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Abstract This paper presents the findings of a simulator study that examined the
effects of driver fatigue and road curvature on steering wheel angle. Twenty par-
ticipants took part in this research, and each participant drove in two sessions, alert
driving session and fatigue driving session. Throughout the driving task, the
steering wheel angle, roadway scene video, and participants’ face video were
recorded. According to Karolinska Sleepiness Scale (KSS) score and road curva-
ture, steering wheel angle data were classified into six categories. Three metrics
including mean steering wheel angle, standard deviation of steering angle, and
coefficient of variation of steering angle were proposed and evaluated to each
category. The results revealed that road curvature was the main factor of the change
of steering wheel angle and driver fatigue had significant effects on steering wheel
angle only on the straight road.
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Introduction

Driver fatigue (or driver drowsiness or sleepiness) has been proven to be one of the
main causes of traffic accidents [1]. Klauer et al. [2] have shown that fatigue driving
increases the accident risk by four to six times, compared with alert driving. In fact,
it is found that approximately 20% of all fatal road accidents involve driver fatigue,
varying from 5 to 25% in different countries [3]. However, Nordbakke and Sagberg
[4] revealed that drivers tend to continue driving, even though they are aware of the
risk factors that related to fatigue. In light of these disconcerting statistics,
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countermeasures against fatigue driving have received increased attention during
the last couple of decades [5].

A change in the mental state can induce a change in driving performance [6, 7].
Otmani et al. [8] found that driver fatigue has a significant effect on driving per-
formance, especially on lane keeping and steering performance [1, 9]. Zhong et al.
[10] found that when drivers had a fatigued status, the steering wheel angle and
vehicle tracking became irregular, and the range of deviation greatly increased.

Sayed performed a series of experiments on driver’s steering characteristics. It
has shown that steering activity is a good skill for evaluating driver fatigue among
other variables [11, 12]. It has been reported that fatigue drivers have a lower
frequency of steering reversals [13], a deterioration of steering performance [14], a
decrease in the steering wheel reversing rate [15], more frequent steering maneuvers
during wakeful periods and no steering correction for a prolonged period of time
followed by a jerky motion during drowsy periods [16], low velocity steering [17],
large amplitude steering wheel movements, and large standard deviations in the
steering wheel angle [18].

The current research focuses on the correlation between steering-related vari-
ables and driver fatigue, while the effects of road curvature are not considered. It is
known that road geometry influences steering wheel angle seriously. Weller and
Schlag [19] found that the road geometry influences the accuracy of distraction
detection based on driving data. Mortazavi et al. [9] found that it was hard to obtain
any possible direct correlation between steering-related variables and driver fatigue
by analyzing the data from all sections simultaneously. It is necessary to investigate
the independent and interaction effects of driver fatigue and road curvature on
steering wheel angle. The presented experiment was designed to further investigate
the correlation between steering related variables, driving fatigue level and road
geometry. Experiments were conducted in a driving simulator. According to the
road geometry, road type was classified into three categories. The effects of driver
fatigue and road types on steering wheel angle were analyzed, respectively.

Method

Subjects

Twenty participants (6 women and 14 men) aged 25–39 years (mean = 29.85,
std = 4.61) took part in this study. All participants were experienced drivers with
valid licenses and 3- to 18-year driving experience (mean = 8.05, std = 4.03), who
drove at least 12,000 km annually. They were free of any sleep disorder and on no
medication, and recruited via an advertisement in school website, each participant
was paid for ¥200.
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Driving Simulator

The driving task took place in a driving simulator. Road image was placed 2.50 m
away from the driver. The driving scenario was a 133-km-long highway of a
sampled actual Changping highway located between Changchun and Siping cities,
with two lanes in one direction. The selected traffic situation was only sparse
oncoming traffic and no traffic driving in the same direction as the test participant.

Experimental Procedure

Each participant took part in two driving simulation sessions, normal driving ses-
sion (alert driving session) and sleep-deprived session (fatigue driving session). For
each participant, it took two days to accomplish the experiment. The two test days
were conducted approximately 2 weeks apart, and each participant was informed
two days before performing the experiment. Participants were asked to abstain from
alcohol and to restrict tea and caffeine consumption 12 h before the test.

For the alert driving session, before the test day, participants were allowed to
carry on with their daily life activity and instructed to have at least eight hours of
sleep (11:00 p.m.–7:00 a.m.) in the night. In the test day, participants arrived at the
laboratory at 8:30 a.m., and experiment started at 9:00 a.m. Before the experiment,
participant’s personal information was checked and the requirements of the study
and details of the protocol were informed. The alert driving session lasted 2 h. In
the first 30-min driving, participants completed a practice training session to be
familiar with the simulator. The familiar driving data were excluded, and data in the
last 90-min driving process were recorded as the alert driving data.

For the fatigue driving session, before the test day, participants were allowed to
carry on with their daily life activity and instructed to have only five hours of sleep
(1:00 a.m.–6:00 a.m.) in the night. In the test day, participants arrived at the lab-
oratory at 1:30 p.m. The fatigue driving experiments were conducted between
2:00 p.m. and 5:00 p.m. or till the driver was too fatigued to continue driving. Most
of the drivers stopped before 5:00 p.m. In this session, participants were
sleep-deprived and susceptible to falling asleep during driving.

In the two driving sessions, participants were asked to drive at their own pace to
observe the usual driving rules without exceeding the highway motorway speed
limit (in China 80–120 km/h). Each participant was questioned about his/her level
of fatigue according to the Karolinska Sleepiness Scale (KSS) [20] before and after
the driving task. These subjective KSS levels were recorded as the baseline for the
researcher to assess participants’ fatigue level during the experiment according to
the video data.
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Recorded Variables

Three types of data were recorded during the experiment: (1) steering performance
data including steering wheel angle, which were recorded at 20 Hz. (2) digital video
of the roadway scene recorded outside the cabin at 10 Hz. (3) digital video of the
driver’s face recorded inside the cabin at 10 Hz. All of these data were recorded
synchronously.

Data Classification

Face Video Data Classification

Since the way of a driver’s facial feature changes as they get progressively fatigue,
their facial feature at different fatigue level during the drive can give important
insight into his current state [21]. The face video data of each participant were
reviewed, and their fatigue level was scored on the KSS by three researchers
together. Furthermore, participants’ subjective KSS level, which was evaluated by
themselves when started and finished the driving experiment, was considered.

Ingre et al. [22] found that the standard deviation of lane position (SDLP)
increased gradually from KSS level 1 (SDLP = 0.191, SE = 0.063) to KSS level 3
(SDLP = 0.221, SE = 0.042), while it increased dramatically from KSS level 7
(SDLP = 0.277, SE = 0.042) to KSS level 9 (SDLP = 0.465, SE = 0.040). It
indicates that, when KSS level is 3, participant is in alert state and can control
vehicle stably, and when KSS level is increased to 7, participant is in fatigue state
and the control ability is affected. This conclusion agrees well with previous
research on subjective and objective sleepiness [20] and suggests that serious
behavioral and physiological changes do not occur until relatively high levels of
sleepiness ðKSS� 7Þ are reached. Meanwhile, based on the face video data, it is
impossible for researchers to distinguish participant’s fatigue level between a rating
of 5 (“neither alert nor sleepy”) and a rating of 6 (‘some signs of sleepiness’), or
between a rating of 5 (“neither alert nor sleepy”) and a rating of 4 (‘rather alert’).
However, there are significant differences between a rating of 3 (‘alert’) and a rating
of 7 (‘sleepy, no effort to stay awake’). In this research, if KSS� 3, driver is in alert
state, if KSS� 7, driver is in fatigue state, and other KSS levels are not discussed.

The driving session was coded and cataloged according to the KSS level, which
could make it easy to locate notable points in the data. All datasets were reviewed
and coded by the same researchers. The coded episodes information includes:
subject number, KSS level, start time of the driving state, end time of the driving
state, and comments.
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Road Video Data Classification

The steering wheel angle values along the road were dependent upon road curvature
[9]. To compare steering wheel angle data for different driving states under different
road curvatures, the driving performance data should be examined under different
road geometry, i.e., straight road, curvature road, and connection road (connection
between straight road and curvature road). The road video data of each participant
were reviewed based on the start time and the end time of the divided face video
episode. According to road geometry, road video data were divided into three types
of episodes: straight road episode, curvature road episode, and connection road
episode.

Steering Wheel Angle Data Classification

According to the road video episodes, steering wheel angle data were classified into
six categories: alert driving on straight road (AST), alert driving on curvature road
(ACU), alert driving on connection road (ACO), fatigue driving on straight road
(FST), fatigue driving on curvature road (FCU), and fatigue driving on connection
road (FCO).

Results

According to the classification in Sect. 3.3, 12 sets of steering wheel angle data
were selected to analyze the changes of steering wheel angle based on each cate-
gory and the time interval of each group was 10s. The statistic analysis parameters,
which include mean steering wheel angle, standard deviation of steering wheel
angle and coefficient of variation of steering wheel angle, are listed in Table 1.
ANOVA and paired sample t-tests were used to analyze the effects of driver state
and road curvature on steering performance. Tukey’s post hoc test was adopted to
compare means for different factors. The significance level was adjusted for the
number of comparisons being performed to preserve an alpha level of 0.05.

Mean Steering Wheel Angle

Effects of Road Curvature

The effects of road curvature on mean steering wheel angle were analyzed in
different driving states. When driver was in alert state, paired sample t-tests were
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used to compare means for the three types of road curvature based on the AST,
ACO, and ACU data. Significant differences were found between the straight road
and both the curvature road (t(11) = 4.698, p = 0.001) and the connection road (t
(11) = 8.803, p < 0.001), and there was no significant difference between the
curvature road and the connection road (t(11) = −0.962, p = 0.357).

When driverwas in fatigue state, the analysiswas based on the FST, FCO, and FCU
data. Paired sample t-tests revealed that there were significant differences between the
straight road and both the curvature road (t(11) = 13.226, p < 0.001) and the con-
nection road (t(11) = 12.095, p < 0.001), and there was also significant differences
between the curvature road and the connection road (t(11) = −4.594, p = 0.001).

Thus, mean steering wheel angle was affected by road curvature and there were
significance differences between different road curvatures, no matter what driving
state was.

Effects of Driver Fatigue

The effects of driving state on mean steering wheel angle were analyzed on different
road curvatures. On the straight road, the mean of steering angle was lower when
driver was in alert state than in fatigue state (F(1,22) = 9.791, p = 0.005), and there
was no significant difference on the curvature road (F(1,22) = 3.388, p = 0.079)
and on the connection road (F(1,22) = 0.916, p = 0.349).

In sum, mean steering wheel angle was affected by driving state only on straight
road. When driver was fatigue, mean steering wheel angle was higher than alert
driving, while there was no significant difference between the curvature and con-
nection road.

Standard Deviation of Steering Angle

Effects of Road Curvature

The effects of road curvature on standard deviation of steering angle were analyzed
in different driving states. When driver was alert, paired sample t-tests were used to
compare means for the three types of road curvature. Significant differences were
found between the connection road and both the curvature road (t(11) = −6.458,
p < 0.001) and the straight road (t(11) = −5.637, p < 0.001), and there was no
significant difference between the curvature road and the straight road
(t(11) = −1.369, p = 0.198).

In fatigue driving state, a significant effect was found for the road curvature
(F(2,33) = 9.678, p < 0.001). The Tukey post hoc test found that standard devia-
tion of steering angle on the connection road was significantly different from both
the straight road (p = 0.001) and the curvature road (p = 0.008), and there was no
significant difference between the straight road and the curvature road (p = 0.576).
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The effects on standard deviation of steering angle had significant differences
between the connection road and both the curvature road and the straight road,
while there was no significant difference between the curvature road and the straight
road. It revealed that sharply fluctuated road curvature was the main influencing
factor.

Effects of Driver Fatigue

The effects of driving state on standard deviation of steering angle were analyzed on
different road curvatures. On the straight road, the standard deviation of steering
angle of alert driving was significantly lower than that of fatigue driving
(F(1,22) = 6.981, p = 0.015). There was no significant difference between the
curvature road (F(1,22) = 2.260, p = 0.147) and the connection road
(F(1,22) = 1.410, p = 0.248).

The standard deviation of steering angle was affected by driving state only on
straight road when driver was fatigue, which was consistent with the effects of the
mean steering wheel angle by driving state.

Coefficient of Variation of Steering Angle

As is discussed in Sects. 4.1 and 4.2, mean steering wheel angle and standard devi-
ation of steering angle are affected by road curvature and driving state. Road curvature
is the main factor, which lead to the change of steering wheel angle, changes in
different driving state only on the straight road. In order to eliminate the effects of road
curvature, coefficient of variation is presented to analyze the effect of driving state on
the curvature road and the connection road. Coefficient of variation of steering angle is
calculated according to CV_STEER = STD_STEER/MEAN_STEER, where
CV_STEER represents coefficient of variation of steering angle, STD_STEER rep-
resents standard deviation of steering angle,MEAN_STEER representsmean steering
wheel angle and the calculate results are listed in Table 1.

On the curvature road, there was no significant difference between alert driving
and fatigue driving (F(1,22) = 1.275, p = 0.271). So was the connection road
(F(1,22) = 0.390, p = 0.239).

Discussion

Driver fatigue affects driving performance seriously. The current research focuses
on the correlation between steering related variables and driver fatigue, and the
influence of road curvature is not considered. Mast et al. found that the
lane-tracking ability decreased as the time on the task increased [14]. Variables
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such as the times of lane departures, SDLP, and maximum lane deviation were
found highly correlated with driver fatigue [23]. The mean square of lane deviation,
mean square of high-pass lateral position, and SDLP showed good potential as
drowsiness indicators [24]. However, Yang et al. [25] demonstrated that sleep
deprivation had greater effect on rule-based than on skill-based cognitive functions:
When drivers were sleep-deprived, their performance of responding to unexpected
disturbances degraded, while they were robust enough to continue the routine
driving tasks such as lane tracking, vehicle following, and lane changing [25].

Lane variability is widely considered to be an important metric of fatigue driving
[26–28], but to date it required installation of lane-tracking cameras and complex
video signal processing software. Video-based lane tracking is prone to data loss
when lane markers are missing or covered (e.g., by sand or snow), when weather
conditions are bad, or in darkness. These limit the application of lateral lane
position variability for driver fatigue detection. Forsman et al. [1] found that
steering wheel angle can be used effectively to estimate the relative changes in
lateral lane position. Then, steering wheel angle was found to be the most sensitive
indicators for driving fatigue detection [29–31]. In this study, the influence of driver
fatigue and road curvature on steering wheel angle was analyzed.

This research developed a method to evaluate driver fatigue level, which is the
precondition for extracting precise fatigue driving data. Previous works on fatigue
level evaluation were primary based on psychomotor vigilance test (PVT) [32] and
the KSS. In the literature of Otmani, subjects were invited to assess their level of
alertness on the KSS every 10 min during the driving [8], which was more intru-
sive, and fatigue level and driving performance was affected by the assessment
process. Another potential limitation is individual difference. Furthermore, Reyner
and Horne [33] found that drivers sometimes underestimated the likelihood of
falling asleep, despite feeling very sleepy. Forsman et al. [1] rated participant
fatigue level by a 10-min PVT and KSS before and after the driving session, while,
the driving session was only 30 min, it is not suitable for long driving. An objective
evaluated method was proposed in our research, and fatigue level was scored based
on KSS by three researchers through face video data during driving process of
participants. In this method, driving fatigue level can be evaluated in real time
without intrusion and individual difference.

Based on the KSS level and road curvature, driving simulator data were clas-
sified into six categories. On the same driving state, mean steering wheel angle
revealed significant differences between different road curvatures. The analysis of
standard deviation of steering angle on the alert driving state showed significant
differences between connection road segments and both straight road and curved
road segments. However, there was no significant difference between straight road
and curved road segments. It suggests that steering wheel angle fluctuates stably in
the same road curvature and the change of road geometry is the main cause of sharp
fluctuation, which is consistent with Mortazavi [9].

On straight road segments, drivers showed significant differences in steering
wheel angle, which include mean steering wheel angle and standard deviation of
steering angle, during the fatigue driving state compared to alert driving. However,
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there were no significant differences between curved road segments and connected
road segments. In order to eliminate effects of road curvature, coefficient of vari-
ation of steering angle was proposed in our research. The experiment result is
consistent with mean steering wheel angle and standard deviation of steering angle.
It suggests that, fatigued drivers control ability deteriorates significantly on straight
road segment, as they are more cautious and modify the steering wheel frequently
on the curved road. Our research suggests that steering wheel variability could not
be used directly for driver fatigue detection without considering road curvature.

Driver fatigue is the main factor of road crashes, consequently increasing
researches focus on it. However, as applied psychological constructs, there is no
generally accepted definition of driver fatigue. In our study, if KSS level is more
than 7, driver is considered in fatigued driving state, and, if KSS level is less than 3,
driver is considered in alert driving state. We are still not able to give an accurate
definition, and the fatigue level is not determined when warn should be triggered as
it is too dangerous to continue driving. The steering wheel angle data, which were
used in our research, were collected from a driving simulator with realistic hard-
ware. It is critical that a field study of real-world driving be conducted to assess the
validity.
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