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Abstract: Advanced driving assistance systems (ADAS) are primarily designed to increase driving
safety and reduce traffic congestion without paying too much attention to passenger comfort or
motion sickness. However, in view of autonomous cars, and taking into account that the lack of
comfort and motion sickness increase in passengers, analysis from a comfort perspective is essential
in the future car investigation. The aim of this work is to study in detail how passenger’s comfort
evaluation parameters vary depending on the driving style, car or road. The database used has
been developed by compiling the accelerations suffered by passengers when three drivers cruise two
different vehicles on different types of routes. In order to evaluate both comfort and motion sickness,
first, the numerical values of the main comfort evaluation variables reported in the literature have
been analyzed. Moreover, a complementary statistical analysis of probability density and a power
spectral analysis are performed. Finally, quantitative results are compared with passenger qualitative
feedback. The results show the high dependence of comfort evaluation variables’ value with the road
type. In addition, it has been demonstrated that the driving style and vehicle dynamics amplify or
attenuate those values. Additionally, it has been demonstrated that contributions from longitudinal
and lateral accelerations have a much greater effect in the lack of comfort than vertical ones. Finally,
based on the concrete results obtained, a new experimental campaign is proposed.

Keywords: advanced driving assistance systems; motion sickness; ride comfort

1. Introduction

Research on new generation of vehicles has been mainly focused on vehicle collision
avoidance, lane keeping, coordination control or energy-efficiency with less attention
paid to comfort [1–3]. Therefore, although the comfort-based strategies have not been the
predominant control policies, they have to be considered in future vehicles, since when
other activities are being carried out or no attention is paid to the trajectory both lack of
comfort and motion sickness play a bigger role. Proof of this is the actual effort of vehicle
manufactures to improve the vehicle comfort [4,5].

Quantifying the lack of comfort is a very challenging topic because it depends on the
human perception and is affected by several factors. In [6], some types of human–vehicle
interaction variables that influence the user’s comfort are analyzed: human factors (as age
and gender), environmental factors (as temperature, noise and pressure), spatial factors (as
work-space, seat shape, etc.) and dynamic motion factors (usually named ride comfort).

In [7], Heibing et al. define ride comfort as the overall comfort and well-being of the
vehicle’s occupants during vehicle travel, whereas in [8], Heinz defines it as that part of
the comfort construct that can be related to technically measurable or experienced vehicle
movements, such as queasy static accelerations, shakiness and vibrations, as well as jerks.
In [9], two terms have been used: discomfort (also named average discomfort), which is
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defined as a general feeling of not well-being, and motion sickness, that is associated with
dizziness, fatigue and nausea.

The lack of comfort is associated with the frequency of the vibration and is directly
proportional to the intensity of it. Furthermore, it has also been observed that increasing
the time of exposure to vibration results in an increase of discomfort. It is known that low-
frequency vibrations close to 1 Hz are transmitted throughout the body increasing malaise,
while higher frequency vibrations are attenuated by the human body. It is also interesting to
note that monotone continuous low-frequency vibrations increase fatigue, while transient
vibrations produce stress [10]. Moreover, the human body responds differently to vibration
frequencies depending on which body part and in which direction the force acts. How the
frequencies affect humans depends on the proportions of a person’s body and the type of
frequency that affects the person [11].

While the fully automated vehicle (AV) is the future of the automotive industry, there
is uncertainty regarding how the vehicle will be operating [12]. There is a strong correlation
between the comfort and acceptance of autonomous vehicles [13,14]; so, if the factor
affecting passengers’ discomfort is known and the driving control strategy is accordingly
improved, the riding comfort of passengers will be improved [15]. Research on the ride
comfort of vehicles based on traditional drivers can provide a powerful reference for
improving the algorithm design of the ride comfort of autonomous vehicles [15]. In [5],
factors that could influence the comfort of autonomous vehicle motion are mentioned:
acceleration, speed, quickness, vertical loadings, type of maneuver or driving style between
others. It is also mentioned that given that these findings are based upon a limited number
of research studies of various levels of realness, further evidence is required to confirm
these factors.

Ride comfort analysis has been performed from different perspectives, being vehicle
dynamics and the interior environment of the vehicle the most significant research lines.
Thus, both the vehicle dynamics and the characteristics of the seat are also widely analyzed
in several works, due to their influence in vibrations transmission [16]. Vehicle suspension
designs have been proposed in [17] and experiments on seat structure suggest its influence
on ride comfort measurements [18].

However, in addition, it seems obvious to conclude that both the characteristics of
the road or the driving style affect passenger comfort. Few are the works dedicated to the
analysis of the effect of the different characteristics of the journey in the lack of comfort. The
works of [4,16,19] can be cited in this research line, where interactions between passenger
comfort and pavement roughness or road are considered. The purpose of the works is to
quantify the relationship between passenger comfort and the external environment.

Finally, as explained in [20], driving style plays an important role in vehicle energy
management as well as safe driving. Driving style is understood as the way the driver
operates the vehicle controls in the context of the driving scene and external conditions, such
as time of the day, day of the week and weather, among other factors [20]. Some authors
conduct research identifying drivers by classifying their braking patterns [21] and use CAN-
bus signals information to evaluate their driving style [22]. In [23], a machine learning
approach to identify aggressive and safe driving styles is proved by using discriminative
features extracted from inertial signals. Driver’s control of the brake, the throttle and
the steering wheel results in low-frequency/high-magnitude disturbances that induce
certain accelerations in the longitudinal and lateral directions with respect to a front facing
passenger [24], and hence, driving style affects also passenger comfort. However, few
works evaluate these activities from ride comfort perspective, among them [25–28] can
be cited.

Automotive Seating Discomfort Questionnaire [29] and Automotive Seating Comfort
Survey [30] are two official questionnaires related to comfort. A large number of studies
on passenger comfort evaluation are based on questionnaires, subjects are asked to make
subjective evaluation on riding comfort, and finally establish the relationship between
passengers’ subjective comfort and vehicle motion parameters [31–34].
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So, although there are many works that address the ride comfort research line, as it
has been already mentioned, the inter-relationship between different factors and scenarios
and end-user comfort level needs to be further explored [5], even more so with a view
to the self-driving car. Among the works that analyze the cause of the lack of comfort in
different situations, or quantify how each of the causes mentioned above influence the
lack of comfort of the user, the works of [12,35] can be cited. According to Griffin et al.,
vehicle ride quality, which is related to the dynamic response of the vehicle suspension
and seating, concerns motion at frequencies greater than 1 Hz. The motion of vehicles at
frequencies less than about 1 Hz arises from the profile of the road surface (for vertical
vibration), travel around corners (for lateral acceleration) and acceleration and braking (for
fore-and-aft motion). All these three are affected by vehicle speed and, in a different way,
by driver behavior. On the other hand, in the recent work of [12], the feeling of comfort in
terms of experienced motion sickness for the AV passengers is studied.

The objective of this work, in addition to completing the aforementioned investiga-
tions, is based on compiling the information and carrying out a complete study of those
described possible different situations and factors that affect ride comfort, and quantify
their effect on passenger comfort. The causes of the different disturbances have been
analyzed from a passenger comfort perspective, evaluating signals that affect both motion
sickness and the so-called general discomfort. With this purpose, we have selected a route
that includes diverse road types. This route has been covered with two different cars and
by three different drivers. An exhaustive experimental study of the importance of the
road, the driving style and the vehicle itself in passenger comfort has been carried out.
In addition, a ride comfort evaluation method based on a statistical analysis of probabil-
ity density is presented, which completes the information of the power spectral analysis
commonly used in ride comfort. Finally, in order to correlate the subjective feeling of
comfort with quantitative data, four passengers have been subjected to these real experi-
mental tests and they were asked to make subjective evaluation. Instead of using specific
questionnaires [29,30], a generic one (but based on them) is used.

In summary, based on previous works, this paper presents a complete experimental
methodology with an exhaustive method of analysis of comfort variables, which allows
us to analyze how the different factors affect ride comfort as a whole, and which are also
applicable to a more complex experimental campaign with the same purpose.

The remainder of this paper is organized as follows: Section 2 summarizes comfort
evaluation methods whereas Section 3 explains the methodology carried out for the ex-
perimental campaign. In Section 4, a relative statistical analysis based on general comfort
and motion sickness evaluation variables is presented. In order to extract more meaningful
information, in Sections 5 and 6, a Probability Density Statistical analysis and a Power
Spectral analysis are performed. In Section 7, passengers qualitative feedback is summa-
rized. Once all the information is presented in previous Sections 4–7, in Section 8, the
information is contrasted and analyzed. Finally, some concluding remarks and future work
are summarized in Section 9.

2. Comfort Evaluation Methods

The comfort is usually evaluated, qualitatively, by using subjective rating tests [36]
or, quantitatively, by using electrical accelerometers combined with the international stan-
dards [37,38]. The standards describe passenger comfort objectively, but cannot characterize
human sensitivity differences for the same vibration, which often depend, for example,
on the age, the gender and the weight of the passengers.

Two main standards are used in order to evaluate human exposure to whole-body
vibration: the British Standard 6841 (BS 6841) [38] and the International Standard 2631 (ISO
2631) [37]. Both define methods for the measurement of vibrations and explain how to
process measured data, to standardize quantified performance measures concerning health,
perception, comfort and motion sickness. In this work, the ISO 2631 is used.
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The quantified performance measures of ISO 2631 are based on frequency-weighted
root mean square (RMS) computations of acceleration data as Equation (1) shows

awi =

(
1
T

∫ T

0
(ai(t), wi)

2 dt
)1/2

(1)

where (ai(t), wi) is the acceleration in the i-th axis weighted with wi filter in m/s2 and T
denotes the time range of the measurement in seconds.

In this work, both motion sickness and general comfort are studied. Figure 1 summa-
rizes the proposed ISO filters: wd, the filter which evaluates the lack of general comfort for
a seated passenger when accelerations are applied in longitudinal or lateral directions; wk,
the filter to assess the accelerations in vertical direction and w f , the filter used in vertical
direction but for motion sickness evaluation.

M
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Figure 1. Filters proposed by ISO 2631 [37] and Griffin in [35,39–41].

As for general comfort, the Av parameter is presented. It accounts for the total
weighted acceleration considering three orthogonal axes: vertical, lateral and horizontal
axes. As it is expressed in Equation (2), the measured accelerations are first weighted with
the corresponding filters and then multiplied by some factors which have to be taken into
account as the perception of the acceleration depends not only on the place where the
accelerometer is located but also on the direction of the measurement.

av =
(

k2
xa2

wx + k2
ya2

wy + k2
za2

wz

)1/2
(2)

where awi is the weighted acceleration in the i-th axis in m/s2 and ki are multiplying
factors. Depending on its value, according to the ISO 2631 Standard, the ride comfort can
be classified with different comfort grades as Table 1 indicates [42].

Table 1. Comfort index (Av) and its relation with general discomfort [42].

Range (m/s2) Description
greater than 2.0 extremely uncomfortable
1.25–2.5 very uncomfortable
0.8–1.6 uncomfortable
0.5–1.0 fairly uncomfortable
0.315–0.63 a little uncomfortable
less than 0.315 not uncomfortable

This standard can be used individually or in combination with acceleration and jerk
peaks. In [43], a fore-and-aft and lateral ride comfort is evaluated using a methodology
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based on acceleration thresholds. A too high value of acceleration or jerk can cause
discomfort because the passenger will find it difficult to maintain posture. Limit values
vary among studies. In [44], a maximum acceleration value of 1.47 m/s2 is defined, whereas
in [9], the threshold is set at 2 m/s2, as it is argued that, since passengers are seated when
traveling in an automobile, the limit should be higher than the limit for trains and buses.

Motion Sickness Dose Value (MSDV) is a measure of the likelihood of nausea. The way
to evaluate it is also defined in ISO 2631 Standard by a w f filter (see Figure 1) and
Equation (3), where (ai(t), w f ) is the acceleration in the i-th axis weighted with w f fil-
ter in m/s2. ISO 2631 only provides guidelines for the interpretation of the MSDV in
the vertical direction, MSDVz. However, in [35,39–41], Griffin justified that this variable
may not be optimum for the prediction of motion sickness. Moreover, he experimentally
demonstrated that motion sickness dose values are similar in longitudinal and lateral axes
when calculated using the frequency weighting in current standards and that, at frequencies
less than 0.1 Hz, fore-and-aft acceleration is greater than lateral acceleration. Based on those
studies, he proposed an alternative to the w f ISO standard filter. This filter is represented
in Figure 1 as w f Gri f f in. Moreover, Forstberg provided an interpretation of the MSDV for
the lateral direction in [6]. So, in this paper, MSDV in all directions is considered in order
to analyze the effect on the passenger of each of the axes, and thus conclude if they could
be combined as in the case of the av variable or if, on the contrary, some contributions could
be neglected.

MSDVi =

(∫ T

0
(ai(t), w f )

2 dt
)1/2

(3)

Power Spectral Density (PSD) of the acceleration data could be another way of an-
alyzing the lack of comfort. It has been mainly used when evaluating vehicle dynamics
and suspensions as it is done in [45] for motorcycles, in [46] for rail vehicles, and in [47]
for tractors.

PSD represents the power content across the frequency spectrum and so it can be very
useful in order to determine the power distribution at certain frequencies [48]. One of the
main methods used to estimate the PSD is Welch’s Method [49]. Furthermore, in order to
precisely analyze the details of the journey, time content can be added to the PSD, resulting
in what it is known as a spectrogram [50].

Briefly, Welch’s method is based on dividing the given data sequence x[0], x[1],. . . , x[N − 1],
where N is the number of acquired points, into K segments of M points with a shift of S
between segments.

Segment 1 : x[0], x[1], . . . , x[M− 1]

Segment 2 : x[S], x[S + 1], . . . , x[M + S− 1]

Segment K : x[N −M], x[N −M + 1], . . . , x[N − 1]

For each segment, a windowed Discrete Fourier Transform (DFT) is computed at some
frequency ν = i/M with −(M/2− 1) ≤ i ≤ M/2:

Xk(ν) = ∑
m

x[m]w[m]exp(−j2πνm) (4)

where m varies from (k− 1)S to M + (k− 1)S− 1 and w[m] is the window function (Hann,
Hamming, Blackman or Kaiser–Bessel, for example).

Then, for each segment, the modified periodogram value is generated from the DFT:

Pk(ν) =
1

W
|Xk(ν)|2 (5)

where

W =
M

∑
m=0

w2[m] (6)



Appl. Sci. 2022, 12, 3717 6 of 19

Finally, the periodogram is averaged in order to obtain Welch’s estimate of the PSD:

Sx(ν) =
1
K

K

∑
k=1

Pk(ν) (7)

3. Methodology

In this section, the methodology carried out for the experimental measurements is
explained. As it has been already mentioned, the selected route includes different types of
roads which have been covered with two cars and three drivers. In addition, passengers
have been questioned to assess their comfort in different situations.

3.1. Device for Data Acquisition

Among all the possibilities analyzed to choose a suitable measuring device, we
consider the smartphone the most appropriate one, because it is non-intrusive and car-
independent, in order to allow drivers a naturalistic way of driving [51,52]. Furthermore, it
has to be taken into account that the device has to be user-friendly, so as to have a suitable
platform for massive data collection. Attending to sample time, and considering the filters
shown in Figure 1, we decided that the device has to be capable of sampling signals up to
25 Hz, being this frequency above which all filters attenuate the signals by at least half.

Finally, a ZTE-Blade-A452 Smartphone with Phyphox app installed has been used [53],
which allows access to the accelerometers of the smartphone with a maximum sampling
rate of 100 Hz. A screenshot of the application during data recollection is included in
Figure 2a.

(a) (b)

Figure 2. Selected data acquisition device and journey. (a) An example of a screenshot during data
acquisition [53]; (b) selected 26-km journey near Bilbao, in the north of Spain.

3.2. Journey, Driver and Car Selection

The traversed route is shown in Figure 2b. The route covers a total of 26 km near
Bilbao, in the north of Spain. It has been selected bearing in mind that it should contain rep-
resentative and diverse sections, so as to asses the accelerations suffered by the passengers.
It can be divided into 4 distinguishable sections:

• Section 1 (S1): From point 1 to point 2 (3.7 km). An interurban road with alti-
tude changes (it first goes up and then down), some smooth curves and a couple
of 90 degree turns. The average speed is 61.36 km/h;

• Section 2 (S2): From point 2 to point 3 (5.2 km). An interurban section with a remark-
able change in height that includes lots of curves. The average speed is 44.60 km/h;

• Section 3 (S3): From point 3 to point 4 (15.4 km). A flat highway with overtaking and
lane change possibility. The average speed is 80.72 km/h;
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• Section 4 (S4): From point 4 to point 4 (2.2 km). A circular urban section with zebra
crossings, roundabouts, traffic lights and bumps. The average speed is 30.35 km/h.

Figure 3 displays longitudinal, lateral and vertical accelerations experienced by the
passengers across the representative journey. As it can be seen, there are meaningful
differences among sections. For example, while section S3 (which corresponds to a highway)
exhibits low accelerations in both longitudinal and lateral axes, S2 (a section with significant
height differences) and S4 (an urban section) exhibit higher frequency accelerations, which
are also higher in magnitude. Additionally, although the differences are smaller in the
vertical axis, there are certain situations that show great values in magnitude. It has been
verified that those situations correspond to zones where there are bumps.

The aforementioned route has been covered by three different drivers and two different
vehicles, so it has been completed six times. The objective of incorporating variability into
the study is to analyze the effect on passenger comfort of both driving style, which could
vary depending on the gender and age of the drivers, and vehicle dynamics, which can
be influenced by the type and age of the cars. Drivers are identified as D1 (40/50-year-old
man), D2 (20/30-year-old woman) and D3 (20/30-year-old man), whereas vehicles are
designated as C1 (crossover type, Nissan Quashqay) and C2 (sedan type, Opel Vectra).

Section 1 Section 2 Section 3 Section 4

Figure 3. Longitudinal, lateral and vertical acceleration experienced by the passenger across the
representative journey.

The differences in the driving style are shown in Figure 4, a representative graph
where longitudinal, lateral and vertical accelerations for the same car being driven by two
drivers completing Section 2 are depicted. In fact, one driver (blue) covers the journey faster
(300 s) and generates more brusque maneuvers (especially in lateral axis) than the other
one (red), who has a more conservative driving style and needs 100 s more to complete
the section. Concerning vehicle differences, Figure 5 displays the data collected during the
journey driven by the same driver and using both cars. Differences can be observed in both
lateral and longitudinal directions, while the vertical accelerations remain similar.

It is expected that the disparity in road characteristics, driving style and vehicle dynam-
ics will impact differently on passenger comfort. In the following sections, a comprehensive
analysis of the causes associated with the lack of passenger’s comfort will be conducted.
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Figure 4. Longitudinal, lateral and vertical acceleration for the same car driven by two drivers to
complete the Section 2, one driver (blue) being more aggressive than the other one (red).

- C:ro o C: ·-
·- +-' -

"'C ell N

5 

::::, � 
en 0+-' Q) -... 

·rn m E 
C: (.) -
0 (.) 5 _J (ll - �---�----��---�---------�---------�

§ 14
ro � -12 (.) ell N 
� � � 10 
<i5 � E 8 
> 8 - 6

0 200 400 

200 400 

600 800 1000 1200 1400 
Time (s) 

600 800 1000 1200 1400 
Time (s) 

ro 4�---�----�----�---------�---------� 
0 200 400 600 800 

Time (s) 
1000 1200 1400 

Figure 5. Longitudinal, lateral and vertical acceleration for the same driver driving both cars:
Crossover (red) and Sedan (blue).

3.3. Passenger Feedback

During all data acquisitions, four passengers have been transported and, in order to
asses their subjective feeling, all of them have given their feedback once the experimental
campaign has finished. They have been requested to order the three drivers according to
motion sickness and the lack of comfort felt during the route. They have also been required
to remark the differences related to the car itself and, finally, to arrange the different sections
according to both motion sickness and general comfort.

4. Relative Statistical Analysis

The goal of this section is to compare the values of the general comfort and motion
sickness evaluation variables when all vehicles, drivers and sections are considered. Several
variables have been calculated by axes in order to extract more meaningful conclusions.
Their values have been calculated for each section, car and driver, that is, AvD1C1S1 represents
the variable Av calculated using Equation (2) from acceleration measurements acquired
along section S1 when car C1 has been driven by driver D1. Thus, for each variable
24 different values are calculated, and if driving style is analyzed, AD1CiSj

v is compared
with AD2CiSj

v and AD3CiSj
v one by one for all i and j values.



Appl. Sci. 2022, 12, 3717 9 of 19

4.1. General Comfort Analysis

The first part of the analysis focuses on frequencies higher than 1 Hz, that is, ac-
celerations which are believed to cause what is known as general discomfort. As it has
been previously explained in Section 1, both Av calculated by Equation (2) and Ni could
be used for this purpose. Ni represents the times that acceleration data exceed a certain
threshold considered to cause discomfort, which has been set to 2 m/s2. Figure 6 shows
a comparison between drivers, cars and sections when Av, Nx, Ny and Nz are considered.
The percentages of situations where car i exceeds car j (Figure 6a) or driver i exceeds driver
j (Figure 6b) or section i exceeds section j (Figure 6c) for the comfort variables are shown.
Each specific color represents each car or driver or section, and they are compared one by
one. When the difference between the calculated variable is less than 5%, situations which
have been considered as non-determinant, it is represented in beige. That is, in Figure 6b,
D1 (red) is compared against D2 (blue) and D3 (green), and next, D2 (blue) is compared
against D3 (green). If Av is analyzed, on the one hand, it can be concluded that in 60% of
the situations D1 presents a higher Av than D2, in 10% a lower Av and, in the remaining
cases (beige), it could be considered very similar values. On the other hand, D1 always
presents higher values of Av than D3.

100 75 50 25 0 25 50 75 100
Percent

C1 Tie (%) C2

Nz
Ny 6
Nx
Av 26

(a)

100 75 50 25 0 25 50 75 100
Percent

D2 Tie (%) D3

Nz 40

Ny
Nx
Av 10

D1 Tie (%) D3

Nz
Ny
Nx
Av

D1 Tie (%) D2

Nz 10

Ny 10

Nx 10

Av 30

(b)
100 75 50 25 0 25 50 75 100

Percent

S3 Tie (%) S4

Nz
Ny
Nx
Av

S2 Tie (%) S4

Nz
Ny
Nx 16

Av 16

S2 Tie (%) S3

Nz
Ny
Nx
Av

S1 Tie (%) S4

Nz
Ny
Nx
Av 16

S1 Tie (%) S3

Nz
Ny 16

Nx 16

Av

S1 Tie (%) S2

Nz
Ny
Nx
Av 33

(c)
Figure 6. Comparison between drivers, cars and sections when Av, Nx, Ny, Nz are considered.
The percentages of situations where car i exceeds car j (a); driver i exceeds driver j (b); and section i
exceeds section j (c) for each particular variable.

Considering this figure, taking vehicle differences into account, when comparing C1
and C2 (Figure 6a), it can be concluded that C2 exceeds the threshold in the longitudinal
axis (Nx) more frequently than C1 does, but in the lateral axis (Ny), just the opposite
happens. Attending to Nz, we cannot conclude anything, since in half of the situations, C1
outperforms C2 and the other half vice versa. Concerning Av, even though the greatest
values are related to car C1, the differences between C1 and C2 are too small and almost all
the recorded Av values belong to the same discomfort level. Furthermore, if the threshold to
distinguish the two values increases, the percentage of times that C1 exceeds C2 decreases
significantly (see Figure 7).
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100 75 50 25 0 25 50 75 100
Percent

C1 Tie C2

15% 87

10% 73

5% 26

Figure 7. Differences in car comparison percentages for Av variable when several threshold values
are selected in order to consider the difference between them significant.

On the other hand, concerning driver comparison (Figure 6a), differences can be seen
in their driving style. As all variables show, it can be undoubtedly concluded that D3 is the
one who drives most comfortably and D1 the least.

Finally, the results for the different sections are analyzed. As a consequence of the
difference in their length, in order to compare them, Nx, Ny and Nz have been averaged
in distance. Undoubtedly, S3 is the one in which the threshold is surpassed the least in all
directions and Av is smallest, S1 is the second most comfortable, whereas S2 and S4 are the
worst ones. S4 is less comfortable if longitudinal (Nx) and vertical (Nz) axes are considered,
whereas S2 is less comfortable in lateral direction (Ny). The value of Av is similar for S1
and S2 sections, and the S4 section is more comfortable in this sense than the other sections.

4.2. Motion Sickness Analysis

Once general comfort has been analyzed, motion sickness has been examined. Figure 8
summarizes the results for MSDV values in the three directions calculated using Equation (3).

100 75 50 25 0 25 50 75 100
Percent

C1 Tie C2

MSDV_z 93

MSDV_y 13

MSDV_x 13

(a)

100 75 50 25 0 25 50 75 100
Percent

D2 Tie D3

MSDV_z 100

MSDV_y 10

MSDV_x 20

D1 Tie D3

MSDV_z 90

MSDV_y

MSDV_x

D1 Tie D2

MSDV_z 100

MSDV_y 20

MSDV_x 10

(b)
100 75 50 25 0 25 50 75 100

Percent

S3 Tie S4

MSDV_z

MSDV_y

MSDV_x

S2 Tie S4

MSDV_z

MSDV_y

MSDV_x

S2 Tie S3

MSDV_z

MSDV_y

MSDV_x

S1 Tie S4

MSDV_z

MSDV_y

MSDV_x

S1 Tie S3

MSDV_z

MSDV_y

MSDV_x

S1 Tie S2

MSDV_z

MSDV_y
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Figure 8. Comparison between drivers, cars and sections when MSDVx, MSDVy, MSDVz are
considered. The percentages of situations where car i exceeds car j (a); driver i exceeds driver j (b);
and section i exceeds section j (c) for each particular variable.



Appl. Sci. 2022, 12, 3717 11 of 19

The comparison between cars coincide with the ones for the general comfort, as C1 is
also more uncomfortable at low frequencies in the lateral axis, whereas C2 is less comfortable
in the longitudinal one. Moreover, there are no meaningful differences in the vertical axis.

The comparison between drivers reveals that D3 is the one that produces the least
motion sickness. In addition, there is also a huge difference between D2 and D1, be-
ing the latter the most dizzying one. However, if MSDVz is considered, there are not
remarkable differences.

In order to compare sections, and due to the accumulative character of MSDV, it has
been averaged considering the distance. Once again, S4 is the one with the highest values
in all directions. Then, S2 can be considered as the second least comfortable in both lateral
and longitudinal axes, but MSDVz is greater for S1 than S2. Finally, the most comfortable
in all directions is S3.

5. Probability Density Statistical Analysis

The statistical analysis performed in the previous section has brought some overall
conclusions about the drivers, the cars and the sections. However, in order to extract more
meaningful information, next, a different statistical approach to several comfort parameters
is provided. With this purpose, the kernel density estimation (KDE) is used. The KDE
technique, unlike histogram, produces a smooth estimate of the probability density function
(PDF) and is able to suggest multimodality [54]. It is useful to estimate the PDF of datasets
which are difficult to be modeled by parametric density functions. The formal definition of
KDE is a function defined by equation

fh(x) =
1

nh

n

∑
i=1

K(
x− xi

h
) (8)

where K(x) is called the kernel function that is generally a smooth, symmetric function such
as a Gaussian, n number of samples, x a given point and h > 0 the smoothing bandwidth
that controls the amount of smoothing [54].

In this section, the variables have been calculated approximately every 10 s, that is,
we have selected a window size of 1024 points which, taking into account the sampling
frequency of the device, corresponds to 10.24 s.

It has been observed that Nx and Ny are scattered variables and, for a high number of
windows, there are no situations in which the accelerations surpass the threshold; so, kernel
density analysis makes no sense. On the other hand, as it has already been concluded,
when Av is considered, in some of the cases, there are no significant differences among
cars, drivers and sections, being its value very similar. Finally, when MSDV variable’s
magnitude is analyzed, it can be concluded that its value in the vertical axis is much smaller
than the longitudinal and lateral ones.

Thus, Figure 9b depicts the bivariate kernel density function of the MSDVx and
MSDVy corresponding to the four sections and the three drivers (data collected with both
vehicles have been considered). The color represents the probability density, from red
(improbable) to pink (probable) through yellow, green and blue. In addition, the closer the
lines, the more regular the conduction is.

As we already know, this figure shows that D1 produces more motion sickness than
D2 and that both of them generate far higher values than D3. Besides, this analysis
demonstrates that D3 presents a rather regular and comfortable driving style and that D1
can be considered to be a less regular driver. It is worth mentioning that, although D2 drives
most of the time with lower MSDV than D1, she shows an irregular driving comparing
with D3, which increases her average MSDV.

With regards to the sections, the results are consistent with what has already been
explained in the previous section: S3 and S1 are the ones with the least motion sickness and
S2 and S4 the ones with the most. This analysis also demonstrates that all drivers exhibit a
more spread kernel in the latter situations.
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S1
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C1 C2
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S3

S2

S4

D1 D2 D3

(a) (b)

Figure 9. Bivariate kernel density function of the MSDVx and MSDVy for: (a) all sections (rows)
and both vehicles (columns) when the driving style of D3 is considered; (b) all sections (rows) and
all drivers (columns). The color represents the probability density, from red (improbable) to pink
(probable) through yellow, green and blue. In addition, the closer the lines, the more regular the
conduction is.

Figure 9a resumes the differences when vehicle analysis is considered. As it has already
been demonstrated that driver D3 is the most regular one when the driving is considered,
the figure focuses on his driving, but the conclusions can be extrapolated for the rest of
the drivers. As can be seen, concerning the regular driving, during the most comfortable
sections (S1 and S3), the driving seems to be more regular. Besides, car C1 presents greater
values for MSDVy than C2 and smaller values for MSDVx than C1, especially in the less
comfortable sections.

6. Power Spectral Analysis

With the aim of completing the thorough study of the lack of comfort and its causes,
a frequency-domain analysis (power spectral analysis) of the accelerations suffered by the
passengers in all directions has been carried out.

In order to illustrate the results we have obtained with this analysis, Figures 10 and 11
show the power accumulated by two different drivers (D2 and D3) along sections S1, S2 and
S4 with the same car for all directions (S3 has not been included as there are no meaningful
differences) and the power accumulated by the same driver (D1) along the same sections
but with both cars, respectively.
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Figure 10. Spectrogram of the longitudinal (x), lateral (y) and vertical (z) axes (rows) of D2 and D3
drivers (columns) with C2 car when S1, S2 and S4 sections are considered (blocks).
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Figure 11. Spectrogram of the longitudinal (x), lateral (y) and vertical (z) axes (rows) of D1 driver
with both cars (columns) when S1, S2 and S4 sections are considered (blocks).

According to the spectrograms, the frequencies of the accelerations that accumulate
the most power in the lateral and longitudinal directions are in the 0–0.3 Hz range for every
section, driver and car. In the vertical axis, there is also another frequency around which
a relevant amount of power is condensed: 2 Hz (this phenomenon is especially visible in
section S4). However, the power in this axis is much lower than in the other two (40/30 dB
vs. 2 dB).

Moreover, attending to Figure 10, we can conclude that there is a common pattern
during the travel both in longitudinal (x) axis and also lateral (y) axis, that is, the power
tends to accumulate in the same parts of the path regardless of the driver (D2 and D3 are
shown in this figure). If we pay attention to the longitudinal axis, in all sections, there
are certain time instants for which both drivers have a higher power than for the rest of
the section. The same occurs with the lateral (y) and vertical (z) axes, which is especially
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noticeable in S1, where, regardless of the driver, the greatest amount of power is gathered
at very low frequencies, during the first one, and half a minute of the ride. However,
the driver contributes to the magnitude of this power, which is greater for driver D2 in
every case.

This effect is also shown when we introduce in the first column of Figure 11 the third
driver’s (D1) spectrogram when the same car is used. However, as we can conclude show-
ing the same figure, the pattern changes when the other car is used. Anyway, the power for
car C2 for the whole frequency range is greater comparing with the one for car C1.

7. Passenger Feedback

In order to correlate the results with the passenger comfort, as it has been reported in
Section 3, their qualitative sensation has been analyzed.

Firstly, they have been asked to order the three drivers in terms of the motion sickness
and the lack of comfort they generated. Unanimously, the feedback reported by the
passengers consider driver D1 as the least comfortable, driver D3 as the most comfortable
and driver D2 as an intermediate one. In detail, they also commented that driver D1 drove
particularly uncomfortably in the longitudinal axis and that driver D3 drove more slowly
and steadily.

When asked about the differences between the two cars, the passengers have not
notified any meaningful ones. However, it is interesting to remark that drivers D2 and D3
expressed they felt significant differences when driving C2 car compared with their regular
car. As a consequence of that feeling, they acknowledged they had been more conservative
when driving C2 car.

Lastly, they have been asked to rank the sections attending the aforementioned pa-
rameters. In this case, there is not a clear conclusion. Although all passengers identified
section S3 as the most comfortable one in every aspect (even though driver D3 tried to
overtake in a certain moment which was considered to be an uncomfortable instant), there
is no agreement about the least comfortable one: two passengers opted for section S4,
whereas another two picked section S2. Thus, section S1 is the second most comfortable.
Nonetheless, the general perception is that there are differences between section S4 and
S2. The former is characterized for having uncomfortable events associated with bumps
and fore-and-aft situations but, as it is ridden more slowly, it seems that motion sickness is
greater in the latter.

8. Discussion

Based on the results obtained in Sections 4–7, an exhaustive analysis of them has been
performed by studying the repercussion of the type of road, the car and the driving style on
the lack of comfort of the passenger. Once the results and the feedback of the passengers have
been analyzed, this section collects the main conclusions of the experimental campaign.

It is worth noting that in every direction, the frequency of the accelerations ranges
from 0 Hz to 0.3 Hz (see Figures 10 and 11) for every car, driver and section and that
in the vertical direction, there is a low-power characteristic frequency located at 2 Hz.
Therefore, attending to general discomfort (filters focused on higher frequencies), none
of the situations are specially uncomfortable. This correlates with calculated Av values,
which according to Equation (2) are ‘not or little comfortable’. Passenger feedback confirms
the mentioned result.

Additionally, all variables have been separately compared by axes for every car, driver
and section. It has been verified that not only N but also MSDV have a significant smaller
value for their vertical axis than for the other axes. This implies that the attention has to be
paid to the lateral and longitudinal axes, which strongly agrees with the last work done by
Griffin and Fortsberg [6,35,39–41] and conflicts with the ISO norm [37].

The study reveals that the type of road and its characteristics significantly influence
the results of the comfort variables. On the one hand, both N and MSDV prove that,
undoubtedly, section S3 is the most comfortable in every sense. S1 is considered the
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second most comfortable taking all variables except MSDVz into account. Paying attention
to the spectrogram of the vertical axis of S1 in Figures 10 and 11, it is clear that much
power is located at low frequencies and in the first part of the travel. After completing the
journey again, it has been observed that, in the beginning of section S1, the pavement is
irregular and rough which implies that, only taking MSDVz variable into account, S1 is
more uncomfortable than S2.

On the other hand, S4 is the least comfortable section if longitudinal and vertical axes
are considered (bigger Nx, MSDVx and Nz) and lateral low frequencies are evaluated (big-
ger MSDVy), whereas S2 is less comfortable in the lateral direction when high frequencies
are considered (bigger Ny). This matches with the section characteristics because, as it
has been explained in Section 3, S3 is a headway, S2 has a lot of curves, whereas S4 has
roundabouts, pedestrian crossings, traffic lights and bumps.

In addition, kernel analysis demonstrated that all the three drivers with both ve-
hicles exhibit a more spread kernel in S2 and S4 (see Figure 9b), which means that the
characteristics of the section themselves lead to more irregular drivings.

Furthermore, the spectrograms (Figure 10) depict a similar pattern in every sec-
tion for every driver, which confirms that the features of the section are responsible for
certain accelerations.

Passenger feedback coincides with the previous results as it characterizes the lack of
comfort of the sections in the same way as the variables do. Moreover, with regards to
section S1 and MSDVz, no passenger did identify that section to be uncomfortable which
shows that, indeed, the lateral and longitudinal axes contribute in a more substantial way
than the vertical axis does.

Concerning driver comparison, it can be seen that driving style emphasizes the level of
discomfort and fatigue that passengers suffer across the whole journey. Thus, as all variables
show, it can be undoubtedly concluded that D3 is the one who drives most comfortably.
On the other side, D1 is the least comfortable one, while D2 can be characterized as an
intermediate one. Moreover, the different kernel density surfaces constructed from driving
data represent the drivers’ preferred driving style and show that D3 has the most regular
driving style whereas D1 has the most irregular one. D2 drives most of the time with low
MSDV, but as a result of her irregular driving, there are several situations that increase her
average MSDV. Once again, the results fully agree with the feedback of the passengers,
who rank drivers from D1 to D3, being D3 the most comfortable.

Finally, when vehicles are compared, the variable values determine that C2 is less
comfortable in the longitudinal direction (Nx and MSDVx) but more comfortable if the
lateral direction is considered (Ny and MSDVy). It can be argued that the fact that C2 is
an old vehicle and very different to the ones the drivers are used to drive (especially with
regards to the pedals and the gears), implies more longitudinal events. Moreover, they
drove more carefully with C2, inducing less lateral events. Furthermore, kernel density
estimation (Figure 9b) shows that driving with C2 is more steady, which is thought to be a
consequence of the aforementioned conservative driving-style related to C2. It also depicts
that the biggest differences between cars occur in sections S2 and S4, the ones which are the
least comfortable ones.

As for the z axis, more vertical events are produced when passing through the potholes
of the road when C1 is used, because although the suspensions of the C1 are newer than
those of the C2, the speed during the journey is higher with C1. However, low-frequency
power and, therefore, motion sickness are higher in that direction for C2. In any case, those
effects do not seem to be meaningful according to the passenger feedback.

In [55], it was shown that the vehicle (in a simulator) presents a resonance frequency
of 1.75 Hz which is a very similar conclusion to what it is stated in [56]. Furthermore, the
authors of [57] performed a study about the effect of both the speed of the car and the road
profile on the transmitability of the accelerations and proved that, in some cases, the biggest
ones occur for 2 Hz. In the experimental campaign which has been carried out, this effect
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has been noted (Figure 10), but even though there are differences between car C1 and car
C2, their power scale is quite low.

9. Conclusions and Future Work

The lack of comfort and motion sickness impact especially passengers; so, with a view
to the autonomous car, a thorough analysis of the causes and effects influencing these
sensations is essential. In this work, an experimental campaign has been designed as well
as a method for the analysis of the data obtained which has proved to be useful to draw
conclusions and, also, to analyze possible improvements for a more complex and therefore
more decisive experimental campaign in order to understand how the future vehicle will
be operating.

It has been concluded that the combination of the relative statistical analysis together
with probability density statistical analysis and power spectral analysis allows us to obtain
interesting conclusions about the effect that the road itself, the car and the driver have
on the different variables that evaluate passenger comfort. Supporting this analysis with
passenger feedback is essential to be able to compare quantitative results with the reality as
perceived by passengers in order to evaluate the effectiveness of the method.

The results show that the principal factor in the lack of comfort on passengers is the
type of the road itself. In fact, it has been observed that the spectrograms show certain
patterns independently of the driver and the effect of the driver lies in the magnitude of
the power at those moments, and therefore, this could be considered a second factor: the
driving style. Besides, it has been demonstrated that the more comfortable is the road type,
the more regular is the driving. So, in view of the autonomous car, the most decisive factor
for minimizing the effect of motion sickness is a route planning system.

Moreover, a strong dependence of these patterns on the car type has been observed,
which confirms the importance of vehicle dynamics in comfort (the main source of scientific
articles in this field). However, results related with car type analysis are not decisive in this
work, since it has been observed that the fact of not being familiar with the car has implied
not driving so naturally with one of them.

In order to clarify the published information on which axes should be considered
when evaluating motion sickness, the results show that contributions from longitudinal
and lateral accelerations have a much greater effect than vertical ones (which are considered
in the ISO standard).

Taking into account the obtained conclusions, a future experimental campaign is
planned, in which the same journey will be considered but more drivers and cars will
take part. Moreover, it is proposed that drivers familiarize themselves with the car before
carrying out this campaign. On the other hand, and taking into account that the sensation
of motion sickness is cumulative, the route will be divided in the same way, but, in addition,
the experimental campaign must be carried out on each section separately. Likewise, a more
complete questionnaire will be carried out and both the moments of discomfort (onboard)
and the general feeling of comfort at the end of the trip will be recorded (offboard).

Finally, it has been proved that notwithstanding the variety of cars, drivers and
sections, attending general discomfort, every situation of the experimental campaign is
comfortable (small Av). Therefore, this variable is useless to compare different situations.
In order to also analyze changes in this variable, we propose a much more aggressive
driving at certain times. However, taking into account that this could violate road safety
regulations and, above all, could pose a danger to the passenger, we also propose to carry
out an experimental campaign on a driving simulator such as the Virtual Development
Center of the Automotive Intelligence Center [58].
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