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A B S T R A C T

With the increasing adoption of driving automation technologies, vehicles equipped with SAE Level 3 driving 
automation are becoming available on the market. This study explores drivers’ behaviour when driving condi
tionally automated vehicles on-road, providing multiple levels of driving automation. Sixteen participants drove 
a Wizard-of-Oz vehicle offering several levels of automation (Manual, SAE Level 2 and Level 3) on a public 
highway. Data was collected during driving sessions (observations and think-aloud) and post-driving sessions (in- 
depth interviews). The results indicate that drivers show errors in mode transitions and mode awareness. These 
errors include unintended deactivation of Level 2 driving automation, confusion about driving modes after 
disengaging Level 3 driving automation, and confusion about the current driving mode. These findings highlight 
a fundamental limitation in the design of automation systems when humans are required to operate multiple 
modes within a single system, making it challenging to distinguish between them clearly. This ambiguity and 
lack of understanding affected how drivers interacted with, interpreted, and responded to the automated vehicle. 
The study provides insights for designing automated vehicles with multiple levels of driving automation, aiming 
to improve mode awareness and overall safety.

1. Introduction

Automated vehicles have the potential to improve road safety by 
supporting the driver in various situations, ranging from everyday 
driving to safety-critical events (Cicchino, 2017). SAE Level 1 driving 
automation, such as systems that provide steering or acceleration and 
braking support to the driver, such as adaptive cruise control (ACC), has 
become standard. SAE Level 2 driving automation systems, which assist 
the driver with lateral and longitudinal control within predefined cir
cumstances, are also widely available. With the rapid advancement of 
automation technologies, the market is witnessing the emergence of 
vehicles equipped with SAE Level 3 driving automation (Greimel, 2022; 
Tarantola, 2023). Compared to SAE Level 2 driving automation, drivers 
with access to Level 3 driving automation are no longer obliged to 
monitor the system constantly (SAE International, 2021). They can, 
therefore, engage in non-driving-related activities. However, drivers 
must still be able to take control of the vehicle when requested by the 
system or in the case of an emergency due to system failure.

Although it is argued that driving automation systems can poten
tially increase road safety (Cicchino, 2017), several human 
factors-related challenges must be addressed. These challenges include 
such things as the driver misunderstanding or misusing the system 
(Trimble et al., 2014), automation surprise (Sarter et al., 1997) when the 
current automation state is unknown, yielding conflicts between human 
operators and automated systems, or the driver being unable to provide 
suitable fallback performance or not being aware of the status or mode 
of automation, effectively being ‘out-of-the-loop’ (Seppelt and Victor, 
2016). Nowadays, a vehicle includes multiple levels of driving auto
mation, and the driving mode may change during a drive cycle because 
of driving automation limitations or driver interventions. The advent of 
higher-level vehicle automation adds a further layer of complexity to 
human-factors design challenges due to different responsibility alloca
tions between automation levels (Kurpiers et al., 2020). Therefore, this 
paper explores drivers’ behaviour and interaction challenges drivers 
may experience in automated vehicles with multi-levels of driving 
automation.
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1.1. Mode awareness in automated vehicles

Mode awareness comprises knowledge about the currently active 
automation system, its performance level and the driver’s tasks and 
responsibilities (Sarter and Woods, 1995). One of the most common 
reasons for deficient mode awareness is mode confusion, which occurs 
when there is a mismatch between system behaviour and the user’s 
mental model (Halasz and Moran, 1983). Thus, mode confusion con
tributes to mode errors, resulting in users misinterpreting the informa
tion being provided and performing actions which are appropriate to the 
analysis of the situation but inappropriate to the actual situation 
(Norman, 1981). Mode confusion in automated vehicles generally refers 
to situations where the driver assumes that the system is operating in a 
different mode than it actually is, resulting in inappropriate responses 
(Bredereke and Lankenau, 2005). Beyond this, drivers may correctly 
recognise the current automation mode but experience functional mis
understandings regarding the expected behaviour. Additionally, drivers 
may be aware of the automation mode and its functional demands but 
fail to align their behaviour accordingly. For example, a driver may 
understand that SAE Level 3 allows hands-off driving but continue to 
keep their hands on the steering wheel out of habit or a perceived need 
for control, or they may recognise that the vehicle is operating in SAE 
Level 2 but fail to realise that continuous hands-on supervision is still 
required (Nordhoff et al., 2023). In this study, we expand the scope of 
investigation of mode confusion beyond misperceptions of the driving 
mode itself to include a broader range of interaction issues, such as 
driver role confusion, where drivers are uncertain about their re
sponsibilities regarding the system’s capabilities. We collectively refer 
to these diverse interaction challenges under the broader framework of 
mode confusion.

Different research streams have investigated the phenomenon of 
mode confusion. Early studies on mode confusion in vehicle automation 
focused on ACC systems, that is, SAE Level 1 driving automation (Eom 
and Lee, 2015; Lee et al., 2014). Based on a driving simulator experi
ment, Furukawa et al. (2003) found, for example, that participants failed 
to infer system behaviour correctly in that, even though the ACC func
tion was active, some participants predicted that the system would not 
accelerate. Later, the results of studies of drivers’ interaction with Level 
2 automated vehicles reported similar confusion (Banks et al., 2018; 
Endsley, 2017; Wilson et al., 2020). For instance, Wilson et al. (2020)
identified situations in which the drivers incorrectly thought the vehicle 
was in the automated mode when it was not, and they were, in fact, 
responsible for primary driving tasks. Similarly, Banks et al. (2018)
found that drivers failed to engage an autopilot feature properly and did 
not understand that the autopilot feature was engaged, even though the 
user interface indicated otherwise. Other examples of drivers’ failure to 
understand system levels, system modes and drivers’ responsibilities 
have been described by Novakazi et al. (2021a). Based on an analysis of 
interviews with participants in a Wizard-of-Oz field trial, the former 
found that in Level 2 automated vehicles, the high level of control and 
the good performance that the system was perceived to have led par
ticipants to conclude they were not responsible for the driving task, even 
though they were. Furthermore, drivers’ awareness of the currently 
active mode is at particular risk when two or more automation levels are 
available. In a study of higher-level automated vehicles. Complementary 
to this, Feldhutter et al. (2018) compared the result of a study which 
involved one stage with alternating partially and conditionally auto
mated driving and another stage with only partially automated driving. 
The result showed that shifting modes between partially and condi
tionally automated driving led to a loss of mode awareness and resulted 
in more mode errors than when there was only access to one automation 
mode.

1.2. Mitigation of mode confusion

The aforementioned evidence suggests that addressing mode 

confusion is critical for ensuring both driver safety and the effective 
operation of automated vehicles. Several approaches have been pro
posed to mitigate this issue, focusing on human-machine interaction 
design, user training, and cognitive models. Several researchers have 
debated the importance of user interfaces (UI) to support drivers in 
developing an appropriate understanding of automation and mitigating 
mode confusion. For instance, Carsten and Martens (2019) have argued 
that when the driver is decoupled from active control, the user interface 
design becomes even more critical. Seppelt and Victor (2016) disputed 
the need to design UIs to support driver situation awareness and 
appropriate mental model development to support the transfer of con
trol from a higher to a lower level of automation. Lee et al. (2014)
provided more detailed design guidelines by suggesting that mitigating 
mode confusion means providing the driver with a transparent display 
of the automation state and correct and concise information via different 
in-vehicle UIs. Heymann and Degani (2002) proposed that consistent 
and predictable behaviour in UI elements across different modes can 
help users form accurate mental models, reducing the likelihood of 
mode errors. While UIs can enhance mode awareness (Carsten and 
Martens, 2019; Lee et al., 2022), mode confusion still can occur if drivers 
fail to perceive or comprehend the automation mode indicated 
(Monsaingeon et al., 2021) or if UIs do not provide sufficient feedback 
about the system’s state. In addition, user training is often suggested to 
enhance drivers’ understanding of different modes and to help them 
become familiar with the various modes and their associated behav
iours. For instance, several studies (Krampell et al., 2020; Ogitsu and 
Mizoguchi, 2015; Viktorová and Sucha, 2019) demonstrated that drivers 
who received training made fewer mode-related errors than those who 
did not. Furthermore, understanding the cognitive processes behind 
mode confusion has led to developing models that predict when and why 
mode confusion might occur. Norman (1983) emphasised the impor
tance of designing systems that align with natural human cognitive 
processes, thereby addressing mode confusion by designing systems that 
match the users’ cognitive models. Similarly, an online survey con
ducted by Kim et al. (2024) showed that drivers do not have a clear 
mental representation of the different driving modes in automated ve
hicles and suggested designing the mode transition logic to align with 
the driver’s mental model to prevent mode confusion.

1.3. The current study

As automated vehicle technology advances, effective interaction 
design becomes increasingly important in ensuring safe, efficient and 
user-friendly interactions with automated systems. While mode confu
sion has been a critical issue in automated vehicles, it is increasingly 
recognised as part of a broader set of interaction challenges that arise 
when drivers are required to interpret, manage, and transition across 
different levels of automation. Therefore, this paper explores drivers’ 
behaviour and interaction challenges in automated vehicles with mul
tiple levels of driving automation in a real-world setting. To investigate, 
we conducted an on-road study with sixteen participants who drove a 
Wizard of Oz vehicle offering several levels of automation (Manual, SAE 
Level 2, SAE Level 3) on a public highway. Data was collected during 
driving sessions (observations and think-aloud data) and post-driving 
sessions (personal interviews). This research focuses on real-world 
behavioural responses, capturing how drivers’ understanding and 
behaviour emerge under naturalistic conditions.

This study contributes empirical evidence from a real-world driving 
environment using a multi-level automated vehicle, which enhances 
ecological validity. It extends the understanding of mode confusion by 
revealing a broader spectrum of interaction challenges during transi
tions between automation levels, including gaps between mode aware
ness and appropriate behavioural responses.
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2. Method

We used an on-road Wizard-of-OZ car (Dahlback et al., 1993) to 
explore the interaction between drivers and automated vehicles. The 
study was conducted in September 2022 in Gothenburg, Sweden and 
was designed to simulate real-world driving scenarios. The research 
vehicle used in the study was approved for road usage by relevant au
thorities, and the study design adhered to the ethical principles outlined 
in the WMA Declaration of Helsinki. All participants provided informed 
consent, including their agreement to collect various data points and 
participate in the research project. The collected data’s retrieval, storage 
and processing strictly followed the European General Data Protection 
Regulation (GDPR) guidelines.

2.1. Participants

Sixteen participants were recruited through a professional recruiting 
agency, which was provided with a screener. The average age of the 
participants was 44 years (SD = 13.48). Seven participants were female, 
and nine were male. All participants possessed valid driving licenses, 
regularly drove vehicles equipped with automatic gears and adaptive 
cruise control and commuted daily by car. None of the participants 
indicated any occupational involvement in vehicle manufacturing or 
companies associated with vehicle development.

2.2. Vehicle

A modified Volvo XC90 served as the test vehicle, and Level 2 and 
Level 3 driving automation were simulated using the Wizard-of-Oz 
approach. The experimental setup is shown in Fig. 1, with the partici
pant in the driver’s seat behind the steering wheel, the test leader in the 
passenger seat and a driving wizard and UI wizard in the back seat 
concealed from the participant. The backseat driving wizard controlled 
the simulated Level 3 driving automation, while the UI wizard 
controlled the prompts and feedback presented to participants via a 
visual UI. Furthermore, two cameras were installed: one facing the 
driver and another facing the steering wheel and controls to capture 
observation data related to the driver’s interaction with the vehicle and 
the systems.

User Interfaces (UIs), located in the cluster panel, are provided to 
support drivers in receiving the mode change indication and remaining 
aware of the current driving mode. Two audio-visual UIs - UI A 
(Novakazi et al., 2021b) and UI B (Novakazi et al., 2025) - were 
implemented. Participants experienced both UIs in a different order. 
Table 1 describes the visual and auditory UI sequences and states. Note 
that we utilised these two user interfaces not to compare their effec
tiveness directly but to explore how drivers interact with the system on 
multiple levels of driving automation. Therefore, our analysis focuses on 
mode transitions and mode awareness issues, but we note specific driver 
behaviours linked to the user interface.

2.3. Driving automation operation

During the driving session, participants could engage in three driving 
modes: manual, Level 2, and Level 3. Participants operated the manual 
and Level 2, while the Wizard-of-Oz vehicle operated Level 3.

The Level 2 driving automation was a supervised system that pro
vided: a) longitudinal control by maintaining a set speed and adjusting 
the distance to the vehicle ahead, and b) lateral control using lane 
keeping assist (LKA), automatically adjusting the steering to ensure that 
travel was within the lane. As it was an assistive system, the driver had 
to monitor the automation and the road and remain responsible for the 
driving task. The Level 2 could be engaged at any time except during 
Level 3, and participants were encouraged to use it as much as they 
desired. Participants could activate Level 2 by pressing a button on the 
left side of the steering wheel. The speed of the driving automation could 
be adjusted using the (+) and (− ) buttons on the steering wheel, but 
there was no option to change the distance setting. The system could be 
deactivated by pressing the same button used to activate it, stepping on 
the brake, or overriding the function by prolonged pressure on the 
accelerator. Upon deactivation, the vehicle returned to manual driving 
mode. In certain driving conditions where the LKA function was un
available (such as when the car could not detect lane markings), the 
driving automation continued to offer longitudinal control of the 
vehicle.

The Level 3 was designed to operate without supervision within a 
specified operational design domain (ODD). It was described to the 
participants as a system that prompted the driver when it was available 
and requested the driver to take over when the conditional requirements 
were no longer met. Upon activation, the system assumed complete 
control of the vehicle until the specified conditions were no longer met. 
The participants could remove their hands from the steering wheel and 
engage in non-driving-related tasks. The availability conditions varied 
based on the external transportation environment and were defined as 
follows: (1) partially controlled access roads with a speed limit of up to 
80 kph; (2) free-flowing traffic with a level of service triggering the 
system to prompt takeover when approaching merging traffic; and (3) 
clear visibility of lane markings. If these conditions were met, the driver 
could activate the system, and the driving wizard would assume control 
of the vehicle. It was not possible to manipulate the speed or distance 
settings. Participants could engage or disengage the Level 3 unsuper
vised driving function by simultaneously prolonged pressure on two 
buttons, one on the left and one on the right side of the steering wheel. 
For safety reasons, the participants were instructed not to intervene in 
the unsupervised driving mode by any means other than pressing the 
buttons (not using the brake or steering wheel). A description of the 
respective systems’ capabilities and limitations and the information the 
participants received before the driving session is available in Table 2.

2.4. Procedure

The study was divided into two parts: (i) the on-road driving session 
and (ii) a post-driving session. In (i), data on drivers’ behaviour was 
collected by two video cameras mounted in the vehicle, directed at the 
driver and the steering wheel and dashboard (see Fig. 1), with any 
comments made by the participants recorded by that same equipment. 
In (ii), data on participants’ experiences was collected in audio-recorded 
semi-structured interviews.

2.4.1. Part I – on-road driving session
Before the driving session, participants received a brief explanation 

of the study’s structure. They were then guided to the test vehicle and 
introduced to the driving automation systems and how to interact with 
them. Table 2 provides an overview of the two driving modes and the 
information given to the drivers before the driving session. The intro
duction was designed to replicate the experience one would have when 
picking up a new car at a dealership, thus ensuring a high level of 

Fig. 1. The Wizard-of-Oz vehicle, with video cameras facing the UI and (1) 
driving wizard, (2) UI wizard, (3) test leader and (4) participant.
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realism.
After the introduction, participants were given a moment to famil

iarise themselves with the car and settle in. The driving session lasted 
approximately 45 min on a partially-controlled-access city highway with 
speeds of up to 80 kph. The route started from the Volvo Cars Torslanda 
office and led to the southern part of Gothenburg (Slingan South), taking 
about 20 min. At that point, a short stop was made to switch UI (from UI 

A to UI B or vice versa). After the switch, the drivers returned to the car 
and drove the same route back to the starting point of the session 
(Slingan North) in approximately 20 min. Fig. 2 shows the route taken, 
indicating the starting and ending points and the location where the UI 
was changed. It also highlights the predetermined stretches where Level 
3 driving automation was available and the duration of availability, 
resulting in approximately 8 min of automated driving and four take- 

Table 1 
A description of the visual user interface (UI) states each driving automation system. Accompanying sounds are 
exemplified by the dotted lines below the UI states, indicating length and intensity of the auditory notifications for each 
state.

Table 2 
Description of system capabilities, limitations, and information participants received before the driving session.

Driving mode Description Operational design domain 
(ODD)

Limitations Interaction

Level 2 
Supervised driving

- Supervised driving automation
- Maintains speed
- Adjusts speed and distance to the 

vehicle in front
- Lane-keeping assistance

- Always available - Clear view of lane 
markings

- Driver responsible at all 
times

- Activation/deactivation via steering wheel 
button

Level 3 
Unsupervised 
driving

- Unsupervised driving automation
- Maintains speed
- Adjusts speed and distance to the 

vehicle in front
- Steers the vehicle

- Partially controlled- 
access roads

- Speeds up to 80kph
- Free-flowing traffic

- Clear view of lane 
markings

- Activation/deactivation via a long press on 
steering wheel buttons
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over and hand-over requests in each direction.

2.4.2. Part II –post driving interviews
Following the driving session, the test leader and participant 

returned to the Volvo Cars office and entered a designated interview 
room. The semi-structured interview lasted approximately 30 min and 
primarily aimed to gather insights into the drivers’ understanding of the 
two distinct driving automation systems, including their functionalities 
and limitations. Additionally, the two UIs were compared and supported 
by presenting screenshots of their sequences and states (Fig. 2). During 
this comparison, drivers were encouraged to provide feedback on any 
elements that aided their understanding of the systems, plus any 
confusing aspects.

2.5. Data analysis

The data analysis aimed to examine the driver’s understanding of the 
automated driving system and information received via the UIs by 
analysing the data from the driving session. This entailed the video re
cordings of driver behaviour and think-aloud data, plus the interviews 
from the post-driving session. The combined results of the data analysis 
are described in Section 3. Results, where are grouped into the identified 
themes and enriched with think-aloud and interview data exemplifying 
drivers’ comments at the moment of observation.

2.5.1. Driving session observations
As a first step, the think-aloud information collected during the 

driving sessions and the post-driving interviews was transcribed 
verbatim. Following that, Authors 1 and 2 conducted a pair-coding 
session using a deductive a priori template of the codes (Azungah, 
2018) to analyse the video data of driver actions collected during the 
driving sessions. Drivers’ comments from the think-aloud protocol were 
noted and connected to the coded observation data. Subsequently, 
Author 1 performed a second coding round. The initial clustering of 
codes relating to driving observations led to identifying two main 
themes that categorise the use errors observed during the participants’ 
interaction with the automated driving system: (i) Transition Challenges 
and (ii) Mode Confusion.

These categories were discussed and chosen by the authors as the 
categories contain sub-themes that include the identified mode confu
sion regarding the multi-levels of driving automation and interaction- 
related issues.

Each main theme contains a cluster of sub-themes describing the 
nature of the different errors observed. The ‘Transition Challenges’ 

theme comprised two sub-themes: (1) Unintended deactivation of Level 
2, and (2) attempt to activate Level 3 driving automation outside of 
ODD. The theme ‘Mode Confusion’ comprised three sub-themes: (1) 
Driver’s engagement during different driving modes and (2) Mode 
confusion after take-over requests from the vehicle.

2.5.2. Post-driving interviews
In the next step, the authors familiarised themselves with the inter

view transcriptions. After the familiarisation phase, it was decided to use 
a deductive coding scheme (Azungah, 2018), applying a terminology 
proposed by Novakazi (2023), which identifies factors shaping the 
drivers’ perception of driving automation systems and serves as a coding 
framework. Subsequently, the interview data were analysed, and com
ments and reflections from the participants regarding their interaction 
with the driving automation systems and the two UIs were investigated. 
Throughout the process, Authors 1 and 2 discussed the resulting sets of 
codes to address any inconsistencies. Krippendorff’s Alpha was used to 
assess the inter-coder reliability (Krippendorff, 2004) and yielded a high 
level of agreement between the two authors (α = 0.917).

In the last coding round, Author 1 coded the interview data from the 
post-driving session by addressing the following question: What inter
action challenges do drivers have in vehicles with several levels of automa
tion? This led to the identification of insights where the participants 
described their experience with the different driving automation, which 
were then used to enrich the identified main themes and find further 
explanations for the use errors observed during the driving sessions. The 
authors then discussed and related the participants’ descriptions to 
transition challenges and mode confusion in a vehicle offering multiple 
levels of automation.

Although we reported the number of observations of user error 
during driving in this study, we did not focus on the frequency of terms 
mentioned by drivers regarding their understanding and experience of 
driving a vehicle with multiple levels of automation. Instead, we 
emphasise how participants described these topics and how such nar
ratives contribute to explaining driver behaviour.

3. Results

During the driving sessions, several recurring use errors were 
observed. Considering the observed use errors, it became evident that 
both UIs posed challenges during the interaction with the driving 
automation. Thus, the following analysis does not compare the two UIs 
in detail but concentrates on identifying common themes observed 
during the engagement with both and will discuss the implications of 
these findings for the role of the UI during the interaction with a vehicle 
offering several levels of automation. The different identified themes 
were categorised as Transition Challenges and Mode Confusion, under 
which further sub-themes are discussed in the following sections. 
Table 3 overviews the number of Transition Challenges and Mode 
Confusion during the driving sessions.

3.1. Transition challenges

During the driving sessions, several incidents concerning hand-over 
and take-over requests (TOR) were observed. The observed errors 
could be categorised as transition challenges, as they all pertained to 
understanding how to interact with the driving automation system in the 
transition situation.

3.1.1. Unintended deactivation of level 2 driving automation
Level 2 driving automation could be disengaged by either pressing 

the button on the steering wheel, pressing the brake pedal, or prolonged 
overriding of the speed setting. Three participants were in Level 2 
driving automation when they unintentionally disengaged the automa
tion by pressing the brake pedal or overrode the speed control by 
pressing the accelerator. While the participants noticed after some time 

Fig. 2. Route of a driving session, highlighting stretches of Level 3 availability 
and exposure time.
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that Level 2 driving automation was deactivated through information 
provided in the visual UI (such as the lane not being detected), they did 
not understand why it happened, as indicated by the think-aloud data: “I 
do not know why (it disengaged) … Maybe I am pressing something that it 
does not want me to.” (TP13). For these participants, deactivation of 
Level 2 driving automation occurred repetitively: “Disengaged. Some
thing again.” (TP06).

3.1.2. Attempt to activate level 3 driving automation outside of ODD
Level 3 driving automation was only available when specific re

quirements of the ODD were fulfilled (see 2.3 for detailed description) 
and would then prompt the driver with a hand-over request when it was 
available. The test leader explained this procedure and the ODD to the 
participants before the driving sessions. Nevertheless, four drivers 
attempted to activate the Level 3 driving automation outside its ODD. 
These attempts were observed several times during the drives, as shown 
in Fig. 3. For example, one participant stated: “Maybe this system is not 
possible when it is going to smaller roads, or … I am not sure how it is 
working." (TP05). Drivers did not understand that they could not activate 
Level 3 driving automation without a prompt from the vehicle. In 
addition, there was no information about the reason for the error, so 
they repeatedly attempted it. In addition, as shown in Table 3, there was 
a noticeable numerical difference between UI A and UI B, which we will 
discuss in Discussion 4.1.3. Learning Experience.

3.2. Mode confusion

Several mode awareness errors were observed during the driving 
sessions. The errors could be categorised as mode confusion, as they 
related to understanding the driving automation.

3.2.1. Driver’s engagement during the different driving modes
A widespread misunderstanding amongst the participants was the 

extent of engagement expected from the driver in each of the different 
driving modes, i.e., Level 2 and Level 3 driving automation. While 
during engagement with the Level 3 driving automation, the driver 
remained in control of the driving task, they could disengage from the 
driving activities fully until the system requested a take-over.

Nevertheless, despite the instructions provided by the test leader 
before the driving session, about one-third of the participants (5 out of 
16 participants) failed to place their hands on the steering wheel when 
using the active Level 2 driving automation. In two out of 11 observed 
cases, the participants seemed to be checking whether they could release 
their hands but with their hands still hovering by the steering wheel 
(Fig. 4 left), which indicates ambiguity about the capability of the 
driving automation, e.g., drivers testing the limits of the system. In the 
remaining nine cases, participants took their hands off after activating 
the Level 2 driving automation (Fig. 4, right), which leaves room to 
discuss whether the drivers were aware of the requirement or whether 
they mistook Level 2 for Level 3 driving automation: in other words, an 
instance of mode confusion.

On the other hand, during the activation period of the Level 3 
driving, although not obliged to keep their hands on the steering wheel, 
three participants did so. Two out of the three participants did this 
during the entire Level 3 driving (Fig. 5), and one of them commented: 
“I am trying to figure out the difference between the two different systems.” 
(TP14), indicating that the driver is not aware of the current mode 
sufficiently through the user interface.

3.2.2. Mode confusion after take-over request from the vehicle
While the participants understood the TOR, there was ambiguity 

about their driving mode after the transition from Level 3 driving 
automation. This was evident by statements collected during the driving 
sessions, such as: “I was not exactly clear on what kind of mode I was in.” 
(TP03). However, all observed cases of this type of mode confusion only 
occurred at the first TOR. Further, two out of three participants 
expressed confusion when the system did not revert to the previous level 
of assistance (Level 2) when they deactivated the Level 3 supervised 
driving automation: “If I was in cruise control, I still wanted to be in that one 
when I go out and exit the Level 3.” (TP05). In all cases, this was the Level 
2 supervised driving mode. This shows that the mode confusion was 
created by the expectation that the driving mode would revert to the 
previously active mode and not to the manual driving mode. Evidently, 
the interface’s indications were insufficient to remove all ambiguity.

4. Discussion

The results of this study highlight, similar to other studies (Banks 
et al., 2018; Feldhutter et al., 2018), the challenges associated with 

Table 3 
The number of observations of transition challenges and mode confusion divided per main theme and sub-theme, participants 
and UI.

Transition Challenges (N = 16)
​ Number of Observations Number of Participants
​ Total UI A UI B

Unintended deactivation of Level 2 driving automation 6 4 2 3
Attempt to activate Level 3 driving automation outside ODD 19 16 3 15
Mode Confusion (N = 16)
​ Number of Observations Number of Participants
​ Total UI A UI B

Hands-off during Level 2 driving automation 11 4 7 5
Hands-on during Level 3 driving automation 12 7 5 3
Mode confusion after take-over request from the vehicle 3 0 3 3

Fig. 3. The driver attempts to activate Level 3 using the steering wheel buttons 
in a situation where this mode is not available.
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communicating levels of driving automation and mode transitions in 
vehicles to drivers. This section discusses interaction issues caused by 
mode confusion in automated vehicles and the implications of system 
design.

4.1. Difficulties in mode transitions

For safe and efficient use of driving automation, it is imperative that 
drivers possess an unambiguous understanding of when and how to 
transition between driving modes. In the study, participants faced 
problems transitioning from Level 2 to manual driving, as well as from 
Level 3 to manual driving, although the types of issues differed.

4.1.1. The transition from level 2 driving automation to manual driving
Transitioning from Level 2 driving automation to manual driving 

was not always intentional (i.e., by pressing the steering wheel button). 
Instead, it was observed that a few participants unintentionally deacti
vated the Level 2 driving automation by pressing the brake pedal. It can 
be argued that the unintentional deactivation of Level 2 driving auto
mation could be attributed to a mere mistake, but it is not unreasonable 
to attribute the behaviour to a lack of understanding. Despite receiving 
visual feedback from the user interface, some participants failed to 
notice mode transitions, or, after noticing, were unable to understand 
the reason for the change, both of which reflect mode confusion. In a 
similar on-road study by Wilson et al. (2020), drivers often detected 
changes in driving automation (cruise control activation or deactiva
tion) not through UI feedback, but by observing changes in vehicle 
speed. For example, when drivers believed the vehicle was in Level 2 
automation, they expected the system to control the speed. They realised 
the system was no longer engaged when the vehicle failed to slow down, 
indicating that manual driving was active. This type of mode confusion 
may lead to safety-critical situations.

Unintentional disengagements and consequent mode confusions 
have also been observed in other studies due to, for example, physical 
control errors (Banks et al., 2018; Feldhutter et al., 2018) and, as in the 
present study, this led to a state of mode confusion. In the study by 

Wilson et al. (2020), these unintentional disengagements occurred early 
in their trials. Therefore, even though some participants in the present 
study repeated the observed error, further experience using such systems 
would probably lead to reduced unintended deactivations. As a solution 
to this, it is easy to suggest that the UI should provide clear indications. 
However, whereas the UI can provide information to support anticipa
tion of upcoming changes in the automation mode (Tinga et al., 2023), it 
is less evident to what degree UIs can hinder unintentional disengage
ments or how reliably drivers can perceive the mode transition through 
the UI. UI is considered to provide clear feedback on a driver’s actions, 
intentional or unintentional, to ensure that they become aware of any 
mode transitions and of the currently active mode. The UI design im
plications include modifications to notify and differentiate between 
mode statuses to enable drivers to notice any changes more easily. It is 
necessary to consider ways beyond simply increasing modalities. For 
example, it is easy to argue that adding auditory feedback to visual 
feedback will help drivers notice mode changes. However, in the study 
by Wilson et al. (2020), where this was attempted, the drivers did not 
notice an unintended deactivation despite the accompanying auditory 
feedback to the visual cues. Therefore, it may be inferred that this study 
would have seen comparable outcomes. This highlights the need for a 
more comprehensive approach to the design of driving automation 
systems, considering not only the addition of sensory modalities to the 
UI but also the complexity of the driver’s understanding of the system 
dynamics to ensure effective communication and interaction in auto
mated driving scenarios.

4.1.2. The transition from level 3 driving automation to manual driving
Mode confusion in the transition from Level 3 driving automation to 

manual driving is related to the fundamental automated system design. 
A few participants (3/16) were confused about the driving mode 
following the change from Level 3 driving automation to manual 
driving. Based on the interview results, these individuals had expected 
the system to revert to the previous level of assistance (Level 2, as this 
was engaged before entering the Level 3 driving automation) instead of 
transitioning to manual driving. However, it is essential to note that 

Fig. 4. Left: Driver testing the steering capability of the Level 2 driving automation; Right: Driver removing hands fully from the steering wheel during Level 2 
driving automation.

Fig. 5. Two drivers kept their hands on the steering wheel during all Level 3 unsupervised driving.

S. Kim et al.                                                                                                                                                                                                                                      Applied Ergonomics 129 (2025) 104617 

7 



participants’ ability to remember the previous automation mode may be 
influenced by the duration of Level 3 driving automation, as extended 
periods of Level 3 automated driving may lead drivers not to recall the 
prior automation mode. Additionally, a survey study investigating the 
drivers’ expectations during mode transitions has shown that drivers 
would rather go from Level 3 driving automation to manual driving after 
the transition by the TOR (Kim et al., 2024). It was found that the par
ticipants’ understanding of the automated system and their expectations 
for its behaviour lie at the root cause of this observed error. Neverthe
less, from a user-centred design perspective, implementing a consistent 
mode transition logic would ensure a comprehensible transition of 
control, irrespective of the preceding intervention and the level of 
automation engaged and help drivers learn and comprehend their re
sponsibilities regarding the driving task at any given time.

4.1.3. Learning Experience
Some participants in the study experienced an error only once, and 

some participants were observed to repeat the same errors. For example, 
it was observed that the system was unintentionally deactivated when 
drivers pressed the accelerator pedal while in Level 2. Still, some drivers 
failed to grasp the rationale behind this deactivation and repeated the 
error. Moreover, some drivers attempted to engage in Level 3 driving 
automation despite the conditions not being met (outside of ODD) and 
did so repeatedly. As shown in Table 3, there was a noticeable numerical 
difference between UI A and UI B in the occurrence of the ‘3.1.2. Attempt 
to activate Level 3 driving automation outside ODD.’ While this initially 
appeared to suggest that the UI might have influenced the error, we did 
not interpret it as caused by the interface itself. To elaborate, both UIs 
during Level 2 driving automation do not include information related to 
activation of Level 3 driving automation (State 3 in Table 1) and provide 
information about activation availability in text format (State 4 in 
Table 1). Neither the UI analysis nor participant interviews offered 
sufficient evidence to suggest that one UI communicated more effec
tively than the other. Therefore, we believe this error was more likely 
due to trial-and-error behaviour stemming from a lack of understanding 
of the system’s operational principles, rather than differences in the 
information presented by the two UIs.

Catino and Patriotta (2013) concluded that a system’s functions are 
often learned through error experiences, and earlier studies on auto
mated vehicles have shown trial-and-error as drivers’ main approach to 
learning driving automation (Nandavar et al., 2023; Viktorová and 
Šucha, 2019). It is possible that further exposure to the systems could 
have mitigated the observed errors, but it is also possible that, without 
understanding the underlying causes, users may be trapped in a cycle of 
repeated errors. This aligns with Johansson and Novakazi (2023), who 
analysed drivers’ usage of driving automation patterns and found that, 
although most drivers generally perform tasks correctly after following 
repetitive procedures and their use of the system changes over time, 
there are instances where they are unable to complete the task on their 
own, requiring intervention from the test leader.

In the current study, the UIs no doubt played an important role in 
drivers’ interaction with automated vehicles, but it is possible that the 
UIs could have played a more active role in participants’ learning of the 
systems by providing more informative feedback when repeated errors 
occurred. For example, visual and auditory information could explain 
the reasons behind deactivations or interaction errors by displaying 
relevant messages. However, the UI must be considered one of several 
information channels, in part because studies have shown that drivers 
use different information channels in learning about automation: in
formation from salespersons or user manuals (Nandavar et al., 2023).

4.2. Mode confusion

During this study, the driving automation was set in a way that in 
Level 3, the driver may hand over and let go of the driving task 
completely if the conditions allow so, and in Level 2, the vehicle has 

longitudinal and lateral control, but the driver is still required to su
pervise the system and to keep their hands on the steering wheel. 
However, participants who did not keep their hands on the steering 
wheel were observed in Level 2 driving automation. One explanation is 
that these participants did not fully understand the instructions provided 
before the trial. Another explanation is that they wanted to test whether 
the system operated appropriately. This claim supports observations of 
participants hovering over the steering wheel (Fig. 4 left). A third 
explanation is mode confusion, and that they thought they were driving 
with the Level 3 system, as the differences between the levels were not 
obvious to them, either based on the vehicle’s behaviour, or the expla
nations of the differences had not been understood (Rodak and Pełka, 
2023). A related explanation is that even though the exposure to Level 3 
driving automation was fairly short, it is possible that participants’ trust 
in the overall driving function was elevated after the Level 3 experience 
and that they unconsciously adopted their habit of relinquishing control 
of the steering wheel at Level 2 due to their experience with Level 3 
driving automation – even if they were aware of the mode change. 
Earlier research has shown that when an automated system operates 
consistently and reliably, this will build trust (Gold et al., 2015; Kous
tanai et al., 2012), and with increasing trust, drivers may become more 
complacent and more prone to distractions or engaging in secondary 
tasks (Parasuraman and Riley, 1997). As a result, when transitioning 
from Level 3 back to Level 2 driving automation, drivers might have 
become familiar with a higher level of vehicle control, leading them to 
believe that active supervision is not required. However, this unintended 
carryover of behaviour poses a safety risk, as Level 2 driving automation 
relies on the driver being attentive and in control of the driving tasks at 
all times.

This mode awareness may have been influenced by the UI. In State 2 
of Table 1, UI A prominently displays an image of a hand on the steering 
wheel in the centre, while UI B uses a small icon instead. As shown in 
Table 1, hands-off behaviour during Level 2 driving automation was 
observed more frequently with UI B than with UI A. This difference can 
be interpreted as a result of the way each UI presents information on the 
hands-on steering wheel. In other words, the UI can mitigate this mode 
confusion. Previous studies have shown that, in the UI of the current 
commercial Level 2 automated vehicles, which does not provide infor
mation about the requirement for a hands-on steering wheel UI, drivers 
were confused about whether they should keep a hands-on steering 
wheel in Level 2 (Kim et al., 2025; Perrier et al., 2021). It appears that 
there are complex reasons why drivers do not have their hands on the 
steering wheel in Level 2, as discussed above. In terms of enhancing 
mode awareness via UI, it seems that the vehicle needs to provide in
formation about hands-on the steering wheel through the user interface. 
For example, Kim et al. (2025) found that fixed information (icon or 
text-based hands-on steering wheel information) in the cluster display 
enhances the understanding of the hands-on steering wheel requirement 
in Level 2 driving automation. At the same time, participants in the 
current study raised concerns regarding the potential distraction risks 
associated with detailed in-vehicle displays, especially considering that 
drivers of Level 3 driving automation do not necessarily need to monitor 
the external roadway continuously. Hence, it is essential to find a bal
ance by presenting clear and concise information that assists drivers in 
understanding driving automation without causing unnecessary 
distraction.

In contrast to behaviour observed in Level 2 driving automation, 
some drivers kept their hands on the steering wheel during Level 3 
automation. This behaviour may indicate a lack of understanding 
regarding the differences between Level 2 and Level 3 functionalities, 
and more broadly, the shifting role of the driver. Alternatively, it may 
also reflect a lack of trust. Even when drivers were aware that hands-on 
steering was not required in Level 3 driving automation, they may have 
chosen to keep physical control due to insufficient trust in the system’s 
capabilities or the driving situation.
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5. Limitations

To the authors’ knowledge, there are few on-road studies of drivers’ 
interaction with and experience of different UI designs in automated 
vehicles offering several levels of automation. The study reported here 
took place in real traffic, providing a dynamic driving environment 
(Bengler et al., 2019; Pai et al., 2020), and this is believed to have 
increased the ecological validity of the findings. Nevertheless, there are 
several limitations to the current study. First, the study was conducted 
under controlled conditions, driving the highway for less than 60 min in 
total. While the results indicate a learning curve, it is impossible to 
assess how prolonged usage over longer distances or various road types 
might affect drivers’ interaction and observed use errors (Carney et al., 
2022; Pradhan et al., 2023). At the same time, several studies (Forster 
et al., 2019; Novakazi et al., 2020; Pereira et al., 2015) demonstrated 
that there is no big change in learning and how drivers use the system 
after a short exposure to it. Therefore, the data obtained in our study is 
acceptable for showing the driver’s interaction in automated vehicles. 
Second, the presence of researchers was maintained for the entirety of 
the driving session to guarantee safety, act as wizards, and observe 
participant behaviour (Novakazi et al., 2021b). The potential impact of 
researchers on participants’ behaviour throughout the study may have 
led to deviations from their natural driving behaviour in real-world 
situations, for example, in terms of less trial-and-error in learning the 
system’s limitations. Despite the limitations, the authors argue that the 
study provides valuable insights into the challenges associated with 
drivers’ interaction with and use of driving automation systems.

6. Conclusions

For safe and efficient use of driving automation, it is important that 
drivers develop an appropriate understanding of driving automation and 
its modes of operation. This study aimed to observe the interaction be
tween drivers and automated vehicles, offering multiple levels of driving 
automation to investigate interaction errors that are potentially caused 
by accidents. These included errors related to mode confusion and issues 
associated with mode transitions. The findings emphasise issues previ
ously noted in the interaction design of vehicles offering multiple levels 
of driving automation. While some issues in vehicles equipped with 
multiple levels of driving automation can be mitigated through the user 
interface (UI), the complexity inherent in the system architecture 
fundamentally affects interaction (Lewis and Norman, 1995). This 
means that UI changes alone have limitations in resolving interaction 
issues for effective human-machine interaction. For example, simply 
enhancing visual or auditory cues within the UI does not address the root 
causes arising from system design, such as understanding the logic 
behind transitions between automation levels. It is necessary to 
acknowledge the limitations of relying solely on UI modifications and 
consider system design that differs from driver expectations or mental 
models in how drivers interact with automated vehicles.
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René van Egmond at TU Delft for providing valuable feedback and 
supporting the collaboration. The contents of this publication are the 
sole responsibility of the authors and do not necessarily reflect the 
opinion of the European Union or Volvo Cars Corporation.

References

Azungah, T., 2018. Qualitative research: deductive and inductive approaches to data 
analysis. Qual. Res. J. 18 (4), 383–400. https://doi.org/10.1108/Qrj-D-18-00035.

Banks, V.A., Eriksson, A., O’Donoghue, J., Stanton, N.A., 2018. Is partially automated 
driving a bad idea? Observations from an on-road study. Appl. Ergon. 68, 138–145. 
https://doi.org/10.1016/j.apergo.2017.11.010.

Bengler, K., Omozik, K., Müller, A.I., 2019. The Renaissance of Wizard of Oz (WoOz) – 
using the WoOz methodology to prototype automated vehicles. In: Proceedings of 
the Human Factors and Ergonomics Society Europe Chapter 2019 Annual 
Conference.

Bredereke, J., Lankenau, A., 2005. Safety-relevant mode confusions - modelling and 
reducing them. Reliab. Eng. Syst. Saf. 88 (3), 229–245. https://doi.org/10.1016/j. 
ress.2004.07.020.

Carney, C., Gaspar, J.G., Horrey, W.J., 2022. Longer-term exposure vs training: their 
effect on drivers’ mental models of ADAS technology. Transport. Res. F Traffic 
Psychol. Behav. 91, 329–345. https://doi.org/10.1016/j.trf.2022.09.017.

Carsten, O., Martens, M.H., 2019. How can humans understand their automated cars? 
HMI principles, problems and solutions. Cognit. Technol. Work 21 (1), 3–20. https:// 
doi.org/10.1007/s10111-018-0484-0.

Catino, M., Patriotta, G., 2013. Learning from errors: cognition, emotions and safety 
culture in the Italian air force. Organ. Stud. 34 (4), 437–467. https://doi.org/ 
10.1177/0170840612467156.

Cicchino, J.B., 2017. Effectiveness of forward collision warning and autonomous 
emergency braking systems in reducing front-to-rear crash rates. Accid. Anal. Prev. 
99, 142–152. https://doi.org/10.1016/j.aap.2016.11.009.

Dahlback, N., Jonsson, A., Ahrenberg, L., 1993. Wizard of Oz studies - why and how. 
Knowl. Base Syst. 6 (4), 258–266. https://doi.org/10.1016/0950-7051(93)90017-N.

Endsley, M.R., 2017. Autonomous driving systems: a preliminary naturalistic study of the 
tesla model S. J. Cogn. Eng. Decis. Mak. 11 (3), 225–238. https://doi.org/10.1177/ 
1555343417695197.

Eom, H., Lee, S., 2015. Design of driver-vehicle interface to reduce mode confusion for 
adaptive cruise control systems. In: Adjunct Proceedings of the 7th International 
Conference on Automotive User Interfaces and Interactive Vehicular Applications.

Feldhutter, A., Segler, C., Bengler, K., 2018. Does shifting between conditionally and 
partially automated driving lead to a loss of mode awareness? Advances in human 
aspects of transportation 597, 730–741. https://doi.org/10.1007/978-3-319-60441- 
1_70.

Forster, Y., Hergeth, S., Naujoks, F., Beggiato, M., Krems, J.F., Keinath, A., 2019. 
Learning to use automation: behavioral changes in interaction with automated 
driving systems. Transport. Res. F Traffic Psychol. Behav. 62, 599–614.

Furukawa, H., Inagaki, T., Shiraishi, Y., Watanabe, T., 2003. Mode awareness of a dual- 
mode adaptive cruise control system. In: 2003 IEEE International Conference on 
Systems, Man and Cybernetics, Vols 1-5, Conference Proceedings, pp. 832–837. <Go 
to ISI>://WOS:000186578600136. 

Gold, C., Korber, M., Hohenberger, C., Lechner, D., Bengler, K., 2015. Trust in 
automation - before and after the experience of take-over scenarios in a highly 
automated vehicle. In: 6th International Conference on Applied Human Factors and 
Ergonomics (Ahfe 2015) and the Affiliated Conferences, Ahfe 2015, pp. 3025–3032. 
https://doi.org/10.1016/j.promfg.2015.07.847, 3. 

Greimel, H., 2022. Honda’s Level 3 System for Automated Driving Has Limitsautomotive 
News.

Halasz, F.G., Moran, T.P., 1983. Mental models and problem solving in using a 
calculator. In: Proceedings of CHI’83 Human Factors in Computing Systems New 
York.

S. Kim et al.                                                                                                                                                                                                                                      Applied Ergonomics 129 (2025) 104617 

9 

https://doi.org/10.1108/Qrj-D-18-00035
https://doi.org/10.1016/j.apergo.2017.11.010
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref3
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref3
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref3
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref3
https://doi.org/10.1016/j.ress.2004.07.020
https://doi.org/10.1016/j.ress.2004.07.020
https://doi.org/10.1016/j.trf.2022.09.017
https://doi.org/10.1007/s10111-018-0484-0
https://doi.org/10.1007/s10111-018-0484-0
https://doi.org/10.1177/0170840612467156
https://doi.org/10.1177/0170840612467156
https://doi.org/10.1016/j.aap.2016.11.009
https://doi.org/10.1016/0950-7051(93)90017-N
https://doi.org/10.1177/1555343417695197
https://doi.org/10.1177/1555343417695197
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref11
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref11
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref11
https://doi.org/10.1007/978-3-319-60441-1_70
https://doi.org/10.1007/978-3-319-60441-1_70
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref13
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref13
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref13
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref14
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref14
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref14
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref14
https://doi.org/10.1016/j.promfg.2015.07.847
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref16
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref16
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref17
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref17
http://refhub.elsevier.com/S0003-6870(25)00153-X/sref17


Heymann, M., Degani, A., 2002. Constructing human-automation interfaces: a formal 
approach. In: Proceedings of the International Conference on Human-Computer 
Interaction in Aeronautics: Hci-Aero.

Johansson, M., Novakazi, F., 2023. Action-meaning networks - a novel methodology to 
identify unsafe use of driving automation. In: Humanist Conference, Berlin, 
Germany.

Kim, S., Nordhoff, S., van Egmond, R., Happee, R., 2025. The impact of visual user 
interfaces on drivers’ understanding of driving control mode and hands-on steering 
wheel requirement in level 2 automated vehicles. Transport. Res. F Traffic Psychol. 
Behav. 109, 255–271. https://doi.org/10.1016/j.trf.2024.12.006.

Kim, S., Novakazi, F., Grondelle, E.D., Egmond, R.V., Happee, R., 2024. Who is 
performing the driving tasks after interventions? Investigating drivers’ 
understanding of mode transition logic in automated vehicles. Appl. Ergon. 121, 
104369. https://doi.org/10.1016/j.apergo.2024.104369.

Koustanai, A., Cavallo, V., Delhomme, P., Mas, A., 2012. Simulator training with a 
forward collision warning system: effects on driver-system interactions and driver 
trust. Hum. Factors 54 (5), 709–721. https://doi.org/10.1177/0018720812441796.

Krampell, M., Solís-Marcos, I., Hjälmdahl, M., 2020. Driving automation state-of-mind: 
using training to instigate rapid mental model development. Appl. Ergon. (83), 
102986

Krippendorff, K., 2004. Measuring the reliability of qualitative text analysis data. Qual. 
Quantity 38 (6), 787–800. https://doi.org/10.1007/s11135-004-8107-7.

Kurpiers, C., Biebl, B., Hernandez, J.M., Raisch, F., 2020. Mode awareness and 
automated driving-what is it and how can it be measured? Information 11 (5). 
https://doi.org/10.3390/info11050277.

Lee, J., Rheem, H., Lee, J.D., Szczerba, J.F., Tsimhoni, O., 2022. Teaming with your car: 
redefining the driver-automation relationship in highly automated vehicles. J. Cogn. 
Eng. Decis. Mak. https://doi.org/10.1177/15553434221132636.

Lee, S.H., Ahn, D.R., Yang, J.H., 2014. Mode confusion in driver interfaces for adaptive 
cruise control systems. In: Proceedings of the 2014 IEEE International Conference on 
Systems Man, and Cybernetics (SMC).

Lewis, C., Norman, D.A., 1995. Designing for error. In: In Readings in human–computer 
Interaction. Morgan Kaufmann, pp. 686–697.

Monsaingeon, N., Caroux, L., Mougine, A., Langlois, S., Lemercier, C., 2021. Impact of 
interface design on drivers’ behavior in partially automated cars: an on-road study. 
Transport. Res. F Traffic Psychol. Behav. 81, 508–521. https://doi.org/10.1016/j. 
trf.2021.06.019.

Nandavar, S., Kaye, S.A., Senserrick, T., Oviedo-Trespalacios, O., 2023. Exploring the 
factors influencing acquisition and learning experiences of cars fitted with advanced 
driver assistance systems (ADAS). Transport. Res. F Traffic Psychol. Behav. 94, 
341–352. https://doi.org/10.1016/j.trf.2023.02.006.

Nordhoff, S., Lee, J.D., Calvert, S.C., Berge, S., Hagenzieker, M., Happee, R., 2023. (Mis-) 
use of standard autopilot and full self-driving (FSD) beta: results from interviews 
with users of Tesla’s FSD Bet. Front. Psychol. 14, 1101520. https://doi.org/10.3389/ 
fpsyg.2023.1101520.

Norman, D.A., 1981. Categorization of action slips. Psychol. Rev. 88 (1), 1–15. https:// 
doi.org/10.1037/0033-295x.88.1.1.

Norman, D.A., 1983. Some Observations on Mental Models. Menfal Models. Erlbaum, 
Hillsdale, NJ. 

Novakazi, F., 2023. Design for perception - a systematic approach for the design of 
driving automation systems based on the driver’s perception. Doctoral Dissertation. 
Chalmers University of Technology, Gothenburg, Sweden. 

Novakazi, F., Johansson, M., Erhardsson, G., Lidander, L., 2021a. Who’s in charge? IT 
Inf. Technol. 63 (2), 77–85. https://doi.org/10.1515/itit-2020-0020.
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