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Time-varying perceived motion mismatch due to
motion scaling in curve driving simulation
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Abstract - In motion simulation, motion input scaling is often applied to deal with the limited motion envelopes of
motion simulators. In this research, the time-varying effects of scaling the lateral specific force up or down during
passive curve driving in a car driving simulation are investigated through a simulator experiment. It is concluded
that lateral specific force scaling has a time-varying effect on the perceived fidelity of a curve-driving simulation. In
particular, motion scaling during a curve entry is found to be less detrimental than motion scaling during a curve’s
sustained part and during the curve exit.

Keywords: motion simulation, driving simulators, curve driving, continuous subjective rating

Introduction
Motion simulators aim to present subjects with a sen-
sation of motion similar to the sensation one would
perceive when operating a real vehicle. This is done
by combining visual, vestibular, auditory and somato-
sensory cues. Due to simulators’ limited motion en-
velopes, a conversion from the desired vehicle mo-
tion to simulator motion is needed. One of the most
straightforward methods for limiting simulator displa-
cement is motion (down)scaling.

Various studies have investigated humans’ ability
to distinguish motion with different scaling factors
[CG10, CG13] and the effect of motion scaling on
a simulation’s realism [Ber13, Gra03]. These studies
conclude that downscaling inertial simulator motion
does not necessarily reduce a simulation’s fidelity
and may even improve it [CG10, CG13, Ber13]. The
effects of motion scaling on the control behavior of
subjects in a roll and pitch tracking task have also
been studied [Ber70, Val12], showing that gains clo-
ser to unity improve pilots’ control performance.

These studies investigated the effect of motion sca-
ling on the total simulation and did not investigate the
time-varying influence of motion scaling. Such an in-
fluence is expected since the magnitude of the in-
duced signal distortion over a simulation segment in-
herently varies over time for typical motion cueing
algorithms (such as washout filters [Rei86]). For
example, a high-pass filter applied to curve-driving
motion may replicate the curve entry well, but filters
out the sustained cue in the curve’s steady-state part
and will induce a false cue at the curve exit [Gra97].

First evidence of a time-varying effect of speci-
fic force scaling in longitudinal motion was found
by Groen, Valenti Clari and Hosman [Gro01], who
concluded that onset cues can be scaled down fur-
ther than sustained cues in aircraft take-off maneu-

vers. Up till now, however, no study has formally ver-
ified this finding using continuous subjective evalua-
tions of simulator motion to explicitly measure the ef-
fects of motion scaling on perceived simulation fide-
lity over time.

This paper describes a simulator experiment carried
out to investigate the time-varying effects of lateral
specific force scaling in curve driving simulation. The
method of continuous rating proposed by Cleij et al.
[Cle18] is used, in which subjects continuously use
a rotary knob in the simulator cabin to indicate their
perceived motion mismatch during curve-driving si-
mulation segments.

The structure of this paper is as follows. Following
a short formulation of the research goal, the exper-
iment methods are discussed. After this, the experi-
ment results are presented and discussed. The main
conclusions resulting from the experiment are drawn
at the end of the paper.

Research goal
The main goal of this research is to investigate whe-
ther the effects of lateral specific force scaling on the
perceived fidelity of a curve-driving simulation are
time-varying. We hypothesized that the effect of la-
teral specific force scaling on the perceived motion
mismatch would not be equal during the curve entry,
the sustained part of the curve and the curve exit.

Methods
To investigate the time-varying effects of motion sca-
ling during motion simulation, a within-subjects simu-
lator experiment was performed. In this experiment
subjects were a passenger in a car driving through
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a series of left and right curves. Subjects were in-
structed to focus on continuously rating their percei-
ved motion mismatch (PMM) using the rating method
proposed by Cleij et al. [Cle18].

Participants
16 Participants (11 male, 5 female) aged between 23
and 40 years old (µ = 28.4 yrs, σ = 6.1 yrs) comple-
ted the experiment. All were unaware of the goal of
the experiment and were (or had been) in posses-
sion of a driver’s license for at least 3 years (µ = 9.3
yrs, σ = 4.6 yrs). On average, the participants drove
a car for 3.8 hours per week (σ = 4.4 hrs). Six parti-
cipants were considered novices (first time in a simu-
lator), five were labelled intermediate (some simula-
tor experience) and five were considered experts (re-
searchers on motion cueing).

Apparatus
The experiment was carried out in the CyberMo-
tion Simulator at the Max Planck Institute for Biolo-
gical Cybernetics [Teu07], shown in Fig. 1. This eight
degree-of-freedom simulator was developed from an
industrial robot (Kuka GmbH, Germany). The soft-
ware package CarSim (Mechanical Simulation Cor-
poration) was used to generate the experiment’s vi-
sual images and inertial car motion. A screenshot of
the outside visual image for subjects during a curve is
shown in Fig. 2. The participants indicated their per-
ceived motion mismatch using the rotary knob shown
in Fig. 3. Subjects received feedback on their rating
on the vehicle dashboard, as shown in Fig. 2.

Figure 1: The CyberMotion Simulator (CMS) at the
Max Planck Institute for Biological Cybernetics.

Highest PVMM 

during run

Zero 

mismatch

Figure 2: Outside visuals shown during the experi-
ment, showing the white reference line drawn on the
road center and the rating bar at the bottom in blue.

Figure 3: Rotary force-feedback knob (SensoDrive,
Germany) used by subjects to indicate their PMM.

The outside visuals were projected on the inside of
the simulator cabin, by means of two projectors with
an update rate of 60 Hz. The field-of-view of the vi-
sual system is approximately 140 deg horizontally
and 70 deg vertically [Nie13]. The participants’ eye
location is approximately 50 cm below the top of the
screen and 150 cm away from its bottom edge. The
latency of the visual cues generated with this system
is known to be around 40 ms [Dro13].

Scenario & Conditions
During the experiment runs, a simulated car accele-
rated from 0 to 50 km/h, then went through left and
right 90-degree turns (r = 120 m constant radius) with
150 m straight sections in between, and finally dece-
lerated back to standstill. Each run of the experiment
took 9 minutes, with 11 left and 11 right turns ran-
domly distributed over each run. The vehicle motion
generated by CarSim for a left-hand turn is shown in
black in Fig. 4.

To keep the lateral jerk low, the automatic CarSim
driver steered into and out of turns relatively early
and slowly. This steering behaviour ensured the tilt-
coordination roll rate remained below the 3 deg/s per-
ception threshold (for passive driving) for all condi-
tions [Nes16]. In the absence of a visual steering
wheel, a line was drawn on the road to assist parti-
cipants in judging when the automatic driver steered
into and out of corners. On straight road segments
this line aligned with the participant’s head, during
curves the car would deviate from this line (see the
white line in the middle of the road in Fig. 2).

To simulate the car drive in the CMS, a classic wash-
out filter was used [Gra97]. Such filters first multi-
ply all input (per motion channel) by a fixed gain k.
Next, the high-frequency motion (which is simulated
by directly translating (for acceleration) or rotating (for
rotations) the simulator cabin) is determined by ap-
plying a third-order high-pass filter HHP to the (sca-
led) input :

HHP(s) = s2

s2 + 2ζHPωnHPs+ ω2
nHP

· s

s+ ωn,2HP

(1)

Here s is the Laplace operator, with ωnHP the high-
pass break frequency in rad/s and ζHP the high-pass
damping ratio. The second term in (1) ensures addi-
tional attenuation at lower frequencies through a sec-
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Figure 4: Vehicle (black) and simulator (gray) specific forces and rotational rates during a curve to the left, as
recorded in CarSim.

ond break frequency ωn,2HP , and ensures the simu-
lator returns to its neutral position even for constant
specific force inputs. Sustained specific force (which
is simulated by applying tilt coordination) is obtained
by filtering the (scaled) input using the following low-
pass filter HLP :

HLP(s) =
ω2

nLP

s2 + 2ζLPωnLPs+ ω2
nLP

(2)

Here ωnLP is the low-pass break frequency in rad/s
and ζLP is the low-pass damping ratio. For the late-
ral specific force, these high-pass and low-pass fil-
ters were complemented by a band-pass filter, which
commanded the simulator’s linear rail (which was
used to provide additional lateral acceleration) and
was defined as :

HBP(s) = 1 −HHP(s) −HLP(s) (3)

The combination of these three filters ensured that
the lateral specific force was effectively simulated
one-to-one. During the experiment the parameter
settings shown in Table 1 were used. For the condi-
tion with ky = 1, the comparison between vehicle’s
inertial motion (in black), the washout filter output
(in grey) and simulator’s inertial motion (measured
at 250 Hz by a Stim300 IMU positioned some 20cm
below a subject’s eyes, 20 cm behind the head and
30cm to the right) is shown in Fig. 4. The area shaded
in grey shows the average IMU measurement after
removing bias plus or minus one standard deviation,
based on between 23 and 35 samples (depending on
the availability of data).

Out of the twenty-two curves in a single run, two fea-
tured a one-to-one replication of the lateral specific
force (i.e. ky = 1). In the remaining 20 curves, dif-
ferent errors in the lateral specific force cueing were
induced. In this paper, only a selection of the exper-
iment data is discussed, namely the six curves fea-
turing a lateral specific force that was purely scaled

Table 1: Washout filter parameter settings

Motion k ωnHP ζHP ωn,2HP ωnLP ζLP
Channel [-] [rad/s] [-] [rad/s] [rad/s] [-]

ax 0.3 1.5 1 0.8 1.4 1
ay ky - - - - -
az 1 0.5 1 0.3 0 -
ωx 0.5 0 - 0.5 0 -
ωy 0.5 0.5 1 - 0 -
ωz 0.3 0 - 0.5 0 -

down or up through ky. All conditions were spread
randomly over each of the four experimental runs
performed. An overview of relevant conditions and
their curve number and orientation is given in Table
2.

Table 2: Experiment conditions, with their corner
number and orientation in each experiment run.

Condition ky [-] Experiment run
E1 E2 E3 E4

C1 1 18,R 13,L 14,R 10,L
C2 1 13,L 2,R 22,R 5,L
C3 0.4 2,R 20,L 5,L 14,R
C4 0.5 16,R 6,L 11,R 2,L
C5 0.6 20,L 10,R 9,R 7,L
C6 0.8 10,L 1,R 21,L 16,R
C7 1.2 6,L 17,L 17,R 20,R
C8 1.275 21,R 12,R 1,L 12,L

Independent variables & Dependent
measures
The specific lateral force conditions listed in Table 2
serve as the independent variable of this experiment.
Conditions C1 and C2 serve as the experiment ba-
seline and allow for checking whether subjects are
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Figure 5: Rating bar displayed to subjects.

able to give consistent ratings. Conditions C3-C6 in-
vestigate the effect of downscaling the lateral spe-
cific force, conditions C7 and C8 investigate the ef-
fect of upscaling the lateral specific force. The gain
of condition C8 was chosen such that the maximum
tilt-coordination roll rate remained just below 3 deg/s.

The continuous ratings given by subjects are the sole
dependent measure. Subjects gave this rating by tur-
ning the knob shown in Fig. 3, which had a range
of -60 to 60 degrees. This indicated knob angle was
converted to a percentage rating through :

Rating = Rating knob angle + 60◦

120◦ · 100% (4)

Subjects were shown their current rating through a
bar on their screen, see Figs. 2 and 5.

Experiment procedure
Before the experiment subjects were briefed through
an instruction form, accompanied by additional ver-
bal explanation. Subjects were made aware of the
fact that the inertial motion they felt would not al-
ways correspond to the motion they saw during the
experiment, and that it was their task to continuously
rate the discrepancy between these two by turning
the rotary knob. Subjects were instructed to rate this
perceived motion mismatch on the scale shown in
Fig. 5, which ranged from zero (no mismatch bet-
ween the visual and inertial motion) to a maximum
rating (for the biggest mismatch during the experi-
ment). Examples of visual-motion mismatches were
explained to subjects.

After these instructions, the participants signed an in-
formed consent form and filled in a simulator sick-
ness questionnaire. The latter form was repeated at
the end of the experiment to verify whether simula-
tor sickness could have influenced the results of this
study. Two subjects reported minor simulator sick-
ness symptoms, however, these (experienced) sub-
jects indicated that these symptoms did not influence
their ratings. Hence, all data (n = 16) were used.

At the start of the experiment, subjects performed a
familiarization run consisting of ten curves of condi-
tion C1. The goal of this run was to let subjects get
used to the driving style of the automatic CarSim dri-
ver, which steered into and out of curves relatively
early to reduce lateral jerk and thus keep the tilt-
coordination roll rate below 3 deg/s in all conditions.
After this run, subjects were instructed to take this
run as a reference for coherent motion.

Next, subjects were presented two training runs.
These runs featured 22 corners with the conditions
thought to cause the smallest and largest PMM. Dur-
ing the first training run, subjects were asked to focus
on what motion corresponded most and least to the
motion they saw, allowing them to determine the end
points of their rating scale (see Fig. 5). Following this

training run, subjects were specifically asked to des-
cribe the motion that felt worst.

During the second training run, subjects were asked
to continuously provide ratings of their PMM on the
scale developed during the first training run. Subjects
were instructed they could change their rating scale
during this second training run (should they encoun-
ter motion that was even worse than previously ex-
perienced), but were instructed to keep a constant
rating scale from the training onwards. After going
through the experiment training phase, the four ex-
perimental runs (E1-E4) were presented in random
order.

To prevent fatigue from affecting the experiment’s re-
sults a break outside the simulator was introduced
after the first block of four runs (consisting of the fa-
miliarization run, both training runs and the first ex-
periment run). Following this break the familiarization
run was repeated, followed by the final three experi-
ment runs. Between runs within a block, subjects had
the possibility to take a break in the stationary simu-
lator. In total, the experiment lasted just under two
hours (1.25 hours of simulator time).

Hypotheses
Prior to the experiment, the following hypotheses
were formulated :
H1 The lateral specific force can decrease by 50%

during the sustained part of a curve without a sig-
nificant increase in PMM [CG13].

H2 The lateral specific force can increase by 30%
during the sustained part of a curve without a sig-
nificant increase in PMM [CG13].

H3 The effect of lateral specific force scaling on the
perceived motion mismatch will not be equal during
the curve entry, the steady-state part of the curve
and the curve exit [Gro01].

Results
For all participants, the ratings given over the four
experiment runs were averaged (one subject indica-
ted to have misunderstood the experiment instruc-
tions after the first run, for this subject only the final
three runs were averaged). The means and spread of
these 16 average ratings are shown in Fig. 6, where
one can see that subjects returned their rating to (al-
most) 0% on straight sections (at t = 0s and t > 20s),
indicating ratings are not influenced by the rating of
the previous condition. From Fig. 6 one can also
conclude that PMM ratings increase for decreasing
ky from ky = 1 onwards, matching the findings of si-
milar studies by Jamson [Jam10] and Berger [Ber10].

The time-varying effect of motion scaling was studied
by analyzing the curve entry, the sustained part of the
curve and the curve exit separately. Based on the la-
teral specific force profile shown in Fig. 6, onset was
defined as t = 1−5s, the sustained curve was defined
as t = 8 − 14s and the curve exit as t = 16 − 23s. In-
termediate sections of time were ignored, in order to
clearly distinguish between the curve’s onset, steady
part and exit.

Since subjects on average showed a rating delay of
1s, the analysed rating windows were moved one
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second compared to the time windows given pre-
viously. For all analyses non-parametric statistical
tests were chosen at a Sidak-corrected significance
level of α = 0.05. When comparing these results to
those of other studies, it should be noted that our
subjects had been calibrated to the unity gain condi-
tion during the familiarization phase.

Curve entry Boxplots of the average subject ratings
between t = 2s and t = 6s are shown in Fig. 7a.
From Fig. 7a one can see that downscaled condi-
tions are rated slightly higher on average, and ge-
nerally have a spread similar to that of conditions
C1 and C2. Also, the upscaled conditions show
a slightly higher average rating and an increase
in spread in ratings compared to the one-to-one
conditions. One can also see that conditions C1
and C2 were rated equal, hence only C1 was used
for comparing scaled conditions to the unscaled
version.
A Friedman test performed on these average ra-
tings showed a significant overall effect (χ2(6) =
13.6, p = 0.034) to be present. Six Sidak-corrected
post-hoc Wilcoxon signed-rank tests showed that
only the ratings for condition C3 (ky = 0.4, p =
0.005) differed significantly from those of the one-
to-one condition.

Sustained curve To obtain a rating for the sustained
part of the curve ratings between t = 9s and
t = 15s were averaged, the results of which are
shown in Fig. 7b. In Fig. 7b one can observe the
downscaled conditions to be rated higher as the
scaling factor ky decreases. Conditions C7 and C8
have a mean rating similar to C1 and C2, how-
ever the spread has increased. Since conditions
C1 and C2 are again rated equal, only C1 ratings
were used for comparison.
A Friedman test of the remaining seven distribu-
tions showed a significant overall effect (χ2(6) =
51.7, p < 0.001) between the seven conditions.
Six Sidak-corrected post-hoc Wilcoxon signed-
rank tests showed that ratings for conditions C3,

C4 and C5 differed significantly from those of
condition C1 (p = 0.001).

Curve exit For the curve exit the average ratings
between t = 17s and t = 24s were analyzed, re-
sulting in the rating distributions shown in Fig. 7c.
Similar to the sustained part of the curve, ratings
increase as the scaling factor decreases. Also, the
conditions for which ky > 1 appear to be rated simi-
lar to the one-to-one conditions. Condition C2 was
again omitted in the comparisons, since it is nearly
equal to condition C1.
A Friedman test showed a significant overall effect
(χ2(6) = 34.9, p < 0.001) to be present in these se-
ven conditions. Six Sidak-corrected post-hoc Wil-
coxon signed-rank tests showed that the ratings
of conditions C3, C4 and C5 differed significantly
from those of condition C1 (p < 0.005).

Based on the results obtained during the sustained
part of the curve, hypothesis H1 is rejected. Instead
it is concluded that subjects report a significant in-
crease in PMM in case the lateral specific force is
scaled down by 40% or more (as the ratings of condi-
tions C3, C4 and C5 differed significantly from those
of condition C1). Based on these results, a minimal
scaling factor ky of 0.7 would be more appropriate.
Hypothesis H2 can not be rejected, as none of the
two conditions with a gain larger than unity was rated
to be "too strong".

Based on the obtained results, hypothesis H3 is not
rejected, as it has been shown that the lateral specific
force can be scaled down further during the curve
entry (Fig. 7a), than during the remaining part of the
curve (Fig. 7b-c).

Discussion
In this paper, an experiment to study the time-varying
effect of lateral specific force scaling during curve dri-
ving was presented. Based on the ratings shown in
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Figure 6: Lateral specific force presented in each condition (top), and average ratings given for all conditions.
Shaded areas indicate the mean rating plus/minus one standard deviation.
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(c) Boxplot of average ratings for the curve exit.

Figure 7: Rating distributions for three curve seg-
ments. Stars indicate significant differences w.r.t.
condition C1.

Fig. 6, it was concluded that the lateral specific force
can be scaled down by 30% during the sustained part
of a curve, without subjects indicating a mismatch
between their visual and inertial motion. No signifi-
cant difference in perceived motion mismatch (PMM)
was found in case the lateral specific force was in-
creased by up to 27.5%. This may however be cau-
sed by the limited number of subjects. Also, it was
concluded that the lateral specific force can be sca-
led down further during the onset of a curve, as com-
pared to the remainder of the curve.
These conclusions are based on continuous ratings
given by subjects throughout their runs to indicate
their PMM. These ratings, though subjective, sho-
wed that all subjects consistently provide their maxi-
mum rating (of 100%) for the same condition (one of
the 14 conditions not discussed in this paper). While
this allowed for anchoring the ratings of different sub-
jects, this still implies that a rating increase from 40%
to 60% might not correspond to an equally large in-
crease in PMM. Analysis of the relative magnitude of
the ratings given by each subject is, however, due to
the repeated-measures setup of our experiment, still
valid. Due to the different use of the rating scale per
subject, the overall rating data were in general also

not normally distributed and hence analyzed using
non-parametric statistical tests.

It is noted that subjects in this experiment had a pas-
sive role, whereas in most simulation environments
subjects have an active task. This could mean that
in most simulation applications the values found for
the allowable up- and downscaling factors might be
even further away from 1.0, since participants may
notice motion mismatches less during an active task
[Nes12]. On the contrary, subjects may better notice
a motion mismatch during an active task since they
are better aware of what motion their input should re-
sult in. Further experiments could investigate which
of the two effects mentioned above is stronger.

The values for both the allowable up- and downsca-
ling factor are slightly higher than the factors found
by Correia Grácio et al. [CG13]. This indicates that
in our research, we have found a coherence zone
(the region of allowable scaling factors k for which
the inertial motion feels coherent with the visual mo-
tion) which is shifted upwards compared to the one
found by Correia Grácio et al. in their research. This
finding is attributed to the fact that, unlike in Correia
Grácio’s research, subjects were given the condition
with a unity gain as a reference in our experiment.
Additionally, the simulators used in both experiments
produced different types of motion, and may have dif-
fered in terms of motion quality (noise, delay, etc.).

The values found for the allowable up- and down-
scaling factors are valid for the lateral specific force
in a low-frequency and smooth curve driving sce-
nario. Separate research would be needed to com-
ment on suitable values for these factors in higher
frequency cornering motion, such as slalom driving,
or non-smooth driving conditions, for example when
driving over bumps. Also, further research would be
needed to determine the allowable scaling factors for
other motion channels (longitudinal and vertical spe-
cific force, as well as rotations).

The fact that the lateral specific force can be scaled
down further during the curve entry might be explai-
ned by the accompanying reduction in tilt coordina-
tion roll rate, as shown in Fig. 8. As can be seen the
tilt coordination roll rate for the unity gain condition C1
is around 2.5 deg/s. Even though this rate is below
the theoretical threshold value of 3 deg/s for passive
activities, some subjects still reported feeling the tilt.
In case the lateral specific force is scaled down sub-
jects will perceive the motion to be too weak, but will
also experience a lower roll rate. It is hypothesized
that these effects may, to some extent, cancel each
other, leading to similar subjective ratings during the
curve entry (see Fig. 6).

Besides this false roll rate, four factors can be dis-
tinguished which could have influenced this study’s
results. The first of these concerns the yaw rate ex-
perienced by subjects : although the lateral specific
force was simulated one-to-one, the yaw rate ωz was
not. Because the gain for ωz in the high-pass filter
was set to 0.3, it could be that subjects deemed a
scaled-down lateral specific force more realistic be-
cause it better matched to the smaller yaw rate onset.

Secondly, the three segments distinguished in each
curve (onset, sustained curve and exit) were not of
equal length, owing to the fact that the sustained part
of the curve had to be long enough to simulate all 21
different conditions in the full experiment. This diffe-
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Figure 8: Tilt coordination roll rates during the expe-
rimental conditions.

rence in segment length could have resulted in sub-
jects rating the onset, sustained part and exit diffe-
rently as they felt the length of the segment wasn’t
realistic, possibly resulting in the differences found
between segments.

In our analysis, not all recorded rating data were
used. We focused on three specific segments – curve
entry (2 − 6s after start of the curve), sustained curve
(9 − 15s), and curve exit (17 − 24s) – of data to as-
sess subjects’ ratings of each curve segment. The
choice of these segments was based on the late-
ral specific force profile and the observed delay in
subjects’ ratings and made such that there was no
overlap between segments. A different choice of time
segments, however, could have resulted in different
statistical differences being found. Shorter time seg-
ments could increase the probability of finding a sig-
nificant difference by chance, longer time segments
could hide more local effects (especially for the curve
entry and exit) if they include the time segment where
subjects still are/have returned to neutral ratings.

A final potential factor concerns the quality of the vi-
sual motion presented by the simulator. Because of
the CyberMotion Simulator’s cabin structure, the vi-
sual projection is done on a double curved screen
by two separate projectors. The limited focal length
of, and overlap between, these projectors could have
resulted in differences between the visual images a
subject saw during the experiment and would see in
reality, possibly influencing the ratings subjects gave.

Conclusion
In this paper the time-varying effect of lateral spe-
cific force scaling during a curve driving simula-
tion was investigated. Through a simulator experi-
ment it was shown that such a time-varying effect is
clearly present. Specifically, the lateral specific force
in curves can be scaled down further during the on-
set of a curve, than during the sustained part of the
curve and during the curve exit. Also, it was shown
that for low-frequency curve driving maneuvers the
lateral specific force can be scaled down by 30%, and
up by at least 30%. The results of this study can be
used to improve simulator performance in the future,
by scaling down motion where possible. Any part of
the simulator motion envelope that is saved using this
approach can then be used to simulate the inertial
motion more realistically.
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