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Abstract Humans perceive tilt when experiencing a sustained acceleration.
This tilt illusion is commonly referred to as the somatogravic illusion. Al-
though the physiological basis of the illusion seems to be well understood,
the dynamic behavior is still subject to discussion. In this study the dynamic
behavior of the illusion was modeled and the time constant was measured ex-
perimentally. Subjects were exposed to pure centripetal accelerations in the
lateral direction and were asked to indicate their tilt percept by means of a
joystick. Variable radius centrifugation during constant angular rotation was
used to generate three different motion profiles. Results showed that the time
constant of the somatogravic illusion is in the order of two seconds contradict-
ing the high time constant found in fixed radius centrifugation studies. The
model fit was not improved when using an otolith model sensitive to high fre-
quency accelerations. Apart from the fundamental importance, these results
also have practical consequences for the simulation of sustained accelerations
in motion simulators.
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1 Introduction

It has been shown that sustained linear accelerations can induce an illusion of
whole body tilt (Guedry, 1974; Mayne, 1974; Seidman, Telford, & Paige, 1998;
Clément, Moore, Raphan, & Cohen, 2001; Merfeld, Zupan, & Gifford, 2001;
Bos & Bles, 2002; Holly, Vrublevskis, & Carlson, 2008). This sensory illusion
has been commonly referred to as the somatogravic illusion, and originates
in the otolith organs of the inner ear because of its incapacity to distinguish
between linear acceleration due to self-motion and gravity. In aviation, this il-
lusion has caused fatal accidents. For example, during a catapult launch from
an aircraft carrier in poor visual conditions, fighter pilots may misperceive
the horizontal take-off acceleration as pitching upward. The tendency to com-
pensate for this pitch-up sensation has caused pilots to crash planes into the
ocean (Cohen, Crosbie, & Blackburn, 1973; Cohen, 1976, 1977). Researchers
have shown that the dynamic behavior of this pitch-up sensation may be ap-
proximated by a first order low pass filter (Mayne, 1974; Seidman et al., 1998;
Bos & Bles, 2002). Although the physiological basis of the somatogravic illu-
sion seems to be well understood, the main time constant of the illusion (i.e.
the time it takes for the tilt percept to reach 63.2% of its steady stable value)
is still subject of discussion (Holly et al., 2008).

Previous studies have been measuring the time constant of the somatogravic
illusion by using different methods to generate sustained linear accelerations
(Clark & Graybiel, 1966; Glasauer, 1995; de Graaf et al., 1996; Bos & Bles,
2002). Clark and Graybiel (1966) studied the somatogravic illusion in a human
centrifuge where the linear or centripetal acceleration is generated by eccen-
tric rotation of the subject. In these conditions, they found a time constant
of about 20 seconds. Other centrifuge studies on the somatogravic illusion re-
ported time constants of the same order of magnitude (Graybiel & Brown,
1951; Young & Meiry, 1968; Guedry, 1974). However, lower time constants
were found in studies where sinusoidal linear acceleration was generated on a
linear track rather than in a centrifuge (Glasauer, 1995; de Graaf et al., 1996).
Under such conditions, de Graaf et al. (1996) observed a time constant of
approximately 5 seconds. Based on data from fixed-radius centrifugation and
linear sled studies, Bos and Bles (2002) estimated a time constant between 1
and 2.8 seconds. The authors reasoned that the longer time constant observed
in centrifuge studies could be due to the angular acceleration of the centrifuge
causing stimulation of the semicircular canals. This angular acceleration is
required in centrifuges with a fixed-radius to reach supra-natural centripetal
accelerations. Indeed, based on theoretical arguments, the cross-coupling be-
tween semicircular canals and otolith organs in fixed-radius centrifugation was
shown to increase the time constant of the somatogravic illusion to the order
of tens of seconds (Bos & Bles, 2002), depending on the centrifuge angular
velocity.

In this study we investigated the time constant of the somatogravic illusion
in a centrifuge with variable radius. Using this centrifuge technique, subjects
are rotated on-centre up to a constant angular velocity. Due to the high-
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frequency dynamics of the semicircular canals the rotation sensation fades out
after tens of seconds of rotating at constant velocity (Guedry, 1974). Then,
the subject is translated along the radius to an eccentric position, while main-
taining constant angular velocity. This generates a centripetal acceleration in
the lateral direction without parasitical stimulation of the semicircular canals.
This centrifugation technique has been employed in two prior studies (Seidman
et al., 1998; Merfeld et al., 2001). Seidman et al. (1998) created a pitch-tilt
illusion by generating a centripetal acceleration in the naso-occipital axis. In
their study, the somatogravic illusion was modeled by a transfer function with
one pole and one zero in series with a first order low pass filter. It was found
that a time constant of 7 seconds for the low pass filter best described their
experimental data. Merfeld et al. (2001) compared the roll-tilt illusion induced
both by variable-radius and fixed-radius centrifugation. The sensation of tilt
changed more rapidly in the experimental conditions using variable-radius cen-
trifugation. However, they did not report any value for the time constant found
during the variable-radius centrifugation.

In the current paper we describe a variable-radius centrifuge experiment
using the Desdemona research simulator (Bles & Groen, 2009). The motion
profiles induced a clockwise roll-tilt illusiom from the perspective of the sub-
ject. To obtain the time constant from the experimental data, we fitted the
Mayne equation (Mayne, 1974; Bos & Bles, 2002), which describes the per-
ceived gravitational vector as a function of the semicircular canals and otolith
afferents. We hypothesized the main time constant of the somatogravic illu-
sion to be in the order of seconds; similar to what was found during the linear
sled studies of de Graaf et al. (1996) and later complemented by Bos and
Bles (2002).

2 Methods
2.1 Subjects

A total of six subjects (three male; mean age 25 years, SD=4)) participated in
this experiment. All subjects were paid a standard fee and gave their informed
consent after general instructions. The institutional FEthical Committee ap-
proved all experimental conditions in the study. Subjects were informed about
their rights according to the Declaration of Helsinki on ethical principles for
medical research involving human subjects. The subjects reported no history
of vestibular dysfunction.

2.2 Motion platform

The study was conducted at the Desdemona research simulator (Figure 1).
The simulator has six degrees-ol-freedom (DoF) that allow centrifuge-based
motion simulation (Bles & Groen, 2009). The simulator cabin is mounted in a
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three DoF gimbaled system that permits full rotations in pitch, yaw and roll.
The gimbaled system itself is mounted on an eight meter linear track, which is
capable of rotating around its central Earth-vertical yaw axis to produce plan-
etary motion. Using the gimbal system, the subjects’ naso-occipital axis was
perpendicular to the linear sled which generated centripetal acceleration along
the subjects’ lateral axis. This induced a sensation of lateral self-tilt (roll). To
generate the motion profiles, the central yaw axis rotated to a constant an-
gular velocity. To generate the centripetal acceleration, the cabin moved from
the center of the linear track to an off-center position. This movement created
three different motion profiles.

Fig. 1 Desdemona research simulator.

2.3 Motion profiles

All motion profiles used in this study had a theoretical centripetal accelera-
tion of 4.1 m/s? in the lateral direction causing a (roll) tilt of 22.5 degrees of
the specific force away from the gravity vector. To generate such profiles, the
centrifuge rotated at a constant angular velocity of 80 deg/s. An acceleration
of 5 deg/s? was initially used to reach this constant angular velocity. During
the 5 deg/s? angular acceleration the centripetal acceleration was zero because
the simulator cabin was at the center of rotation. The centripetal acceleration
was generated only after the subject reported no perception of yaw-rotation
anymore, which generally happened well within 60 seconds. To generate the
centripetal acceleration, a raised-cosine velocity profile moved the simulator
cabin 2.15 m outward. This motion profile guaranteed a smooth movement of
the simulator actuator over the radius. Equation (1) describes the cabin move-
ment along the centrifuge arm, where d is the final distance of the simulator
cabin along the centrifuge arm, tgq,: is the time at which the simulator cabin
starts to move, and f is the frequency, in Hz, of the raised-cosine leading
up to the steady-state acceleration. Using four different frequencies for f,. we
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generated four different motion profiles. The frequency values were 0.05, 0.1,
and 0.2 Hz.

0 ’ L <lstart
sin (27Tfr(t — tstart)) 1
R(t) - _dfr (t - tstart) o 27Tfr ’ tstart ST < tstart + ﬁ
1
—d ’ tstart + E S i

(1)

The generated centripetal acceleration is given by Equation (2), where a,

is the centripetal acceleration, w is the angular velocity of the centrifuge arm
and R is the distance, as given by Equation (1).

ac(t) = w?R(t) (2)

Apart from the lateral centripetal acceleration and gravity, a Coriolis ac-
celeration is at issue, acting on the naso-occipital axis of the subject. Together
all linear accelerations compose the gravito-inertial acceleration, or specific
force. Equation (3) shows the specific force (f), where f, is the specific force
acting on the subjects naso-occipital axis, f, is the specific force acting on the
subjects lateral axis, f, is the specific force acting on the subjects’ vertical axis
and g is the magnitude of the gravitational acceleration (9.81 m/s?). Figure 2
shows the time histories of the specific force components for the three different
motion profiles.

fo=—2wR
=47 =Rtk 3)
fz =g

2.4 Joystick

For measuring the roll-tilt illusion we used a custom-made rod which is not
affected by any linear acceleration (i.e, gravity neutral) due to its symmetrical
design. A schematic of the joystick is shown in Figure 3. This joystick was fixed
to the subject’s seat. Subjects were asked to indicate their perceived roll-tilt
by rotating the rod in the same direction as their perception. Therefore, for a
roll-tilt to the right, subjects had to move the rod also to the right. Joystick
rotation was physically limited to rightward rotations from upright onwards.
A button next to the gravity neutral rod allowed subjects to indicate when
they were ready to proceed to the next experimental trial.
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Fig. 2 Specific force components acting on the subjects for the four different motion profiles.
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Fig. 3 Schematic of the joystick used to measure the roll-tilt illusion. The rod had a diam-
eter of 1.5 cm and a length of 13.5 cm. Both the rod and the knob were operated using the
right hand.

2.5 Experimental design

Although the experiment consisted of two additional conditions including vi-
sion, in this paper we only describe the experimental conditions without a
visual stimulus. Each subject was measured seven times for each of the three
different motion profiles. This leads to a total of 21 experimental trials for each
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of the six subjects. The order in which subjects performed the experimental
conditions and its repetitions was randomized.

2.6 Procedure and subjects’ instructions

Subjects were seated in the simulator cabin and secured by a five-point safety
belt. Subjects were instructed not to move their head during the experiment.
A headrest provided head support. These measures were intended to minimize
coriolis and keep their head aligned with the Earth vertical. Subjects wore
a headset on which white noise was presented to mask actuator sound. The
headset also allowed for communication between the subject and the exper-
imenter. All experimental trials were performed with eyes closed in a dark
cabin. The experimental trials started by rotating the centrifuge arm until
a constant angular velocity was reached. During this rotation the simulator
cabin remained in the center of the centrifuge arm. Subjects communicated to
the experimenter when the perception of yaw rotation had disappeared. With
an additional delay of six seconds, subjects then initiated the lateral motion
by pressing the knob next to the joystick. The start of the cabin movement
was signaled to subjects by a 1.5 seconds sound cue via the headset. While
the cabin was moving outward, subjects constantly indicated their subjective
roll-tilt perception by keeping the rod aligned with the perceived roll angle.
Subjects communicated to the experimenter when a steady tilt illusion was
obtained. After a verbal signal from the experimenter, subjects pressed the
knob again and the cabin returned to the center position. When the simulator
cabin was back at the center position, 6 seconds passed before automatically
proceeding to the next experimental trial. This procedure was repeated until
all the 21 experimental trials where completed.

2.7 Data analysis
2.7.1 The Mayne equation

The input of the otoliths is the three-dimensional specific force ( f), as defined
in Equation 4 where @ is the acceleration vector due to motion and § is the
acceleration vector due to gravity.

f=ad+g (4)

From Equation (4) it follows that the otoliths alone cannot discriminate
between accelerations due to self-motion and accelerations due to gravity. How-
ever, the Central Nervous System (CNS) seems to be able to estimate both
components (Mayne, 1974; Bos & Bles, 2002), otherwise humans would per-
ceive acceleration due to gravity as linear movement which induce a constant
percept of moving upwards. Mathematical models have been proposed to ex-
plain how the CNS may distinguish between the two different accelerations.
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An elegant and simple model was proposed by Mayne (1974). Although the
original equations were described for two dimensions, Bos and Bles (2002)
turned these to one 3D coupled equation. This equation is described by Equa-
tion (5), where f,, is the specific force signal given by the otolith afferents,
wsce 18 the angular velocity signal given by the semicircular-canal afferents, 7
is the time constant of low-pass filter operating on the otolith afferents, and g
is the estimation of the acceleration due to gravity as taken by the CNS.

dg 1

dt T

Equation (5) takes the combined outputs from the otolith organs and
semicircular canals to produce an estimate of acceleration due to gravity (g)
and the estimation of acceleration due to motion(é = f,, — §). Bos and
Bles (2002) showed that the Mayne equation could predict a large number of
motion/orientation illusions, in particular the somatogravic illusion.

Since our method of inducing the somatogravic illusion did not involve
stimulation of the semicircular canals, Equation (5) can be simplified into
Equation (6). Equation (6) is equivalent to a first order low-pass filter with a
time constant equal to 7.

(foto . g) — Wsee X @ (5)

g 1 1
Z_?:;(fotofg)@gszoto (6)
We tested two different otolyth functions in this study; one is commonly
used in literature (Merfeld, Young, Oman, & Shelhamer, 1993; Bos & Bles,
2002) and is defined by a unit gain whereas the other has dynamics as de-
scribed by Hosman (1996). Therefore, we calculated the time constant of the
somatogravic illusion based on Equation (7) and (8), where Equation (7) uses
the unit gain otolith model and Equation (8) uses the otolith model described
by Hosman (1996).

foto b f =
i) = s (7
T8+ 1
(s+1)
Joto = G5 ¥ D005 T 1)’
B (s+1) ®)
g(s) = /

(rs+ 1)(0.55 + 1)(0.016s + 1)

In terms of model fit, the otolith model described by Hosman should have a
better fit since the extra dynamics could allow the fitting algorithm to predict
any high frequency dynamics shown in the measured signal. However, these
extra dynamics given by the otolith model were fixed to values suggested by
the literature and could not be adjusted by the fitting procedure. Therefore,
the fitting procedure used the same number of parameters for both models.
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2.7.2 Processing of joystick data

The joystick raw data was sampled at 25 Hz. A second order low-pass filter
with a cut-off frequency of 4 Hz was used to filter the joystick-sampled data.
The filter 4 Hz cut-off frequency was well above the important frequencies
of the motion profiles. We used a zero-phase forward and reverse digital fil-
tering technique to ensure no phase distortion of the filtered responses. The
data of each run was trimmed between the button press to start the cabin
movement and the button press that brought the cabin back to the centre of
the simulator’s planetary arm. Therefore, the higher frequency conditions had
fewer data points, due to a faster movement in time, than the lower frequency
conditions. The predicted response of Equations (7) and (8) are in gravity
components and therefore, not comparable with the roll angle measured by
the joystick. Thus, Equation (9) transforms the gravity components to the roll
angle predicted to be perceived by humans. In Equation (9), g, and g, are
the estimated acceleration due to gravity in the lateral and vertical direction,
respectively; and K is the perceived magnitude.

¢ = tan~1 (‘(z—y> K (9)
z

A least squares minimization procedure was used to estimate the two pa-
rameters of interest, the time constant and the perceived magnitude. The
algorithm calculates the value of the parameters that yield the smallest error
between the predicted response and the measured data. A fit was obtained
for all experimental trials, which led to a total of 21 model fits. For each fit
we used the Variance Accounted For (VAF) to evaluate the quality of the fit.
The VAF is given by Equation (10), where u is the recorded data and um,
is the model data. A VAF of 100 % means that the measured data and the
data generated by the mathematical model are equal. A Repeated Measures
ANOVA was used to test if the parameters differed for the different levels of
the independent variable.

VAF = (1 - g%ﬁ) (10)

3 Results

Figure 4 shows the mean joystick responses and their standard deviation, com-
bined over six subjects. Each panel represents one of the three different motion
frequencies. The roll response for each subject was obtained by averaging over
the seven repetitions. Figure 4 also shows the true roll tilt of the specific force
in relation to the subjects’ spinal axis. The graphs show that the perceived tilt
lags in relation to the true tilt of the specific force vector. After a few seconds
the roll response reaches its steady state value, close to the true tilt.
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Fig. 4 Mean joystick response between the six subjects for the three different motion pro-
files. The shaded area represents the standard deviation.

Figure 5 shows that the overall VAF values for the fits were high (above
99%), meaning that both models were able to accurately describe the measured
data. There were no significant differences between the VAFs obtained for the
two models. The different frequencies also had no effect on the VAF. The mean
VAF was 99.54%.

Figure 5 also shows the mean of the estimated parameters (gain and time
constant) across subjects for the two tested otolith models. The results show
that the obtained time constants for both models are in the order of seconds.
An ANCOVA showed a main effect both of the frequency (F=16.29, p=0.000)
and otolith model (F=15.93, p=0.000) on the time constant value. The average
values for the unit gain otolith model were 2.04, 1.75, and 1.30 seconds for the
0.05, 0.1, and 0.2 Hz frequencies, respectively. For the model with otolith
dynamics, the average time constants were 2.60, 2.36, and 1.90 seconds for the
conditions with 0.05, 0.1, and 0.2 Hz, respectively.

The ANCOVA showed no effects of the otolith model and frequency on
the perceived amplitude gain. Figure 5(c) shows that the amplitude gain was
around one for all conditions.
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intervals. The dashed line in the amplitude gain and offset parameter plots represents the
value that the Mayne equation has in the literature for these parameters. The mean VAFs
and their SEMs also shown in this figure.

4 Discussion

In this study we investigated the time constant of the somatogravic illusion
without being confounded by semicircular canal stimulation. This was achieved
by pre-rotating the cabin on the centrifuge axis to constant angular velocity,
and subsequently moving the cabin to an excentric position. We found a time
constant on the order of seconds, rather than tens of seconds, as often found
in studies using fixed-radius centrifugation (e.g., (Graybiel & Brown, 1951;
Clark & Graybiel, 1966; Young & Meiry, 1968; Guedry, 1974)). Therefore, our
results support the hypothesis that the angular acceleration inherent to fixed-
radius centrifugation may interfere with the pure otolith-induced somatogravic
illusion, as suggested in other studies (Seidman et al., 1998; Merfeld et al.,
2001; Bos & Bles, 2002). Bos and Bles (2002) showed this theoretically using
Equation (5).
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The estimated time constant of the somatogravic illusion in this experiment
was around 2 seconds, comparable to the values found by Bos and Bles (Bos
& Bles, 2002). In their study they found a time constant for Equation (5) that
ranged between 1 and 2.8 seconds. This time constant was measured from
experimental conditions where the motion profiles were generated by a linear
sled, guaranteeing that angular motion was not present. Despite the different
motion profiles between the two studies, the value of the time constant is very
similar. Bos and Bles (2002) also used the Mayne equation to estimate the
time constant values. Seidman et al. (1998) measured a slightly higher time
constant. They found a time constant of 7 seconds for motion profiles generated
using variable-radius centrifugation. However, this 7 seconds time constant
chosen for the low pass filter in their tilt-illusion model could have been affected
by a transfer function that preceded the low pass filter. This transfer function
was added in their model for adaptation purposes. We showed that extra linear
dynamics, like the otolith transfer function, could increase the time constant
of the low pass filter. Differences between their motion profile and the one
used in this study may alternatively explain the different values found for
the time constant. The motion profiles differed in direction, amplitude and
frequency. The human ability to detect linear motion was found to depend on
the direction of motion (Zaichik, Rodchenko, Rufov, Yashin, & White, 1999,
Heerspink et al., 2005), therefore it is reasonable to consider an effect of the
degree of freedom on the time constant of the somatogravic illusion.

4.1 The Mayne equation

The main time constant of the somatogravic illusion was obtained by fitting
the Mayne equation (Mayne, 1974; Bos & Bles, 2002) to the measured exper-
imental data. We considered two different otolith dynamics when fitting the
data: the simplified unit gain dynamics used in some studies (Merfeld et al.,
1993; Bos & Bles, 2002) and the dynamic model fitted by Hosman (Hosman,
1996). For the three different measured frequencies, the mean VAF of the fit-
ted Mayne equations were above 99%. This means that the used models were
able to predict on average more than 99% of the subjects responses.

When considering the otolith physiology, it is reasonable to consider an
otolith model with dynamics (Hosman, 1996). In this study, the VAF results
showed that the extra dynamics introduced in the otolith model did not im-
prove the fit. These extra dynamics are used to model high-frequency behavior
found in humans and animals (Fernandez & Goldberg, 1976; Benson, Spencer,
& Stott, 1986; Hosman, 1996; Grant & Haycock, 2008; Soyka, Robuffo Gior-
dano, Beykirch, & Biilthoff, 2011). However, the motion profiles used in this
study had mainly low-frequency content since they were sustained accelera-
tions, which might explain why the extra dynamics did not improve the model
fit. The obtained time constants are about 0.6 seconds lower for the unit gain
model. This results was influenced by the fitting procedure. Although the ob-
tained time constants are different, the properties of Equations (7) and (8) in
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the frequency domain are very similar in the vicinity of the motion profiles
frequencies (0 to 0.2 Hz). The model of Equation (8) needs time constants 0.6
seconds higher to compensate for the increased gain introduced by the extra
dynamics.

The results, however, show that the used models are not yet able to com-
pletely describe the somatogravic illusion. This is due to the frequency de-
pendency of the time constant. The time constant of the model decreased
when the frequency of the motion profile increased. This model would be able
to describe the roll-tilt illusion if the time constant would be the same for
the different tested frequencies. However, it seems that the time constant is
updated for motion profiles with higher frequency content. Therefore, it is nec-
essary to include a mechanism to deal with the update of the time-constant
value. The data used in this study is not enough to estimate this mechanism
since only six subjects participated in the study, the amplitude was fixed for
all motion profiles, and the tested frequencies were low. The frequency range
should be more than one decade to better understand the model structure in
the frequency domain. In the authors’ opinion, a solution to deal with this fre-
quency dependency might be achieved by assuming an internal model, similar
to what was done in previous studies (Merfeld et al., 1993; Bos & Bles, 2002).

4.2 Practical consequences

The modeling of the somatogravic illusion is crucial for the simulation field
where linear accelerations have to be scaled down and are of limited duration
due to the physical limitations of motion simulators. Currently, techniques
like tilt coordination (Reid & Nahon, 1985) use the gravity vector to simulate
the total specific force vector. In this technique, researchers tilt the simulation
cabin to match the direction of the gravity vector with the direction of the total
specific force vector. A rate limiter is used to ensure that the cabin rotations
are not perceived by the pilot. However, this rate limiter may create delays
perceived by the pilot, which may compromise the simulation realism. Instead
of trying to create an unperceived rotation, the technique we propose assumes
that humans perceive tilt when subject to linear acceleration and tries to use
that knowledge to induce the same tilt perception by tilting the simulator
platform without the use of any rate limiter. Therefore, improvements in this
self-motion perception model, like including an internal model to deal with
the frequency dependency, would directly lead to improvements in motion
simulation.

5 Conclusion

In this study we used variable-radius centrifugation to study the time constant
of the somatogravic illusion. Our results showed that this time constant is in
the order of two seconds for lateral accelerations. This result seems congruent
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with other studies where linear acceleration was isolated from angular motion
by means of a sinusoidal motion profile.

Although the Mayne equation accurately fitted the measured data, it can-
not explain the frequency dependency of the time constant. Introducing high-
frequency dynamics in the model did not improve the model fit neither ex-
plained the frequency dependency. Therefore, this model needs to be aug-
mented with a mechanism to deal with the frequency dependency of the time
constant. Implementing an internal model in the Mayne equation could be a
solution to deal with the frequency dependency.

In addition to confirming that the time constant of the somatogravic illu-
sion is in the order of seconds, this study showed that this time constant is
dependent of the motion profile frequency content. This study improved not
only the fundamental knowledge regarding the somatogravic illusion, but also
suggested improvements to the self-motion perception models which ultimately
will improve applications using these models, like motion cueing research.
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