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ABSTRACT Explanations — reasons or justifications for action — are being used to promote the
acceptance of automated vehicles (AVs). Yet, it is unclear whether and how the modality of explanation
affects its effectiveness. Despite its importance in the technology acceptance literature, the impact of
technology suspicion on the adoption of AVs is yet to be fully examined. To expand our understanding
of AV explanation, we conducted a within-subjects experiment with 32 participants using a high-fidelity
driving simulator. Four conditions were presented to participants: (1) auditory explanation with a non-
driving-related task (NDRT), (2) auditory explanation without NDRT, (3) visual explanation with NDRT,
and (4) visual explanation without NDRT. The results indicate that auditory explanations are more effective
in reducing anxiety and unsafety perception for high-suspicion individuals, especially in the absence of
NDRT. Conversely, individuals who are less technology suspicious prefer visual explanations, which can
result in lower levels of anxiety and perceived unsafety. The study highlights the importance of considering
individuals’ technology suspicion and engagement with NDRT when selecting the appropriate explanation
modality, and the findings can guide the design of future AV systems to promote effective human-machine
interaction.

INDEX TERMS Automated Vehicle (AV); explanation; advanced driver assistance system (ADAS);
modality; non-driving-related task (NDRT); technology suspicion; anxiety; unsafety

I. INTRODUCTION
In the effort to promote the acceptance of automated vehicles
(AVs) [1], explanations are being used to convey the reasons
or justifications for the vehicle’s actions. AVs at levels 4
and 5 driving automation, as defined by the Society of
Automotive Engineers (SAE), take full responsibility for all
driving tasks in some or all circumstances, respectively [2].
For the purposes of this study, AVs refer to SAE levels 4
and higher vehicles. Explanations help increase transparency
and assist individuals in forming a correct mental model
of their driving environment [3], [4]. By making the AV’s
actions predictable and understandable to humans [3]–[5],
explanations are effective in reducing fears, concerns, and
driving-related anxiety, ultimately promoting trust [3]–[8].

Modality refers to the sensory channel used by AVs to

visual. However, little is known about the differential ef-
fects of these modalities on explanation effectiveness [1].
This is problematic because previous research has suggested
that modality effects can significantly impact communication
between level 1-3 vehicles and humans. While the auditory
modality has been shown to promote safety by alerting
individuals when their vehicle is too close to the vehicle in
front of them [9], [10], information delivered through this
modality can also be annoying and startling to individuals
[11]–[13]. Moreover, the effectiveness of auditory cues is
moderated by the involvement of non-driving-related tasks
(NDRTs), as they can relieve individuals’ visual attention
burden [14]–[16]. On the other hand, the visual modality
requires shorter information recognition times and supports
continuous information awareness [10], [17]. However, the
information provided through the visual modality can alsocommunicate with humans. AV explanations are typically 

delivered through two uni-modal modalities: auditory and
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divert attention away from the driving environment, com-
promising safety [18]. Overall, a better understanding of the
effects of different modalities on AV explanations is crucial
for designing effective AV explanations that enhance user
understanding, engagement, and safety.

An effective AV explanation could depend not only on the
explanation itself but also on the individual characteristics
of the person receiving the information. One such individual
trait that has been linked to attitudes and acceptance of
technology is technology suspicion. Technology suspicion
is defined as "a person’s simultaneous state of cognitive ac-
tivity, uncertainty, and perceived malintent about underlying
information that is being generated, collated, sent, analyzed,
or implemented by an external agent" [19, p. 495]. Under-
standing technology suspicion is critical in comprehending
users’ attitudes towards technology [20], [21], its adoption
[20], [22], [23], and eventual use [21], [24]–[26]. Despite
its importance, little research has investigated the impact of
technology suspicion on the effectiveness of AV explana-
tions.

To expand our understanding of AV explanation effective-
ness, this study addressed the following question: Does the
modality of the AV explanation impacts its effectiveness, and
does technology suspicion and NDRT engagement influence
this effect? Building on theories and empirical evidence,
we hypothesized that modality effects are moderated by the
NDRT involvement and an individual’s levels of technology
suspicion, both of which are key factors in human-technology
collaboration. We conducted a within-subjects experiment
with 32 participants using a high-fidelity driving simulator.
The experimental design presented each participant with four
AV explanation conditions: (1) auditory explanation with
the NDRT, (2) auditory explanation without the NDRT, (3)
visual explanation with the NDRT, and (4) visual explanation
without the NDRT. Our results show that modality is essential
in determining the effectiveness of AV explanations and that
an individual’s suspicion and engagement with NDRT play a
role in this effect.

This study makes several key contributions. Firstly, it
sheds light on the significance of modality in determining
the effectiveness of AV explanations. Secondly, it shows
how task demands and individual attributes can considerably
influence this impact. Lastly, the study offers design recom-
mendations to enhance the acceptance and effectiveness of
AVs.

II. BACKGROUND
A. AUTOMATED VEHICLE EXPLANATIONS

In the realm of automated vehicles (AV), an AV explanation
refers to the information provided by the vehicle’s system to
the users about its behavior or actions [1]. In this study, the
term "AV" refers to SAE levels 4 and higher vehicles, where
the automated driving system takes full responsibility for all
of the driving tasks in some and all circumstances, respec-
tively [27]. The literature exploring the impact of explanation

on AV acceptance can be broadly categorized into two areas:
AV explanation timing and AV explanation content.

Regarding AV explanation timing, studies show that the
effectiveness of AV explanations can be greatly impacted
by when the explanation is presented to the individual [1].
Providing Regarding timing, studies show that the effective-
ness of AV explanations can be greatly impacted by when
the explanation is presented to the individual [1]. Providing
the AV explanations before the AV performs the actions
leads to positive emotions (e.g., trust and preference) and
decreases negative feelings (e.g., anxiety and workload) [3]–
[5], [7], [28]. By contrast, explanations following actions
have led to the lowest levels of AV trust and preference,
even though they improved individuals’ understanding of
the driving system [3], [7]. The impact of timing is also
influenced by an individual’s age: younger individuals tend
to have less-negative reactions to explanations provided after
the AV has taken action [29].

The second area examines how the effectiveness of AV
explanations can be greatly influenced by the content of
the explanation presented to the individual [1]. There are
generally three types of explanation content: why-only (i.e.,
why an AV would take action), what-only (i.e., what the
AV would do), and why + what (a combination of why-
only and what-only explanations) [1]. Research indicates that
why-only explanation content leads to the best outcomes in
terms of promoting positive attitudes such as acceptance,
trust, preference, understandability, alertness, and a sense of
control while decreasing negative feelings such as anxiety
and increasing feelings of safety [5], [6], [30]. On the other
hand, what-only explanation content has been linked to the
worst outcomes, resulting in the most dangerous driving
behaviors and the least acceptance of the AV [6]. The why +
what explanation is valued for promoting positive emotional
valence and safe driving, but individuals felt anxious and
annoyed when they received the what + why explanation [4],
[6], [31].

To summarize, previous research has contributed to our
understanding of AV explanation efficacy by exploring the
effects of content and timing, but has not examined whether
modality impacts AV explanation effectiveness [1]. Modality
refers to the classification of a single independent sensory
input/output channel between automation and a human [32],
and in the context of AV explanations, it refers to the sensory
input/output channels used to convey information to the users
about the vehicle’s behavior or action. The literature has
used two types of modality in AV explanations, auditory
and visual, with auditory explanations typically provided in
a standard American accent in a neutral tone of voice [3]–[6]
and visual explanations presented using text and abstraction
[30]. However, the impact of modality on the effectiveness
of AV explanations has yet to be specifically investigated in
prior research [1].
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B. COMMUNICATION MODALITY AND DRIVING
AUTOMATION
While little is known about the impact of modality on
explanations provided by levels 4 and above AVs, previ-
ous research has investigated the impact of alert modality
for levels 1-3 of driving automation. Research on driving-
related information display has mainly focused on two uni-
modal modes of communication: visual and auditory. Visual
modalities use a variety of cues, such as color, pattern, and
text, to convey information [33]. Auditory modalities use
sound to transmit information to a user interacting with
a system [34]. These modalities are typically designed to
provide individuals with time-critical warnings (e.g., beeping
or icons), commands (e.g., takeover requests), and contextual
information (e.g., road sign highlights). However, displaying
information visually or stating it verbally has both advantages
and disadvantages for individuals. In the following section,
we will discuss this research area in more detail.

1) Auditory Modality and Driving Automation

auditory rather than visual information [13]. Moreover, au-
ditory information can startle drivers, resulting in increased
stress, delayed action, or wrong action [11]. This claim
was supported by Gupta et al. (2002) [12], who found that
participants pressed the accelerator harder after the auditory
warning started. Therefore, while the auditory modality has
many benefits, it may also have negative consequences in
some situations.

2) Visual Modality and Driving Automation
Research on driving automation levels 1-3 has also explored
the use of visual information. Recent studies on level 3
vehicles suggested that visual alerts, such as visual icons in
the head-up display, can enhance perceptions of ease of use,
transparency, and satisfaction [44], [45]. In particular, visual
alerts were rated higher than auditory cues because they were
found to be easier to understand, and background noise had
no negative impact on their effectiveness [44].

The benefits of visual alerts in levels 1 and 2 driving
automation have also been highlighted in previous research.
Visual alerts can help drivers maintain continuous aware-
ness of the surrounding environment by depicting the road
environment and alerting them to obstacles in blind spots
[10]. Visual warnings, such as texts and icons, require shorter
recognition times of warning urgency than auditory warnings
[17]. Empirical findings suggest that the duration of a visual
message (1.8 seconds for icons, 3.6 seconds for text) is
shorter than the time required to perceive and comprehend
the same information through an auditory modality (less than
10 words, about 5 seconds) [9], [46].

Prior research has also evaluated the effectiveness of visual
alerts in the presence of NDRTs. It was found that visual
alerts may be insufficient in directing individuals’ attention
to their driving tasks, particularly in urgent situations [37],
[38], [47], [48].

3) Summary of Modality Impacts
Research investigating levels 1, 2, and 3 of driving automa-
tion has demonstrated the significant impact of modality (au-
ditory or visual) on the effectiveness of alerts. However, little
to no attention has been given to examining how modality
influences the effectiveness of explanations, which typically
contain longer and more complex content, particularly for
levels 4 and above autonomous vehicles (AVs).

C. TECHNOLOGY SUSPICION
Understanding technology suspicion is crucial for under-
standing users’ attitudes towards technology, adoption, and
eventual performance. In the field of AVs, technology sus-
picion refers to the user’s state of cognitive activity, uncer-
tainty, and perceived malintent about the information being
generated, collated, sent, analyzed, or implemented by the
AV system [19]. The literature provides several reasons why
technology suspicion is important.

First, technology suspicion negatively correlates with the
intention to adopt automation [20]. High suspicion erodes

Numerous studies investigating driving automation levels 1-
3 have shown that the auditory modality is superior to the 
visual modality [9], [10], [31], [35]–[39]. Since driving relies 
heavily on visual resources, auditory information imposes 
fewer cognitive demands on the driving task, rendering it 
more effective than visual warnings, particularly in critical 
driving situations [10], [36].

Previous research on level 3 vehicles discovered that 
auditory-only takeover requests resulted in much shorter 
takeover times than visual signals [31], [37], [38]. Further-
more, research on level 1 or 2 driving automation demon-
strated that auditory warnings can benefit d rivers [ 9], [10],
[35], [39]. For example, the auditory headway warning alert 
can enhance safety by assisting drivers in maintaining a safe 
distance from the car in front of them [10].

This was especially evident when drivers were distracted 
by non-driving-related tasks (NDRTs). In situations with 
highly automated systems, drivers can afford to pay less 
attention to the traffic s ituation o r t he s ystem, s o t hey are 
more likely to engage in NDRTs such as reading, watching 
videos, playing games, or making phone calls [14]–[16]. 
Studies have suggested that auditory cues are particularly 
beneficial when drivers are not paying complete attention to 
the road and are engaged in NDRTs because the auditory cues 
can reduce the driver’s visual attention load and serve as a 
substitute for vision [40]–[42]. Auditory warnings are less 
distracting and better aid in attention orientation compared to 
visual warnings [9], [35], [39], making them a more suitable 
option for providing warnings and quickly communicating 
the potential danger’s magnitude [10].

It explains why individuals are more inclined to rate ve-
hicles presenting information in an auditory format as more 
satisfactory, useful, effective, and safe [34], [43]. Neverthe-
less, the auditory modality can cause annoyance and startle 
individuals. According to researchers, people experienced 
increased levels of perceived annoyance when presented with

3



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

confidence in judgment, thereby reducing the reliance on
and adoption of automated tools. For example, consumers
initially resisted using ATMs for transactions because of har-
bored suspicions [22]. Additionally, people are more likely
to reject innovations if they are suspicious of data security,
privacy protection, and system reliability [23].

Second, prior research has shown that suspicion is cru-
cial for automation performance. Highly reliable automa-
tion fosters complacency among users, which can result in
catastrophic performance errors and system accidents [24]–
[26]. Low levels of suspicion lead automation operators to
over-rely on and be overconfident in automation, which, in
turn, makes them incapable of detecting malfunctions in
automation [21], [26].

Finally, suspicion significantly affect attitudes (i.e., anx-
iety, fear, and trust) in the context of technology. Previous
research suggests that the malicious intent and uncertainty as-
pects of increased suspicion can enhance emotional arousal,
resulting in anxiety and fear [19]. Additionally, Muir posited
that the stability of trust is determined by the level of suspi-
cion an individual holds [20]. Specifically, if people hold low
levels of suspicion, they are less likely to generate alternative
explanations for inconsistent behavior and attribute malicious
intent to a given entity. This, in turn, affects the stability of
individuals’ trust [20], [21].

In sum, research has advanced our understanding regard-
ing the effects of explanation (i.e., content and timing),
modalities, and technological suspicion. However, the man-
ner in which these factors interact and influence perceptions
and adoption of AVs remains unclear.

III. HYPOTHESIS DEVELOPMENT
This study aims to investigate the relationship between expla-
nation modality, non-driving-related task engagement, tech-
nology suspicion, and explanation effectiveness in the con-
text of automated vehicles (AVs). The theoretical model used
in this study, as depicted in Figure 1, was constructed based
on Multiple Resource Theory (MRT), empirical evidence
on the relationship between suspicion level and information
needs, and bottleneck theory of attention. Specifically, we hy-
pothesized and examined the three-way interaction between
these factors and their influence on the effectiveness of AV
explanations.

Multiple Resource Theory (MRT) postulates that humans
have separate fixed-capability resources for processing infor-
mation. These resources are determined by four categorical
and dichotomous dimensions: processing stages (cognition
and perception), perceptual modalities (visual and auditory),
visual channels (focal and ambient), and processing codes
(spatial and verbal) [49]. As individuals have a limited ca-
pacity to process information, they tend to pay attention
to only a portion of the information in their environment,
neglecting the rest [50]. When multiple tasks require the
same attentional resources, there is a higher likelihood of
producing significant task interference. Therefore, it is best
for tasks to draw upon separate resources from distinct

FIGURE 1. The proposed research model depicting the three-way interaction
between explanation modalities, NDRT engagement, and technology
suspicion in relation to anxiety and unsafety perception.

perceptual modalities (e.g., auditory-visual) rather than from
similar modalities (e.g., visual-visual) [51], [52]. According
to the MRT model, auditory explanations are more effec-
tive than visual explanations in processing information, as
visual attention is required to monitor and comprehend the
driving environment. Visual explanations require the same
attentional resources, which interferes with the ability of
individuals to achieve their goals.

The level of technology suspicion can affect the effective-
ness of the explanation modality because people’s need for
explanation can vary. Research shows that individuals with
high technology suspicion are more likely to evaluate the au-
tonomous vehicle’s driving behavior and pay more attention
to processing the explanation, compared to those with low
technology suspicion [20], [21]. High-suspicion individuals
value effective explanations more because of their heightened
demands to evaluate the AV’s performance actively. Auditory
explanations can provide these individuals with clear and
easy-to-understand justifications for the actions of the vehi-
cle, which can help alleviate negative feelings, such as anxi-
ety and perceived unsafety. On the other hand, low-suspicion
individuals may find auditory explanations disturbing and
interpret them as a problem with AV driving. Since they
are less likely to monitor and evaluate the AV’s behavior,
they have a low need for the AV to explain its behavior.
Although auditory explanations can reduce task interference
and enhance comprehension of the driving situation, low-
suspicion individuals may not require or appreciate such
explanations and could even view them as a warning of a
more serious problem [11]–[13]. Therefore, using auditory
explanations may increase fear and anxiety as well as the
perception of being unsafe for low-suspicion individuals.

In cases where individuals are engaged in non-driving-
related tasks (NDRTs), the impact of the explanation modal-
ity may be altered, regardless of their level of technology
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suspicion. Bottleneck theory suggests that when two tasks re-
quire the mechanism simultaneously, a bottleneck occurs and
one or both tasks may be delayed or affected [53]. Because
individuals have limited attentional resources, they filter in-
formation and stimuli so that only the most salient informa-
tion is absorbed [54], [55]. In situations where NDRTs are
required, individuals may allocate their attentional resources
to the task, and the AV explanations are likely to be filtered
and not have a significant impact on their feelings of anxiety
and unsafety, regardless of the modality. In other words,
when individuals are engaged in an NDRT, the differences
between the explanation modalities are suppressed.

In summary, the relationship between explanation modal-
ity and the effectiveness of AV explanation is dependent
on both NDRT engagement and technology suspicion. We
hypothesized that offering auditory explanations instead of
visual ones helps decrease (a) anxiety and (b) unsafety
perception among people with high technology suspicion
who are not engaged in an NDRT because this mode of
explanation interferes less with environment monitoring and
helps redirect their attention. Our theoretical arguments are
depicted in Figure 1.

H1: A three-way interaction is expected among explana-
tion modalities, NDRT engagement, and technology sus-
picion regarding anxiety and unsafety perception, such that
auditory explanation is more effective than visual explanation
in reducing (a) anxiety and (b) unsafety perceptions for high-
suspicion individuals not engaging in an NDRT.

IV. METHOD
This study employed a within-subject, three-factor repeated-
measures design to evaluate the effects of explanation modal-
ity (visual vs. auditory) and non-driving-related task (NDRT)
engagement (with NDRT vs. without NDRT) on two de-
pendent variables: anxiety and unsafety perceptions. The
research was carried out in compliance with the American
Psychological Association code of ethics and was approved
by the university’s institutional review board. Informed con-
sent was obtained from all participants.

A. PARTICIPANTS

and simulator sickness susceptibility. A $20 compensation
was given to each participant.

B. STUDY DESIGN

Four conditions (see Table 1) are developed to test the hy-
pothesis. Two modalities of AV explanation and two levels
of NDRT engagement (i.e., videos) are represented by these
four conditions: auditory explanation with NDRT (AW), au-
ditory explanation without NDRT (AN), visual explanation
with NDRT (VW), and visual explanation without NDRT
(VN). The foundation for designing the four AV explana-
tion conditions in this study is based on the three factors
that were hypothesized to impact the effectiveness of AV
explanations: explanation modality (auditory vs visual), non-
driving-related task (NDRT) engagement (present vs absent),
and technology suspicion levels (high vs. low). The four con-
ditions were created by crossing the two levels of explanation
modality (auditory vs visual) with the two levels of NDRT
engagement (present vs absent) while accounting for the
technology suspicion level. By manipulating these factors,
the study aimed to investigate the impact of AV explanation
on anxiety and unsafety perception in a driving scenario. We
employed a Latin square design to avoid any potential bias in
the order of the four AV explanation conditions.

Within each AV explanation condition, which lasted ap-
proximately 6-8 minutes, three unexpected and unique events
(e.g., events caused by other drivers, events caused by police
vehicles, and events triggered by unexpected reroutes) oc-
curred within three environments (urban, highway, and rural).
Each event differed in terms of its surrounding environment
and traffic situation. To minimize potential confounding ef-
fects arising from sequence and order, we employed a coun-
terbalanced approach (i.e., Latin square design) to ensure an
even distribution across the four AV explanation conditions.
In accordance with the prescribed procedure, events occurred
at intervals of 1–2 minutes.

C. INDEPENDENT VARIABLES

1) Explanation Modality

The two types of modality used in this study were auditory
and visual. Auditory explanations were delivered through the
simulator’s audio production system and a cab interior sound
system. The AV provide the explanation of what it was going
to do 7 seconds prior to taking the actual actions in a neutral
tone of voice delivered by a man with a standard American
accent. Visual explanations were also provided 7 seconds
before the AV took action. However, unlike the auditory
explanations, the visual explanations were displayed on a 7-
inch monitor connected to the simulator dashboard with a
high-definition resolution of 1,024 × 600. The explanation
texts were set to 48 font size, displayed with black charac-
ters on a white background. The information regarding the
explanation content for each event can be found in Table 3.

A total of 32 individuals (mean age = 23.6 years; standard 
deviation = 3.6 years) participated in this study. The recruited 
participants comprised 12 women and 20 men with an av-
erage driving experience of 7.0 years. Before conducting 
the study, a power analysis was performed to determine the 
appropriate sample size. Based on Cohen’s (1988) criteria, 
the effect size in this study was considered large at 0.8 [56]. 
Using GPower3.1 with alpha = 0.05 and power = 0.8, the total 
sample size needed for the "ANOVA: repeated measures, 
within-between interaction" group comparison was less than 
24. Therefore, the 32 participants in this study were more 
than sufficient to produce statistically significant results. 
None of the participants had previously participated in any 
study that addressed similar research questions. Participants 
were screened for driver’s license status, visual impairments,
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TABLE 1. Experimental Design

Non-driving related Task (NDRT) Engagement
With NDRT (W) Without NDRT (N)

AV Explanation Auditory Explanation (A) AW AN
Modality Visual Explanation (V) VW VN

2) Non-driving related Task
For the conditions with an NDRT, participants were given
instructions to do activities during the automated driving of
the AV simulator. They were required to take part in two
question-and-answer activities prior to the second and third
events. Each activity involved watching a science populariza-
tion video and responding to a question related to the video
(NDRT examples link: https://youtu.be/H5BsEXoNZ04).
After the researchers instructed participants to "Please start
watching the video," participants watched a video using a
10.2-inch iPad placed on the simulator’s center console,
which was well within reach of the participants. Each video
lasted 30–90 seconds and was followed by a video-related
question. The activity start and end times were calculated
and programmed so that they would not overlap with the AV
event. For the purpose of examining how participants would
allocate their attention and evaluate the AV differently, the
participants were not informed of when the AV event would
take place while engaged in the NDRT.

3) Technology Suspicion
We used the Complacency Potential Rating Scale [26] as a
measure of technology suspicion. The technology suspicion
scores were dichotomized into two groups based on their
means: high or low. Specifically, 15 participants had scores
above the mean and were classified as having high suspicion,
while 17 participants had scores below the mean and were
classified as having low suspicion. The scale consisted of
four sub-dimensions relating to complacency: confidence,
reliance, trust, and safety, with a total of 12 items. The scale
ranged from 1 to 7 (1: strongly disagree; 7: strongly agree).

D. DEPENDENT VARIABLES
The dependent variables included anxiety and unsafety per-
ception. All of the questionnaires employed are shown in
Table 2.

1) Anxiety
We measured anxiety using Nass’s 7-point rating scale (1:
very poorly; 7: very well), which is a published model from
the CHIMe Lab at Stanford University used to measure in-
dividual attitude [57]. The measure of anxiety comprised the
average responses to four adjective items reflecting feelings
while driving the AV: fearful, afraid, anxious, and uneasy.

2) Unsafety
Unsafety refers to a combined measure of the probability
and consequence of a mishap that could result in a loss
event (i.e., fatalities or injuries) [58]. Eight items, taken

from Hayes [59], dealt with an individual’s perceptions of
AV unsafety, including dangerous, safe, hazardous, risky,
could get hurt easily, uneasy, the chance of death, and scary.
Participants were asked how much they agreed that the item
described their perception of unsafety while driving with
the AV. The respondents rated from "strongly disagree" to
"strongly agree" on a 5-point scale.

E. APPARATUS
The study was conducted in a simulated environment using
a high-fidelity advanced driving simulator (Figure 2). Two
components made up this simulator: a Nissan Versa sedan
providing all manual controls and a simulation system op-
erating with version 2.63 of Realtime Technology’s simula-
tion engine SimCreator as well as a programmable software
package to control automatic vehicle functions. This virtual
driving environment was displayed to the participant on four
flat screens. The forward road scenes were projected onto
three screens about 16 feet in front of the participant (120-
degree field of view), and the rear sight was shown on a back
screen located 12 feet from the steering (40-degree field of
view). The forward screens were each set at 1,400 × 1,050
pixels and updated at 60 Hz, and the rear screen was set at
1,024 × 768 pixels.

Automated driving features of the driving simulator em-
ployed in this study were designed to simulate an AV with
SAE level 5, in which the individual was not required to
actively monitor the environment. The AV was able to auto-
matically carry out and respond to driving conditions under
all roadway and environmental conditions including longitu-
dinal and lateral vehicle control, navigation, and responses
to traffic control devices and other elements of the road. To
begin a simulated drive, participants were instructed to push
a button on the steering wheel. When the automated driving
was engaged, participants no longer needed to take control of
the vehicle.

The event explanations for four driving conditions were se-
lected from previous literature and corresponded to realistic
unexpected situations in automated driving as shown in Table
3 [5], [60]–[64].

F. PROCEDURE
A consent form was provided to participants on arrival at
the simulator lab. The form described the experiment and
outlined the individual’s informed consent. Prior to taking
part in the study, all participants also completed a pre-
experiment survey on an iPad that collected information such
as their age, gender, dominant hand, prior experience with
technology (i.e., driving video games, computer, tablet or
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TABLE 2. Factor Loading

Variable Items Cronbach’s Component
Alpha 1 2 3

Technology Suspicion

Automated systems used in modern aircraft, such as the

0.75

automatic landing system, have made air journey safer. 0.66

ATMs provide safeguard against the inappropriate use
of an individual’s bank account by dishonest people. 0.70

Automated devices used in aviation and banking have
made work easier for both employees and customers. 0.73

Automated devices in medicine save time and money
in the diagnosis and treatment of disease. 0.72

Bank transactions have become safer with the introduction
of computer technology for the direct deposit of checks. 0.68

Anxiety

Fearful

0.93

0.71
Anxious 0.69
Afraid 0.79
Uneasy 0.76

Unsafety

Hazardous

0.87

0.84
Risky 0.87

Could get hurt easily 0.82
Unsafe 0.84

Chance of death 0.60

TABLE 3. Event Description

Drive # Event Explanation
Swerving Vehicle Ahead "Swerving vehicle ahead, Slowing Down."
Efficiency Route Change "Road obstruction ahead, Rerouting."Drive 1

Stopped Police Vehicle on Shoulder "Emergency vehicle on shoulder, Changing lanes."

Drive 2
Heavy Traffic Rerouting "Traffic reported ahead, Rerouting."
Oversized Vehicle Ahead “Oversized vehicle blocking roadway, Slowing down.”

Police Vehicle Approaching “Emergency vehicle approaching, Stopping.”
Abrupt Stopped Truck Ahead "Road obstruction ahead, Changing lanes."

Road Hazard Rerouting “Road obstruction ahead, Rerouting.”Drive 3
Stopped Police Vehicle on Shoulder “Emergency vehicle on shoulder, Changing lanes.”

Drive 4
Police Vehicle Approaching "Emergency vehicle approaching, Pulling over and stopping."

Unclear Lane Markings Rerouting “Unclear lane lines, Rerouting.”
Vehicle with Flashing Hazard Lights Ahead “Vehicle with hazard lights ahead, Slowing down.”

the average human driver; it complied with all traffic laws;
it received navigation information from external sources,
such as Google Maps, and could change routes to reach a
destination more rapidly if one were identified or available;
and it maintained lanes by visually sensing the lane markings
on the roadside. Participants were instructed to switch the
AV from manual to automatic control by placing the AV in
the center of the right lane and pressing the automated mode
activation button on the steering wheel. To engage the NDRT,
participants were instructed to follow the researchers’ signal
(i.e., "Please start watching the video") and press the video
play button on the iPad.

The 60-minute main study session followed the training.
The participants experienced all four experimental conditions
as shown in Table 3. Participants took part in a 6- to 8-minute
drive with events occurring at intervals of 1–2 minutes at
prescribed times in each AV explanation condition. They
were also given a question to be answered after each NDRT
video ended (e.g., Which one is the biggest contributor to the
greenhouse effect? A. Methane; B. CO2; C. Nitrous Oxide).

FIGURE 2. Driving Simulator.

other touchscreen devices, and driving assistance systems), 
and technology suspicion.

Participants were given a 3-minute training session prior 
to the main study in order to familiarize themselves with 
the driving environment and the simulator. The participants 
were instructed on the attributes of the AV during the training 
session and were informed that the vehicle could function 
safely entirely on its own. In particular, the vehicle was able 
to function in all driving conditions in the same manner as

7
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After each of the driving conditions, participants were asked
to fill out a follow-up survey consisting of two questionnaires
to measure their anxiety and perceptions of unsafety. All
questionnaire items were adapted from previously validated
research. Participants were given a 2-minute break between
AV explanation conditions. The procedure of the study is
depicted in Figure 3.

V. RESULT
A. RELIABILITY AND CONSTRUCT VALIDITY
To access construct validity and reliability, we used a sequen-
tial approach suggested by Wille [65], [66]. First, using a
process that sequentially removes items that are internally
inconsistent, the reliability of each construct is enhanced
to reach an acceptable threshold of .70. The second step
involves assessing and modifying the discriminant validity
of the construct by removing any items that are significantly
loaded on more than one factor using an exploratory factor
analysis (EFA). In addition, convergent validity is increased
by identifying and discarding items that fail to load signifi-
cantly on any of the factors. Table 2 shows the refined con-
structs and corresponding items, which all met the acceptable
reliability threshold of .70 or above and loaded at .60 or
above. An overview of the correlations, standard deviations,
and means can be found in Table 4.

B. HYPOTHESIS TESTING
We tested our hypothesis on a sample of 32 participants.
To examine how explanation modality, NDRT engagement,
and technology suspicion affected the dependent variables
(i.e., anxiety and perceived unsafety), we performed linear
mixed models to find out whether there was a significant
difference between the means of three or more independent
groups based on these three distinct factors. Subjects were
treated as random effects to resolve non-independence in all
the linear mixed models. Statistical analysis was performed
using IBM SPSS 28.0 statistics software. The alpha was set
at 0.05 for all statistical tests. A Bonferroni alpha correction
was applied to all post hoc comparisons.

1) The effect of explanation modality, NDRT engagement,
and technology suspicion on anxiety
In Hypothesis 1a, we predicted that there would be a three-
way interaction involving explanation modality, NDRT en-
gagement, and technology suspicion with anxiety. As shown
in Table 5, the three-way interaction of explanation modality,
NDRT engagement, and technology suspicion with anxi-
ety was significant (F=4.38, p=0.04). Thus, H1a was sup-
ported. Figure 4 depicts the three-way interactions related
to hypothesis 1a. Using simple slopes analysis, we found
that explanation modality did not significantly affect anxiety
when high-technology-suspicion individuals engaged in the
NDRT (Slope 1; t = –0.07; p = 0.95). The same pattern was
evident in those with low suspicion because there were no
significant differences in anxiety between auditory and visual

explanations when there was an NDRT (Slope 3; t = 0.54; p
= 0.59).

Although auditory explanation was not helpful when the
NDRT was engaged, we found that individuals with high
technology suspicion were less anxious with auditory expla-
nation than visual explanation when no NDRT was presented
(Slope 2; t = 2.87; p = 0.01). Interestingly, the effect of ex-
planation modality on anxiety was significant in the opposite
direction for individuals with low technology suspicion. It
was found that low-suspicion individuals felt less anxious
when visual explanations were provided instead of auditory
ones (Slope 4; t = –2.09; p = 0.05).

2) The effect of explanation modality, NDRT engagement,
and technology suspicion on unsafety perception
On the perception of unsafety, the three-way interaction
effect of explanation modality, NDRT engagement, and tech-
nology suspicion was significant (F=5.09, p=0.03) as shown
in Table 5. Therefore, H1b was supported. Specifically, we
observed similar joint effects of these factors on anxiety
as they had on perceived unsafety (Figure 5). Whether the
individual had a high or low technology suspicion, there
was no significant effect of modality on their perception of
unsafety, as shown in slope 1 (t = –0.13; p = 0.90) and slope 3
(t = –0.03; p = 0.98), respectively. Individuals didn’t perceive
AVs as safer when given auditory or visual explanations
while participating in the NDRT.

Nevertheless, without the NDRT, visual and auditory ex-
planations were found to have different impacts on high-
and low-suspicion individuals in terms of perceptions of un-
safety. People with high technology suspicion, for example,
perceived the AV as safer when they heard the explanation
rather than read it (Slope 2; t = 3.11; p = 0.01). On the other
hand, low-suspicion individuals preferred visual explanation,
which resulted in lower feelings of unsafety as compared to
auditory explanation (Slope 4; t = –2.80; p = 0.01).

C. SUMMARY OF THE FINDINGS
Together, the results suggest that explanation modality ap-
plications need to take into account individuals’ technology
suspicion and their engagement with an NDRT. Our findings
clearly demonstrate that auditory explanations reduce anxiety
and unsafety perception more effectively than visual expla-
nations for high-suspicion individuals, especially in the ab-
sence of NDRT. Therefore, H1 was supported. The following
section provides a more in-depth discussion of the findings
and their contributions to the literature, along with the study’s
limitations.

VI. DISCUSSION
A. AV EXPLANATION AND ACCEPTANCE
Previous research has shown that providing appropriate ex-
planations can increase people’s positive emotional response
and acceptance of autonomous vehicles (AVs) [1]. Specifi-
cally, when the AV provides a why-only explanation for its
actions before taking them, it can improve attitudes towards
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FIGURE 3. Study procedure.

TABLE 4. Descriptive Statistics

Variable Mean Std.Dev Mode Median Technology Suspicion Anxiety Unsafety

Technology Suspicion 2.76 0.91 3.20 2.60 1.00
Anxiety 2.70 1.35 2.00 2.25 0.46 1.00
Unsafety 2.16 0.78 1.00 2.20 0.33** 0.64** 1.00

**Correlation is significant at the 0.01 level (2-tailed).

TABLE 5. Interaction Effects of Explanation Modality, NDRT Engagement and Technology Suspicion with Anxiety and Unsafety.

Anxiety Unsafe
Coefficients F P Coefficients F P

Intercept / Constant 2.64 125.26 <0.01 2.21 296.03 <0.01
Explanation Modality (EM) 0.18 0.88 0.35 0.01 0.01 0.91

Secondary Task Engagement (STE) -0.04 0.47 0.83 -0.10 1.10 0.30
Technology Suspicion (TS) -0.27 0.67 0.42 0.21 1.38 0.25

EM x STE -0.04 0.03 0.87 -0.03 0.06 0.81
EM x TS 0.62 5.35 0.02* 0.41 9.52 <0.01**
STE x TS 0.49 3.33 0.07 0.10 0.52 0.48

EM x STE x TS -0.80 4.38 0.04* -0.42 5.09 0.03*
Notes: ** significance at 0.01 level; * significance at 0.05 level.

is visually focused on monitoring the driving environment.
Conversely, visual explanations are effective in reducing anx-
iety and fear when the individual has less attention available
for monitoring driving.

To conclude, our study highlights the crucial role of ex-
planation modality in determining the effectiveness of AV
explanations. Our results support the existing literature on
the importance of explanations and emphasize the need to
carefully consider the modality used in the design of AV
explanations.

the technology, decrease negative emotions like anxiety, and 
enhance driving safety. This highlights the importance of 
effective explanations in promoting AV acceptance and the 
need to design explanations that are understandable and 
intuitive for users.

Our study builds upon existing research by demonstrating 
that the modality of explanation is a crucial factor in deter-
mining the effectiveness of AV explanations. Our findings 
suggest that the success of AV explanations is contingent 
upon both the task at hand and the delivery modality. Specif-
ically, our results indicate that auditory explanations are 
effective in reducing emotional arousal when the individual
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FIGURE 4. The three-way interaction of explanation modality, secondary task
engagement, and technology suspicion with anxiety.

FIGURE 5. The three-way interaction of explanation modality, secondary task
engagement, and technology suspicion with unsafety perception.

B. AUDITORY AV EXPLANATION, TECHNOLOGY
SUSPICION, AND NDRT ENGAGEMENT
Studies have shown that auditory cues are effective in sup-
porting attention orientation, facilitating time-shared driving,
and promoting safe driving in levels 1-3 of driving automa-
tion. In fact, auditory information has been found to be supe-
rior to visual cues in these contexts [9], [10], [31], [35]–[37],
[39]. However, it’s worth noting that auditory explanations
may cause heightened levels of stress and emotional arousal
[11]–[13].

In addition, the effectiveness of the auditory modality is
moderated by the presence of NDRTs, which have produced
mixed results. While some studies have shown that auditory
cues are particularly relevant to safe driving when an NDRT
is present and elicit positive evaluations of the vehicle, such
as satisfaction, usefulness, effectiveness, and safety [34],
[40]–[43], others suggest that auditory information in multi-
tasking contexts does not have a significant effect on overall
driving performance [67].

Our study sheds light on the influence of technology suspi-
cion and NDRT engagement on the effectiveness of auditory
explanations. Prior research has produced mixed results, and
our findings explain some of these inconsistencies. First,
our study confirms the benefits of auditory explanations in
reducing anxiety and perceptions of unsafety, particularly for

individuals who monitor their driving environment closely
due to high technology suspicion [9], [10]. We found that
auditory explanations are more effective for individuals with
high technology suspicion, who have a greater need for
effective explanations when they are not engaged in an
NDRT. Auditory explanations allow individuals to monitor
their driving environment while perceiving the message si-
multaneously, creating a driving experience with less anxiety
and lower feelings of unsafety. Second, our research supports
previous findings that auditory information can elicit stress
and startle [11], [12], [34]. Specifically, individuals with
low technological suspicion perceived auditory explanations
negatively, resulting in higher anxiety and perceptions of un-
safety. The use of auditory explanations can appear intrusive
and ineffective to low-suspicion individuals, who are less
likely to actively process the information, especially when
no NDRT is present. Lastly, our findings suggest that the
auditory modality may not be as effective in a multitasking
environment [67]. Both high- and low-suspicion individuals
experienced similar levels of anxiety and perceived unsafety
when presented with auditory and visual explanations while
engaged in an NDRT. This result could be attributed to the
attention paid to the NDRT, which is likely to override the in-
fluence of the explanation modality on individuals’ emotional
responses. Therefore, the levels of anxiety and perceived
unsafety were independent of the explanation modality.

C. VISUAL AV EXPLANATION, TECHNOLOGY
SUSPICION, AND NDRT ENGAGEMENT
Previous research has shown that the visual modality is not
as beneficial as auditory cues in supporting safe driving,
but it does have some advantages. These include the ability
to maintain continuous awareness of the surrounding envi-
ronment [10], improve ease of use and transparency [44],
and require short recognition times [17]. However, in a
multitasking context, the benefits of the visual modality are
limited. Researchers have found that visual alerts may not be
sufficient to direct individuals’ attention and improve driving
performance in the presence of an NDRT [37], [38], [47].

By incorporating technology suspicion levels and NDRT
engagement into prior research, our study extends and sup-
ports previous findings. The results suggest that visual ex-
planations are preferred by individuals with low levels of
technology suspicion, as they result in lower levels of anxiety
and perceived unsafety. As these individuals may not actively
monitor traffic and AV performance, visual explanations can
support their situational awareness without being intrusive.
However, for individuals with high levels of technology sus-
picion, visual explanations can increase anxiety and feelings
of insecurity. The visual explanation competes for attentional
resources, interfering with the primary task, based on the
MRT and bottleneck theory of attention [39], [50], [52]–[55].
Therefore, visual explanations are less useful for these indi-
viduals, especially when not engaged in an NDRT. Our study
also confirms that the visual modality is of no importance
in multitasking contexts [37], [38], [47]. In the presence of
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an NDRT, the impact of visual explanations on individuals
is suppressed, similar to that of the auditory modality. As
individuals primarily focus on the NDRT, they give little
attention to the explanation, to the extent that it does not
affect their emotions.

D. DESIGN IMPLICATIONS

on the predictability linked to each demographic category.
For instance, Zhang et al. (2021) underscore the significance
of individual differences, including demographics, in influ-
encing attitudes and behaviors related to AVs [79]. How-
ever, this approach may result in inaccurate estimates for
individual users who deviate from the pre-built profiles. A
more comprehensive method would combine both pre-built
profiles and real-time assessments. By integrating multiple
sources of information, designers can develop a more precise
and adaptable system for addressing users’ technology sus-
picion levels, ultimately improving the user experience and
promoting trust in AV technology.

In conclusion, providing explanations alone is not suffi-
cient for individuals to feel comfortable with AV technology.
The explanation modality is equally important and must be
intuitive for users. AV designers must consider individuals’
technology suspicion levels and NDRT engagement when se-
lecting the appropriate explanation modality. It is imperative
to provide explanations in a way that is easily understandable
and not intrusive to support safe and effective AV use.

E. RESEARCH CONTRIBUTIONS
The present study makes a significant threefold contribution
to the understanding of AV explanations and their effective-
ness. First, this research emphasizes the essential role that
explanation modality plays in determining the success of AV
explanations. It demonstrates that the effectiveness of these
explanations relies on the task being executed and the chosen
delivery modality. In particular, the study’s findings align
with the Multiple Resource Theory (MRT), suggesting that
auditory explanations effectively diminish emotional arousal
when an individual is occupied with monitoring the driving
environment. In contrast, visual explanations efficiently alle-
viate anxiety and fear when the individual’s attention is less
focused on driving.

Second, the study illuminates the impact of technology
suspicion and NDRT engagement on the efficacy of AV ex-
planations. When individuals are not involved in NDRT, their
preference for explanation modalities often varies based on
their level of technology suspicion. Individuals who exhibit
high levels of technology suspicion typically lean towards
auditory explanations, while those with low technology sus-
picion levels show a preference for visual explanations.

However, the dynamics change when an NDRT is intro-
duced. In this scenario, the research supports the bottleneck
theory of attention, which suggests that our capacity to pro-
cess information from various sources at the same time has
its limits. Consequently, in multitasking situations involving
an NDRT, the influence of explanation modality becomes
insignificant, regardless of an individual’s technology suspi-
cion levels.

The third contribution of this study is the provision of
concrete guidelines for AV designers to develop AVs that
cater to users with varying levels of technology suspicion.
By proactively monitoring users’ technology suspicion and
offering clear, appropriate explanation modalities, designers

The findings of this s tudy have several implications for AV 
design. First, the modality of AV explanations should be 
considered, particularly when individuals are not engaged 
in an NDRT. Depending on the level of effort required to 
monitor the driving environment, individuals may receive 
explanations actively or passively. Auditory explanations act 
as a "push" technique for driving, allowing individuals to 
actively direct their attention to critical situations without 
interfering with their visual tasks. On the other hand, visual 
explanations are a passive, pull-like technique for acquiring 
information. In situations where individuals require AV ac-
tion explanations, they should be able to focus their attention 
on the interface and receive the necessary information with-
out disturbance.

Our study also offers specific guidelines for user interface 
(UI) designers of AVs to take into account when addressing 
users’ diverse technology suspicion levels during the design 
process. By tailoring explanation modalities to users’ tech-
nology suspicion levels, designers can effectively alleviate 
user anxiety and perceptions of unsafety. Our findings indi-
cate that individuals with high levels of technology suspicion 
are more receptive to auditory explanations, such as voice-
overs, whereas users with low levels of technology suspicion 
favor visual explanations like pop-up messages or icons. As 
a result, the initial step for designers should be to actively as-
sess users’ technology suspicion levels in order to effectively 
apply these findings.

Existing approaches for evaluating individual technology 
suspicion levels involve self-report measures found in prior 
literature, such as the Complacency Potential Rating Scale 
[26], Suspicion Propensity Index [68], and Privacy Concerns 
Scale [69], [70]. These measures typically require partici-
pants to rate their distrust or skepticism toward new technol-
ogy. However, this method has several drawbacks, including 
misinterpretation of survey questions, biased answers, and 
survey fatigue [71], [72]. An alternative approach entails 
assessing users’ technology suspicion levels by observing 
their behavior in real-time before or during their interactions 
with the AV. Previous research has identified p atterns in 
the behaviors of individuals with high levels of technology 
suspicion, such as avoiding or resisting new technology 
[73], [74], expressing distrust or skepticism [75], [76], or 
harboring concerns about privacy and security [77], [78]. 
By identifying these patterns, it may be feasible to develop 
models that predict or estimate technology suspicion levels 
for individuals or groups.

An additional strategy involves creating pre-built profiles 
of technology suspicion based on user demographics. This 
method can offer a starting point for designers, depending
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can create AVs that successfully mitigate mistrust and nega-
tive perceptions towards AVs, enhance user experience, and
promote technology adoption.

F. LIMITATIONS AND FUTURE RESEARCH
There are several limitations to this study that should be
considered. First, the participants in this study were recruited
from a university-related subject pool, which may not be
representative of the general population’s knowledge and
experience in the AV field. Second, while the experimental
setting had high internal validity, there are external valid-
ity limitations, and future studies should be conducted in
field settings to improve generalizability. Third, participants
may have engaged in hypothesis guessing and altered their
reactions and responses based on what they thought the
researcher desired, although we found no evidence of this
in our study. Fourth, this study focuses on AVs, specifically
those with level 4 and above automation systems, which
often require more detailed explanations than simpler alter-
natives. Nevertheless, our findings could potentially be rele-
vant in the context of Advanced Driver Assistance Systems
(ADAS). Future research should explore this area to enhance
the understanding and design of more sophisticated driving
systems. Furthermore, although human-machine interfaces
in prior studies deliver alerts through multi-modal feedback
including visual, auditory, and haptic cues, this study only
addresses unimodal communication (visual vs. auditory). As
the content of AV explanations in this study is longer and
more complex than that of alerts, we exclude tactile feedback
due to its inadequacy to deliver complex information [80],
[81]. Moreover, because prior research in AV explanation uti-
lized only uni-modal to explain, and one of the motivations of
this study was to reveal and explain the mixed results of prior
literature and examine the potential impact of explanation
modality, we have chosen only visual and auditory modalities
as uni-modal explanation modes. Future studies should fo-
cus on human-machine interfaces using multi-modal, haptic
feedback, which may be preferred for the design of future
automated vehicles. Furthermore, this study did not analyze
other features associated with AV explanations, such as the
definition, generation, selection, and evaluation of alternative
courses of action for the individual. Future studies should
examine these and other possible attributes related to AV
explanations. In summary, more research is needed to fully
understand the impact of AV explanations and how to design
them effectively.

VII. CONCLUSION
In this study, we investigated the impact of modality, NDRT
engagement, and individuals’ technology suspicion on the
effectiveness of AV explanations, specifically their ability to
reduce anxiety and perceptions of unsafety. To our knowl-
edge, this is the first study to examine the effect of modality
on explanation effectiveness in Level 5 automation. Our
results highlight the importance of considering the interac-
tion between modality and individuals’ states and traits in

determining the effectiveness of AV explanations. We also
identified three properties of explanation (content, time, and
modality) that influence its effectiveness, and future research
could further explore how communication style affects ex-
planation effectiveness. Overall, our study contributes to a
better understanding of the factors that affect AV explanation
effectiveness, which is essential for the design of future
automated vehicles.
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