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The effect of steering-system linearity, smulator motion, and truck driving
experience on steering of an articulated tractor-semitrailer combination

Barys Shyrokau, Joost De Winter, Olaf Stroosma, Chris Dijkster huis, Jan L oof, Rene van Paassen,
Riender Happee

Steering systems of trucks consist of many linkages, which introduce nonlinearities that may negatively affect steering
performance. Nowadays, it is possible to equip steering systems with actuators that provide artificial steering
characteristics. However, before new steering systems are deployed in real vehicles, evaluation in a safe and
controlled simulator environment is recommended. A much-debated question is whether experiments need to be
performed in a motion-base simulator or whether a fixed-base simulator suffices. Furthermore, it is unknown whether
simulator-based tests can be validly conducted with a convenience sample of university participants who have not
driven a truck before. We investigated the effect of steering characteristic (i.e., nonlinear vs. linear) on drivers’
subjective opinions about the ride and the steering system, and on their objective driving performance in an articulated
tractor-semitrailer combination. Thirty-two participants (12 truck drivers and 20 university drivers) each completed
eight 5.5-minute drives in which the simulator’'s motion system was either turned on or off and the steering model
either resembled a linear (i.e., artificial) or nonlinear (i.e., realistic) system. Per drive, participants performed a lane-
keeping task, merged onto the highway, and completed four overtaking manoeuvers. Results showed that the linear
steering system yielded less subjective and objective steering effort, and better lane-keeping performance, than the
nonlinear system. Consistent with prior research, participants drove a wider path through curves when motion was
on compared to when motion was off. Truck drivers exhibited higher steering activity than university drivers, but
there were no significant differences between the two groups in lane keeping performance and steering effort. We
conclude that for future truck steering systems, a linear system may be valuable for improving performance.
Furthermore, the results suggest that on-centre evaluations of steering systems do not require a motion base, and
should not be performed using a convenience sample of university students.

Highlights
» The linear steering system required substantially less steering effort than the nonlinear system.
e The linear steering system yielded better lane-keeping performance than the nonlinear system.
e Simulator motion had no significant effects on subjective ratings about the ride and the steering system.
e Simulator motion had effects on the path driven through curves and steering reversal rate.
« A convenience sample of university drivers should not be used to evaluate a steering system.

1. Introduction
About 1.25 million people lose their lives in traffic each year, and millions more are severely injured (World
Health Organization, 2015). Heavy goods vehicles are involved in a high percentage of severe crashes, which is
partly due to their large size and mass (Kharrazi & Thomson, 2008; NHTSA, 2017).

The steering system is a crucial part of any vehicle. The design of the steering system does not only have effects
on subjective feel and comfort (Boller et al., 2017; Pepplieaal., 1999; Pfeffeet al., 2008; Rothhdmel, 2013;
Tagesson, 2017), it also affects lane-keeping performance (Anahd2013; Nagai & Koike, 1994; Shyrokau et

al., 2015). In most current vehicles the steering system is a complex arrangement of mechanical linkages, leading
to nonlinear steering characteristics due to friction, damping, and play between the steering components. In heavy
goods vehicles, these nonlinearities are particularly strong due to the high loads involved. It would be of interest
to develop steering systems that do not exhibit such nonlinearities.

Steering systems that provide synthetic force feedback have been found to yield improved driving comfort and
lane-keeping performance (Sherwin & Williams, 2008; Williams, 2009). With the advent of torque overlay or
steer-by-wire technology, even greater flexibility in the mapping between steering wheel angle, steering wheel
torque, and the angle of the wheels becomes feasible (RHu#ngckner, 2017; Miiller, 2010). Because of the
stringent safety requirements and high cost involved, steer-by-wire is still rare in series-production passenger cars
(with Nissan’s Direct Adaptive Steering being an exception; Miura, 2014), but it could be an attractive option for
heavy goods vehicles. The last decade several researchers have investigated steer-by-wire systems for heavy goods
vehicles (Koleszaet al., 2005; Weinfurteet al., 2006). With steer-by-wire, it becomes possible to eliminate
nonlinearities and enhance stimulus-response compatibility (Amberkar et al., 2004).

Before deploying a new steering system on the road, a human factors evaluation is indispensable. Driving
simulators are regarded as useful tools for the initial evaluation of steering systems, as simulators allow for accurate
performance measurements in a safe and controlled environment (Knappe et al., 2007; Lee et al., 2013; Mohajer



et al., 2015). However, simulators exhibit limitellysical fidelity (e.qg., in terms of tactile or wbsilar stimuli),
which may result in a lack of subjective presenue anrealistic driving performance (De Winter et 2012).

A hotly debated topic concerns the effect of sirmarlanotion on driving performance. Each motion foah has
dynamic and kinematic constraints, which meansithatimpossible to provide perfectly realistic tiom. After
all, in order to provide sustained acceleratiostaned displacement is needed, whereas commopbeased
platforms have a range of travel of about 1 m. €&y, motion scaling is used (Bellem et al., 20Bérthoz et
al., 2013;) as well as washout and tilt coordima{iReymond & Kemeny, 2000; Savona et al., 2014 ahak et
al., 2014) so that drivers may find the driving erpnce realistic despite the fact that the acigaklerations in
the cabin do not correspond perfectly to the acattns of the simulated vehicle. In flight simidet, it is well
established that motion can result in enhanceditryggerformance in disturbance-rejection tasksn@@y, 1976;
Hosman & Van der Vaari981). For example, Martin (1986) found that imb-axis tracking simulator in which
participants were required to keep their simulapdne ‘wings-level’ in the presence of unpredictabl
disturbances, accuracy improved threefold for &rfwtion condition as compared to a visual-only diton.
Similar results, although with smaller effect sizeave been found in driving simulator studies #@hpared
motion on versus motion off conditions (Greenberg ¢ 2003; Lakerveld et al., 2016; Repa, Leu&hierwille,
1982; Siegler et al., 2001). Motion may be lessdrtamt in manoeuvring tasks where the human hinsigites
the motion (e.g., flying/driving through a curvege Colombet et al., 2008; Gundry, 1976; Micho@81) or if
forces on the vehicle are small, such as whenrdyigt constant speed or maintaining lane withowtiselateral
disturbances (i.e., on-centre handling) (cf. Dambetlal., 2012).

Apart from simulator motion, driving experienceaigelevant moderator variable. It is known thatezignced
drivers visually scan the environment more effidheiiUnderwood et al., 2011) and adopt a less ridkying
style (De Winter & Kuipers, 2016) than young anexperienced drivers. It may be argued that a huiaetors
evaluation of steering systems should only be coredliamong the target group (e.g., truck driveeggiise the
target group is better able to judge differencdsvéen a novel steering system and the steeringrsyStey are
used to. However, experienced drivers may alsa yadlamiliarity bias, because they may be habituédetheir
current non-computerized system and be less likeBmbrace a novel steering concept (see Nilssah,&009
for this phenomenon in a study on ship navigatidlgvice drivers, who have never driven a truck befenight
provide a less biased interpretation of differeruetsveen steering systems. Another, more practisale is that
truck drivers are difficult to recruit; they havebasy professional schedule and may be unlikeliyaeel to a
research institute to volunteer in an experimeot.@fagmatic reasons, human-subject researchas pérformed
using university students (Grether, 1949; Henricale 2010), and truck manufacturers sometimesoséee or
non-commercial truck drivers in their studies (el3pWitt et al., 1999; Larsson, 2016; Markkulalet2z014). An
important question is therefore whether a conver@esample, without a truck driving license, canused in
preliminary experiments of steering feel in a dityisimulator. Accordingly, it is worthwhile to instgate how
the results of a convenience sample of noviceerdifbm those of a target sample of experiencezktduivers.

This research investigated differences in lane-kegperformance, objectively recorded physical effand
subjective assessment between a current nonlines steering system and a truck steering systemaviinear
steering characteristic (which in real trucks mayaghieved using torque overlay or steer-by-wichrnelogy).
Participants performed a highway merging and laseping task with a tractor-semitrailer combinatidhe
comparison was made in a driving simulator withrnation platform turned on, and the motion platfdumed
off, and among experienced truck drivers as wetlrasng a university sample unexperienced in trutkrd).

2. Methods

2.1. Participants

Two groups participated in the experiment. The exrpent was conducted on nine different days between
February 24 and March 5, 2016, with truck drivemd aniversity drivers participating in alternatislpts. The
first group (truck drivers) consisted of 12 makehsed truck drivers with a mean age of 49.6 W&ibs= 14.2).

On average the truck drivers had their driver'stise for 32.3 yearSD = 11.8), their average reported lifetime
mileage was 1.60 million knSP = 1.73 million km), and their average reportedrijeeileage was 78,333 km
(SD = 42,817 km). According to the UK Department Toansport (2017) and the Statistics Netherla204.7),
99% and 97% of the drivers of heavy goods vehialesmale. Thus, the gender distribution of our dang
representative of the truck driver population.

The second group was recruited from the studenearoyee community of the Delft University of Techogy
and consisted of 20 male participants with a megnad 25.3 yearsSD= 4.1). On average they had their driver’s
license for 7.3 yearSPp = 3.7), their average reported lifetime mileages\6@,525 km $D = 64,986), and their



average reported yearly mileage was 9,898 km (SDL890 km). Two university participants had limited
experience in commercial vehicle driving. One tracikver and two university participants had priaperience
with a moving-base simulator. Only males signedarpthe experiment, consistent with the fact thaen are
overrepresented in human-subject research at wadhmiversities (De Winter & Dodou, 2017).

The research was approved by the Human Researids Etmmittee of the Delft University of Technologynd

all participants provided written informed consdnis noted that there was no a priori reasortliergroup size
difference. The initial goal was to have 16 papieits per group. Based on this, 32 experimenttd slere fixed
in advance. Four truck drivers did not show up ecided to cancel their participation at the lastmant. They
were replaced with university drivers, who were eneasily recruitable.

2.2. Truck driving simulator

The experiment was performed in the 6 DOF SIMONAdech Simulator (Koekebakker, 2001; Stroosma et al
2003). The SIMONA was equipped with a high-perfonee steering actuator and software representingya f
loaded tractor-semitrailer combination with a gressght of 40 tonnes. The simulator software raraanulti-
node PC configuration using an in-house developaddéwork (Van Paassen et al., 2000).

The dynamics module included a 44 degrees-of-freenmdel of an articulated vehicle, a steering systand
tire-road interaction, running at 500 Hz. This mlodas developed in MATLAB/SimMechanics and validhte
with measurements on a real tractor with a seniletréEvers et al., 2009). The tires were modeligith a Magic
Formula steady-state slip model describing nonlisép forces and moments (Pacejka, 2005). Theriodel was
verified with commercial software for tire modetjiDelft-Tyre 6.1 (TNO Automotive, 2010) and provit@most
identical results for longitudinal/lateral forcesdeself-aligning moments.

Steering wheel force feedback was provided by exristg actuator. The control loading hardware waaskawa
SGMCS-45M direct drive electric motor, and the cohlbading system was configured as an admittaliggay
(see Adams & Hannaford, 2002). The maximum contisuorque of the actuator was 45 Nm and the pegli¢o
was 135 Nm. The input/output interface of the aciuavas running at a 2500 Hz update rate.

A 180 x 40 deg field of view was generated by thpegectors through a collimating spherical mimeoounted on
the front of the cabin. The resolution was 192@80Lpixels per projector, and the frame rate wad£0rhe outside
visuals, including the virtual traffic, were geneichwith STSoftware (Kappé et al., 2002). The Vésiart of the
tractor cabin was rendered in such a way thatehdared window pillars lined up with the windowignit of the
actual cockpit. The placement and views of thearsrivere tuned based on video recordings fromlawdg drive
of a real heavy goods vehicle using a GoPro HD Btelmamera. Final tuning of the mirror angles wasedasing
the feedback from a professional truck driver. Bea@tf the driving simulator are provided in Figlre

| & o

Figure 1 The truck driving simulator. Left = cabin viewigRt = outside view

2.3. Simulator motion

Motion cueing was provided by a classical washdgorithm (Stroosmeet al., 2013). The parameters of the
motion cueing algorithm, which were tuned usingféedback from a professional truck driver, alloviedrapid
lane changes without exceeding the maximum latiisgplacement of 1.1 m of the actuators. Only tleerihg



task was investigated, and to harmonize conditithesyehicle speed was kept constant throughoubtperiment.
This implied that the simulator cabin exhibitedvastical and longitudinal cabin motion, and no cahitch. The
lateral acceleration of the simulator cabin waseadd by means of sway displacement (i.e., sidewaygement
of the platform) up to 0.20 m in either directidusproll up to 3 degrees in either direction.

An example of the motion of the driving simulator bne experimental session (participant #27, #g)eis shown

in Figure 2. This figure shows the lateral g-foof¢he cabin of the virtual truck and the simulatabin. The lateral
g-force of the simulator cabin is achieved by ngjlithe cabin (causing a feeling of sustained actéde due to

gravity) and by means of sway (i.e., sideways m@mnof the cabin. Up to about 23 seconds (Figth®),truck

drives in a right-hand curve, and the g-force efttiaick cabin is positive according to the selectaatdinate system.
The simulator produces a sustained g-force toi¢fne using cabin roll to the left (up to about 3yfjevith the more
high-frequent peaks caused by sway (up to apprdgign@.25 m). As can be seen, the acceleratiottgeasimulator

are downscaled with respect to the acceleratiotiseofirtual truck with a factor of about 0.4, aommonly done
in driving simulators (Berthoz et al., 2013). Howeuhe lateral accelerations of the simulator cakill exceeded
perceptual thresholds (cf. Kingma, 2005, who regzba threshold in lateral direction of 0.0653n/s
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Figure 2 Lateral g-force of the virtual truck cabin, lakg-force of the simulator cabin, and lateral posion
the truck on the road for one session with motionéd on. The solid vertical lines delineate rightxd curves,
whereas dashed vertical lines delineate left-handges. The lateral position trace shows that thvesee four
overtaking manoeuvres in the session. The jumpatardl position around 20 s is due to merging diiffarent
driving lane.

2.4. Steering-system models
Two steering system models were tested in thisraxeat:

2.4.1. Nonlinear steering model

The nonlinear steering model was a detailed motflel wuck steering system (Loof et al., 2016). Thedel
encompassed the dynamics of the steering wheeljrsiecolumn, the equivalent mass of the spindtpp and
sector-shaft, and the left wheel around the king-mtation axis. Two universal joints facilitateldet height
adjustment of the steering wheel and the packagjitige steering house. The friction torques represkfriction
in the bearings of the steering column, torsion-bpindle, king-pin, and friction caused by thelséa between
the piston and the cylinder in the steering-hod$e dynamics of hydraulic power steering were immated
using a Wheatstone bridge approximation. The miod&ided kinematics of the pitman-arm, drag-link¢gavheel
lever to the left wheel. The kinematics of thertiel-to steer the right wheel were also added. Téering model
was validated with a laboratory test setup (Looflet 2016) and combined with the tractor-semigraihodel
(Evers et al., 2009) to deliver accurate steerimgues and vehicle motion.

2.4.2. Linear steering model

The linear steering model was based on the nonlimezlel, but nonlinearities caused by the compbkaand
friction in steering components between the stgewheel and the pitman arm, dynamics of hydrautiovgr
steering, and free-play were removed. The pitmam mtation was controlled according to the steerirpel



angle movement via proportional torque controljrtgknto account a fixed ratio of the steering matdbm. The
steering feedback to the driver was generated liyear stiffness-damper model. The parameters eflittear
model were selected to provide the same amourgak pteering torque as in the nonlinear modelnduiweave
test manoeuvre at a steering frequency of 0.2 zsponding to 1.5 ni®f lateral acceleration according to ISO
norm (11012:2009).

The relationships between steering torque, steavimgel angle, and lateral acceleration for botbritg-system
models are shown in Figure 3 according to the ab@stemanoeuvre. All characteristics were normdlizem-1

to 1 because of confidentiality requirements. As ba observed, the linear steering model proviéesiaed
hysteresis in the steering torque compared to tmimear model (Fig. 3, left). As evidenced by tiedation

between steering wheel angle and lateral acceberatie vehicle response is hardly affected (Figight).
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Figure 3.The characteristics of the steering system models

2.5. Procedure

First, participants received a safety briefing anal driving instructions, and completed an intgkestionnaire.
Next, participants completed a 6-minute trainingsgen to get used to the driving simulator. Six ubés was
regarded as sufficient for becoming accustomedritong in a simulator (McGehee et al., 2004). Dagrithe
training session, the participants drove the moyiage configuration with the nonlinear steeringeysmodel.

Next, participants drove 5.5-minute sessions fohes the following four conditions:
1. fixed-base configuration with the linear steerirygtem model;

2. fixed-base configuration with the nonlinear stegrystem model;

3. moving-base configuration with the linear steergygtem model;

4. moving-base configuration with the nonlinear stegtsystem model.

The participants drove each of the above-menticoeditions two times. Thus, in total, eight sessimere driven
by each participant in random order (RandomisethLStuare Method), with the restriction that theosel run
in a particular condition could not directly folladve first run in that condition. The selected stegsystem model
and motion configuration were not disclosed to plagticipant. After each session, the drivers wesked to
complete a questionnaire on their experiences duhe past session.

2.6. Driving task

The driving route (Fig. 4) started with a highwaynp entering a 7.5 km long motorway. The lane$ierntghway
were dimensioned according to the guidelines frdm Dutch Department of Public Works (Dienst
Verkeerskunde, 1992). The width of the lanes was8.

The vehicle speed was fixed at 80 km/h using cra@serol; thus, participants did not use the pedals did not
change gears. This was done for two reasons. Birtsing speed affects steering sensitivity anestey torques.
The use of a constant speed via cruise controirgites these confounds, and is in accordance Wittt cesearch
(Boller et al., 2017; DeWitt et al., 1999) and &®Inorm (11012:2009) on the evaluation of steeriragacteristics
of heavy goods vehicles. Second, by keeping speestant, we ensured that all participants expeééetice same
road and traffic conditions as a function of elapsene, which, in turn, allowed us to perform syratized
analyses of lane keeping and overtaking as a famai elapsed time.

The task was to drive the vehicle within the ritgiite and, if necessary, overtake other trucks myiat a lower
speed. Participants were told that the vehicleavatly loaded tractor-semitrailer combination. S&sger cars on



the left lane had sufficiently large gaps to alléev overtaking. Each participant completed four rtaking
manoeuvres per session.

Figure 4 Road design; the drive starts at the lower left aingle-lane merging onramp and continues atong
two-lane highway stretch.

2.7. Data processing

2.7.1. Objective measures
Data were recorded at a frequency of 25 Hz. THewdhg objective indicators were used to evaluhtegteering
and driving performance:

For the whole driving session (330 seconds of dgyi

* Steering effort (Nm*deg), defined as the mean valude product between the absolute steering wdregle
and the absolute steering wheel torque (Jaksci9)197

« Steering reversal rate (# per minute), a measusteefing activity (SAE J2944, Appendix F; see &soney
et al., 2007). The raw steering wheel angle anetisig velocity were filtered using a low-pass setzonder
Butterworth filter with a cut-off frequency of 0#8z. The steering rate dead band was 3.0 deg/sthend
angular threshold was 3.0 deg.

« Steering wheel steadiness (% of time), another uread steering activity. It is defined as “the gartage of
the time the steering wheel's angular velocity wamller than one degree per second” (Van Leeletanh,
2011). The raw steering wheel velocity was filteosthg a low-pass second-order Butterworth filteéhwut-
off frequency of 0.6 Hz.

On straights:

e SDLP on straights (m). The standard deviation ef ltteral position (m) is an indicator of lane-kegp
performance (Dijksterhuis et al., 2011).

e MLP on straights (m, positive is to the left), tmean of the lateral position.

These two measures were calculated for a toteb.df%6s of driving on straights in which no overtakmanoeuvre
occurred. This involved four separate segmentdraight driving: (1) elapsed time: 40.00-59.12ray¢lled
distance: 889-1,314 m, (2) elapsed time: 122.00-6044, travelled distance: 2,711-3,133 m, (3) edpgsne:
193.00-205.00 s, travelled distance: 4,289-4,55@elapsed time: 260.00-276.00 s, travelled destab,778—
6,113 m.

In curves:

e MLP in curves (m, positive is to the outside of theve). This is the mean of the lateral positiorcturves,
where a sign reversal was applied to left curvésisT MLP in curves indicates whether the particilsan
lateral position was towards the outside or th&msf the curve. This measure was calculated g®lected
48.72 s of driving in curves in which no overtakiogcurred. This involved (1) the on-ramp, a righhéh
curve with 600 m curve radius followed by a segnué®00 m curve radius (elapsed time: 0-22.84sglted
distance: 0-508 m), (2) a left-hand curve with dius. of 600 m (elapsed time: 59.12—-69.00 s, tradell
distance: 1,314-1,533 m), (3) another left-handewith a radius of 600 m (elapsed time: 205.00-22%,
travelled distance: 4,556-4,911 m).



For overtaking manoeuvres:

* Mean ‘changing to left lane’ time (s) across therfovertaking manoeuvers. ‘Changing to left lartarted
at the last moment when the lateral position wépect to the lane centre was smaller than 0. Zhdended
when the lateral position first exceeded 2.75 mggtean et al., 2005). Note that, because the ladi wias
3.5 m, the lane markers between the left and tagies were at a lateral position of 1.75 m.

* Mean ‘returning to right lane’ time (s) across fber overtaking manoeuvers. ‘Returning to rightdars
defined analogously to ‘Changing to left lane'stiarted at the last moment when the lateral positropped
below 2.75 m, and ended when the lateral posiitshdropped below 0.75 m.

* Meantime on left lane (s), averaged across thedeertaking manoeuvers. The time on the left lamkefined
as the time between the first and last moment viheateral position exceeded 2.75 m.

The measures MLP on straights, SDLP on straights MLP in curves were calculated across three ar ficme
segments, as indicated above. That is, the |gpesition data for the three or four separate tiegments were
combined into one vector, after which the standirdation (SDLP) and the mean (MLP) were calculakeat
MLP, our approach is equivalent to first calculgtthe mean lateral position per segment, and th&ulating a
time-weighted MLP. For SDLP, our approach givegtgly higher values than a time-weighted SDLP (Kert&
Ahlstrdm, 2012; Verster & Roth, 2011).

Note that the segment 260-271 s involved a lardeisacurve (1,200 m, and increasing towards theaérte
curve), where the mean absolute steering wheetamgt 6.5 deg, which was considerably lower thamtkan
absolute steering wheel angle in the other curgensats (13-32 deg). We therefore classified thensag 260—
271 sas a straight instead of a curve.

2.7.2. Subjective measures regarding the ride &edsteering system

A questionnaire was developed based on literatb@itasteering feel evaluations (Harrer, 2006; Kokle

Kawakami, 1988; Plantan et al., 1985) and usingutifpom professional truck drivers. All questionene

formulated in Dutch and only native speakers pigdied in the experiment. The total number of quastasked

after each of the eight sessions was 38. The follgwuestions are treated in the present paper:

* Motion sickness on a scale of @o( problemy 1 (slightly uncomfortable, no specific symptyns (vague
symptom), 3 slight symptomjs 4 (moderate symptoms.. to 10 fomiting.

e General experience of the ride on a 7-point scitle anchors at Onpne and 6 yery much, comprising the
following questions:

o Difficulty: How difficult was the ride?

0 Risk How much risk did you experienced during thisfd

0 Mental effort How mentally strenuous was the ride for you?

o Physical effort How physically strenuous was the ride for you?

e General opinion about the ride on a 7-point scaté anchors at —3tdtally disagreg¢, —2 disagreg, -1
(somewhat disagrgeO (heither agree nor disagrgel (somewhat agree2 @gree, and 3 {(otally agreg
covering the following statements. During this ride

o Safetyl had the vehicle safely under control.

0 Realistic driving the control of the vehicle felt realistic.

o Comfort | felt comfortable.

0 Realistic responsehe vehicle responded realistically to steerirmyements.
0 Easinessl found the vehicle easy to control.

0 Tight steeringl found that the vehicle steered ‘tightly’.

o Course stability| found the vehicle course stable.

» Acceptance score of the steering system, usingnarstic differential scale in which participants hadelect
their position between two adjectives (Van der Lagal., 1997). The mean usefulness score wasndieted
across the following five items: 1. useful-usele3s,bad—good, 5. effective—superfluous, 7. asgjstin
worthless, and 9. raising alertness—sleep-induciiig mean satisfaction score was determined fran th
following four items: 2. pleasant—unpleasant, £enrannoying, 6. irritating—likeable, and 8. undaslie—
desirable. All items were on a five-point scalenfre2 to +2. Sign reversals were conducted for itént 4,
5, 7, and 9, so that a higher score indicates higbefulness/satisfaction.

« Steering feel assessment on a 7-point scale withaa provided at —3dr too little), —2 @bsolutely too
little), -1 (@ little too little), O exactly righ}, 1 @ little too much, 2 @bsolutely too mughand 3 far too
much. The assessment included the following categories

0 Truck stability.

o0 Play: the play in the steering system.

0 Required torquethe force needed to turn the wheel.

o Uniformity: whether the steering response was fluent vetsalsysshocking.



0 Sensitivity the sensitivity of the vehicle to small movemeoitshe steering wheel.
0 Returnability the time that the wheel needs to turn back ta#rre position.
0 Truck responsehe time that the vehicle needed to respondeerstg movements.
* Realism assessment based on 8 items, on a 7-palet with anchors provided atfiof realistiq and 6 yery
realistic). The realism assessment was performed only birth& drivers.

2.8. Statistical Analysis

Statistical significance of the results was asskasag a mixed design analysis of variance (ANOWAth either
motion (on or off) or steering model (linear vs.nfinear) as a within-subject factor, group (truckvers vs.
university participants) as a between-subject®faaind a steering system x group interaction t&¥vie performed
the ANOVAs with only one within-subject factor ftite sake of simplicity and interpretability (seeyfikau et
al., 2016 for an analysis with multiway ANOVAs). rRal eta squaredyf?) was used as effect size measure.
Because of the large number of dependent variaibdas decided to adopt a conservative alpha lef8101.

We used a parametric test (ANOVA) because we ergeaadt data to be approximately normally distriloléeross
the participants. The subjective measures repréisergggregate of multiple survey items, which adiog to the
central limit theorem implies that the data arerapimately normally distributed. The objective mees are all
measured on a ratio scale and should exhibit roy fho ceiling effects. As a robustness check, &llOVAs were
repeated after rank-transforming the results (Cendviman, 1981), see Supplementary materials @aBl1-
S4). Furthermore, the supplementary materials tépemresults of pairettests of the steering system and motion
condition for the truck drivers and university dnig separately (Tables S5-S8).

2.9. Principal component analysis

To reduce the large number of subjective measutesai smaller number of indicators that represeatrhajor
sources of variation, a principal component anal{fiCA) was conducted. The following self-reportsrev
submitted to PCA: general experience of the ridiée@s), general opinion about the ride (7 iteragy steering
feel assessment (7 items). Component loadings dhtg) were calculated from the 18 x 18 correlatioatrix.
Based on these loadings and #tteansformed scores on the items, we calculategooent scores per participant
and condition (No motion-Linear, No motion-Nonling&lotion-Linear, Motion-Nonlinear).

3. Results
All drivers completed their runs without collisioriBue to a problem with the simulator, one paracipfrom the
university sample completed only 4 of 8 runs, and participant from the truck driver sample comgue? of 8
runs. Because these participants drove with eattedour conditions, their results were retainethie analysis.
Due to a data recording error, the objective messof the truck drivers are based on 11 insted@ pfarticipants.
From the 972 overtaking manoeuvres (243 sessiofisoxertaking manoeuvres per session), there was one
overtaking manoeuvre where a truck driver movetiédeft lane very early, and one overtaking manoewhere
a truck driver overtook via the right shoulder. $aéwo overtaking manoeuvers were removed. Furtbrernfrom
the total of 22.8 hours of recorded data, we rerd@&£es of data from two truck drivers, becausedlpesticipants
temporarily drove on the right shoulder.

No runs were stopped due to simulator sicknesss@kdess was mostly reported to be O (i.e., nblpros), with
a mean of 0.359D = 0.65,n = 12) for truck drivers and 0.2%D = 0.72,n = 20) for university drivers. An
independent samplésest showed no significant effect in simulatokaiess between the two groui80) = 0.41,
p = 0.685.

The results of the principal component analysithefself-reports are shown in Table 1. Based opeiction of
the scree plot (i.e., percentage of variance emetji it was decided to retain one component. tigHings were
obtained for safety, realism, comfort, and stahiWwhereas low loadings were obtained for diffigulisk, and
mental and physical effort. Accordingly, the fipsincipal component may be interpreted as a geivaicator of
driving experience ranging from ‘negative’ to ‘pibgé’.

3.1. Effect of Steering System on Subjective M easuresfor Truck Driversand University Drivers

The results of the subjective assessments of #egisyg system are shown in Table 2. The linearisigsystem
received higher scores of usefulness and drivingeeence (i.e., first principal component scorednttthe
nonlinear system, although these differences wetrstatistically significant. A strong effect, hoves, was found
for the item ‘required torque’: On the scale frolite 3, participants found the nonlinear systemetpire more
steering torque (0.48 and 0.84 for truck drivers aniversity drivers, respectively) than the linegstem (-0.07
and -0.14 for truck drivers and university driveespectively). Furthermore, university drivers vparticularly



positive about the linear system, as indicatechieyrélatively high principal component score anefulsess (see
Table S5 for the results for truck drivers and ensity drivers separately).

3.2. Effect of Motion on Subjective Measuresfor Truck Driversand University Drivers
The effect of motion on the subjective measuresmaastatistically significant (Table 3, see alshlE S6). There
were also no significant differences between thiaga of truck drivers and university drivers (TebR & 3).

3.3. Effect of Steering System on Objective Measuresfor Truck Driversand University Drivers

Table 4 shows the effect of steering system orptijective measures. Consistent with the subjectgalts in
Table 2, the nonlinear system required substaptiatire steering effort (M = 17.46 [SD = 0.65] artd2b [SD =
1.09] Nm*deg for truck and university drivers, respively) than the linear system (12.75 [SD = 0.834 12.78
[SD = 0.70] Nm*deg for truck and university driverespectively). This effect is illustrated in Figlb, where it
can be seen that the steering effort is higheth@monlinear system than for the linear systerth bocurves and
on straight road segments.

The linear steering system resulted in a more peeleine-keeping performance on straights (i.e.eto8DLP)

than the nonlinear system. The linear system &salted in lower active steering (i.e., lower reatrate, higher
steadiness) than the nonlinear system, particufarluniversity drivers. Furthermore, the lineastgymn resulted
in slower lane changes than the nonlinear systere. €fffects of steering system on steering effditl_FS on

straights, and returning-to-right-lane time weegistically significant for both truck drivers andiversity drivers,
whereas effects of steering activity were appaoeht among the university drivers (Table S7).

The truck drivers had a higher steering reverstd emd lower steer steadiness than the universiterg.
Furthermore, university drivers drove around 0.3@nore to the right on straights (i.e., MLP < O fmun truck
drivers a strong effect (see Fig. 6, top, for &rsttation). During lane changes, truck driversnépaore time on
the left lane, and returned to the right lane larger amount of time, than did the university driv.

3.4. Effect of Motion on Objective M easuresfor Truck Driversand University Drivers

Table 5 shows that simulator motion resulted irs lastive steering (i.e., lower reversal rate, higlieadiness)
among the truck drivers in particular, as compaoetthe no-motion condition (see also Table S8)tHarmore, a
strong effect was observed for the MLP in curvesthBiruck drivers and university drivers drove muvethe
outside of the curve when the motion was turnethan when the motion was off. This effect of motiaich
was on average about 0.15 m, is illustrated in féigu(bottom). Near the end of the on-ramp (i.eareelapsed
time of 15-21 s), where the curve radius was redgtismall (300 m), the difference in MLP betweeation on
and motion off was relatively large (0.24-0.33 )other words, it seems that the effect of motonMLP is
stronger if the curve is sharper. The presenceabiom did not have statistically significant effecn participants’
lane changing behaviour (Table 5), nor did it iatérsubstantially with the steering system condifgee Tables
S9 & S10).

Table 1.Results of the principal component analysis onmsglbrts of the driving experience

Variable First component loading
Difficulty -0.80
Risk -0.76
Mental effort -0.72
Physical effort -0.69
Safety 0.89
Realistic driving 0.74
Comfort 0.91
Realistic response 0.84
Easiness 0.89
Tight steering 0.64
Course stability 0.75
Truck stability 0.64
Play 0.12
Required torque -0.20
Uniformity 0.20
Sensitivity -0.29
Returnability 0.22

Truck response 0.16




Eigenvalue 7.53

Variance explained (%) 41.8




Table 2

Results for subjective measures regarding the aittk the steering system (linear versus nonlinesgrgtg system)

Truck drivers(n =12)

University drivers (n = 20)

i ] ) ] Effect of Effect of Group Inter action between Steering
Linear Nonlinear Linear Nonlinear Steering system system and Group
Mean (SD) Mean (SD) Mean (SD) Mean (SD) F(df1,df2) p np? F(df1,df2) p o’ F(df1,df2) o’

First principal component scor -0.11 (0.94) -0.30 (1.03) 0.41 (0.67) -0.16 (0.92) 7.38 (1,30) 0.011 0.197 1.29(1,30) 0.265 0.041 1.82(1,30) 0.188 0.057
Satisfaction (-2 to 2) 0.37 (0.43) 0.39 (0.59) 0.53 (0.55) 0.22 (0.54) 2.32 (1,30) 0.138 0.072 0.00 (1,30) 0.954 0.000 3.05(1,30) 0.091 0.092
Usefulness (-2 to 2) 0.12 (0.49) 0.11 (0.81) 0.64 (0.58) 0.02 (0.63) 6.22 (1,30) 0.018 0.172 1.21(1,30) 0.280 0.039 6.01 (1,30) 0.020 0.167
Required torque (-3 to 3) -0.07 (0.57) 0.48 (0.46) -0.14 (0.65) 0.84 (0.69) 30.9(1,30)  <0.001 0.508 0.68 (1,30) 0.418 0.022 2.37(1,30) 0.134 0.073
Realism score (0 to 6) 3.47 (0.63) 3.30(0.87) - - 0.82 (1,11) 0.384 0.070 - - -

Note Significant effectsg{ < 0.01) are denoted in boldface.

Table 3

Results for subjective measures regarding the ait the steering system (motion off versus motijn o

Truck drivers(n =12)

University drivers (n = 20)

Effect of Effect of Grou Interaction between Motion

Motion Off Motion On M otion Off Motion On Motion P condition and Group

Mean (SD) Mean (SD) Mean (SD) Mean (SD) F(df1,df2) p ne? F(df1,df2) p ne? F(df1,df2) p ne?
First principal component scor -0.27 (0.94) -0.14 (0.84) 0.24 (0.61) 0.01 (0.97) 0.18 (1,30) 0.672 0.006 1.29 (1,30) 0.265 0.041 2.63(1,30) 0.115 0.081
Satisfaction (-2 to 2) 0.35 (0.46) 0.42 (0.47) 0.32 (0.48) 0.42 (0.60) 1.11 (1,30) 0.300 0.036 0.00 (1,30) 0.954 0.000 0.02(1,30) 0.890 0.001
Usefulness (-2 to 2) 0.05 (0.59) 0.18 (0.57) 0.25 (0.53) 0.41 (0.70) 1.79 (1,30) 0.191 0.056 1.21(1,30) 0.280 0.039 0.01(1,30) 0.914 0.000
Required torque (-3 to 3) 0.28 (0.35) 0.13 (0.46) 0.46 (0.54) 0.24 (0.66) 5.16 (1,30) 0.030 0.147 0.68 (1,30) 0.418 0.022 0.17(1,30) 0.685 0.006
Realism score (0 to 6) 3.28 (0.75) 3.49 (0.73) - - 1.72 (1,11) 0.217 0.135 - - - -

Note Significant effectsg{ < 0.01) are denoted in boldface.



Table 4

Results for objective measures of driving perforoeafinear versus nonlinear steering system)

Truck drivers(n =11)

University drivers (n = 20)

Effect of Steering system

Effect of Group

Interaction between Steering

Linear Nonlinear Linear Nonlinear system and Group
Mean (SD) Mean (SD) Mean (SD)  Mean (SD) F p o’ F p o’ F p e
Steering effort for the whole session (Nm*deg) 12.75 (0.33) 17.46 (0.65) 12.78 (0.70) 17.26 (1.09) 1621 <0.001 0.982 0.10 0.759 0.003 1.03 0.317 0.034
Steering reversal rate for the whole sessionfni 10.51 (1.69) 10.50 (1.34) 7.37 (1.65) 8.99 (1.67) 9.68 0.004 0.250 18.0 <0.001 0.383 9.95 0.004 0.255
Steering wheel steadiness for the whole sessiol 27.46 (5.55) 24.86 (4.25) 34.52 (6.33) 28.57 (5.14) 29.68 <0.001 0.506 7.96 0.009 0.215 4.55 0.042 0.136
SDLP on straights (m) 0.18 (0.04) 0.21 (0.05) 0.18 (0.04) 0.22 (0.06) 22.07 <0.001 0.432 0.23 0.635 0.008 1.47 0.235 0.048
MLP on straights (m, positive = left) 0.06 (0.11) 0.04 (0.10) -0.23 (0.17) -0.26 (0.15) 3.68 0.065 0.113 31.7 <0.001 0.523 0.29 0.597 0.010
MLP in curves (m, positive = outside) -0.20 (0.11) -0.16 (0.10) -0.04 (0.11) -0.07 (0.12) 0.32 0.573 0.011 10.6 0.003 0.268 6.98 0.013 0.194
Mean ‘Changing to left lane’ time (s) 4.01 (0.44) 3.49(0.32) 3.32(0.77) 3.17(0.81) 8.77 0.006 0.232 4.90 0.035 0.145 2.72 0.110 0.086
Mean ‘Returning to right lane’ time (s) 4.18 (0.69) 3.61 (0.65) 2.89(0.71) 2.55(0.43) 40.5 <0.001 0.583 28.6 <0.001 0.497 2.68 0.113 0.085
Mean time on left lane (s) 18.76 (1.78) 19.62 (1.85) 15.47 (2.52) 15.50 (2.13) 2.78 0.106 0.088 23.2 <0.001 0.445 247 0.127 0.079
Note Significant effectsg{ < 0.01) are denoted in boldface. Degrees of freedd1,29) for all reported tests.
Table 5
Results for objective measures of driving perforogafmotion off versus motion on)
Truck drivers(n =11) University drivers (n = 20) ‘ | nter action between Motion
Motion Off Motion On Motion Off Motion On Effect of Motion Effect of Group condition and Group
Mean (SD) Mean (SD) Mean (SD)  Mean (SD) F p e’ F p e F p e
Steering effort for the whole session (Nm*deg) 15.21 (0.46) 15.00 (0.43) 15.06 (0.87) 14.98 (0.89) 4.93 0.034 0.145 0.10 0.759 0.003 0.81 0.375 0.027
Steering reversal rate for the whole sessionfni 11.24 (1.79) 9.78 (0.99) 8.18 (1.51) 8.18(1.60) 217 <0.001 0.428 18.0 <0.001 0.383 215 <0.001 0.426
Steering wheel steadiness for the whole sessiol 24.87 (5.30) 27.45 (3.71) 31.41 (5.32) 31.67 (5.67) 9.11 0.005 0.239 7.96 0.009 0.215 6.11 0.020 0.174
SDLP on straights (m) 0.19 (0.05) 0.19 (0.04) 0.21 (0.05) 0.19 (0.05) 151 0.229 0.049 0.23 0.635 0.008 1.13 0.297 0.037
MLP on straights (m, positive = left) 0.06 (0.11) 0.04 (0.11) -0.26 (0.16) -0.23 (0.15) 0.03 0.853 0.001 317 <0.001 0.523 7.50 0.010 0.205
MLP in curves (m, positive = outside) -0.27 (0.12) -0.10 (0.10) -0.12 (0.11) 0.00 (0.11) 92.9 <0.001 0.762 10.6 0.003 0.268 3.70 0.064 0.113
Mean ‘Changing to left lane’ time (s) 3.82(0.36) 3.68(0.38) 3.28 (0.85) 3.21(0.65) 1.52 0.228 0.050 4.90 0.035 0.145 0.19 0.668 0.006
Mean ‘Returning to right lane’ time (s) 3.90 (0.68) 3.89 (0.67) 2.63 (0.56) 2.81(0.56) 2.30 0.140 0.074 28.6 <0.001 0.497 3.25 0.082 0.101
Mean time on left lane (s) 19.36 (1.48) 19.02 (2.04) 15.57 (2.75) 15.40 (1.87) 0.84 0.366 0.028 23.2 <0.001 0.445 0.10 0.758 0.003

Note Significant effectsg{ < 0.01) are denoted in boldface. Degrees of freedd1,29) for all reported tests.
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4. Discussion



This study investigated the effects of steeringesysmodel linearity of a heavy goods vehicle onjettive
opinions about the ride and the steering systewhohfective driving performance. The effects wergted with
simulator motion on and off, and for truck drivasswell as university drivers.

4.1. Effects of Steering System Linearity

The nonlinear steering model involved considerdtilyher steering torques than the linear model, bioth
subjective (Table 2) and objective (Table 4) terifise explanation for the substantial differencestiering

torque between the linear and nonlinear systemaisrost of the driving time involved straight raseyments
and road segments with large curve radius, wheexigg angles were small. For such small steenigies, the

nonlinear system required higher steering torghas the linear system (Fig. 3, left). The lineasteyn also
resulted in improved performance (i.e., lower SDiaRY a lower steering activity compared to the inealr

system.

In summary, among both truck drivers and univerdityers, the linear steering system required sutistlly less
steering effort than the nonlinear system, whiding an improved lane-keeping performance in seoffSDLP.

Collectively, our findings suggest that for futureck steering systems, an artificial linear stegicharacteristic
that eliminates nonlinear elements may be valuable.

4.2. Effects of Simulator Motion

Simulator motion did not significantly affect subfize ratings about the ride or ratings of overadllism (Table
3), which can be explained by the relatively lirditeabin motion during highway driving. Indeed, \d@kcues
provide a compelling and dominant illusion of mati¢e.g., Kennedy et al., 1996), and the experinmente
themselves could hardly notice the presence of ipalysnotion versus no physical motion when tryirg t
experimental setup.

In objective terms, there were apparent differersgg/een motion on and off. In particular, with foatturned

on, participants drove a wider path through cufdeble 5, Fig. 6). This finding is similar to Sieglet al. (2001)
and Pretto et al. (2009) who compared driving vetid without motion in a curve driving and slalonska
respectively. According to Pretto et al. (2009) fet that participants drive a wider curve withtran compared
to without motion is because motion makes drivifygically more demanding due to the presence ofiathe
forces. We also found that motion caused the tdrolers to have a lower steering activity compaiedithout

motion (Table 5, S8), which may be explained byféwut that truck drivers can use the motion cugbed benefit
to steer smoothly. No substantial interactions Weuad between the steering and motion conditidiables S9
& S10), which suggests that on-centre steeringattaristics can be evaluated in a fixed-base simula

4.3. Effects of Truck Driving Experience

For safety and legal reasons, on-road experimeitkstmacks should always be conducted with licensedk

drivers. Considering that truck drivers are difftd¢o recruit, a legitimate empirical question ikether preliminary
simulator-based tests of steering systems can gucted with a convenience sample of drivers witleotruck

driving license.

Our results showed important differences betweecktdrivers and university drivers. The truck drivelrove

more to the left: they had an offset of about 010 the left of the lane, whereas university disviead an offset
of about 0.24 m to the right (see Tables 4 & 5po&sible explanation for these findings is thatkrdrivers have
a better mental representation of their lateraitfpssfrom the high viewpoint of the tractor cal{g., using the
mirrors) and are better able to position the aldimd vehicle close to the lane centre. Furthermafier

overtaking, the truck drivers spent more time ia léft lane and returned to the right lane morgvsidhan did

the university drivers. This finding may also beplaned by a superior mental model of the truckehs: an

articulated vehicle is longer and heavier than sseager car, and it is important not to change batke right

lane too quickly as this could result in instakilir a collision with the overtaken vehicle.

We observed various other differences between tiving styles of university students and truck érs. The
truck drivers had a substantially higher steerintivily than the university drivers, whereas th8IDLP was
equivalent. Moreover, the university drivers intmadar showed a lower steering activity for theelar steering
system than for the nonlinear system (Tables 4 & Binally, the university drivers gave positiveings to the
linear system (Tables 2 & S5), perhaps becausedteegot familiar with the conventional nonlinegstem.

In summary, truck drivers exhibited a higher stegractivity, a more leftward lateral position iretlane, and
more gradual overtaking than university driverse ®ifects of the steering system on SDLP on stgezifort
were found for both participants groups, but tHea$ on steering acitivity differed between unsir drivers



and truck drivers. Accordingly, we recommend thaiversity drivers should only be used for assessiagic
physical effects of a steering system (e.g., howhrphysical effort it takes to steer), not for asseghowdrivers
steer (e.g., steering activity).

4.4. Limitations
Our study featured realistic vehicle dynamics ameadistic visual perspective on the road via tteatf view and
the mirrors. However, due to space limitationshaf simulator cabin, the steering wheel was morknied than
that of the steering column in a real commerciathkr The cabin itself (e.g., seats, dashboard) @ifsered from
an actual truck.

Furthermore, the dynamic range of the motion-b&selator was not used to its full potential, as emperiment
featured no vertical motion (to simulate bumpy ®add road rumble) while using downscaled lateration

compared to real truck driving (Fig. 1). Simulatootion may interact with steering behaviour andrelts

subjective ratings. For example, depending onytpe of cabin suspension, friction near the steanihgel centre
position may be beneficial to dampen out the trassion of road irregularities (cf. Brunner & Ricaon, 1984,
and see Tables S9 and S10 for our observed mot&iaexing interactions). Future research couldaukgge-
excursion motion system (Schwarz et al., 2003; Nandk et al., 2004) to simulate vertical motion dade

changes in a physically realistic manner.

Another limitation is that, for experimental confrihie driving speed was fixed at 80 km/h, whicheigresentative
of highway driving. Future research could invedgg#e interaction between steering behaviour anditudinal

control, such as speeding up before merging ortakierg. Further research is also recommended heceffect
of steering systems at vastly different speeds schkity driving, driving through sharp curves, garking.

Additionally, the present results deserve to begamed with the results of an on-road study.

4.5. Implications

The past decades have seen an increase of sugp@ms in vehicles, including adaptive cruise agntane
departure warning, and automated emergency brgBedinger et al., 2016; Benglet al., 2014; Tideman et al.,
2007). Many vehicle manufacturers are now develppimtomated driving systems that control the vehising
sensors, computers, and actuators. However, iblas argued that it is unlikely thfully automated driving
systems will be deployed at a large scale in tix¢ fesv decades (Houtenbos et al. 2017; Shlado@d6R Instead,
the driver will likely remain in control of the ®t8ng wheel for a significant portion of the drigitime, while
automated steering may be activated or deactivétieithg different phases of a drive. For exampleomated
steering may be activated at the driver's convergeduring lane keeping or lane changing (Banks &®&in,
2016). A ‘linear’ steering system could be usedanjunction with such innovations, and offer gredlexibility
in the trading of steering control between humath &hicle as compared to traditional steering systehat use
mechanical linkages.
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Supplementary materials

Tables S1-S4 show the results for the ANOVAs (sedels 2—5 of the main paper) after rank-transfogntine data (Conover & Iman, 1981). It
can be seen that tlievalues ang values are similar to thié values ang values for the non-transformed data. Tables S5HB8/ separate
analyses for truck drivers and university drivarable S9 and S10 show the results of a two-wayatepemeasures ANOVA for the truck drivers
and university drivers, respectively.

Table S1
Results for subjective measures regarding theaittbthe steering system (linear versus nonlinesgrsig system). A distinction is made between
the results for non-transformed data (also showmable 2) and rank-transformed data from 1 to 640(24 for the Realism score).

Stee?;e;ts;;em Effect of Group Interaction between Steering system and Group
F P (raaned) (ranplled) F P (ra:ked) (ranﬁ(ed) F P (raaned) (ran’?<ed)
First principal component scor 7.38 0.011 6.17 0.019 1.29 0.265 1.15 0.291 1.82 0.188 1.83 0.186
Satisfaction (-2 to 2) 2.32 0.138 2.21 0.147 0.00 0954 001 0914 3.05 0.091 270 0.111
Usefulness (-2 to 2) 6.22 0.018 5.72 0.023 121 0.280 1.38 0.249 6.01 0.020 6.00 0.020
Required torque (-3 to 3) 30.9 <0.001 32.1 <0.001 0.68 0.418 0.50 0.484 2.37 0.134 1.35 0.254
Realism score (0 to 6) 0.82 0.384 1.89 0.197 - - - - - - - -

Note Significant effectsg < 0.01) are denoted in boldface. Degrees of freedd1,30) for all reported tests, except for thalism score where degrees of freedom = (1,11).

Table S2
Results for subjective measures regarding theaitttthe steering system (motion off versus motgpnfodistinction is made between the results
for non-transformed data (also shown in Table 3) sank-transformed data from 1 to 64 (1 to 24 tug Realism score).

Iizfs;togf Effect of Group Interaction between M otion Condition an d Group
F P (raaned) (ran?(ed) F p (rar::ked) (ranFI)(ed) F P (rar::ked) (ran’?(ed)
First principal component scor 0.18 0.672 0.05 0.817 1.29 0.265 1.33 0.259 2.63 0.115 1.27 0.269
Satisfaction (-2 to 2) 1.11 0.300 1.83 0.187 0.00 0.954 0.07 0.795 0.02 0.890 0.03 0.870
Usefulness (-2 to 2) 1.79 0.191 1.62 0.213 1.21 0.280 1.18 0.285 0.01 0.914 0.05 0.817
Required torque (-3 to 3) 5.16 0.030 5.00 0.033 0.68 0.418 1.16 0.290 0.17 0.685 0.18 0.676
Realism score (0 to 6) 1.72 0.217 1.26 0.285 - - - - - - - -

Note Significant effectsg < 0.01) are denoted in boldface. Degrees of freedd1,30) for all reported tests, except for thalism score where degrees of freedom = (1,11).



Table S3
Results of the mixed design analysis of varian®¢Q¥A) for the objective measures of driving perfance (linear versus nonlinear steering
system). A distinction is made between the reBultson-transformed data (also shown in Table 4J aank-transformed data from 1 to 62.

Interaction between Steering system

Effect of Steering system Effect of Group and Group
F P (raaned) (ran?(ed) F P (raaned) (ran'?(ed) F P (raaned) (ran?(ed)
Steering effort for the whole session (Nm*deg) 1621 <0.001 497 <0.001 0.10 0.759 0.48 0.494 1.03 0.317 0.12 0.727
Steering reversal rate for the whole session{{ini  9.68 0.004 13.2 0.001 18.0 <0.001 18.2 <0.001 9.95 0.004 9.99 0.004
Steering wheel steadiness for the whole sessioi  29.68  <0.001  27.9 <0.001 7.96 0.009 7.34 0.011 4.55 0.042 244 0.129
SDLP on straights (m) 22.07 <0.001 181 <0.001 0.23 0.635 0.10 0.755 1.47 0.235 0.84 0.366
MLP on straights (m, positive = left) 3.68 0.065 3.44 0.074 317 <0.001 39.9 <0.001 0.29 0.597 1.50 0.231
MLP in curves (m, positive = outside) 0.32 0.573  0.06 0.813 10.6 0.003 12.6 0.001 6.98 0.013 5.26 0.029
Mean ‘Changing to left lane’ time (s) 8.77 0.006 19.7 <0.001 4.90 0.035 7.05 0.013 2.72 0.110 3.55 0.070
Mean ‘Returning to right lane’ time (s) 40.5 <0.001 318 <0.001 28.6 <0.001 254  <0.001 2.68 0.113 0.32 0.574
Mean time on left lane (s) 2.78 0.106 1.83 0.187 23.2 <0.001 22.3 <0.001 2.47 0.127 1.91 0.178

Note Significant effectsg < 0.01) are denoted in boldface. Degrees of freedd1,29) for all reported tests.

Table S4
Results of the mixed design analysis of varian®¢Q)*A) for the objective measures of driving perfange (motion off versus motion on). A
distinction is made between the results for nomgfarmed data (also shown in Table 5) and rankgfarmed data from 1 to 62.

Interaction between M otion condition

Effect of Motion Effect of Group and Group

F P (raaned) (ran?(ed) F p (raaned) (ran’?(ed) F P (raaned) (ran?(ed)
Steering effort for the whole session (Nm*deg) 4.93 0.034 6.24 0.018 0.10 0.759 0.55 0.465 0.81 0375 0.25 0.619
Steering reversal rate for the whole session{ni  21.7 <0.001 189 <0.001 18.0 <0.001 154  <0.001 215 <0.001 146 <0.001
Steering wheel steadiness for the whole sessiol  9.11 0.005 7.62 0.010 7.96 0.009 8.06 0.008 6.11 0.020 5.22 0.030
SDLP on straights (m) 151 0.229 0.68 0.415 0.23 0.635 0.18 0.672 1.13 0.297 4.48 0.043
MLP on straights (m, positive = left) 0.03 0.853 0.04 0.838 317 <0.001 38.1 <0.001 7.50 0.010 6.18 0.019
MLP in curves (m, positive = outside) 92.9 <0.001 555 <0.001 10.6 0.003 9.74 0.004 3.70 0.064 2.00 0.168
Mean ‘Changing to left lane’ time (s) 1.52 0.228 1.29 0.265 4.90 0.035 5.96 0.021 0.19 0.668 2.60 0.118
Mean ‘Returning to right lane’ time (s) 2.30 0.140 4.27 0.048 28.6 <0.001 235 <0.001 3.25 0.082  3.96 0.056
Mean time on left lane (s) 0.84 0.366  0.44 0.514 23.2 <0.001 238 <0.001 0.10 0.758 0.21 0.651

Note Significant effectsg < 0.01) are denoted in boldface. Degrees of freedd1,29) for all reported tests.



Table S5

Results for subjective measures regarding theaitkthe steering system (linear versus nonlinegergtg system), for truck drivers only and for
university drivers only.

Truck drivers(n =12) University drivers (n = 20)
Linear Nonlinear Linear Nonlinear

Mean (SD) Mean (SD) df p t Mean (SD) Mean (SD) df p t
First principal component score -0.11 (0.94) -0.30 (1.03) 11 0.498 0.70 0.41 (0.67) -0.16(0.92) 19 0.001 3.98
Satisfaction (-2 to 2) 0.37 (0.43) 0.39 (0.59) 11 0.885 -0.15 0.53(0.55) 0.22(0.54) 19 0.018 259
Usefulness (-2 to 2) 0.12 (0.49) 0.11(0.81) 11 0.981 0.02 0.64 (0.58) 0.02(0.63) 19 <0001 4.22
Required torque (-3 to 3) -0.07 (0.57) 0.48 (0.46) 11 0.024 -2.62 -0.14 (0.65) 0.84(0.69) 19 <0.001 -5.70
Realism score (0 to 6) 3.47 (0.63) 3.30 (0.87) 11 0.384 091 - - - - -

Note Significant effectsg{ < 0.01) are denoted in boldface.

Table S6

Results for subjective measures regarding the aiatk the steering system (motion off versus moinfor truck drivers only and for university
drivers only.

Truck drivers(n =12) University drivers (n = 20)

Motion Off Motion On Motion Off Motion On

Mean (SD) Mean (SD) df p t Mean (SD) Mean (SD) df p t
First principal component score -0.27 (0.94) -0.14 (0.84) 11 0.363 -0.95 0.24 (0.61) 0.01(0.97) 19 0.145 152
Satisfaction (-2 to 2) 0.35 (0.46) 0.42 (0.47) 11 0239 -1.24 0.32(0.48) 0.42(0.60) 19 0.428 -0.81
Usefulness (-2 to 2) 0.05 (0.59) 0.18 (0.57) 11 0.162 -1.50 0.25(0.53) 0.41(0.70) 19 0.334 -0.99
Required torque (-3 to 3) 0.28 (0.35) 0.13 (0.46) 11 0.167 1.48 0.46 (0.54) 0.24(0.66) 19 0.061 1.99
Realism score (0 to 6) 3.28 (0.75) 3.49(0.73) 11 0217 -131 - - - - -

Note Significant effectsg{ < 0.01) are denoted in boldface.



Table S7
Results for the objective measures of driving perémce (linear versus nonlinear steering systean)irtick drivers only and for university drivers
only.

Truck drivers(n =11) University drivers (n = 20)
Linear Nonlinear Linear Nonlinear
Mean (SD) Mean (SD) df p t Mean (SD) Mean (SD) df p t
Steering effort for the whole session (Nm*deg) 12.75 (0.33) 17.46 (0.65) 10 <0.001 -24.3 12.78 (0.70) 17.26 (1.09) 19 <0.001 -34.0
Steering reversal rate for the whole session8ni 10.51 (1.69) 10.50 (1.34) 10 0.982 0.02 7.37 (1.65) 8.99(1.67) 19 <0.001 5.76
Steering wheel steadiness for the whole sessiol 27.46 (5.55) 24.86 (4.25) 10 0.078 1.96 34.52 (6.33) 28,57 (5.14) 19 <0.001 6.55
SDLP on straights (m) 0.18 (0.04) 0.21 (0.05) 10 0.009 -3.25 0.18 (0.04) 0.22(0.06) 19 <0.001 -4.36
MLP on straights (m, positive = left) 0.06 (0.11) 0.04 (0.10) 10 0.221 1.30 -0.23 (0.17) -0.26 (0.15) 19 0.086 1.81
MLP in curves (m, positive = outside) -0.20 (0.11) -0.16 (0.10) 10 0.065 -2.07 -0.04 (0.11) -0.07(0.12) 19 0.104 171
Mean ‘Changing to left lane’ time (s) 4,01 (0.44) 3.49(0.32) 10 0.001 4.33 3.32(0.77) 3.17(0.81) 19 0.345 0097
Mean ‘Returning to right lane’ time (s) 4.18 (0.69) 3.61 (0.65) 10 <0.001 5.63 2.89(0.71) 255(0.43) 19 0.001 3.76
Mean time on left lane (s) 18.76 (1.78) 19.62 (1.85) 10 0.080 -1.95 1547 (2.52) 1550(2.13) 19 0.935 -0.08
Note Significant effectsg{ < 0.01) are denoted in boldface.
Table S8
Results for the objective measures of driving parémce (motion off versus motion on), for truckdrs only and for university drivers only.
Truck drivers(n =11) University drivers (n = 20)
Motion Off Motion On Motion Off  Motion On
Mean (SD) Mean (SD) df p t Mean (SD) Mean (SD) df p t
Steering effort for the whole session (Nm*deg) 15.21 (0.46) 15.00 (0.43) 10 0.098 1.83 15.06 (0.87) 14.98(0.89) 19 0.265 1.15
Steering reversal rate for the whole session-fjni 11.24 (1.79) 9.78 (0.99) 10 0.003 3.88 8.18 (1.51) 8.18(1.60) 19 0.984 0.02
Steering wheel steadiness for the whole sessiol 24.87 (5.30) 27.45 (3.71) 10 0.004 -3.66 3141 (5.32) 31.67(5.67) 19 0.662 -0.44
SDLP on straights (m) 0.19 (0.05) 0.19 (0.04) 10 0.874 0.16 0.21(0.05) 0.19(0.05) 19 0.110 1.68
MLP on straights (m, positive = left) 0.06 (0.11) 0.04 (0.11) 10 0.005 3.62 -0.26 (0.16) -0.23(0.15) 19 0.054 -2.06
MLP in curves (m, positive = outside) -0.27 (0.12) -0.10 (0.10) 10 <0.001 -6.55 -0.12 (0.11) 0.00 (0.11) 19 <0.001 -6.86
Mean ‘Changing to left lane’ time (s) 3.82 (0.36) 3.68 (0.38) 10 0.188 1.41 3.28(0.85) 3.21(0.65) 19 0.555 0.60
Mean ‘Returning to right lane’ time (s) 3.90 (0.68) 3.89(0.67) 10 0.890 0.14 2.63(0.56) 2.81(0.56) 19 0.003 -3.34
Mean time on left lane (s) 19.36 (1.48) 19.02 (2.04) 10 0.413 0.85 1557 (2.75) 15.40(1.87) 19 0.633 0.49

Note Significant effectsg < 0.01) are denoted in boldface.



Table S9

Results of a two-way repeated measures ANOVA arakk drivers (n = 11).

Interaction
Mot?on Off, Motiqn Off, Mot.ion Motiqn On, Effect of motion Effect of between Mqtion
Linear Nonlinear On, Linear Nonlinear Steering system and Steering
system
Mean (SD) Mean (SD) Mean (SD) Mean (SD) F p 72 F p o2 F p 72
Steering effort for the whole session (Nm*deg) 12.86 (0.43;17.55 (0.72,12.64 (0.31 17.36 (0.68) 3.34 0.098 0.250 589.1 <0.001 0.983 0.05 0.820 0.005
Steering reversal rate for the whole session{nin 11.18 (2.41'11.30 (1.59 9.85 (1.14) 9.71 (1.31) 15.0 0.003 0.600 0.00 0.982 0.000 0.43 0.529 0.041
Steering wheel steadiness for the whole session 26.55 (6.76 23.18 (4.60 28.37 (4.72 26.54 (4.19) 13.4 0.004 0.572 3.84 0.078 0.278 1.86 0.202 0.157
SDLP on straights (m) 0.18 (0.04) 0.21 (0.07) 0.18 (0.05) 0.20 (0.05) 0.03 0.874 0.003 10.6 0.009 0.514 0.16 0.694 0.016
MLP on straights (m, positive = left) 0.07 (0.13) 0.06 (0.10) 0.05(0.11) 0.03 (0.12) 13.1 0.005 0.567 1.70 0.221 0.145 0.03 0.873 0.003
MLP in curves (m, positive = outside) -0.30 (0.14) -0.25 (0.11)-0.11 (0.11] -0.08 (0.10) 42.9 <0.001 0.811 430 0.065 0.301 0.23 0.639 0.023
Mean ‘Changing to left lane’ time (s) 3.99 (0.47) 3.65(0.44) 4.03 (0.56) 3.34(0.29) 2.00 0.188 0.166 18.8 0.001 0.652 2.89 0.120 0.224
Mean ‘Returning to right lane’ time (s) 4.14 (0.79) 3.67 (0.69) 4.23 (0.70) 3.55(0.71) 0.02 0.890 0.002 31.7 <0.001 0.760 0.74 0.411 0.069
Mean time on left lane (s) 19.30 (1.77,19.41 (1.60,18.22 (2.08 19.82 (2.32) 0.73 0.413 0.068 3.80 0.080 0.275 11.38 0.007 0.532

Note Significant effectsg < 0.01) are denoted in boldface. Degrees of freedd1,10) for all reported tests.

Table S10
Results of a two-way repeated measures ANOVA dauriiversity drivers (n = 20).
Interaction
Mot?on Off, Motiqn Off, Motlion Motiqn On, Effect of motion Effect of between Mption
Linear Nonlinear On, Linear Nonlinear Steering system and Steering
system
Mean (SD) Mean (SD) Mean (SD) Mean (SD) F p F P Foop
Steering effort for the whole session (Nm*deg) 12.96 (0.73;17.58 (0.91,12.78 (0.60 17.50 (1.13) 1.32 0.265 0.065 1158.6 <0.001 0.984 1.31 0.267 0.064
Steering reversal rate for the whole session-finin 9.80 (2.75) 10.19 (2.01 8.96 (1.78) 9.52 (1.79) 0.00 0.984 0.000 33.17 <0.001 0.636 4.12 0.056 0.178
Steering wheel steadiness for the whole session 29.35 (7.81,25.58 (5.62,30.19 (6.47 27.29 (5.32) 0.20 0.662 0.010 42.92 <0.001 0.693 0.38 0.547 0.019
SDLP on straights (m) 0.18 (0.04) 0.23 (0.06) 0.18 (0.04) 0.22 (0.07) 2.81 0.110 0.129 19.05 <0.001 0.501 0.19 0.666 0.010
MLP on straights (m, positive = left) -0.06 (0.23) -0.10 (0.25)-0.07 (0.21] -0.09 (0.21) 4.32 0.054 0.182 3.27 0.086 0.147 2.05 0.168 0.098
MLP in curves (m, positive = outside) -0.22 (0.16) -0.18 (0.14)-0.07 (0.13] -0.05 (0.12) 47.07 <0.001 0.712 291 0.104 0.133 0.86 0.365 0.043
Mean ‘Changing to left lane’ time (s) 3.60 (0.77) 3.39 (0.51) 3.64 (0.70) 3.19 (0.48) 0.36 0.555 0.019 0.94 0.345 0.047 0.12 0.737 0.006
Mean ‘Returning to right lane’ time (s) 3.51 (1.09) 3.15 (0.85) 3.62 (0.96) 3.11 (0.80) 11.17 0.003 0.370 14.14 0.001 0.427 0.66 0.427 0.034
Mean time on left lane (s) 17.14 (3.18/17.30 (2.96,16.33 (2.90 17.54 (3.29) 0.24 0.633 0.012 0.01 0.935 0.000 0.00 0.976 0.000

Note Significant effectsg{ < 0.01) are denoted in boldface. Degrees of freedd1,19) for all reported tests.



