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Adaptive steering wheel stiffness in driving with
Haptic Shared Control

Hugo M. Zwaan, Sebastianus M. Petermeijer, Sarvesh B. Kolekar and David A. Abbink

Abstract—Driving with Haptic Shared Control (HSC) provides
an alternative for traditional traded control in human-controller
interaction. Whilst driving, control is shared between the driver
and the controller by translating the controller’s desired steering
input to additional torques on the steering wheel. Literature
provides several guidelines for the tuning of these torques but not
for the tuning of the interaction stiffness around the controller’s
desired steering input: the Level of Haptic Authority (LoHA),
this is usually kept constant. High LoHA tunings have beneficial
effects on the driver performance but result in high conflict
torques and negatively impact the driver acceptance. In this study
two adaptive LoHA algorithms are proposed based on Time
to Lane Crossing (TLC). By increasing the LoHA in critical,
low-TLC, scenarios these should improve performance while
also allowing for a larger steering freedom and low conflicts
in safe scenarios. The adaptive LoHA is applied symmetrically
(bi-directional) and asymmetrically (only in the direction of the
low TLC). The adaptive algorithms are compared to manual
driving, a low and a high static LoHA tuning in a within-subject
driving simulator study. Fourteen participants performed a lane
keeping task in which lane width varied to influence the safety
margins and TLC. While driving with adaptive LoHA, the mean
conflict torque was significantly lower for the adaptive algorithms
than for the high stiffness controller and participants experienced
lower workloads. However, no difference was found between the
symmetric and asymmetric LoHA controller. These results show
that adaptive LoHA based on TLC is an effective way to achieve a
similar performance as with static LoHA but with lower conflicts
and a lower workload.

Index Terms—Haptic Shared Control, Adaptive, Level of
Haptic Authority, Human-Machine interaction, driving simulator.

I. INTRODUCTION

Haptic Shared Control (HSC) implements the control
action of an autonomous driving system through the steering
wheel, allowing for a continuous interaction between the
driver and the vehicle in which decision making and intent
are translated into added torques on the steering wheel [1].
By keeping the driver actively engaged in the control loop,
the interactions mitigates the ”pitfalls of automation” related
to supervised autonomous driving [2, 3] while benefiting from
an increased driving performance [4, 5, 6, 7] and reduced
workload [5, 6, 3]. By using a haptic steering wheel rather
than trading control [8] or mixing the inputs at the wheels
[9] the driver is also more aware of the controller actions and
intent [1, 5, 10].

In its simplest form, HSC is achieved by pure force
feedback: a torque that turns the steering wheel towards the
desired steering wheel angle [7, 11]. An alternative approach
is adding stiffness feedback through a virtual spring around

the controller’s desired steering wheel angle. This creates
torques in response to deviations from this angle. This is
analogous to a human rotating the steering wheel. Who can
perform the same steering trajectory with a low co-contraction
(low stiffness) or with high co-contraction (high stiffness).
The two are combined in force-stiffness feedback [12, 13]
that both actively steers the wheel, shifts the neutral angle
and changes the stiffness.

This artificial stiffness around the controller’s desired
steering angle and is called the Level of Haptic Authority
(LoHA). The stiffer the LoHA is, the harder it becomes
to deviate from the controller’s actions and vice versa.
By adjusting the LoHA, the authority can be shifted
between the driver and the controller [1]. As the stiffness
approaches infinity it becomes impossible to overrule the
system, effectively turning the shared controller into a fully
autonomous controller.

In literature there are some guidelines of how to tune the
LoHA, such as to the neuromuscular admittance [14, 15]
or personal trajectory [16], but most tunings are made
heuristically [3, 17, 18]. High LoHA controllers yield
the biggest performance improvements in terms of lateral
position, safety margins and variability [2][17][3] but result
in forceful corrections. Drivers can get annoyed by these kind
of corrections because they do not always perceive anything
wrong with their performance [19]. As drivers ’fight’ the
system with increasing torques, this results in lower user
acceptance [10][15][3], heightening the chance of these
systems being disused [20]. It is for this reason that low
LoHA controllers are preferred by drivers [16].

It has been suggested that a single LoHA value might not
suffice [21][1] and that an adaptive LoHA might be a better
solution. Adaptive LoHA based on lateral error, with respect
to the reference, has even been implemented by Abbink
and Mulder (2009) [13], but they found a negative effect on
performance because the controller enlarged conflicts between
the driver and the reference. Because human behaviour is
described as satisficing rather than optimising [22][23] it is
hypothesised that a haptic shared controller should allow
for this behaviour: the controller should be compliant when
driver performance is satisfactory, reducing the size of
trivial conflicts and improving acceptance, whilst having the
performance benefits of a high stiffness controller in critical
situations.

1.1. Abstract 1
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In unaided driving, task-dependent steering wheel stiffness
has been investigated by Mulder et al. [24] who showed that
driving on different road conditions benefits from different
steering wheel stiffnesses. In HSC, force feedback, not LoHA,
has been made adaptable [11] by grip strength or adaptive to
lane position [6]. In a similar manner LoHA can be made
dependent on a criticality function [1] [12] or performance
[25]. These studies show that adaptive support outperforms
static tunings of values.

Petermeijer [3] implemented a discrete adaptive controller
in the form of a bandwidth controller based on lateral road
position with had a deadband in the middle of the road. He
found that drivers disliked the discrete nature of the controller
because it was difficult to predict the controller actions and
also resulted in oscillatory behaviour around the switching
threshold. A similar resentment to discrete feedback was
found in a study by Suzuki [26]. In the light of these results
this study will explore a smooth, continuous function to
describe the LoHA.

At the basis of satisficing driving lie safety margins and
the perception of risk [27][28]; an intuitive way to interpret
safety margins is through the Time to Lane Crossing (TLC)
[29], which captures a combination of risk related factors
in a single value, namely: Velocity, Road Width, Curvature,
Lateral Position, and Heading. It has furthermore been shown
that the adaptation of driver arm-admittance, the human
counterpart of LoHA, correlates to TLC [30], meaning a TLC
based LoHA mimics human behaviour. Therefore adaptive
LoHA will be defined as a function of the TLC.

The goal of this research is to investigate if adaptive
LoHA can yield the performance benefits of high LoHA
controllers while reaching the user acceptance ratings of low
LoHA controllers. This paper first discusses the mathematical
implementation of LoHA in a Haptic Shared Controller
and then lays out the design of algorithms that adapt the
LoHA based on TLC. It continues to report the findings in a
simulator study with these two algorithms.

II. CONTROLLER DESIGN

There are several controller architectures that have
implemented LoHA, such as a compensatory controller
lookahead controller [6] or a two-point controller [16].
Defining for these controllers is their corrective behaviour,
they apply torques proportional to an error between the
desired and actual trajectories; this means they do not provide
any support when the error is zero. The Four Design Choice
Architecture (FDCA) addresses this point by providing
support through a separate feedforward loop, even when there
is no offset from the reference [31].

A. Four Design Choice Architecture
The FDCA is a controller architecture that revolves

around four design parameters than determine the controller

behaviour, see Figure 1:

• Human Compatible Reference (HCR), a predetermined
reference trajectory for the road.

• Level of Haptic Support (LoHS), a feedforward percent-
age of torques required to follow the HCR.

• Strength of Haptic Feedback (SoHF), the feedback gains
that correct deviations from the HCR.

• Level of Haptic Authority (LoHA), a virtual spring
around the controller’s desired steering wheel angle.

Previous work by Wyzen [32] simulated the FDCA
feedforward and feedback channels, Scholtens [33] details
the generation and individualisation of the HCR. Their
work lies at the basis of the mathematical models used in
this study. This study will detail the previously unexplored
implementation of the LoHA in the FDCA architecture and
will also touch upon the design of, and interaction with, the
LoHS and SoHF.

1) Human Compatible Reference: The Human Compatible
Reference is the actual trajectory that the controller tries
to follow. For this research the HCR is not investigated,
rather the implementation of Scholtens [33] is used. She
generated the HCR a priori with a simulated car, controlled
by a lookahead controller based on Saleh [34] and a tangent
point as determined by Boer [35]. The HCR contains a
record of all of the feedforward commands along the road
and its trajectory is the reference for the feedback controller.
Scholtens’ lookahead controller’s individualised behaviour is
determined by five parameters, the remaining parameters are
taken from Saleh. These parameters are listed in Table I at the
end of this section. The parameters used in this study were
the same as the One-Size-Fits-All (OSFA) controller for right
turns as used by Scholtens. These parameters result in an
HCR that is closest to the average trajectory of all participants
in her experiment. Instead of recording the controller torques,
this study will record the desired steering wheel angle from
Saleh’s controller in order to be able to apply LoHA around
this angle, the feedforward controller converts these angles to
torques using an inverse model of the steering wheel dynamics.

2) Steering Wheel Dynamics: The steering wheel is mod-
elled as a simple mass-spring damper system

θ̈ =
1

Isw

(
τ −Bswθ̇ −Kswθ

)
(1)

A Laplace transformation (2) is applied to obtain the transfer
function (4) of the steering wheel dynamics.

F (s) =

∫ ∞

0

f(t)e−stdt (2)

H(s) =
Y (s)

X(s)
(3)

Hsw(s) =
1

Isw · s2 +Bsw · s+Ksw
(4)

2 1. Research Paper
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Fig. 1. FDCA architecture, the Level of Haptic Authority (LoHA) is a TLC dependent stiffness around the steering wheel angle of the feedforward and
feedback controller. The driver can in turn adapt his own neuromuscular stiffness to reject the controller action.

Through inversion a transfer function of the inverse steering
wheel dynamics is obtained. This transfer function however,
is improper: the order of the numerator exceeds the order of
the denominator, and thus this system is non-causal. To mend
this a second order Butterworth filter [36] is added (5). The
filter’s cut-off frequency (ωc) is set at 3 Hz, the natural cut-off
frequency of the human response [37].

Hbutw(s) =
1

( s
ωc

)2 − (λ1 + λ2) s
ωc

+ λ1λ2
(5)

H−1SW (s) =
Isw · s2 +Bsw · s+Ksw

( s
ωc

)2 − (λ1 + λ2) s
ωc

+ λ1λ2
(6)

λk(1,2) = e
iπ
2n (2k−1+n) (7)

3) Level of Haptic Support: The Level of Haptic Support
(LoHS) was originally defined by Van Paassen [31] as the
percentage of the feedforward steering action that is being
performed by the controller. At 0% the controller has no feed-
forward component and acts only on the feedback controller,
at 100% the controller performs all feedforward actions which
means that without disturbance it will perfectly follow the
HCR and basically act like a fully autonomous car. While
originally implemented by Wyzen and Scholtens with a torque
recording as in (8). The adjusted (9) is used, based on the
recorded steering wheel angle θHCR.

τFF = λLoHS · τhcr (8)

= λLoHS ·H−1sw · θHCR (9)

The LoHS should be an intermediate value between 0 and
100% as to actively engage the driver in the steering activity
and prevent human factors issues, It was heuristically tuned
to 80% for this study.

4) Strength of Haptic Feedback: The Strength of Haptic
Feedback (SoHF) aims to correct deviations from the HCR.
Wyzen used a proportional feedback controller on the current
lateral error ∆s and current heading error ∆ψ between the car
and the HCR [32]. This controller consists of two feedback
gains for the lateral and heading error notated as: Ks and
Kψ . In order to obtain the resulting steady-state steering wheel
angle, this torque is multiplied by the inverse steering wheel
stiffness as in Equation (10).

θFB =
Ky ·∆y +Kψ ·∆ψ

Ksw
(10)

τFB = H−1sw · θFB (11)

The feedback gains were heuristically tuned to effectively
steer the vehicle back to the reference trajectory in a stable
manner whilst providing comfortable levels of feedback
torque allowing for human deviation from the HCR.

5) Level of Haptic Authority: In this study the Level of
Haptic Authority (LoHA) will be introduced to the FDCA
architecture; a virtual spring that acts on the steering wheel
around the desired steering wheel angle of the FDCA con-
troller [1]. In the following analysis the LoHA will be decom-
posed into a base steering wheel stiffness Ksw, or minimum
LoHA value, and a stiffness that can be artificially added on
top, Kadded. This means that with equal damping and inertia
the torque as a result of the LoHA is described by Equation
(13).

Coupling the LoHA with the equations for feedforward
(9) and the feedback (11) torques results in the following
mathematical description.

1.3. Controller Design 3
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KLoHA = Ksw +Kadded (12)

τLoHA = (θco − θsw) ·
(
H−1sw +

Kadded

Hfilt

)
(13)

τtotal = τFF + τFB + τLoHA (14)

τtotal = λLoHS ·H−1sw · θHCR +H−1sw · θFB ...

...+ (θFF + θFB − θsw) ·
(
H−1sw +

Kadded

Hfilt

)
(15)

B. Simulation of LoHA controller

To evaluate the response of the steering wheel angle,
controller, and driver torques to different values of the LoHA
and LoHS and different controller and driver signals, the
steering wheel model was simulated with a virtual driver. The
driver’s dynamics are simulated by a separate mass-spring-
damper system, for simplicity reasons the human inertia and
dampening are the same as those of the steering wheel. The
controller has no estimates of the human inertia, dampening
or stiffness while the human model does anticipate the
steering wheel’s inertia and dampening because of system
identification naturally performed by humans [38]. In the
simulation both the controller and driver make the exact same
steering movement but the human command is delayed by five
seconds, this results in consecutive sections of disagreement
and agreement between the controller and the driver. In
Figures 2 and 3 the resulting steering wheel angle and torque
responses can be observed.

The following observations are made during disagreeing
steering angles: LoHA is an effective way to shift the resulting
steering wheel angle towards the controller’s desired angle.
However, if the driver compensates his own admittance this
effect on the trajectory is neutralised while the conflicting
torques increase. The LoHS also shifts the followed trajectory
between controller and driver but this effect diminishes as
LoHA increases with respect to the base steering wheel

Fig. 2. Steering angle response for different ratios of LoHS, LoHA and driver
stiffness

stiffness. During agreement of the steering angles the LoHA
has no effect on either the steering angle or the torques; in this
case the LoHS fully determines how the torques are divided
between the controller and driver. This confirms the LoHA
can be used to shift the steering wheel response between
controller and driver during conflicts without affecting torques
in agreement, while still allowing for the driver to overrule
the controller by adapting their own admittance.

Time to Lane Crossing: Three methods of determining the
TLC are found in literature. The simplest method extrapolates
the current vehicle heading, the most commonly used method
of Godthelp [39] takes into account the current yaw rate in
the extrapolation and a novel method of Boer[23] that takes
into account an uncertainty range of yaw rates and calculates
a cone-like swath rather than a single value.

The calculation methods of Boer[23] were used in this
research because the TLC swath gives more information about
the margins around the current trajectory, the TLC swath can
be seen as a crude interpretation of a Safe Field of Travel
as described by [27][28]. This extra information opens up the
possibility of using directional stiffness feedback, a concept
that will be elaborated on in section II-C.

C. Adaptive Stiffness
Adaptive stiffness had been proposed in the past [1][19],

adaptive stiffness meaning that the KLoHA is defined as a
function of some (set of) variable(s) KLoHA(x). The extreme
values of the function are determined first:

The lower LoHA limit is chosen to be the standard steering
wheel stiffness of the simulator’s vehicle model (0.0085
[Nm/deg]), in this situation the haptic controller only shifts
the neutral point compared to manual driving. The upper
limit was set at (0.0255 [Nm/deg]), three times the base
stiffness, this value was heuristically determined during the
pilot study as the highest multiple of the base stiffness before
participants would subjectively report dissatisfaction.

A two second threshold for the adaptive algorithm was
based on research by Godthelp [29] who reports that drivers

Fig. 3. Driver and controller torque responses for different ratios of LoHS,
LoHA and driver stiffness

4 1. Research Paper
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TLC-straight

TLC-right
TLC-left

Fig. 4. Illustration of three different TLC calculations: Yellow - extrapolation
of vehicle heading ; Blue - extrapolation of yaw rate ; White - yaw uncertainty
swath. The latter is used in this research.

on average take corrective measures at a TLC of about 1.3
seconds (SD = 0.43 [s]) while driving on a straight road. This
means that a two second TLC is a satisfactory performance
for about 95% of people. A two second threshold was also
found as the time by which > 95% of drivers have responded
to static roadside stimuli [40], furthermore a safety margin of
two seconds is advised by Dutch road authorities.

Because Petermeijer [3] showed that drivers dislike sudden
transitions in LoHA, the adaptive LoHA is modelled with
a partial cosine to give a smooth transition over the full
range of positive TLC’s. At the point of lane departure
(tTLC ≤ 0), the stiffness reaches its maximum value and
does not increase further. This design choice is motivated by
maintaining ultimate authority for the driver, in real driving
the driver should always be capable of overruling the system
and may have ulterior motives to leave the lane the system
does not comprehend [41].

KLoHA = ...



Kmin +Kadd , tTLC ≤ 0
Kmin +Kadd

(
1 + cos(tTLC + 2)π4

)
, 2 ≥ tTLC > 0

Kmin , tTLC > 2
(16)

Two adaptive controllers: A symmetric adaptive stiffness
is the straightforward implementation of adaptive stiffness as
proposed by [21][1] and shifts authority towards the controller
regardless of driver intent. However, it is hypothesised that
drivers might dislike a symmetric system exactly because
it limits their steering actions in all directions; when the
criticality is high on only one side of the vehicle it can be
desirable to implement an asymmetric stiffness algorithm.
Such an algorithm has a high stiffness towards low TLC areas
but allows for unhindered steering actions towards low TLC
and safety. The TLC swath of Boer[23] makes it possible to
separately evaluate the TLC and criticality in either direction
of the car.
The same adaptive stiffness profile is used as with adaptive
symmetric LoHA but rather than being based on the lowest

-1 0 1 2 3 4 5 6
TLC to left boundary [s]

0

0.005

0.01

0.015

0.02

0.025

0.03

Lo
H

A
 [N

m
/d

eg
]

Low LoHA High LoHA Symmetric Asymmetric left Asymmetric right

-10123456
TLC to right boundary [s]

Fig. 5. LoHA profile as a function of the TLC. Note the difference between
the asymmetric controller steering left or right.

TLC, the independent value is based on the lowest TLC
in the direction of the human torque. The algorithm ran at
100 Hz to ensure participants, who have a just noticeable
difference for physical signals of only 10 Hz [42], would not
experience any delay in the controller.

Fig. 6. Visualisation of the steering wheel stiffness of the different LoHA
regimes in different road positions. The springs indicate a high or low stiffness
for each algorithm in that steering direction, the coloured cones indicate the
corresponding TLC swaths.

TABLE I
PARAMETER VALUES USED FOR GENERATION OF THE HUMAN

COMPATIBLE REFERENCES (HCR).

Far Gain (Kp) 2.5 [Nm/m]
Near Gain (Kc) 4.0 [Nm/m]

Begin Steering Distance (BSD) 12.5 [m]
End Steering Distance (ESD) 55 [m]

tfar 3.5 [s]
TI 1 [-]
TL 3 [-]
τp 0.03 [s]
Kr 0.3 [-]
Kt 0.5 [-]
TN 0.1 [-]

1.3. Controller Design 5
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D. Hypotheses

It is hypothesised that the adaptive controllers combine the
best properties of low and high LoHA controllers in terms
of safety and conflicts. The following hypotheses concern
the adaptive controllers compared to the conventional static
controllers.

• The safety margins are smaller for manual driving and
the low LoHA controller than for high, symmetric and
asymmetric adaptive LoHA controllers, resulting in lower
TLC values and more lane departures.

• The amount and size of conflicting torques are higher
and bigger for the high LoHA controller than for the low,
symmetric and asymmetric adaptive LoHA controllers.

• The subjective appreciation for both adaptive LoHA
algorithms is higher than for the low and high LoHA
controllers.

Furthermore it is hypothesised that the asymmetric algo-
rithm will show stronger improvements than the symmetric
algorithm in the following ways:

• The number and size of conflicting torques are higher and
bigger for the symmetric adaptive controller than for the
asymmetric adaptive controller.

III. METHOD

To test the hypotheses and probe the difference between
adaptive and static LoHA controllers, a within subjects exper-
imental design was used.

A. Apparatus

The experiment was performed in a fixed-based driving
simulator at the department of Control and Simulation at the
faculty of Aerospace Engineering of the Delft University of
Technology. The visual representation was done with three
projectors that covered a horizontal view of 180 degrees and a
vertical view of 40 degrees. The actuation of the steering wheel
was done with a MOOG FCS Ecol8000S actuator at 2500
Hz; steering wheel dampening (2 [Nms/rad]) and inertia (0.3
[Nms2/rad]) are equal to those of earlier studies by Abbink[9].
The vehicle dynamics are simulated by a discrete time State-
Space model. This setup and the vehicle dynamics are identical
to earlier studies [3][43][44][33] and listed in (18). All data
were recorded at a frequency of 100 Hz.

x(t+ ∆t) = Ax(t) +Bu(t) (17)
y(t) = Cx(t) +Du(t)

A =

[
0.8665 −.03849
0.1313 0.9824

]
B =

[
−14.24
23.64

]
(18)

C =

[
−0.292 −0.1938
−0.000577 0.02834

]
D =

[
0
0

]

B. Participants

Fourteen participants voluntarily participated in the driving
simulator experiment (9 male), without receiving financial
compensation. All participants were or had been students at
Delft University of Technology. The average age was 25.8
years old (SD = 1.8), and participants had their driving license
for an average of 6.8 years (SD = 1.7). Of the subjects, eight
had experience in driving with adaptive cruise control in the
past year, all less than once a month. Six had driven with a
Lane Keeping Assistance system in the past year, all less than
once a month. Six participants had previous experience with
driving simulators of which four had driven in the simulator
that was used in this experiment.

C. Road Design

The road was designed to present a challenging environment
in which drivers would benefit from haptic support. It consists
of 16 curves with radii of 500 m that were equally divided
between left and right turns. Curves have 150 m straight
sections between them to prevent interference between
subsequent curve exits and entries. Two different road
widths (3.6 and 2.2m) were used as an independent factor
to manipulate the TLC. Road widths were alternated twice
to provide both width transitions: from wide to narrow
and narrow to wide. Based on the road width the yaw rate
uncertainty λTLC [23] was heuristically tuned at 0.2 deg/s to
give the adaptive controllers a good response to the changes
in road width.

The straights, curves, and two roadwidths result in four dif-
ferent road conditions which are analysed separately: Narrow
Straights (NS), Wide Straights (WS), Narrow Curves (NC),
and Wide Curves (WC) (Figure 7). Each of these unique road
combination of curvature and road width was driven twice per
trial. When including a run-in and -out section, the road had
a total length of 7.3 kilometers.

Fig. 7. Road curvature profile; narrow roads are red, wide roads are blue.

D. Controllers

In addition to manual driving, four different LoHA con-
trollers were implemented and compared. For all trials the
road, vehicle dynamics, LoHS, SoHF (Table II) and velocity
(24 m/s) were identical.
• Manual (M)

In the manual control condition in the LoHS and SoHF
were set to 0, effectively disabling all forms of feedback
or support. The inherent steering wheel stiffness was
0.0085 Nm/deg and acted around the steering wheel’s
neutral position (0 deg).

• Low stiffness (L)
In this condition the Level of Haptic Authority was set to
0.0085 Nm/deg, the same as the inherent steering wheel
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stiffness for manual driving but around the controller’s
desired steering wheel angle. It equals the lower LoHA
boundary of the symmetrical and asymmetrical adaptive
algorithms

• High stiffness (H)
The high stiffness condition has a LoHA of 0.0255
Nm/deg and equals the upper LoHA boundary of the
symmetrical and asymmetrical adaptive algorithms.

• Symmetrical adaptive stiffness (S)
The Symmetrical adaptive LoHA determines the steering
wheel stiffness by taking the lowest TLC value and
determines the controller stiffness in the range of 〈0.0085
- 0.0255〉 Nm/deg.

• Asymmetrical adaptive stiffness (A)
The Asymmetrical adaptive LoHA determines the
steering wheel stiffness by taking the TLC value in
the direction of the human torque and determines the
controller stiffness in the range of 〈0.0085 - 0.0255〉
Nm/deg.

E. Procedure

For the experiment, participants were instructed to drive as
they normally would and stay within the lane boundaries. After
receiving task instructions and an opportunity for experiment
related questions each participant drove two training routes,
one manual and one with a high stiffness controller, to give
experience with both extremes of the spectrum prior to the
experiment. After two rounds of training the experimental
conditions were presented in a randomised order to mitigate
any learning effects. Between each of the testing conditions
participants were asked to fill out two subjective question-
naires, the Van der Laan questionnaire [45] and the NASA
Task Load Index [46]. Beyond the controller stiffness, all other
experimental conditions such as: road profile, velocity, vehicle
dynamics and controller parameters, were kept constant. If the
vehicle was outside of the lane boundaries a high frequency
disturbance, modelled by a 100 Hz sinewave, was applied on
the steering wheel to alert the driver of the lane departure. The
controller parameters are listed in Table II.

TABLE II
FDCA PARAMETER VALUES USED IN THE EXPERIMENT FOR THE

STRENGTH OF HAPTIC FEEDBACK (SOHF), LEVEL OF HAPTIC SUPPORT
(LOHS), AND LEVEL OF HAPTIC AUTHORITY (LOHA)

Ky−SoHF 0.3 [Nm/m]
Tψ−SoHF 2.0 [Nm/rad]

λLoHS 80 [%]
KLoHA 0.0085 - 0.0255 [Nm/deg]

F. Variables & Metrics

Driver support systems usually improve performance but
also lead to conflict, affect workload and acceptance of the
system. Hence metrics related to performance, conflicts, work-
load, and acceptance are analysed.

1) Performance and safety margins: It hypothesised the
High and Adaptive LoHA controllers should improve lane
keeping performance and safety margins, measured by:
• Time Spent Out Of Lane [s]: Due to the satisficing nature

of human driving, only the task (lane keeping) failures are
evaluated as a performance metric. The time spent out of
lane captures frequency as well as intensity of the lane
departures.

• Mean Time To Lane Crossing Swath (TLC) [s]: The TLC
swath represents the situational criticality and thereby the
safety [47], higher TLC’s are the result of higher safety
margins.

• Mean 10 percentile of TLC [s]: In light of satisfic-
ing driver behaviour the unsatisficing performances are
mainly contained in the lower TLC percentiles, therefore
the 10 percentile of TLC values is evaluated for improve-
ments seperately [48].

2) Conflicts: It is hypothesised that the Low and Adaptive
LoHA controllers should reduce conflicts between driver and
controller, measured by:
• Time spent in Conflict [s]: Opposing torques from the

driver and the controller can indicate conflicts in inten-
tions. The time spent in conflict is evaluated, in this study
the occurrence of a conflict is defined as opposing torques
of the driver and HSC.

• Mean Size of Conflicting Torques [Nm]: In addition to
the time spent in conflict, the size of the conflict tells
something about the severity of the conflict and the
physical workload.

3) Workload: It is hypothesised that adaptive algorithms
will reduce driver workload as measured by:
• NASA Task Load Index (TLX) [%]: A subjective self-

reported workload percentage. The unweighted version
of the NASA TLX rating system was used called ’Raw
TLX’ [49]. The TLX rates six topics representing physi-
cal, mental and temporal demand [46]. Each item has to
be graded with a score from 0 to 100. The workload is
then determined by taking the average value.

• Steering Reversal Rate (SRR) [s−1]: The steering reversal
rate is determined by counting how many times the
steering wheel is reversed with 2 degrees or more around
a local minima and maxima, and is used as an objective
measure for the workload [48].

• Mean absolute Driver Torque [Nm] The mean Absolute
Driver Torque is the torque applied by the driver on the
steering wheel over the total road section and is used as
an objective measure for the driver’s physical workload.

4) Subjective appreciation: It is hypothesised that the adap-
tive controllers, the asymmetric controller in particular, are
subjectively preferred by drivers over the static controllers.
• Van der Laan To assess the acceptance of the systems

the questionnaire from Van der Laan [45] is used, which
plots each condition on a two dimensional plane spanned
by usefulness scale and a satisfaction scale. The ques-
tionnaire consists of nine Likert items: Each item has to
be graded with a score from -2 to + 2. The usefulness
scale is determined with the sum of item 1, 3, 5, 7 and
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9, divided by 5. The satisfactory scale is the sum of 2,
4, 6 and 8, divided by 4.

G. Statistical Analysis
The numerical results of each dependant measure were

collected in a 14 x 5 matrix (14 participants and 5 conditions).
This matrix was rank-transformed according to Conover and
Iman [50] to account for violations of the assumption of nor-
mality associated with parametric tests. The rank-transformed
matrix, consisting of ranks from 1 to 70, was submitted to a
repeated measures ANOVA with the five conditions as within-
subjects factor with an α-value of (p<.05). Bonferroni correc-
tions were applied to the ten pairwise comparisons between
the controller conditions. Seperate analyses were made for
four distinct road conditions: Narrow Straights (NS), Wide
Straights (WS), Narrow Curves (NC), and Wide Curves (WC).

IV. RESULTS

The objective metrics are analysed separately for all four
road conditions: Narrow Straights (NS), Wide Straights (WS),
Narrow Curves (NC), and Wide Curves (WC).

All variables were analysed but not all are discussed in
detail, particularly differences between HSC and manual
driving are not discussed here as they are well described in
literature [10]; the complete results of the statistical analyses
can be found in Tables (V),(VI) and (VII).

TABLE III
RESULTS OF THE REPEATED MEASURES ANALYSIS OF VARIANCE FOR THE

THREE MAIN PARAMTERS, RELATED TO THE HYPOTHESES. ALL
PARAMTERS WERE SIGNIFICANTLY INFLUENCED BY THE CONTROLLERS

ON NEARLY ALL ROAD SECTIONS.

NS WS NC WC
TLC p 4.95E-5 5.90E-7 2.91E-3 9.98E-4

F(4,56) 7.861 11.94 4.612 5.425
SoC p 4.29E-5 6.52E-5 0.290 7.57E-4

F(3,42) 10.21 9.700 1.307 6.924
SWR p 5.58E-14 3.95E-7 7.52E-11 0.260

F(4,56) 34.16 12.35 22.57 1.352

A. Mean trajectory performance
The mean performance over all participants is displayed in

Figure (12). It is observed that the HCR cuts curves more
aggressively than the participants, the high LoHA controller’s
mean trajectory is the closest to HCR indicating that a higher
LoHA does indeed shift the trajectory towards the HCR.
Consequently the CR’s TLC is lower in curves than the mean
of the drivers; on the wide roads the mean TLC is above the
adaptivity threshold allowing for satisficing lane keeping, on
narrow roads the mean TLC is well within the active range
of the adaptive controllers. The LoHA follows the trends of
the TLC, it can be observed that the symmetric controller is
stiffer (i.e. has a higher LoHA) on average than the asymmetric
controller. Steering angle disagreements between controller
and driver mainly occur at curve entry and exit and are
similar in size regardless of curve direction or road width, the
resulting driver torques however are different for the different
controllers and road width.
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Fig. 8. Distribution of the lowest 10% TLC swath values for the four LoHA
regimes in each road condition. All controller improved the lowest TLC values
compared to manual driving but only one difference was found between
controllers. Brackets indicate significant differences, l Þ p<.05, ll Þ
p<.01, lll Þ p<.001.

B. Safety margins

As a measure for the safety margin the values of the TLC
swath are analysed as a lower TLC is a lower safety margin
[48]. Since we are especially interested in critical situations,
the lowest 10% of values are assessed [39]. Effect sizes
and significance are shown in Table III. The distributions
of the controllers are shown in Figure 8. All other results
and comparisons with manual driving can be found in Tables
(V), (VI) and (VII). Although all controllers improve the
lowest 10% of TLC values compared to manual driving, no
differences were found between controllers except for narrow
curves where the symmetric controller outperformed the low
LoHA controller. This indicates the height of the LoHA does
not have a significant influence on te safety margins, but haptic
shared control does.

C. Conflicts

As a measure for the amount of conflict between driver and
controller the average size of opposing torques was analysed,
because manual driving does not involve a controller there
are no conflicts and the manual condition is left out of the
statistical analysis (Table III). The distributions are shown
in Figure 9. The results show that the average conflict size
was significantly affected by the LoHA regime on straights
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Fig. 9. Distribution of average conflict torques for the four LoHA regimes
in each road condition. Brackets indicate significant differences, l Þ p<.05,
ll Þ p<.01, lll Þ p<.001.

and in narrow curves. A Bonferroni corrected post-hoc com-
parison revealed that low LoHA, symmetric and asymmetric
controllers result in a similar conflict size, lower than that
of the high LoHA controller. The pairwise comparisons can
be found in Table VII. In addition to conflict size the time
spent in conflicts was also analysed. Especially in wide curves
(p<.05, F(3,42)=13.2) the high LoHA controller resulted in
a larger amount of time spent in conflict (M=30% SD=14%)
than the other controllers (M=11% SD=8.8%), indicating high
LoHA has a negative effect on both the size and occurrence
of conflicts.

D. Workload

The number of Steering Wheel Reversals (SWR) indicates a
significant difference in control activity, indicating workload,
between controllers (Table III, Figure 10). In narrow road
sections the number of SWR was significantly higher for low
LoHA controller than for the high and adaptive controllers.
On wide straights, the adaptive controllers instead behave like
the low LoHA controller resulting in a significantly lower
number of reversals for high LoHA compared to the other three
controllers. Mean absolute driver torques, indicating physical
workload, follow a different trend: the high LoHA controller
results in higher driver torques than the other three controllers
on all roads.

Subjectively however, contrasts with a Bonferroni adjust-
ment did not reveal any significant differences in perceived
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Fig. 10. Distribution of the number of steering wheel reversals. Brackets
indicate significant differences, l Þ p<.05, ll Þ p<.01, lll Þ p<.001.

workload between controllers in terms of TLX score. Com-
pared to manual driving, all controllers were rated as to lower
perceived workload.
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Fig. 11. Subjective rating of the controllers on the Van der Laan acceptance
matrix [45].
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E. Subjective rating

Lastly the subjective appreciation in terms of the perceived
satisfaction and usefulness were assessed through the ’Van der
Laan’ questionnaire [45]. The results are shown in Figure 11.
All subjective data was normally distributed and spherical, a
one-way repeated measures ANOVA revealed there were no
significant difference between the controllers. Compared to
manual driving however, high LoHA and symmetric adaptive
LoHA were rated as significantly more useful.

V. DISCUSSION

The aim of the study was to compare adaptive LoHA
algorithms to static tunings of LoHA. More specifically it
was hypothesized that compared to manual control, a high
static LoHA leads to improved safety margins with increased
conflict torques and that both adaptive LoHA systems lead
to similar safety margin improvements with smaller conflict
torques. Furthermore the symmetric adaptive and asymmetric
adaptive controllers controllers are compared, the asymmetric
adaptive controller is hypothesised to have smaller conflict
torques than the symmetric adaptive controller but with similar
safety margins.

A. Main results

1) Safety margins: In the lowest 10% of TLC values, no
significant differences were found between the controllers,
not even between the high and low stiffness controllers. A
possible explanation for the lacking difference between the
low and high LoHA controller can be sought in de differences
between the HCR and mean driver performance. In the study,
drivers had a relatively high mean TLC compared to what
was expected based on the TLC of the HCR. Curves were cut
more aggressively by the HCR than by the drivers resulting
in lower TLC values when following the HCR; positively
the LoHA also didn’t affect the TLC negatively despite the
more critical HCR trajectory. To find differences between
the controllers the HCR should have been more conservative
in its curve cutting. The quality of the HCR will be further
discussed in section V-B.

2) Conflicts: Conflicts can be evaluated in terms of how
frequently they occur and their magnitude. It should be noted
first of all that the amount of data points for conflict for
narrow curves is relatively low, driver spent less than 1% of
their time on these sections in conflict with the controllers
(M=0.66% SD=0.55%). In contrast, on straight sections it
is relatively high (M=68.1% SD=9.44%) since any steering
movement away from the road centre or overcompensation
is considered a conflict with the controller which follows the
dead centre of the road.

It is observed that the LoHA affects the time spent in
conflict on wide curves, which is the road section where
the HCR and manual trajectories lie furthest apart. Here
it becomes apparent a stiffer LoHA restricts the envelope
of conflict free trajectories and that a stiffer LoHA results
in drivers having to produce opposing torques to follow

their preferred trajectory outside of this envelope. This is a
direct result of the design choice of keeping the required
torque to follow the HCR rather than the required steering
angle independent of LoHA: As LoHA increases the torque
to follow the HCR remains constant but consequently the
controller’s steering offset (i.e. the conflict free steering
range) as governed by the LoHS is proportionally reduced;
as the LoHA approaches infinity the steering wheel will end
up at the controller’s desired steering wheel angle, regardless
of the LoHS.

The size of conflicts is also significantly affected: the
low, symmetric and asymmetric LoHA controllers result
in lower conflicts than high LoHA on straights and wide
curvatures thus proving adaptive LoHA, like low LoHA, is
an effective way to achiever lower conflicts than with high
LoHA controllers.

3) Workload: When observing the three workload related
metrics: steering wheel reversals, driver torque, and perceived
workload; three different messages are communicated through
the metrics: the physical component of workload represented
by the mean driver torque goes up with higher LoHA.
Meanwhile the number of steering wheel reversals goes
down, indicating a lower workload, and subjectively no
difference was perceived. So what is happening?

First of all a higher mean driver torque is a logical result of
a higher LoHA, despite the FDCA controller being designed
such that drivers need the same amount of torque to follow
the HCR regardless of the LoHA. A significant percentage
of time was spent in conflict with the controller (M=38.1%,
SD=7.40%) and the size of conflicts is significantly effected
by the LoHA, these torques end up contributing to the total
mean driver torque.

Second, the steering wheel reversal rate; a stiffer steering
wheel due to higher LoHA restricts overshooting steering
corrections. Since steering reversals are measured as an
opposing steering movement of over two degrees [48],
it makes sense that high LoHA leads to a reduction. On
wide roads this means restricted satisficing behaviour but
drivers also benefit from a reduction in steering wheel
reversals, especially on narrow roads [2][10]. High LoHA
has positive and negative effects on different aspects of
workload compared to the low LoHA controllers, but the
adaptive controllers seem to combine the best of both worlds:
a reduced number of steering wheel reversals and a lower
driver torque. apparently corrective steering reversals occur
most while at low TLC and are reduced by the adaptive
algorithms without affecting the driver torque at road sections
with high LoHA.

The self-reported perceived workload offers no decisive
results in what drivers value more and under which
conditions. But with two out of three metric in favour of
adaptive algorithms and one neutral it can be concluded the
workload is reduced by the adaptive algorithm.
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Fig. 12. Time traces for the mean performanc over all subjects alongside the theoretical HCR performance. Illustrating the behaviour in left and right curves,
and on straights for both narrow and wide roads It is observed that on average the HCR cuts curves more aggressively than the participants. On the wide
road the TLC and LoHA means are above the adaptive threshold allowing for satisficing behaviour, on the narrow road the mean performance falls well in
the adaptive range of TLC values, resulting in stiffer symmetric and asymmetric adaptive controllers.

4) Subjective Appreciation: The results of the Van der
Laan questionnaire show positive trends for the adaptive
controllers but no significant differences between controllers.
The utilised Likert scale has a rather small discrete range
resulting in quite a large variability across metrics and
difficulty giving distinct scores for controllers. all controllers
were rated positively in terms of usefulness and satisfaction.
During the experiment two global categories of drivers were
observed based on their verbal comments: a group that
disliked the HCR, reported conflicts and would generally give
worse subjective ratings at higher LoHA. And a group that
was comfortable with the support and rate the controllers the
exact opposite way.
LoHA is effective at managing the size of conflicts but the
occurrence of conflicts is almost completely dictated by
the match between the driver and the HCR; this underlines
the variability between humans and the importance of
personalised trajectories [16][33].

B. Quality of the Human Compatible Reference

A single HCR was implemented as basis for the sared
controller. In a seperate analysis we compared the illustrated
these trajectories differed for a significant percentage of
time. The average conflict of an individual driver with the

HCR was the following: Narrow Straights= 66% , Wide
Straights=70%, Narrow Curves=0.66%, Wide Curves=16%.
On straight sections this percentage does not indicate much
since any deviation from driving in the middle will result
in a conflict. In wide corners however, drivers still spent
an average 16% of the time steering in conflict with the
controller despite the LoHS being set at only 75%. This is
caused by the agressive curve cutting of the HCR in wide
turns.

The road design is the most probable cause of a mismatch:
the parameters of the lookahead controller were taken from
the ’mean of all subjects’ controller of [33] for right curves.
The road in this study however, was designed with different
parameters: Scholten’s road used a roadwidth of 3.6m and
clothoidal curves with a radius of 300m, where this study
used roadwidths of 3.6 and 2.2m and tangent curves with a
radius of 500m. Since wider curves have longer arc lengths
with tangent points that lie further away and narrow roads
have a smaller margin for cutting or overshooting curves it is
probable the HCR parameters would be different.

Curve negotiation is also very dependent on the personal
driving style [51], Scholtens’ test group may have had a
significantly different driving style but this is impossible to
validate post-hoc. Either way, both explanations indicate that
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for the HCR of future FDCA studies, the controller parameters
should be carefully tuned to the specific road conditions and
participants as per Scholtens’ method. Although the LoHA
itself is unaffected by the HCR, it should result in more
agreeable steering angles.

C. Yaw variability

The shape of the TLC swath used in this study is
largely defined by the yaw uncertainty (λTLC) as defined in
Boer’s[23] method. λTLC was heuristically tuned at 0.2 deg/s
for good controller responses to the given roadwidths at a
two second threshold, for the HCR this also resulted in TLC
values well in the adaptive region (Figure 12). After analysis
of the recorded data over all conditions the actual mean
yaw deviation with respect to the road curvature is found to
be roughly three and a half times higher (M=0.6901 deg/s,
SD=0.0553) than λTLC . The yaw rate was more variable
than expected. meaning that the simulated TLC swath was an
over-estimation compared to calculations based on the actual
yaw variability.

The results of the adaptive algorithms may have suffered
from this over-estimation as they respond relatively later
and weaker than they would have with the actual yaw
variability. Future research should explore basing the λTLC
on live measurements the actual current yaw variability, for
example through a moving mean, this would give a closer
match with the individual driver and the current road. The
resulting lower TLC values, based on observations in this
study, would increase the sensitivity of the adaptive controller.

D. Symmetric vs Asymmetric Stiffness

For none of the dependent variables at any of these sections
there was a significant difference between the symmetric and
asymmetric adaptive LoHA (Table VII). The question arises if
the algorithms resulted in significantly different LoHA values
to begin with? A Wilcoxon non-parametric test was used to
compare the two controllers, results are found in Table IV:
on narrow straights and curves the asymmetric controller
resulted in a lower TLC than the symmetric controller.

It has also been shown that LoHA significantly affects
parameters such is the size of conflicts or the number of
steering wheel reversals. With both effects observed, why
do the symmetric and asymmetric controllers not manifest
themselves in different conflict sizes or steering wheel
reversals? Although the difference in LoHA is significant,
the percentual difference is only about 10%, too subtle to
translate in further effects. This difference is expected to
grow as the TLC values lie deeper into the active zone of the
adaptive algorithms as this increases te difference between
the a adaptive LoHA and its lower boundary.

In a future study the TLC can be placed further in the
adaptive region by widening the TLC swath by means of

λTLC as discussed by the previous section, or by raising
the adaptive threshold above two seconds, stretching up
the adaptive zone. Placing the upper and lower LoHA
limits are further apart can also be used to increase the
absolute difference between the symmetric and asymmetric
controller. In this study the upper LoHA limit in this study
was tuned on the subjective appreciation of the high LoHA
controller, yet a high stiffness in an adaptive controller might
be appreciated even when it is disliked in a static LoHA
controller because it is only applied in low TLC situations.
Neuromuscular admittance based tuning [15, 14] for relax and
position tasks may be a good basis for tuning the LoHA limits.

TABLE IV
COMPARISON OF THE RESULTING LOHA VALUES OF THE SYMMETRIC

AND ASYMMETRIC CONTROLLER, BONFERRONI CORRECTED (P <.0125
SIGNIFICANCE THRESHOLD). ON NARROW ROAD SECTIONS THE

CONTROLLERS ARE SIGNIFICANTLY DIFFERENT.

NS WS NC WC
Symmetric M 0.0117 0.00867 0.01241 0.00871

(SD) (0.0012) (0.00008) (0.00122) (0.00033)
Asymmetric M 0.0107 0.00862 0.01147 0.00864

(SD) (0.0006) (0.00012) (0.00130) (0.00014)
p 0.005 0.041 0.001 0.300
Z -2.794 -2.040 -3.296 -1.036

E. Feedback controller

While the LoHA was made adaptable the remaining FDCA
control parameters, LoHS and SoHF, had a constant value
tuning for the entire road. Both the narrow and wide road
sections were driven with the same controller parameters while
it could be argued at least the feedback controller should have
scaled with the roadwidth: the same deviation from the HCR
results in different safety margins but the feedback gains did
not reflect this.

F. Inclusion of driver state parameters

The current adaptive TLC controllers factor in many
environmental and performance parameters but do not include
measurements of the driver’s mental state. This would be
a promising field for future research: mental state greatly
influences the capabilities of the driver [52] and the amount
of support and correction they need. Driver mental state is
difficult to assess and many methods are intrusive to the
driving task [53]. A promising solution is proposed by Azimet
et al. [54] who used an eye-tracker with a fuzzy-expert system
to assess drowsiness and attention in driving, such data could
be helpful when determining the amount of support or if
an intervention should be performed by the controller. In
adaptive supervisory control Gartenberg [55] has already
applied eye-tracker based methods with success.

G. Implications for real world driving

In the simulator study the driving task was constrained to
fixed speed lane keeping without other traffic or intersections
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and at six minutes the experiment was rather short compared
to real driving; so how do the results translate to real
world driving? Although only one velocity was investigated,
literature has shown that TLC scales well with velocity and
drivers shows similar behaviour at equal TLC distances,
regardless of the velocity [29]. Of course driver behaviour
in simulators is different from regular driving, people have a
different, lower, perception of risk [56] so the magnitude of
the TLC thresholds and yaw uncertainty that lie at the basis
of the adaptive algorithm will need to be re-evaluated for real
driving.

VI. CONCLUSION

The goal of this study was to develop and evaluate an
adaptive LoHA algorithm based on TLC that can achieve an
increase in safety margins similar to a static high stiffness
controller without the drawbacks of high conflicts and
driver dissatisfaction. The algorithms were objectively and
subjectively evaluated on a simulator track with two distinct
road widths to emulate scenarios with different safety margins
and compared to manual driving as well as driving with a low
and high static LoHA. It was hypothesised that the adaptive
algorithms would increase the safety margins compared
to low static LoHA, reduce the conflict size compared to
high static LoHA and reduce workload measured by torque,
steering wheel reversals and subjective reports.

Adaptive LoHA controllers effectively reduces the size
of conflicts compared to a high LoHA controller and driver
workload compared to a low LoHA controller.
However, no effect of LoHA on the safety margins was
found nor was there a difference between the symmetric and
asymmetric adaptive controllers in terms of steering behaviour.

Future studies should investigate the effects of the adaptive
controllers on safety margins when the TLC is deeper in the
adaptive region, this can be achieved by picking a higher
upper LoHA limit, heightening the adaptivity threshold and
widening the TLC swath. But even without an effect on the
safety margins, these results show that adapting the LoHA to
the environment is a better than static LoHA at giving driver
support when needed.
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A
Motivation of the independent variable

selection in adaptive LoHA

The choice for Time to Lane Crossing (TLC) as the independent variable in adaptive LoHA was made after
a comparison of several metrics found in literature. Candidate parameters were mainly taken from my own
previous literature research on adaptive systems, Scholten’s (2017) [10] literature review on conflicts in driving
with haptic shared control, the literature review of Cain(2007) [3] on the measurement of operator workload
and a literature review by Johansson(2004)[4] on metrics for the assessment of ADAS systems. The following
inclusion criterions were applied for the candidate metrics:

• The metrics have to be objective.

• The metrics have to be quantifiable.

• It has to be feasible to determine the metrics during a driving task in the HMI-lab at the faculty of
aerospace engineering.

The collected metrics are grouped per theme in Table A.1.

Table A.1: Considered metrics for an adaptive LoHA system, categorised by category.

Scenario Performance Conflict Workload
Roadwidth [13] Time to lane crossing [4] Magnitude of conflict [8] Heart rate (variability) [3]
Velocity [4] Steering movements [4] Neuromuscular admittance [11] Blink rate [3]
Bandwidth [9] Heading error [4] Trajectory deviation [8] Secondary task performance [3]
Traffic density Lateral error [4] Elektro-encefalografie (EEG) [3]

Galvanic Skin Resistance
(transpiration) [3]

The fitness of a metric is based upon the type of data it provides, the objectivity and which factors of HSC
affect it (Environment, Driver, and Controller). Out of the fittest metrics, Time to Lane crossing was chosen
because in addition to fulfilling all requirements, it incorporated effects of three other candidates in addition
to a predictive element.
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20 A. Motivation of the independent variable selection in adaptive LoHA

Table A.2: Scoring system for judging a metric’s fitness

Data-type Objective
Environment

related
Operator

related
Controller

related
Score

Roadwidth Ratio Yes Yes No No 3
Velocity Ratio No Yes Yes No 3

Bandwidth Interval/Ratio Yes Yes Yes Yes 3.5
Obstacles/traffic Interval Yes Yes No No 2.5

TLC/TTC Ratio Yes Yes Yes Yes 5
Heading error Ratio Yes Yes Yes Yes 5

Lateral error Ratio Yes Yes Yes Yes 5
Torque conflicts Ratio Yes No Yes Yes 4

NMS admittance Ratio Partial No Yes No 2.5
Trajectory variability Ratio Yes Yes Yes Yes 5

Heart rate Ratio Yes No Yes No 3
Blink rate Ratio Partial Partial Yes No 3

Skin resistance Ratio Yes No Yes No 3
Secondary task Interval/Ratio Yes Partial Yes No 3



B
Design of a Haptic Steering Wheel

This appendix describes the steps in designing a haptic steering wheel that provides active steering assistance
and stiffness feedback.

B.1. Dynamic Steering Wheel Model
The implementation of a haptic steering wheel begins with the description of a plain steering wheel. The
steering wheel and column of a car can be modelled as a mass-spring-damper system (B.1).

τ= Isw ω̈+Bsw ω̇+Kswω (B.1)

Where the Inertia Isw and Damping Bsw are passive properties of the system while the stiffness Ksw is
a simplified stiffness representing the linearised result of the car’s self-aligning torque due to the cornering
force and pneumatic trail. By restructuring the equation to (B.2) we arrive at a form that can be drawn as a
flowchart B.1.

ω̈= 1

Isw
(τ−Bsw ω̇−Kswω) (B.2)

This describes the dynamic behaviour of a loose steering wheel but during driving it is held by the driver
who will add his own dynamic properties to the system, for small movements the human muscle can also be
described a mass-spring-damper system [12]. The inertia Inms is a passive property of the human arm while
damping Bnms and stiffness Knms have an active component that the driver can adjust in addition to their
passive properties . The active damping component is not taken into account in this model since it is rela-
tively small compared to the passive damping , furthermore the additional stiffness and damping resulting
from reflexive feedback are described as a part of the passive arm properties.

Contrary to the car’s self-aligning torque, the human stiffness can work around any desired steering wheel
position which will be denoted asωhu [12]. The human dynamic system is described by equation (B.3). Com-
bining and restructuring (B.1) and (B.3) yields the total steering wheel interaction (B.4).

τ= Ihuω̈+Bhuω̇+Khu(t )(ωhu −ω) (B.3)

τ= (Isw + Ihu)ω̈+ (Bsw +Bhu)ω̇+Kswω+Khu(t )(ωhu −ω) (B.4)

Since we are not just modeling a passive steering wheel but a haptic one that gives stiffness feedback
around the controller’s desired steering wheel position denoted as ωau we will add one more active compo-
nent to the steering wheel that mirrors the human dynamics and then group the terms according to the input
signals B.6.

τ= (Isw + Ihu)ω̈+ (Bsw +Bhu)ω̇+Kswω+Khu(t )(ω−ωhu)+Kau(t )(ω−ωau) (B.5)

τ= (Isw + Ihu)ω̈+ (Bsw +Bhu)ω̇+ (Ksw +Khu +Kau)ω−Khu(t )ωhu −Kau(t )ωau (B.6)

The total system dynamics are visualized in a flowchart B.2.
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22 B. Design of a Haptic Steering Wheel

Figure B.1: Flowchart of the steering wheel dynamics

B.2. Torque Generation
The assisting controller that provides guidance to the driver calculates the desired steering wheel angles to
follow a trajectory but these need to be translated to torques before they can be fed to the haptic steering
wheel. Because we just modelled the steering wheel dynamics, the inverse of this model can be used to cre-
ate the perfect feed-forward signal [1]. Human operators are known to create an internal model of dynamic
systems for feed forward control [5] so for simulation they can be modelled as a mirror image of the feed
forward controller.

While theoretically sound this method has a limitation in real world implementation: although it is reason-
able to assume both agents have good estimates of the steering wheel’s passive properties as well as their
own. Neither agent knows nor can properly estimate the dynamic properties and desired steering wheel an-
gle of each other. Also, we do not want the feed forward signal of both agents to attempt to cancel each other
out or we will enter a loop where both controllers are ramping up their torques to cancel out the other’s also
increasing torques. This is why the human dynamics will not be included in the controller’s internal model
and vice versa. First the system’s transfer function (B.7) is obtained from the Laplace transform (B.8) of the
steering wheel dynamics.

H(s) = Y (s)

X (s)
(B.7)

F (s) =
∫ ∞

0
f (t )e−st d t (B.8)

The system is considered a MISO system (multiple inputs, single output) where three inputs, the incoming
torque (τ) and the agents’ desired angles (ωhu −ω) and (ωau −ω), result in a steering wheel angle (ω). This
particular MISO system can be decomposed in a sum three SISO systems.
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Figure B.2: Flowchart of the total interaction dynamics

ω(s) = H1τ(s)+H2ωhu(s)+H3ωau(s) (B.9)

H1(s) = 1

(Isw + Ihu)s2 + (Bsw +Bhu)s + (Ksw +Khu +Kau)
(B.10)

H2(s) = Khu

(Isw + Ihu)s2 + (Bsw +Bhu)s + (Ksw +Khu +Kau)
(B.11)

H3(s) = Kau

(Isw + Ihu)s2 + (Bsw +Bhu)s + (Ksw +Khu +Kau)
(B.12)

Now the transfer function (B.9) can be inverted to calculate (τ). Since we want ω to equal the desired
steering wheel angle it will be substituted in the solution.

τ(s) = H−1
1 ω(s)−H−1

1 H2ωhu(s)−H−1
1 H3ωau(s) (B.13)

H−1
1 = (Isw + Ihu)s2 + (Bsw +Bhu)s + (Ksw +Khu +Kau) (B.14)

H−1
1 H2 = Khu (B.15)

H−1
1 H3 = Kau (B.16)

However, the inverse transfer function (B.14) is improper: the order of the numerator exceeds the order of
the denominator, and thus is non-causal. To make the system causal again, a second order Butterworth filter
[2] is added (B.17) to filter out the high frequency responses. This is not a problem since the natural human
response has a cut-off frequency (ωc ) of three Hertz, this will also be the cut-off frequency of the Butterworth
filter. The controller’s cut-off frequency is system dependent and can be separately designed but will be set
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to mirror the human driver in this derivation.

H−1
1 → (Isw + Ihu)s2 + (Bsw +Bhu)s + (Ksw +Khu +Kau)

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
(B.17)

λk(1,2) = e
iπ
2n (2k−1+n) (B.18)

By ruling out the unknown dynamics of the other agent we are left with the two feed forward controllers.

τhu(s) = (Isw + Ihu)s2 + (Bsw +Bhu)s + (Ksw +Khu)

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
·ω(s)− Khuωhu(s)

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
(B.19)

τau(s) = Isw s2 +Bsw s + (Ksw +Kau)

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
·ω(s)− Kauωau(s)

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
(B.20)

Since the controllers aim forω(t ) to equal their own internalωhu(t ) andωau(t ), the equations for feedfor-
ward control are further reduced to:

τhu(s) = (Isw + Ihu)s2 + (Bsw +Bhu)s +Ksw

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
·ωhu(s) (B.21)

τau(s) = Isw s2 +Bsw s +Ksw

( s
ωc

)2 − (λ1 +λ2) s
ωc

+λ1λ2
·ωau(s) (B.22)

B.3. Human Simulation
The previous section discussed the ideal torque generation of the simulation as it would be in an ideal system,
the human body however is not ideal but works with time delays and activation dynamics. To create a more
accurate simulation of human behaviour these factors have to be implemented in the model

First of all the Human Central Nervous System has a processing delay , according to McRuer this delay differs
from person to person between 0.1 and 0.2 seconds [6]. In the model this is implemented by a pure signal
delay that is placed before the feed forward controller.

Gτ(s) = e−sτ (B.23)

Furthermore the human skeletal muscle has an activation lag that can be approximated by a first order
low pass filter [? ]. This filter is placed after torque generation to filter the output.

Gnms (s) = 1

TN s +1
(B.24)

Lastly the human system has some inherent motor noise that is muscle and individual dependent as well
as directly proportional to the muscle activation. In this simulation the human motor noise will be repre-
sented by a scaling white noise on the human torque that has a standard deviation equal to 2% of the output
torque.

B.4. Position Feedback
Up till now we have only looked at the orientation of the steering wheel but the objective in driving is not to
achieve a certain steering wheel angle but to follow a trajectory and stay on the road. The actual car trajectory
that is followed is an integration of the steering wheel output over time.

The feed forward controller that has now been implemented only accounts for the heading angle but not
for any positional errors. As such we do not only need a controller that follows the optimal heading angle but
also a corrective feedback controller that steers the car towards a desired trajectory and eliminates offsets.

The solution for this problem is implemented by [14] where the feedback torque is decoupled from the
feedforward controller and calculated by a separate weighting factor called the Strength of Haptic Feedback
(SoHF).



B.5. Clustering the force generating components 25

τF B = KSoHF ·∆ψ (B.25)

B.5. Clustering the force generating components
In the previous sections we have gradually constructed all components of agent - steering wheel interaction
but the forces that are generated by each agent are currently distributed over several components: the feed-
forward controller, the steering wheel interaction dynamics and the feedback controller. By grouping these
components as in figure B.3 we get insights in the total force generation of each agent and the steering wheel
response.

Because there are two controllers that aim to follow trajectory the inputs are twice the actual amount that
is needed to steer the car. To correct for this we introduce a weighted scaling factor called the ’Level of Haptic
Support’ (LoHS) [7]. This factor is a measure of how much of the required steering input is supplied by the
controller, the remaining input is to be supplied by the driver. At a LoHS of 1 the car is fully automated while
at 0 the car is manually driven. With this variable we can design the controller do supply different levels of
support.

Figure B.3: Flowchart of the total plant control loop

B.6. Model Simulation
Given this model there are three parameters that the system designer can freely tune to influence the response
of the car and the driver: the LoHA, LoHS and SoHF, furthermore the driver can adjust his own stiffness Khu .
In this section we will discuss the effects of each parameter on the plant performance and the human force
profile.

Unless specified otherwise, the simulations were performed with the parameters of table B.1. The human
dynamics can vary greatly but the values where chosen within the range of a relax task.

Simulation 1
First we will observe the steering wheel angles and agent torques while driving a sinusoidal trajectory without
feedback controller. A disturbance with a ST D = 0.1r ad at 1H z is applied to the output steering wheel angle.
It can be observed in figure B.4 that the tracking is good and the generated torques are not influenced by
the LoHA. This is to be expected since LoHA only affects the error between the feedforward signal and the
actual steering wheel angle which is very small in this instance. Note that when the LoHA equals 0, there
is no influence of the steering wheel disturbance on the controller torque because of the lack of a feedback
gain. As LoHA increases the controller’s response to disturbances is observed to also increase as expected.
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Table B.1: Model Parameters

Parameter Value
Khu 5.0

[ N m
r ad

]
Bhu 0.2

[ N ms
r ad

]
Ihu 0.3

[
N ms2

r ad

]
Ksw 4.2

[ N m
r ad

]
Bsw 2.0

[ N ms
r ad

]
Isw 0.3

[
N ms2

r ad

]
Kau 5.0

[ N m
r ad

]
τnms 0.1 [s]
TN 0.1 −

Figure B.4: SW angle and torque for sine tracking under different LoHAs

Simulation 2
While the system was designed to have a combined total steering contribution of 100%, in reality this might
not be the case. To investigate this scenario Figure B.5 shows the response to a ’mismatched’ total feed for-
ward command that is only half, full or double the required amount, split evenly between the driver and
controller. The full command scenario is the same as previously displayed in figure B.4
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Figure B.5: SW angle and torque for sine tracking under different LoHSes

Although the mismatched feed forward commands are half or double the required amount, the steering wheel
response and agent torques are much closer to the required value. This is because of the feedback through
LoH A and Khu , as these increase compared to Ksw the effect of a mismatch in the LoHS will decrease.

Although the mismatched feed forward commands are half or double the required amount, the steer-
ing wheel response and agent torques are much closer to the required value. This is because of the feedback
through LoH A and Khu , as these increase compared to Ksw the effect of a mismatch in the LoHS will decrease.

Simulation 3
Because the feed forward model of the controller does not include the Human damping and inertia, there
is a mismatch in the feed forward dynamics when the human holds steering wheel. These effects become
apparent at higher frequency tracking signals which is why we will look at a step response with and without
the driver passively holding the steering wheel in figure B.6. Table B.2 contains a brief recap of which agent
contains which dynamics in its feed forward controller.
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Table B.2: Simulation settings

agent dynamics matching
controller sw match
controller sw+hu mismatch
driver sw+hu match

Figure B.6: SW angle and torque for sine tracking under different LoHAs

First of all we can see that all systems in the current settings (Table:B.1) are under-damped which which
explains why the ’mismatched’ feedforward controller performs better than the matched controllers: the
extra damping and inertia bring the system closer to a critical damping and thus a faster step-response.
Still the error is rather small which might be explained by the human damping coefficient being very small

( 1
10

th
) relative to that of the steering wheel (see table: B.1).

ζ= B

2 2pI ·K
(B.26)

Since the steering wheel damping and inertia are design parameter we might want to use them and to
bring the system close to critical damping (B.26) and use the LoHA; the big influencing factor in the damping
ratio that the automation controls, to adjust the damping ratio for human fluctuations. and as such the
damping criticality may be an interesting factor in its tuning.

Simulation 4
Up till now we have looked at the steering wheel response under agreement of the operators. In reality there
will almost always be a difference between the trajectories each agent tries to follow. In this simulation (Figure
B.7) we observe how LoHA and LoHS affect the balance between the agents with a 180 degree phase difference
or opposed steering command.
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Figure B.7: SW angle and torque for sine tracking under different LoHAs, LoHSes and inputs

On the left hand side we observe the effect of the controller stiffness or LoHA, at equal stiffness with the
human operator the feed forward commands will exactly cancel out while higher or lower a relative stiffness
will push the steering wheel response towards the controller and human trajectory respectively. Note two
things: the LoHA in itself cannot fully reject the human as it only responds to trajectory deviations, LoHA
only approaches the desired trajectory in the limit. Furthermore, as the LoHA increases so does the human
torque response due to the increased deviation from his own desired trajectory.

On the right side we observe a similar graph for the input division LoHS. A changing LoHS presents a smooth
trajectory transition dependent on the input fractioning. Contrary to transitioning with the LoHA, the torques
move between 0% to a peak value and back to 100%. Do note that while the total input command is 100%
in this simulation, the algorithm will in reality only control the automation’s steering input fraction while the
driver simply increases his fraction to reach the desired state

Simulation 5
Not only the LoHA can change but the human driver can adjust his Khu in similar fashion, a comparison be-
tween these parameters is displayed in figure B.8 where both controllers respond to a delayed step input. The
reference trajectories as such as matched(0-1s)-mismatched(1-4s)-matched(4-7s). Again we see that increas-
ing one agents stiffness shifts the steering wheel response towards that agent’s desired trajectory while also
increasing both input torques. We can also observe that after an initial transient response the steady state of
both controllers is exactly mirrored at equal stiffnesses.



30 B. Design of a Haptic Steering Wheel

Figure B.8: SW angle and torque for sine tracking under different LoHAs

Simulation 6
Up till now we have only looked at the steering wheel responses but not at that of the car (represented by an
integrator in this simulation). To observe the effect of the positional feedback controller gain (SoHF) which
corrects integration offsets we do not only have to look at the steering wheel motion but also the heading
error of the vehicle. In the following plots (Figure B.9 & B.10) the car is set to drive in a straight line but the car
has an orientation error of one radian. The feed forward controller wants to keep the car straight, while the
feedback controller wants to correct the heading error.

Here we see the clear benefit of the additional feedback controller, since any constant offset is lost when
the car’s state is differentiated, the feed forward controller does not correct the vehicle heading. The addi-
tional SoHF solves this problem. Do note that the feedback response does invoke an opposite response of the
feed forward controllers since it wants to turn the steering wheel while they want to drive straight. The final
steering wheel response is at the equilibrium between the LoHA + Khu and the SoHF. The counteraction of
LoHA and LoHS should be carefully considered when adjusting either.
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Figure B.9: Heading error after an initial offset of 1 radian for different LoHS gains

Figure B.10: SW angle and torque response for an initial heading offset for different SoHF gains
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Supplementary data plots

C.1. Supplementary boxplots
C.2. TLC distributions
C.3. LoHA value spread
C.4. Best and worst followers for each curve
C.5. Time traces

35



36 C. Supplementary data plots

0

5

10

15

20

25

T
im

e 
ou

t o
f l

an
e 

[%
]

Straights

0

5

10

15

20

25
Curves

Narrow road
Wide road

Figure C.1: Time out of lane.
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Figure C.3: Time spent in conflict.
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46 C. Supplementary data plots
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Van der Laan, J.D., Heino, A., & De Waard, D. (1997). A simple procedure for the assessment of acceptance of 
advanced transport telematics. Transportation Research - Part C: Emerging Technologies, 5, 1-10. 

Van der Laan Questionaire 
 

 

I find the system (please tick a box on every line): 

 

1 Useful |__|__|__|__|__| Useless 

2 Pleasant |__|__|__|__|__| Unpleasant 

3 Bad |__|__|__|__|__| Good 

4 Nice |__|__|__|__|__| Annoying 

5 Effective |__|__|__|__|__| Superfluous 

6 Irritating |__|__|__|__|__| Likeable 

7 Assisting |__|__|__|__|__| Worthless 

8 Undesirable |__|__|__|__|__| Desirable 

9 Raising Alertness |__|__|__|__|__| Sleep inducing 

 

 

Comments on the experiment and system: 

…………………………………………………………………………………………………………. 

…………………………………………………………………………………………………………. 

…………………………………………………………………………………………………………. 

…………………………………………………………………………………………………………. 

…………………………………………………………………………………………………………. 

…………………………………………………………………………………………………………. 

…………………………………………………………………………………………………………. 

 

 

 

 

 

To be filled out by the researcher: 

Participant nr: Condition nr: Date: 
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Name   Task    Date

   Mental Demand How mentally demanding was the task?

   Physical Demand How physically demanding was the task?

   Temporal Demand How hurried or rushed was the pace of the task?

   Performance How successful were you in accomplishing what
you were asked to do?

   Effort How hard did you have to work to  accomplish
your level of performance?

   Frustration How insecure, discouraged, irritated, stressed,
and annoyed wereyou?

Figure 8.6

NASA Task Load Index

Hart and Staveland’s NASA Task Load Index (TLX) method assesses
work load on five 7-point scales. Increments of high, medium and low
estimates for each point result in 21 gradations on the scales.

Very Low Very High

Very Low Very High

Very Low Very High

Very Low Very High

Perfect     Failure

Very Low Very High

D.2. NASA Task Load Index 51



Informed Consent Form 
 

Researchers 

Hugo Zwaan BSc – Principal Researcher 

Email: h.m.zwaan@student.tudelft.nl  

Tel: +31-6-29579123 

 

Prof dr. ir. D.A. Abbink – Supervisor 

Email: d.a.abbink@tudelft.nl  

Location 

TU Delft, Faculty of Aerospace Engineering 

Department of Control and Operations – 

Control and Simulation 

HMI-Lab, room 0.38 

Kluyverweg 1 

2628 HS Delft 

 
 
Before agreeing to participate in this study it is important that the information in this 
document is carefully read and understood! This document will describe the purpose, 
procedures, risks and possible discomforts of this experiment. 

Purpose of the Research 

The purpose of this research is to investigate the effect of different controller stiffnesses in driving 

with haptic shared control on the performance, behavior and comfort of drivers. The haptic device is 

an actuated steering wheel that can turn itself. Depending on the testing conditions the steering 

wheel may become easier or more difficult to turn. The results will be statistically analyzed and 

published in a master thesis, as well as a possible publication. 

Procedure 

After reading these instructions you will be asked to drive a fixed base driving simulator around a 

virtual track. You are only tasked with steering the vehicle as the vehicle velocity is fixed by the 

simulator, the gas and brake pedals are disabled in the simulator. Please keep your hands on the 

steering wheel at all times in a ten-to-two position. 

Two initial test rounds will be used to get acquainted with operation of the simulator as well as the 

experience of haptic feedback. Followed by five experimental conditions in a randomized order. 

After each trial you will be asked to fill out a short questionnaire on your experience. 

Task Instructions 

Drive the entirety of the track as you would normally would in a real car, stay within the lane and 

avoid hitting any cones. If you hit the cones or drive off-road, the steering wheel will vibrate to 

indicate this. The simulation will be stopped after the test track ends. 

Duration 

The totality of the experiment will take around 60 minutes, this includes driving the two training 

rounds, five test conditions and filling out the questionnaires. 

Risks and discomforts 

A small percentage of people (<5% of the population) may experience some form of motion sickness, 

this may include: nausea, drowsiness, fatigue, headache, blurred vision, eyestrain or trouble 

focusing. If you feel uncomfortable in any way you are advised to take a couple of minute’s rest or 

stop the experiment. An emergency button can be pressed to stop the simulator immediately, make 

sure to take notice of its location in the simulator. 
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Confidentiality and privacy 

All data will be anonymized and subjects are referred to by only a subject number, data is kept 

confidential and will be used for research purposes only. 

Rights 

At any time you have the right to withdraw from the experiment without mentioning any reason or 

consequences.  

Questions 

If you have any questions regarding the experiment or research you can contact H.M. Zwaan, any 

questions about the nature of the different test-conditions can be asked at the end of the 

experiment. 

 

I have read and understood the information provided above and give permission to 
process the data for the purpose of the study as described above. I agree to voluntarily 
participate in this study and know my rights to withdraw. 
 
Name: 

 

 

 

Date:         ____ - ____ - 2018 

Signature: 

 

 

 

_________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Participant number: 

 

(To be filled by the researcher) 
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