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A B S T R A C T

For the success of future shared automated mobility on-demand (SAMOD) a high quality of service needs to be 
assured. One key challenge lies in the passenger journey, particularly in finding the designated virtual stop 
(vStop) for pick-up and identifying the approaching shuttle. Therefore, the new vStop human-machine interface 
(vStop HMI) concept supports passengers with means of augmented reality (AR). This explorative user study with 
young adults (N = 44) used a virtual reality (VR) setup to simulate the AR-based vStop HMI and answers two 
research questions across two consecutive scenarios: (1) When using an AR-based navigation aid like the vStop 
HMI, users tend to focus heavily on their device while walking, which may increase the risk of negligent roadside 
behavior. While restricting AR information access during walking might reduce this risk, how does it affect 
overall user experience? To examine this, we compared a vStop HMI with restricted AR information access 
against a baseline condition. Results showed positive effects on user experience and acceptance for both HMI 
versions, although workload was partly negatively affected. (2) When identifying the approaching shuttle, does 
using the vStop HMI effectively assist users in doing so and lead to positive user experience? Usability testing 
indicated positive rates of workload, user experience, and acceptance during the shuttle identification task. 
Overall, the findings suggest that selectively restricting AR information during navigation tasks can help mitigate 
undesired user behavior in roadside environments while maintaining high levels of pragmatic quality and 
acceptance. Moreover, the vStop HMI enables seamless shuttle identification, even under complex conditions. By 
improving these critical stages of the passenger journey, the vStop HMI concept has the potential to enhance the 
overall quality of SAMOD services and increase public acceptance of future shared, automated, demand- 
responsive transportation systems.

1. Introduction

Latest technological developments have sparked a new era of urban 
transportation, characterized by the combination of demand-responsive 
transportation systems and highly automated vehicles (HAVs, SAE level 
4) (SAE International, 2021). These systems offer on-demand rides in 
shared automated vehicles (SAV), which customers can book via 
smartphone applications and board at flexible pick-up locations, also 
referred to as virtual stops (vStops), located nearby (Tcheumadjeu and 
Rummel, 2024). In shared/pooled ride operation, and synchronized 
with public transportation, these services could potentially scale up and 
bring significant benefits to future mobility systems (Hyland and 

Mahmassani, 2020). The benefits are manifold: shared automated 
mobility on-demand (SAMOD) systems promise, e.g., increased effi
ciency and reduced resource consumption (Garus et al., 2024). They also 
could improve the service quality of mobility for a wide range of user 
groups, since use cases range from last-mile solutions that complement 
public transportation to free-floating services in specific deployment 
areas (Riener et al., 2020; Nahmias-Biran et al., 2020). Various pilot 
projects in research contexts and the first commercial operation by 
Waymo and Cruise have demonstrated technical feasibility (Hisham 
et al., 2024). However, sustainable and long-term operation remains 
uncertain (Carreyre et al., 2024). Here, among other factors like regu
lations, technological developments, and economic considerations, 
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overall user acceptance is likely to play an important role in actual user 
adoption (Greifenstein, 2024). Therefore, the user experience (UX) 
across the entire user journey of these new SAMOD services must be 
addressed in design, research, and development. Consequently, this in
cludes all steps before and after the actual ride in the vehicle, such as 
finding the flexible pick-up location and seamlessly identifying the 
correct SAV (Hub et al., 2023). Furthermore, interaction with an infor
mation system of the mobility service provider and the mobile device 
should also be helpful, easy to use and accepted by users. Therefore, this 
paper investigates the new concept of human-machine interface for 
virtual stops (vStop HMI) in two user journey scenarios in an explorative 
user study. The main aim of the vStop HMI, which utilizes means of 
augmented reality (AR), is to guide the user to get to the flexible pick-up 
location and assist in identifying the booked SAV.

Not finding the flexible pick-up location, which lacks real-world 
cues, and/or failing to recognize the correct shuttle instantly can 
cause delay, stress, and frustration for users. Circumstances such as 
unfamiliar territory, time pressure, and large, complex traffic hubs (e.g., 
airports or central train stations) could make this even more difficult for 
SAMOD customers. Consequently, such delays may disrupt pooled ride 
operations and reduce UX for all passengers alike (Kucharski et al., 
2021). Previous research revealed that when getting to vStops, an 
AR-based HMI can support users by presenting information efficiently 
(Hub et al., 2023; Hub and Oehl, 2022). Utilizing AR, the vStop HMI 
enriches the physical environment with digital information regarding 
the presence and exact location of the vStop. However, when navigating 
to a vStop following the AR-HMI, a previous field study provided evi
dence that users were highly focused on the video-see-through AR 
screen of the device (Hub and Oehl, 2022). Reasons for this could be 
varied, including cognitive tunneling or novelty effects (Elford et al., 
2022; Koch et al., 2018). Consequently, while the vStop HMI should be 
helpful for finding the flexible pick-up location, safety concerns and 
negligent behavior walking must be avoided (Frej et al., 2022). Hence, 
the first aim of this research revolves around how the AR information 
presentation to the users could be restricted while walking, and how this 
affects the UX of the vStop HMI. Even in pedestrian navigation with AR, 
this aspect has not yet been investigated.

For the scenario of shuttle identification, the vStop HMI, and 
particularly its use of AR, is expected to be helpful. By highlighting the 
SAV directly in the user’s field of view, the vStop HMI could reduce 
uncertainty and support timely boarding. This may be especially bene
ficial in complex situations with many identical-looking shuttles at the 
same pick-up location (e.g., traffic hubs, airport, train station). Here, the 
use of an AR HMI could provide high pragmatic quality to users (Hub 
et al., 2023; Rongen et al., 2022; Vallet et al., 2020). In contrast, con
ventional interfaces typically present information such as a picture of 
the vehicle and its license plate, which appears insufficient in more 
complex settings (Hub et al., 2023). Hence, the second aim of this 
research is to evaluate the vStop HMI regarding UX in shuttle identifi
cation tasks, which has not yet been investigated, too.

In essence, this research paper presents a prototypical concept for a 
vStop HMI that helps users to navigate to a vStop and to identify the 
correct shuttle. The aim of this work is to evaluate whether the vStop 
HMI can enhance the UX of SAMOD customers in two consecutive user 
journey scenarios to ultimately promote new forms of shared automated 
mobility services. The vStop HMI prototype is therefore expected to 
achieve high pragmatic quality (to demonstrate its usefulness), high 
acceptance (to indicate potential for user adoption in the future), and 
low workload (to signal ease of use).

Results indicate positive outcomes for both HMI variants. No nega
tive effect on user experience or acceptance was found when restricting 
AR information presentation on the vStop HMI while walking, although 
workload (i.e., frustration) was partly negatively affected. However, 
despite positive evaluation, participants verbally expressed their dis
liking of the information restriction method. In the shuttle identification 
scenario, the vStop HMI was evaluated very positively across all metrics. 

As a result, this investigation highlights the assistive character of the 
vStop HMI and AR technology in the context of SAMOD.

This research contributes to the user-centered design of a vStop HMI 
as well as to the broader research fields of SAMOD and mobile AR. 
Furthermore, it advances the research for valuable use cases for AR 
applications in traffic and mobility environments. Finally, the results 
indicate the positive impact of a vStop HMI for SAMOD uses cases, 
suggesting that such new and sustainable transportation solutions could 
achieve market success.

1.1. Future automated demand-responsive transportation and the vStop 
HMI

Developments in the field of HAVs have been steady. Emerging 
trends in the transportation sector, like automated demand responsive 
transportation and shared automated mobility on-demand (SAMOD), 
seek to improve efficiency and effectiveness of urban and rural trans
portation (Wang and Yang, 2019; Chen et al., 2021; Garus et al., 2024). 
In future SAMOD operation, algorithms determine the matching be
tween riders and shared automated vehicles (SAVs, sometimes referred 
to as automated shuttle buses; ASBs) and routing to balance vehicle 
capacity and travel times (Ke et al., 2021). The concept is based on the 
idea that individuals share rides to their destinations. In combination 
with conventional public transportation, such services could further 
increase resource efficiency by simultaneously meeting increased de
mand (Sieber et al., 2020). In predefined areas of deployment, the 
number of vehicles on the road could be reduced, miles traveled per 
vehicle could be increased, and user travel times could be reduced 
(Garus et al., 2024; Paparella et al., 2024).

From the user perspective, trips are booked via mobility service 
provider apps, just like today with present operators like Uber, Bolt or 
Grab. The user journey also resembles that of conventional ride-pooling 
services, since stop-based pooling is applied (Harmann et al., 2022; 
Zwick and Axhausen, 2020). However, due to the fact that the service is 
operated with SAVs, the pick-up scenario will differ from today’s ser
vices significantly because maneuvering an SAV requires coordination 
and planning at the local level (Hub et al., 2023). In these situations, the 
comprehensive concept of virtual stops functions as a form of virtual 
traffic infrastructure. Here, the actors and infrastructure elements in the 
local traffic space are connected to enable coordinated maneuvers (Hub 
et al., 2023). In that regard, the vStop HMI brings relevant information 
to the users to give guidance and to reduce uncertainty and stress, 
dependent on the scenario. Recent concepts and prototypes of the vStop 
HMI not only mark the vStop location but also guide users to the pick-up 
point. It has been shown that UX, acceptance, and workload during use 
indicate substantial value for users (Hub and Oehl, 2022). This work 
focuses on investigating a vStop HMI prototype in the SAMOD user 
journey scenarios of finding the vStop and identifying the shuttle. In 
doing so, it provides another step towards the user-centered design of a 
vStop HMI for future SAMOD.

1.2. Mobile augmented reality

Augmented Reality (AR) is an immersive experience of human- 
computer interaction that adds digital content to the real world. 
Azuma (1997) described it as a system with three basic features: the 
combination of real and virtual worlds, real-time interaction, and ac
curate 3D registration of virtual and real objects. The content can span 
multiple sensory modalities, including visual, auditory, and haptic 
feedback (Billinghurst et al., 2015).

Visual AR works by overlaying digital information onto the real 
world, for example through a screen. Technically, this is achieved by a 
computational process of sensing, modeling, enhancing, and displaying 
(Siriwardhana et al., 2021; Chatzopoulos et al., 2017). Sensing involves 
using a device to capture data from the physical world. The device then 
processes this sensory information to obtain a model of the world. 
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Subsequently, the AR system enhances this model by adding digital 
objects (usually drawn from a cloud server). Finally, the device displays 
this enhanced model to the user via the user interface. Accordingly, the 
strength of AR lies in its ability to make users more aware of information 
relevant to their interaction with the real world (Nee and Ong, 2023). 
Initially, AR was only used stationary due to the required computing 
power (Billinghurst et al., 2015). Today, smartphones and tablets allow 
for mobile use of video-see-through AR (e.g., from Apple, Google, or 
Samsung) (Chatzopoulos et al., 2017; Choi et al., 2024). Besides these 
hand-held devices, wearables like smart glasses and AR headsets, often 
referred to as head-mounted displays (HMDs) (e.g., HoloLens, Meta2, 
Apple Vision Pro) are also prominent mobile AR devices (Waisberg et al., 
2024; Siriwardhana et al., 2021; Vertucci et al., 2023). However, this 
work focuses on smartphone AR, which shows high potential for the 
given scenarios due to its reliability, performance, and portability, and 
which has also been the subject of previous vStop HMI research (Choi 
et al., 2019; Hub and Oehl, 2022).

In general, AR technology is a rapidly evolving field and has found 
applications in a wide range of industries and use cases, including 
marketing, medicine, education, and entertainment (Dey et al., 2018; 
Chatzopoulos et al., 2017; Vertucci et al., 2023). AR has also been 
applied to pedestrian navigation and seems to offer a more immersive 
experience compared to maps navigation, especially in unfamiliar en
vironments (Bhorkar, 2017; Brata and Liang, 2020; Dong et al., 2021). 
Commercially available examples come from Apple (AR feature in Apple 
Maps) and Google (Live View function in Google Maps) which use the 
live camera view of the street in front of the user, overlay directions with 
arrows and information, and give instructions (Gallagher, 2021; Hall, 
2023).

1.3. Research questions

The underlying explorative objective of this research is to gain sys
tematic insights into the usefulness of a proposed vStop HMI prototype 
in two consecutive SAMOD user journey scenarios. Two core aspects of 
HMI utilization are addressed. In the first user journey scenario of 
navigating to a flexible pick-up location, a previously investigated vStop 
HMI AR design proved intuitive to use, characterized by high pragmatic 
quality, high acceptance, and low cognitive workload ratings. However, 
in the naturalistic field study, researchers observed that participants 
were very consumed by the AR information presented on the mobile 
device (Hub and Oehl, 2022). As a current phenomenon, some 
commercially available AR pedestrian navigation applications advise 
careful behavior, suggesting that users stand still while retrieving in
formation. For example, Android systems notify users and black out the 
display if the phone is continuously held up while walking. Apple’s AR 
Live View issues a warning saying "For your safety, keep your phone 
down while you walk" (Hall, 2023). Based on this current phenomenon 
and the observed user behavior, this study compared a baseline vStop 
HMI to a variant with restricted AR information presentation in order to 
examine whether such a safety feature affects key user experience di
mensions. Hence, the goal is gaining insights whether restricting AR 
information during walking can be justified:

RQ1: Compared to a baseline variant, how does restricting the AR in
formation during walking affect UX, acceptance, and cognitive workload 
ratings of the vStop HMI?

As for the shuttle identification scenario, a very first vStop HMI 
design proposal has been made in previous work (Hub and Oehl, 2022). 
However, a comprehensive user study evaluation of the vStop HMI 
prototype, especially investigating the use of AR technology in that 
particular task, has not been conducted yet. Conventional approaches to 
shuttle identification, such as number plates or service-specific chassis 
markings, may be sufficient in simple, low-density traffic contexts. 
However, in more complex environments, e.g., with multiple identical 
or similar-looking vehicles arriving simultaneously, such static markings 
are difficult for users to perceive and interpret quickly, which can induce 

uncertainty and stress. For this reason, the use of AR appears to be a 
user-centered alternative, as it enables dynamic highlighting of relevant 
objects in near-vicinity conditions (e.g., precisely referencing the correct 
shuttle and the parking spot in real time) directly in the user’s field of 
view. Compared to static identifiers, this directly supports efficient 
boarding and prevents misidentification. This trait of AR-based shuttle 
identification can also increase operational efficiency from a 
service-provider perspective by reducing boarding errors and delays, 
thereby improving shuttle-passenger matching. This potential reinforces 
the role of AR not only as a usability feature but also as an enabler of 
smoother and more efficient shared mobility services. Hence, this work 
directly refers to this research gap:

RQ2: Do users rate the vStop HMI AR prototype positively for UX, 
acceptance, and cognitive workload during shuttle identification?

Besides the evaluation regarding these formulated research ques
tions, the current study also tries to gain insights about how participants 
perceive the overall usefulness of the vStop HMI and the AR technology 
in each scenario. Eventually, this research tries to give a comprehensive 
proof-of-concept of the vStop HMI in the context of a SAMOD user 
journey.

It is important to note that mobile AR technology still bears limita
tions for the scenarios of interest because of its vulnerability to the visual 
conditions and spatial constraints (especially outdoors). Furthermore, 
object detection of, and real-time interaction with moving physical ob
jects (like a shuttle) are technical challenges of mobile AR, too (Ghasemi 
et al., 2022; Lee et al., 2022). To ensure a high level of standardization, 
feasibility, and immersion, this experimental user study was conducted 
in a virtual reality (VR) setting. Accordingly, the AR technology and the 
mobile device were simulated with the use of VR equipment throughout 
this explorative investigation, similar to Lanzer et al. (2023).

2. Materials and methods

2.1. Sample

The participants for this user study were recruited via personal 
contacts and social media postings. Additionally, mailing lists and sub
ject databases of Technical University of Berlin, Germany, and of the 
Institute of Transportation Systems of the German Aerospace Center 
(DLR) were used to attract study participants. Furthermore, calls for 
participants were circulated at restaurants, cafeterias, and libraries 
located in vicinity to the research institute.

Participants had to be between the ages of 18 and 40 years to create a 
homogeneous sample. Normal or corrected-to-normal vision and the 
absence of mobility impairments were required to ensure care-free 
interaction with the VR equipment. Since the study was conducted in 
German, only participants with very good knowledge of German were 
allowed to take part. In addition, individuals with known pregnancies or 
those at risk of provoked epileptic seizures due to VR exposure were 
excluded.

In total, N = 44 (f = 34 %, m = 61 %, d = 5 %) participated in the user 
study. Average age was 27.77 (SD = 5.29; from the age of 18 to 40). 
Overall, the sample can be described as a cohort of young German adults 
from urban areas with a comparatively high level of formal education, as 
86 % held a high school diploma (Abitur) and 57 % were currently 
enrolled as university students. The sample showed a notable level of 
familiarity with the research context: 64 % of participants had previ
ously used on-demand mobility services, and 30 % had experience with 
ride pooling services, each at least once in private settings.

The sample’s technology affinity was above average, with a mean 
ATI score of 4.22 (SD = 0.81; using 6-point Likert Scale from 1 =
“completely agree” to 6 = “completely disagree”) (Franke et al., 2019). 
This corresponds with the sample’s experience with mixed reality 
technology. 84 % reported prior use of VR at least once, 60 % had used 
handheld AR applications, and 12 participants reported prior experience 
with AR glasses. During the VR study, participants reported a fairly high 
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level of immersion (M = 4.89, SD = 1.32; using a 7-point Likert scale, 1 
= “strongly disagree”, 7 = “strongly agree”), measured with the im
mersion subscale of the standardized TUI questionnaire (Kothgassner 
et al., 2025). On average, the participants were quite comfortable to 
maneuver with the provided equipment in the VR environment (M =
3.18, SD = 1.61; “I found it difficult to handle the VR shoes” using a 
7-point Likert scale from 1 = “strongly disagree”, 7 = “strongly agree”). 
Simulator sickness was no issue for the participants (M = 2.84, SD =
1.96; “I experienced sickness or vertigo in the VR environment” using a 
7-point Likert scale from 1 = “strongly disagree” to 7 = “strongly 
agree”). One participant had to terminate the study due to simulator 
sickness, and their data was excluded.

All participants reported prior use of smartphone pedestrian navi
gation apps (e.g., Google Maps). Of these, 45 % used such apps weekly 
and 25 % reported daily use. Only 2 participants had used mobile maps 
navigation just once prior to the user study (on a 5-point Likert scale, 1 =
“Once”, 2 = “several times per year”, 3 = “several times per month”, 4 =
“several times per week”, 5 = “daily”). In the user study, participants 
recorded that the handling of the simulated smartphone in the VR 
environment (via controller) felt somewhat natural (M = 5.11, SD =
1.21; “Handling of the VR smartphone felt natural” using a 7-point 
Likert Scale from 1 = “strongly disagree”, 7 = “strongly agree”)

About 80 % of participants recorded a relatively strong interest in 
automated vehicles (above 4 on a 7-point Likert scale; 1 = “no interest at 
all”, 7 = “very strong interest”). Although 98 % of the participants had 
already heard about automated vehicles, only 7 % had ever ridden in 
one.

The study was designed and conducted in accordance with the 
Declaration of Helsinki. Informed consent was obtained from partici
pants before the experiment. All participants volunteered and were 
financially compensated with 15€.

2.2. Dependent variables

The following dependent variables were used in the explorative user 
study to investigate the effects of the vStop HMI on the participants.

2.2.1. Cognitive workload
In general, (mental) workload can be defined as the degree of 

cognitive activation while processing a task over time (Longo et al., 
2022). Hence, this dependent variable assessed the mental activation 
level during prototype use in the different scenarios. Therefore, the 
standardized NASA-TLX questionnaire was used (Hart and Staveland, 
1988). This variable indicated whether the HMI is subjectively rather 
complicated or simple to interact with. It was modified to a 10-point 
Likert scale (6 items, 1 = “very low demand”; 10 = “very high de
mand”) to make it easier for the participants to answer. Weighting of 
each item as suggested by the questionnaire authors was not performed 
to enable quick filling of all questionnaires and reduce complexity. 
Hence, in this work the cognitive workload is presented as a total score 
of the NASA-TLX raw version.

2.2.2. Acceptance
The term acceptance is used to describe a prediction whether cus

tomers would potentially use a product or technology in the future 
(Venkatesh et al., 2003). Hence, to assess potential user adoption of the 
vStop HMI, participants’ acceptance was captured using the German 
version of the standardized UTAUT2 questionnaire (Harborth and Pape, 
2018). However, to account for the prototypical character and the 
context of HMI use, only 2 subscales (usability and intention to use) were 
used (3 items each, 7-point Likert scale; 1 = “don’t agree at all”; 7 =
“totally agree”). Overall acceptance of the prototype is presented in a 
joint UTAUT2 score and could potentially indicate positive impact of the 
HMI prototype in the future.

2.2.3. User experience
To capture the UX during HMI use, the standardized UEQ-S was used 

(8 items, 7-point Likert scale; − 3 = negative; 3 = positive evaluation) 
(Schrepp et al., 2017). UX plays an important role to evaluate the par
ticipants’ perception of the prototype in terms of pragmatic quality (ease 
of use, 4 items) and hedonic quality (joy of use, 4 items).

2.2.4. Qualitative user feedback
In order to understand user behavior and attitudes towards the vStop 

HMI prototype, a qualitative interview was conducted after each sce
nario to gather subjective feedback. Participants were asked about 
positive aspects (“What did you like about the AR-HMI concept?”), 
negative aspects (“What did you dislike about the AR-HMI concept?”), 
and potential improvements (“How would you improve it, and why?”).

2.3. Study procedure

To start this investigation, the participants received general in
structions and filled out necessary documentation. Then, the partici
pants got to know the VR setup and had time to practice in an extra VR 
training environment, which resembled the one used later in the studies. 
Participants were asked to empathize with the traffic situation and act 
accordingly, so that they did not perceive the task merely as a video 
game. After the training, participants received further instructions about 
the actual investigation which was divided into two parts of the SAMOD 
user journey. First, a navigation scenario was presented in two trials. 
Participants were split into two groups and had to find a virtual stop by 
following the instructions given by the respective vStop HMI variant 
(between-subject design). In the second scenario, the groups were 
merged again. Participants had to identify the correct shuttle at the pick- 
up location in two trials with the help of the same vStop HMI. During the 
study, the investigator followed a worksheet to ensure a standardized 
procedure. Each part of the user study was accompanied by a corre
sponding set of questionnaires. The final part of this investigation was 
the debriefing and participants answered another set of sociodemo
graphic and control questions (e.g., immersion and handling of VR 
equipment). Eventually, they received a detailed explanation of the 
research objective, and completed a form to receive compensation. For 
an overview of the study procedure, see Fig. 1.

2.4. VR setup of the user study

The stimulus material was developed and presented using the Unreal 
game engine (Version 4.27). Ensuring a high level of standardization 
and presentation quality, a highly capable VR PC with a state-of-the-art 
graphic processor unit (model: NVIDIA GeForce RTX 3080) was used in 
all study conditions. For the visualization of the VR environment a Head- 
mounted-display (HMD) from HTC (Vive Pro) with two AMOLED- 
Displays (each 3.5", 1440×1600 pixels; 110◦ field of view in total) 
and the HTC controller as an input device was used.

2.4.1. VR environment
The VR environment presented a 3D model representation of Tost

mannplatz, a suburban area in Braunschweig, Germany, created with 
high level of detail (Fischer et al., 2022; Rehm et al., 2023). Buildings 
and vegetation were added to give the environment a more realistic 
appearance (although an exact replication of the real-world area was not 
the goal). Lighting was set to represent midday conditions. The space 
was also populated with moving, standing, and sitting pedestrians, 
either alone or in small groups of up to four. Moving and parked vehicles 
of various kinds (passenger cars, AVs, minivans, buses) and colors were 
included to convey the impression of a near-future mixed traffic sce
nario. The behavior of the population was scripted and thus identical 
across all conditions. However, collisions or critical encounters between 
participants and the placed actors were systematically prevented. The 
standard soundscapes (e.g., from vehicles, birds, dogs) were also 

F. Hub et al.                                                                                                                                                                                                                                     International Journal of Human - Computer Studies 207 (2026) 103671 

4 



implemented. Fig. 2 shows the VR environment and illustrates its sim
ilarities to the real location.

2.4.2. VR interaction
In the first scenario, participants had no spatial restriction and could 

maneuver freely in the VR environment. This was possible due to the use 
of the Cybershoes equipment (Fig. 3, b). They enable longitudinal 
character movement so that even larger distances can be covered. A 
360◦ rotatable chair allowed for change of directions. Walking speed 
was set to moderate. To experience the study conditions with an 
appropriate level of immersion, participants wore an HMD (Figs. 3, a; 4). 
An HTC Vive Pro controller simulated smartphone use throughout the 
study. To access the simulated AR device in VR, participants had to use 
the index finger and press the trigger button on controller (Fig. 5). As 
long as they pressed the trigger, the smartphone appeared in front of the 
field of view and the vStop HMI was visible. Additionally, a press with 
the thumb on the trackpad allowed an ”Okay” input to launch into the 
AR information element view and start the navigation task.

3. First part of the user study: the scenario of finding the vStop

The next section elaborates on the user journey scenario of reaching 
to the vStop location efficiently. Here, the challenge arises that the AR 
HMI should be useful for finding the vStop and prevent negligent 

behavior.
Hence, the first part of the explorative user study answers RQ1: 

Compared to a baseline variant, how does restricting the AR information 
during walking affect UX, acceptance, and cognitive workload ratings of the 
vStop HMI?

3.1. Stimulus material

The general concept of the mobile AR HMI is based on the principles 
of user-centered design and was presented in Hub et al. (2023) and Hub 
and Oehl (2022). For this investigation, the concept was iterated and 
transferred to the AR-within-VR approach. The screen of the simulated 
mobile device was divided into two sections. The lower part at the 
bottom displayed the service information of a fictitious mobility service 
provider (Fig. 6). This part, inspired by conventional on-demand 
mobility service provider apps, showed a picture of the shuttle, 
including a shuttle number for identification (“#11″), the fictitious 
pick-up time (“boarding in 3 min”), and a dummy travel progress bar at 
the bottom.

The upper part of the screen presented the actual HMI with AR 
navigation information elements in device perspective rendering (Čopič 
Pucihar et al., 2014). The Start Element gave the user a clear hint that 
the navigation is about to begin (Fig. 6, b). Since the user is standing 
upright, the mobile device is very likely to be tilted downwards slightly. 

Fig. 1. Procedure of the experimental user study, addressing two SAMOD user journey scenarios.

Fig. 2. Overview of the user study environment. (a) satellite image of the real Tostmannplatz Square in Braunschweig (source: Google Maps), (b) 3D Model of the 
very same area used in the VR user study (source: DLR), navigation trials (scenario 1) were conducted with the marked routes, identification trials (scenario 2) were 
conducted at vStop2 position.
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Hence, the circular shaped object is lying on the ground right in front of 
him/her. The object is relatively large to draw attention. The elements 
also show the emoji and an arrow to give identification and guidance 
(inspired by sign EN ISO 7010).

To show the pathway, chevron-shaped elements were used (Fig. 6, c, 
d). The elements were placed on the ground and formed a line along the 
route. The elements adapted the position dynamically to the movements 
of the user, so the nearest element was always directly in front, which 
made finding the pathway elements very simple. To highlight sharp 
turns, the vStop HMI showed a floating triangular-shaped object (see 
Fig. 6, c). It was floating approximately 2 m above the ground. It was 

positioned in slight periphery of the pathway, so users would notice it 
from a few meters distance but the view was not blocked. This element 
also shows the emoji and an arrow to give guidance and identification. 
The pick-up location and the waiting area elements marked the end of 
the navigation and were highlighted by a standing object and the end of 
the route (Fig. 6, d, e). The German bus stop sign (VZ 224 StVO), a 
learned symbol, was used to indicate the pick-up position. The waiting 
area was a round-shaped object, similar to the start object. The form of 
the standing 3D information element (inverted pyramid shape) was 
designed to guide user’s attention from top (bus stop sign) to bottom 
(waiting area). Emoji and arrows indicated that the user could wait here 
safely (inspired by sign ISO 7010 E 007). To indicate the wrong way or 
wrong orientation of the user, a circular-shaped floating information 
element was used (Fig. 6, a). Here, the symbol of modern prohibitory 
traffic signs (Vienna Convention, C, 1a, (UNECE, 2006)) ensured famil
iarity. The sign was adapted to the cyan color scheme with a glowing 
crossbar.

3.2. Experimental conditions

This scenario consisted of two navigation trials, using a 2 × 2 mixed 
design, with the two factors navigation task and restriction of AR infor
mation. The within-subjects factor navigation task included the levels 
“direct navigation” and “redirected navigation”. These factor levels 
represent two similar but distinct use cases of reaching a virtual stop. 
Although both trials had approximately the same walking distance of 
300 m through a suburban VR environment, sharp right and left turns 
and one street crossing, they were not directly comparable. Instead, the 
trials represent two realistic variations of the same task. The direct 
navigation trial ended when the participants reached the vStop desti
nation presented on the HMI (see Fig. 7, a). The redirected navigation 
trial included a vStop relocation, meaning that once participants arrived 
at the initially communicated vStop1 position, the pick-up location 
changed to vStop2. For example, in a future connected mobility system 
the traffic management system could recognize a blocked stopping 

Fig. 3. Wearable VR equipment used in the user study. (a) Vive Pro HMD with controller, (b) strapped Cybershoes.

Fig. 4. Study participant wearing the VR headset to see, and sitting on the 360◦

rotatable chair and wearing the Cybershoes to move in the VR environment.

Fig. 5. By pressing the trigger on the VR controller with the index finger, participants called up the simulated AR device to see the vStop HMI and receive infor
mation. (a) participants field of view when trigger is not pressed, (b) index finger placed on the trigger of the VR controller, (c) participants field of view as long as the 
trigger is pressed.
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position and relay this information to the routing service. Accordingly, 
the vStop HMI informed users about the updated pick-up location 
through a set of pop-up screens stating “Your pick-up location has been 
moved” and “The route to your pick-up location is being recalculated”. 
Afterwards, participants had to perform a 180◦ turn to navigate to the 
new location (approx. 40m away). Hence, the redirected navigation use 
case consisted of two consecutive navigation tasks (see Fig. 7, b). Par
ticipants experienced the navigation use cases balanced order.

During both trials, participants started facing the wrong direction 
and had to find the way to the vStop solely by following the instructions 
on the mobile HMI in unfamiliar territory. They could move freely 
within the VR environment. Apart from HMI guidance, no additional 
cues were provided regarding where to go and how to reach the pick-up 
location.

The second factor concerned the restriction of AR information on the 
vStop HMI prototype. This restriction was applied as between-subject 
factor (A/B test) with the conditions “no restriction to the AR informa
tion” (group A) and “restriction of AR information while walking” 
(group B). Factor exposure to the participants, and thus group assign
ment, followed a balanced order.

Participants of group A (baseline) were able to access the navigation 
information presented on the simulated smartphone at all times and as 
frequently as they wished. Group B (treatment), by contrast, had 
restricted information access on the mobile AR vStop HMI to prevent 
users from consuming the information while walking. A simple pop-up 
screen covered the entire display of the simulated device (see Fig. 8, 

b). It was triggered by any longitudinal movement of the participants. As 
soon as they came to a standstill, the pop-up disappeared and the AR 
information elements reappeared (with a minimum pop-up appearance 
time of 1s).

However, participants in both groups were still able to request to 
view the device itself, only the presentation of information on the 
smartphone differed.

3.3. Procedure to investigate the use of the vStop HMI variants in the first 
user journey scenario

In this first part of the user study, the participants were assigned to 
group A or B in balanced order and received instructions regarding the 
general functionality of the vStop HMI. Afterwards, the vStop HMI and 
all associated information elements were explained in detail, questions 
regarding the interface were answered, and the purpose of each feature 
was clarified. For group B, the limited AR information access was pre
sented as a “safety feature”. It was ensured that all participants fully 
understood the vStop HMI.

Thereafter, the investigator instructed participants to mentally place 
themselves in the situation of the SAMOD scenario (taking a shuttle to 
the airport). Their task was to reach to the vStop location within 3 min to 
catch the automated shuttle. Following this instruction, participants 
began their first trial. After successfully completing a trial, they 
responded to a set of questions on a tablet computer. The next trial was 
then conducted, again followed by questionnaire-based responses. The 

Fig. 6. AR information elements of the vStop HMI for the navigation task. (a) wrong direction symbol, (b) start position and pathway, (c) pathway and turning 
symbol, (d) pathway and vStop, (e) vStop element with stop sign and waiting area. All: fictitious service information on bottom of the screen.

Fig. 7. Routes for the navigation tasks. (a) direct navigation to vStop location (pathway in blue), (b) redirected navigation with the first route to vStop1 (in blue) and 
rerouting to vStop2 (in yellow).
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first part of the user study concluded with a brief qualitative interview 
about likes, dislikes and potential improvements of the vStop HMI 
prototype.

3.4. Results

This section focuses on the data analysis and presents the results of 
the questionnaires and qualitative user feedback of the VR user study.

3.4.1. Data analysis
In order to apply statistical tests to the questionnaire data, partici

pants answers were analyzed. The Shapiro-Wilk test showed nonpara
metric distribution across all variables. Therefore, the Wilcoxon Rank 
Sum test was applied to conduct inferential statistics analysis. The 
official UEQ-S data analysis guidelines for outlier detection was applied 
for each group (Laugwitz et al., 2008). Consequently, data of 1 partici
pant was excluded for group B. For NASA-TLX and UTAUT2 variables 
analysis for outliers followed the 1.5 interquartile range method. 
Initially, the analysis showed 3 outliers in the redirected navigation trial 
for each group’s NASA-TLX questionnaires. However, after manual ex
amination of individual data and impact on internal consistencies, 
outliers were not removed.

In the following, internal consistency of the participants’ answers 
was analyzed using Cronbach’s alpha method. The short version of the 
UEQ covers two dimensions of user experience. The pragmatic quality (4 
items) describes whether the HMI prototype is effective to solve a certain 
task. Hedonic quality (4 items) covers the aspect whether the HMI pro
totype provides joy to the users.

As for the NASA-TLX raw, 6 items represent the subjective workload 
and sum up to a total score (Hart and Staveland, 1988).

The UTAUT2 questionnaire was used to measure overall acceptance 
of the HMI prototype. Originally, 8 subscales apply for the UTAUT2 
questionnaire (Harborth and Pape, 2018). This study used a modified 
version, only using the usability and behavioral intention subscales with 3 
items each. Mostly, the results were very reliable and suitable for 
interpretation as alpha values were high to very high (α > 0.80). Values 
for the UEQ-S subscales hedonic quality for groups A and B were at 
acceptable level and interpretable, too (0.60 < α < 0.80). However, data 
for pragmatic quality of the UEQ-S in group B showed a very low alpha 
value (α < 0.60) and should therefore be interpreted with caution 
(Streiner, 2003).

3.4.2. Cognitive workload
The cognitive workload during HMI use (for both variants) was 

evaluated with the NASA-TLX. In the direct routing trial, the workload 
during use was rated very low for of both HMI variants (see Table 1), as 
all confidence intervals are below the scale average (10-point Likert 
scale). Only for item frustration a significant difference was found. 
Overall, the TLX total score of HMI B shows a significantly higher 
evaluation compared to HMI A.

In the redirected routing trial, no significant differences between the 
evaluation of HMI variants A and B were found (see Table 2). Descrip
tively however, HMI A received lower and less divergent ratings by the 
participants across all items than HMI B. Still, overall TLX values are low 
for both HMI variants in this trial, too.

3.4.3. Acceptance
The acceptance of the vStop HMI variants was evaluated using a 

modified version of the UTAUT2 questionnaire (7-point Likert scale). 
Results show the comparison of both HMI variants after completion of 
both navigation trials (see Table 3). Although, no statistically significant 
differences appeared, HMI B received slightly higher ratings. In total, 
both prototype variants received similarly high scores for acceptance 
and potential future adoption.

Fig. 8. Overview of the HMI variants during the navigation task. (a) View of group A that used the HMI without information restriction. (b) View of group B that used 
the HMI with the treatment of information restriction when walking.

Table 1 
Cognitive workload ratings of the vStop HMI in the direct navigation trial (nA =

22, nB = 22, between subject, Wilcoxon Rank Sum test).

Direct 
navigation

Group A Group B

NASA-TLX Memp 

(SDemp)
95 % CI 
[LL, 
UL]1

Memp 

(SDemp)
95 % CI 
[LL; 
UL]1

W2 p3

Mental 
demand

2.50 
(1.41)

1.87; 
3.12

3.45 
(1.71)

2.70; 
4.21

161.5 .056

Physical 
demand

3.36 
(2.30)

2.34; 
4.38

3.68 
(2.10)

2.75; 
4.61

214 .511

Temporal 
demand

3.09 
(1.60)

2.38; 
3.80

3.55 
(2.48)

2.44; 
4.65

233.5 .846

Performance 2.14 
(1.81)

1.34; 
2.94

3.27 
(2.90)

1.99; 
4.56

174 .098

Effort 2.68 
(1.62)

1.97; 
3.40

3.77 
(2.20)

2.80; 
4.75

169.5 .080

Frustration 2.14 
(1.13)

1.64; 
2.64

3.77 
(2.02)

2.88; 
4.67

114.5 <

.01
Total score 2.65 

(1.27)
2.09; 
3.22

3.58 
(1.38)

2.97; 
4.20

147 <

.05

1 Confidence interval with lower (LL) and upper limits (UL)
2 test statistic that indicates the sum of positive rank numbers
3 parameter p can only be estimated since ties exist in the data.
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3.4.4. User experience
In this user study, the user experience was measured with the short 

version of the User Experience Questionnaire (UEQ-S, 7-point Likert 
scale; − 3, 3). Again, results show the comparison of both HMI variants 
after completion of both navigation trials. (see Table 4). Both HMI 
variants show high pragmatic quality ratings without significant differ
ences. The hedonic quality subscale shows no significant differences be
tween HMI A and B. Although HMI B received higher ratings 
descriptively, both can be described as rather neutral. The 95 % confi
dence intervals for both HMI variants are above the 0.80 threshold to 

indicate positive evaluation in terms of pragmatic quality.

3.4.5. Qualitative user feedback
The following subsection presents the qualitative user feedback 

regarding the vStop HMI prototype (both variants) in the navigation 
scenario. In general, the information elements were very easy to un
derstand and the overall assistive character of HMI prototype for the 
navigation task stood out to the participants. Some participants criti
cized that the AR HMI could only project information elements in a 
certain distance and that it would also lead to cluttering. The lack of an 
overview of the route was criticized and the addition of some sort of a 2D 
mini-map to get an overview was desired (n = 13). The aspect that 
received most negative feedback was the information restriction treat
ment, as 32 % of the participants of group B felt patronized by it and led 
to frustration since it would cost time to stop (n = 4). When asked about 
it, 63 % of the participants articulated their disliking of the information 
restriction treatment as they had to constantly memorize where to go 
and turn. 6 participants acknowledged the safety feature. The qualita
tive user feedback revealed that participants of group B mostly used on 
the turning arrow elements for guidance, while participants of group A 
mainly focused the pathway elements on the ground.

3.5. Discussion of the results of the first part of the user study

The results of scenario 1 showed that the vStop HMI prototype was 
very helpful for solving the given task. In both navigation trials, all 
participants managed to solve the task successfully without problems. In 
general, it is important to mention that in this part of the user study, the 
physical demand ratings were mostly influenced by the VR equipment 
and are identical for both groups. In the direct navigation trial, HMI B 
received a significantly higher NASA-TLX score than HMI A. Accord
ingly, restricting the access of AR navigation information during use 
increased the overall subjective workload, with frustration levels in 
particular rising significantly for group B during HMI use. Participants 
were annoyed by the stop-and-go behavior, as many reflected in the 
interviews. Yet, both groups reported quite low total workload ratings as 
both 95 % CI scores were below the scale average of 5 in both navigation 
trials. Although the differences were statistically not significant, the 
mental demand and effort ratings underline the generally simpler 
handling of HMI A. For the trial of redirected navigation, no significant 
differences in workload were found, and evaluation of subjective 
workload was almost identical across trials for group A. Hence, the use 
case of vStop relocation (vStop1 to vStop2) did not greatly irritate group 
A participants. In contrast, workload evaluation of group B decreased in 
the redirected navigation trial. Especially, temporal demand, performance 
and frustration decreased descriptively, which could have implications 
for the future design of vStop grids and shuttle-passenger matching al
gorithms. It seems that customers would not experience excessive stress 
or irritation when confronted with flexible pick-up relocations by a 
mobility service provider.

The general assistive character of vStop HMI prototype in this sce
nario was highlighted by the UEQ-S results. No statistical differences 
between the groups were found. Since the pragmatic quality subscale 
showed low internal consistency for group B, the reliability of inferential 
statistics could be somewhat limited. Nevertheless, the results indicate 
that both prototype variants were very helpful for the participants in the 
navigation task. Both HMIs showed almost identically positive ratings 
for pragmatic quality, that yielded results significantly above the ques
tionnaire’s threshold (> 0.80). Hence, the vStop HMI prototype was very 
supportive in the investigated scenario and builds on latest findings 
(Hub and Oehl, 2022). As for hedonic quality, which yielded rather 
neutral ratings of the vStop HMI prototype across both groups, results 
align with previous research (Hub and Oehl, 2022). This outcome is 
acceptable at this stage of the user-centered design process.

The results for acceptance show no significant differences between 
both HMI variants either. Compared to the UX evaluation, a similar 

Table 2 
Cognitive workload ratings of the vStop HMI in the redirected navigation trial 
(nA = 22, nB = 22, between subject, Wilcoxon Rank Sum test).

Redirected 
navigation

Group A Group B

NASA-TLX Memp 

(SDemp)
95 % CI 
[LL, 
UL]1

Memp 

(SDemp)
95 % CI 
[LL; 
UL]1

W2 p3

Mental 
demand

2.82 
(1.87)

1.99; 
3.65

3.86 
(2.51)

2.75; 
4.98

184 .168

Physical 
demand

2.95 
(1.96)

2.08; 
3.83

4.05 
(2.55)

2.91; 
5.18

180 .141

Temporal 
demand

2.95 
(1.99)

2.07; 
3.84

3.23 
(2.37)

2.18; 
4.28

235.5 .886

Performance 2.41 
(2.32)

1.38; 
3.44

2.73 
(2.51)

1.61; 
3.84

214 .499

Effort 2.50 
(1.44)

1.86; 
3.14

3.55 
(2.50)

2.44; 
4.65

194 .245

Frustration 2.41 
(1.56)

1.72; 
3.10

3.14 
(2.29)

2.12; 
4.15

208 .417

Total score 2.67 
(1.46)

2.03; 
3.32

3.42 
(1.91)

2.58; 
4.27

173 .107

1 Confidence interval with lower (LL) and upper limits (UL).
2 test statistic that indicates the sum of positive rank numbers.
3 parameter p can only be estimated since ties exist in the data.

Table 3 
Acceptance ratings of the vStop HMI after both navigation trial (nA = 22, nB =
22, between subject, Wilcoxon Rank Sum test).

Navigation 
scenario

Group A Group B

UTAUT2 
mod.

Memp 

(SDemp)
95 % CI 
[LL, 
UL]1

Memp 

(SDemp)
95 % CI 
[LL; 
UL]1

W2 p3

Usability 5.09 
(1.31)

4.51; 
5.67

5.42 
(1.10)

4.93; 
5.91

209.5 .451

Intention to 
use

4.03 
(1.45)

3.39; 
4.67

4.77 
(1.48)

4.11; 
5.43

165.5 .073

Total score 4.56 
(1.13)

4.06; 
5.06

5.10 
(1.16)

4.58; 
5.61

181 .155

1 Confidence interval with lower (LL) and upper limits (UL).
2 test statistic that indicates the sum of positive rank numbers.
3 parameter p can only be estimated since ties exist in the data.

Table 4 
User experience ratings of the vStop HMI after both navigation trials (nA = 22, nB 
= 21, between subject, Wilcoxon Rank Sum test).

Navigation 
scenario

Group A Group B

UEQ-S Memp 

(SDemp)
95 % CI 
[LL, UL]1

Memp 

(SDemp)
95 % CI 
[LL; UL]1

W2 p3

Pragmatic 
quality

1.84 
(0.94)

1.45; 
2.24

1.92 
(0.72)

1.61; 
2.22

232 .990

Hedonic 
quality

0.59 
(1.00)

0.17; 
1.01

1.06 
(0.98)

0.64; 
1.48

174 .168

1 Confidence interval with lower (LL) and upper limits (UL).
2 test statistic that indicates the sum of positive rank numbers.
3 parameter p can only be estimated since ties exist in the data.
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trend was visible, as group B recorded descriptively higher ratings across 
all items. Again, this indicates participant’s acknowledgement for the 
“safety feature” approach, although both groups recorded only medium 
overall ratings.

Complementing the quantitative results, the post-trial interviews 
revealed that the HMI prototype was generally very well received by the 
participants. All AR information elements were considered easy to un
derstand and helpful. However, many participants mentioned the 
absence of a map overview as a desired feature. Providing such an 
overview to the route to allow for self-paced navigation could further 
strengthen the assistive character of the vStop HMI. At the same time, 
the majority of group B expressed strong disliking toward the informa
tion restriction treatment of the vStop HMI. However, this aversion was 
not reflected in the questionnaire ratings. In summary, this first part of 
the user study showed that the AR information restriction treatment for 
the vStop HMI did not negatively affect UX or acceptance. Applying such 
a restriction to the AR interface to prevent users from stepping into 
potentially dangerous situations appears reasonable. However, infor
mation restriction mechanisms should be carefully designed, taking into 
account specific user needs and concerns. Future design iterations could 
emphasize on a more adaptive and less radical approach, for example, 
targeting specific circumstances and areas of potential harm, such as 
street crossings (Frej et al., 2022).

4. Second part of the user study: the scenario of identifying the 
shuttle

The next section elaborates on the user journey scenario of identi
fying the shuttle. Here, the challenge of easy and effective SAV identi
fication, even in more complex situations, arises.

Consequently, the second part of the explorative user study answers 
RQ2: Do users rate the vStop HMI AR prototype positively for UX, accep
tance, and cognitive workload for shuttle identification?

4.1. Stimulus material

In the following, the HMI elements for the shuttle identification 
scenario are presented. Again, the general concept of the mobile AR HMI 
is based on the principles of user-centered design (Hub and Oehl, 2022; 
Hub et al., 2023). Just like in the previous part of the user study, the 
concept was iterated and adapted for the VR setup. The screen of the 
simulated mobile device was divided into two sections. The lower sec
tion displayed the service information of a fictitious mobility service 
provider and included a picture of the shuttle, its number for identifi
cation (“#11″), the fictitious pick-up time (“Boarding now!”), and a 
dummy travel progress bar at the bottom. The upper section of the 
screen presented the actual HMI with device perspective AR rendering 
(see Fig. 10, b) (Čopič Pucihar et al., 2014). To identify the correct 

shuttle for boarding, a diamond-shaped AR information element was 
used. This highlighter was floating above the shuttle and constantly 
stayed with the vehicle (Fig. 9, a). This information element also dis
played an emoji to facilitate identification. Additionally, the exact 
stopping position was shown using a cyan-colored AR carpet with 
glowing corners (Fig. 9, b). This element was visible to the users even 
before the shuttle had arrived. Other vehicles were allowed to drive over 
the stopping position element.

4.2. Experimental conditions

The second scenario of the user study focused on identifying the 
approaching shuttle while waiting curbside. In this scenario, partici
pants were not able to walk in VR. Standing on a sidewalk near a stop 
bay where the shuttle would arrive to pick them up, the task was pri
marily observational. The VR environment depicted the pick-up location 
from the redirected navigation trial. The vStop HMI provided AR-based 
information to help participants identify the correct shuttle. As in the 
first scenario, the device could be accessed by pressing and holding the 
trigger on the HTC Vive controller (Fig. 10).

A within-subject design with the single factor number of approaching 
shuttles was used. All participants experienced both factor levels “1 
shuttle” and “3 shuttles” in balanced order. These factor levels represent 
two realistic use cases of shuttle identification. To differentiate the 
number of identically looking shuttles arriving at the pick-up position, 
two traffic conditions were simulated: a low-traffic condition (e.g., 
single shuttle at noon) and high-traffic condition (e.g., three shuttles 
during rush hour). In both cases, the overall surrounding traffic density 
adjusted accordingly. The correct shuttle (automated shuttle, DLR UMV 
People Mover (DLR, 2020)) to be identified displayed the number 11 on 
its body. In the three-shuttle condition, two additional shuttles, identical 
in type and color (as all belonged to the same mobility service provider), 
also stopped at the same pick-up location (e.g., to pick-up other cus
tomers). These shuttles displayed different vehicle numbers and arrived 
prior to shuttle labeled 11. All shuttles approached the stopping position 
from the left side of the participant’s field of view (reflecting traffic in 
Germany) and executed appropriate stopping maneuvers (Hub et al., 
2022). In both conditions, the shuttles stopped in the designated stop 
bay. However, in the “3 shuttles” condition, they lined up in sequence. 
For each use case, the duration from the beginning of the scenario until 
the arrival of the first shuttle was fixed at 30 s.

4.3. Procedure to investigate the use of the vStop HMI in the second user 
journey scenario

In the second part of the user study, all participants used the same 
vStop HMI, once groups A and B were dissolved. After the investigator 
explained the relevant vStop HMI information elements for this user 

Fig. 9. vStop HMI information elements to identify the shuttle. (a) diamond shaped shuttle highlighter, (b) stopping position highlighter.
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journey scenario, participants received their instructions. As before, 
they were asked to mentally adopt the role of a passenger taking a 
shuttle to the airport. However, since they had already navigated to the 
vStop location in the previous scenario, they now waited curbside to be 
picked-up by their shuttle. After completion of each shuttle identifica
tion trial, the participants completed a set of questionnaires. Again, this 
part of the user study concluded with a brief qualitative interview about 
likes, dislikes and potential improvements of the vStop HMI prototype.

4.4. Results

This section focuses on the data analysis and presents the results of 
the questionnaires and qualitative user feedback of the VR user study.

4.4.1. Data analysis
Again, participants answers were analyzed and showed nonpara

metric distribution across all variables. Consequently, the Wilcoxon 
Rank Sum Test for inferential statistics analysis was applied.

Outlier analysis followed the same procedure as in the first user 
study. In total, this led to the removal of participant data in 4 cases. 
Cronbach’s alpha method for analysis of the internal consistency of the 
participants’ answers in the used questionnaires followed. Again, the 
results were very reliable and suitable for interpretation as alpha values 
were high to very high (α > 0.80). Only the NASA-TLX results showed 
very low alpha values (α < 0.60) in both conditions and should therefore 
be interpreted with caution (Streiner, 2003).

4.4.2. Cognitive workload
In both trials of the shuttle identification scenario, the participants 

rated the overall workload of using the HMI during the identification 
task very low (see Tables 5 and 6). In fact, all items across both trials 
showed significantly lower workload than the self-established threshold 
for positive evaluation (below scale average, 10-point Likert scale).

4.4.3. Acceptance
The acceptance of the vStop HMI to assist users in the scenario of 

shuttle identification was recorded with a modified version of the 
standardized UTAUT2 questionnaire after completion of both trials (see 
Table 7). All results, total score and subscales, showed an overall 
acceptance rating significantly above the self-established threshold 
(above scale average, 7-point Likert scale).

4.4.4. User experience
Results of the UEQ-S (7-point Likert scale; − 3 = negative; 3 = pos

itive) for the shuttle identification scenario were recorded after both 
trials and are presented in Table 8. The HMI’s pragmatic quality exceeded 

Fig. 10. Overview of the scenario to identify the shuttle. The more complex use case with three shuttles at the pick-up location is shown. (a) view of the shuttles 
stopped at vStop location, (b) view of the stopped shuttles with using the vStop HMI to identify the correct shuttle.

Table 5 
Cognitive workload ratings of the vStop HMI in the identification trial of one 
shuttle (N = 44, Wilcoxon Rank Sum test).

Identification 
scenario

1 Shuttle

NASA-TLX Memp 

(SDemp)
95 % CI [LL; 
UL]1

Mcrit V2 p3

Mental demand 2.07 (1.37) 1.65, 2.48 <

5.00
8.5 <

.001
Physical demand 1.34 (0.83) 1.09, 1.59 <

5.00
1 <

.001
Temporal demand 1.70 (1.32) 1.30, 2.11 <

5.00
10.5 <

.001
Performance 2.45 (2.61) 1.66, 3.25 <

5.00
155.5 <

.001
Effort 1.41 (0.69) 1.20, 1.62 <

5.00
0 <

.001
Frustration 1.50 (1.07) 1.18, 1.82 <

5.00
3 <

.001
Total score 1.75 (0.80) 1.50, 1.99 <

5.00
0 <

.001

1 Confidence interval with lower (LL) and upper limits (UL).
2 test statistic that indicates the sum of positive rank numbers.
3 parameter p can only be estimated since ties exist in the data.

Table 6 
Cognitive workload ratings of the vStop HMI in the identification trial of three 
shuttles (N = 43, Wilcoxon Rank Sum test).

Identification 
scenario

3 Shuttles

NASA-TLX Memp 

(SDemp)
95 % CI [LL; 
UL]1

Mcrit V2 p3

Mental demand 2.30 (1.26) 1.91; 2.69 <

5.00
3 <

.001
Physical demand 1.26 (0.49) 1.10; 1.41 <

5.00
0 <

.001
Temporal demand 1.88 (1.68) 1.37; 2.40 <

5.00
32 <

.001
Performance 2.30 (2.58) 1.51; 3.10 <

5.00
149 <

.001
Effort 1.67 (1.04) 1.35; 1.99 <

5.00
2 <

.001
Frustration 1.77 (1.11) 1.43; 2.11 <

5.00
0 <

.001
Total score 1.86 (0.82) 1.61; 2.11 <

5.00
0 <

.001

1 Confidence interval with lower (LL) and upper limits (UL).
2 test statistic that indicates the sum of positive rank numbers.
3 parameter p can only be estimated since ties exist in the data.
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the threshold for positive evaluation significantly. Here, all contributing 
items were significantly higher than the 0.80 criterion, too. In terms of 
hedonic quality, the prototype showed rather neutral ratings. No item 
showed negative values.

4.4.5. Qualitative user feedback
The following subsection presents the qualitative user feedback 

regarding the vStop HMI prototype in the shuttle identification scenario. 
The AR information elements were very helpful for the participants to 
identify the SAV correctly. 14 participants explicitly highlighted use
fulness of the stopping position element to prepare for boarding since it 
helps users to position themselves proactively. Including the conven
tional shuttle number was acknowledged by 19 participants as it allows 
for SAV identification without permanently holding up the device. In 
addition to the AR information elements, a conventional map was 
desired to show where the shuttle is coming from and how far it is (n =
9). Furthermore, higher contrast for the shuttle diamond element was 
mentioned to improve saliency against the blue-sky background (n = 7).

4.5. Discussion of the results of the second part of the user study

Participants had no difficulties with the task of correctly identifying 
the shuttle. As NASA-TLX total scores of both shuttle identification use 
cases showed low Cronbach’s alpha values, interpretability was limited. 
In both identification trials, the TLX values were significantly below the 
self-established threshold of 5 (scale average) across all items. This in
dicates that the vStop HMI made it very easy for the participants to 
identify the correct shuttle. The use of AR enabled participants to spot 
the shuttle seamlessly, even among identical vehicles parking at the 
same stopping position. In fact, the almost identical TLX total scores for 
both use cases underline this finding. Consequently, the vStop HMI 
prototype could potentially assist users boarding the correct shuttle, 
regardless of situation complexity. As in the previous scenario, the 
physical demand item reflected mainly the interaction with the VR 
equipment. It was rated equally low across both identification trials, 

since the participants did not have to move at all this time. Also, temporal 
demand showed very low values as it was primarily an observational 
task. Participants did not have to take action beyond waiting for the 
shuttle and had no influence over the simulation of the scenario.

The significantly positive UX evaluation in terms of pragmatic quality 
reflected the vStop HMI’s uncertainty-reducing character in this sce
nario. In contrast, the hedonic quality of UX was not significantly posi
tive. Only the usual/leading edge item reached significantly positive 
scores (> 0.80), indicating that the participants value this new approach 
of using AR to identify the shuttle and stopping position. Overall, the UX 
evaluation results are consistent with those of the previous user journey 
scenario and provide valuable insights for the user-centered design 
process.

The acceptance rating of the vStop HMI for the identification task 
(measured with UTAUT2) was significantly positive. Surpassing the self- 
established threshold for both subscales (usability and intention to use) as 
well as the total score clearly highlighted the potential of the new 
concept. This suggests future adoption of such an HMI for these kinds of 
tasks. Especially in complex situations, users could make use of this 
concept as a fallback solution. Hence, this study demonstrated that 
shuttle identification can be considered another core task for the vStop 
HMI in the SAMOD user journey.

5. Synopsis of both parts of the user study

This research’s results contribute to the user-centered design of a 
vStop HMI as well as the research fields of SAMOD and mobile AR. 
Furthermore, this work contributes to identifying valuable use cases for 
AR applications in traffic and mobility environments. Moreover, the 
results indicate the positive impact of a vStop HMI for SAMOD uses 
cases, suggesting that such new and sustainable transportation solutions 
could achieve market success.

In summary, the concept and proposed design appeared to address 
user needs in both investigated scenarios effectively. The baseline 
variant of the vStop HMI was characterized by very low cognitive 
workload ratings during navigation task. Furthermore, pragmatic quality 
was rated significantly positive during use, and acceptance was higher 
than the scale average for employing the concept to navigate to a vStop. 
In the first study, the treatment that restricted information access, 
intended to prevent users from constantly glancing at the device, pro
vided an ambivalent result. On the one hand, the treatment did not affect 
the subjective ratings negatively, except for the workload in one navi
gation trial. The differences were significant, but not substantial. 
Accordingly, the overall workload for HMI with treatment was also rated 
at a low level. On the other hand, participants expressed their dislike for 
this type of treatment while simultaneously acknowledging its purpose 
of promoting user safety.

In the shuttle identification task, the vStop HMI also proved to be 
highly effective, regardless of scenario complexity. Hence, the concep
tualization of the vStop HMI using AR was also successful and could 
provide additional value to future SAMOD users.

Taking both scenarios and user studies into account, the vStop HMI 
concept and AR technology proved to be consistently useful across 
contexts. The clear information presentation in the investigated user 
journey scenarios could help users seamlessly find their flexible pick-up 
location and booked SAV. This aspect may represent a crucial factor for 
supporting frictionless customer pick-up and pooled SAV operations, 
thereby positively influencing future SAMOD acceptance. Furthermore, 
this research identified the core features of the vStop HMI, namely 
effectively and efficiently highlighting relevant content in the real 
environment (i.e., vStop location and shuttle) by means of AR. Conse
quently, AR technology demonstrates a valuable use case within this 
proposed HMI concept. Especially in circumstances such as unfamiliar 
environments, stressful conditions, or first-use scenarios (where sub
jective task difficulty is likely to increase), the novel vStop HMI concept 
could be of significant value in future on-demand mobility user 

Table 7 
Acceptance ratings of the vStop HMI after both shuttle identification trials (N =
42, Wilcoxon Rank Sum test).

Identification 
scenario
UTAUT2 mod. Memp 

(SDemp)
95 % CI [LL; 
UL]1

Mcrit V2 p3

Usability 5.43 (1.15) 5.07; 5.79 >

4.00
706.5 <

.001
Intention to use 

total
4.64 (1.73) 4.11; 5.18 >

4.00
602.5 < .05

Total score 5.04 (1.26) 4.64; 5.43 >

4.00
734.5 <

.001

1 Confidence interval with lower (LL) and upper limits (UL).
2 test statistic that indicates the sum of positive rank numbers.
3 parameter p can only be estimated since ties exist in the data.

Table 8 
User experience ratings of the vStop HMI after both shuttle identification trials 
(N = 43, Wilcoxon Rank Sum test).

Identification 
scenario
UEQ-S Memp 

(SDemp)
95 % CI [LL; 
UL]

Mcrit V pest

Pragmatic quality 2.33 (0.73) 2.11; 2.56 >

0.80
939 <

.001
Hedonic quality 0.94 (1.17) 0.58; 1.30 >

0.80
548 .184

1Confidence interval with lower (LL) and upper limits (UL).
2test statistic that indicates the sum of positive rank numbers.
3parameter p can only be estimated since ties exist in the data.
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journeys.

5.1. Limitations

This explorative user study used a homogeneous sample of relatively 
young adults from an urban area with mid-to-high technology affinity 
and a comparatively high level of formal education. Such a composition 
is favorable for experimental UX studies to ensure coherent feedback 
within a specific user group and provide high internal reliability. 
However, a larger and more diverse sample could have produced 
stronger effects in the first scenario, particularly for NASA-TLX 
questionnaires.

Although no technical issues with the VR setup occurred, differences 
in participant’s ability to operate the VR equipment may have influ
enced the study’s internal reliability. The use of the HMD and controller 
in combination with the Cybershoes and the chair was new to all par
ticipants. Connecting the simulated smartphone to the controller made 
handling of the AR HMI relatively intuitive. However, moving with the 
Cybershoes remained an abstraction, and training was necessary. Some 
participants likely adapted more quickly than others. Another limitation 
of the VR setup was the need for adaptation to the VR environment. 
Since training in VR was required to establish consistent control of the 
equipment, all participants used the baseline HMI variant before the 
actual investigation. Consequently, those later assigned to group B also 
experienced the baseline condition. Hence, the evaluation of the infor
mation restriction condition was potentially influenced by prior expo
sure to the baseline. Throughout the investigation, the VR environment 
provided a standardized and highly controlled setup for the trial con
ditions, with identical stimuli for all participant and trials. The TUI 
questionnaire indicated good immersion rates. Still, some participants 
found it easier to adapt to VR than others. The instructor provided suf
ficient breaks and continuously monitored participant’s well-being to 
prevent motion sickness. Nevertheless, one participant had to withdraw 
due to symptoms of motion sickness. Despite the breaks and the rela
tively short use cases, it is likely that some fatigue occurred toward the 
end of the study, which may have affected identification-task results. 
Because the user journey was presented chronologically, the order of 
scenarios was neither balanced nor randomized. As a result, engagement 
in providing feedback may have declined over time, potentially 
explaining the low Cronbach’s alpha values for the TLX results in the 
second scenario. TLX results further suggested that the trials were 
relatively easy for the participants. Combining both scenarios into one 
extended trial might have increased task difficulty. Moreover, in the 
redirected navigation use case, questionnaire results indicate that HMI 
evaluation may have been biased toward the later part of the task 
(recency effect).

Since this explorative user study was conducted in VR, the external 
validity of the results is limited. The VR equipment enabled free 
movement and intuitive HMI use, yet handling, haptics, and interaction 
were inherently abstract and different to real-world settings. The VR 
environment simulated an existing intersection, enriched with vehicles 
and pedestrians to improve immersion, but could not replicate all as
pects of a natural environment. Regarding HMI use, the simulated 
smartphone was intentionally scaled larger to ensure visibility, although 
actual device size in real world settings would differ. Conversely, VR 
provided a highly stable implementation of AR elements that would be 
challenging outdoors today. Even for moving objects, the digital AR 
information elements were perfectly aligned without drift. Lighting in 
VR ensured optimal visibility at all times. However, participants’ 
behavior might differ in reality, where missing the shuttle and interac
tion with other road users could create more complexity and thereby 
alter the evaluation of the HMI.

It should also be noted that for NASA-TLX and UTAUT2, the re
searchers applied self-defined criteria for positive evaluation. Another 
factor limiting generalizability, particularly for acceptance ratings, 
might be social desirability. Despite the instructor emphasizing that 

there were no right or wrong answers, participants may have been 
reluctant to criticize the HMI prototype.

Finally, since this user study focused on evaluating the vStop HMI 
and the use of AR in two consecutive user journey scenarios, the un
derlying traffic coordinating and planning capabilities of the vStop 
concept itself were not included (Hub et al., 2023). Only the redirected 
navigation use case incorporated an aspect of this, by simulating a dy
namic relocation of the pick-up position.

5.2. Future research

Further research should focus on investigating the UX of the HMI and 
the applied information restriction method with diverse user groups. 
Elderly individuals, children and people with disabilities could be of 
particular relevance. Designing and integrating group-specific features 
into the HMI should be targeted in subsequent user-centered design it
erations. The same applies to the HMI used in the identification task. 
However, since shuttle identification was relatively simple in this study, 
future investigation should also include more complex scenarios. While 
the present investigation examined scenarios separately, future studies 
could integrate them into a single, uninterrupted trial with continuous 
tasks. This approach would help reveal potential blind spots in HMI 
support during transitions between consecutive user journey stages.

The present vStop HMI prototype relied primarily on the visual 
channel. Future prototype iterations could also incorporate additional 
sensory modalities. For example, integrating auditory of haptic feedback 
may enhance usability and reduce the risk of visual overload, resulting 
in a multimodal interface that could improve UX in the investigated 
scenarios. Moreover, further experimental studies could examine as
pects of attention management and attention steering in AR-based in
teractions. In particular, situation awareness during vStop HMI use (in 
both variants) should be investigated, with a focus on traffic safety and 
the prevention of potentially dangerous situations. Accordingly, the 
vStop HMI and AR technology could be adapted to specifically address 
safety issues. Research should also examine which methods of regulating 
mobile AR use best support safe behavior in real-world contexts. Studies 
involving interaction with other traffic participants, such as cyclists, 
could generate important insights into preventing conflicts and increase 
safety in deployment

Building on this study, insights are needed regarding differences in 
information use between the HMI variants, especially when and where 
information was requested. Ultimately, the overall effectiveness of the 
vStop HMI and its distraction-prevention methods should be tested in 
real-world scenarios using extensive field studies. These studies could 
include objective measures of navigation and identification perfor
mance. Comparisons with other methods of information presentation 
and conventional interfaces (e.g., digital map navigation or market- 
ready AR apps) could also provide valuable benchmarks. Furthermore, 
context-adaptive vStop HMIs may enable task performance similar to 
always-on systems while promoting user autonomy, enhancing user 
experience, and reducing visual clutter. By tracking user’s biophysical 
data during HMI use and adapting information presentation accord
ingly, intelligent features could be introduced to specific uncertainties in 
different scenarios. Such specific adaptations would require dedicated 
design iterations. Additionally, connecting the HMI with other smart 
traffic infrastructure elements or other connected road users should be 
explored. As AR capabilities advance, shuttle identification and long- 
route navigation under realistic outdoor conditions should become 
feasible. Future research must therefore examine AR interaction with 
moving objects in complex outdoor environments once the technology 
matures.

6. Conclusion

This research paper presents a prototypical concept for a vStop HMI 
designed to assist users in navigating to a flexible pick-up location and 
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identifying their booked shuttle. The aim was to evaluate whether the 
vStop HMI has the potential to enhance the UX of SAMOD customers in 
two consecutive user journey scenarios and thereby support new forms 
of shared automated mobility services.

This explorative user study indicated that the differences in UX be
tween the two investigated vStop HMI variants (information restriction 
treatment vs. baseline) were minimal in the navigation-to-pick-up sce
nario. Both HMIs were characterized by high rates of pragmatic quality, 
and acceptance as well as low cognitive workload. In the shuttle iden
tification scenario, the vStop HMI prototype successfully met user needs 
for seamless identification, with all results indicating positive UX out
comes. The user study demonstrated that AR technology can effectively 
support users in navigating and identifying shared shuttles in future 
mobility contexts. Detecting, localizing and digitally highlighting spe
cific points of interest (pick-up locations and shuttles) in the physical 
environment facilitated task performance and reduce uncertainty. 
Accordingly, the proposed vStop HMI design could become an essential 
component of future shared automated mobility services by efficiently 
providing customers with relevant information.

To translate these findings into practice, beyond operability, future 
development should consider partnerships with mobility service pro
viders (e.g., Bolt, Uber, Waymo), smart city planners, and public 
transportation authorities to integrate the vStop HMI into real-world 
SAMOD pilot programs. Support by municipalities or government 
agencies to assure alignment with regulatory frameworks (i.e., data 
protection and safety) could play a decisive role for societal readiness. 
By enabling safe and more intuitive access to automated transit, the 
concept supports more efficient transportation ecosystems. Facilitating 
seamless passenger pick-up and shuttle pooling for a wide range of users 
could contribute to higher levels of public acceptance of automated 
urban mobility systems. In conclusion, the vStop HMI concept shows 
strong potential to improve UX in SAMOD user journeys and, in turn, 
contribute not only to technological innovation but also to sustainable, 
efficient, and socially beneficial transportation solutions.
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Frej, D., Jaśkiewicz, M., Poliak, M., Zwierzewicz, Z., 2022. Smartphone use in traffic: a 
pilot study on pedestrian behavior. Appl. Sci. 12 (24), 12676.

Gallagher, W. 2021. How to use the new AR directions in Apple Maps. https://apple 
insider.com/articles/21/10/13/how-to-use-the-new-ar-directions-in-apple-maps. 
Accessed 3 July 2024.

Garus, A., Mourtzouchou, A., Suarez, J., Fontaras, G., Ciuffo, B., 2024. Exploring 
sustainable urban transportation: insights from shared mobility services and their 
environmental impact. Smart Cities 7 (3), 1199–1220.

Ghasemi, Y., Jeong, H., Choi, SHo, Park, K.-B., Lee, J.Y., 2022. Deep learning-based 
object detection in augmented reality: a systematic review. Comput. Ind. 139, 
103661.

Greifenstein, M., 2024. Factors influencing the user behaviour of shared autonomous 
vehicles (SAVs): a systematic literature review. Transp. Res. Part F Traffic Psychol. 
Behav. 100, 323–345.

Hall, C. 2023. What is Google Maps AR navigation and live view and how do you use it? 
https://www.pocket-lint.com/what-is-google-maps-ar-navigation-live-view/. 
Accessed 19 July 2023.

Harborth, D., Pape, S., 2018. German translation of the unified theory of acceptance and 
use of technology 2 (UTAUT2) questionnaire. SSRN J. https://doi.org/10.2139/ 
ssrn.3147708.

Harmann, D., Yilmaz-Niewerth, S., Jacob, C., 2022. Methodological distribution of 
virtual stops for ridepooling. Transp. Res. Procedia 62, 442–449.

Hart, SG., Staveland, LE., 1988. Development of NASA-TLX (Task Load Index): results of 
empirical and theoretical research. Human Mental Workload. Advances in 

F. Hub et al.                                                                                                                                                                                                                                     International Journal of Human - Computer Studies 207 (2026) 103671 

14 

http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0001
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0001
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0003
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0003
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0004
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0004
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0004
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0005
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0005
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0005
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0006
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0006
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0007
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0007
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0007
https://doi.org/10.1007/978-3-030-21607-8_1
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0009
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0009
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0009
https://doi.org/10.1145/2556288.2557125
https://doi.org/10.1145/2556288.2557125
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0011
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0011
https://verkehrsforschung.dlr.de/de/projekte/ngc-umv
https://verkehrsforschung.dlr.de/de/projekte/ngc-umv
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0013
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0013
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0013
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0014
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0014
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0014
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0015
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0015
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0015
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0015
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0016
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0016
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0016
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0017
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0017
https://appleinsider.com/articles/21/10/13/how-to-use-the-new-ar-directions-in-apple-maps
https://appleinsider.com/articles/21/10/13/how-to-use-the-new-ar-directions-in-apple-maps
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0019
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0019
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0019
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0020
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0020
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0020
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0021
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0021
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0021
https://www.pocket-lint.com/what-is-google-maps-ar-navigation-live-view/
https://doi.org/10.2139/ssrn.3147708
https://doi.org/10.2139/ssrn.3147708
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0024
http://refhub.elsevier.com/S1071-5819(25)00228-9/sbref0024


Psychology. Elsevier, pp. 139–183. https://doi.org/10.1016/S0166-4115(08)62386- 
9.

Hisham, Y., Makahleh, E.J.S.F., Dissanayake, D., 2024. Assessing the role of autonomous 
vehicles in urban areas: a systematic review of literature. Future Transp. 4 (2), 
321–348.

Hub, F., Heß, S., Wilbrink, M., Oehl, M., 2022. Is this my ride? AV braking behavior from 
the perspective of waiting ride hailing customers. In: Stephanidis, C., Antona, M., 
Ntoa, S., Salvendy, G. (Eds.), HCI International 2022 – Late Breaking Posters. 
Springer Nature Switzerland, Cham, pp. 375–382. https://doi.org/10.1007/978-3- 
031-19682-9_48. Communications in Computer and Information Science. 

Hub, F., Oehl, M., 2022. Design and field test of a mobile augmented reality 
human–machine interface for virtual stops in shared automated mobility on- 
demand. Electronics 11 (17), 2687. . (Basel). 

Hub, F., Oehl, M., Hesse, T., Seifert, K., 2023. Supporting user experience of shared 
automated mobility on-demand through novel virtual infrastructure: making the 
case for virtual stops. Int. J. Hum. Comput. Stud. 176, 103043.

Hyland, M., Mahmassani, HS., 2020. Operational benefits and challenges of shared-ride 
automated mobility-on-demand services. Transp. Res. Part A Policy Pract. 134, 
251–270.

Ke, J., Zheng, Z., Yang, H., Ye, J., 2021. Data-driven analysis on matching probability, 
routing distance and detour distance in ride-pooling services. Transp. Res. Part C 
Emerg. Technol. 124, 102922.

Koch, M., Luck, K., Schwarzer, J., Draheim, S., 2018. The novelty effect in large display 
deployments – experiences and lessons-learned for evaluating prototypes. In: 
Proceedings of the 16th European Conference on Computer-Supported Cooperative 
Work-Exploratory Papers. https://doi.org/10.18420/ecscw2018_3.

OD. Kothgassner, A. Felnhofer, N. Hauk, E. Kastenhofer, J. Gomm, and I. Kryspin-Exner. 
TUI. Technology usage inventory 2025.

Kucharski, R., Fielbaum, A., Alonso-Mora, J., Cats, O., 2021. If you are late, everyone is 
late: late passenger arrival and ride-pooling systems’ performance. Transportmetr. A 
Transp. Sci. 17 (4), 1077–1100.

Lanzer, M., Koniakowsky, I., Colley, M., Baumann, M., 2023. Interaction effects of 
pedestrian behavior, smartphone distraction and external communication of 
automated vehicles on crossing and gaze behavior. In: Proceedings of the CHI 
Conference on Human Factors in Computing Systems. New York, NY, USA. ACM, 
pp. 1–18. https://doi.org/10.1145/3544548.3581303.

Laugwitz, B., Held, T., Schrepp, M., 2008. Construction and evaluation of a user 
experience questionnaire. In: Holzinger, A. (Ed.), HCI and Usability For Education. 
Springer-Verlag, Berlin, pp. 63–76. https://doi.org/10.1007/978-3-540-89350-9_6. 
Lecture Notes in Computer Science 5298. 

Lee, T., Jung, C., Lee, K., Seo, S., 2022. A study on recognizing multi-real world object 
and estimating 3D position in augmented reality. J. Supercomput. 78 (5), 
7509–7528.

Longo, L., Wickens, CD., Hancock, G., Hancock, PA., 2022. Human mental workload: a 
survey and a novel inclusive definition. Front. Psychol. 13, 883321.

Nahmias-Biran, B.-, Oke, JB., Kumar, N., Azevedo, C.L., Ben-Akiva, M., 2020. Evaluating 
the impacts of shared automated mobility on-demand services: an activity-based 
accessibility approach. Transportation 2564 (7), 21. . (Amst). 

Nee, A.Y.C., Ong, S.K., 2023. Springer Handbook of Augmented Reality. Springer 
International Publishing, Cham. Springer Handbooks. 

F. Paparella, K. Chauhan, L. Koenders, T. Hofman, and M. Salazar. 2024. Ride-pooling 
electric autonomous mobility-on-demand: joint optimization of operations and fleet 
and infrastructure design.
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