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Abstract. In this paper the topic of the augmented cognition applied to the driv-
ing task, and specifically to the steering maneuver, is discussed. We analyze 
how the presence of haptic feedback on the steering wheel could help drivers to 
perform a visually-guided task by providing relevant information like vehicle 
speed and trajectory. Starting from these considerations, a Context-Dependant 
Steering Wheel force feedback (CDSW) had been developed, able to provide to 
the driver the most suitable feeling of the vehicle dynamics according to the 
driven context. With a driving simulator the CSWD software had been tested 
twice and then compared with a traditional steering wheel. 
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1   Introduction 

Driving a car is usually considered a visual-guided task, where drivers are asked to 
couple their visual perception of the context with actions on the vehicle trajectory. 

In the case of steering, drivers should translate their visual perception of vehicle 
speed, position, road geometries and presence of obstacles in steering wheel move-
ments. For a decade researchers [1] have been finding that the presence of haptic 
feedback on the steering wheel could help drivers to perform a visually-guided task 
by providing relevant information like vehicle speed and trajectory. Referring to the 
augmented cognition field, we can assess that when using a haptic assist steering 
wheel rather than a traditional passive steering wheel, drivers are better able to follow 
a reference path and at the same time, they required fewer visual cues [2]. 

The effect of steering torque and steering gain, respectively, on the driver’s feeling, 
can be investigated by using some objective measurement parameters, as showed in 
[3]. The researchers highlight three main conclusions [3]: 

1. “The driver’s good feeling is influenced by two factors, namely the steering torque 
magnitude and steering torque delay to driver’s steer input. Firstly, steering torque 
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magnitude is related to driver’s physical effort, and its optimum value depends on 
driver’s individual physical capability. Secondly, steering torque delay is related to 
driver’s mental effort, where minimum delay is desirable by both drivers. Driver’s 
driving manner is considered to have an influence on driver’s ability to adapt to 
larger steering torque delay”. 

2. “Higher steering gain (smaller overall steering gear ratio) reduces the driver’s 
physical effort in terms of amount of steer angle and steer velocity required to 
complete the lane change task, and thus contributes to driver’s ease of driving”. 

3. “It is assumed that the amount of steering torque desired by the driver remains the 
same for a particular driving task”. 
 

Many studies showed also how performance varied as a function of the type of 
road used in the test (e.g. highway, rural road, urban road – [4]) or the specific driving 
task (e.g. car following, lane change - [5]). 

In more recent years, other studies found that drivers performance could be af-
fected by the specific type of road or force feedback reproduced by the steering wheel 
([6] [7] [8] [9]. This suggests that performances could be improved by reproducing on 
the steering wheel the most suitable force feedback for a specific driving context.  
Some studies showed how adding vehicle behavior feedback (e.g. lateral acceleration, 
yaw rate) on the steering wheel provides steering reactivity torque with maneuverabil-
ity superior to that of a conventional control [7] [8]. 

During one of our latest research [10], six force feedback had been compared 
among three different driving contexts. Results suggested that the effect of the type of 
force feedback in terms of drivers’ performance could depend on the specific context. 

Starting from these findings we developed a Context-Dependant Steering Wheel 
force feedback (CDSW), able to provide to the driver the most suitable feeling of the 
vehicle dynamics according to the driven context. We reproduced CDSW software on 
the haptic steering wheel of a driving simulator; finally, we tested it to evaluate the 
effects on drivers’ performances compared with a traditional steering wheel. 

The experiment conducted in [10] has been repeated in a more recent report [11], 
whose main results will be explained in this paper. In fact, during the last experiment 
authors found that for each context, at least one force feedback algorithm allowed 
drivers to better perform the driving task. 

2   Selection of the Set of Best Force-Feedback Algorithms 

The force-feedback algorithms used for the development of the CDSW and the  
correspondent scenario where they are activated had been selected from a previous 
study [11]. 

In this work a driving experiment has been conducted on eighteen participants, di-
vided into six groups (3 participants/group) and each group was asked to drive using a 
specific force-feedback reproduced by a haptic steering wheel.  

• Three force-feedback based on a steering angle (two linear and one parabolic simu-
lating the self aligning moment of the tyre); 

• three based on the vehicle dynamic (speed, lateral acceleration and yaw rate). 
Three different scenarios were used: urban road, rural road and freeway.  
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Force-feedback were reproduced by a haptic steering wheel installed on a driving 
simulator. By means of HFC (High Frequency Component of steering angle – [12] 
drivers’ performance has been evaluated 

The ANOVA (ANalysis of VAriance) with scenario as within-subject variable and 
FF dynamic as between-subjects variable showed a main effect of scenario 
(p<.0.001). The effect of force-feedback significantly interacted with scenario 
(p<0.001). In particular, lower values of HCF have been founded in the following 
conditions: 

• freeway: force feedback proportional to tyres self alignment force, simulated with a 
proportional to steering angle function with a coefficient of  0.052 deg/Nm; 

• urban road: like highway but with a coefficient of  0.285 deg/Nm; 
• rural road: proportional to vehicle lateral acceleration. 

3   Context Dependant Steering Wheel Design 

We implemented the best performing algorithms into our Context-Dependant Steering 
Wheel force feedback (CDSW) software. We reproduced the CDSW with Matlab 
Simulink and Stateflow1 because this software could be easily interfaced with the 
haptic steering wheel of the driving simulator we used to test its efficacy. 

Information on vehicle dynamic needed to compute each algorithm were available 
on the software of the simulator, as well as data needed to recognized the context. 

 

 
Fig. 1. CDSW implemented on the driving simulator 

While driving, a GPS (or the most suitable navigation system) identifies the sce-
nario (e.g. freeway); then, according to the type of FF and scenario, a steering control 
unit selects and reproduces the pre-loaded best-performing FF. This solution could  
be easily implemented on a Steer-By-Wire (SBW) system, that is a steering wheel 
                                                           
1 www.mathworks.com 
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electronically-controlled, and without mechanical junctions between the front wheels 
and the steering control. 

The CDSW also includes a smooth transition function (see the bottom of the figure 
below) from a force feedback algorithm (FF1, FF2, FF3) to the next expected for the 
recognized context the driver is going to drive. This strategy provides a linear interpo-
lation between two consecutive algorithms which enable the CDSW to move to the 
next expected force feedback algorithm in a defined distance interval. The strategy 
has been evaluated by a team of developer and ergonomic experts before implement-
ing it on the final system. 

 

 

Fig. 2. Interpolation between consecutive Force-Feedback (FF) 

The final system represents an adaptive steering wheel that dynamically and 
smoothly changes the force feedback when the driver move from a context to another. 
The aim of this device is to improve drivers’ performance and perception of the driv-
ing task, by providing the most relevant information on vehicle dynamic drivers need 
in a specific context.  

4   Context Dependant Steering Wheel Test on Driving Simulator 

The purpose of the previous test was to evaluate whether driving performance could 
be improved by six different-steering Force-Feedback (FF) dynamics in different 
driving scenarios. 

The test described in this work aimed to assess the performances of the drivers 
with and without the use of the CDSW in a driving context that changes, in terms of 
road scenario. 

Our objective was to confirm that providing a force-feedback based on information 
from vehicle dynamic (i.e. angle of steering and lateral acceleration) can improve driv-
ers’ behaviour in the lateral control of the car, taking into account. As a recent study 
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[2] showed by a user test on a fixed-base driving simulator, a path following task can 
be improved by using a motorized steering wheel. The test results indicated that the 
haptic assist through the steering wheel improves lane keeping by at least 30% reduces 
visual demand by 29% (p<0.0001) and improves reaction time by 18 ms (p=0.0009). 

4.1   Study Protocol 

Twelve participants in the age between 22 and 42 years old with a 4 year driving 
experience have been involved in the preliminary evaluation of the CDSW efficacy in 
a test  driving . 

We asked drivers to drive for 15 minutes in a scenario with three consecutive driv-
ing context, respectively freeway, rural and urban road. Six drivers drove with a tradi-
tional steering wheel force feedback (control group); the other six drove with the 
CDSW system.  

Performance has been evaluated by mean of indicators previously used in [6], [10], 
[11], based on vehicle lateral deviation and steering wheel angle variability, namely: 

• Standard deviation of Steering Angle; 
• Standard deviation of Time To line Crossing [12]; 
• High Frequency Component of steering angle. 

Data needed to the computation of each indicator have been recorded by the 
simulator during the experiment at a frequency of 20Hz.  

4.2   Experiment Results 

Driver performance was submitted to an analysis of variance (ANOVA) with scenario 
as within-subject variable and drivers’ group as between-subjects variable. 

The analysis confirmed the main effect on scenario as showed in [11] for all the 
indicators, with a significance different for each indicator. Furthermore, it was also 
found a significant difference between the two groups, specifically pointing in favor 
of the CDSW. The following table shows the results concerning Standard Deviation 
of steering angle. 

Table 1. p-values of the Standard Deviation of steering angle, with reference to the scenario 
and drivers' group 

P - scenario P – drivers’ group 

0.0194  0.0106 

The following figure shows the observed mean values of Standard Deviation of 
steering angle of each participant belonging to the different groups. 

The left side of the figure represents the between-subjects analysis conducted with 
reference to the group factor, while in the right side the interaction between group and 
scenario is considered. Both conditions highlight the differences in performance driv-
ing with and without the CDSW.  
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Fig. 3.  Drivers' group performances measured with Standard Deviation of steering angle 

5   Conclusions 

Both the test had confirmed the hypothesis of this work: the driving performance 
significantly improved when the system activated the FF model. The model is particu-
larly effective in the urban road. These results had been evaluated considering also 
that the transition strategy among force-feedback models was not intrusive in the 
vehicle control. 

Evaluating the results of our test referring to the augmented cognition field, we 
may agree that observations confirm the essential role of coherent haptic information 
for driving real cars and simulators, and also suggest the existence of driver adapta-
tion mechanisms in steering control. As other researchers stated, driver behavior  
adaptation can occur efficiently for a range of steering force feedback configurations, 
but this range is limited by certain acceptability limits [6]. 

We interpreted our results comparing them with data arose from other studies in 
the literature [13] and the conclusions suggested that, using an intelligent, haptic 
steering wheel rather than a traditional passive steering wheel, drivers are better able 
to closely follow a reference path while requiring fewer visual cues.  
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