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Occupants’ Motion Comfort and Driver’s Feel:
An Explorative Study About Their Relation

in Remote Driving
Georgios Papaioannou , Lin Zhao , Mikael Nybacka , Jenny Jerrelind , Riender Happee , and Lars Drugge

Abstract— Teleoperation is considered as a viable option to
control fully automated vehicles (AVs) of Level 4 and 5 in special
conditions. However, by bringing the remote drivers in the loop,
their driving experience should be realistic to secure safe and
comfortable remote control. Therefore, the remote control tower
should be designed such that remote drivers receive high quality
cues regarding the vehicle state and the driving environment.
In this direction, the steering feedback could be manipulated
to provide feedback to the remote drivers regarding how the
vehicle reacts to their commands. However, until now, it is unclear
how the remote drivers’ steering feel could impact occupant’s
motion comfort. This paper focuses on exploring how the driver
feel in remote (RD) and normal driving (ND) are related with
occupants’ motion comfort. More specifically, different types
of steering feedback controllers are applied in (a) the steering
system of a Research Concept Vehicle-model E (RCV-E) and (b)
the steering system of a remote control tower. An experiment
was performed to assess driver feel when the RCV-E is normally
and remotely driven. Subjective assessment and objective metrics
are employed to assess drivers’ feel and occupants’ motion
comfort in both remote and normal driving scenarios. The results
illustrate that motion sickness and ride comfort are dominated by
steering velocity variations in remote driving, while throttle input
variations dominate in normal driving. The results demonstrate
that motion sickness and steering velocity increase both around
25% from normal to remote driving.

Index Terms— Steering feedback, motion sickness, ride com-
fort, remote driving, normal driving, driver feel.

I. INTRODUCTION

AUTOMATED vehicles (AVs) acceptance and employ-
ment is deterred by major concerns related to motion

comfort [1] (the term referring to both motion sickness and
ride comfort), and their ability to be controlled in special con-
ditions [2]. AVs will be able to handle most of the manoeuvres
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in urban environments. However, a multitude of factors, (i.e.
bad weather [3], low sensor perception [4], difficult scenar-
ios [5], constructions, public events, traffic accidents, etc.) can
lead to limited sensor recognition and a mismatch of the actual
road with outdated high precision maps. Hence, difficulties
might rise for AVs to handle such conditions, leading to
stranded vehicles and accidents, which will eventually risk
AVs deployment. Meanwhile, the ability to engage in other
activities during the ride is considered by consumers as one
of the key reasons for AVs adoption [6]. However, the engage-
ment in non-driving activities will provoke occupants’ motion
sickness (MS), deteriorating their overall motion comfort and
thereby risking AVs acceptance. Therefore, research has been
recently conducted towards both challenges. However, there is
no work investigating their interaction.

The main countermeasure overcoming AVs difficulty to han-
dle special conditions is the remote driving (RD) technology
or teleoperation [7]. RD technology could be an effective
way to provide a backup system to AVs, smoothening the
transition phase towards the employment of fully automated
vehicles. With the introduction of 4G and 5G communication
technology, stable RD can be realised by using high-resolution
and low latency video. However, the remote drivers’ driving
behaviour will be affected by a lack of physical (e.g. vestibu-
lar) motion cues regarding the vehicle behaviour. As a result,
the acceleration, braking and steering behaviour might become
more aggressive and with more sudden jerks as proven in
previous research [8], [9], [10], [11], [12], [13], [14], [15],
hampering occupants’ motion comfort. Therefore, it is crucial
to identify the relation between remote drivers’ driving feel
and occupant’s motion comfort to be able to improve both.

Conventional road vehicles are designed to be driven by and
interact with the human driver/operator. In the vehicle-driver
closed-loop system, the driver receives important feedback
from the vehicle motion, including the vehicle’s velocity and
acceleration, posture, and steering feel. Traditionally, drivers
get most of these through haptic and kinesthetic feedback via
the steering system, the seat, and the brake/gas pedal. Among
these, the vehicle steering system includes key information
(e.g. vehicle speed, tyre forces, and road condition [16]),
which the remote driver needs to properly control the vehicle.
Hence, the modification of the remote steering system could
be a direct way to transmit real world information to the
remote driver. Nevertheless, on contrary with the traditional
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vehicle steering system, the remote control tower steering
system might not be equipped with the steering column, rack,
and other components. Therefore, it is necessary to provide
artificial cues to the remote drivers to enhance their steering
behaviour [17]. However, it is unclear how these changes could
affect occupants’ motion comfort.

The remote steering system can be compared to a Steer-
by-Wire (SBW) steering system. SBW are being carefully
designed to create a desired steering feel, transmitting the
aligning torque resulting from tyre-road interaction. Hence,
the different kinds of steering feedback models that have been
developed for SBW systems [18], [19], [20], [21] can be
employed also for remote steering systems. The difference
with the normal driven vehicles is that in RD there is limited
to no steering feedback information about how the vehicle
reacts to the drivers’ commands. Additionally, the visual and
motion cues are significantly different, where vision generally
sees a reduced resolution and field of view, and fixed based
setups do not elicit any mechanical motion cues. Thus, the
requirements of the steering feedback information in RD could
be principally different from normal driving. Till now, the
authors’ previous study [22], presented a novel experiment to
test the drivers’ feel in normal and remote driving. Through
this experiment, they outlined that the requirements of the
amplitude of steering feedback force and returnability in
remote driving are lower than that of normal driving, while
they identified that it was more difficult and less safe to operate
the vehicle remotely than normally. However, despite these
critical conclusions, there was no investigation about how
drivers’ feel could affect occupants’ motion comfort in normal
and remote driving.

In this direction, this work exploits the data collected from
a novel experiment with human drivers as partially reported
in authors’ previous work [22], and explores in depth the
relation of occupants’ motion comfort with drivers’ feel. More
specifically, the Research Concept Vehicle-model E (RCV-E,
Figure 1a) was used with a remote control tower (RCT,
Figure 1b), where they are equipped with the same steering
feedback interface (Fanatec kits) in RCV-E and RCT, and
it can provide drivers with high fidelity steering feedback
force. Human drivers tested the steering feel both during
normal and remote driving. To study the effect of different
steering conditions, three different steering feedback models
are applied to provide different feedback and affect the drivers’
steering feel during normal (ND) and remote (RD) driving.
Subjective assessment metrics are extracted through question-
naires during a specific manoeuvre, while objective metrics
are also calculated to acquire comprehensive data regarding
drivers’ feel. Using the data obtained from sensors placed
on the RCV-E, occupants’ motion sickness (MS) and ride
comfort (RC) are assessed with objective metrics. The results
aim to explore the relation of motion comfort with remote
drivers’ feel and pave the path for properly designing steering
feedback in remote driving with the consideration of motion
comfort.

The novel contributions of this paper are driven by the
following research questions:

Fig. 1. (a) Research Concept Vehicle-model E (RCV-E). (b) Remote Control
Tower (RCT).

• What are the differences between normal and remote
drivers’ overall steering feel and its components through
the subjective assessment metrics?

• How can the subjective assessment questionnaire be
improved?

• How motion comfort is affected when shifting from
normal to remote driving?

• What is the relation of motion comfort with steering
velocity and throttle input in normal and remote driving?

• How significant are the correlations of motion comfort
with subjective driver feel assessment metrics in remote
and normal driving? Is the behavior similar between
remote and normal driving?

To that end, this paper is structured as follows: first, the
methods used to assess the steering feel and the motion
comfort are presented; secondly, the experimental scenarios
are described together with the experimental setup; then, the
results are presented and discussed; finally, conclusions are
extracted.

II. STEERING CONTROLLERS

This work focuses on exploring how steering feel in RD
affects occupants’ motion comfort. For this, three steering
feedback controllers are applied to the steering systems in
the RCV-E and the remote control tower: the modular model
(MF), the physical model (PF) and the no-feedback (NF).

Authorized licensed use limited to: TU Delft Library. Downloaded on September 13,2024 at 13:56:03 UTC from IEEE Xplore.  Restrictions apply. 



PAPAIOANNOU et al.: OCCUPANTS’ MOTION COMFORT AND DRIVER’S FEEL 11079

TABLE I
SUBJECTIVE DRIVER FEEL ASSESSMENT QUESTIONNAIRE

More details regarding these models can be found in the liter-
ature [22], where they are extensively studied regarding their
impact on remote drivers’ steering feel. The emphasis of the
current paper is to unravel the relation between remote drivers’
feel and occupants’ motion comfort, rather than exploring the
impact of different feedback controllers on motion comfort.
To that end, the different feedback controller scenarios are
considered as cases that provoke different drivers’ steering
feel, and are employed to investigate the overall relation of
the drivers’ feel with motion comfort.

III. DRIVER FEEL AND MOTION COMFORT ASSESSMENT

A. Subjective Assessment of Driver Feel

To subjectively assess the driver feel, a three-level based
questionnaire is designed, as shown in Table I [22], [23]. The
first level (SA01) is about the overall assessment, while the
second level questions concern the driver’s perceived safety
(SA10), steering wheel characteristic feel (SA20) as well as
confidence and control (SA30). The third level delves into
these three points with two additional questions for SA10,
SA20 and SA30 respectively. Each question has a grading
scale from 0 to 5 with a step of 0.25.

B. Objective Assessment of Motion Comfort

ISO-2631:1997 [24] provides objective guidelines for mea-
surement and evaluation of human exposure to whole-body
mechanical vibration and repeated shock. Here two comfort
metrics are derived by using and extending these guidelines:

1) Ride Comfort (RC) emphasising the higher frequencies
(mainly above 1 Hz).

2) Motion Sickness (MS) emphasising the lower frequen-
cies (mainly below 1 Hz).

Both metrics apply frequency weighting to 6 degrees of free-
dom motion including three dimensional translation and three

dimensional rotation of the seat or the head. The Ride Comfort
(RC) is expected to capture general motion (dis)comfort due
to vibration and abrupt motion and is deemed relevant to
active motion (driving) and passive motion (being driven). The
second measure is suitable for passive motion (being driven).

According to the standard, comfort is assessed by combining
the root mean square (RMS) values of weighted accelerations
(RCWi ), translational and rotational, measured at the vehicle’s
centre of gravity. More specifically, the RMS value of each
acceleration is calculated as follows:

RCWi =

(
1
t

∫ t

0
a2

iW
dτ

) 1
2

(1)

where i is the acceleration type, either translational (ẍ , ÿ and
z̈) or rotational (i = r x for φ̈, r y for θ̈ and r z for r̈ ) as
defined in the standard [24], while aWi stands for the weighted
accelerations in the time domain. After multiplying each of the
RCiWrms by appropriate factors (ki ), they are all summed and
the overall comfort metric is calculated:

RC =

( 6∑
i=1

k2
i RC2

Wi

)1/2

(2)

where ki is the multiplying factor for each term (i = x , y, z,
r x , r y and r z) which can be found in ISO-2631 [24]. As far
as the weighting of the accelerations is concerned, they are
calculated as follows:

Awi = W Pi1 ∗ W Ai1 ∗ Ai (3)

where Ai are the frequency domain accelerations (ai (t)); Awi

are the frequency domain weighted accelerations; W P and
W A are the principal and additional frequency weightings
used.

Equation 2 is used with two different sets of weighting
filters for the translational and rotational accelerations to
objectively assess RC and MS. The combinations of filters
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Fig. 2. Weighting filters regarding ride comfort (upper) and motion sickness
(lower).

TABLE II
APPLIED WEIGHTING FILTERS IN TRANSLATIONAL AND ROTATIONAL

ACCELERATIONS FOR THE ASSESSMENT OF RIDE
COMFORT AND MOTION SICKNESS

used for each case (RC and MS metrics) are illustrated in
Table II, while all filters used in this work are displayed in
Figure 2. Regarding RC, according to ISO-2631, the principal
filter for the z-direction (W Pk) and the additional filter (W Ae)
for all the rotational vibrations are used. No filter is used in x
and y direction according to the standard [24]. As far as MS is
concerned, ISO-2631 lacks appropriate weighting filters for the
horizontal and rotational vibrations despite their importance in
MS accumulation. Therefore, more filters from the literature
are employed. More specifically, W P fx , W P fy and W P fz

are used for the x, y and z direction, while W P fr is used
for all the rotational vibrations. The longitudinal acceleration
weighting filter (W P fx ) is approximately designed according
to Griffin and Mills [25], the lateral acceleration weighting
filter (W P fy ) is extracted from Donohew and Griffin [26] and
the rotational vibration weighting filter (W P fr ) is designed
based on Howarth et al. [27].

Fig. 3. Test arrangement of the slalom.

C. Multidimensional Human Body Model

In this work, the vehicle acceleration measurements (ẍ , ÿ,
z̈, r̈ , φ̈ and θ̈ ) from the Xsens IMU are transmitted to the
occupants’ head (ẍh , ÿh , z̈h , r̈h , φ̈h and θ̈h) using a multidi-
mensional human body model [28]. This takes into account
body induced oscillations, and head rotational responses to
seat translational and rotational accelerations.

IV. EXPERIMENT DESIGN

A. Experiment Setup

As mentioned before, the Research Concept Vehicle-model
E (RCV-E, Figure 1a) is used with a remote control tower
(RCT, Figure 1b), equipped with the same steering feedback
interface (Fanatec kits) in RCV-E and RCT [22]. The Fanatec
Kit was used to measure the steering angle and throttle/brake
pedal movement data, and it was also used to generate the
steering feedback force.

In the specific experimental setup, the glass-to-glass (G2G)
and the round trip latency are approximately 120 ms and
40-60 ms respectively, leading to a low total latency (i.e.,
160 ms) as compared to other similar systems. According
to the literature, latency can significantly influence drivers’
emotional states, driving performance, and cognitive work-
load [29], [30]. The authors expect this to potentially affect
occupants’ MS and RC in some cases. More specifically,
drivers did not report significant latency perception during low
speed continuous slalom driving. Meanwhile, remote drivers
identified latency due to a delay in the transmission of the
road vibrations when the vehicle moved from normal to gravel
roads.

B. Driving Path

A slalom manoeuvre, as shown in Figure 3, is designed for
the experiment. More specifically, nine cones were placed with
distance of 15 m between each. Considering safety aspects, the
maximum speed in the experiment was limited to 18 km/h.

C. Experiment Protocol

In total, five participants were involved and all of them
have driving licenses and driving experience in ND. Three
of the participants did not have any RD experience, while the
last two are regularly engaged in RD at Einride, a company
for automated heavy vehicles. Each participant assessed the
driving feel for each steering feedback model (PF, MF and
NF - three in total), in both ND and RD. The ND scenario
was firstly conducted to let drivers be familiar with the
RCV-E, and then the RD scenario followed. In total, 15 cases
were studied (i.e., five different drivers testing three different
steering feedback models) for each scenario, i.e. both ND
and RD.

Authorized licensed use limited to: TU Delft Library. Downloaded on September 13,2024 at 13:56:03 UTC from IEEE Xplore.  Restrictions apply. 
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TABLE III
CORRELATION COEFFICIENT (ρS Ai ,S A j ) BETWEEN THE STEERING FEEL SUBJECTIVE ASSESSMENT METRICS (SA) IN ND AND RD. THE COLORS DEPICT

THE FOLLOWING LEVELS OF ρ : (A) RED: ρ = 1 (UTOPIA), (B) ORANGE: 1 > ρ ≥ 0.94 (HIGH), (C) GREEN: 0.94 > ρ > 0.80 (VERY GOOD), (D)
YELLOW: 0.80 ≥ ρ ≥ 0.50 (GOOD), AND (E) BLUE: ρ < 0.50 (BAD)

Before the initiation of the experiment, the drivers were
asked to close their eyes for two minutes to stabilise the brain
wave activity. Then, to become familiar with the manoeuvre,
the drivers practiced the manoeuvre for four laps using each
of the steering feedback models. Afterwards, the formal test
followed by testing each feedback model. In order to alleviate
the influence of the model’s testing sequence on the drivers’
assessment, the sequence varied among the drivers. This was
also conducted during the initial training. After the formal
experiment for each steering model, the drivers were asked
to answer immediately the questions for each model. The RD
experiments followed the same procedure.

V. RESULTS & DISCUSSION

In total, fifteen cases are studied (i.e., five different drivers
testing three different steering feedback models) for each
scenario, i.e. normal (ND) and remote (RD) driving. All
drivers completed the different cases successfully without loss
of control or collisions. The data obtained are analysed in the
following way:

• The correlation between the subjective metrics (Table I)
is investigated to understand the differences in driver feel
between ND and RD, and outline any redundant metrics
that can be excluded from future analysis (Table III).

• Objective metrics are used to capture the impact of the
driving behaviour and steering feel on motion comfort
during RD and ND. More specifically, ride comfort
(RC), motion sickness (MS), steering velocity (SV),
throttle input velocity (TI) and distance travelled (DT)
are compared between ND and RD through boxplots
(Figures 4-5). SV and TI are studied using the RMS
value of the corresponding measurements over one drive

consisting of multiple slaloms (Figure 3), while the total
distance travelled (DT) is calculated based on the IMU
data. The DT metric is considered since when drivers
adopt a wider slalom longer distance will be covered
affecting MS and RC. Ride comfort and motion sickness
are represented by RC and MS as defined in the previous
sections.

• The correlation of RC and MS with SV and TI is
investigated in both ND and RD (Figures 6-7) to unravel
their relationship. The analysis is conducted for two time
periods: (a) the first 0-2 s where the vehicle accelerates,
and (b) the complete slalom. For the latter, a multiple
regression model is used to validate the correlation results
(Table V).

• RC and MS are investigated in terms of their correlation
(Table VI) with different steering feel subjective assess-
ment metrics (Table I). Cases highly correlated with MS
or RC are investigated in detail by presenting the fitted
curves (Figures 8 and 11).

A. Correlation Between Subjective Steering Feel Metrics

Before investigating in depth the correlation of the sub-
jective steering feel metrics (SA) with MS and RC, the
dependency of the SA metrics is explored. For this, a method
to yield the correlation of the objectives and unravel potential
redundancies is employed [31]. The correlation coefficient of
two objective functions (S Ai and S A j , Table I) over a set of
decision vectors Y = x1, . . . , x N , i.e. the N driving scenarios
in ND or RD, is defined as:

ρS Ai ,S A j =
Si, j

Si,i S j, j
∈ [−1, 1] (4)
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where i, j = [01, 10, 11, 12, 20, 21, 22, 30, 31, 32] and
Si, j is defined:

Si, j =
1
N

∑
l∈N

(
S Ai (x l) −

1
N

∑
m∈N

S Ai (xm)

)
∗(

S A j (x l) −
1
N

∑
m∈N

S A j (xm)

)
(5)

The value of the pairwise correlation coefficients between
two objective functions gives a measure of how similar the
functions evaluate the set Y = x1, . . . , x N . If the correlation
is perfect, i.e., |ρS Ai ,S A j | = 1, one of the objectives or
metrics is actually redundant and does not add any additional
information. According to Equations 4 and 5, the correlation
coefficient is calculated regarding SA among the different
driver responses both in ND and RD (Table III). The different
color cells indicates the level of correlation between the
metrics, i.e. high, very good, etc., as described in the table.

Regarding ND (i.e., top part of Table III), a few of
the metrics from SA01-SA21 are significantly correlated
(ρS Ai ,S A j >0.80) indicating potential redundancies. Firstly,
as for the correlation of Level 1 and 2 metrics, SA01 (i.e.,
overall assessment - Level 1), is highly correlated with all the
Level 2 metrics (i.e. SA10 - the safety assessment, SA20 -
the steering wheel characteristic feel, and SA30 - confidence
and control). In these cases, ρS A01,S A10 and ρS A01,S A20 are ∼

0.97, while ρS A01,S A30 is ∼ 0.84. This indicates that the overall
drivers’ steering feel assessment is predominantly related with
their perception of safety and steering wheel characteristic feel,
and secondarily with the perception of confidence and control.
To that end, SA01 can be evaluated using multiple regression
models based on SA10 and SA20, with which there is high
correlation, or based on SA10, SA20 and SA30.

As far as the correlation of Level 2 and 3 metrics is con-
cerned, SA10 is strongly correlated with SA11, i.e. the steering
feedback support (Level 3), with ρS A10,S A11 being ∼ 0.94.
Based on this, the driver’s safety assessment is mainly related
with the driver perception about the steering feedback support
levels (SA11) to control the vehicle rather than the steering
feedback communication of vehicle behaviour (SA12). At the
same time, the drivers assessment regarding the steering wheel
characteristic feel (SA20 - Level 2) is mainly related with
the level of feedback force (SA21 - Level 3), but hardly cor-
related with the steering wheel returnability (SA22). Finally,
the driver’s confidence and control is highly correlated with
the steering feedback support (SA11), the steering feedback
communication (SA12), the level of feedback force (SA21)
and the steering wheel returnability (SA22) rather than the
assessed task success or difficulty (SA31 and SA32). Hence,
SA31 and SA32 could be neglected since they do not add any
additional information, while SA30 could be evaluated based
on the above level 3 questions.

Despite the significant correlations between metrics iden-
tified in ND, this is not the case in RD (i.e., bottom part of
Table III). On contrary with ND, the SA metrics illustrate very
low correlation coefficients between them, except 1-2 cases.
According to the correlation values, the overall driver feel
assessment (SA01) is mainly and to some extent related with

Fig. 4. Comparison of (a) motion sickness and (b) ride discomfort in ND and
RD. Paired sample t-test significance is presented by ∗ p ≤ 0.05,∗∗ p ≤ 0.01,
and ∗∗∗ p ≤ 0.001. [Driver 1, Driver 2, Driver 3, Driver 4, Driver 5].

the drivers’ perception of safety (SA10) and their confidence
and control (SA30), respectively. Meanwhile, the importance
of the steering wheel characteristic feel (SA20) was deteri-
orated compared to ND. Regarding the more in depth met-
rics of the questionnaire, the drivers’ safety assessment and
confidence are correlated with the steering feedback support
(SA11) and the perceived task difficulty (SA32). At the same
time, the remote drivers’ confidence and control is related
only with the perceived safety metrics (SA11 and SA12) on
contrary with the normal driving scenario where the steering
wheel characteristic feel is also critical. The above differences
between the subjective driver feel assessment in ND and RD
demonstrate the importance of further work to understand
remote driver’s steering feel in order for safe remote control
systems to be designed.

B. RC and MS Comparison Between ND and RD

To test the hypothesis that RC, MS, SV, TI and DT are
increased from normal to remote driving, a paired sample
t-tested is conducted (Table IV) to assess the significance of
the results and boxplots are plotted (Figures 4 and 5). In the
boxplots (Figures 4 and 5), the central mark in red color
indicates the median, while the bottom and top edges of the
box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered
as outliers. As mentioned before, 15 cases are studied in total
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Fig. 5. Comparison of (a) distance travelled, (b) steering velocity, and
(c) throttle input between ND and RD. Paired sample t-test significance is
presented by ∗ p ≤ 0.05,∗∗ p ≤ 0.01, and ∗∗∗ p ≤ 0.001. [Driver 1, Driver 2,
Driver 3, Driver 4, Driver 5].

(i.e., 5 different drivers testing 3 different steering feedback
models) for each scenario, i.e. normal (ND) and remote (RD)
driving. Coloured lines illustrate the effect on the metric for
each case within the boxplots, where the same color refers
to each driver tests (i.e., the three different steering feedback
controllers). This aims to outline the effect consistency on
the different metrics regardless of the feedback controllers,
increasing the significance of the outcomes albeit the low
drivers number.

As shown in Figure 4a, the values of MS in RD are
significantly higher than in ND (p = 0.0008), which indicates
that occupants would suffer more MS during RD. This increase

TABLE IV
NON-PARAMETRIC WILCOXON SIGNED RANK TEST TO IDENTIFY IF THE

RC, MS, SV AND TI DATA IN ND AND RD COME FROM CONTINUOUS
DISTRIBUTIONS WITH EQUAL MEDIANS OR NOT

is consistent in most of the drivers regardless the feedback con-
troller used, since only 1 out of the 15 cases (i.e., Driver 4 with
1 feedback controller) illustrates contradictory behaviour. The
mean MS increase is around 26 % from ND to RD. At the
same time, the RC (Figure 4b) does not illustrate a significant
difference between the two driving situations according to
the paired t-test. Also, 4 out of 15 cases indicate decreased
ride discomfort from ND to RD. These cases correspond to
three different drivers testing one (Driver 2 and 4) or two
(Driver 3) feedback controllers. Regarding distance travelled
(DT), the increase from ND to RD is significant based on
Figure 5a, indicating that in overall drivers during RD followed
a wider slalom compared to ND increasing eventually the
path duration. This could be because of the remote drivers’
reduced visual awareness making it difficult to judge the
distance between the physical objects (cones and car). This
may cause the larger distance travelled and greater steering
velocity compared to normal driving to correct the vehicle
direction. The mean DT increase is around 3 % from ND
to RD. The low significance might be related with the fact
that 5 out of 15 cases decreased distance travelled from ND
to RD. These five cases correspond to three different drivers
testing one (Driver 2) or two (Driver 3 and Driver 5) different
feedback controllers.

Regarding the objective metrics of the steering feel, the
steering velocity in RD (Figure 5b), is much higher than in ND
(p = 0.002). This increasing pattern is consistent regardless
of the driver and the feedback controller, with only 3 out
of 15 cases decreasing SV from ND to RD. These cases
correspond to only two drivers with one (Driver 2) or two
(Driver 3) feedback controllers. The mean SV increase is
around 25 % from ND to RD. This increase is possibly caused
by the driver’s low situational awareness (i.e., less visual
and limited motion feedback) during RD, leading to higher
steering velocity and a more aggressive driving behaviour.
This could also be the reason why the remote drivers adopted
a wider slalom. On contrary with SV, the throttle input has
no significant difference between the two scenarios (ND and
RD, p = 0.1384), which might be caused by various reasons.
First of all, the intense and demanding driving required during
slalom limits the drivers’ decision time and they maintain the
throttle at constant position. Moreover, due to the limitations
of the RCV-E, the maximum velocity was low and the drivers
easily reached it.

Regarding the passenger comfort data for MS and RC and
driver control data for DT, SV and TI (Figures 4-5), on one
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Fig. 6. Correlation of occupants’ MS with throttle input in ND (a+b) and RD (c+d) during the first 2 s, when the vehicle accelerates from standstill position.
Shaded area: 95% Confidence interval. Dotted lines: UB and LB with 95% confidence interval. [Driver 1, Driver 2, Driver 3, Driver 4, Driver 5].

hand, the ND gives smaller range of values, and lower median,
mean, maximum and minimum values in MS (p = 0.0007,
Figure 4a), DS (p = 0.0002, Figure 5a) and SV (p = 0.0002,
Figure 5b) compared to the corresponding values in RD. The
similar behaviour of the three metrics indicates that the SV
increase in RD can provoke more MS symptoms, while the DT
is increased. The level of these correlations is to be validated
from the more in depth analysis that will follow. On the other
hand, the changes in RC values (maximum, minimum, median
and mean) (Figure 4b) are not consistent. More specifically,
the median, the mean and the maximum values increase,
whereas the minimum value decreases in the RD compared to
the ND. Finally, regarding the throttle input (Figure 5c), the
changes from ND to RD are the most inconsistent compared
to all the studied metrics. First of all, the range of the
25th and 75th percentiles for the throttle input is similar
between the two driving scenarios. Meanwhile, the maximum
and mean values increase from the ND to the RD scenario,
whereas the median and the minimum values decrease. This
along with the high p-value obtained from the t-test makes
it more difficult to extract conclusions how TI affects RC
and MS.

C. RC and MS Correlation With Steering Feel Objective
Metrics

In this section, the relation of RC and MS with SV and TI
is investigated using linear regression analysis in time spans
of the ride: (a) 0 - 2 s, where the vehicle accelerates from
standstill (Figure 6), and (b) the complete slalom (Figure 7).
For the latter, the remarks are validated using stepwise regres-
sion (Table V). Albeit not emphasising the impact of the
different feedback controllers (PF, MF and NF) on RC and
MS, the data used (fifteen cases, five drivers testing three
steering feedback controllers) for the linear regression analysis
are plotted in Figures 6-7 with different marker face color
per driver and different markers style per feedback controller.
For example, the three yellow markers (one square, one circle
and one triangle) refer to Driver 3 performance for the three
different steering feedback controllers (PF, MF and NF), while
the five triangle markers (green, blue, yellow, orange and
grey) illustrate the NF case for all five drivers. Overall, the
different cases (i.e., different driver with different controllers)
are mostly consistent regarding their effect on the various
objective metrics studied when shifting from normal to remote
driving regardless the driver or the feedback controller. This
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Fig. 7. Correlation of occupants’ MS and RC with steering velocity and throttle input in ND (a-b) and RD (c-d) for the complete slalom. Shaded area: 95%
Confidence interval. Dotted lines: UB and LB with 95% confidence interval. [Driver 1, Driver 2, Driver 3, Driver 4, Driver 5].

consistency secures the significance of the outcome despite the
low number of drivers.

Regarding the first part, where the vehicle accelerates from
standstill, the emphasis is on the correlation of MS and RC
with the throttle input variations (TI) since there are no
variations in steering during this time period. According to
Figure 6, MS and RC are highly correlated with TI with
also great significance (R2

= 0.42/ p = 0.009, Figure 6a
and R2

= 0.56/ p = 0.001, Figure 6b). The correlation is
larger when it comes to RC. Furthermore, the drivers’ throttle
behaviour in the different cases is very scattered. Meanwhile,
the occupants’ ride comfort and motion sickness are correlated
more in RD (R2

= 0.56/ p = 0.001, Figure 6c and R2
=

0.71/ p = 0.0001, Figure 6d). The high correlation of MS
and RC with TI with great significance is consistent (R2

=

0.36/ p = 0.03 and R2
= 0.39/ p = 0.02, Figure 6d) if

calculated in the [10 90] percentile of the data where the
outlier (Driver 2 with PF with TI = ∼ 1.8) is removed. At the
same time, the driver’s behaviour does not differ significantly
as expected, since nothing differentiated that could affect the
remote drivers’ throttle behaviour between the cases. The
similar behaviour could also be affected by the fact that the
drivers’ do not receive any feedback about the vehicle motion

that could help them adjust their throttle input, except from
microphone sound.

Regarding the complete slalom, the focus is shifted on the
correlation of MS and RC with the steering velocity (SV)
since there are insignificant variations in the throttle input
after the first seconds (acceleration from standstill), when the
maximum velocity (18 km/h) is reached. This was outlined
in the correlations explored between MS and RC with TI in
both ND and RD. More specifically, MS is insignificantly
correlated with TI in ND (R2

= 0.14, / p = 0.162), while
in RD there is no correlation at all (R2

= 0/ p = 0.876).
Similarly, RC illustrates a modest correlation with TI (R2

=

0.21/ p = 0.083) in ND, but no correlation in RD (R2
= 0/

p = 0.985). The correlation plots of RC and MS with TI in
ND and RD are not included for the sake of simplicity, and
the emphasis is on their correlation with SV. According to
Figure 7, MS is marginally correlated with SV in both ND
and RD, (R2

= 0.29/ p = 0.058, Figure 7a and R2
= 0.57/

p = 0.162, Figure 7c). Additionally, the LB and UB fitted
curves (i.e., the fitted curves with lower and upper coefficient
bounds with 95 % confidence level) display small distances
from the main curve, illustrating high confidence in the result.
The trend of these curves is the same with the one of the main
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TABLE V
MULTIPLE REGRESSION OF RC AND MS WITH SV

curve, illustrating consistency in the increasing pattern of MS
and SV. Regarding the RC correlation with SV, the results are
inconsistent compared to the MS correlation with the same
metrics. RC presents no correlation with SV (R2

= 0.03/ p =

0.521, Figure 7b), but the opposite behaviour is identified in
RD, where the RC metric is correlated highly with SV but not
at all with TI (R2

= 0.47/ p = 0.006, Figure 7d). In addition to
the modest correlation of RC with SV, the trend of the fitted
curve with the one of the LB and UB curves is consistent.
Also, the distances of the LB and UB curves with the main
are small, indicating high prediction probability.

To sum up, based on the above, both the steering and
throttle behaviour affect the incidence of MS and RC in ND.
Meanwhile, MS and RC correlation with SV is increased from
ND to RD, whereas their correlation with TI is decreased.
On the other hand, in RD, SV is the main factor to be
correlated with RC and MS in greater levels than the ones
in ND, with the throttle variations not affecting the overall
motion comfort. To validate this, a multiple regression model
(Table V) is developed to investigate MS and RC relation
with SV and TI during ND and RD. In ND, RC and MS
are predicted based on the interaction of SV with TI (SV*TI)
rather than the combination of both as separate terms. Whereas
in RD, albeit the model is able to identify interactions both
RC and MS depend exclusively on SV. The above remarks
are potentially related to the difference in the RD behaviour.
The remote driver’s limited view in RD led to higher SV,
provoking higher MS (as illustrated in Figure 5b and 4a)
and leading to greater correlation levels compared to ND.
As mentioned before, the remote drivers’ limited view and
enviromental awareness, makes it difficult for them to judge
the distance to physical objects, causing greater deviation that
lead to larger steering velocity inputs to correct the vehicle
direction. On the other hand, due to the remote drivers’ limited
situation awareness and the lack of feedback about the vehicle
velocity, the throttle input varied inconsistently compared to
ND. This contributed less to the MS accumulation decreasing
the TI correlation levels with MS. This could also be affected
by other factors such as: (a) the small decision time for the
drivers during the slalom, which makes them maintain the
throttle at constant position, and (b) the maximum allowed
velocity of the RCV-E. An experiment having more intense
longitudinal effects could provide more concrete conclusions.

D. Correlation Between Subjective Steering Feel (SA) and
Objective Metrics for Motion Comfort (RC and MS)

This section focuses on SA metrics correlation with RC
and MS through linear regression analysis to unravel their

relation. For this, firstly, Table VI illustrates the regression
levels using R2 for all SA metrics with RC and MS in ND
and RD. Then, the fitted curves of the ones with higher
R2 are presented (Figures 8-11), and they are also plotted
for lower and upper coefficient bounds with 95 % confidence
level. Similarly with before, the data used (fifteen cases, five
drivers testing three steering feedback controllers) for the
linear regression analysis are plotted with different marker
face color per driver and different markers style per feedback
controller.

According to Table VI, the SA metrics correlation with RC
and MS varies significantly between ND and RD. The R2 is
within low and medium levels in both scenarios (ND and RD),
while the subjective driver feel assessment (SA metrics) is
correlated with MS and RC to a higher level in ND than
RD (R2

N D >R2
RD). In ND, SA metrics are more correlated

with MS rather than RC, which might be because the driving
behaviour is proven to affect more the low frequencies that are
related to MS [33]. At the same time, there is principally no
correlation of SA metrics with MS in RD, except from SA31
and SA32 both related with drivers’ confidence and control.
On the other hand, RC illustrates some correlation with SA
metrics in RD, but the levels are lower compared to ND. More
specifically, despite the low correlation of RC, RC correlates
amply (R2

= 0.25) with the Level 3 safety assessment metrics
(SA11 and SA12) in RD similarly with ND. At the same time,
there is insignificant or no correlation with other SA metrics
about confidence and control, or steering wheel characteristic
feel. Despite the proven and significant increase of MS from
ND to RD (Figure 4), this increase seems to not be relevant
with the remote drivers’ subjective assessment based on the
above remarks. This is another evidence of the greater com-
plexity in remote drivers’ steering feel and behaviour, which
needs to be further investigated.

Based on Table VI, the overall driver feel assessment
(SA01) illustrates decent to low correlation with RC for both
ND and RD scenarios (R2

= ∼ 0.20 and 0.16, respectively).
Despite these not satisfactory correlation levels, the fitted
curves increasing - decreasing patterns (Figure 8) are con-
sistent with the UP and LB curves (fitted curves with 95%
confidence levels). However, the pattern of the fitted curves
contradicts between ND and RD. In ND, the improvement
of the overall driver feel assessment (SA01), leads to the
deterioration of occupants’ ride comfort. This conflicting
relation is widely discussed in the literature [34], but not
often captured. In conventional vehicles, the driver receives
cues/feedback from the vehicle that it responds intuitively to
the driver’s commands (steering, throttle and brake inputs).
The optimisation of these cues is mostly contradicting to
motion comfort enhancement. On contrary to this expected
behaviour, in RD, RC and SA01 have a straightforward rela-
tion, where the improvement of drivers’ overall feel leads to
the occupants’ comfort improvement. Thus, the development
of remote control systems will potentially be less complicated
with regards to comfort compared to conventional vehicles.
The low correlation levels of SA01 with MS both in ND and
RD, does not allow the identification of the same conflicting
relation.
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TABLE VI

R2 AND p-VALUE FOR SIGNIFICANCE OF THE CORRELATIONS BETWEEN SUBJECTIVE DRIVER FEEL ASSESSMENT (TABLE I) AND RC/MS METRICS.
THE COLOURED CELLS HAVE CORRELATED THE METRICS WITHIN THE [10 90] PERCENTILE OF THE DATA REMOVING OUTLIERS [32]

Fig. 8. Correlation of the overall subjective steering feel (SA01) with
occupants’ RC in (a) ND and (b) RD. The fitting is on the data belonging to
[0 100] percentile. Shaded area: 95% Confidence interval. Dotted lines: UB
and LB with 95% confidence interval.

The above mentioned contradictory behaviour is also identi-
fied in Level 2 SA metrics. More specifically, the improvement

of the safety assessment (SA10) and the steering wheel char-
acteristic feel (SA20, Figure 9) leads to the deterioration and
the improvement of ride comfort in ND and RD, respectively.
As proven before, in ND, the more perceived safety (i.e.,
increasing SA10) or realistic steering wheel characteristic feel
(i.e., increasing SA20), the more confidence will be provided
to the drivers (SA30). This confidence increase is translated
into a more aggressive driving including more steering velocity
and throttle variations [22]. Thus, more discomfort and MS
symptoms are provoked to occupants (Figure 4). However,
in RD, the improvement of confidence and control, which
might occur from the improvement of SA10 and SA20,
is translated to more situational awareness. The remote drivers
enhanced perceived situational awareness due to more confi-
dence seems to lead to a more comfortable and smooth ride.

Regarding the Level 3 SA metrics, the safety assessment
related metrics are the ones to correlate more with RC both
in ND and RD. More specifically, both the steering feedback
support to control the vehicle (SA11) and the communication
of the vehicle behaviour (SA12) displayed similar levels of
correlation (R2

= 0.24-0.27) with RC in ND and RD. Accord-
ing to Figure 10, the improvement in the steering feedback
support or communication provokes more discomfort in ND,
whereas it enhances comfort in RD. As mentioned before, the
increase of the feedback support or the communication in ND
might provide more confidence to the driver. The feedback
provides the drivers information about how the vehicle intu-
itively reacts to their inputs and allows them to adapt their
steering, which might lead eventually to a more aggressive
driving style. On the other hand, the remote driver adopts a
more smooth and safe driving style with the higher feedback
support, which is in alignment with previous conclusions.

As far as motion sickness is concerned, in ND, it illustrates
significant correlations with the Level 3 metrics, even reaching
R2 values larger than 0.60 (SA31 and SA32). On contrary,
in RD, the values are decreased either to no correlation or
by 50% (SA31 and SA32). This does not allow any concrete
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Fig. 9. Correlation of occupants ride comfort with subjective level of steering
wheel characteristic feel (SA20) in (a) ND and (b) RD. The fitting is on the
data belonging to [0 100] percentiles. Shaded area: 95% Confidence interval.
Dotted lines: UB and LB with 95% confidence interval.

conclusions to be extracted for most of the metrics, but
interesting remarks can be highlighted for SA32 correlation
with MS. According to Figure 11a-11b, the contradictory
relation between ND and RD is not anymore present when it
comes to RC. In both ND and RD, when the driver assesses the
task completion as successful, the driving style has provoked
more motion sickness both in RD and ND. This is because the
drivers’ confidence and control was high, resulting in a less
smooth and more sickening drive.

E. Limitations

This work presents the first in depth explorative analysis
about the relation of occupants’ motion comfort and remote
driver feel by exploiting data collected from a partially pub-
lished novel experiment [22]. There are certain limitations
that the authors would like to highlight. Firstly and most
importantly, the conclusions extracted are focused on the
current experiment, and the given vehicle and remote control
tower. Even if the authors expect a generality of the findings,
practical limitations precluded further studies (i.e., funding for
additional vehicle or remote control tower). Future work is
considered to extend the data with other concepts (i.e., remote
control tower and vehicle, richer visual and audio cues),

Fig. 10. Correlation of occupants’ ride comfort with the subjective level of
steering feedback communication (SA12) in (a) ND and (b) RD. The fitting
is on the data belonging to [10 90] percentile. Shaded area: 95% Confidence
interval. Dotted lines: UB and LB with 95% confidence interval.

while subjectively assessing occupant’s motion comfort. The
consideration of such results will improve the generality of the
findings extracted in the current paper. Secondly, the data used
for this analysis are limited due to the complexity of the exper-
iment. Only five drivers were employed to assess the steering
feel both in normal and remote driving. At each scenario, the
drivers tested and assessed three different steering controllers,
which resulted in 15 cases per scenario. To overcome the
limited number of drivers, the authors considered the different
controllers as different cases. For the authors to proceed in
such assumption, they tested the consistency of the driving
behaviour at each case (Figures 4-5). Meanwhile, the authors
employed non-parametric statistical tests for the enhancement
of the statistical analysis. Thirdly, the last limitation is that
the experiment had constrained the RCV-E maximum velocity
around 20 km/h. As a result, the drivers, either in the normal
or remote driving scenario, reached it relatively easy not
allowing significant throttle variations. However, the results
are of high value for slalom conditions and pave the path for
further experiments that will allow the consideration of more
longitudinal dynamics.
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Fig. 11. Correlation of occupants’ motion sickness with subjective assessment
of the degree of success accomplishing the task (SA31) in (a) ND and (b) RD.
The fitting is on the data belonging within [10 90] percentile. Shaded area:
95% Confidence interval. Dotted lines: UB and LB with 95% confidence
interval.

VI. CONCLUSION

To sum up, this work explored the relation of motion
comfort with remote drivers’ feel and paves the path for
properly designing steering feedback in remote driving with
consideration of motion comfort. Human drivers tested the
steering feel both during normal and remote driving with
three different steering feedback models. Drivers’ feel sub-
jective assessment is conducted through questionnaires, while
objective metrics are also calculated to acquire comprehensive
data regarding drivers’ behavior or performance. Occupants’
motion sickness (MS) and ride comfort (RC) are assessed
with objective metrics. Based on the discussion, the following
conclusions were extracted:

• The subjective driver feel assessment both in normal
and remote driving could be simplified, since existing
metrics in the questionnaire provide similar information.
For example, the overall driver feel assessment in normal
driving could be evaluated based on the Level 2 questions
related with safety, steering wheel characteristic feel and
the confidence and control, whereas in remote driving
only safety and confidence and control assessment can
be used. At the same time, the importance of the steering

wheel characteristic feel is deteriorated in remote driving
compared to normal driving. Furthermore, the remote
drivers’ confidence and control is mainly affected by
their perception of safety (steering feedback support and
communication of vehicle behaviour), whereas in normal
driving the steering wheel characteristic feel (level of
feedback force and steering wheel returnability) and the
confidence and control are also affecting it. Based on the
latter, future steering feedback controllers should focus
on enhancing driver’s confidence and control, since the
increased confidence and control can decrease motion
sickness and discomfort to the occupants.

• Motion sickness increases in average around 26 % from
normal to remote driving, while steering velocity also
increases around 25 %. These increases were consistent
regardless the driver or the steering feedback controller.
At the same time, ride comfort and throttle input do
not increase significantly from normal driving to remote
driving.

• The correlation of motion sickness and ride comfort
with the steering velocity is increased from normal to
remote driving, whereas their correlation with the throttle
variations is decreased. Overall, the steering and throttle
behaviour jointly affect the incidence of motion sickness
and ride discomfort in normal driving, while in remote
driving the steering behaviour is the dominant factor for
the occurrence of both.

• Subjective driver feel is more correlated with motion
sickness than ride comfort in normal driving as expected
due to the known impact of driving behaviour on motion
sickness. Meanwhile, there is no correlation in remote
driving. This is another evidence of the greater com-
plexity in remote drivers’ steering feel and behaviour,
which needs to be further investigated. The steering force
feedback with haptic support control function may be
a solution for this issue. Furthermore, in remote driv-
ing, ride comfort and driver feel have a straightforward
relation, where the enhancement of drivers’ overall feel
leads to comfort enhancement. Hence, the development
of remote control systems could be less complicated
than conventional vehicle systems, where there is conflict
between motion comfort and driver feel as outlined also
in this work.

Further work is in progress to subjectively assess motion
comfort in remotely driven vehicles, validating the outcomes
of this paper.
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