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Abstract. Artificial gravity by centrifugation can lead to perceptual disturbances in the form of motion sickness and/or misperception of motion during head movements, but the degree of perceptual disturbance during centrifugation in 0-g has not been
thoroughly investigated. It is known that during whole-body on-axis yaw rotation in 0-g, head movements in pitch and roll cause
very little disturbance, despite significant disturbance in 1-g. Therefore, 1-g experimental results do not apply directly to 0-g
without further analysis.
A modeling approach was used here to predict disorienting effects in 0-g and 1-g environments, with different rotation speeds,
centrifuge radii, and directions of head movement. The results were based upon investigation of the stimulus itself, in the form
of angular and linear accelerations, and their consequences due to linear-angular interactions in three dimensions.
The results explain known differences in 0-g and 1-g, for head turns toward and away from the direction of motion, and for head
movements on- and off-axis. Additional predictions include an increase in perceptual disturbance with the magnitude of the
gravito-inertial acceleration (GIA), therefore an increase off-axis, but a decrease in 0-g. Also predicted is that head-movement
direction makes a difference, with rotation outward relative to the centrifuge axis causing the least disturbance.
Keywords: Model, self-motion, perception, vestibular

1. Introduction
In a 0-g environment, centrifugation can provide artificial gravity as a possible countermeasure to the adverse effects of weightlessness. However, head turns
during centrifugation are considered likely to cause perceptual disturbances in the forms of motion sickness
and/or illusory motions. These undesirable side effects
have been studied mostly in a 1-g environment, for obvious practical reasons. Therefore, it is necessary to
extrapolate 1-g results to the 0-g environment. It is also
beneficial to consider the effects of rotation speed and
radius, with special focus on a 0-g environment.
Careful prediction for 0-g is particularly important
because the offending motion – head movement about
an axis not parallel to the axis of whole-body rotation –
has been found to cause surprisingly little motion sickness in a 0-g environment when the rotation is essen-

tially on-axis [11,12,28]. By this result alone, motion
sickness in artificial gravity would not be predicted.
However, centrifugation introduces a confounding factor, a linear centripetal acceleration. Because linearangular interaction is important in the perception of
motion, this linear vector is a crucial component for
reliable prediction of perceptual disturbances in 0-g.
Historically, only the angular vectors were analyzed
in order to understand illusory motion upon head movements during rotation. The classic explanation of this
“vestibular coriolis” or “cross-coupling” effect in the
absence of vision involves consideration of the stimulus
to the semicircular canals; of course, the effect arises
from the laws of physics, and is the same regardless of
the mechanism of acceleration detection. In particular,
if an object such as a head is rotating, then upon tilt or
turn about a second axis, an angular acceleration arises
about yet a third axis. The direction of this third axis is
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given by the right-hand rule as the cross product of the
first rotation vector with the second rotation vector. For
example, an upright subject rotating counterclockwise
(axis upward) who tilts the head rightward (axis forward) will experience a pitch-forward angular acceleration stimulus (axis leftward). (The classic vestibular
explanation shows that the vertical canals are thus stimulated.) Indeed, experimental work shows that upon
head movements while rotating, subjects typically experience perceptual disturbances in the form of illusory
motion and/or motion sickness [13,15,29]. The magnitude of the angular acceleration is the magnitude of the
cross product, so greater rotation speeds or faster head
movements cause greater accelerations. As expected,
greater rotation speeds have also been found to cause
greater perceptual disturbances [25,26].
The classic angular-vector explanation fails, however, to explain more sophisticated experimental results.
Among those results are the findings that an accelerating on-axis rotation leads to a smaller effect [15], a decelerating on-axis rotation leads to a greater effect [15],
a 0-g environment leads to very little effect [11,12,
28], clockwise and counterclockwise head turns lead
to different magnitudes of effect [18], and pitch-down
head movements are less provocative off-axis, while
pitch-up head movements are more provocative offaxis [39]. Clearly, the laws of physics governing these
motions do not consist solely of the angular vectors;
linear vectors also play an important role. For example, the accelerating- and decelerating-rotation results
have been analyzed in terms of a conflict between the
linear gravity vector and the final angular acceleration
vector, which is least aligned with the gravity vector if
the rotation is decelerating [15]. This explanation was
also tested by modeling the entire three-dimensional
consequences of the linear-angular interactions [24],
showing that a decelerating rotation leads to the greatest head-movement-inducedsensory conflict arising directly from the physics of the motion.
Whereas simpler vestibular stimuli have traditionally been analyzed by hand, these more complex stimuli
require three-dimensional computer analyses that include all three degrees of freedom of both linear and
angular accelerations, as well as all linear-angular interactions in three dimensions. Through such computer simulations, a surprising number of experimental
results can be explained by the physics of the stimulus alone. For example, computer modeling has revealed an asymmetry between the physics of clockwise
versus counterclockwise head movements during rotation [23], an asymmetry reported experimentally in hu-

man perception [18]. More precisely, during clockwise
centrifuge rotation, supine subjects with head toward
center reported greater illusory motion during counterclockwise, i.e. leftward, head yaw than during clockwise head yaw. At first glance, the physics of the two
movements would seem symmetric because the angular vectors are symmetric. However, computer simulation [23] has shown that during clockwise centrifuge
rotation, counterclockwise head yaw gives a greater effect than does clockwise head yaw due to the pattern of
linear-angular interaction between the directions of the
pitch angular acceleration and the gravito-inertial acceleration (GIA, i.e. sum of the linear acceleration and
an earth-upward acceleration vector associated with reactionary forces due to the presence of gravity). One
consequence of the modeling is the realization that
when rotating off-axis, previously-thought symmetric
head movements are in fact asymmetric; direction of
head movement is a relevant variable.
Additional experimental results have also been explained through three-dimensional modeling of the
physics consequences of the stimulus. In a centrifuge
with fixed carriage, the quicker change in perceived
tilt during deceleration than during acceleration [6,
10] can be explained by the three-dimensional consequences of the accelerations themselves [21]. In a centrifuge with carriage that tilts with the GIA, the greater
pitch sensation during deceleration than during acceleration [16] can be similarly explained by a model of
the physics [22]. The experimental finding that rotation speed is a greater factor in perceptual disturbances
than is tilt-arm length when tilting away from the axis
of rotation [25,26] can also be explained by the threedimensional physics of the stimulus [24].
For coriolis cross-coupling conditions, a quantitative
measure of potential perceptual disturbance is the magnitude of the illusory motion predicted by the physics of
the stimulus. Not surprisingly, this magnitude has been
found to correlate with experimental findings of perceptual disturbances. Important are both the angular component, measured precisely by the Twist Factor, and
the linear component, termed the Stretch Factor. These
factors represent the magnitude of predicted illusory
angular and linear motion, respectively, and can be interpreted as the magnitude of vestibular-proprioceptive
conflict. The precise method of computation of the
Twist and Stretch Factors is given in the Methods section below.
The inclusion of all linear-angular interaction has
made it possible to distinguish between different conditions that have the same rotation speed, and to in-

J.E. Holly / Effect of radius versus rotation speed in artificial gravity

335

Fig. 1. Stretch Factor arising from head movements under different conditions [23]. All four conditions had 126.9◦ /s whole-body rotation with a
90◦ head movement in 1 s orthogonal to the axis of rotation, causing angular cross-coupling. Two gravitational environments were tested: 1-g and
0-g. For each gravitational environment, on-axis rotation was tested with the head movement about a horizontal axis, and 1-m radius centrifuge
rotation was tested with the subject considered supine, head toward center, with a yaw head movement. The Stretch Factor was reported at the
3 s point, meaning that the calculation included 1 s of head movement plus 2 s subsequent to the movement, based upon modeling of the physics
of the motion. In the 1-g centrifuge condition, different results arose depending upon whether the head movement was toward or away from the
direction of motion (Fig. 2). The Stretch Factor is discussed in the text, and is defined formally in the Methods section.

vestigate the effects of including or excluding gravity.
In conditions with the same rotation speed, the Stretch
Factor distinguishes conditions by measuring the different linear magnitudes of illusory motion, thereby
providing a prediction of the magnitude of perceptual
disturbance. Figure 1 shows the Stretch Factor in certain coriolis cross-coupling conditions, including that
of a centrifuge in 0-g. Predicted, based upon the strong
connection between the Stretch Factor and known experimental results, is that perceptual disturbances in a
centrifuge in 0-g will be weaker than in 1-g, but will be
stronger than those on-axis in 0-g [23].
The significance of the linear vector raises a number of questions. How can the results of experimental
research in 1-g be extrapolated to a 0-g environment?
What effect does the radius – or, more relevantly, the
magnitude of centripetal acceleration – have on the
consequences of the stimulus? Does the answer differ between a 1-g environment and a 0-g environment

where the orthogonally-directed linear gravity vector is
missing? If linear acceleration is a factor, then which
is a better predictor of consequences when comparing
across all conditions: the centripetal acceleration or the
total GIA?
The present paper investigates the effects of centrifuge radius and rotation speed on the acceleration
stimulus and its consequences, due to physics, during
head movements in both 1-g and 0-g environments.
The focus is on short time frames, before perceptual
effects such as decay of perceived velocities are significant. Therefore, the primary computations model the
pure physics of the stimulus without such decay; additional computations that use perception-related time
constants of decay are mentioned in the Discussion.
Because the direction of head movement matters, different body orientations and head-movement directions
were tested. Further verification of the model was done
by comparison with known experimental results [39]
in 1-g for pitch head movements on- versus off-axis.
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Fig. 2. Illustration of “away”, “toward”, “in”, and “out” head movements.

2. Methods
2.1. Motions
Head movements in a rotating centrifuge were considered under a variety of conditions. All conditions
used a 60◦ head movement with sinusoidal angular velocity profile lasting 1 s, about an axis through the head.
Varied were the following.
(1) Gravitational environment and head-movement
direction (Fig. 2) (six conditions): 1-g toward, 1-g
away, 1-g in, 1-g out, 0-g toward/away, 0-g in/out.
The two different gravitational environments were
implemented by the presence of a constant gravity vector in 1-g, and the absence of that vector in 0-g. Head
movement directions (Fig. 2) were toward and away
from the direction of motion, and in and out from the
centrifuge axis. Although Fig. 2 displays a supine subject making yaw head turns, a subject could be oriented otherwise, making pitch or roll head turns about
the toward/away or in/out axes. However, because the
focus of the present research was to identify differences caused specifically by the physics of the stimulus, the results are most meaningful when comparing
like movements, yaw to yaw, or pitch to pitch, etc., so
the same type of head movement is considered to take
place about both axes. Also notable is that in 0-g, the
absence of a vertical direction extinguishes the difference between “toward” and “away” and between “in”
and “out”, so there are just two 0-g conditions of head
movement, “toward/away” and “in/out”.
(2) Centrifuge rotation speed (five conditions):
30◦ /s, 60◦ /s, 90◦ /s, 120◦ /s, 150◦/s.
(3) Centripetal acceleration (eleven conditions):
0.0 g, 0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g, 0.6 g, 0.7 g, 0.8 g,
0.9 g, 1.0 g.
Centripetal acceleration was chosen, in place of radius, as an independent variable because the two are
directly related when rotation speed is fixed, and acceleration is the stimulus to the sensors. The radius for
each run was adjusted in accordance with the rotation

speed in order to achieve the required centripetal acceleration. At the highest rotation speed of 150 ◦ /s the
radii ranged from 0.0 m to 1.4 m, and at the lowest rotation speed the radii ranged from 0.0 m to 35.8 m. The
head and body location were considered to be such that
the approximate center of linear acceleration detection
was located at the given radius; this detection of linear
acceleration can arise from a combination of vestibular
and extra-vestibular graviceptors [34].
2.2. Computational implementation
To investigate the consequences of the stimulus
in each condition, the full three-dimensional laws of
physics were implemented, including all linear-angular
interactions. Because there is necessarily a one-to-one
relationship between motions and their patterns of linear and angular accelerations, when given a set of initial conditions, it was possible to uniquely compute
the motion that would be associated with the stimulus
for each head movement. (This focus on physics contrasts with that of perceptual models that mix external
physics with physiological properties. However, both
the present approach and those of many models, e.g. [4,
9,30,40], keep track of computations in a manner sometimes termed an “internal model.”) The initial conditions used were those of a typical subject’s perception
preceding the head movement. In particular, to match
the subjective experience, the simulations began with
a “perception” of orientation in which the GIA was
vertical. In other words, taken into account before the
head movement were known properties of perception:
the tendency to feel tilted according to the GIA and
the tendency to feel stationary despite the continuing
constant-velocity rotation. These properties apply to
long-term stimuli such as during the constant-velocity
portion of the centrifuge run, and can therefore be used
to set the perceptual conditions before the shorter-timeframe head movement.
The physics equations follow, but the general idea
can be illustrated by examples. One classic example
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is that of deceleration from clockwise on-axis rotation
without vision: During constant-velocity rotation there
is a perception of stationarity. Upon deceleration, a
counterclockwise acceleration is imposed on the subject. By the laws of physics, the motion associated
with stationarity followed by counterclockwise acceleration is counterclockwise rotation. Therefore, counterclockwise rotation would be reported by the model. In fact, this is also what human subjects report
(reviewed in [14]). Another example involves a centrifuge in which the carriage tilts with the roll tilt of
the GIA: During constant-velocity centrifuge rotation,
seated subjects facing the direction of motion feel upright because the GIA is oriented vertically through the
body. Upon centrifuge deceleration, an approximately
pitch-forward angular acceleration is imposed on subjects, while the GIA, which has magnitude greater than
1-g, remains body-vertical. By the laws of physics,
the motion associated with this pattern of accelerations
would be a forward pitch motion with ascent from the
earth [22]. Therefore, this pitch motion with ascent
would be reported by the model. In fact, this motion is
what subjects experience at the beginning of the deceleration [16].
It is worth noting that the physics analysis is most
applicable to stimuli over short time frames, before the
well-known physiological time constants have a significant effect. For investigation over longer time frames,
many models include both the underlying physics and
time constants, as noted in the Discussion. Although
the current model allows for the use of these time constants, the present focus is on the short-term effects of
the stimulus itself, so the bulk of the simulations were
performed with the unadulterated laws of physics. The
physics analysis gives the immediate consequences of
the stimulus itself.
The model of the laws of physics used headcoincident coordinates in which velocities and accelerations were given in a coordinate system coincident
with the head but temporarily fixed relative to the earth
or other surrounding reference so that non-zero velocities could be specified [20]. This method was designed to match the subject-based experience in which
the sensors move with the subject. The standard head
coordinate axes were used [19], with x noseward, y
leftward, and z head-upward. The transformation from
head-coincident coordinates to earth-fixed (or other reference) coordinates was given by the 3-by-3 matrix S






with rows h i E , h j E , and h k E , representing the earth’s







i , j , and k vectors (in the x, y, and z directions) in
head-fixed coordinates. The equations were
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dh i E

= h i E × hω
dt



dh j E

= h j E × hω
dt



dh k E

= h k E × hω
dt


dr

= Ev
dt
dh ω h 
= α
dt



dE v

= ShA − E g
dt


with pre-superscripts indicating head-coincident (h) or
   



earth-fixed (E) coordinates, and ω, r , v , α, and A being angular velocity, linear position, linear velocity, an
gular acceleration, and GIA, respectively, and g being
the earth-upward vector due to the presence of gravi
ty. For the zero-g runs, the magnitude of g was taken
to be that of the centripetal acceleration because subjects were considered to use the GIA during constant
velocity as the indicator of vertical.
Of the variables, the inputs to the model were the


accelerations, h α and h A. All other variables had their
values computed by the model over time, beginning
with initial values as described previously. The output
of each run was three-dimensional motion information
in the form of the above variables, including position,
velocity, angular velocity, and orientation including not
only vertical but also compass direction.
In addition, three-dimensional graphical output was
implemented based upon the ongoing position and orientation information. The graphical output displayed
the motions that were associated with the patterns of
accelerations imposed upon the subject. These motions could be interpreted as the motions perceived by
a perfect processor of acceleration information, given
the initial perception of non-rotation.
The computational software and the three-dimensional graphics software were developed in Matlab
(The MathWorks, Inc., Natick, Massachusetts, USA).
The simulations were performed in Matlab on a Macintosh computer with dual PowerPC processor. All simulations were also tested with veridical initial conditions
in order to confirm the reliability of the software.
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2.3. Measures
To compare the magnitudes of the consequences of
the stimuli from different head movements, two numerical measures were used, the Twist Factor and the
Stretch Factor. These have units of angle and distance, respectively, and are “factors” in the sense of
being factors likely to contribute to perceptual disturbance. For head movements in a centrifuge, both factors are based upon a comparison between the actual
head movement (with accelerations that are “expected”
to be sensed) relative to the body, and the computed
motion above (which matches the accelerations that are
actually sensed, and is therefore the head motion indicated by the acceleration stimulus). These two motions
are different because the head movement takes place
in an acceleration/orientiation environment that is not
veridically perceived by the subject just prior to the
head movement.
The Twist Factor is the accumulated angle through
which the computed stimulus-associated motion proceeds differently from the actual head movement relative to the body. To calculate the Twist Factor for a
computed motion, first calculated was a time series of
three-dimensional orientations of the computed motion
relative to the actual head orientation (relative to the
body). Then calculated was the magnitude of the angle
through which this orientation rotated in 3-D from one
time step to the next; time steps of 0.1 s were used
here. The Twist Factor at any given time is the sum
of these “unexpected” rotation angles up to that time.
In other words, the Twist Factor is essentially the total
unexpected angular stimulus.
The Stretch Factor is the accumulated distance that
the computed stimulus-associated motion proceeds differently from the actual head movement relative to the
body. Because the head movements studied here involved no linear motion relative to the body, the Stretch
Factor was the length of the path followed by the computed motion. The Stretch Factor was also computed
by integrating with a time step of 0.1 s. In summary, the
Stretch Factor is essentially the total unexpected linear
stimulus.
Both the Twist Factor and the Stretch Factor have
other, equivalent, interpretations. They give the magnitude of the illusory portion of the motion associated with the stimulus. They also give a measure of
vestibular-proprioceptive conflict, as elaborated upon
in the Discussion.
Technically, the Twist and Stretch Factors are nondecreasing functions of time, because they are cumula-

tive measures of how the computed stimulus-associated
motion proceeds differently from the actual head movement relative to the body. Here, the focus was on short
time frames, for which the physics of the stimulus itself
is most meaningful. Therefore, for the present purposes the Twist and Stretch Factors were calculated and
reported at the 2 s point, the result of integration over
the 1 s head movement plus 1 s following the head
movement.
3. Results
3.1. Three-dimensional displays
Three-dimensional displays showed the consequences of the linear-angular interactions for each condition. Figure 3 illustrates a representative set of threedimensional results, for a rotation speed of 120 ◦/s and
centripetal acceleration of 0.5 g. The display compares
the effects of 1-g and 0-g environments and the effects
of the head-movement direction. Only the first 2 s are
shown, that is, 1 s during the head movement plus 1 s
following the head movement, to stay within the short
time frame in which the laws of physics are most applicable, before physiological time constants become
significant factors. Again, the goal is to give an estimate of the immediate and potentially disorienting consequences of the stimulus itself. As measures of the
magnitude of potentially disorienting components, the
Twist and Stretch Factors are shown for each condition.
The results can be summarized as follows. The angular stimulus causes a corresponding translational effect,
because the tilt associated with the angular stimulus
leads to a misalignment of the perceived vertical with
the GIA. This translational effect is measured by the
Stretch Factor, which turns out to be the relevant measure because the Twist Factor is identical for all conditions. The Stretch Factor gives results distinguishing
the different conditions. One result is that 1-g conditions have greater Stretch Factor than do 0-g conditions.
In addition, “1-g in” has greater Stretch Factor than
“1-g out”, while “1-g away” has slightly greater Stretch
Factor than “1-g toward”. The least Stretch Factor in
1-g is that of “1-g out”. In 0-g, “0-g toward/away” has
a significantly greater Stretch Factor than “0-g in/out”.
In summary,
1-g > 0-g,
1-g in > 1-g out,
1-g away  1-g toward,
1-g toward/away/in > 1-g out,
0-g toward/away > 0-g in/out.
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Fig. 3. Three-dimensional output of simulations, displayed in freeze-frame manner with a head shown every 0.25 s, for a total of 2 s of motion.
Initial locations are all (0,0,0), and the numbers on the axes indicate meters of movement in the three directions. A “z-axis” is shown out the
top of the head to facilitate display of orientation, and heads are five times normal size. All simulations are for clockwise centrifuge rotation
speed 120◦ /s and centripetal acceleration 0.5g (therefore, at radius 1.1 m), and show the motion associated with the accelerations arising from
the indicated head movement of 60◦ yaw. Also indicated are the Stretch Factor, in meters, and the Twist Factor, in radians, at the 2 s point, i.e.
as cumulative measures over the motion shown. (A) In 1-g, subject supine, head toward center, turning the head leftward in yaw. The actual
centrifuge axis would be to the right. The initial orientation for the simulation, partially visible at (0,0,0), is pitch back, based upon typical
subjective interpretation of the GIA as vertical. Upon leftward yaw, the motion associated with the accelerations is of pitch and motion forward,
as shown. (B) Centrifuge conditions as in A, with centrifuge axis to the right, and initial conditions identical (though hardly visible) to those
in A, but with ensuing rightward instead of leftward yaw. The motion associated with the accelerations is of backward pitch and motion. (C)
Similar conditions to A, but in a 0-g environment, where the initial orientation is upright because of the interpretation of the GIA as vertical. The
actual centrifuge axis would, therefore, be horizontally-oriented above the subject in the figure. Upon leftward yaw, the motion associated with
the accelerations is of pitch and motion forward, but of smaller extent than that in A. Note: In 0-g, Toward and Away are the same, as discussed
in the text, so C serves to display the results of 0-g Toward Movement, as well. (D) In 1-g, subject supine with left ear initially oriented toward
centrifuge axis, turning the head leftward in yaw. The actual centrifuge axis would between the viewer and the figure. The initial orientation
for the simulation, partially visible at (0,0,0), is supine but with slight rightward turn, based upon typical subjective interpretation of the GIA as
vertical. Upon leftward yaw, the motion associated with the accelerations is of pitch and motion forward, as shown. (E) Centrifuge conditions as
in D, with centrifuge axis between the viewer and the figure, and initial conditions identical (though hardly visible) to those in E, but with ensuing
rightward instead of leftward yaw. The motion associated with the accelerations is of backward pitch and motion. (F) Similar conditions to D,
but in a 0-g environment, where the initial orientation is right-ear-down because of the interpretation of the GIA as vertical. The actual centrifuge
axis would, therefore, be horizontally-oriented above the subject in the figure. Upon leftward yaw, the motion associated with the accelerations is
of pitch forward making a small circle in the horizontal plane, with very little linear motion. Note: In 0-g, In and Out are the same, as discussed
in the text, so F serves to display the results of 0-g Out Movement, as well.
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3.2. Effects of radius and rotation speed
Ranges of radius and rotation speed were tested for
the six gravitational and head movement conditions.
As described in the Methods section, centripetal acceleration was used as the independent variable in place
of radius. Each combination of centripetal acceleration, rotation speed, gravitational environment, and
head movement direction produced three-dimensional
output, from which the Twist and Stretch Factors were
computed.
As expected, the Twist Factor depended only upon
rotation speed, and was independent of radius, gravitational environment, and head movement direction. The
values were as follows for the five different rotation
speeds.
30◦ /s: Twist Factor 0.79 rad (45 ◦ )
60◦ /s: Twist Factor 1.58 rad (91 ◦ )
90◦ /s: Twist Factor 2.37 rad (136 ◦ )
120◦ /s: Twist Factor 3.17 rad (181 ◦)
150◦ /s: Twist Factor 3.96 rad (227 ◦)
The Stretch Factor provided the most information
distinguishing the conditions, with results shown in
Fig. 4A and 4C. Besides the observations discussed
in Section 3.1 above, several other results arose, as
elaborated here.
The Stretch Factor generally increased with centripetal acceleration, independent of rotation speed, as
seen by the mostly positive slopes of the curves. The
exceptions were the “1-g out” conditions, for which
the Stretch Factor first decreased with increasing centripetal acceleration, before increasing at greater centripetal accelerations. The result that can be stated from
the generally positive slopes is that radius does have an
effect, independent of rotation speed. In other words,
for identical rotation speeds, the potentially disorienting consequences of the physics are greater for head
movements at a large radius than for those at a small
radius.
Also notable is that the Stretch Factor increased with
rotation speed, as seen by the fact that curves for greater
rotation speeds are higher on the graph. This result is
not immediately intuitive, because the Stretch Factor
is a linear factor, while the rotation speed is angular.
However, further consideration elucidates the result:
A greater rotation speed causes the perceived vertical
to move more quickly out of alignment with the GIA,
leading to a stronger potentially disorienting effect of
the linear stimulus, causing a greater Stretch Factor.
A related result is that for identical centripetal accelerations, the Stretch Factor was smallest during rotation

at the largest radius, i.e. with the lowest rotation speed.
In fact, both the Stretch Factor and the Twist Factor
decreased with increasing radius when rotation speed
was adjusted to keep centripetal acceleration constant.
3.3. Centripetal acceleration versus GIA
The Stretch Factor results were plotted, in addition,
with GIA in place of centripetal acceleration on the
horizontal axis (Fig. 4B and 4D). These plots gave a
means to determine which correlated better, centripetal
acceleration or GIA, with the potentially disorienting
effects of the stimulus.
The result was that the GIA, rather than the centripetal acceleration, clearly correlated better with the
Stretch Factor across conditions. In particular, the plots
in Fig. 4B and 4D show a more uniform increase with
GIA than do the plots in Fig. 4A and 4C with centripetal acceleration. The significance of this result is
that the Stretch Factor is related more closely not to
the radially-directed component of linear acceleration,
but to the magnitude of the total linear stimulus to the
sensors, and that this is a basic trend that covers both
0-g and 1-g conditions.
3.4. Comparison of radius and rotation speed
The classic angular-only analysis has now been augmented by linear-angular results that radius is a significant factor for the physics consequences of the stimulus. From this realization arises the question: How do
the effects of radius and rotation speed compare?
The Twist Factor increases only with rotation speed,
but the Stretch Factor increases with both rotation speed
and radius, or more closely, with the GIA (Fig. 5). The
underlying data show that the Stretch Factor increases
more with GIA than with rotation speed. For example,
for all six conditions, 1-g toward, 1-g away, 1-g in, 1-g
out, 0-g toward/away, and 0-g in/out, the Stretch Factor
increases by a factor of 1.7 ± 0.1 as the rotation speed
doubles from 60 ◦ /s to 120◦ /s at a fixed centripetal acceleration of 0.4 g, while the Stretch Factor is increasing at the (greater) rate of 2.4 ± 0.4 per doubling of
GIA in the 0.4 g to 0.8 g centripetal acceleration range
(with associated GIA calculated in the standard way)
at a fixed rotation speed of 60 ◦ /s.
Thus, the simulations show that the potentially disorienting effects from physics increase significantly
with both rotation speed and GIA.

J.E. Holly / Effect of radius versus rotation speed in artificial gravity

341

Fig. 4. Stretch Factor as a function of centripetal acceleration (A,C) and GIA (B,D) for head movements in a centrifuge in the six gravitational/head-direction conditions and five rotation speeds. (A) Head movements toward and away from direction of motion. A curve is shown for
each rotation speed, as indicated, for each gravitational and head-direction condition, using solid, dashed, and dash-dot curves as indicated in the
legend. For the centripetal acceleration range 0g to 1g shown, the radius range depended on rotation speed, and is indicated below the graph. (B)
Same data as in A, graphed as a function of GIA instead of centripetal acceleration. The rotation speeds are the same as in A; 30◦ /s and 150◦ /s
are labeled. (C) Head movements in and out from the centrifuge axis. The curve-labeling convention is the same as in A. (D) Same data as in C,
graphed as a function of GIA instead of centripetal acceleration. The rotation speeds are the same as in C; 30◦ /s and 150◦ /s are labeled.

3.5. Further model verification
Besides past testing with experimental data [21–24],
the modeling approach was further compared with experimental findings that perceptual disturbances were
greater during off-axis than on-axis rotation for head
movements “in”, but were less during off-axis than on-

axis for head movements “out” [39]. Indeed, while the
Twist Factor remained constant for on-axis and off-axis
rotation, testing showed that differences in the Stretch
Factor aligned with the experimentally-determined perceptual disturbances. As seen in the 1-g curves in
Fig. 4C, a comparison of on-axis (0 g) with off-axis
(slightly greater than 0g) shows that “1-g in” move-
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Fig. 5. Stretch and Twist Factors as functions of rotation speed and GIA. The solid surfaces show the same Stretch Factor data displayed in
Fig. 4B and 4D. The mesh surfaces show the Twist Factor, scaled by a factor of 1/20◦ for ease of display on the same graph. The magnitudes of
the Stretch and Twist Factors cannot be directly compared because their units of measure are different. Instead, the relative shapes and directions
of slope are the relevant features of the graphs. (A) Results for head movements toward and away from the direction of motion. The right side
of the solid graph has two close layers, for “1-g away” and “1-g toward” as in Fig. 4B; the underneath, hidden, layer corresponds to the dashed
curves in Fig. 4B. (B) Results for head movements in and out from the centrifuge axis. The right side of the solid graph has two layers, for “1-g
in” and “1-g out” movements as in Fig. 4D.

ments have greater Stretch Factor off-axis, while “1-g
out” movements have smaller Stretch Factor off-axis.
Further details of comparison with experimental data
are in the Discussion.

4. Discussion
The potentially disorienting consequences of the
physics of the three-dimensional stimuli from head
movements are shown here to depend upon radius and
rotation speed, as well as the direction of head movement. These disorienting effects as measured by the
Stretch Factor are approximately proportional to the
GIA, and differ depending on the direction of head
movement. While the Twist Factor, as a measure of angular disorientation, can distinguish between motions
with different rotation speeds, the Stretch Factor serves
especially to distinguish between motions with identical rotation speeds. In 1-g, head rotation outward
from the axis has the smallest Stretch Factor, while
head rotation away from the direction of motion has
greater Stretch Factor than head rotation toward the
direction of motion. In 0-g, rotation inward/outward
has smaller Stretch Factor than rotation toward/away.
When different radii are considered, the GIA rather
than the centripetal acceleration correlates best with the
Stretch Factor across the set of all 0-g and 1-g conditions. In addition, for identical centripetal accelera-

tions, the Stretch Factor decreases with radius, as does
the Twist Factor. The Stretch Factor, along with the
Twist Factor, gives a measure of the disorientating information from the stimulus itself, based upon the laws
of physics, including all linear-angular interactions in
three-dimensions.
The measures presented here are grounded in the
laws of physics in the same way that classical analyses of misperception of self-motion are based upon
physics, and these measures have been found to align
with subjective perceptual disturbances in the forms
of misperceived motion and motion sickness. Past research has shown that the Stretch Factor agrees with
subjective reports [15] upon head movements during
accelerating and decelerating rotation [24], with subjective reports [25] when tilting about a long or short
tilt arm [24], with subjective reports [11,12,28] in 0g [23], and subjective reports [18] upon clockwise versus counterclockwise head movements [23]. The latter two results are elaborated upon in the present research, with comparison between 0-g and 1-g apparent
in Figs 3 and 4, and comparison between clockwise and
counterclockwise head movements displayed as head
rotation “toward” and “away” from the direction of motion, also in Figs 3 and 4. The resulting physics-based
differences between “toward” and “away” show that
rightward and leftward head yaw head movements are
physically asymmetric when the body axis is aligned
radially in a rotating centrifuge, indicating that experiments must control for head movement direction.
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An additional comparison was performed here, with
experimental results for head movements inward and
outward from the rotation axis. Experimentally, motion sickness ratings have been found to be most often greater off-axis than on-axis for pitch head movements inward, but usually less off-axis than on-axis
for pitch head movements outward [39]. Subjects always faced away from the axis in the off-axis experimental condition, so the outward rotations were always pitch-down and the inward rotations were always
pitch-up. Therefore, to compare with the present modeling results, pitch-down movements on-versus-off axis were compared separately from pitch-up movements
on-versus-off axis. (An experimental finding that pitchdown movements were generally more provocative
than pitch-up movements cannot be explained by the
physics, and may be a physiological effect due to a
physiological asymmetry.) The off-axis centripetal acceleration in the experiment was 0.084 g, with a 60 ◦ /s
rotation at 0.75 m radius. Therefore, the relevant curves
in Fig. 4C are the 60 ◦ /s curves for “1-g out” and “1-g
in” at centripetal accelerations of 0 g and approximately 0.1 g. Observation of the data in Fig. 4C shows that
the Stretch Factor matches the experimental results on
motion sickness ratings, of an increase off-axis for inward head movements (pitch-up in the experiment) and
a decrease off-axis for outward head movements (pitchdown in the experiment). In other words, the predictions of the model match the experimental findings. Interestingly, when the experimental analysis combined
both directions of head movement, a statistically significant difference was not found on- versus off-axis [39];
from a physics standpoint, combining both directions
of head movement is equivalent to averaging the lower
and higher curves, “1-g out” and “1-g in” in Fig. 4C. In
summary, once again, the head movement direction is
found to matter, as hinted by experimental results and
as shown by the laws of physics as investigated here.
4.1. Zero-g
Predicted for 0-g is an increase in perceptual disturbances with increasing radius, independent of rotation speed. The centripetal acceleration, or GIA, is the
crucial factor, with the Stretch Factor doubling when
centripetal acceleration increases from 0.5 g to 1.0 g.
This result gives additional insight into parameters relevant for artificial gravity. While rotation speed is often thought to be the relevant parameter when considering perceptual disturbances upon head movements, the
present work shows that linear acceleration, or more
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specifically the magnitude of the GIA, is also likely to
affect the magnitude of perceptual disturbances.
The radius effect is less likely to be discovered in
1-g experiments. The GIA has been found here to be
the most relevant linear factor, but the magnitude of
the GIA, as compared to the centripetal acceleration,
changes less significantly with radius in 1-g than in 0-g.
Therefore, when considering perceptual disturbances
as a function of radius, experimental results from a 1-g
environment do not apply directly to a 0-g environment.
This fact is illustrated in Fig. 4A, where the 1-g curves
showing Stretch Factor as a function of centripetal acceleration are relatively flat compared to the 0-g curves,
especially for centripetal accelerations of 0.5 g or less.
To experimentally discover in 1-g the effects predicted
for 0-g, much greater centripetal accelerations would
be required.
4.2. Meaning of the Twist and Stretch Factors
The Twist and Stretch Factors are objective physicsbased measures of the stimulus. They allow the investigation of complex motions in the same way that simple
motions are typically investigated: a larger magnitude
stimulus typically produces a larger magnitude perceptual effect. Technically, the Twist and Stretch Factors
measure the amount of “unexpected” perceived motion by a perfect processor of acceleration information.
An example of unexpected motion would be the pitch
stimulus originating from cross-coupling upon head
roll during upright on-axis rotation; the nervous system
does not expect to receive a pitch stimulus upon head
roll. One interpretation of the Twist and Stretch Factors
is of sensory conflict: Upon head movement, the linear
acceleration and (zero) angular acceleration stimuli to
the trunk remain constant, while neck proprioception
indicates that the head is rotating relative to the trunk;
however, the linear and angular sensors in the head indicate that the head is moving in a completely different
direction than that given by the trunk-neck system. In
other words, there is a vestibular-proprioceptive sensory conflict. Thus, the Twist and Stretch Factors can be
interpreted as measuring the amount of purely physicsinduced vestibular-proprioceptive conflict.
The sensory-conflict concept is consistent with that
of other models of motion sickness [1,3,36]. The main
difference is that the present results are based solely
upon measures of the physics of the stimulus, and hold
regardless of the values of physiological time constants
in other models. However, even other models use the
laws of physics as a necessary foundation. The vertical
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vector (e.g. [1,3,4]), for one, is of the same type as that
from the subject orientation in the present model, and
can be seen to rotate during centrifuge deceleration,
for example, whether the model includes physiological
parameters [4] or not [21].
In the present work, the Twist and Stretch Factors
cover all directions of motion in three dimensions. It
is entirely possible that such measures could be refined
further with respect to specific predictions, e.g. for motion sickness, by a giving a weighted measure of the
Twist and Stretch Factors that might also depend upon
the direction of motion. Here, the measures are unweighted to reflect the physics of the motion. As such,
these measures have been found to agree with the relative perceptual disturbances for head movements during rotation in the experimentally tested environments.
These results accomplish the scientific goal of Occam’s
Razor, to give the most straightforward explanation
possible for phenomena.
Because the present research focuses on the immediate effects of the stimulus itself, physiological time
constants are not necessary in the simulations, but the
question may still arise whether the addition of wellknown physiological properties could affect the results.
One established property is that the perception of angular velocity reduces over time, after an angular acceleration stimulus. Similarly, the perception of linear velocity reduces over time after a linear acceleration stimulus. In addition, the perception of orientation changes
in such a way that the GIA is interpreted as the direction
of vertical. Each of these properties can be described
by time constants implemented by transfer functions, in
terms of differential equations, or by feedback loops in
three-dimensional models [2,4,8,9,17,24,27,30–33,37,
38,40]. The results of the present paper were additionally tested by inclusion of these time constants in the
model. Used were time constants of 20 s, 0.5 s, and 5 s
for angular, linear, and tilt, respectively, as described
above. The Twist and Stretch Factors were again calculated at the 2 s point, i.e. as cumulative measures
over the 1 s head movement plus 1 s subsequent to the
movement, for all of the gravitational, head-direction,
rotation speed, and centripetal acceleration conditions.
The outcome upon inclusion of time constants was a
reduction in the Twist and Stretch Factors across all
conditions. This reduction is not surprising considering that the angular and linear time constants have the
effect of reducing the modeled perceived velocity and
thereby the Twist and Stretch Factors (which, in effect, model the consequences of subjects’ nonveridical
perception of the initial conditions). The more rele-

vant outcome for the present research was that the relative values in comparing conditions showed exactly
the same patterns as with pure physics. In other words,
physiological factors did not change any of the results.
4.3. Implications for experimental research
The most obvious implications for experimental research are the need to control for head-movement direction, and the identification of a likely GIA effect.
While several experimental results confirm that subject reports align with the modeling results, additional experimental research could assess the relationship
between subject reports and the modeling results for
a wider range of parameter values, especially for different radii. Again, 1-g experiments would not be expected to give perceptual differences as strong as those
predicted for 0-g, but the trends could be tested in 1-g
if the chosen ranges of parameters are wide enough.
One set of conditions suggested by the present results
for experimental testing is that of a range of different
radii for a fixed rotation speed. Such experiments in
1-g could help tune the predictions for 0-g, keeping in
mind that GIA, not centripetal acceleration, has been
found to be the relevant factor in the physics of the
motion. In 1-g, the range of radii would have to be
large enough to give a wide range of GIA, e.g. 1.0–
1.4 g as indicated in Fig. 4B and 4D, not just a range
of centripetal acceleration. In addition, similar head
movement directions would need to be compared, as is
clear from Fig. 4.
Also open to experimental investigation is the issue

of perceptual scaling of g according to the gravitational environment. The current model uses scaling based
upon an evaluation of existing research, but existing
research is sparse, and further experimental research
would allow the modeling to be further tuned. For the
1-g environment, the model currently uses a magnitude
of 1g for the nervous system’s understanding of gravity.
This is the most natural assumption, but must be used
with care. For example, it is known that during constant
velocity centrifugation, subjects do not typically report
linear motion, despite the greater-than-1g GIA. In isolation, this fact might seem to imply that the nervous

system scales its interpretation of g . However, further
research has shown that upon subsequent motion, the
nervous system seems not to scale its interpretation of

g , an implication of studies that include subject reports
of ascent upon centrifuge deceleration [16] and greater
cross-coupling effects in a greater-than-1-g environment [7,28]. Because the current research is on “sub-
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sequent” head movements rather than steady-state conditions, the 1g magnitude is used in the model for the
1-g environment. Additional studies could strengthen
our understanding of the nervous system’s treatment of
a GIA greater than 1g. At the same time, for the 0-g
environment, the model currently scales the interpretation of gravity to match the direction and magnitude of
the GIA. This choice is based upon a trend beginning
over the first couple of weeks in a 0-g environment [5,
35]. In a sense, subjects may begin to use the GIA in a
centrifuge as a gravity vector. In addition, evidence for
magnitude scaling comes from previous modeling and
experimental results that explain the 0-g versus 1-g differences in coriolis cross-coupling effects on-axis [11,
12,23,28].
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4.4. Conclusion
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To understand the physics of complex stimuli, threedimensional modeling is required. Such modeling can
help lead to interpretation of experimental results, and
can make predictions about environments that are difficult to examine experimentally. Reciprocally, experimental results feed into modeling research. With interplay between experimental work and modeling research, scientists can accomplish the best prediction
and understanding of the 0-g environment.
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