95% CI p

Slow down

Intercept −0.74(2.22) 0.48 [0.01,37.50] 0.73
Vehicle type (1 = CV, 2 * = AV) −0.19(0.19) 0.83 [0.57,1.21] 0.33

Gap distance (meters; 1 = 2.8 m, 4 * = 16.7 m) 2.36(0.21) 10.55 [7.03,15.85] <0.001
Gap distance (meters; 2 = 4.2 m, 4 * = 16.7 m) 2.39(0.20) 10.92 [7.31,16.31] <0.001
Gap distance (meters; 3 = 11.1 m, 4 * = 16.7 m) 0.10(0.21) 1.01 [0.73,1.65] 0.65

Priority to cyclist (1 = yes, 2 * = no) −2.03(0.15) 0.13 [0.10,0.17] <0.001
Risk group (1 = low, 2 * = high) 0.56(0.15) 1.76 [1.31,2.37] <0.001

Stated Trust (1 = More, 3 * = No difference) −0.30(0.32) 0.74 [0.40,1.38] 0.34
Stated Trust (2 = Less, 3 * = No difference) −0.10(0.23) 0.91 [0.58,1.42] 0.67

Vehicle * Stated Trust (CV * More) 0.76(0.44) 2.14 [0.90,5.10] 0.09
Vehicle * Stated Trust (CV * Less) −0.75(0.33) 0.47 [0.25,0.90] 0.02

Cycle faster

Intercept −0.23(2.22) 0.74 [0.01,62.14] 0.92
Vehicle type (1 = CV, 2 * = AV) 0.26(0.19) 1.29 [0.89,1.88] 0.18

Gap distance (meters; 1 = 2.8m, 4 * = 16.7 m) 1.05(0.20) 2.86 [1.91,4.27] <0.001
Gap distance (meters; 2 = 4.2 m, 4 * = 16.7 m) 0.31(0.21) 1.36 [0.91,2.04] 0.14
Gap distance (meters; 3 = 11.1 m, 4 * = 16.7 m) 0.02(0.20) 1.02 [0.69,1.50] 0.93

Priority to cyclist (1 = yes, 2 * = no) −0.99(0.15) 0.37 [0.28,0.50] <0.001
Risk group (1 = low, 2 * = high) 0.30(0.15) 1.35 [1.00,1.81] 0.05

Stated Trust (1 = More, 3 * = No difference) −0.44(0.32) 0.65 [0.34,1.21] 0.17
Stated Trust (2 = Less, 3 * = No difference) −0.13(0.23) 0.88 [0.56,1.39] 0.59

Vehicle * Stated Trust (CV * More) −0.10(0.45) 0.90 [0.37,2.18] 0.82
Vehicle * Stated Trust (CV * Less) −0.56(0.33) 0.57 [0.30,1.08] 0.08

Note: * = Reference category. Odd ratios size: 1.68 = small, 3.47 = medium, 6.71 = large [38].
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3.3. Perceived Behavioral Control and Perceived Risk

The participants answered questions per vehicle about their perceived behavioral
control (PBC) and perceived risk (PR). Only participants who noticed a difference between
vehicles in the first session (N = 35) answered the PBC and PR questions. All the participants
filled this questionnaire after session 2 since they were explicitly told about the two types
of vehicles before session 2 started.

The participants reported a PBC score of 5.0 (SD = 0.8) before session 2 and 5.1
(SD = 1.0) after, thus no significant difference. For the PR score it was respectively, 4.6
(SD = 0.7) before and 4.9 (SD = 0.9) after. The mean PBC scores per vehicle type per
session can be found in Table 3. There were no significant differences between the sessions
or vehicles score pairs’, except the PR scores of CVs and the scores of AVs in session 1,
t(34) = −3.02; p = 0.005, and the PR scores of CVs before and the scores in session 2,
t(34) = −3.76; p = 0.001. The other test statistics have been left out for the sake of clarity.

Table 3. Mean perceived behavioral control (PBC) and perceived risk (PR) scores per vehicle per
session.

Session 1 Session 2

AV CV AV CV

PBC 5.2 (SD = 1.0) 4.8 (SD = 1.2) 5.0 (SD = 1.1) 5.2 (SD = 1.3)
PR 5.0 (SD = 1.1) 4.2 (SD = 1.0) 4.7 (SD = 1.2) 5.0 (SD = 1.2)

3.4. Models Per Session

Only 14% thought they had seen an AV in the first session, so it is interesting to
analyze the differences between the sessions before and after participants were told one
vehicle was an AV. Therefore, two separate models were created based on the data of only
session 1 or 2. Also, we added the respective PBC and PR scores as factors to the model
to see how they perform as predictors of the participants’ crossing intentions. As seen in
Table 4, both models performed better than the full model based on the data from both
sessions together. The model with the data of session 1 had the best performance of the
three models.

Table 4. Performance of the models.

Model −2 LL AIC BIC

Full model (Table 2) 10970.2 10974.2 10984.8
Session 1 model (Table 4) 4095.7 4099.8 4108.3
Session 2 model (Table 5) 5407.7 5411.7 5420.9

In Table 5 the models’ results of session 1 and session 2 can be found. Vehicle type
remained an insignificant predictor of the crossing intentions. Gap distance was a sig-
nificant predictor of cyclists slowing down. It had a very large positive effect in both
sessions. However, gap distance had only a significant positive effect on cycling faster in
session 2. As shown in Table 5 the effect size is large in the case of 2.8 m and a medium
effect size in the case of 4.2 m as compared to 16.7 m. To have priority had a significant
negative effect on the decision to slow down and cycle faster as compared to continue
cycling. The effect size was very large for the slow down option and medium to large for
the cycle faster option. Those who reported that they trust the AV more than the CV had
significantly lower intentions to slow down or cycle faster compared to continue cycling in
session 2. Both effect sizes were large. Interestingly, one’s knowledge about AVs had only
a significant negative effect to slow down or cycle faster compared to continue cycling in
session 1. The effect was small. One’s PBC when interacting with a CV had a significant
negative effect on the decision to slow down as compared to continue cycling in session 1.
The effect size was small. One’s PBC when interacting with an AV was only significant in
session 2. Furthermore, it had positive effects on both choice options. The effect size was
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medium. In addition, one’s PR when interacting with an AV was only significant in session
2, too. The effect sizes were medium and negative, in this case. Finally, when participants
have less trust in AVs, and are interacting with a CV, they chose to continue cycling more
as compared to slow down and cycle faster in session 2. The effect size was large.

Table 5. Results of the crossing intentions MLMR model for both sessions.

Fixed Coefficients Session 1 Session 2

Odds Ratio 95% CI Odds Ratio 95% CI

Slow down

Intercept 12.31 [0.10,1578.9] 3.82 [0.04,349.3]
Vehicle type (1 = AV, 2 + = CV) 0.64 [0.35,1.17] 1.00 [0.59,1.70]

Gap distance (meters; 1 = 2.8 m, 4 + = 16.7 m) 8.35 *** [4.27,16.34] 13.32 *** [7.50,23.67]
Gap distance (meters; 2 = 4.2 m, 4 + = 16.7 m) 10.40 *** [5.34,20.22] 12.77 *** [7.26,22.45]

Gap distance (meters; 3 = 11.1 m, 4 + = 16.7 m) 1.07 [0.54,2.11] 1.11 [0.63,1.97]
Priority to cyclist (1 = yes, 2 + = no) 0.16 *** [0.10,0.25] 0.11 *** [0.08,0.17]

Risk group(1 = low, 2 + = high) 1.46 [0.84,2.55] 1.66 * [1.07,2.60]
Stated Trust AV as compared to CV(1 = More, 3 + = No difference) 0.66 [0.23,1.89] 0.39 [0.15,1.01]
Stated Trust AV as compared to CV(2 = Less, 3 + = No difference) 0.50 [0.22,1.10] 0.77 [0.36,1.68]

Knowledge AVs 0.77 * [0.62,0.95] 1.03 [0.86,1.23]
PBC CV 0.73 * [0.53,1.00] 0.79 [0.56,1.11]
PR CV 1.11 [0.78,1.57] 0.89 [0.65,1.24]

PBC AV 0.87 [0.57,1.35] 1.69 * [1.11,2.58]
PR AV 1.00 [0.69,1.46] 0.54 *** [0.39,0.75]

Vehicle * Stated Trust(CV * More) 2.26 [0.69,8.86] 2.09 [0.62,7.11]
Vehicle * Stated Trust(CV * Less) 1.32 [0.44,3.98] 0.31 * [0.13,0.78]

Cycle faster

Intercept 23.66 [0.18,3050.2] 3.72 [0.04,337.0]
Vehicle type (1 = AV, 2 + = CV) 1.34 [0.73,2.47] 1.28 [0.75,2.19]

Gap distance (meters; 1 = 2.8 m, 4 + = 16.7 m) 1.44 [0.74,2.80] 4.84 *** [2.74,8.54]
Gap distance (meters; 2 = 4.2 m, 4 + = 16.7 m) 0.97 [0.50,1.90] 1.75 [0.98,3.11]

Gap distance (meters; 3 = 11.1 m, 4 + = 16.7 m) 0.95 [0.51,1.80] 1.12 [0.65,1.93]
Priority to cyclist (1 = yes, 2 + = no) 0.39 *** [0.25,0.63] 0.37 *** [0.25,0.56]

Risk group(1 = low, 2 + = high) 1.22 [0.70,2.12] 1.43 [0.92,2.22]
Stated Trust AV as compared to CV(1 = More, 3 + = No difference) 0.92 [0.32,2.61] 0.24 ** [0.09,0.62]
Stated Trust AV as compared to CV(2 = Less, 3 + = No difference) 0.61 [0.27,1.36] 0.84 [0.38,1.83]

Knowledge AVs 0.88 [0.71,1.09] 1.02 [0.85,1.22]
PBC CV 0.91 [0.66,1.25] 0.78 [0.55,1.10]
PR CV 0.78 [0.55,1.11] 0.80 [0.58,1.11]

PBC AV 0.84 [0.55,1.29] 2.09 *** [1.37,3.20]
PR AV 0.99 [0.68,1.45] 0.53 *** [0.38,0.74]

Vehicle * Stated Trust(CV * More) 0.51 [0.13,2.06] 1.24 [0.36,4.32]
Vehicle * Stated Trust(CV * Less) 1.18 [0.39,3.52] 0.34 ** [0.14,0.84]

Note: + = Reference category. Odd ratios size: 1.68 = s, 3.47 = m, 6.71 = l [38] * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3.5. Performance of the VR Method

The results of the Presence Questionnaire pointed toward participants experiencing
the VR environment as realistic (Table 6). The lowest score was found for the quality of the
interface (i.e., 2.67). Overall, the scores as reported in Table 6 are comparable to previous
research [27]. Furthermore, the score on the MISC (Table 7) were relatively low meaning
that participants experienced fewer symptoms of simulation sickness. The scores were
slightly increasing over time. The range of the self-reported scores was 0 to 10, with 10
being chosen only thrice.
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Table 6. Results of the Presence Questionnaire (1 (low presence)—7(high presence)).

Involvement Adaptation/Immersion Interface Quality Total Mean

Mean 4.69 5.20 2.67 4.47
SD 0.57 0.81 1.00 0.64

Table 7. Results of the MISC (0 (no symptoms)—10 (vomiting)).

MISC
Baseline

MISC 1
Session 1

MISC 2
Session 1

MISC 1
Session 2 MISC Final

Mean 1.47 1.89 1.85 1.94 2.26
SD 0.98 2.18 1.02 1.39 1.82

Thirty-eight participants felt that crossing the road in the VR was different as compared
to real life. Twenty-eight participants felt “slightly safer” to “safer” as compared to real life.
Seven participants did not experience any difference and twelve felt slightly unsafe in the
VR environment as compared to real life.

4. Discussion

The main aim of this research was to determine what the differences are in crossing
intentions of cyclists when interacting with AVs compared to CVs. To this end AVs were
simulated in the present experiment. In addition, the perceived realism of 360◦ video-based
VR for research purposes was assessed for cyclists’ crossing intentions. The variables
vehicle type, the gap between the cyclist and vehicle, right-of-way priority, trust in AVs,
perceived behavioral control, and perceived risk were included as potential factors that
could affect the crossing intentions. This resulted in two sessions each of total 16 scenarios
divided by an intervention in which the participants were told that the Waymo Fiat Chrysler
vehicle was an AV. The scenarios were presented to 47 individuals by using a smartphone
based virtual reality.

The main findings of both sessions were the following. The distance between the
cyclist and the vehicle at an intersection and whether having right of way are the primary
factors influencing cyclists’ crossing intentions. This is in accordance with findings on
vulnerable road users’ crossing intentions [27,37]. Participants choose to adapt their speed
(i.e., cycling faster or slowing down) when the gap size was shorter. This indicates that the
cyclists did not feel safe and therefore intervened by adapting their cycling speed when
gap sizes were short. Speed of the approaching vehicle was not of influence on the crossing
intentions. This points toward gap size (measured in distance) being the more important
factor of the two. When the participants had the right of way, they preferred to continue
cycling instead of adapting their cycling speed. So, the cyclists felt safer when they had
the right of way and decided not to adapt their speed relying on the vehicle to do so. Also,
the fact that less effort is required to continue cycling as compared to cycle faster and to
slow down, could be a reason why the participants preferred to continue cycling. It could
be that the participants tried to minimize effort while maximizing safety. So, if the situation
is safe one would prefer not to adapt their speed in contrast to when the situation is unsafe.
The vehicle appearance and vehicle automation did not have a significant effect on the
crossing intentions. This was in accordance with the literature on previous studies on
cyclists’ interactions with AVs [7,16]. No clear preference was found for the AV in contrast
to what could be expected because AVs ought to be safer. The participants may not perceive
the AV as safer than the CV and therefore interact with both vehicles in the same manner.
Second, this could indicate that cyclists use their learned strategies even when interacting
with a new type of vehicle. Either way, the participants did not perceive the need to interact
with AVs differently than with CVs.

In accordance with Nuñez Velasco, et al. [27], the Trust in AVs in itself was not a
significant predictor of the crossing intentions. However, participants’ statements whether
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they trusted AVs more or less as compared to CVs was a significant predictor of the crossing
intentions. Thus, the absolute trust does not capture the relative value of trust between
vehicles. One could score highly in the Trust in AVs scale but have more trust in CVs, still.
The limitation of the trust scale used in this study is that it is 1 item only. A scale consisting
of multiple items comparing the trust in both types of vehicles could be a better predictor
and explain cyclists’ intentions better.

The main findings regarding session 2 are the following: Participants who were
categorized in the lower risk group chose to cycle faster or to slow down more often than
the higher risk group. Curiously, this was only the case in session 2 where they knew that
they were interacting with an AV in addition to a CV. The group that had more trust in
AVs decided to continue cycling more often overall as compared to the other two options
involving speed adaptation. This indicates that they might have felt safer and therefore
did not adapt their speed. In Rodríguez Palmeiro, and colleagues study they also found
a relation between trust and perceived safety when interacting with AVs [39]. However,
we found that cyclists who stated that they trust AVs less (than CVs) decided to continue
cycling more as compared to slowing down and cycling faster when interacting with a
CV. This means that those cyclists perceived less risk when they were interacting with a
CV than with an AV and thus, did not feel the need to adapt their speed. In contrast to
the findings of Rodríguez Palmeiro, and colleagues [39]) where participants chose riskier
answers when scenarios were presented that contained AVs. So, instead of changing their
intentions (by adapting their speed) when interacting with AVs, they chose to not adapt
their intentions when they interacted with a CV. PR of AVs had a significant negative effect
which means that those that perceived a higher risk when interacting with AVs decided to
slow down and to cycle faster less. The opposite is true for PBC when interacting with an
AV. When the participants experience more perceived behavioral control when interacting
with AVs they decided to adapt their behavior more. Overall, a positive relation was
found between adaptation of speed and PBC and a negative between adaptation of speed
and PR. Lastly, the effect of the gap size became even more pronounced in session 2. So,
knowing that one of the vehicles was automated, increased the effect of the gap size on
the crossing intentions. It could be that the knowledge is not the reason the effect size
increases but the repetition of the task. Participants could have become better at deciding
when to cross based on the gap size. To examine this effect, the data of the first session
was split in two halves and the crossing intention model was estimated for each part of
the data separately and the results were compared regarding the effect of gap size on
crossing intentions and found that the effect was larger in the second half of session 1 (for
example odds ratio (OR) = 6.6 versus OR = 10.3 for distance gap in the first and second
half, respectively) proving that it is a learning effect.

The 360◦ video-based VR was useful as a research method to investigate the crossing
intentions of cyclists. Participants did not suffer from motion sickness and everyone was
able to finish the experiment. Furthermore, the scores on the Presence questionnaire were
similar to those previously found [27]. Even though 60% of the participants indicated they
felt safer in VR than in real life, their crossing decisions still showed a trade-off, and nobody
crossed in all scenarios. It is unclear why some of the participants reported to feel less
safe in VR. A reason could be that they felt that in real life they do not experience these
kinds of critical scenarios often. Future research could focus on creating insights into this.
The recording angle of the videos, from the viewing perspective of the cyclist was found
very realistic by the participants and the recordings were steady and comfortable to watch.
However, due to the use of a head mounted smartphone holder that places the display in
front of one’s eyes, no peripheral vision could be used by the participants. This could have
had the implication that the cyclists had to actually look at the vehicles to be able to see
them. The peripheral vision affects the moment of detection. So, if the cyclist detected the
car in a later stage that would affect the remaining gap at the moment the cyclist arrived
to the intersection, and as a result the crossing intention/decision. In real life, peripheral
vision could have provided the cyclists with vehicles’ location and movement cues without
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them having to have looked at them. Further research could focus on how the lack of
peripheral vision impacts cyclists’ crossing intentions and behavior. Furthermore, research
should focus on the comparison of VR and real-world cyclists’ behavior studies to increase
our understanding of the transferability of results in VR studies to the real world.

5. Conclusions

The answer to our main research question “How does the physical appearance of a vehicle
affect the crossing intentions of cyclists?” is the following: Cyclists’ do not seem to have
different behavioral intentions when interacting with AVs as compared to when they
interact with CVs. The vehicle appearance and type were not found to influence their
intentions. The answers to the other research questions “How do the vehicles” motion
cues intentions and the existing priority regulations affected cyclists’ crossing intentions
are the following: the gap size and the right of way were the most important factors
affecting cyclists’ crossing intentions. Participants’ statements whether they trusted AVs as
compared to CVs was found to be a stronger predictor of the crossing intentions than the
Trust in AVs by itself. The 360◦ video-based VR method was useful as a research method to
investigate the crossing intentions of cyclists.
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