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Abstract

With the increasing adoption of regenerative braking technology in electric vehicles (EVs),
one-pedal driving (OPD) mode has become a prevalent feature. While OPD offers tech-
nical advantages in energy efficiency, its implications for driver behavior and traffic safety
remain unclear. To address the lack of human factors research in this domain, this study
utilized a driving simulator to systematically compare driving performance between OPD
and two-pedal driving (TPD) modes. Twenty-six participants engaged in car-following
tasks under varying traffic densities (uncongested vs. congested) and cognitive load levels
(normal vs. 1-back). Driving performance and safety were quantified using the absolute
speed difference, distance headway, braking frequency, and Time-to-Collision at brake
onset (TTCorake). The results revealed a significant trade-off: while OPD simplified opera-
tion, it led to compromised driving performance compared to TPD in specific contexts.
Specifically, OPD resulted in larger speed variations and reduced safety margins during
the approach stage. Conversely, under high cognitive load, OPD demonstrated a protec-
tive effect by mitigating performance degradation. These findings suggest that while OPD
can benefit drivers under mental pressure, its deployment requires adaptive safety strat-
egies, such as the integration of Headway Monitoring Warning (HMW) and Forward Col-
lision Warning (FCW), to compensate for performance deficits in complex traffic environ-
ments.

Keywords: one-pedal driving; traffic scenarios; cognitive workload; driving performance;
driving safety

1. Introduction

According to Global EV Outlook 2025 released by the International Energy Agency
(IEA) [1], global electric vehicle (EV) sales exceeded 17 million units in 2024, accounting
for more than 20% of total vehicle sales. To address range anxiety and optimize energy
efficiency, current efforts largely focus on advancing battery technologies [2] and expand-
ing accessible charging infrastructure [3], while vehicle-side energy-saving control strat-
egies are increasingly adopted in parallel. Prior research suggests that, particularly in ur-
ban driving where frequent acceleration and braking account for nearly 50% of energy
consumption [4]; accordingly, manufacturers have widely adopted the one-pedal driving
(OPD) system based on regenerative braking technology. By allowing drivers to
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decelerate solely by releasing the accelerator, OPD transforms kinetic energy into electri-
cal storage while simplifying vehicle control [5].

Currently, the automotive braking system is undergoing a technological transition
from the traditional two-pedal driving (TPD) mode to OPD. As OPD becomes increas-
ingly widespread, drivers must adapt to two distinct control paradigms. As an emerging
form of human-machine interaction (HMI), OPD departs from the TPD paradigm that
separates acceleration and braking actions, potentially inducing operational habit transfer
risks. Recognizing these concerns, China, the world’s largest EV market, has pioneered
regulatory intervention. The Ministry of Industry and Information Technology (MIIT) re-
cently updated the mandatory national standard GB 21670-2025 [6], stipulating that from
1 January 2026, the “full-stop” functionality of OPD must be disabled by default, requiring
manual activation by users [7,8]. This legislative move underscores a critical consensus:
while OPD offers undeniable energy benefits, its safety implications in complex real-
world scenarios remain controversial and require rigorous human factors scrutiny.

Existing human factors research on OPD presents a divided landscape. Proponents
highlight its operational advantages, such as faster deceleration response times [9], rapid
user adaptation [10], and improved control ability. However, other studies have high-
lighted potential safety concerns associated with OPD under specific driving conditions,
such as ambiguous foot movements [11] and insufficient braking intensity during emer-
gency events [12]. Ma et al. [12] primarily investigated safety-critical rear-end events by
parametrically manipulating situational urgency (via lead vehicle braking profiles and in-
itial headway) and quantifying drivers’ pre-crash reaction sequence (e.g., throttle release
and foot-transition timing) together with collision/TTC outcomes in a distraction-free en-
vironment. Overall, OPD’s applicability appears scenario-dependent: while it simplifies
conventional braking operations, it may simultaneously compromise safety under high-
demand driving conditions.

Despite the growing interest in OPD, most studies have focused on basic driving sce-
narios, whereas research in high-frequency congested traffic environments remains lim-
ited [13]. Research on OPD in congested traffic, where stop-and-go behaviors are frequent
and collision risks are elevated [14], has primarily examined drivers’ strategies and habits.
For instance, Schmitz et al. compared OPD behavior in urban and rural environments and
found that drivers in denser traffic conditions engaged regenerative braking more fre-
quently [13]. Cocron et al. further observed, through on-road field studies, that drivers
often perceived OPD deceleration as “too abrupt” during stop-and-go traffic [15]. Overall,
the current literature on OPD under congested conditions remains limited. Few studies
have quantitatively assessed driver behavior and safety in such scenarios.

Furthermore, due to the high frequency and severity of collisions during car-follow-
ing, car-following behavior has become one of the key topics in studies of driving safety
under congested traffic conditions. From the perspective of driving task, car-following
behavior essentially reflects the dynamics of the self vehicle (5V) and the lead vehicle (LV)
movements in the traffic flow, which can be decomposed into an alternating following
stage and approach stage [16]. The following stage represents a relatively stable mainte-
nance period, during which the driver maintains a dynamic equilibrium distance head-
way from the LV through subtle acceleration and deceleration adjustments [17]. The ap-
proach stage requires the driver to make more proactive responses based on situational
anticipation. Its core characteristic lies in the driver’s transition from a relatively free driv-
ing state to a constrained state in which close monitoring and reaction to the LV’s move-
ments become essential [18]. Although previous studies have extensively examined driver
behaviors across these two stages, they exhibit two major limitations. First, most existing
work has focused on the traditional TPD model [19,20]. Second, even the limited studies
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on OPD have primarily concentrated on the approach stage, highlighting OPD’s braking
advantages while neglecting behavioral characteristics in the following stage [21].

Within the human-vehicle-road closed-loop system, the driver is regarded as the
most vulnerable component. Among the numerous factors influencing driver behavior,
cognitive workload and driving performance are two fundamental factors. Clarifying the
relationship between the two factors is essential for improving driving safety [22]. Re-
search has shown that excessive workload can impair drivers” cognitive functioning, re-
duce safety awareness [23], and consequently deteriorate driving performance [24]. Con-
versely, when cognitive workload is excessively low, driving performance may also dete-
riorate, as drivers are prone to distraction and may overlook critical environmental infor-
mation [25]. While the relationship between cognitive workload and driving performance
is well-established in TPD [23], it remains underexplored in OPD. Whether the “reduced
workload” claimed by some OPD proponents leads to better control or, conversely, to
complacency and delayed reaction is yet to be determined. Moreover, existing studies
have mainly concentrated on basic operational performance, without fully addressing
cognitive and behavioral responses in safety-critical driving scenarios. Therefore, further
research is needed to explore the integrated effects of OPD across diverse driving scenar-
ios, with particular attention to human—machine interaction mechanisms and safety-re-
lated performance.

To address these gaps, this study utilizes a driving simulator to systematically eval-
uate the safety and driving performance of OPD compared to TPD. Specifically, this study
addresses the following research questions (RQs):

RQ1. How does OPD influence driving performance during the following stage?
RQ2. How does OPD influence driving performance during the approach stage?

RQ3. How do varying traffic densities and cognitive load modulate the safety performance of
OPD?

2. Methods
2.1. Participants

A total of 26 participants (13 males and 13 females) were recruited for this study,
ranging in age from 25 to 33 years (Mean = 28.0, Standard Deviation = 2.1). All participants
were in good physical health with normal or corrected-to-normal vision. The specific age
range was considered representative of the majority of drivers with substantial experience
in operating both electric vehicles (EVs) and internal combustion engine vehicles (ICEVs).
In addition, all participants reported prior skilled driving experience with both OPD and
TPD. All participants possessed a valid driver’s license and reported driving at least 500
km per year. The study was conducted in accordance with the principles of the Declara-
tion of Helsinki and was approved by the Science and Technology Ethics Committee of
Tongji University (tjdxsr012). Furthermore, informed consent was obtained from all par-
ticipants prior to their participation in the experiment. In addition, separate written in-
formed consent to publish anonymized individual details (e.g., age range, sex, driving
experience) was obtained from all participants.

2.2. Apparatus

The driving simulation system consisted of an open cab and computer-generated sce-
narios. The open cab consisted of a Fanatec® simulated cockpit (Fanatec, Landshut, Ger-
many) and three 45-inch screens with a 150° field of view (Figure 1). The simulated driving
scenarios and driving modes were built via SCANeR Studio® (2022) software
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(AVSimulation, Boulogne-Billancourt, France). Signals from the steering wheel, brake pe-
dal, and accelerator pedal were collected through the ACQUISITION module of the soft-
ware at a sampling frequency of 50 Hz.

- = - ey

One-Pedal Driving (OPD) Mode

1

Acelebrator Pedal
Release: Motor enters the
drive mode, vehicle
accelerates

Depress: Triggers regenerative braking
system, converts kinetic energy to
electrical energy, vehicle decelerates

The driving simulation system

Figure 1. Experimental apparatus.

To simulate the cognitive demand of complex in-vehicle interactions, participants
were required to perform a 1-back task concurrently with the driving task. The n-back
task is a widely adopted paradigm in HF/E research [26]. To occupy the driver’s cognitive
resources without interfering with the primary driving task, the auditory 1-back task was
adopted as the high-cognitive-load condition [27]. A randomized sequence of single digits
(0-9), generated via MATLAB (R2024b), was presented auditorily at a rate of one digit
every 2.25 s. Participants were instructed to verbally repeat the digit presented one trial
earlier while simultaneously listening to the current number in the sequence.

2.3. Experiment Design

Within the SCANeR studio® simulation platform, this study implemented two vehic-
ular control paradigms: the OPD mode and the TPD mode. The OPD mode was imple-
mented by mapping accelerator-pedal release to a prescribed deceleration profile. Previ-
ous research indicated that EVs with stronger regenerative deceleration (0.15-0.2 g) tend
to offer more direct controllability, and that the differences between the two modes be-
come more pronounced [9]. In production EVs, regenerative braking intensity is typically
configurable, and the resulting coasting deceleration can vary across vehicle models and
settings. To ground the simulator parameterization in real-world evidence, we referenced
an on-road measurement study that quantified regenerative deceleration for several main-
stream EVs [28]. Under high-intensity settings, the reported steady-state deceleration is
commonly close to 0.2 g. Accordingly, the regenerative braking intensity in the OPD mode
was set to approximately 0.2 g to represent a high-intensity one-pedal configuration, al-
lowing the mode-dependent behavioral differences to be more discernible. This choice is
also consistent with prior simulator-based OPD research adopting a comparable setting
(steady-state deceleration = 0.2 g) [12]. For the TPD mode, the default ICEV model pro-
vided by SCANeR studio® was used.

The simulated environment consisted of a 15.8 km bidirectional urban roadway with
three lanes in each direction. The car-following scenarios included both uncongested and
congested urban traffic conditions. To enhance realism, the swarm and trailer module in
SCANeR was used to generate slight opposing traffic flow. In the uncongested scenario,
traffic density on the same-direction road ranged between 200 and 300 vehicles per hour
[14]. Considering that different levels of lane occupancy influence roadway capacity [29],
the congested scenario was designed to fully occupy all lanes in one direction, such that
the SV was constrained to follow the LV. To mitigate learning effects, ten trigger points
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were randomly distributed along the route. When the LV reached a trigger point, it decel-
erated at a preset rate. In the uncongested scenario, the LV’s maximum speed was approx-
imately 50 km/h with a preset deceleration of 0.85 g, whereas in the congested scenario,
the maximum speed was about 6 km/h with a preset deceleration of 0.15 g. Upon comple-
tion of ten LV deceleration events, participants were notified that the trial had ended.

Furthermore, simulated chassis pitch dynamics were rendered during acceleration
and braking to provide realistic visual feedback of vehicle load transfer. Participants were
instructed to drive naturally, avoiding unrealistic behaviors such as extreme tailgating or
unnecessary emergency braking.

2.4. Procedure

Before the test runs, participants were required to read an information statement out-
lining the general information of the study. They were then asked to review and sign an
informed consent form. Afterward, participants completed a questionnaire that collected
information on demographics, driving experience, and simulator sickness. The experi-
mental procedure is illustrated in Figure 2. Prior to the formal experiment, participants
were given sufficient time (approximately 5 min) to familiarize themselves with the driv-
ing simulator, including the simulator controls (accelerator pedal, brake pedal and steer-
ing wheel) and the surrounding virtual environment. If any participant reported discom-
fort or showed signs of simulator sickness, the trial was immediately terminated for health
and safety reasons.

Informed consent Familiar with TPD &
document (2 mins) OPD (5 mins) ¢ 2x2driving conditions * 2x2 driving conditions
+ 10 deceleration * 10 deceleration
. . ’ . scenarios (10 x 4 mins) scenarios (10 x 4 mins)
Demographics, driving Practice drive: Car- « Counterbalanced order o Cotinterbalanced order
experience, and simulator following task and 1-
sickness (5 mins) back task (10 mins) TPD section (44 mins) OPD section (44 mins)
Completing Questionnaires Introduction Phase Simulated Driving Task
L " N L
X X ~120min
5 stages of the deceleration scenarios:
(a) Two vehicles stationary (b) The SV accelerates, then the LV accelerates (c) Stable following phase
(d) The LV decelerates when reaching the trigger point (e) The LV stops completely

Figure 2. Experimental Procedure.

Subsequently, participants completed a 10 min practice, which consisted of a car-fol-
lowing exercise and a secondary task training. During the car-following exercise, the LV
traveled at a constant speed of 50 km/h, and participants were instructed to maintain a
stable distance headway according to their natural driving habits. The SV speed was dis-
played in real time on the simulator screen. These same requirements applied in the for-
mal experiments. The next stage was the secondary task training. The experimenter in-
structed participants on how to perform the 1-back tasks and guided them through several
practice trials. In the formal experiment, participants’ primary task was to drive the sim-
ulated vehicle, the secondary task was to perform the 1-back task.

The experiment adopted a within-subject design, consisting of eight combinations of
experimental conditions: Two pedal modes (OPD vs. TPD) x Two traffic scenarios (Un-
congested vs. Congested) x Two cognitive loads (Normal vs. 1-back). Each participant
completed eight experimental conditions in total. The experiment was divided into two
main sessions (one for each driving mode), separated by a 10 min rest period to minimize
fatigue. In the uncongested scenario, the LV was positioned 20 m ahead of the SV in the
same lane, with both vehicles initially stationary. Once the participant pressed the accel-
erator pedal, the LV automatically accelerated to approximately 50 km/h and maintained
that constant speed. Each time the LV reached a trigger point, it decelerated unpredictably
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at a preset deceleration rate until coming to a complete stop, remained stationary for 5 s,
and then accelerated back to its maximum speed with the preset acceleration. Participants
were instructed to maintain a stable distance headway based on their natural driving hab-
its. The SV’s real-time speed was continuously displayed on the simulator screen. In the
congested scenario, the procedure was similar, except that (1) the LV was initially posi-
tioned 5 m ahead of the SV; (2) the LV’s maximum speed was approximately 6 km/h. To
mitigate learning effects, the four types of scenarios were presented in a randomized order
during the experiment. Each scenario lasted approximately 10 min, and the entire experi-
ment took about 120 min per participant to complete.

2.5. Dependent Measures and Analysis

In this study, to more accurately evaluate drivers’ car-following behavior, each car-
following cycle was segmented into two stages based on the LV speed profile: the follow-
ing stage and the approach stage (Figure 3). The following stage was defined as the stable
car-following interval from the onset of LV cruising (i.e., when the LV speed first reached
Vmax) until the onset of LV deceleration. The approach stage was defined as the interval
from LV deceleration onset to the recovery of LV cruising.

100 ~ = 100%
—— SV Speed LV Speed- - - - Throttle

90
80 - 80%

70

60 -
WY Ve X /\ /\
“ vllld‘( V

The Following Stage The Approach Stage —

4 60%

LV Deceleration Point

40 - - 40%

304 1) /

20_' i 1

o4

0+ e — — T — e el 0%

0 10 20 30 40 50
Time (s)

Vehicle Speed (km/h)
Throttle Opening

4 20%

Figure 3. The two stages of car-following behavior.

During the following stage, three key indicators were extracted from the driving sim-
ulator: (1) the instantaneous absolute value of the speed difference between the LV and
the SV; (2) the Fourier transform of the speed difference computed over the following-
stage segment; (3) the instantaneous distance headway between the two vehicles [30]. The
Fourier transform of the speed difference was employed to quantify the fluctuation char-
acteristics of the SV’s speed during steady car-following. During the approach stage, three
indicators were examined: braking frequency, maximum braking force, and TTCorake
[12,31]. Braking frequency refers to the average number of braking actions within each
approach segment, while maximum braking force refers to the maximum brake pedal
force used by the participant in each segment. Time to collision (TTC) is one of the most
widely recognized time-based safety indicators, defined as the time remaining before a
rear-end collision would occur if the course and speed of vehicles are maintained [32]. In
this study, TTCorake was measured at the instant when the SV began to brake during the
approach stage, reflecting the driver’s decision-making and safety margin in response to
the imminent hazard [12].

All dependent variables collected in this experiment were within-subject measures.
To address the research questions, all dependent variables were analyzed across the dif-
ferent driving conditions. For variables that met the assumption of normality, paired-sam-
ples t-tests were conducted. When the assumption of normality was violated, the
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Wilcoxon signed-rank test was used as a non-parametric alternative. The statistical signif-
icance level was set at o = 0.05.

3. Results

All twenty-six participants successfully completed the experiment, and none re-
ported discomfort or post-simulation sickness. To evaluate longitudinal control stability,
we analyzed the absolute speed difference relative to the LV and the spectral characteris-
tics (Fourier transform) of speed fluctuations.

3.1. The Following Stage

Stable car-following segments were extracted from each scenario, and detailed anal-
yses were conducted for the following stage data. Figure 4 illustrates the absolute value
of the speed difference between the SV and the LV during the following stage. As the data
did not meet the assumption of normality, the Wilcoxon signed-rank test was employed
for statistical analysis. Figure 5 presents the results of the Fourier transform performed on
the speed difference to examine fluctuations in the following behavior.
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104
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=
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o 64
271 Jd. == N ==
» 1 . - To— %
= = >
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a
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04
Normal 1-back Normal ] 1-back
Uncongested Congested

Note: **’ represents a significant level with p < 0.05; **** represents a significant level with p <0.01)

Figure 4. The absolute value of the delta speed between SV and LV during the following stage.
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Figure 5. The result of applying Fourier transform to delta speed during the following stage.

In the uncongested scenario, regardless of the presence of the 1-back task, no signifi-
cant differences (all p > 0.05) were observed between OPD and TPD in either the absolute
value of the speed difference or the fluctuation characteristics of the following speed. Con-
versely, in the congested scenario, both the absolute speed difference (all p <0.01) and the
frequency of its fluctuation were significantly higher under OPD compared with TPD,
regardless of the presence of the 1-back task. It is noteworthy that in the congested sce-
nario, the introduction of the 1-back task had a greater effect on the absolute speed differ-
ence and fluctuation frequency in the TPD mode than in the OPD mode. However, both
the absolute speed difference and fluctuation magnitude remained consistently larger in
the OPD mode, indicating that the overall car-following control precision was lower in
OPD compared to TPD.

Figure 6 presents the mean distance headway of the SV during the stable following
stage. As shown in Figure 6a, in the uncongested-normal (hereafter U-N) condition, par-
ticipants maintained a slightly larger headway distance under OPD compared to TPD;
however, the difference was not statistically significant (p = 0.055 > 0.05). In the uncon-
gested—1-back (hereafter U-1) condition, the distance headway in the OPD mode de-
creased significantly (p = < 0.01), whereas no significant change was observed for TPD (p
=0.779 > 0.05). Consequently, although the mean distance headway in the OPD mode was
slightly smaller than that in the TPD mode in the U-1 condition, the difference between
the two modes remained non-significant (p = 0.346 > 0.05).

Similarly, as shown in Figure 6b, in the congested-normal (hereafter C-N) condition,
the distance headway in the OPD mode was slightly shorter than in the TPD, but this
difference was not significant (p = 0.497 > 0.05). However, in the congested—1-back (here-
after C-1) condition, the distance headway for OPD further decreased, while that for TPD
increased, resulting in a significant difference between the two driving modes (p = 0.009 <
0.01).

The findings suggest that while TPD drivers actively compensate for cognitive de-
mand by expanding safety margins, OPD drivers may fail to adapt or even adopt riskier
following behaviors when cognitively burdened in dense traffic.
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Figure 6. Distance headway between SV and LV during the following stage. (a) In the uncongested
scenario; (b) In the congested scenario.

3.2. The Approach Stage

To evaluate the drivers’ active risk avoidance strategies, we analyzed the Braking
Frequency (number of physical brake pedal activations) and Maximum Braking Force
during the approach stage, as shown in Figures 7 and 8.

As the data did not meet the assumption of normality, the Wilcoxon signed-rank test
was used for statistical analysis. The results showed that, for both driving modes, partici-
pants’ braking frequency increased with the occupation of cognitive resources. However,
the maximum braking force, with the maximum pedal force set to 25 daN in this experi-
ment, did not differ significantly between OPD and TPD (all p > 0.05). Compared with the
uncongested scenario, participants in the congested scenario exhibited a significant in-
crease in braking frequency and a significant decrease in maximum braking force in the
TPD mode (all p < 0.01). However, in the OPD mode, participants showed a significant
reduction in braking frequency, while the maximum braking force remained statistically
unchanged (all p > 0.05).

5.5
1 I orD
5.04 TPD!

4.5 4

Brake Frequency
oW W &
[P T V.
1 1 1 1

]
1

0.0 4
Normal | 1-back

Uncongested

Normal | 1-back

Congested

Note: “Brake frequency <17 indicates that the brake pedal was not applied during some approach stage

Figure 7. Frequency of brake pedal usage during the approach stage.
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Figure 8. Maximal brake force during the approach.

Figure 9 shows that, across all experimental conditions, the TTCbrake values in the
OPD mode were significantly smaller than those in the TPD mode (all p < 0.01). In the
uncongested scenario, cognitive load did not significantly affect TTCbrake in either driving
mode (all p > 0.05). However, in the congested scenario, the effect of cognitive load on
TTCorake became significant for both driving modes, with a stronger reduction observed in
the OPD mode. Specifically, TTCbrake decreased significantly under OPD (p < 0.01) and
showed a smaller yet significant decrease under TPD (p = 0.046 < 0.05).

I orD
144 TPD
<4 FE
—
121 —
1 K e
— Eed

Normal 1-back Normal | 1-back
Uncongested Congested

Note: **’ represents a significant level with p < 0.05; ***’ represents a significant level with p < 0.01)

Figure 9. TTC of SV brake onset.

4. Discussion

This study conducted a comparative analysis of drivers’ driving performance under
different traffic scenarios and levels of cognitive load across two driving modes, thereby
revealed their implications for driving safety.

As illustrated in Figures 4 and 5, during the stable car-following stage, no significant
differences were observed between OPD and TPD in either the absolute value of speed
difference or the fluctuation frequency under the uncongested scenario. A plausible ex-
planation is that the uncongested condition imposed relatively low task demand, allowing
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drivers to maintain adequate control in both modes such that operational differences were
not manifested. In contrast, under congested scenario with the same load levels, both the
absolute speed difference and the fluctuation frequency were significantly higher in OPD
compared to TPD. This suggests that relative to TPD, drivers using OPD needed to make
more frequent speed adjustments while still demonstrating lower following stability.
Moreover, the introduction of the 1-back task under congested scenario had a stronger
impact on TPD drivers” absolute speed difference and fluctuation frequency than on those
using OPD. Nevertheless, OPD consistently showed higher values across all congested
conditions. These findings indicate that TPD performance is more sensitive to additional
cognitive demand, whereas OPD showed reduced control precision even under lower
workload and exhibits comparatively limited responsiveness to workload variation. This
pattern suggests that OPD drivers may have reduced risk awareness and lower risk sen-
sitivity, particularly under low-load conditions, leading to coarser and less stable longitu-
dinal control.

As shown in Figure 6a, in the U-1 condition, the distance headway under OPD de-
creased significantly, while that remained stable in the TPD mode. Similarly, in the C-1
condition in Figure 6b, OPD drivers exhibited a further reduction in distance headway,
whereas TPD drivers increased their distance headway. Under high cognitive load, the
simpler and smoother control offered by OPD may lead drivers to over-rely on regenera-
tive braking and underestimate the need for active distance regulation. This underestima-
tion of risk could result in misjudgment of safety distances and more aggressive driving
strategies. In contrast, TPD requires explicit pedal coordination, which may promote more
cautious behavior and active headway maintenance [33,34]. Therefore, additional safety
interventions or driver-assistance features may be necessary for OPD-equipped vehicles
to mitigate the risk of insufficient distance headway under cognitively demanding condi-
tions.

Taken together, these three indicators provide complementary insights into longitu-
dinal control strategies during car-following. The absolute speed difference and the fluc-
tuation frequency characterize the magnitude and variability of relative-speed correc-
tions, reflecting the precision and intensity with which drivers regulate speed to match
the LV. By contrast, the distance headway primarily reflects the driver’s spacing policy,
i.e., the preferred following distance. Importantly, these dimensions are not necessarily
coupled: tighter spacing may co-occur with larger and more frequent corrections, depend-
ing on how drivers trade off comfort, effort, and perceived risk. In this sense, the combined
pattern across, fluctuation frequency, and helps reveal that drivers adopt a more conserva-
tive, margin-preserving strategy in the TPD mode (e.g., smoother speed matching with
larger headway). While in the OPD mode, they adopt a more aggressive driving strategy
(e.g., coarser, more oscillatory speed regulation with smaller headway). This clarifies the
behavioral mechanism behind the differences between OPD and TPD.

During the approach stage, that is, after the LV began to decelerate, the results based
on braking frequency and maximum braking force (Figures 7 and 8) revealed that cogni-
tive load significantly increased braking frequency in both driving modes, while it had no
significant effect on maximum braking force. This pattern is consistent with the findings
of Dang and Tapus [35], who reported that when drivers are required to process a greater
number of events or secondary tasks, their cognitive workload increases, leading to more
frequent braking behavior. The underlying mechanisms may include the following: (1)
Under higher cognitive load, drivers tend to adopt a more conservative longitudinal con-
trol strategy [36,37], characterized by frequent light braking to maintain safety margins;
(2) Elevated cognitive load may also reduce drivers’ predictive capability for the LV’s mo-
tion dynamics [31], necessitating more frequent micro-adjustments maintain acceptable

https://doi.org/10.3390/wevj17020104


https://doi.org/10.3390/wevj17020104

World Electr. Veh. ]. 2026, 17, 104

12 of 16

following performance. This “compensatory micro-adjustments” strategy results in an in-
crease in braking frequency without inducing higher peak braking demands.

Traffic congestion further revealed a mode-specific modulation. In the TPD mode,
braking frequency increased significantly while maximum braking force decreased. This
pattern aligns with the characteristic strategy commonly observed in congested traffic,
where drivers apply small, short-duration braking actions to maintain safe distance head-
way [38,39]. Moreover, under low average speeds, the demand for peak braking force
naturally declines. However, congestion led to a significant reduction in braking fre-
quency in the OPD mode, whereas the maximum braking force remained relatively con-
stant at a higher level. This can be explained by the strong regenerative deceleration in-
herent in OPD, which already covers most of the necessary speed reductions in low-speed
traffic. As a result, drivers use the brake pedal less often, consistent with the observations
made by [15]. When drivers perceived that additional deceleration was necessary, they
tended to apply the brake pedal only at that point, resulting in larger instantaneous brak-
ing forces once mechanical braking was initiated. This phenomenon is in line with the
findings of Cocron et al. [40], who, based on a one-year field study in the Berlin metropol-
itan area, reported that participants frequently noted the impression that the EV ahead
seemed to brake sharply in traffic queues. Mitropoulos-Rundus et al. further suggested
that OPD drivers perceive braking to occur automatically when the accelerator is released,
and consequently delay pressing on the brake until it feels necessary [9]. Taken together,
these results imply that even in low-speed congested scenarios, drivers operating in the
OPD mode still exhibit relatively strong braking forces.

Figure 9 shows that drivers” TTCorake Values were significantly smaller in the OPD
mode compared with the TPD mode. Similar observations were reported by Mitropoulos-
Rundus et al. [9] and Saito et al. [21]. As discussed previously, our results showed that the
maximum brake-pedal force in OPD varies relatively little across experimental conditions,
suggesting that drivers postpone brake-pedal braking until a higher perceived need for
deceleration emerges. The deceleration characteristics of OPD encourage drivers to rely
more heavily on the regenerative braking system and reduce the driver’s demand for ac-
tive braking control. Therefore, the driver’s risk perception was delayed in the OPD mode.
The value of TTCbrake decreased accordingly.

This delay in braking indicates reduced safety margins and may introduce potential
safety risks. Under extreme conditions, such as sudden deceleration of the LV, the reduced
TTCorake could increase the likelihood of rear-end collisions. Ma et al. further demonstrated
that the OPD mode is safer when the LV’s deceleration is equal to or lower than the SV’s
preset deceleration; conversely, when the LV’s deceleration exceeds that preset threshold,
the OPD mode becomes comparatively less safe [12]. It is also noteworthy that the effect
of cognitive load on TTCbrake was significant only under congested scenario, with a greater
impact observed for OPD than for TPD. This may be because, in the uncongested scenario,
the task environment was relatively simple, and the imposed cognitive demand did not
substantially impair drivers’ risk situational awareness. In contrast, the congested sce-
nario presented more complex situational cues and required greater attentional resources,
making drivers more susceptible to cognitive overload. Under these conditions, OPD
drivers who engage in fewer active control operations may experience reduced situational
awareness, leading to slower braking responses. In comparison, TPD drivers, who must
actively determine braking timing, may rely on habitual braking behaviors, maintaining
relatively stable responses even under cognitive constraints. Such preventive braking hab-
its may explain the smaller reduction in TTCbrake observed for TPD [41].

Finally, it is important to emphasize that, compared with the following stage, the
approach stage revealed a more pronounced degradation in driving performance under
OPD relative to TPD. Numerous studies and accident data have identified the approach

https://doi.org/10.3390/wevj17020104


https://doi.org/10.3390/wevj17020104

World Electr. Veh. ]. 2026, 17, 104

13 of 16

stage as a critical moment for rear-end collision occurrence [42,43]. Therefore, the deteri-
oration of performance observed in this stage represents a substantial safety concern, un-
derscoring the need for further investigation and potential mitigation strategies.

5. Limitation and Future Work

A potential limitation of the present study is that it only considered two levels of
scenario complexity and cognitive load. To more comprehensively explore the behavioral
differences between OPD and TPD, future research should incorporate a broader range of
experimental variables and more fine-grained conditions. Another limitation is that the
OPD regenerative deceleration was modeled as a single high-intensity setting (~0.2 g). Be-
cause production vehicles differ in regeneration calibration and drivers may select
low/standard/high levels, the magnitude of OPD-TPD differences observed here may not
generalize to all vehicles or settings. Future studies should incorporate multiple regener-
ation intensity levels and calibrate parameters against specific vehicle models, ideally
complemented by longer-term naturalistic or field experiments to strengthen external va-
lidity.

Another limitation concerns the age range of participants (25-33 years). Although
this age group reflects the majority of drivers who currently have experience with both
EVs and ICEVs, the extent of drivers adapting or compensating for vehicle control differ-
ences is difficult to capture in short-term exploratory experiments such as this one. There-
fore, long-term investigations with larger and more diverse samples are recommended to
validate and extend these findings. In particular, future work should recruit a broader
participant population with an increased sample size, and explicitly account for prior
OPD familiarity or habitual use. In addition, longer-term naturalistic or on-road vehicle
studies are needed to characterize the learning and adaptation trajectories associated with
OPD over weeks or months, and to determine whether the observed OPD-TPD differ-
ences persist, attenuate, or reverse with prolonged exposure. With larger and more di-
verse samples and a broader set of experimental factors, future work could also employ
factorial repeated-measures analyses or linear mixed-effects models to more systemati-
cally quantify main and interaction effects among driving mode, traffic density, cognitive
load, and additional variables.

Finally, for ethical and safety reasons, this study was conducted using a driving sim-
ulator. It should be noted that there were no real hazards for participants during the sim-
ulated driving tasks. Consequently, their behavior might differ when driving in real traf-
fic, particularly in complex or automated driving situations. Despite the inherent differ-
ences between simulated and real environments, previous literature on simulator validity
suggests that behavioral effects observed in simulation studies are generally consistent
with those found in comparable real-world traffic situations. Nevertheless, future studies
should examine driver-initiated behaviors in field studies to further enhance ecological
validity.

6. Conclusions

This study conducted a comparative analysis of the effects of OPD and TPD on driv-
ers’ driving performance under varying traffic scenarios and levels of cognitive load, and
further evaluated the safety implications of these two driving modes. Regarding driving
performance, significant differences were observed between OPD and TPD during both
following and approach stages. During the following stage, drivers made more frequent
speed adjustments and maintain shorter distance headway in the OPD mode, resulting in
lower control precision and reduced sensitivity to changes in cognitive load. Safety dis-
tances were ignored and drivers became less aware of risks. During the approach stage,
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drivers’ reliance on the OPD led to a delayed braking response, resulting in a significant
reduction in TTCorake. This aggressive braking pattern increases the likelihood of collisions,
and the tendency becomes more pronounced under the congested scenario.

This suggests that while OPD is beneficial for reducing physical workload, its sim-
plicity does not inherently guarantee safety. Therefore, when promoting or implementing
OPD technology, it is essential to carefully consider its adaptability across driving scenar-
ios. The present findings also have direct implications for driver assistance design in OPD
vehicles. Compared with TPD, OPD was associated with a tighter spacing policy (smaller
headway) and a reduced safety margin at brake onset (smaller TTCbrake). These patterns
suggest that conventional Headway Monitoring Warning (HMW) and Forward Collision
Warning (FCW) functions may benefit from OPD-aware tuning. Accordingly, OPD vehi-
cles could adopt (i) earlier or more conservative trigger thresholds in contexts where re-
duced safety margins are more likely (e.g., approach stage and congested/high-load con-
ditions), and (ii) state-aware triggering that incorporates accelerator-release status and re-
generative deceleration level to infer whether the current lift-off deceleration is sufficient
to restore a safe margin. Future work should validate these OPD warning strategies and
thresholds using multi-level regeneration settings and more ecologically valid driving
conditions. By implementing these measures, we aim to guide the behavior of drivers and
reduce the potential safety risks that may arise from excessive reliance on regenerative
braking.
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