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Abstract

In automated driving, drivers may sleep during rides, making it important to study napping
preferences and wake-up scenarios for human-centered system design. We conducted an
online study with 280 participants, balanced by age and gender, examining how often,
when, and how long individuals would nap if given the opportunity. The study also
explored preferred wake-up methods when the vehicle nears the end of its operational
design domain. Using a mixed 2 × 2 design, participants were assigned to one of two
travel purposes (“commuting” vs. “holiday trip”) and two minimal risk conditions (rest
area vs. hard shoulder). The results showed that 40% intended to sleep during automated
driving, highlighting a strong interest in in-car sleeping. Wake-up preferences varied by
travel purpose and minimal risk condition, with many favoring awakening before the drive
ended. Participants also anticipated sleep inertia and desired post-wake-up support. The
findings allow suggestions for designing wake-up concepts that mitigate sleep inertia.
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1. Introduction
Automated vehicles have the potential to increase comfort, decrease driver stress,

reduce greenhouse gas emissions and improve overall road safety [1–3]. According to the
classification of the Society of Automotive Engineers (SAE), automation can be divided
into different levels [4]. Driving at Levels 0 to 2 implies that the driver still conducts some
parts of the driving task. In contrast, at Level 3 to 5, the role of the driver changes to that of
a passenger, as long as the automated system is activated. The user of the automation is
not responsible for taking over any part of the driving task within the operational design
domain (ODD). At Level 3, the driver has to be capable of resuming the driving task quickly
on request. At Level 4, the driver may have the following choice. As soon as the vehicle
leaves the ODD, the driver either takes over the driving task or a minimal-risk maneuver is
initiated, meaning the vehicle automatically comes to a safe stop [4]. Hereby, the vehicle
may stop on a nearby rest area, on the hard shoulder or on the curb of the road, depending
on traffic conditions, the predictability of the ODD end and the availability of parking
lots [5,6]. Hence, due to the higher predictability of the end of the ODD and the higher time
budget for the transition of controls at Level 4 compared to Level 3, the role as passenger
becomes even more pronounced.

This also becomes evident with regard to imaginable non-driving related tasks. At
Level 3 and Level 4 automated driving, entertainment, work or relaxation are conceivable.
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However, using the extra time for sleeping is only possible in Level 4 and 5. Even short
periods of sleep (i.e., naps) have positive effects on sleepiness and performance [7,8]. In
the context of driving, taking a nap can reduce drowsiness, which has been identified as a
major risk factor for safe driving [9–11]. Hence, the possibility to sleep during automated
driving might reduce drowsiness during sections of manual driving because the driver can
take over the driving task more rested.

Survey studies indicate that sleeping during automated driving is a very popular use
case for automated driving [12,13]. According to Tomzig and Kaß [13], sleeping during
the trip is particularly desired in the early morning and during nighttime. Corresponding
and, hence, popular travel purposes include commuting to and from work, with driving
durations of 30 to 45 min, and trips to a vacation destination, with driving durations of
several hours.

While these results show the potential of sleeping during automated driving, sleep
comes with a possible side effect after waking up, which is sleep inertia. Sleep inertia
refers to the phenomenon of temporary disorientation and the decline in performance
and mood after waking up from sleep [14]. Under sleep inertia, drivers exhibit impaired
takeover performance and lane keeping, increased driving errors, reaction times and feel-
ings of sleepiness, and decreased driving speed and motivation to continue driving [15–20].
Therefore, sleep inertia is a significant risk factor to be considered in the transition from
automated to manual driving. For Level 4 automated driving, this is important because of
the operational limitation of the automated vehicle. As soon as the vehicle leaves the ODD,
the person in the driver’s seat may be required to take control and drive manually again.
During the transition of control from automated to manual driving, the responsible driver
should be free of sleep inertia.

Because of this, sleep in automated driving creates an area of conflict: on the one
hand, users should have the opportunity to sleep during automated driving to reduce
drowsiness and increase the user experience of automated driving. On the other hand,
system design should consider the possible occurrence of sleep inertia during the transition
from automated to manual driving with a mitigation concept supporting the user during
and after awakening.

The effects of sleep inertia diminish with the time spent awake, with noticeable im-
provements typically occurring within the first few minutes after awakening [14,15,21,22].
In aviation, where pilots may sleep under certain conditions in the cockpit, guidelines
recommend a transition period of up to 20 min before resuming critical tasks [23–25].
Similar strategies are being discussed in the automotive context, such as waking the
driver in advance or having the vehicle stop at a suitable location before requiring driver
takeover [18,26].

Previous research has investigated various countermeasures against sleep inertia.
Outside the driving context, studies have shown that music—particularly melodic mu-
sic that aligns with personal preferences—can enhance alertness and performance after
waking [27,28]. Studies on the use of bright or red light consistently report that this counter-
measure reduces self-reported sleepiness [29–33]. However, findings regarding its effects
on performance are inconclusive. One possible explanation is that the light may cause
glare, which interferes with task execution [31]. Furthermore, it is hypothesized that the
cooling of extremities could mitigate sleep inertia [34,35]. Although the potential of this
measure has been proven with putting a hand in ice-cooled water [36], these conditions
are hardly transferable to the vehicle context. To the best of the authors’ knowledge, to
date, only one study has tested a countermeasure against sleep inertia in the vehicle. In a
driving simulator study by Wörle et al. [37], a reaction time game, as concept for cognitive
stimulation, was able to temporarily increase the drivers’ arousal but it could not increase
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wellbeing and motivation. The measures of driving performance were not reported in
the study.

So far, research on driver takeovers after sleep and the corresponding countermeasures
has focused primarily on performance outcomes. There remains a gap in understanding
user preferences which are considered important for a high user experience and acceptance
for future in-vehicle napping. From a performance standpoint, it may be beneficial to
delay takeover after sleep by stopping the vehicle. However, it is unclear whether users
would accept this as they may prefer to continue their trip without delay. The acceptability
of stopping on the roadside in the absence of parking spaces also remains uncertain.
Furthermore, research on sleep inertia clearly shows that drivers need support to regain
their fitness to drive after sleep [38] but user preferences remain yet unclear. The online
study presented in this paper investigates user needs and preferences related to wake-
up modalities, wake-up and takeover terms, and post-sleep support to mitigate sleep
inertia. Hence, the study explicitly investigated edge cases at the boundary of the ODD,
where driver readiness becomes relevant. We hypothesize that these user preferences vary
depending on the travel purpose and the available possibilities to stop the vehicle. In detail,
we assume that in a commuting use case, faster transitions from automated to manual
driving are more acceptable or even desired than in vacation drives (i.e., stopping the
vehicle is more accepted, the alarm is expected to be less urgent, and there should be a later
expected readiness to continue driving manually in the vacation travel purpose compared
to commuting). We also expect that achieving a minimal risk condition by stopping at a rest
area is perceived as more acceptable than stopping on the hard shoulder. Further research
questions, such as the desired wake-up modalities or the desired support after waking up,
are exploratively investigated. The results aim to contribute to the user-centered design of
in-vehicle awakening strategies.

2. Materials and Methods
The following chapter describes the applied methods in detail. This study represented

an online experiment with a mixed study design. Participants were presented with future
scenarios for sleeping during automated driving and asked for their preferences.

2.1. Experimental Design

To study potential users’ napping desire in automated driving (Level 4) and pref-
erences concerning aspects of the wake-up situation, four hypothetical situations were
designed. The delineated situations differed regarding the general automated driving
travel purpose and the minimal risk condition that followed the automated ride. The travel
purpose was implemented as the between-subjects factor. According to the most popular
travel purposes identified by Tomzig and Kaß [13], participants were either asked to imag-
ine that they used the automated driving function during a commute ride in the morning
or as part of an overnight journey while going on vacation. Furthermore, two minimal
risk conditions were depicted for all participants, hence acting as the within-subjects factor.
One minimal risk condition comprised stopping at a freeway rest area in case of an ODD
limitation. In the other condition, it was depicted that the vehicle would stop on the hard
shoulder as no nearby rest area was available [6]. So, in total, this design resulted in a
2 × 2 mixed factorial structure with participants being confronted with two situations each.
The data was collected through an online questionnaire.
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2.2. Sample

The sample consisted of N = 280 participants, which were recruited through the
participant panel of the Würzburg Institute for Traffic Sciences (WIVW) and social
media networks.

Participants had to be at least 18 years old. In total, n = 141 participants were female
and n = 148 were male. One person identified as non-binary. The mean age was 46.3 years
(SD = 15.9). The composition of the sample depending on the travel purpose is given in
Table 1.

Table 1. Age and gender distribution across the sample.

Travel Purpose Gender N Mean Age SD Age

Commuting

female 70 46.3 14.1
male 69 47.3 16.8

non-binary 1 54.0 -

subtotal 140 46.9 15.4

Vacation

female 71 46.3 16.8
male 69 45.3 16.1

non-binary 0 - -

subtotal 140 45.8 16.4

total 280 46.3 15.9
Note. Gender and age recorded by self-report. Age in years.

2.3. Procedure

In this study, the participants were presented with one of two depicted travel purposes
for sleeping during automated driving and two different minimal risk maneuvers in the
context of automated driving. At the beginning of the experiment, participants were
informed about the general setting. It was explained that the ensuing questions would
address automated driving and, therefore, information on an automated driving system
was given. It was stated that this meant that their vehicle was completely self-driven by the
system and that the vehicle performed all driving activities. Further, it was described that
the person on the driver’s seat was allowed to direct their attention away from the driving
scene and delve into non-driving related tasks. Examples included reading, working or
sleeping. In addition, they were told that the system would inform them in a timely manner
about the potential need to take over manual driving, for example, when they reached the
highway exit.

As mentioned, the participants were presented with two travel purposes—a commute
and vacation drive—to investigate whether users’ preferences regarding napping and
awakening differed between these scenarios. The commute travel purpose was presented
as follows: “You are commuting daily with your vehicle early in the morning. You are
alone in your vehicle. Your drive lasts about 40 min. During the complete ride, you would
have the possibility to activate the automation and could sleep”.

The vacation travel purpose was introduced as follows: “You are going on holiday and
are using your vehicle. You are alone in the vehicle. The drive lasts about six hours. You
start your drive late in the evening and will reach your destination early in the morning.
During the complete ride, you would have the possibility to activate the automation and
could sleep”.

Both minimal risk conditions were assessed in randomized order for all participants.
The general introduction was read as follows: “Please imagine the following situation: You
are getting near to the highway exit. After exiting the highway, you will have to drive the
rest of your way to your destination. You will then again be responsible for your safety”.
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The following specific conditions then differed regarding the potential stopping place:
on the hard shoulder (see Figure 1 left) or at a freeway rest area (see Figure 1 right).

 
Figure 1. Presented minimal risk conditions: The vehicle either would stop on the hard shoulder (left)
or on a freeway rest area (right).

2.4. Measures

The study was implemented with the software LimeSurvey Version 5.6.68+240625
(LimeSurvey GmbH, Hamburg, Germany) and conducted online. At first, participants
were introduced to the scope of the study, agreed to the data privacy terms and gave
their basic demographic information (gender and age). Then, questions on their sleeping
behavior in everyday life and in vehicles as of today were administered. They covered
the general tendency to sleep at a freeway rest area or as a passenger and the duration
of such naps. After that, participants were assigned to one of the two travel purpose
conditions and questions regarding their desire to sleep during an automated ride and their
potential sleep duration followed. Thereafter, the minimal risk conditions were presented.
Subsequently, after each minimal risk condition, participants were asked to indicate their
preferred wake-up term: stopping and not being woken; stopping and woken up at the
stoppage point; stopping and woken up before reaching the stoppage point; not stopping
and woken up beforehand; or would not sleep under the given conditions. The participants
who wanted to be woken prior to the end of the automated ride were then asked how far
in advance this should occur. Furthermore, all the participants were asked to give their
preferred wake-up modalities (e.g., alarm clock tones, music, sleep phase alarm clocks,
etc.) and their preferred urgency (from 1—gently—to 7—directly). Finally, independent of
the minimal risk conditions, the participants were asked to assess their anticipated sleep
inertia, and, more specifically, the time until they expected to be fit to drive again, as well
as their preference for certain measures to support them getting fitter more quickly (e.g.,
cool air, music, light, etc.).

All the survey questions are listed in Appendix A.1. Appendix A.2 contains a proce-
dure chart showing the order in which participants answered the questions. Overall, the
whole survey took approximately 5 to 10 min.

2.5. Data Analysis

Depending on the scale level of the dependent variable, we used different statistical
tests to denote the significance of effects. We used Spearman correlations for ordinal scaled
and Pearson correlations for interval scaled measures [39]. For pairwise comparisons,
we used either Mann–Whitney U tests (for ordinal scaled variables) or t-tests (interval
scaled). For comparisons comprising multiple factors, we either used cumulative link
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models for ordinal scaled variables [40] or multilevel regression models for interval scaled
variables [41].

In this paper, the interpretation of these regression models is similar to that of analyses
of variance (ANOVA) for within-subjects designs. In contrast to ANOVAs, however, the
regression models do not rely on complete cell occupancy and are therefore better suited
for analyzing subsamples. The regression models were tested for their assumptions. The
multilevel regression models were tested in terms of normality (Shapiro–Wilk tests) and
homoscedasticity (Levene tests). In several models, there were indications for non-normal
distributed residuals and for heteroscedasticity. Therefore, as a more robust approach,
we applied bootstrapping with 2000 repetitions to compute the confidence intervals and
p-values of the regression weights [42]. Furthermore, there were no indications for influ-
ential cases (all Cook’s Distances < 1) [42]. Both cumulative link models and multilevel
regression models were tested on multicollinearity. With all variance inflation factors < 10,
all the presented models fulfilled this assumption. We conducted the statistical analyses
using the software R, version 4.1.2 [43].

3. Results
The following chapter summarizes the results. The significance level for statistical

tests is p < 0.05 if not indicated differently.

3.1. Napping in the Vehicle

When asked how frequently participants sleep in cars (in a parking vehicle or as
passenger), 1.1% of all participants indicated that they slept very often, 5.4% often, 21.4%
occasionally, 25.4% rarely, and 46.8% never. Those participants who indicated they sleep at
least rarely were asked how long their naps commonly take. In total, n = 149 participants
indicated that their naps commonly take between 5 and 180 min, with 97.3% taking 60 min
or less. The mean napping duration was 25.2 min (median = 20.0, SD = 21.4).

Across both travel purposes, approximately 42.5% of all participants intended to sleep
during an automated drive if given the opportunity (“rather agree” to “strongly agree”;
see Figure 2). A slight trend for a higher intention to sleep during automated driving was
observed in the travel purpose “vacation”, though the difference to “commuting” was not
significant (Mann–Whitney U test: W = 8627 and p = 0.079; see Figure 2). Across both travel
purposes, the desire to sleep during automated driving was significantly higher in younger
participants (r (278) = −0.255; p < 0.001), in those who frequently nap in a vehicle as a
passenger nowadays (r (278) = 0.227; p < 0.001), and in those who generally desire to nap
more often during the day (r (278) = 0.161; p = 0.007). In those participants with a positive
intention to sleep during automated driving, the mean expected napping duration was
24 min for “commuting” (median = 25, min = 5, and max = 40) and 129 min for “vacation”
(median = 60, min = 10, and max = 360). In total, n = 7 participants from “commuting”
and n = 1 from “vacation” were excluded from the latter analysis because they indicated a
desired napping duration that exceeded the maximum possible duration as given in the
instruction (i.e., max. 40 min for the travel purpose commuting and max. 360 min for the
vacation drive).
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Figure 2. Desire to sleep during automated driving across travel purposes. The item in the ques-
tionnaire was as follows: “To what extent do you agree with the following statement? I would sleep
during fully automated driving in the future if I had the opportunity to do so”.

3.2. Wake-Up Term and Waking Modalities

The participants were asked which wake-up term they would prefer if the ODD
ended, implying they had to take over the driving task to continue driving. As tested
with a cumulative link model, preferences significantly depended on the travel purpose
and the minimal risk condition (X2 (3, N = 280) = 71.5 and p < 0.001; see Figure 3). The
participants preferred to be awakened at an earlier point in the travel purpose “commuting”
compared to “vacation” (b = 1.06, SE = 0.52, z = 2.05, and p = 0.040) and in the minimal risk
condition “hard shoulder” vs. “rest area” (b = 0.62, SE = 0.19, z = 3.23, and p = 0.001). Both
main effects reinforce each other as indicated by a significant interaction effect (b = 1.01,
SE = 0.29, z = 3.43, and p < 0.001). Across all conditions, 11.3% of all participants wanted to
stop but being awakened before the end of the ODD (category 3 in Figure 3). Furthermore,
40.0% of all participants did not want to stop (category 2 in Figure 3). Both subgroups were
asked how many minutes they would like to be woken up beforehand. On average, these
participants wanted to be woken up 7.7 min beforehand (median = 5.0, SD = 6.4, min = 1.0,
and max = 45.0). As tested with a multilevel regression model, the preferred time differed
significantly between conditions (F (3, 184.5) = 4.73, p = 0.003, and marginal R2 = 0.035).
There was a significant effect of the travel purpose with a longer desired waking time in
the travel purpose “vacation” compared to “commuting” (b = 2.35, 95% CI [0.36–4.43],
β = 0.37, and p = 0.019). The waking time did not differ significantly between the minimal
risk conditions (b = 0.20, 95% CI [−0.29–0.69], β = 0.03, and p = 0.422) but it differed
significantly between the preferred scenario (i.e., categories “3: stop” vs. “2: do not stop”;
b = 1.17, 95% CI [0.25–2.10], β = 0.18, and p = 0.016).
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Figure 3. Preferred wake-up terms depending on the experimental conditions.

All participants were asked how they would like to be awakened at the end of an
automated journey. Participants could select one or more of the modalities shown in
Figure 4 and optionally indicate additional modalities. The distribution is shown in
Figure 4. On average, the participants indicated 2.2 modalities (SD = 1.2, min = 1, and
max = 7). Among “others”, the participants mentioned, for example, vibration in the seat,
shaking of the belt, and natural sounds.

Figure 4. Preferred waking modalities across the two within-subjects conditions (i.e., minimal risk condition).

The participants were asked to what extent they preferred a gentle or an arousing
wake-up alarm, depending on the experimental conditions. As shown in Figure 5, and
tested with a multilevel regression model, the desired urgency significantly depended on
the condition (F (3, 238.4) = 15.8, p < 0.001, and marginal R2 = 0.047), with higher urgency
levels observed for the travel purpose “commuting” compared to “vacation” (b = 0.86,
95% CI [0.36–1.35], β = 0.49, and p = 0.002), and for the minimal risk condition “hard
shoulder” compared to “rest area” (b = 0.68, 95% CI [0.46–0.90], β = 0.39, and p < 0.001).
There was a significant interaction effect, indicating that the difference between the travel
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purposes is larger for the minimal risk condition “rest area” compared to “hard shoulder”
(b = −0.52, 95% CI [−0.52–0.82], β = −0.29, and p = 0.001).

Figure 5. Desired urgency of wake-up alarm (1 = gentle; 7 = arousing) across the experimental conditions.

3.3. Sleep Inertia and Support

When commuting, the participants estimated that they would be fit to drive
M = 6.8 min after awakening (median = 5.0, SD = 7.0, min = 0, and max = 30), and
after M = 11.1 min (median = 5.0, SD = 13.6, min = 0, and max = 90) when on a vacation
trip. The estimated duration was significantly higher in the vacation condition compared
to commuting as tested by a one-sided t-test (t (208.7) = −3.30, and p < 0.001; see Figure 6).
There was no significant correlation between the estimated duration and the desire to sleep
during automated driving (Spearman r (278) = −0.113; p = 0.058). There was a significant
positive correlation between the estimated duration and the desired time of waking up
before the end of the automation (Pearson r (170) = 0.668; p < 0.001). For the subsample of
participants, who intended to sleep during automated driving (at least “rather agree”; see
Figure 2), Pearson correlations between the expected napping duration and the desired time
of waking up before the end of the automation were computed. There was no significant
correlation, neither for the commuting group (r (45) = 0.122; p = 0.413), nor for the vacation
group (r (62) = 0.014; p = 0.910).

When asked for the desired means of support to increase alertness after awakening,
most participants chose multiple options. Figure 7 summarizes that radio/music, cold
air, movements, drinking water, drinking caffeine and light were the most popular. In the
category “other”, participants named stretching, conversation with a specific person (e.g.,
partner), pain or that no support was necessary.
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Figure 6. Estimated duration until participants feel fit to drive after awakening; *** p < 0.001. Dots
indicate outliers in the data.

Figure 7. Desired means of support to increase alertness after awakening in the vehicle.

4. Discussion
The presented online study aimed to assess the user preferences for in-vehicle napping

and wake-up concepts. The study hypothesized that variables like the purpose of travel
and the possibility of stopping the vehicle at the end of the ODD may influence the user
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preferences. A total of N = 280 participants, balanced by age and gender, were presented
with one of two travel purpose scenarios (commuting vs. vacation trip) and two minimal
risk conditions (stopping on hard shoulder vs. rest area). The participants indicated
their willingness to sleep during automated driving and their preferred wake-up terms
and modalities.

4.1. Popularity of Sleeping in the Vehicle and Expected Napping Durations

Approximately 42.5% of participants indicated a willingness to nap during automated
driving. This finding is consistent with previous studies that reported similar approval rates
of 46.6% [12] and 40.2%, respectively [13]. By replicating the approval rates, the presented
study indicates a certain robustness of the quota. However, the willingness to nap depends
on different factors. In the presented study, the preference was more pronounced amongst
younger individuals and those who commonly nap. The study of Becker, Herrmann, Duwe,
Stegmüller, Röckle and Unger [12] indicates that further factors, like the users’ cultural
background, may further influence the willingness to nap.

Surprisingly, the participants did not expect to utilize the entire duration of automated
driving for napping. In the commuting travel purpose, the discrepancy may be explained by
the fact that users expect to need time to properly wake up before taking over vehicle control.
However, in the vacation travel purpose, the participants expected to sleep for much shorter
duration than was realistically possible. Here, it should be noted that as the study was
conducted online, the participant did not experience sleeping in an automated car in person.
So, one possible explanation is that the participants did not read the instructions thoroughly.
The instructions stated that the vacation travel purpose included an automated six-hour
drive during the nighttime. Another explanation is that individuals, while generally open
to sleeping, may be hesitant to sleep for extended periods within the vehicle. Users might
be afraid of ergonomic limitations in the vehicle, i.e., sleeping in a lying position might not
be possible [44,45], or they might expect a limited sleep quality and sleep duration due to
the disruptive nature of a moving environment [38]. Furthermore, car sickness, which is a
widespread phenomenon in manual driving as a passenger [46], could possibly contribute
to participants not wanting to spend extensive time not watching the road. In the scope of
longer automated drives, future research should clarify why drivers expect not to use the
entire travel time to nap.

4.2. Wake-Up Preferences and Considerations for Sleep Inertia

The results demonstrate that, even after sleeping, many drivers do not want the
vehicle to stop for a minimal risk maneuver but want to take over driving beforehand.
Future systems could ask users about their individual preferences, but it is likely that many
drivers will want to take over control while driving. This emphasizes the high relevance of
considering the potential effects of sleep inertia in take over scenarios even in automated
driving systems that can bring themselves to a state of minimal risk.

However, preferences vary depending on the scenario. In the commuting travel
purpose, it was less popular to stop than in the vacation drive. This could be explained
by the circumstance that people are likely to experience greater time constraints when
commuting than when going on vacation. Further, it was less popular to stop on the hard
shoulder than on a rest area. Hence, to meet user needs, it is important for the system
to communicate at the beginning of the journey where and how the automated journey
will end. This allows users to prepare accordingly and inform the system about their
preferences if necessary. However, it is currently unclear to what extent the hard shoulder
of the motorway can be used for such minimal risk maneuvers. Regulations may vary
depending on the country and the type of road (e.g., country roads or motorways). In
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Germany, for example, stopping on the hard shoulder of a motorway is only permitted in
emergencies (e.g., in the event of a breakdown). At the same time, however, the German
Ministry of Transport cites the hard shoulder as a possible stopping area for automated
vehicles when system limits are reached [6]. In the future, legislators will need to determine
the areas, purposes and durations for which automated vehicles may stop. They must be
aware that taking over driving manually as quickly as possible is not always synonymous
with safety, for example, if the person behind the wheel is still impaired by sleep inertia.

Participants generally desired a wake-up process that balanced gentle awakening
with a necessary sense of urgency, with more urgent prompts preferred in the commuting
travel purpose and in the scenario of a hard shoulder stopping. The participants indicated
an optimal wake-up time of approximately 7–8 min prior to the end of the automated
drive with earlier preferences in the vacation travel purpose compared to commuting.
This preference is considered reasonable because sleep inertia tends to last longer after
longer periods of sleep [47]. However, with approximately 2.5 min, the indicated time
difference was relatively small on an absolute level. The desired wake-up time is likely to be
strongly influenced by the expected duration of sleep inertia as suggested by the significant
correlation between the desired wake-up time and the time people expect to need to be fit
to drive again. The question arises whether 7–8 min is sufficient for sleep inertia to wear off.
Previous research on the duration of sleep inertia in driving contexts indicates that the most
severe impairments on lane keeping and physiological arousal disappear within the first
two minutes after awakening [15,19,48]. However, some effects such as a reduced speed
level, increased feelings of sleepiness or an elevated heart rate may persist for at least 20 to
30 min [16,37]. To the best of the authors’ knowledge, there are no established standards
for dealing with sleep inertia in vehicles. However, guidelines from aviation recommend a
recovery phase of at least 20 min between waking up and resuming a task to let sleep inertia
wear off [23,24]. In summary, it is considered beneficial that potential users are aware of the
risk of sleep inertia and are requesting some minutes between awakening and taking over
driving to recover from sleep inertia. However, the duration of sleep inertia expected by the
participants was shorter than that indicated in the scientific literature [16,37]. The results
therefore also suggest that drivers may underestimate the duration of sleep inertia. In order
to mitigate potential risks and account for the considerable interindividual variability (see
Figure 6), automated driving systems should therefore be capable of providing more time
and be adaptive to individual preferences. Additionally, a future driver state detection
could help the automated system to recognize sleep inertia in the driver [15,49]. In case
of detected sleep inertia, the vehicle could then promote a safe stop instead of offering a
driver take over.

Asked for their desired methods of support after awakening, most participants indi-
cated multiple modalities. Future research should clarify whether this indicates a certain
flexibility or a wish for a combination of modalities. Radio/music, cold air, movement,
drinking water, drinking caffeine, and exposure to light were the most popular methods of
support. Herein, it is considered that radio/music, cold air, and light are relatively easy to
implement as countermeasures in the vehicle. As outlined in the Section 1, these measures
have the potential to alleviate sleep inertia [27–33,36]. Future research should examine
whether these measures are also effective in a vehicle context.

4.3. Limitations

The findings should be considered in light of some limitations. The design of an online
study implies that the participants did not actually experience the presented scenarios.
Further, as sleeping during automated driving is not yet a widespread use case, participants
lacked experience with the presented scenarios. The results should therefore not be con-
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sidered as an evaluation of the concepts. Instead, they reflect the expectations of potential
users towards these future concepts These expectations reveal the potential from users’
perspectives and this knowledge can be used by the designers of future in-vehicle napping
functions. After implementation, future research should assess the user evaluations in
dedicated experiments in driving simulators or, preferably, in a real-world driving setting.

Finally, the study was conducted with mainly German participants. Future studies
should look into different cultures as other studies have shown that the preference for
actions of automated driving functions can vary between cultures [50].

5. Conclusions
In conclusion, this study demonstrates considerable interest in sleeping during au-

tomated drives. The results show a preference among users for being woken up 7–8 min
before the end of the ODD and, if possible, not interrupting their journey with a stop. How-
ever, successful implementation will depend on considering the individual preferences
that depend on the purpose of the trip and the available options for minimal risk maneu-
vers. Measures such as music, cold air or light could help drivers to quickly overcome
sleep inertia.

Key challenges remain in developing technical capabilities to accurately assess the
driver’s readiness and to establish automotive standards on appropriate recovery times.
The finding that a large portion of drivers do not want to stop indicates that a critical
issue may emerge on how to prevent drivers from taking control before sleep inertia has
fully subsided.

6. Outlook
The presented online experiment is part of the “SALSA” research project and is the

first in a series of studies. In the further course of the project, concepts for waking up and
measures against sleep inertia in the automated driving context will be developed. The
concepts will be evaluated in experiments in driving simulators and in prototype vehicles
on test tracks.
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Appendix A.
Appendix A.1. List of Survey Questions (English Translation from German Original)

1. How old are you?

____________ years

2. Which gender do you identify with the most? [Single choice]

# Female
# Male
# Diverse

People are described as “morning types” or “evening types”

3. Which of the following types do you consider yourself to be? [Single choice]

# Definitely a “morning type”
# Rather more a “morning” than an “evening type”
# Neither
# Rather more an “evening” than a “morning type”
# Definitely an “evening type”

More information:
Morning types (colloquially known as “larks”) tend to get up early and go to bed early. They feel most energetic early
in the day.
Evening types (colloquially known as “owls”) tend to get up late and go to bed late. They feel most energetic late in
the day.

4. If it were solely based on your own well-being and you had sufficient time, how often would you take a
nap during the day? [Single choice]

# Daily or almost daily
# 1–3 times per week
# 1–3 times per month
# Less frequently/only in exceptional cases
# Never

[if response to question 4 was not “never”]

5. How long would the nap usually last?
___________ minutes

[if response to question 4 was not “never”]

6. What time would you start your nap?
___________ o’clock
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7. How alert or sleepy do you feel in the first few minutes after taking a nap? [Single choice]

# Very sleepy, great effort to keep awake
# Sleepy, but some effort to keep awake
# Sleepy, but no effort to keep awake
# Some signs of sleepiness
# Neither alert nor sleepy
# Rather alert
# Alert
# Very alert
# Extremely alert
# I do not know/cannot say.

8. How often do you take a nap in a car, e.g., at a rest area or as a passenger? [Single choice]

# Very often, on (almost) every car trip
# Often, on many car trips
# Occasionally, on some car trips
# Rarely, only in exceptional cases
# (Almost) never

[if response to question 8 was not “(Almost) never”]

9. How long does your nap in the vehicle typically last?
____________ minutes

The questions on the following pages relate to automated driving. This means that the vehicle drives completely
autonomously on the highway and takes over all driving functions. You may turn your attention away from the traffic
and engage in other activities, such as reading, working, or sleeping.
The system can inform you in advance when you need to take back control of the steering wheel, e.g., when you are
approaching a highway exit.
Please imagine the following situation:
[travel purpose condition “commuting”]
You are commuting daily with your vehicle early in the morning. You are alone in your vehicle. Your drive lasts about
40 min. During the complete ride, you would have the possibility to activate the automation and could sleep.
[or travel purpose condition “vacation trip”]
You are going on holiday and are using your vehicle. You are alone in the vehicle. The drive lasts about six hours. You
start your drive late in the evening and will reach your destination early in the morning. During the complete ride,
you would have the possibility to activate the automation and could sleep.

10. To what extent do you agree with the following statement?
“In the future, I would sleep during fully automated driving if I had the opportunity to do so.” [Single choice]

# Strongly disagree
# Disagree
# Somewhat disagree
# Neither agree nor disagree
# Somewhat agree
# Agree
# Strongly agree

https://doi.org/10.3390/tae2010003

https://doi.org/10.3390/tae2010003


Theor. Appl. Ergon. 2026, 2, 3 16 of 21

[if response to question 10 was at least “somewhat agree”]

11. How long would you want to sleep in that situation?
____________ minutes

Please imagine the following situation: You are getting near to the highway exit. After exiting the highway, you will
have to drive the rest of your way to your destination. You will then again be responsible for your safety.
[minimal risk condition “hard shoulder”]
There is no rest area before the highway exit. However, the vehicle could stop on its own on the hard shoulder before
the exit.
We assume that stopping on the hard shoulder would be permitted in this case.
[Presentation of Figure 1 left]
[or minimal risk condition “rest area”]
Shortly before the highway exit, there is a rest area where the vehicle could park itself.
[Presentation of Figure 1 right]

12. Which of the following options would you prefer? [Single choice]

# The system should stop at the hard shoulder/nearest rest area and let me sleep until I wake up on my
own. [5]

# The system should stop at the hard shoulder/nearest rest area and wake me up as soon as we have
stopped there. [4]

# The system should stop at the hard shoulder/nearest rest area and wake me up before we arrive there. [3]
# I do not want to stop at the hard shoulder/rest area. The system should wake me up beforehand so that I

can take over driving again in good time. [2]
# None of the options, because I would not sleep in this situation. [1]

[if response to question 12 was category 2 or 3]

13. How many minutes before the end of the automated journey would you like to be woken up?
__________ minutes

[if response to question 12 was not category 1]

14. How would you like to be woken up in the scenario selected above? [multiple choice; options presented in
randomized order]

# Sleep phase alarm clock
# Digital assistant
# Music/radio alarm clock
# Natural daylight
# Classic alarm tone
# Light alarm clock/sunrise simulation
# Another person
# I would not need an alarm clock because I want to/would wake up on my own.
# Other: _____________
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15. In this situation, it is important to me that an alarm clock would awake me... [single choice]

# 1—gently
# 2
# 3
# 4
# 5
# 6
# 7—directly/immediately

16. Regardless of whether you stop on the hard shoulder or at a rest area, and regardless of whether you would
actually sleep: How long do you think it would take before you feel ready to drive again after taking a nap in
your vehicle?
__________ minutes

17. What support would you like to receive after waking up to help you feel fit again as quickly as possible so
that you can drive yourself? [multiple choice; options presented in randomized order]

# A caffeinated drink (e.g., coffee or tea)
# The opportunity to move around
# Doing breathing exercises
# Cool air
# Eating something
# Seat massage
# Warmth
# Chewing gum
# Light
# Reading the news
# Drinking water
# Listening to the radio/music
# Having a conversation
# Freshening up, e.g., washing your face
# Other: _____________
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Appendix A.2. Procedure Chart

 

Figure A1. Question numbers refer to the list of survey questions as presented in Appendix A.1.
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