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A B S T R A C T

Conditionally Automated driving (CAD) represents a pivotal point in the evolution of automotive technology, 
bridging full automation and human intervention through effective control mechanisms that ensure safe driver- 
system transitions. This research consisted of a comparative analysis of take-over mechanisms, focusing on or
dinary merging and diverging maneuvers and critical collision-avoidance scenarios. Three take-over control 
(TOC) methods, including (i) accelerating/braking, (ii) pressing a dedicated button, and (iii) steering, were 
investigated. Thirty participants were recruited using a mixed factorial design with both within- and between- 
subject factors. The experimental simulations were conducted on the fixed-base driving simulator. The partici
pants completed three runs on a motorway track comprising ordinary merging and diverging sections, with the 
final run involving a sudden critical decision to avoid the collision against two crashed vehicles. Weibull 
accelerated failure time models with and without shared frailty, mixed effects linear regression and multiple 
linear regression were used to model TOC time, maximum resultant acceleration, and minimum time to collision 
values.

The results indicate that the pedal mechanism generally provides faster and safer takeovers, especially in 
critical situations, while the button mechanism results in the longest TOC times, and lowest minimum time to 
collision values, indicating higher risks. The steering wheel mechanism, associated with the highest maximum 
resultant acceleration and TOC times in merging and diverging maneuvers, suggests that lateral control may be 
more cognitively demanding for drivers. These findings emphasize the importance of selecting appropriate TOC 
mechanisms to improve the safety and efficiency of CAD systems.

1. Introduction

The advent of Conditionally Automated Driving (CAD) systems 
marks a significant shift in the landscape of vehicle automation, 
blending advanced technological capabilities with human oversight. 
These systems are typically classified as Level 3 automation under the 
Society of Automotive Engineers (SAE) standards (SAE, 2021), and 
require the driver to take-over control (TOC) when the automated sys
tem reaches its operational limits or encounters uncertain conditions. 
This TOC process is a complex, safety–critical event that requires 
seamless interaction between the human driver and the vehicle. As the 
prevalence of CAD vehicles grows, understanding and refining the dy
namics of this TOC process becomes crucial. Two principal areas of 

investigation in the field of TOC are (i) the length of time required to 
TOC, and (ii) the quality of the takeover maneuver itself (Weaver and 
DeLucia, 2020). The take-over time is the period between the system 
requesting the driver to take control and the driver doing so, and is 
crucial for safe and effective manual driving. To achieve shorter times, 
drivers have to respond promptly. Take-over quality deals with how 
smoothly and safely the driver resumes control, aiming for minimal 
disruption and continuous safe vehicle operation.

Several factors within the designed system can influence both take- 
over time and quality. In particular, the time budget plays a crucial 
role. Research predominantly shows that a short time budget reduces 
take-over time but also impact negatively on take-over quality (Weaver 
and DeLucia, 2020). Additionally, take-over request (TOR) signals that 
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are integral to the human–machine interface (HMI) and categorized by 
Jansen et al. (2022) into visual, auditory, and tactile types, significantly 
affect the TOC process through their distinct attributes. Previous works 
indicated that bimodal and trimodal signals prompt quicker driver re
sponses to unexpected driving events than unimodal ones (McNabb, 
2017). In addition, the location of TOR equipment such as the instru
ment cluster, center console, windshield, and head up display play an 
important role in TOC process (McNabb, 2017; Politis et al., 2017).

Another factor within the system design that can affect TOC is the 
transition mechanism. This mechanism allows drivers to deactivate the 
automated system and resume manual control. Various methods for 
regaining control include pressing a button, rotating the steering wheel, 
pressing pedals (Zeeb et al., 2016), touching a screen, using voice 
commands, or employing mid-air gestures (Detjen et al., 2020). The first 
three methods have been the ones used most in previous works and are 
widely employed in existing automated vehicles. A number of studies 
have employed a single method such as a button on the steering wheel 
(Chen et al., 2021; Huang and Pitts, 2022; Tan and Zhang, 2022; Yoon 
et al., 2021) or pedals (Melcher et al., 2015), with some studies pre
senting multiple methods (Du et al., 2020; Wu et al., 2022; Wu et al., 
2021). Louw et al. (2015) found that drivers predominantly used the 
brake in both critical (i.e., an impending collision scenario) and non- 
critical (i.e., ordinary lane-change of a front vehicle) events in heavy 
fog, while turning the steering wheel was the second most utilized 
method when all options were available. In contrast, only a few drivers 
used the button. However, in non-critical events in light fog, the order of 
method used was (i) turning the steering wheel, (ii) pressing the button, 
and then (iii) braking. Gold et al. (2013) observed that increasing the 
time budget led to a rise in steering inputs relative to braking when 
overriding automation.

The duration time for lane-change maneuvers tends to be longer and 
significantly more variable for drivers who use braking to TOC 
compared to those who used the steering wheel (Petermeijer et al., 
2017). Additionally, the steering wheel angle is greater during lane 
changes, suggesting a lower quality of control with braking relative to 
steering as a takeover mechanism. The results from Petermeijer et al. 
(2017) were almost similar across the modalities of auditory, vibro
tactile, and their combination. When examining both critical (a 
damaged stationary car in a lane not occupied by the ego vehicle) and 
non-critical situations (a stationary damaged vehicle in front of the ego 
lane) when both the steering wheel and braking pedals are available for 
overriding automation, Wu et al. (2019) observed that the reaction 
times of drivers who preferred steering is slower than those who chose 
braking. This implies that tasks involving lateral control could necessi
tate greater cognitive effort and longer decision–making times, poten
tially leading to longer TOC times. These results align with those of Zeeb 
et al. (2017), who concluded that the effects of a cognitive task load on 
driver intervention types varies: reaction times and takeover quality 
deteriorates with increased cognitive load during steering maneuvers, 
though these effects are not significant for braking interventions. Wu 
et al. (2022) also found braking reaction times to be shorter than 
steering reaction times and regarded the minimum of these two as the 
TOC time for each driver.

Despite existing insights, a comprehensive investigation into the 
specific effects of different TOC mechanisms has yet to be undertaken. 
Although some studies consistently use only one mechanism in their 
experiments (Chen et al., 2021; Huang and Pitts, 2022; Tan and Zhang, 
2022; Yoon et al., 2021), such as a button on the steering wheel or the 
pedals, no comparisons between them have been made. Additionally, 
some studies introduce multiple TOC mechanisms simultaneously 
within the same experiment (Du et al., 2020; Wu et al., 2022; Wu et al., 
2021), which makes it difficult to compare their individual effects. This 
complicates the analysis and limits the ability to determine the effec
tiveness of each mechanism under specific conditions. Such approaches 
restrict the ability to generalize findings across different TOC mecha
nisms, a limitation highlighted by Merlhiot and Bueno (2022) in their 

systematic review. This gap underscores the need for our research to 
systematically evaluate and compare the impacts of various TOC 
mechanisms on takeover time and quality, thereby advancing the un
derstanding of human–automation interaction in CAD systems.

This research presents an experimental comparison of various TOC 
mechanisms, including accelerating/braking, pressing a button, and 
steering, conducted through dedicated test drives on a driving simulator. 
The purpose of the work is to analytically isolate and compare the in
dividual effects of each different TOC mechanism on driving perfor
mances. Furthermore, two additional research layers are added by 
addressing both merging and diverging maneuvers as well as inserting a 
critical situation designed to generate a potential collision. Therefore, 
the core research question of this thesis is as follows: how do different 
TOC methods affect driving performance in merging/diverging ma
neuvers and safety in critical situations?

2. Methods

2.1. Driving simulator

The driving simulation experiments were conducted at the TRA
FIKKLAB in NORD University, Norway. The laboratory was equipped 
with a fixed-base driving simulator provided by AV Simulation (France) 
operating with SCANeR Studio® software. The simulator features three 
43-inch screen monitors (1920 x 1080 pixels) and providing a total field 
of view of 140◦ horizontally and 30◦ vertically. The simulator also 
included force–feedback steering wheels, pedals, manual gearboxes, and 
adjustable seat. Additionally, vibration pads were integrated to simulate 
pavement roughness, wheel rolling, and shocks. The simulator was 
equipped with a 2.1 surround sound system, which reproduced realistic 
sounds of car engines, roads, wind, and other environmental noises, 
thereby enhancing the immersive experience.

2.2. Implemented CAD and HMI characteristics

The CAD system was simulated in the experiment. Once automation 
was activated by the driver using a button on the steering wheel, the 
system managed the driving operation until it reached predefined points 
that simulated uncertain conditions or operational limits. At these 
points, the system used the HMI to prompt the driver to resume control 
of the vehicle and perform whatever maneuvers were necessary. Three 
pieces of information were provided to the driver via visual messages on 
the HMI: (i) the current driving mode, indicating whether automated 
driving was active or not (Fig. 1a and 1b, respectively), (ii) autonomous 
mode available, together with a beep sound, prompting the driver to 
activate automated driving (Fig. 1c), and (iii) resume control or TOR, 
accompanied by an auditory alert (Fig. 1d). A 5 s time budget was 
selected (Doubek et al., 2020; Mok et al., 2015), a duration sufficient for 
drivers to TOC while still presenting a challenge, particularly in critical 
situations. This time frame was chosen because it was shown to result in 
a few collisions, making it effective for testing driver responses (Doubek 
et al., 2020; Mok et al., 2015).

2.3. Test track

The test track was a two-lane freeway with a speed limit of 110 km/ 
h, connected to another similar two-lane freeway via a ramp. This ramp 
included a series of curves designed for a speed limit of 70 km/h, 
including simple curves with a length of 150 m and a radius of 200 m. 
These simple curves were connected to the straight sections by spiral 
curves with a length of 40 m. Fig. 2 shows a scheme of the test track 
designed according to AASHTO (2018) standards. The lane and shoulder 
width were 3.6 and 3.0 m, respectively. The diverging ramp terminal 
included a taper segment of 75 m and a deceleration lane with a length 
of 120 m and a width of 3.6 m. The merging ramp terminal had an ac
celeration lane with a length of 200 m and a width of 3.6 m; the taper 
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length of the merging terminal was 90 m.

2.4. Experimental design

This study conducted a detailed comparative analysis of take-over 
mechanisms in ordinary (non-critical) merging and diverging maneu
vers, and critical situations where the driver had to suddenly regain 
control of the vehicle when two crashed vehicles were visible on the 
rightmost lane of a curve with an available sight distance limited to 150 
m. This distance was selected to generate a TOR equal to 5 s before the 
crash site. The same TOR was issued 5 s before the start of the taper for 
diverging and merging the motorway. A within-subject design was 
employed for such non–critical merging and diverging maneuvers, 
allowing each participant to drive three times on the test track, with a 
different take-over mechanism active during each run dispensed in a 
randomized order: (i) accelerating/braking, (ii) pressing a dedicated 
button, and (iii) steering. Although some vehicles were present to make 
the environment realistic, they did not affect the subject vehicle’s ma
neuvers in this study.

To minimize bias that might arise from repeated exposure, a 
between-subject design was implemented for the critical situation. 
Therefore, each participant was exposed to the critical situation only 
once, with this occurring on the last run and involving randomly 
assigned take-over mechanism. Assuming a separate analysis for merg
ing and diverging situations, a factorial multilevel categorical design 
was used, with drivers treated as a block and a significance level of 0.05. 
The power of this design was 99.9 % with 30 participants, indicating a 
very low probability of Type II errors. The assignment of the critical 
situation to a specific take-over mechanism ensured that each mecha
nism was tested by one-third of the participants, yielding a power of 
97.3 % for this portion of the study.

The remaining non-critical test runs employed the other take-over 
mechanisms in a random sequence for each participant. Fig. 2 illus
trates the scheme of the final run for each participant; the first two runs 
did not include the critical event.

2.5. Participants

In accordance with the Code of Ethics of the Association (2024), 
thirty Norwegian licensed drivers participated in the experiment on a 
voluntary basis without receiving any benefit or payment. The partici
pants included 15 males and 15 females aged between 23 and 38 (M =
28.5 years; SD = 5.0 years). The participants had an average of 8.5 years 
of driving experience (SD = 4.3 years) and reported an annual driving 
distance of 16654 km per year (SD = 7339 km per year). On average, 
participants had been involved in 0.73 crashes (SD = 0.82). An equal 
representation of male and female participants was selected to reduce 
potential gender bias. Participants were chosen from the young to 
middle-aged demographic, as this group is more likely to adopt and 
utilize the latest automotive technologies, including CAD (Classen et al., 
2024). Prior to the data collection, the Norwegian Agency for Shared 
Services in Education and Research (SIKT) was informed about the study 
and approved the planned procedures to follow the ethical guidelines 
and to respect the privacy of participants (ref. nr. 909586).

2.6. Experiment protocol, data collection, and manipulation

The simulator experimental protocol ensured that participants (i) 
completed a pre-drive questionnaire, (ii) received an overview of the 
system’s functionality and operation, (iii) drove the three simulated 
scenarios with three–minute rest intervals, all preceded by a pre-drive 
training session which was repeated before each driving session, (iv) 
completed a survey between each session, and (v) completed a post- 
drive questionnaire.

The pre-drive questionnaire was designed to gather participants’ 
demographic information. It is worth pointing out that a pre-drive 
questionnaire was provided online along with the invitation letter dur
ing the recruitment phase. At the driving simulator laboratory, drivers 
received an overview of the system’s functionality and the meaning of 
HMI messages. During the pre-drive training sessions, participants 
received an explanation and tested the available transition method for 
the upcoming driving session several times on a straight road track to get 
familiar with the method. After each driving session, participants 
completed surveys rating the take-over mechanism on an acceptance 

Fig. 1. Vehicle HMI.

Fig. 2. Scheme of the test track and driving simulation scenario.
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scale (Van Der Laan et al., 1997) for merging/diverging maneuvers and 
critical situations. At the end of the experiment, participants completed 
the post-drive questionnaire to indicate their preference among the 
three different take-over mechanisms (i.e., accelerating/braking, 
pressing a dedicated button, and steering). Additionally, drivers pro
vided feedback by filling out a simulator sickness questionnaire and 
none reported experiencing it. Participants were also asked to report 
their prior experience with conditionally automated driving (CAD) and 
advanced driver assistance systems (ADAS). As shown in Table 1, half of 
the participants indicated prior experience with CAD, and the majority 
had previously used specific ADAS features, such as Adaptive Cruise 
Control (ACC), Intelligent Speed Adaptation (ISA), Autonomous Emer
gency Braking (AEB), and Lane Keeping Assist/Warning (LKA). To 
minimize the potential influence of familiarity with the CAD, a training 
session was included in the protocol before each experimental drive. 
Before starting each run, the driver was informed that ‘Oslo’ was their 
destination. The destination was communicated to the driver by means 
of traffic signs. The automated vehicle operated in the right lane at a 
speed of 110 km/h. Participants were instructed to keep their hands off 
the steering wheel and their feet off the pedals while using the auto
mated mode. They were not allowed to deactivate or activate the 
automated system on their own but only when they received the TOR.

As indicated in Fig. 3, the exact times of the vehicle’s take-over 
request and the driver’s take-over control were recorded to calculate 
the corresponding TOR and TOC times, respectively. Additionally, the 
speed, the longitudinal and lateral position, and the longitudinal and 
lateral acceleration of the subject (ego) vehicle for 5 s after take-over 
were extracted at a frequency of 100 Hz. From this raw data, the 
maximum resultant acceleration and deceleration observed within a 5 s 
period post-take-over were employed as metrics to evaluate take-over 
quality for both diverging and merging maneuvers.

2.7. Statistical analysis

2.7.1. Modelling take-over control time
Time duration models are pivotal in analyzing time-to-event (sur

vival) data, as they precisely delineate the influence of various factors on 
the timing of events (Kleinbaum et al., 2012). This detailed under
standing enables accurate predictions, which are crucial for this study’s 
focus on modelling take-over times and evaluating different factors, 
including TOC mechanisms.

T is a nonnegative and continuous random variable representing 
take-over time, characterized by a probability density function f(t) and a 
cumulative distribution function F(t). The survivor function S(t), which 
is the probability that a driver fails to take-over control in time t is 
defined as Eq. (1). The hazard function h(t) is defined in Eq. (2), and 
represents the rate at which a driver is likely to TOC immediately after 
time t, given that the take–over has not occurred up until t. This function 
measures the intensity of the risk of the event occurring at each moment, 
rather than providing a direct probability of the event: 

S(t) = Pr(T ≥ t) = 1 − F(t) (1) 

h(t) = lim
Δt→∞

Pr(t < T ≤ t + Δt|T ≥ t)
Δt

=
f(t)

1 − F(t)
(2) 

The Accelerated Failure Time (AFT) and proportional hazard para
metric models are two distinct approaches for assessing the impact of 
covariates on a hazard function. The AFT model captures the direct ef
fect of a factor on survival time. This approach allows for a simpler 
interpretation of results, as the estimated parameters directly quantify 
the effect of each covariate on the mean TOC time (Haque and Wash
ington, 2014). Consequently, the AFT model was employed in this study. 
The AFT model is defined by Eq. (3) in which the natural logarithm of 
take-over time is a linear function of independent variables: 

ln(T) = βX+ ε (3) 

where X and β are the vectors of independent variables and estimable 
parameter, respectively, and ε is the error term. The take-over time 
exhibits positive duration dependence, with the likelihood of a driver 
taking over control increases over time. These events, characterized by a 
monotonically increasing hazard rate, are well-modelled by the Weibull 
distribution when its shape parameter p is greater than 1, indicating that 
the probability of a take-over increases with time. Therefore, the Wei
bull model is appropriately applied to analyze take-over time in this 
study. The hazard and survival functions of the Weibull duration model 
are defined by Eq. (4) and Eq. (5), respectively: 

h(t) = ptp− 1exp(− pβX) (4) 

S(t) = exp(− tpexp( − pβX)) (5) 

The hazard rate increases with take-over time when p > 1 and de
creases when p < 1. Notably, the Weibull distribution simplifies to an 
exponential distribution when p = 1.

Given that this experiment adopted a within-subject design for non- 
critical take-over controls, unobserved heterogeneity poses a significant 
challenge. Incorporating shared frailty, akin to random effects models, 
effectively addresses this unobserved heterogeneity. The Weibull AFT 
with shared frailty can be expressed by Eq. (6) and Eq. (7): 

hij(t|αi) = αihij(t) (6) 

Sij(t|αi) = exp
(

−

∫ t

0
hij(u|αi)du

)

= exp
(

− αi

∫ t

0
hij(u)du

)

(7) 

where hij and Sij are the hazard and survival functions, respectively, for 
the ith driver using the jth observation; αi represents the frailty of ith 

driver and is assumed to follow a Gamma distribution with a mean of 
one and a variance of θ. Parameters of model were estimated using 
maximum likelihood method.

2.7.2. Modelling take-over control quality and safety
For non-critical conditions, Maximum Resultant Deceleration (MRD) 

and Maximum Resultant Acceleration (MRA) values within 5 s after the 
driver had resumed control were determined as a TOC quality mea
surement for diverging and merging maneuvers, respectively. The term 
‘resultant’ refers to the magnitude of the vector combining both longi
tudinal (along the direction of travel) and lateral (perpendicular to the 
direction of travel) components of vehicle acceleration or deceleration. 
This parameter was chosen because it covers a broad spectrum of vehicle 
dynamics (Tanshi and Soffker, 2022). The Mixed-effect linear model was 
used to model MRD and MRA since there were repeated measurements 
for participants and since both are continuous. For critical situations, 
Minimum Time-to-Collision (MTTC) was used. Time-to-Collision (TTC) 
was calculated by dividing the remaining distance to the crashed vehi
cles by the vehicle’s speed when the vehicle was in the right lane of the 
road. The smallest TTC value measured since the ego vehicle was in the 
rightmost lane was considered as MTTC, and multiple linear regression 
was used to model the MTTC. The details of both mixed-effects linear 

Table 1 
Participants with experience in CAD and ADAS modules (No. of participants =
30).

Usage CAD ACC ISA AEB LKA

Never 15 1 5 11 4
Seldom 7 4 12 8 9
Sometimes 4 7 4 2 5
Often 2 13 7 6 9
Always 2 5 2 3 3
Note: CAD = Conditionally Automated Driving; ACC = Adaptive Cruise Control; ISA =

Intelligent Speed Adaptation; AEB = Autonomous Emergency Braking; LKA = Lane 
Keep Assist/Warning.
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Fig. 3. Scheme of Automation Control and Data Extraction in non-critical (a) diverging and (b) merging manoeuvres, and (c) critical situation (figure not in scale).
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and multiple linear regression models can be found in Wooldridge 
(2018). The Mixed-effect linear model was also used to analyze partic
ipants’ self-evaluation of the TOC mechanisms, including their 
perceived usefulness and satisfaction.

3. Results

3.1. Results on driving performance

Table 2 presents a summary of dependent variables. In five instances 
during diverging scenarios, the driver took control of the vehicle before 
the TOR, resulting in five missed data points from the planned 90 ob
servations. Consequently, a total of 205 observations were collected: 85 
for diverging maneuvers, 90 for merging, and 30 for critical situations. 
On five occasions during diverging scenarios, the driver took control of 
the vehicle before the TOR, resulting in five missed data points out of the 
planned 90 observations. The descriptive statistics indicate that the 
longest average TOC time was associated with the steering wheel 
mechanism in both diverging and merging conditions, except in critical 
situations, where the button mechanism had the longest average TOC 
time. The shortest average TOC time was associated with the pedal 
mechanism in all conditions except diverging. The steering wheel 
mechanism resulted in the highest average MRD and MRA with the most 
severe variation in diverging and merging conditions, respectively, 
within 5 s after taking over control. In the diverging condition, all 
participants resumed control within the time budget (i.e., 5 s). However, 
in the merging condition, two participants slightly exceeded this time 
when the steering wheel was the active mechanism. In critical situations, 
all participants reacted within the time budget except one who was 
using the button mechanism. Nevertheless, four collisions did occur: 
three with the button mechanism and one with the steering wheel one. 
For these collisions, the MTTC value is zero (Table 2). Table 2 shows that 
the longest average MTTC, indicating the safest situation, was observed 
when the pedal mechanism was active. The worst situation was associ
ated with the button mechanism, which had the shortest average MTTC.

Table 3 presents the estimated TOC time models for three different 

conditions: diverging maneuvers, merging maneuvers, and critical sit
uations. Using the STATA statistical software (StataCorp, 2017), Weibull 
AFT models with shared frailty were applied to the data from non- 
critical situations, which include diverging and merging maneuvers. 
However, since the critical situation does not involve repeated mea
sures, a Weibull AFT model without shared frailty was estimated. The 
results of the likelihood ratio (LR) tests demonstrate that all three 
models are significant in overall terms (χ2 > 20, p-value < 0.0001). 
Table 3 indicates that the shape parameter, p, of the Weibull distribution 
for all models is greater than 1, suggesting that the probability of a 
takeover increases as the duration extends. The results of the LR test 
showed that the θ values were statistically significant (χ2 > 6, p-value <
0.01) for both Weibull AFT models with shared frailty in the diverging 
and merging conditions, implying that the shared frailty was significant.

The results indicate that TOC mechanisms significantly affect TOC 
time at the 95 % confidence level. As shown in Table 3, significant 
differences were observed in TOC times when using the steering wheel 
and pedals compared to the button. However, in the diverging condi
tion, the difference in TOC time between the pedals and button mech
anisms was not significant at the 95 % confidence level. No statistically 
significant effects related to the age and gender of participants were 
found at the 95 % confidence level. The positive and negative co
efficients associated with the pedal and steering wheel mechanisms, 
respectively, suggest that using these mechanisms instead of the button 
(baseline mechanism) leads to a deceleration and acceleration of the 
TOC time. For example, in the merging condition, the TOC time when 
using the pedal mechanism should be multiplied by e–0.162 = 0.85 s 
compared to the baseline mechanism. This indicates that the TOC time is 
15 % shorter with the pedal mechanism than when using the button. 
Since the average TOC time for the button mechanism is e0.495 = 1.64 s, 
this means that drivers will regain control 0.25 s sooner with the pedal 
mechanism than with the steering wheel one.

Table 4 shows the estimation of linear mixed model parameters of 
MRD for diverging and MRA for merging maneuvers. The results of the 
LR test demonstrated that the inclusion of random effects significantly 
improved the model fit at the 95 % confidence level. The overall sig
nificance of models was tested by LR tests which implied that models for 
diverging and merging conditions were significant at 95 % and 90 % 
confidence levels, respectively. The model’s results suggested that there 
was a significant difference in MRD and MRA when comparing the 
steering wheel to the button TOC mechanism at the 95 % confidence 
level. However, no significant differences were observed between the 
pedal and button TOC mechanisms.

The results of the linear regression model presented in Table 4
indicated that the model was significant at the 95 % confidence level and 
since the TOC mechanism was the only factor included, this made it 
responsible for about 37 % of all the variability in the MTTC values. 
Using pedals as the TOC mechanism resulted in higher MTTC values 
compared to using a button, signifying a safer situation.

3.2. Results from self-evaluation

At the conclusion of each driving session, participants evaluated the 
TOC mechanisms using the System Acceptance Questionnaire (Van Der 
Laan et al., 1997), which consists of nine scales subsequently grouped 
into two subscales: usefulness and satisfaction. The subscales of useful
ness and satisfaction represent participants’ evaluations of the TOC 
mechanisms’ effectiveness and their overall comfort, respectively. 
Fig. 4a illustrates the distribution of ratings for the three TOC mecha
nisms on a scale ranging from + 2 (maximum positive rating) to − 2 
(maximum negative rating) during merging and diverging maneuvers. 
Linear mixed models were employed to assess statistically significant 
differences among the three TOC mechanisms, with Scheffé’s method 
applied for post-hoc adjustments to evaluate usefulness and satisfaction. 
The results revealed significant differences (p < 0.001) across all paired 
comparisons. The pedal mechanism received the highest ratings, 

Table 2 
Descriptive Statistics of Dependent Variables Based on Take-over Mechanisms 
and Conditions. (Noted: M = mean, SD = standard deviation).

Variables TOC 
mechanisms

Unit M SD Min. Max.

Diverging ​ ​ ​ ​ ​ ​
Take-over (TOC) time Button s 1.55 0.57 0.65 2.69

Pedals s 1.61 0.82 0.63 3.93
Steering wheel s 2.66 1.03 0.04 4.29

Maximum Resultant 
Deceleration (MRD)

Button m/ 
s2

1.05 0.48 0.63 2.53

Pedals m/ 
s2

0.95 0.39 0.48 2.37

Steering wheel m/ 
s2

1.41 0.56 0.74 2.96

Merging ​ ​ ​ ​ ​
Take-over (TOC) time Button s 1.69 0.48 0.94 2.94

Pedals s 1.40 0.39 0.59 1.89
Steering wheel s 2.38 1.02 1.29 5.19

Maximum Resultant 
Acceleration (MRA)

Button m/ 
s2

2.15 0.19 1.89 2.58

Pedals m/ 
s2

2.22 0.18 1.97 2.67

Steering wheel m/ 
s2

2.24 0.29 1.80 3.02

Critical situation ​ ​ ​ ​ ​
Take-over (TOC) time Button s 2.49 1.55 1.39 6.64

Pedals s 1.04 0.33 0.49 1.74
Steering wheel s 2.00 1.19 1.19 2.69

Minimum Time-to- 
Collision (MTTC)

Button s 1.35 1.15 0.00 3.03
Pedals s 3.07 0.72 1.33 3.85
Steering wheel s 1.81 0.84 0.00 3.09
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followed by the button mechanism, with the steering mechanism 
receiving the lowest ratings.

At the conclusion of the final driving session, participants also 
evaluated the three TOC mechanisms specifically for the critical condi
tion (crash scenario). Fig. 4b presents box plots comparing the ratings of 
the mechanisms on usefulness and satisfaction scales. Statistically sig
nificant differences were observed for all paired comparisons among the 
mechanisms (p < 0.05), except for the satisfaction scale comparison 
between the steering wheel and the button. The pedal mechanism 
consistently received the highest ratings on both scales, with a higher 
median and lower variability compared to the other mechanisms. This 
indicates that participants perceived it as the most effective and satis
fying option in critical situations. The steering mechanism demonstrated 
moderate performance, with ratings clustered closer to neutral and 
greater variability, reflecting mixed participant opinions. In contrast, 
the button mechanism was rated the lowest across both subscales, with 
negative median ratings, although its satisfaction scale rating was not 
significantly different from that of the steering wheel. These results 
suggest that participants found the steering mechanism to be the least 

effective and, along with the button, least satisfactory option for man
aging a critical condition.

At the end of the experimental session, participants were asked to 
provide their preferences about the three TOC mechanisms. Specifically, 
participants responded to two questions in a multiple-choice option: (i) 
which TOC mechanism did you prefer during the simulator experi
ments? and (ii) if you had to choose, which TOC mechanisms would you 
want in your vehicle?

In response to the first question, the majority of participants (26 out 
of 30) selected the pedal mechanism as their preferred TOC option, 
while three participants preferred the button mechanism and only one 
participant chose the steering mechanism (Fig. 5a). Similar results were 
observed for the second question. In this case, all participants selected 
the pedal mechanism except for one. Additionally, since participants 
were allowed to choose multiple options, some expressed a preference 
for combinations of two or three mechanisms, as illustrated in Fig. 5b. 
These results demonstrate the strong preference for the pedal mecha
nism across both questions, reflecting its perceived ease of use and 
effectiveness. The allowance for multiple selections in the second 

Table 3 
Estimation of the Weibull AFT Models with Shared Frailty for TOC Time.

Diverging Merging Critical
β Std. err. p-value β Std. err. p-value β Std. err. p-value

TOC mechanism ​ ​ ​ ​ ​ ​ ​ ​ ​
Pedals 0.048 0.0977 0.623 − 0.162 0.0619 0.009 − 1.055 0.1738 0.000
Steering wheel 0.565 0.0941 0.000 0.346 0.0663 0.000 − 0.426 0.1750 0.015
Constant 0.458 0.079 0.000 0.495 0.0590 0.000 1.164 0.1311 0.000
p 2.981 0.3722 − 4.552 0.5048 − 2.643 0.3537 −

θ 0.310 0.1865 − 0.716 0.2888 − − − −

# observations 85 − − 90 − − 30 − −

Table 4 
Estimation of Linear Mixed-Effect Models of MRD and MRA (Diverging and Merging Conditions) and Linear Regression Model of MTTC (Critical Condition.

Diverging Merging Critical
β Std. err. p-value β Std. err. p-value β Std. err. p-value

TOC mechanism ​ ​ ​ ​ ​ ​ ​
Pedals − 0.100 0.1140 0.379 0.071 0.0449 0.114 1.723 0.4115 0.000
Steering wheel 0.351 0.1128 0.002 0.093 0.0449 0.039 0.457 0.4115 0.277
Constant 1.055 0.079 0.000 2.148 0.0407 0.000 1.350 0.2910 0.000
Random-effects parameters ​ ​ ​ ​ ​ ​ ​ ​ ​
σ2 of intercepts 0.046 0.030 − 0.020 0.0078 − − − −

σ2 of residuals 0.181 0.034 − 0.030 0.0055 − − − −

# observations 85 − − 90 − − 30 − −

Fig. 4. System Acceptance rating for TOC mechanisms based on usefulness and satisfaction scale in (a) diverging and merging maneuvers (b) crash situation/ 
critical condition.
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question also shows up some participants’ interest in the favor of mul
tiple TOC mechanism instead of only one.

4. Discussion

This study analyzed the efficiency of various TOC mechanisms in 
CAD systems under diverse driving conditions. Fig. 6 indicates the sur
vival curves for take-over times under the different conditions 
(diverging, merging, and critical situations) which provide additional 
insights into the performance and safety of these mechanisms. These 
curves illustrate the probability of drivers failing to take over control 
from the automated system over time, offering a visual representation of 
how quickly drivers can respond under different scenarios. The survival 
curves for the diverging and merging conditions show that the use of the 
pedal mechanism consistently resulted in the shortest TOC times, with a 
steep decline in the survival function indicating quick driver responses. 
This suggests that braking and accelerating are more intuitive and im
mediate actions for drivers, leading to faster and more reliable take-over 
performances. In contrast, the steering mechanism exhibits a more 
gradual decline, suggesting longer times to complete the task and indi
cating that lateral control may demand greater cognitive effort and 
decision-making time. This is likely due to the increased risk of lateral 
displacement associated with steering, which raises the probability of 
collisions with surrounding vehicles. The results align with the drivers’ 
self-assessments, as they rated the steering mechanism lower than the 
pedals and buttons in terms of both usefulness and satisfaction (Fig. 4a). 
These findings are consistent with previous research, which indicates 
that tasks involving lateral control can lead to longer reaction times 
compared to longitudinal control tasks like braking (Wu et al., 2019; Wu 
et al., 2022; Zeeb et al., 2017).

In critical situations, the survival curves indicate a marked difference 
between the mechanisms. The button mechanism results in the longest 
TOC times, with the survival function declining more slowly compared 
to the pedal and steering wheel mechanisms. This could be attributed to 
drivers being less familiar with using a button for take-over, as it is less 
commonly used in everyday driving. Consequently, drivers may need 
more time to locate and press the button, especially under stressful 
conditions. This was reflected in the post-drive questionnaire, where 
participants gave the button mechanism a negative rating on the 
acceptance scale (Fig. 4b). The analysis of MTTC further supports the 
survival curve findings. The pedal mechanism shows the highest MTTC 
values, which is an inherently safer scenario as it means drivers have 
more time to react and, thus, avoid collisions. Conversely, the button 
mechanism had the lowest MTTC values, suggesting higher risk and 
potentially more dangerous situations due to slower take-over response 
times. The pairwise comparison between TOC mechanisms is presented 
in Fig. 7c and adjusted using Scheffe’s method to avoid inflating type I 
error. The confidence intervals depicted in Fig. 7c highlight that the 
pedal mechanism significantly outperforms both the button and steering 

wheel mechanisms in critical situations, providing a safer overall 
response and fewer collisions. Regarding driver preferences for the take- 
over control (TOC) mechanism, the MTTC results align with partici
pants’ self-evaluations, as most drivers favored the pedal as TOC method 
(Fig. 5). The safety performance in terms of MTTC of the steering 
mechanism was not significantly different from that of the button one. 
However, three out of four collisions occurred when the button mech
anism was active, and only one was related to the steering wheel. A 
similar trend of collisions in critical situations were observed in previous 
studies (Doubek et al., 2020; Mok et al., 2015) when the time budget was 
around 5 s. However, for longer time budgets, no crashes were reported, 
and the type of TOC mechanisms used was not clear.

The pairwise comparisons between TOC mechanisms in Fig. 7a show 
that the steering wheel mechanism had a statistically higher MRD 
compared to the other two mechanisms in the diverging condition, 
primarily due to its higher lateral acceleration. Moreover, although the 
pedal mechanism had a lower MRD than the button one, this difference 
was not statistically significant at the 95 % confidence level. Fig. 7b 
indicates that the variability in MRA between participants was signifi
cant in the merging condition. However, there is no evidence of statis
tically significant differences in MRA between the various TOC 
mechanisms.

Enhancing driver familiarity with automated systems through prac
tical training programs has been demonstrated to significantly improve 
driver responses in critical situations (Qiao et al., 2024). Research in
dicates that interactive tutorials and detailed user manuals are vital in 
supporting the formation of accurate mental models, crucial for effective 
human–automation interaction. This type of training is equally appli
cable to various TOC mechanisms, enabling drivers to better understand 
system functionality and expected behaviors, thereby improving their 
management of takeovers (Qiao et al., 2024; Zhang et al., 2022). 
Furthermore, programs aimed at the rapid development of mental 
models substantially enhance drivers’ capabilities to navigate transi
tions between manual and automated driving modes. Such training 
equips drivers to more effectively handle emergency scenarios, thus 
enhancing overall safety during takeovers (Qiao et al., 2024).

5. Conclusions

This study provides a comprehensive analysis of different TOC 
mechanisms in conditionally automated vehicles under various driving 
conditions. A driving simulation study involving 30 participants was 
conducted. Both merging and diverging maneuvers, and a critical situ
ation involving crashed cars in front were investigated under three 
different TOC mechanisms: pressing pedals, pressing a button on the 
steering wheel, and rotating the steering wheel. Weibull AFT models 
with/without shared frailty, mixed-effect linear regression, and multiple 
linear regression were used to model TOC time, MRA, and MTTC.

The findings highlight that the pedal mechanism generally offers 

Fig. 5. Participant responses regarding the use of TOC mechanisms: (a) preferred TOC mechanism among the three options provided during the experimental drives, 
and (b) preferred single or combined TOC mechanisms for use in their vehicles. Note: filled blocks represent the selected answer.
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quicker and safer takeovers, especially in critical situations. In contrast, 
the button mechanism resulted in the longest TOC times and the lowest 
MTTC values, indicating higher risks in critical situations. The steering 
wheel mechanism resulted in the highest MRD, MRA, and TOC times in 
non-critical situations, suggesting that lateral control might be more 
cognitively demanding for drivers. These insights underscore the 
importance of selecting appropriate TOC mechanisms to enhance the 
safety and efficiency of CAD systems and ensure better preparedness and 
responses from drivers when manual intervention is required. The re
sults of this study can be used to improve the transferability of previous 
works that used only one mechanism, such as a button. This is partic
ularly relevant when combining the results of previous studies, which 
may suffer from the limitation of not considering the effect(s) of specific 

TOC mechanisms.
Future research should continue to explore the dynamics of the 

human-automation interaction process and consider the integration of 
multi-modal TOC mechanisms to optimize driver responses in varying 
scenarios. A limitation of this study was the absence of non-driving- 
related tasks, which are probable in CAD vehicles and should be 
included in future research. In this study, traffic variables were not 
considered as factors affecting the subject vehicle’s merging, diverging, 
or collision-avoidance maneuvers. Future research could examine how 
the behavior of surrounding traffic influences driver decision-making 
and response effectiveness in both ordinary and critical take-over sce
narios. Additionally, the interaction of different traffic- and geometric- 
related variables, as well as various time budgets, with various TOC 

Fig. 6. Survival curves for TOC time in 3 different conditions: (a) diverging, (b) merging, and (c) critical situation.
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mechanisms should also be investigated in future studies.
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