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Driving Experience and Behavior Change in Remote
Driving: An Explorative Experimental Study

Lin Zhao , Mikael Nybacka , Malte Rothhämel , Azra Habibovic , Georgios Papaioannou ,
and Lars Drugge

Abstract—Remote driving plays an essential role in coordinating
automated vehicles in some challenging situations. Due to the
changed driving environment, the experiences and behaviors of
remote drivers would undergo some changes compared to con-
ventional drivers. To study this, a continuous real-life and remote
driving experiment is conducted under different driving conditions.
In addition, the effect of steering force feedback (SFF) on the
driving experience is also investigated. In order to achieve this,
three types of SFF modes are compared. According to the results, no
SFF significantly worsens the driving experience in both remote and
real-life driving. Additionally, less force and returnability on steer-
ing wheel are needed in remote driving, and the steering force am-
plitude appears to influence the steering velocity of remote drivers.
Furthermore, there is an increase in lane following deviation during
remote driving. Remote drivers are also prone to driving at lower
speeds and have a higher steering reversal rate. They also give
larger steering angle inputs when crossing the cones in a slalom
manoeuvre and cause the car to experience larger lateral accelera-
tion. These findings provide indications on how to design SFF and
how driving behavior and experience change in remote driving.

Index Terms—Remote driving, driving behavior, driving
experience, driving performance, steering force feedback.

I. INTRODUCTION

R EMOTE driving has drawn significant attention since it
is widely considered a backup system for automated ve-

hicles (AVs) allowing the smooth and safe transition to fully
AVs [1]. Currently, AVs still pose many challenges and can
encounter difficulties to operate in a fully automated mode in
various situations [2]. For example, AVs might struggle in new
city areas, since high-precision maps may not be updated in a
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timely manner, and road markings and signs may be missing.
In addition, extreme weather and poor situational awareness
as well as changing environments, such as demonstrations or
sports events, will pose challenges for AVs [3]. For this reason,
and to accelerate the commercialisation of AVs, remote driving
has been developed for their control in challenging scenarios or
when they are not allowed to operate due to legal issues.

Although many startups [4], [5], [6] and universities [7], [8]
have begun exploring various aspects of remote driving, there
are still many challenges to address such as situational aware-
ness [9], [10], [11] and latency [12], [13], [14]. Many efforts have
been made to overcome the above challenges, such as enhancing
situational awareness through video improvements and reducing
latency through predictive algorithms. To improve situational
awareness with visual assistance during remote driving, separate
techniques have been developed to assist drivers in locating
vehicles [15], and recognising speed [11] and distance [16].
Meanwhile, vehicle state [8], [17], [18] and video prediction
methods [19], [20] have been implemented to overcome the
latency in remote driving.

However, only a limited number of studies have thoroughly
investigated the impact of remote driving on driving experience
and behavior, despite the relevance of these factors during driv-
ing. Papaioannou et al. [21] discovered a significant increase
in motion sickness levels among passengers during remote
driving compared to real-life driving. This effect is attributed
to the heightened steering velocity in remote driving scenarios.
Similarly, Zhao et al. [22] found that remote driving resulted in
higher workload demands compared to real-life driving. While
these studies offer valuable insights into the changes in driving
behavior and experience in remote driving, there remains a gap in
the literature regarding a comprehensive exploration of detailed
changes, such as driving accuracy, and lateral and longitudinal
driving behaviors.

Furthermore, few related works consider enriching the driving
experience by bringing remote drivers into the loop and provid-
ing kinematic feedback. Such methods could include incorporat-
ing steering force and motion-cueing feedback into the remote
driving station (RDS). These methods are important human-
machine-interaction (HMI) channels for driving. For example,
drivers can use motion-cueing and steering force feedback (SFF)
to assess driving conditions such as road surfaces, tyre-road
force, and vehicle motion. Nevertheless, these are still blank
areas in remote driving, and this work paves the way for their
proper development.

2379-8858 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I
STEERING FORCE FEEDBACK MODEL COMPARISON

SFF plays a crucial role in influencing driving performance
and experience, as demonstrated by driving simulator stud-
ies [29], [30]. The Steer-by-Wire (SbW) system in the con-
ventional car shares similarities with the steering system in
remote driving. Consequently, classical SFF models employed
in SbW might find utility in remote driving. SbW can employ
diverse SFF models, encompassing the torque-map based, ma-
chine learning based, physical, adaptive, and modular models, as
presented in Table I. It shows the advantages and disadvantages
of the performance of each model from different aspects. For the
torque-map based model [23], [24], it is stable, concise and has
the possibility to reduce the impact of delay, but it needs a large
dataset that covers various scenarios as much as possible, which
greatly increases the application difficulty. It is also difficult
to simulate the detailed effect of road disturbance using this
model. The machine learning based SFF model [25], [26] has
some similarities in that it also requires a large dataset to train
the model, which accounts for the low robustness performance
when applied to scenarios beyond its training scope. For the
physical model based SFF (PF) [27], it has high fidelity and is
easy to apply, but there is the possibility of a large uncertainty
of the parameters. The adaptive SFF model [28] can reduce
the impact of parameter uncertainty, but the complexity of the
algorithm increases greatly and makes it difficult to apply in a
real application. The modular model based SFF (MF) [22] can
feedback drivers with realistic feeling, including detailed road
disturbance feel, since it uses the steering motor current as the
main force. It is simple to apply, since only few parameters need
to be tuned. However, drivers may be disturbed by unwanted
disturbances in the feedback.

The realistic driving experience in remote driving is impor-
tant. Therefore, MF and PF are adopted in this experiment, since
MF can provide realistic feedback to drivers and PF has high fi-
delity. For the disadvantages of MF, a proper filter can be applied
to remove unnecessary signals. For PF, validated parameters
from the literature can be used to overcome the disadvantage of
parameter uncertainty. In addition, for establishing a baseline,
a No steering force Feedback (NF) setting is also incorporated.
These three variables constitute the experimental framework.
Furthermore, a seamless comparative test is conducted between

real-life and remote driving to examine how the driving behavior
and experience change.

The main research aims (RAs) in this study is outlined as
follows:

RA 1: Study drivers’ adaptation to the driving environment in
remote driving.

RA 2: Study the changes in the steering force feedback require-
ments during remote driving.

RA 3: Study the changes in driving experience and how different
SFF models influence it in remote driving.

RA 4: Study the changes in driving behavior and performance
in remote driving.

RA 5: Perform correlation studies between driving experience
and behavior.

The current paper is an extension of authors’ published con-
ference paper [22]. In the conference paper, the authors studied:
(1) the SFF requirements for remote driving and the impact of
different SFF models on driving behavior and experience; (2)
the changes in mental workload during remote driving; (3) the
process by which drivers adapt to the driving environment and
scenarios during both remote and real-life driving. The results
from these studies provide the initial conclusions for RAs 1-2,
while an introductory analysis for RA 3 is presented in the
conference paper without any statistical comparison between
remote and real-life driving. This work delves into these topics in
more detail. Regarding RA 3 more specifically, this work utilises
the t-test to assess the significance of the changes in driving
experience between remote and real-life driving, while also
analysing how different SFF models affect driving experience
in both driving environments. Additionally, this paper provides
a broader analysis through the use of multiple metrics from
different dimensions to achieve RAs 4-5, on which the confer-
ence paper does not focus at all. Furthermore, this paper also
provides a detailed explanation of how the remote driving is set
up, including specific information on the sources of components,
suppliers, and possible problems in remote driving and methods
to handle them. Furthermore, the survey results pertaining to the
remote drivers’ driving experience are also included in order to
provide additional knowledge to this research area.
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Fig. 1. Remote driving platform [22], which shows the RDV (left) and RDS (right). The components associated with remote driving are shown at the top and
bottom.

The layout of this article is outlined as follows: Section II
illustrates the hardware set-up for remote driving. The modelling
process of SFF models is shown in Section III. Section IV details
the experimental design, while the results and conclusions from
the experiment are presented in Sections V and VI, respectively.

II. REMOTE DRIVING SET-UP

This section provides detailed information of the settings of
the remote driving platform used in the experiment. According to
Fig. 1, the hardware set-up mainly includes two parts: the remote
driving vehicle1 (RDV) and remote driving station (RDS). In the
RDV, two FLIR2 cameras are used to collect high-resolution
real-world video. In addition, a Saramonic microphone3 is
mounted in the middle position to collect stereo audio for remote
drivers.

For signal transmission between the RDV and RDS, an AGX
Xavier4 computer is first used to process the video; then, the
OdenVR software provided by Voysys5 is used to perform video
encoding and decoding. The software can also provide multiple-
link capability, which can automatically connect to other 4G
signals if the current signal is too weak to support remote driving.
This is, however, not implemented in this experiment due to
a lack of time. Furthermore, video transmission is sometimes
terminated when a commercial 4G router is used that does not
have an external antenna in the pre-test, especially during the
cornering manoeuvre; this might be due to the wrong relative

1[Online]. Available: https://www.itrl.kth.se/research/completed-projects/
research-concept-vehicle-model-e-1.917925

2[Online]. Available: https://www.flir.com/products/blackfly-s-usb3/.
3[Online]. Available: https://www.saramonic.com/about-us.
4[Online]. Available: https://www.nvidia.com/en-us/autonomous-machines/

embedded-systems/jetson-agx-xavier/.
5[Online]. Available: https://www.voysys.se/.

direction between the 4G base station and the router. This signal
is stabilised by using the RUTX126 router and OMNI-600,7 a
vertical column antenna, to avoid the directional issue. This pro-
vided a stable 4G signal even during the cornering manoeuvre.
Similarly, an XPOL-5G8 antenna with a square shape is used
with the RDS since a stronger signal can be provided when
it faces the base station. Finally, the Voysys-supplied latency
measurement equipment is used to measure the glass-to-glass
latency, which is kept close to 120 ms.

In the RDS, four low latency (4 ms) Samsung monitors9 are
used to provide video information. For steering force feedback,
the same Fanatec kit10 (DD2 steering motor and ClubSport
V3 pedals) is used in both the RDV and RDS to reduce the
hardware impact on the driving experience. The mathematical
model is implemented in the vehicle’s central controller (dSpace
MicroAutobox II11), and an ICD Marin Fordons computer12 is
used to collect vehicle information and control the vehicle’s
Fanatec kit. The UDP communication method is used to transmit
signals among vehicle controllers (e.g., AGX computer and
dSpace controller).

III. STEERING FORCE FEEDBACK MODELLING

This section provides the modelling process of SFF. In ad-
dition to the NF setting, two different SFF models (PF and

6[Online]. Available: https://teltonika-networks.com/.
7[Online]. Available: https://poynting.tech/antennas/omni-600/.
8[Online]. Available: https://poynting.tech/antennas/xpol-2-5 g/.
9[Online]. Available: https://www.samsung.com/ie/business/business-

monitors/curved-lc27f390fhuxen/.
10[Online]. Available: https://fanatec.com/eu-en.
11[Online]. Available: https://www.dspace.com/en/inc/home.cfm.
12[Online]. Available: https://www.icd.se/produkt/icd-marin-fordons-pc-

small-intel-i3-kaby-lake-240gb-ssd-4g/.

Authorized licensed use limited to: TU Delft Library. Downloaded on May 03,2024 at 13:33:47 UTC from IEEE Xplore.  Restrictions apply. 

https://www.itrl.kth.se/research/completed-projects/research-concept-vehicle-model-e-1.917925
https://www.itrl.kth.se/research/completed-projects/research-concept-vehicle-model-e-1.917925
https://www.flir.com/products/blackfly-s-usb3/
https://www.saramonic.com/about-us
https://www.nvidia.com/en-us/autonomous-machines/embedded-systems/jetson-agx-xavier/
https://www.nvidia.com/en-us/autonomous-machines/embedded-systems/jetson-agx-xavier/
https://www.voysys.se/
https://teltonika-networks.com/
https://poynting.tech/antennas/omni-600/
https://poynting.tech/antennas/xpol-2-5protect unhbox voidb@x penalty @M  {}g/
https://www.samsung.com/ie/business/business-monitors/curved-lc27f390fhuxen/
https://www.samsung.com/ie/business/business-monitors/curved-lc27f390fhuxen/
https://fanatec.com/eu-en
https://www.dspace.com/en/inc/home.cfm
https://www.icd.se/produkt/icd-marin-fordons-pc-small-intel-i3-kaby-lake-240gb-ssd-4g/
https://www.icd.se/produkt/icd-marin-fordons-pc-small-intel-i3-kaby-lake-240gb-ssd-4g/


ZHAO et al.: DRIVING EXPERIENCE AND BEHAVIOR CHANGE IN REMOTE DRIVING: AN EXPLORATIVE EXPERIMENTAL STUDY 3757

Fig. 2. Overall structure of MF (left) and PF (right), adapted from [22].

MF) are used to provide drivers with a total of three different
driving experiences. The PF could provide smooth steering force
feedback to the steering wheel. For the MF, it provides, apart
from the traditional steering feedback force, a real-world feeling
of disturbances, such as vibrations on gravel road surfaces.
The model structures and the output comparison are shown in
Fig. 2. Before the main experiment, several preliminary tests
are conducted to calibrate and test the steering force feedback
models. Some experienced drivers from the vehicle dynamic
domain participate in these tests to calibrate and validate the
SFF models.

A. Modular Model

The primary input of MF comes from the current of steering
motor to obtain actual information about the tire-road interac-
tion. In order to replicate the dynamic characteristics of the
steering system, the corresponding dynamic relating to steering
damping and inertia are simulated [31].

1) Main Torque: Within the modular framework, the main
force is ascertained by the current value of the steering motor.
It can represent the force between the tire and the road under
various conditions [32]. Any alteration of the current value
is directly linked to the change in the steering rack force,
which can represent the lateral force between the tire and road.
Additionally, the motor current contains high-frequency road
data, comprising vibrations induced by disturbances such as
speed-bumps and gravel, thus contributing further significant
information to the steering wheel.

In order to provide drivers with appropriate steering feedback
force, it is necessary to scale the current value to provide drivers
with a good level of feedback based on what they reported in
pre-tests before the experiment. This relationship is represented
mathematically as

τm = KI ∗ I (1)

where τm represents the main torque, which relies on the current
value (I) and is modulated by the current’s gain (KI ). The
KI value, set at 0.0015 for this study, is ascertained consid-
ering both the driver’s preferences and the actual current value.
Furthermore, taking into account the vehicle’s condition and
the reference spectrum offered by [33], the upper limit of the
feedback torque is modified to 3.5 Nm.

A bi-level control strategy based on frequency and amplitude
is implemented to enable drivers to perceive the type of road
through SFF. A cut-off bandpass filter is used to provide remote
drivers with road signals of varying amplitude and frequency,
depending on the road surface being concrete or gravel. The
transfer function for this bi-level filter is defined as

Gs = Ks ∗ 2 ∗ pi ∗ f
s+ 2 ∗ pi ∗ f (2)

where Ks signifies the gain used to scale the amplitude corre-
sponding to diverse road types. As illustrated in [34], it can be
used to help drivers distinguishing the type of road by varying the
scaling factors of amplitude control. In standard driving scenar-
ios, the scaling factorKs is definded as 1, and for gravel terrains,
it is 4, a determination grounded on real testing experiences
and the suggestions presented in [34]. Regarding frequency
control, the study by Chen et al. [35] indicate that frequencies
beneath 1 Hz encompass valuable low-frequency road feedback,
especially at vehicle speeds under 20 km/h. The studies further
emphasize the importance of stochastic road feedback like that
from cobblestone surfaces, which occurs between 1 Hz and
30 Hz. The investigation also discloses that signal frequencies
above 10 Hz induce considerable disturbances. In this research,
a cut-off frequency of 1 Hz is adopted for standard concrete
roads, and 10 Hz for gravel terrains, aiming to convey more
precise road feeling to drivers.

2) Damping Torque: In the conventional steering system, the
damping torque is generated by mechanical transmission. To
emulate these intrinsic characteristics within a remote driving
environment, the following equation is used to simulate the
damping torque.

τdamp = Cdamp ∗ δ̇sw (3)

where τdamp denotes the damping torque and Cdamp represents
a tunable parameter, set to 0.0262 Nm/rad.s−1. It is determined
based on the suggested range outlined in [27]. The symbol δ̇sw
represents the velocity of steering wheel.

3) Inertia Torque: To enhance the realism of the steering
wheel feedback, an adjustable inertia parameter is employed
to generate the inertia torque using a transfer function in this
study. The transfer function is given by

Gin =
Jss

1 + tfilts
(4)

where Js denotes the inertia constant, assigned a value of
0.0017 kg.m2. tfilt is the filter parameter, which is set as 0.01.
Both parameters align with the recommendations in [27], [31].
Subsequently, the inertia torque, denoted as τin, is formulated
as follows:

τin = Gin ∗ δ̇sw (5)
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4) Friction Torque: To minimize unnecessary motion in the
steering wheel, the Coulomb friction are employed to simulate
the feedback torque, following the methodology outlined in [31].
The torque in question is formulated as follows

τf = Ks · tanh(hs · δ̇sw) (6)

where τf signifies the friction torque. Ks represents the peak
value, which is established at 1 Nm. The variable hs acts as
a determinant factor influencing the friction torque, assigned a
value of 0.05 in the present study, ascertained in accordance with
the range outlined in [31]. Finally, the modular model based SFF
can be experessed as:

τMFB = τm ·Gs + τdamp + τin + τf (7)

where τMFB denotes the SFF of the modular model.

B. Physical Model

The aligning and jacking torques, originating from the tire
forces simulated by the magic formula tire model, are integrated
within the physical model. Furthermore, this model utilizes
damping, inertia, and friction torque, computed in (3), (5), and
(6) respectively, inherent in the steering system. The founda-
tional structure of this model is based on references [27] and [36],
details of which will be elaborated in the following sections.

1) Aligning and Jacking Torque: The main source of the
steering wheel’s aligning torque stems from the aligning moment
and the jacking torque. These quantities can be described using
the Pacejka’s magic formula tire model [37] as

Fy = Dy · sin(Cy · arctan(By · α)− Ey · (By · α−
arctan(By · α))) + Svy (8)

Mz = Dz · sin(Cz · arctan(Bz · α)− Ez · (Bz · α−
arctan(Bz · α))) + Svz (9)

The parameters associated with the tire are obtained from the
ADAMS/Tire software, as indicated in [38]. The tire slip angle,
denoted as α, is approximated by employing the nonlinear
dynamic state function [27]. The calculation of the aligning
moment is represented as τa

τa = Mz + Fy · dm (10)

where τa denotes the aligning torque of the tire, and dm is the
mechanical trail intrinsic to the vehicle’s design. Variations in
the vertical forces exerted by the tires lead to the generation
of jacking torque. As delineated in [39], this form of torque is
mathematically described as a spring model and is represented
by the following equation

τjack = −Kj · θrw (11)

where Kj signifies the spring stiffness, which is set the same
as in reference [27]. In addition, the angle of the road wheel is
denoted by θrw.

2) Steering Feedback Force: The force feedback relayed to
the operators should include the inertia, damping, and torque
originating from the column and rack. These specific torques
align with those incorporated in the modular model, as shown

Fig. 3. Test scenarios, to the left the lane following and gravel road and to the
right the slalom track [22].

in (3), (5), and (6). Similar with the modular model, the steering
feedback force in the physical model can be represented as

τPFB = τdamp + τin + τf +Kt(τa + τjack) (12)

where τPFB signifies the feedback force originating from the
physical model, whereas Kt stands for the coefficient transfer-
ring the torques from tire to drivers. To maintain the feedback
force of both the physical and modular models within an iden-
tical range, the coefficient Kt is empirically assigned a value
of 0.008, determined through preliminary tests with multiple
participants.

IV. EXPERIMENTAL DESIGN

A. Scenario Design

To further explore the driving experience and behavior in re-
mote driving, this study employs two distinct scenarios (Fig. 3).
The first is a slalom scenario with a distance of 15 m between
each cone. The second scenario is the own-designed lane fol-
lowing scenario, consisting of a lane with changing curvature
to be followed by the drivers. The curvature in the initial 40 m
is relatively minor and straightforward to navigate, contrasting
with the following 40 m, where drivers encounter frequent
alterations in direction and curvature magnitude, increasing the
task’s complexity. This variation implies that drivers are likely
to encounter heightened challenges and potentially experience
increased steering feedback force in the lane-following task. Par-
ticipants are told to track the lane with the front-left wheel and,
subsequently, navigate a gravel road to experience real-world
vibrations via the steering wheel. The order in which drivers
tested the steering feedback models is changed during the test,
but the order of scenarios is kept the same for real-life and remote
driving.

Experimental results show that the average time required to
complete the slalom and lane following scenarios in real-life
driving are 19.19 seconds (SD = 1.38) and 21.33 seconds (SD
= 2.35), respectively, which are lower than the average time
in remote driving, which are 19.68 seconds (SD = 2.41) and
22.12 seconds (SD = 3.35).

Authorized licensed use limited to: TU Delft Library. Downloaded on May 03,2024 at 13:33:47 UTC from IEEE Xplore.  Restrictions apply. 
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TABLE II
SUBJECTIVE ASSESSMENT QUESTIONNAIRE [22]

B. Questionnaire Design

In order to investigate the participants’ driving experience, a
comprehensive subjective assessment questionnaire encompass-
ing diverse themes is formulated (Table II). The foundational
concepts for designing this questionnaire are inspired by [40],
while several enhancements, including the real-world feel and
multilevel assessment, are integrated to adapt it for remote
driving and could help achieve the research aims in this study.

The questionnaire used three levels of questions ranging from
general to detailed, asking the drivers about their feel regarding
the driving experience and steering feedback. For each question,
a 0–5 scale is used with a step size of 0.25 as presented in
Table II.

C. Experimental Protocol

Experiments are conducted with drivers performing the same
tasks in real-life and remote driving. To quickly switch between
real-life and remote driving, the RDS is assembled and con-
figured at the test track office, which is about 100 m away
from where the real-life driving take place. To help participants

familiarise themselves with the experimental vehicle and real-
istic driving scenarios, they conduct the real-life driving first,
immediately followed by the remote driving.

Before the experiment, participants will shut the eyes for two
minutes to facilitate relaxation as well as stabilizing their heart
rate. Subsequently, they practice the scenario for four laps to
familiarize themselves with it. The SFF models distributed to
the drivers for the practice session differed, with two participants
using only the NF, two using only the PF, and one using only
the MF. This variation aimed at reducing the impact of drivers’
adaption to specific SFF models on the subjective and objective
assessment of the subsequent formal test. In the formal test, three
distinct feedback settings are utilized by the drivers, specifically,
PF, MF, and NF. To mitigate the impact on driving experience
due to the order of these settings, the sequence of steering feed-
back modes is varied among participants. The slalom scenario is
tested first, with participants being told to keep the car as close as
possible to the cones when passing them and to feel the steering
force feedback. They are also told to drive as quickly as they
feel comfortable with and to perform well in this scenario. In
the lane-following scenario, the task allocated to participants is
to keep the front-left tire on the lane marked by yellow tape. The
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remainder of the protocol mirrors that of the slalom scenario. On
the gravel road, the drivers are asked to focus on the feeling of
the steering wheel vibrations.

In the intervals between each testing scenario, participants
are allocated a 30 second rest period with eyes shut to facilitate
relaxation. Following the completion of the slalom scenario, they
begin the lane-following scenario, adhering to an identical test
procedure and protocol. The methodology for remote driving
is consistently applied. To obtain immediate insights into the
drivers’ perception of the steering feedback, participants are
prompted to respond to the questionnnaire immediately when
finishing each scenario. For safety purposes, the maximum speed
during the experiment is limited to 18 km/h.

D. Participant Information

In this experiment, three people take part in the first day and
two in the second. There is a six-day gap between the two days
due to the availability of the test track. Each scenario, in both
real-life driving and remote driving, encompassed a total of
15 cases, indicating that five drivers test three SFF modes. All
participants have a passenger car driving license. The average
age of them is 29.6 years, with a standard deviation of 8.56.

E. Survey With Participants

To explore the impact and requirements of remote driving
and SFF across a broad range, a survey is conducted following
the completion of the entire experiment. This methodology
enabled participants to extensively delineate their experiences
throughout the remote driving. Four survey themes are explored
in this survey, which are summarized as follows: (a). Primary
variances in steering feedback between remote and real-life driv-
ing; (b). Feedback characteristics that are essential to enhance
driving performance; (c). The needed enhancements of steering
feedback in remote driving; (d). Primary challenges in remote
driving in comparison to real-life driving.

In order to give drivers enough time to reflect on these themes,
they are asked to write down their answers on the paper without
any time limit instead of giving verbal feedback.

V. RESULTS ANALYSIS AND DISCUSSION

To compare driving behavior and experience between remote
and real-life driving, subjective and objective assessment meth-
ods are used separately. More specifically:

1) The lap time during practice is analysed to assess how
drivers get used to the vehicle and the scenarios.

2) The driving experience, which includes the steering char-
acteristics and feeling of safety, is evaluated using the
subjective assessment.

3) The metrics for assessing driving behavior and perfor-
mance during remote driving (i.e., throttle reversal rate)
are considered and compared with real-life driving. The
data between the 10th and 90th percentiles are used for the
driving behavior comparison between remote and real-life
driving in order to reduce the influence of outliers [41].

Fig. 4. Lap times during practice. (a) Slalom manoeuvre. (b) Lane following
manoeuvre.

4) A linear regression analysis is performed to study the
correlation between driving behavior and experience.

Boxplots are used to present the results of certain metrics, as
shown in Fig. 4, where the black and yellow squares represent the
mean values. A dashed line connects the points to represent the
overall change in mean values. The median value is designated
by a central red mark, whereas the red marker “+” signifies the
identified outliers.

A. Learning Rate

The lap times for completing each manoeuvre are recorded for
both scenarios during practice, which reflect drivers’ familiarity
with the scenario and the vehicle. According to Fig. 4(a), the
time required to complete the manoeuvre from the first lap to the
fourth lap gradually decreases. For real-life driving, the mean lap
time drops approximately 8.7%, i.e., from 24.2 seconds for the
first lap to 22.1 seconds for the fourth lap. Additionally, the data
gradually becomes less scattered. Similarly to real-life driving,
the mean lap time decreases from 23.9 seconds for the first lap to
21.6 seconds for the fourth lap during remote driving, indicating
that drivers gradually get used to the manoeuvres. Furthermore,
in both scenarios, the mean difference between the third and
fourth lap is less than 4%, which is a small variance (approxi-
mately 1 second) in lap time for each manoeuvre. This implies
that the drivers have already gotten used to the vehicle and the
scenario from the third lap. In the lane following manoeuvre
(Fig. 4(b)), the lap times are similar to those for the slalom.

Other metrics like velocity and throttle engagement also
demonstrate the participants’ learning process, and the differ-
ence between the last two laps is also small. In-depth details are
available in [22].

B. Driving Experience Assessment

In this section, driving experience is analysed based on the
subjective assessment (Table II) and the survey results. First, the
overall assessment in Level 1 will be analysed; then, the results
of the Level 2 and 3 questions will be provided. The subjective
assessment during the slalom and lane following manoeuvres
are combined for analysis to obtain more comprehensive results.
Therefore, each box in the boxplots of Fig. 5 represents 10 data
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Fig. 5. Subjective assessment results regarding (a) SA 0 (Overall Assessment); (b) SA 10 (Safety Assessment); (c) SA 11 (Steering feedback support); (d) SA
20 (Steering characteristic feel); (e) SA 21 (Steering feedback force); (f) SA 22 (Steering feedback returnability); (g) SA 30 (Confidence and control); (h) SA 31
(Success feel); (i) SA 32 (Difficulty feel); (j) SA 40 (Real world feel); (k) SA 41 (Disturbance assessment); (l) SA 42 (Realistic assessment). The significance of
paired t-test is denoted as ∗p ≤ 0.05, ∗∗p ≤ 0.01, and ∗∗∗p ≤ 0.001.

points (i.e., 5 drivers per SFF for 2 driving scenarios). The control
variables in this figure include the different SFFs, i.e., PF, MF,
and NF.

1) Overall Assessment: Fig. 5(a) shows the results of the
overall assessment (SA 0). Similar trends between real-life and
remote driving appear, wherein drivers assigned lower scores
to NF compared to PF and MF (p < 0.05), as expected. When
comparing MF and PF, it is found that their impact on SA 0 is
not significant (p > 0.05) even though there is a difference at
the highest level between real-life and remote driving.

2) Safety Assessment: The results of the safety assessment
(SA 10) are shown in Fig. 5(b), which shows a trend similar
to the overall assessment. In both real-life and remote driving,
NF receives the minimal rating, indicating a sense of insecurity
among drivers in the absence of SFF. Additionally, the perceived
safety during remote driving is also low, potentially caused
by various factors in remote driving such as limited visual
awareness and the absence of motion feedback. The steering
feedback support in SA 11 is in line with the above statement

concerning SA 10 (Fig. 5(c)), where NF gives the least support
to drivers in both driving conditions.

3) Steering Characteristic Feel: The results of the steering
characteristic feel are presented in Fig. 5(d)–(f). For question SA
20 (steering wheel characteristic feel - Fig. 5(d)), the scores in
remote driving are almost the same as those for real-life driving.
NF is consistently rated lower by the drivers in comparison to
other steering feedback models, with a significant difference
(p < 0.01). However, the difference between PF and MF is not
significant (p > 0.05). Similarly, the trend shown by the steering
feedback force feeling (SA 21) (Fig. 5(e)) is similar to SA 20,
but there are significant differences between remote and real-life
driving for PF and MF. As indicated by the figure, when the
SFF is either PF or MF, drivers can experience an increased
steering force in remote driving compared to real-life driving
(p < 0.05). The average rating of SA 21 for real-life driving is
near 2.5, whereas it increases to 3.2 for remote driving. This
signifies that the suitable force level for real-life driving appears
slightly high for remote driving. This could possibly be caused
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by the decreased sensation of steering feedback force in real-life
driving due to external environmental disturbances. Conversely,
the quiet driving condition of remote driving affords a more
distinct perception of steering feedback force. This demonstrates
that the requirements for the level of feedback force in remote
driving differ from real-life driving and can be tuned to lower
levels. As far as steering returnability is concerned, similar
patterns with SA 21 are identified (Fig. 5(f)). However, the
difference between real-life and remote driving is not significant
(p > 0.05).

4) Confidence and Control: For confidence and control, NF
provides the lowest confidence to drivers in both remote and
real-life driving (p < 0.05) as presented in Fig. 5(g). PF en-
hanced drivers’ confidence in remote driving in comparison to
MF and NF (p < 0.05), although the difference between PF and
MF is not significant in real-life driving scenarios. As observed
in Fig. 5(h), the Level 3 questions regarding confidence and
control reveal a marked decline in feeling of success during
remote driving compared with real-life driving with PF and MF
(p < 0.05). On the other hand, the perceived difficulty in remote
driving is significantly higher than driving in real-life with PF
and MF, as presented in Fig. 5(i). Nevertheless, the difference
between the models in remote driving is not significant; this
could be due to the fact that the influence of visual or motion
feedback might be greater than that of the SFF models.

5) Real-World Feel: Fig. 5(j)–(l) depict the results related
to the real-world feel for questions SA 40 - 42. As shown in
Fig. 5(j), MF provides remote drivers with a significantly better
real-world feel (p < 0.01) compared to PF and NF during remote
driving, which is in line with disturbance feel in Fig. 5(k). To
explore how the real-world feel is affected, a correlation analysis
between these subjective assessments (SAs) is performed, as
illustrated in Fig. 6(a) and (b).

In these heatmap matrixes, the deeper colours and larger di-
ameter circles represent a higher correlation coefficient between
the two SAs. The values of the coefficients are also displayed
within each circle. Based on these figures (Fig. 6(a) and (b)), the
coefficient between disturbance feel (SA 41) and real-world feel
(SA 40) is 0.64 in real-life driving and 0.95 in remote driving.
The linear regression analyses between them are also illustrated
in Fig. 6(c) and (d), respectively. These correlation levels show
that the disturbance feel during remote driving could give remote
drivers a strong real-world feel. However, this effect would be
reduced in real-life driving. This is probably because the drivers
would feel the disturbance through other feedback channels
(e.g., chassis, suspension, etc.) during real-life driving, which
could partially cover the feel of vibrations from the steering
wheel. For the correlation between SA 40 and SA 42, both have
high coefficients in real-life and remote driving, which might
be because these two questions have the similar meaning, such
as real-world feel and realistic feel. Thus, drivers tend to assess
them similarly, which leads to a high correlation between them.
There are also similar correlations between SA 41 and SA 42,
and SA 41 and SA 40, indicating that one of the questions is
redundant between SA 40 and SA 42, and it could be avoided
in a future experiment.

Fig. 6. (a) Correlation matrix between SA 40, SA41, and SA 42 in real-life
driving. The value within each circle represents the coefficient between the two
SAs. (b) Correlation matrix in remote driving. (c) Linear regression between SA
41 and SA 40 in real-life driving. (d) Linear regression between SA 41 and SA
40 in remote driving. (CI: Confidence Interval; LR: Linear Regression.).

6) Summary of Survey Results: The survey results in terms
of the four themes mentioned in Section IV are summarized
in this section. Concerning the difference in steering feedback
between remote and real-life driving (Theme a), remote drivers
feel that there is less realism and connection to the road. This
is because they do not receive the vibrations transmitted by
the chassis that conventional drivers feel. When discussing
essential characteristics to enhance driving performance (Theme
b), drivers provide suggestions in various areas, such as lower
latency, higher frequency vibration feedback, and better speed
awareness. Regarding potential enhancements in steering feed-
back for remote driving (Theme c), drivers believe that a better
real-world feel is needed. Also, they state that the level of
steering feedback force should be reduced, matching the SA
21 results (Fig. 5(e)). This signifies that they need less steering
feedback force during remote driving, potentially due to the
changed driving environment. For difficulties in remote driving
(Theme d), drivers report that the visibility become worse, and it
is hard to judge distance and position. In addition, there are also
other types of disadvantages, such as less physical reality, less
speed awareness, and an unsafe feeling. Multiple factors (such
as poorer visibility and no motion cues compared to real-life
driving) could have influenced these.

The more detailed comments of each participants can be found
in [42]. The comments from this survey indicate the possible
challenges facing remote driving and thus pave the way for future
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Fig. 7. (a) RMS value of steering angle input (δ) during slalom. (b) RMS value
of lateral acceleration (ay) during slalom.

research, such as improving situational awareness, providing
more realistic driving feedback, and overcoming latency.

C. Driving Behavior Analysis

1) Driving Behavior in Slalom: In this study, lateral and
longitudinal driving behavior and the vehicle’s dynamic re-
sponse are investigated for both real-life and remote driving.
Furthermore, the ANOVA and Effect size analysis are employed
to analyze the influence of SFF models on driving behavior and
performance, specifically focusing on lateral control and lane
following.

Driving behavior in lateral control: The metric of steering
angle input (δ) is used for analysing the change in driving
behaviour, in conjunction with the lateral dynamics of the ve-
hicle, represented by lateral acceleration (ay). To elaborate, the
root-mean-square (RMS) values of these variables, namely the
δ and ay, are computed.

The point-to-point analysis method is used to explore in
detail the changes in driving behavior during remote driving.
As depicted in Fig. 7(a), there is a significant trend that remote
drivers would provide larger steering angle (p < 0.001). Albeit
the number of participants is limited, there is high consistency
between the data. The underlying cause for the larger steering
angle is probably that drivers in RDS have less situational aware-
ness regarding distances, speed, and vehicle motion states. This
makes it more difficult for them to continuously and accurately
approximate the position of the physical objects, which can
account for potential deviations. Therefore, drivers eventually
make larger adjustments to correct the vehicle’s path.

These changed driving behaviors would also cause changes
in the vehicle’s dynamic responses, such as lateral acceleration

(Fig. 7(b)). The overall lateral acceleration of remote driving is
higher compared to driving in real life (p = 0.027), which is in
line with the steering angle input data (Fig. 7(a)). The increased
lateral acceleration could potentially cause the participants’
discomfort, while from a safety perspective, the vehicle could
become unstable during extreme manoeuvres, such as when
avoiding obstacles or driving on low adhesion coefficient roads.
An advanced driver assistance system (ADAS) would probably
be required to increase remote driving safety for the remote
driver.

Regarding the influence of SFF models on steering angle
input and lateral acceleration response, no significant effect is
found. For the steering angle input, the results of the ANOVA
and Effect size for real-life driving are F (2, 12) = 0.6, p =
0.57, η2 = 0.09, and for remote driving, F (2, 12) = 0.32, p =
0.73, η2 = 0.05. For vehicle lateral acceleration, the statistical
results for real-life and remote driving are F (2, 12) = 0.23, p =
0.80, η2 = 0.04 and F (2, 12) = 0.08, p = 0.93, η2 = 0.01, re-
spectively. It indicates that the SFF models do not significantly
influence the steering angle input and vehicle lateral acceleration
response in both these cases.

Driving behavior in longitudinal control: Throttle reversal
rate (TRR) is a metric that can reflect the tuning frequency
of the throttle pedal during driving. A higher TRR means that
drivers use pedals with higher frequency to control the speed,
indicating that they are modulating the speed more. The method
of calculating TRR bears resemblance to the procedure for
calculating the Steering Reversal Rate (SRR) as detailed in [43].
For the purposes of this study, the TRR gap is designated as 5 %,
implying an increment in TRR value for every alteration in the
throttle pedal exceeding 5 %. Prior to TRR computation, the
throttle engagement data is filtered through a 10 Hz low-pass
filter.

As evidenced by Fig. 8(a), the TRR observed in remote driving
is lower in comparison with real-life driving (p = 0.0349). It
indicates that drivers tune the speed at a lower frequency and
keep the throttle in a more static position. This is probably due
to their low speed awareness in RDS, where they rely mainly
on video and audio to judge speed and distance. On the other
hand, in real-life driving, participants have a better sensation of
speed through sound, vibrations, and the actual real-life view, as
well as the headwind experienced while in the RDV. This could
probably provide them with increased awareness to control the
speed with the throttle pedal.

In addition to the TRR, the driving speed is presented in
Fig. 8(b). The speed is normalised using (13)

vnorm =
v − vmin

vmax − vmin
(13)

where vnorm represents the normalized velocity, with v denoting
the vehicle velocity, while vmin and vmax correspond to the
minimum and maximum velocities recorded for each drive,
respectively. The findings indicate that it is easy for remote
drivers to maintain a low velocity compared to real-life driving,
with a p-value of 0.0066. This tendency to reduce speed is
probably attributable to more cautious driving behavior at the
remote driving station due to the limited feedback information.
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Fig. 8. (a) TRR during slalom. (b) Normalized velocity during slalom.

Fig. 9. (a) Lane following deviation. (b) SRR during the lane following
manoeuvre.

2) Driving Performance and Behavior in Lane Following
Manoeuvre: The RMS value of lane following deviation is
calculated to evaluate driving performance. Fig. 9(a) shows
the differences in driving performance between remote and
real-life driving. The data reveals that the deviation in lane
following is significantly bigger in remote driving as compared
to real-life driving, with a significance level of p = 0.0244. Such

Fig. 10. Correlation between the amplitude of the steering feedback force feel
and SV. (a) Real-life driving. (b) Remote driving. (OL: Outlier; CI: Confidence
Interval; LR: Linear Regression).

discrepancies may arise from various factors, e.g. poor view and
absence of motion cues, in the remote driving station.

For the lane-following manoeuvre, the SRR metric is com-
puted, selecting a gap size of 1 degree and establishing a cut-off
frequency at 2 Hz. The findings, depicted in Fig. 9(b), indicate
that the SRR in remote driving is significantly higher compared
to real-life driving (p = 0.0474). This suggests a higher fre-
quency of steering corrections by remote drivers, potentially
attributed to factors akin to those leading to increased lane
following deviation in remote driving. The challenge of approx-
imating the distance will increase through the monitor, which
requires them to correct their steering more frequently in order
to keep the front-left tyre following the lane.

In addition, the ANOVA and Effect size calculation show a
similar result with that in slalom scenario. For lane following
deviation, the results are F (2, 12) = 0.09, p = 0.92, η2 = 0.01
and F (2, 12) = 0.33, p = 0.73, η2 = 0.05 for real-life and re-
mote driving, respectively. For the SRR, the statistical results are
F (2, 12) = 1.1, p = 0.36, η2 = 0.15 and F (2, 12) = 1.23, p =
0.32, η2 = 0.17, respectively. These statistical results indicate
that the SFF models also do not have significant influence on
lane following deviation and SRR during the lane following
manoeuvre. A more detailed analysis of this aspect can be found
in the author’s previous study [22].

D. Correlation Between Driving Behavior and Experience

A correlation analysis is performed between the steering feed-
back force feel and the amplitude of steering velocity (SV) dur-
ing the lane following manoeuvre (Fig. 10(a) and (b)). In remote
driving, there is a correlation between them (r = −0.648, p =
0.032) as presented in Fig. 10(b). However, the correlation is
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weak in real-life driving (r = −0.3162, p = 0.339), although
the trend is similar to that for remote driving (Fig. 10(a)).
According to Fig. 10, drivers with NF have less steering feedback
force feel and tend to give a higher steering velocity, which
is easier due to the lack of resistance force from the steering
wheel. In contrast, with MF and PF, remote drivers would feel a
higher steering feedback force and give a lower steering velocity.
Therefore, this correlation indicates that the amplitude of the
steering feedback force could affect steering velocity in remote
driving. However, there are some other feedback channels that
could influence the steering velocity in real-life driving, such
as motion-cueing. Therefore, the influence of the amplitude of
the steering feedback force feel on steering velocity could be
mitigated. This could probably be the reason why no signifi-
cant correlation is found between them in real-life driving as
presented in Fig. 10(a).

VI. CONCLUSION

This article presents a comparative analysis focusing on the
distinctions in driving behavior and experience between remote
and real-life driving. Concurrently, the physical and modular
model-based steering force feedback has been developed to
investigate the requirements of SFF for remote drivers. The
subjective assessment questionnaire, encompassing questions
ranging from general to specific, has been created to evaluate the
effect of SFF on the driving experience. The main conclusions
in terms of research aims are summarised as follows:
� In the conducted experiment, participants are able to adapt

to a specific scenario following four iterations of practice
in both remote and real-life driving contexts (RA1).

� In remote driving, the required amplitude of feedback
force and returnability is observed to be less compared to
real-life driving, which could be caused by the alterations
in the driving environment experienced in remote driving.
In addition, the road disturbance feel through the steering
wheel would have a higher correlation with the real-world
feel for drivers during remote driving than that for real-life
drivers. This implies that the requirements of SFF model
in remote driving might vary from those in real-life driv-
ing, indicating that the corresponding standards related to
steering force feedback modelling should be reconsidered
for remote driving (RA2).

� Remote drivers tend to feel unsafe and think that remote
driving is more difficult than real-life driving. Moreover,
the driving experience appears to worsen when there is no
steering force feedback during both real-life and remote
driving. Drivers do not feel much difference between the
PF and MF. However, MF could provide a more realis-
tic feeling during remote driving due to the disturbance
information provided by the steering motor current. This
indicates that a suitable SFF is necessary for providing a
good driving experience, and the realistic feeling could be
improved if suitable road disturbances can be transmitted
(RA3).

� For the driving behavior analysis, this paper focuses on
comparing the differences between real-life and remote

driving by combining the data of three SFF models to-
gether. It is found that the drivers tend to provide larger
and faster steering angle inputs in the slalom manoeuvre
during remote driving, which could probably increase the
possibility of vehicle instability and passenger discomfort.
Furthermore, it is easy for the drivers to keep a lower
speed, and the TRR would also decrease during remote
driving in this manoeuvre. The lane following performance
also becomes worse compared with real-life driving. This
signifies that the overall driving performance in this remote
driving experiment will be worse even with steering force
feedback, and some remote driving assisted system could
possibly be used to improve this. In addition, no significant
impact of SFF models on driving behavior and performance
is observed in the context of vehicle lateral control and lane
following, for either real-life or remote driving (RA4).

� In this remote driving experiment, the amplitude of the
steering feedback force has a negative correlation with
the steering velocity of remote drivers. This suggests that
the driving experience might potentially affect the behavior
of remote drivers. Therefore, providing appropriate driving
feedback becomes crucial to enhance both the driving
experience and behavior (RA5).

Limitations of the study: There are three main limitations in
this study. First, the remote driving platform’s communications
use only one simcard. There is a possibility to provide more
stable signal transmission using dual carriers. Second, there is
further room to improve the visual and auditory feedback by us-
ing more advanced camera, screen, and surrounding microphone
techniques. Third, the participant pool is constrained in number,
although each participant performs each driving manoeuvre
three times and the objective metrics are highly consistent.
Therefore, a future study could be done based on the following
two aspects: first, recruiting a more diverse group of participants
with respect to age, gender, and driving experience, and second,
employing more advanced remote driving technologies.
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