
Objective: To examine the hypothesis that constant 
speed is more comfortable than variable speed profiles and 
may minimize cybersickness.

Background: Current best practices for virtual reality 
(VR) content creation suggest keeping any form of acceleration 
as short and infrequent as possible to mitigate cybersickness.

Methods: In Experiment 1, participants experienced rep-
etitions of simulated linear motion, and in Experiment 2, they 
experienced repetitions of a circular motion. Three speed 
profiles were tested in each experiment. Each trial lasted 2 min 
while standing. Cybersickness was measured using the Simula-
tor Sickness Questionnaire (SSQ) and operationally defined in 
terms of total severity scores. Postural stability was measured 
using a Wii Balance Board and operationally defined in terms 
of center of pressure (COP) path length. Postural measures 
were decomposed into anterior-posterior and medial-lateral 
axes and subjected to detrended fluctuation analysis.

Results: For both experiments, no significant differences 
were observed between the three speed profiles in terms of 
cybersickness or postural stability, and none of the baseline 
postural measures could predict SSQ scores for the speed 
profile conditions. An axis effect was observed in both experi-
ments such that normalized COP movement was significantly 
greater along the anterior-posterior axis than the medial-
lateral axis.

Conclusion: Results showed no convincing evidence to 
support the common belief that constant speed is more com-
fortable than variable speed profiles for scenarios typical of 
VR applications.

Application: The present findings offer guidelines for 
the design of locomotion techniques involving traversal in VR 
environments.

Keywords: simulator sickness, motion sickness, virtual envi-
ronments, immersive environments, gait, posture

IntroductIon
Broadly speaking, virtual reality (VR) tech-

nology consists of any device that places a user 
in a simulated environment that can be per-
ceived as real and interactable. Typically, this 
consists of a head-mounted display (HMD) that 
is positionally tracked and projects light onto 
the retinas, producing a stereoscopic image. 
Shortcomings in the operation or engineering 
of VR devices can sometimes result in user 
discomfort, often manifested as cybersickness.

Cybersickness is defined here as a syndrome 
related to HMD use that is primarily visual in 
nature but may consist of nonvisual or multisen-
sory stimulation and is caused by multiple fac-
tors (Kennedy & Fowlkes, 1992). Major symp-
toms include, but are not limited to, headache, 
disorientation, fatigue, pallor, nausea, drowsi-
ness, and incapacitation (Kennedy, Drexler, 
Compton, Stanney, & Harm, 2001; Kolasinski, 
1995). Cybersickness is distinguished from 
other motion illnesses, such as simulator sick-
ness or sea sickness, in that the symptom profile 
is centered on disorientation-like symptoms 
rather than oculomotor or nauseogenic symp-
toms (Rebenitsch & Owen, 2016; Stanney, Ken-
nedy, & Drexler, 1997).

Postural stability is another phenomenon that 
has been found to be related to motion sickness 
(Bonnet, Faugloire, Riley, Bardy, & Stoffregen, 
2006; Smart, Stoffregen, & Bardy, 2002; Stof-
fregen, Chang, Chen, & Zeng, 2017; Stoffregen, 
Faugloire, Yoshida, Flanagan, & Merhi, 2008) 
and even to cybersickness in HMD-based VR 
(Arcioni, Palmisano, Apthorp, & Kim, 2018). 
This has positioned postural stability as one of 
the methods for detecting and estimating the 
severity of cybersickness symptoms (Rebenitsch 
& Owen, 2016). Such a method has the advan-
tage of providing objective, low-cost measures 
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with continuous symptom levels. Typical pos-
tural stability measures include time until failure 
when maintaining a specific stance, stance 
breaks, average variability of movement along a 
given axis, speed of movement along a given 
axis, and so on.

Although cybersickness has been referred to 
as a subtype of motion sickness known as visu-
ally induced motion sickness (VIMS) (Kennedy, 
Lanham, Drexler, Massey, & Lilienthal, 1997; 
LaViola, 2000; McCauley & Sharkey, 1992) 
(VIMS is like traditional motion sickness with 
the exception that physical movement is limited 
or absent; however, the integrity of the vestibu-
lar system is still essential for the development 
of VIMS, for example, labyrinthine-defective 
patients are immune to VIMS [Cheung, How-
ard, & Money, 1991]. Because the provocative 
motion stimulus in modern VE systems can be 
visual, nonvisual, or multisensory in nature, 
cybersickness can include aspects from both 
VIMS and traditional motion sickness and 
beyond [Keshavarz, Riecke, Hettinger, & Cam-
pos, 2015].), it is not the same as traditional 
motion sickness. For example, people who 
report symptoms related to VR usage, as mea-
sured with the Simulator Sickness Questionnaire 
(SSQ), do not necessarily report being motion 
sick when assessed with a separate direct ques-
tion on motion sickness (Chang, Chen, Kung, & 
Stoffregen, 2017; Li et al., 2018; Stoffregen 
et al., 2008). Therefore, occurrences of cyber-
sickness may be partially due to motion sickness 
in some cases, but it also has its own unique 
causes and symptoms that do not share with tra-
ditional motion sickness.

The occurrence of cybersickness is closely 
related to the sensation of contradirectional self-
motion known as vection, that is, the experience 
of self-motion when a large region of the visual 
field is in motion while the observer is stationary 
(Bos, Bles, & Groen, 2008; Nooij, Pretto, Ober-
feld, Hecht, & Bülthoff, 2017; Palmisano, Alli-
son, Schira, & Barry, 2015). Vection occurs 
because the optic flow pattern specifies the 
direction and speed of object motion resulting 
from the self-movement of an observer. For 
example, the flow pattern of the optical array 
may consist of a projection of the environment 
to a point that is centrifugal with respect to the 
direction of motion, resulting in an expansion or 

contraction of the optical flow field as a function 
of forward or backward motion (Gibson, 1958).

Vection can occur for both linear and circular 
motions. Linear vection through the anterior-
posterior (AP) axis is commonly experienced 
during VE traversal, especially in driving or 
flight simulators; however, circular vection 
through the yaw, pitch, and roll axes is also pos-
sible. For linear vection (head stable), the thresh-
old of detection occurs at the perceptual limits of 
image motion detection by the visual system 
(>0.001 m/s) and saturates at approximately 1 
m/s (Berthoz, Pavard, & Young, 1975). Other 
reports of vection saturation involving uncon-
strained head motion indicate a value as high as 
10 m/s (So, Lo, & Ho, 2001). For circular vec-
tion, saturation has been observed for optoki-
netic stimuli rotating at 60°/s with 24 moving 
contrasts (15° per visual angle).

A common assumption about the cause of 
cybersickness is sensory conflict in the VR sim-
ulation. During real locomotion, afferent signals 
from the visual, vestibular, and/or somatosen-
sory systems are transmitted to the central ner-
vous system and are concordant. These signals 
are not concordant for motion perception in non-
ambulatory VE systems; however, expansion or 
contraction of the optical array, as detected by 
the visual system, will typically predominate 
over signals of stationarity detected by the ves-
tibular and/or somatosensory systems. The 
resulting visual–vestibular conflict is supposed 
to be one of the main causes of cybersickness 
(Keshavarz, Hecht, & Lawson, 2014; Reason & 
Brand, 1975).

Partially based on this hypothesis, there is a 
widely held belief that traversal through a VE 
according to constant velocity is more comfort-
able than moving with varying velocity (Jerald, 
2015; LaValle, 2016). Variations in a velocity 
vector can be produced by either changing its 
direction or changing its magnitude (speed), 
which would yield a sensory conflict for a VE 
user at rest. To illustrate this phenomenon, con-
sider the following scenario. Assume linear 
motion in the VE aligned with a reference axis, 
such that its direction remains constant but 
allows the travel speed to be varied—such linear 
motion in the VE would produce the respective 
optical flow to simulate the self-motion experi-
ence. Then, consider that you apply the linear 
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motion according to one of the two speed pro-
files (time-parameterized functions): a constant 
speed profile and a time-varying speed profile 
(see Figure 2). A constant speed profile would 
yield a sensory conflict between the visual and 
vestibular systems at the beginning and end of 
the motion. On the contrary, a time-varying 
speed profile might lead to a smaller conflict but 
is distributed throughout the duration of the 
movement.

The assumption is that the constant speed 
profile would induce less sickness than the time-
varying profile, that is, it is preferable to have 
large sensory conflict for a very short time inter-
val, as opposed to a smaller, sustained conflict 
over a longer time interval. To the best of our 
knowledge, the work from Dorado and Figueroa 
(2014) comes closest to formally addressing 
such a scenario; however, their focus was to 
identify ways to minimize perceived cybersick-
ness after moving up-and-down stairs. Despite 
testing different speed profiles, they did not find 
conclusive results regarding the effects of cyber-
sickness as a function of different speed profiles.

In this work, our main goal is to confirm or 
reject the hypothesis that a larger sensorial mis-
match over a brief period is preferable to a 
smaller mismatch over a longer period, in terms 
of self-reported cybersickness. In addition, pos-
tural stability has been shown to predict motion 
sickness (Stoffregen, Chen, Varlet, Alcantara, & 
Bardy, 2013), and potentially cybersickness as 
well (Arcioni et al., 2018); therefore, postural 
stability (as measured by center of pressure 
[COP] path length and COP detrended fluctua-
tion analysis [DFA] alpha values) has also been 
included for the purpose of analyzing a physio-
logical signal that might offer an objective and 
potentially more sensitive indicator of cyber-
sickness. Three speed profiles are evaluated as a 
function of linear and angular displacement in 
two separate experiments. Results can help vali-
date guidelines for the development of VR con-
tent, especially as it pertains to navigation and 
traversal in virtual worlds.

ExpErImEnt 1: LInEar  
dIspLacEmEnt

materials and methods
Participants. The experiment was conducted 

in the Virtual Reality and Spatial Cognition Lab 

in the Department of Psychology at the Univer-
sity of Illinois at Urbana–Champaign. A total of 
24 participants completed the experiment. All 
participants were screened for color blindness 
using pseudoisochromatic color plates and had 
normal or corrected-to-normal visual acuity. This 
research complied with the American Psycholog-
ical Association Code of Ethics and was approved 
by the Institutional Review Board at the Univer-
sity of Illinois at Urbana–Champaign. Informed 
consent was obtained from each participant.

Virtual environment (VE). The HTC Vive 
VR headset (HTC, Taiwan, China, and Valve, 
Bellevue, WA, USA) was used to display experi-
mental stimuli. The HMD consists of two low-
persistence AMOLED displays (90 Hz) with a 
combined resolution of 2,160 × 1,200 pixels 
(1,080 × 1,200 per eye) and approximately 110° 
horizontal field of view. The system achieves six 
degrees of freedom head tracking by fusing sen-
sor data from an onboard inertial measurement 
unit and a pair of spinning infrared laser emit-
ters, positioned diagonally and in opposite cor-
ners of a 3 × 3 × 3 m3 tracking volume. An array 
of embedded photodiodes detects the infrared 
laser light.

The VE consisted of a 17.68 × 1.83 × 2.31 m3 
hallway rendered in the Unity game engine 
(2017.1.0f2) and presented on a Windows 10 
computer (3.3 GHz i7-5820K CPU; 32 GB 
RAM; NVIDIA GeForce GTX 980 Ti graphics). 
Each speed profile described the path of a virtual 
camera fixed to a 9.8-m linear trajectory. The 
user’s camera height is automatically instanced 
into the VE based on the position of the HMD in 
the physically tracked volume; there is no dis-
crepancy between perceived and actual height in 
the VE (see Figure 1).

Different rates of acceleration induced by the 
speed profiles in the VE will cause different sen-
sorial mismatches between the visual and ves-
tibular systems. In this study, we compared the 
effects of three speed profiles, namely, constant, 
ramp, and polynomial, whose parameters were 
chosen as follows. The duration of the traversal 
lasted 7 s, which is greater than the reported 
onset times for linear vection (around 1 s accord-
ing to Berthoz et al., 1975). Then, a walking 
speed of 1.4 m/s was set for the constant speed 
profile; the total distance traveled was thus con-
strained to 9.8 m. The three speed profiles were 
designed to have the same duration and travel 
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distance, that is, 7-s duration and 9.8-m distance, 
which uniquely defines the parameters of the two 
remaining speed profiles: ramp and polynomial. 
Peak speed and acceleration for each profile are 
as follows: constant (1.4 m/s, ∞ m/s2) (While 
stopped and during the actual motion with con-
stant speed, the acceleration is zero. In the transi-
tion from the stopped state to the moving state, 

the change of speed is almost instantaneous, 
which corresponds to a very large value of accel-
eration that we represent with infinity.), ramp 
(2.8 m/s, 0.8 m/s2), and polynomial (7.0 m/s, 8.0 
m/s2); acceleration and deceleration stages of the 
speed profiles are symmetric (see Figure 2). 
Speed profiles are defined by the following 
equations: constant, s t a( ) ;=  ramp, s t b t( ) ;= ×  
and polynomial, s t c t( ) .= × 4

For the constant speed profile, there are large 
peaks in acceleration, but only at the beginning 
and end of the trajectory. For the ramp speed 
profile, the acceleration magnitude remains con-
stant throughout the duration of the trajectory. 
For the polynomial speed profile, the respective 
acceleration profile is a third-degree polynomial 
curve. Thus, the constant speed profile induces 
the largest magnitude acceleration, but it is 
experienced only during a brief period, whereas 
the ramp speed profile induces a smaller magni-
tude acceleration, but across the entire trajec-
tory. The polynomial profile exhibits periods in 
which the acceleration magnitude is smaller 
than what is observed in the ramp speed profile, 
but other periods in which the acceleration mag-
nitude is larger. For both the ramp and polyno-
mial speed profiles, there is a reversal in accel-
eration at the midpoint of the trajectory.

Figure 1. Participant standing on the Wii Balance Board in static, forward-facing pose 
(left). Perspective view of the VE in Experiment 1 (right). VE = virtual environment.

Figure 2. Three speed profiles used in Experiment 1: 
constant, s t a( ) ;=  ramp, s t b t( ) ;= ×  and polynomial, 
s t c t( ) .= × 4  The acceleration and deceleration stages 
of each speed profile are symmetric.
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The SSQ. Cybersickness is often measured 
with the SSQ (Jerald, 2015; Kennedy, Lane, 
Berbaum, & Lilienthal, 1993). The SSQ was 
developed to measure motion sickness–like 
symptoms related to the operation of military 
flight and driving simulators, and so it was origi-
nally referred to as a measure of “simulator sick-
ness.” The SSQ was later co-opted to measure 
motion sickness–like symptoms in head-
mounted and other VR systems, which produced 
a symptom profile that centered on disorienta-
tion, that is, cybersickness. The present study 
used the SSQ to assess levels of pre- and post-
exposure symptoms throughout the experiment. 
The SSQ is a 16-item inventory with responses 
given on a 4-point Likert-type scale. Factor 
analysis reveals three components: oculomotor 
discomfort, disorientation, and nausea (Ken-
nedy et al., 1993). The SSQ generates a total 
severity score and a score for each component. 
Scale scores for each item are computed by mul-
tiplying the reported value for each item by a 
weight and then summing across items for that 
component; weighted scale scores for each com-
ponent can be found by multiplying each com-
ponent by a unique weight. A total severity score 
is computed by summing scale scores across the 
three components and multiplying by a weight. 
The maximum total severity score for the SSQ is 
approximately 300, with scores >20 indicating a 
problematic simulator (Kennedy et al., 2001).

Postural measures. Laboratory-based assess-
ment of human balance performance typically 
focuses on measures of postural stability to char-
acterize dynamic changes in postural control. For 
the present study, postural stability refers to the 
time course of center of mass (COM) oscillations 
in the AP and medial-lateral (ML) planes and is 
closely related to the displacement of the COP 
during quiet standing (Morasso, Spada, & Capra, 
1999). The COP trajectory is defined by the 
change in position of the point of application of 
the ground reaction force vector over time—
often measured using a force platform—with 
larger values of COP total path length thought to 
indicate lesser postural stability (Winter, 1995).

Force platforms are considered the gold stan-
dard for the objective assessment of standing 
balance, but can be expensive, difficult to cali-
brate, and inconvenient to transport. Subjective 

measures of balance that do not require special-
ized equipment are also available (e.g., Berg 
Balance Scale or Tinetti Performance-Oriented 
Mobility Assessment) but may offer limited pre-
cision and can suffer from ceiling effects, 
emphasizing the need for low-cost, laboratory-
grade alternatives in the assessment of standing 
balance (Berg, Maki, Williams, Holliday, & 
Wood-Dauphinee, 1992; Gustavsen, Aamodt, & 
Mengshoel, 2006; Tinetti, 1986).

Recent work has demonstrated the utility of 
the Nintendo Wii Balance Board (WBB; Nin-
tendo, Kyoto, Japan) as an alternative to force 
platform systems (Clark et al., 2010). The WBB 
is like a scientific-grade force platform in that it 
contains four load cells that gauge force distribu-
tion and the time course of the COP trajectory. 
Bartlett, Ting, and Bingham (2014) recommend 
that the WBB should not be considered equivalent 
to laboratory-grade equipment, but might be suf-
ficient to record low-frequency movements such 
as quiet standing. In a reliability and validity anal-
ysis by Park and Lee (2014), the WBB showed 
high concurrent validity with a laboratory-grade 
force platform, as well as high inter- and intra-
rater reliability, as assessed by intraclass correla-
tion coefficient values between .80 and 1.00. 
The present study used a WBB in combination 
with a custom Python backend to record balance 
measurements over a Bluetooth connection  
(40 Hz, which has shown to be sufficiently sen-
sitive in a similar context by Scoppa, Capra, 
Gallamini, & Shiffer, 2013) for subsequent anal-
ysis; source code has been made available in a 
public repository: https://github.com/CamMer-
rill/WiiSway.

Procedure. The experiment began with the 
pre-exposure SSQ to establish a baseline mea-
sure of cybersickness before entering VR. We 
then recorded baseline postural stability while 
standing still in the VE for 2 min (no simulated 
movement); while in VR, participants were 
asked to keep their eyes open, hands by their 
sides, and affix their gaze forward. Participants 
were then given a 2-min break outside of VR. 
Next, participants were presented with one of 
the three speed profiles in VR for 2 min—12 
repetitions of a 7-s trajectory (9.8 m), beginning 
and ending with a 1.5-s pause; the screen faded 
to black and reset the participant’s position at  

https://github.com/CamMerrill/WiiSway
https://github.com/CamMerrill/WiiSway
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the terminal point. Afterward, participants 
completed the post-exposure SSQ. This pro-
cess was repeated (see Figure 3) until all speed 
profiles were tested; each speed profile was 
experienced in counterbalanced order across 
participants, resulting in four assessments of 
cybersickness and six recordings of postural sta-
bility. The entire experiment lasted approxi-
mately 30 min.

Data analysis. In this study, postural stabil-
ity is operationalized in terms of COP path 
length and is computed as follows. Consider that 
a trial starts at time “0” and ends at a time 
indexed by “T.” Also consider that at time “t” 

the COP is located at coordinates ( xt , yt ). The 
path length traveled per trial by the COP (in mil-
limeters) is computed using the following 
equation:

 
x x y yt t t t

t

T

+ +
=

−

−( ) + −( )∑ 1
2

1
2

0

1

.
 

The temporal dynamics of postural stability 
were evaluated by conducting a DFA on the COP 
time series for AP and ML axes independently; it 
is recommended to apply DFA to the two princi-
pal motion axes separately because AP and ML 

Figure 3. Diagram of the experimental procedure (read left to right, top to bottom). The 
No Motion stage was the baseline measurement of postural stability for the following 
speed profile. SSQ = Simulator Sickness Questionnaire; VR = virtual reality.
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motions are characterized by distinct muscle/
joint action control (Kent et al., 2012). DFA was 
implemented using the PhysioToolkit-PhysioNet 
software library (MATLAB) developed by Gold-
berger et al. (2000). (PhysioToolkit DFA module 
requires some parameters to be specified: detrend 
using a polynomial of degree p [default: p = 1; 
linear]; minBoxSize – smallest box width 
[default: 2p + 2]; maxBoxSize – largest box 
width [default: N/4, with N being the total num-
ber of points in the signal]. Default values were 
chosen for both Experiments 1 and 2.) In brief, 
DFA is a modified root mean square (RMS) anal-
ysis of a random walk that computes the RMS 
error of linear fits over progressively larger bins. 
DFA is a frequently used method to detect the 
presence of long-range correlations and fractal 
dynamics in a physiological time series. A 
detailed description of the algorithm can be 
found in Peng, Havlin, Stanley, and Goldberger 
(1995), but a summary has been adapted from the 
text and provided later.

First, a time series of N samples is integrated 
and divided into equal-sized boxes of length n; 
box size, therefore, represents the scale of the 
observed signal for that moment in time. Next, a 
least-squares line is fit to each box of length n; 
let yn(k) denote the y coordinate of the straight-
line segments. The integrated time series, y(k), is 
then detrended by subtracting the local trend 
yn(k) from each box. The RMS fluctuation is 
given by

 

F n
N

y k y kn
k

N

( ) = ( ) − ( ) 
=
∑1 2

1

.

 

The calculation is then repeated for all box 
sizes to determine the relationship between the 
average fluctuation as a function of box size, 
F(n), and the box size, n. The growth in fluctua-
tion magnitude is equal to the slope of the func-
tion in log-log space, called an alpha value; if  
α > .5, then the time series is autocorrelated at 
some time scale; if α < .5, then the time series is 
anticorrelated at some time scale; if α = .5, then 
the signal is uncorrelated, for example, white 
noise; α = 1 indicates maximal self-similarity in 
a signal, for example, pink noise; α > 1 indicates 
decreased complexity, for example, Brownian 
noise, α = 1.5.

To examine the effect of speed profile on 
postural stability and cybersickness, COP 
movement data were decomposed into AP and 
ML axes and normalized by subtracting the 
baseline COP path length preceding each condi-
tion from the COP path length observed during 
simulation. COP movement was examined in a 
2 (AP, ML) × 3 (Constant, Ramp, Polynomial) 
repeated-measures ANOVA. The time series 
was also subjected to a DFA to evaluate tempo-
ral characteristics of the COP trajectories. DFA 
was applied to AP and ML axes independently, 
resulting in alpha values for both axes. DFA 
alpha values were normalized according to the 
same procedure described earlier and included 
in a 2 (AP, ML) × 3 (Constant, Ramp, Polyno-
mial) repeated-measures ANOVA.

Cybersickness was operationalized in terms 
of self-reported total severity score, as measured 
by the SSQ. Total severity was computed by 
summing the weighted subscales of the SSQ 
(see section “The SSQ”). Cybersickness ratings 
were analyzed in a Friedman test with four lev-
els, including a baseline measurement and three 
speed profiles: constant, ramp, and polynomial. 
In this and subsequent analyses, Greenhouse–
Geisser epsilon-adjusted degrees of freedom are 
reported when Mauchly’s test of sphericity has a 
probability less than .10.

results
Cybersickness. Scores on the SSQ are not 

normally distributed and so were analyzed using 
nonparametric statistics (Kennedy et al., 1993). 
A Friedman test was conducted to determine 
whether there was a statistically significant dif-
ference in total severity scores for the three 
speed profiles and a baseline measurement. The 
data contained one outlier, as assessed by exami-
nation of studentized residuals for values greater 
than ±3 (Kirk, 2013). Total severity was not  
normally distributed at any level of the within-
subject factor, as assessed by Shapiro–Wilk’s 
test (p < .05). There was a statistically signifi-
cant difference in total severity between the three 
speed profiles and a baseline period, χ2(2) = 
17.953, p < .001. Post hoc analysis with Bonfer-
roni adjustment revealed a statistically signifi-
cant increase in total severity from baseline 
(Mdn = 5.61) for the polynomial (Mdn = 22.44; 
p = .001, d = 0.669) speed profile, but not the 



8 Month XXXX - Human Factors

constant (Mdn = 16.83; p = .071) or ramp  
(Mdn = 14.96; p = .131) speed profile. No sig-
nificant differences were observed between the 
constant and ramp (p = 1.00), constant and poly-
nomial (p = 1.00), or ramp and polynomial (p = 
.974) speed profiles. Figure 4 shows the mean 
SSQ total scores for each condition.

Postural stability. A two-way repeated- 
measures ANOVA was conducted to determine 
whether there was a statistically significant dif-
ference in normalized COP path length through 
the AP and ML axes for three speed profiles: 
constant, ramp, and polynomial. The data con-
tained three outliers, as assessed by examination 
of studentized residuals for values greater than 
±3 (Kirk, 2013). Normalized COP path length 
was normally distributed for all three speed pro-
files in the ML (p > .05), but not AP axis (p < .05), 
as assessed by Shapiro–Wilk’s test of normality 
of the studentized residuals. There was a statisti-
cally significant difference in normalized COP 
path length between the AP and ML axes, F(1, 
23) = 21.33, p < .001, ηp

2 = .48 , with greater COP 
movement through the AP (M = 803.64, 95% 
confidence interval [CI] = [451.96, 1,155.32]) 
compared with the ML axis (M = 122.97, 95%  
CI = [38.20, 207.75]) (see Figure 5). Neither the 
interaction term nor the main effect of speed 

profile elicited a statistically significant differ-
ence in normalized COP path length, F(1.52, 
35.07) = 2.81, p = .087; F(1.41, 32.33) = 2.47,  
p = .116, respectively.

A two-way repeated-measures ANOVA was 
conducted to determine whether there was a sta-
tistically significant difference in normalized 
DFA alpha values through the AP and ML axes 
for three speed profiles. The data contained no 
outliers, as assessed by examination of studen-
tized residuals for values greater than ±3 (Kirk, 
2013). Normalized DFA alpha values were not 
normally distributed for the constant speed pro-
file through the AP axis (p < .05), as assessed by 
Shapiro-Wilk’s test of normality of the studen-
tized residuals. Neither the main effect of speed 
profile or body axis nor the interaction term elic-
ited a statistically significant difference in nor-
malized DFA alpha values, F(2, 46) = 1.289, p = 
.285; F(1, 23) = 1.028, p = .321; F(2, 46) = 
2.130, p = .130, respectively.

An exploratory multiple regression analysis 
was conducted to test whether individual differ-
ences in baseline postural stability could predict 
post-exposure cybersickness ratings. Post-expo-
sure total severity scores were averaged across 
the three speed profiles and included in the 

Figure 4. Results of SSQ total scores in the four 
conditions in Experiment 1. The error bars show 
±1 standard error from the mean SSQ total scores 
of the 24 participants. SSQ = Simulator Sickness 
Questionnaire.

Figure 5. Results of COP movement through the AP 
and ML axes for all speed profiles in Experiment 1. 
The error bars show ±1 standard error from the mean 
normalized COP path length of the 24 participants. 
COP = center of pressure; AP = anterior-posterior; 
ML = medial-lateral.
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model as a single outcome variable. COP path 
length and DFA alpha values were each aver-
aged across the three baseline conditions, per AP 
and ML axes, resulting in four predictor vari-
ables that entered the model simultaneously. 
Evidence for a first-order autocorrelation of the 
residuals was not detected, as assessed by a 
Durbin–Watson statistic of 1.496. Visual inspec-
tion of partial regression plots and a plot of stu-
dentized residuals against the unstandardized 
predicted values revealed a somewhat linear 
relationship. The assumption of homoscedastic-
ity was met, as assessed by the Koenker test of 
heteroscedasticity, p = .805. The assumption of 
multicollinearity was met, as assessed by toler-
ance values greater than 0.10. There was one 
outlier, as assessed by studentized deleted resid-
ual greater than ±3 standard deviations, and val-
ues for Cook’s distance were below 1. Visual 
inspection of the normal Q-Q plot of studentized 
residuals revealed an approximately normal dis-
tribution. The multiple regression model did not 
achieve statistical significance, F(4, 23) = .190, 
p = .941, adj. R2 = –.164. None of the four pre-
dictor variables achieved statistical significance, 
p > .05.

discussion
In Experiment 1, participants experienced 

linear visual motion through three speed pro-
files, each experienced for 2 min at a time. Pos-
tural stability and cybersickness were assessed 
for each condition and compared against a cor-
responding baseline period. Results showed that 
there was a significant difference in speed pro-
file conditions in terms of self-reported cyber-
sickness. Importantly, this effect was driven by 
a baseline period, and there was no significant 
difference in cybersickness ratings between the 
three speed profiles. That is, the SSQ scores did 
not differ depending on whether participants 
experienced visual motion during a constant, 
ramp, or polynomial speed profile.

Moreover, further analysis on COP through 
the AP and ML axes showed significantly greater 
COP movement through the AP compared with 
the ML axis. This conclusion stands to reason 
that participants experienced strong visual cues 
indicating forward self-motion, that is, expand-
ing optical flow, but no side motion, which may 

have led to more COP movement along the AP 
axis. However, the postural analysis did not 
show a significant difference among the three 
speed profiles, in the measure of both COP and 
DFA. Therefore, in this experiment, we failed to 
find any experimental evidence to support the 
common belief that constant speed profile is 
more comfortable for the observer and should 
lead to less cybersickness.

One possible reason that our cybersickness 
measures did not differ in terms of the experi-
enced speed profile is that the intensity (or qual-
ity) of the speed profiles assessed was not suffi-
cient to differentiate postural stability or cyber-
sickness as it was assessed. However, note that 
the total severity scores indicated a significant 
departure from baseline, the magnitude of which 
is indicated by Kennedy et al. (2001) as a “prob-
lem simulator,” suggesting that the VR simula-
tion did induce cybersickness, even though the 
degree of cybersickness did not differ among the 
speed profile conditions. Moreover, the velocity 
and acceleration profiles experienced were 
selected to be generalizable to a variety of casual 
and intense movements that might be experi-
enced in consumer VR applications. For exam-
ple, the most casual motion profile occurs in the 
constant speed profile at 1.4 m/s, which mimics 
the average human walking speed. On the con-
trary, the polynomial condition exhibits peak 
velocity at 7.0 m/s (15 mph). Therefore, although 
it remains possible that stronger speed profile 
manipulations may allow one to demonstrate 
some difference in cybersickness, our results 
suggest that under common VR application sce-
narios, the effect of speed profile may be negli-
gible for linear motion.

ExpErImEnt 2: anguLar 
dIspLacEmEnt

materials and methods
Methods for Experiment 2 were identical to 

those of Experiment 1 with the following excep-
tions described below.

Participants. A group of 24 participants 
(different from Experiment 1) completed the 
experiment. All participants were screened for 
color blindness using pseudoisochromatic color 
plates and had normal or corrected-to-normal 
visual acuity. This research complied with the 
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American Psychological Association Code of 
Ethics and was approved by the Institutional 
Review Board at the University of Illinois at 
Urbana–Champaign. Informed consent was 
obtained from each participant.

VE. The VE consisted of an open cylinder 
with the user’s perspective centered at the origin 
of the cylinder. The inner faces of the cylinder 
were textured with a black and white striped pat-
tern that subtended a visual angle of 30° per cycle, 
to emulate an optokinetic drum (see Figure 6). 
This pattern was selected based on the 15° per 
cycle spatial frequency reported in Hu et al., 
1997, with which self-reported nausea manifested 

maximally. The following parameters for the 
rotational motion speed profiles were selected. 
The rotation angle was set to 180°, which corre-
sponds to the greatest change in the AP axis direc-
tion that one might experience while navigating 
in a VE. The constant speed profile was selected 
to have a speed of 60°/s, a rotational speed at 
which sickness in optokinetic drums has been 
found to peak (Hu, Stern, Vasey, & Koch, 1989). 
This sets the duration of the movement to 3 s. The 
other two speed profiles were selected to travel 
the same 180° in 3 s. Peak velocity and accelera-
tion for each profile are as follows: constant 
(60°/s, ∞), ramp (120°/s, 80°/s2), and polynomial 
(300°/s, 800°/s2); acceleration and deceleration 
stages of the speed profiles were symmetric (see 
Figure 7).

Procedure. The procedure in Experiment 2 
was identical to that of Experiment 1 except that 
participants rotated 180° through a point for 3 s, 
beginning and ending with a 1.5-s pause; the 
screen faded to black and reset the participant’s 
orientation at the termination point. Initial rota-
tion direction (left or right) was randomized 
across all trials.

results
Analysis for Experiment 2 was identical to 

that of Experiment 1 unless otherwise specified.
Cybersickness. A Friedman test was con-

ducted to determine whether there was a statisti-
cally significant difference in total severity 

Figure 6. Schematic illustration of user position, field of view, and optokinetic stimulus 
used in Experiment 2 (left). First-person perspective of the optokinetic stimulus used 
in Experiment 2 (right).

Figure 7. The speed profiles used in Experiment 2 
were identical to those of Experiment 1 but converted 
to rates of angular displacement.
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scores for the three speed profiles and a baseline 
measurement. The data contained one outlier, as 
assessed by examination of studentized residu-
als for values greater than ±3 (Kirk, 2013). Total 

severity was not normally distributed at any 
level of the within-subject factor, as assessed by 
Shapiro-Wilk’s test (p < .05). There was a statis-
tically significant difference in total severity 
between the three speed profiles and a baseline 
period, χ2(2) = 26.304, p < .001. Post hoc analy-
sis with Bonferroni adjustment revealed statisti-
cally significant increases in total severity from 
baseline (Mdn = 3.74) for the polynomial  
(Mdn = 29.92; p = .001, d = 0.962), constant 
(Mdn = 16.83; p = .006, d = 0.692), and ramp 
(Mdn = 26.18; p < .001, d = 0.813) speed pro-
files. No significant differences were observed 
between the constant and ramp (p = 1.00), con-
stant and polynomial (p = 1.00), or ramp and 
polynomial (p = 1.00) speed profiles. Figure 8 
shows the mean SSQ total scores for each 
condition.

Postural stability. A two-way repeated-measures 
ANOVA was conducted to determine whether 
there was a statistically significant difference in 
normalized COP path length through the AP and 
ML axes for three speed profiles. The data con-
tained one outlier, as assessed by examination 
of studentized residuals for values greater than 
±3 (Kirk, 2013). Normalized COP path length 
was not normally distributed for the polynomial 
speed profile through the ML axis (p < .05), as 
assessed by Shapiro–Wilk’s test of normality of 
the studentized residuals. There was a statisti-
cally significant difference in normalized COP 
path length between the AP and ML axes, F(1, 
23) = 6.53, p =.018, ηp

2 = . ,221  with greater 
COP movement through the AP axis (M = 58.05, 
95% CI = [−31.91, 148.01]) compared with the 
ML axis (M = −23.96, 95% CI = [−129.80, 
81.87]) (see Figure 9). Neither the interaction 
term nor the main effect of speed profile elicited 
a statistically significant difference in normal-
ized COP path length, F(2, 46) = 0.76, p = .472; 
F(2, 46) = 0.676, p = .514, respectively.

A two-way repeated-measures ANOVA was 
conducted to determine whether there was a sta-
tistically significant difference in normalized 
DFA alpha values through the AP and ML axes 
for three speed profiles. The data contained no 
outliers, as assessed by examination of studen-
tized residuals for values greater than ±3 (Kirk, 
2013). Normalized DFA alpha values were not 
normally distributed for the constant speed pro-
file through the AP axis (p < .05), as assessed by 

Figure 8. Results of SSQ total scores in the four 
conditions in Experiment 2. The error bars show 
±1 standard error from the mean SSQ total scores 
of the 24 participants. SSQ = Simulator Sickness 
Questionnaire.

Figure 9. Results of COP movement through the AP 
and ML axes for all speed profiles in Experiment 2. 
The error bars show ±1 standard error from the mean 
normalized COP path length of the 24 participants. 
COP = center of pressure; AP = anterior-posterior; 
ML = medial-lateral.
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Shapiro-Wilk’s test of normality of the studen-
tized residuals. The main effect of speed profile 
showed a statistically significant difference in 
normalized DFA values between the constant  
(M = 0.058, 95% CI = [−0.017, 0.132]), ramp  
(M = −0.076, 95% CI = [−0.147, −0.006]), and 
polynomial (M = 0.015, 95% CI = [−0.071, 
0.101]) speed profiles, F(2, 46) = 3.392, p = 
.042, ηp

2 = . .129  Planned contrasts (nonorthogo-
nal) revealed a significant difference between 
the constant and ramp speed profiles, F(1, 23) = 
6.730, p = .016, ηp

2 = . ,226  in terms of normal-
ized DFA values, but not between the constant 
and polynomial speed profiles, F(1, 23) = 0.555, 
p = .464, or ramp and polynomial speed profiles, 
F(1, 23) = 3.553, p = .072. Neither the main 
effect of body axis nor the interaction term elic-
ited a statistically significant difference in nor-
malized DFA alpha values; F(1, 23) = 0.824, p = 
.373; F(2, 46) = 0.372, p = .692, respectively.

An exploratory multiple regression analy-
sis was conducted to test whether individual 
differences in baseline postural stability could 
predict post-exposure cybersickness ratings. 
Post-exposure total severity scores and mea-
sures of postural stability were calculated and 
entered into the model identical to Experiment 
1 (see section “Postural stability”). Evidence 
for a first-order autocorrelation of the residu-
als was not detected, as assessed by a Durbin–
Watson statistic of 1.520. Visual inspection of 
partial regression plots and a plot of studen-
tized residuals against the unstandardized pre-
dicted values revealed an approximately lin-
ear relationship. The assumption of homosce-
dasticity was met, as assessed by the Koenker 
test of heteroscedasticity, p = .368. The 
assumption of multicollinearity was met, as 
assessed by tolerance values greater than 0.10. 
There were no studentized deleted residuals 
greater than ±3 standard deviations, and val-
ues for Cook’s distance were below 1. Visual 
inspection of the normal Q-Q plot of studen-
tized residuals revealed an approximately nor-
mal distribution. The multiple regression 
model did not achieve statistical significance, 
F(4, 23) = 0.436, p = .781, adj. R2 = −.109. 
None of the four predictor variables achieved 
statistical significance, p > .05.

discussion
Experiment 2 examined the effect of cir-

cular visual motion through angular displace-
ment on cybersickness and postural stability. 
Results from Experiment 2 mirrored those of 
Experiment 1, with the exception that DFA 
was significantly different between constant 
and ramp conditions. As in Experiment 1, less 
COP path length was observed through the ML 
axis compared with the AP axis, suggesting that 
the difference in postural way between the two 
axes was not specific to the linear motion, but 
occurs for circular motion as well. This finding 
casts doubt on our original hypothesis that more 
COP movement along the AP axis was due to 
the simulated forward motion. Nonetheless, in 
Experiment 1, the magnitude of the normalized 
COP path length in the AP axis was more than 5 
times that which was observed in Experiment 2.

More importantly, the results again showed 
no evidence that speed profiles affected cyber-
sickness, both in the direct measure of SSQ and 
in the indirect assessments of postural stability. 
Although the DFA measure showed significant 
difference between the constant and the ramp 
condition, the difference between the constant 
and the polynomial condition was not signifi-
cant, which is inconsistent with the hypothesis 
that constant speed is more comfortable than the 
variable condition. Therefore, overall, speed 
profiles showed no consistent effects on cyber-
sickness for circular motion as for linear motion.

As in Experiment 1, one potential concern is 
that the motion profile manipulations used here 
may not be strong enough to elicit observable 
effects on cybersickness. However, as observed 
in Experiment 1, post-exposure cybersickness 
ratings were increased from baseline, and within 
the range of what constitutes a problem simula-
tor (Kennedy et al., 2001), suggesting that the 
VR simulations were strong enough and effec-
tive in causing cybersickness. Moreover, in 
keeping with Experiment 1, the quality and 
intensity of angular displacement were selected 
to represent a case in which cybersickness 
should be maximally observed in terms of rota-
tional speed (Yang & Sheedy, 2011), vection 
saturation (Berthoz et al., 1975; So et al., 2001), 
and spatial frequency (Hu et al., 1997; So, Ho, & 
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Lo, 2001). Therefore, our findings suggest that 
at least in typical scenarios that were thought to 
be problematic for VR simulations, speed pro-
files have no significant effects on cybersickness 
for circular motion.

gEnEraL dIscussIon
The main goal of this research was to examine 

the hypothesis that constant speed is more com-
fortable than variable speed and may minimize 
cybersickness. As discussed in the introduction, 
current best practices for VR content creation 
suggest keeping any form of acceleration as short 
and infrequent as possible to mitigate cybersick-
ness. It has also been suggested that it is prefer-
able to have considerable mismatch for a very 
short time interval, as opposed to a smaller, sus-
tained mismatch over a longer time interval. Such 
hypotheses led to the development of this study 
in which we compared three speed profiles—and 
their respective accelerations—to gain insight 
into the best locomotion methods for VR tra-
versal. According to these common beliefs, the 
speed profile that should be most comfortable is 
the constant speed profile because it only pres-
ents instantaneous acceleration components at 
the beginning and end of the trajectory. Indeed, 
there is no other speed profile with a shorter 
duration and more infrequent nonzero accelera-
tion periods.

To test this hypothesis, we examined the 
effects of three speed profiles (constant, ramp, 
and polynomial) on cybersickness in both linear 
and circular motions. We used both the direct 
measure of cybersickness (SSQ) and a poten-
tially more sensitive, indirect assessment of the 
motion effect (postural stability). Regarding the 
SSQ measure of cybersickness, both experi-
ments showed there was no significant differ-
ence in severity of self-reported cybersickness 
between speed profiles. Moreover, there was 
also no convincing evidence of the speed profile 
effect in the postural stability measurements, in 
both COP and DFA and for both the linear and 
circular motions. Taken together, our studies 
suggest that speed profile has negligible effect 
on people’s cybersickness.

Our findings appear to be inconsistent with 
some previous research showing the effects of 
speed profile on cybersickness. For example, 

Dorado and Figueroa (2014) observed in some 
experiments that a constant speed profile was 
more comfortable than a ramp-like speed profile. 
However, their comparison was uneven in terms 
of trial duration between the two profiles; usually 
the ramp speed profile traveled the desired path 
in less time than the constant speed profile. To 
address such issues, this study used speed pro-
files that traversed the same distance (linear dis-
tance in Experiment 1 or angular distance in 
Experiment 2) and had the same duration.

Nevertheless, a small, nonsignificant trend 
was observed in both the cybersickness ratings 
and the COP measures, with the constant speed 
profile yielding the lowest total severity score. 
Moreover, the DFA for the circular motion was 
significantly lower in the constant condition 
than in the ramp condition, although not signifi-
cantly different from the polynomial condition. 
These observations are consistent with the idea 
that constant speed is most comfortable, as the 
other speed profiles evoke sensorial mismatches 
(nonzero acceleration) for longer periods of 
time. Therefore, we speculate that with more 
extreme manipulations of the speed profile, 
some effects on cybersickness might be detect-
able. However, note that our manipulations did 
evoke substantial cybersickness in both experi-
ments, as suggested by the increase in SSQ com-
pared with baseline, and the parameters of the 
speed profiles were based on common VR sce-
narios; therefore, our findings should be repre-
sentative and applicable to typical VR practices. 
Overall, our results provided no convincing evi-
dence that traversing a VE with constant speed 
is more comfortable than traversing a VE with 
the other two tested speed profiles. Hence, con-
stant speed traversal is a good option for move-
ment in VR, but not demonstrably better than the 
other speed profiles for the range of visual 
motion tested. We believe such results to be 
valuable for the design of locomotion techniques 
to traverse VR environments.

Nevertheless, there are some limitations to 
this study, such as the lack of an explicit mea-
surement of vection and the accuracy of the 
WBB compared with a scientific-grade force 
platform. However, both experiments were 
designed to alleviate such limitations. That is, 
our study primarily required the recording of 
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low-frequency movements, for which the WBB 
has been shown to be adequate. Moreover, 
although vection was not explicitly measured, 
the effects of the stimuli on participants’ COP 
movement provided some indirect indication 
that they were effective in inducing vection. It is 
also important to mention that in this study we 
only considered pure translational and pure rota-
tional motions, and an analysis of multiaxial 
visual motion is left for future research.

Another potential limitation concerns whether 
aspects of the experimental procedure induced 
participants to modify or otherwise alter their 
behavior based on presumptions regarding the 
true intentions of the experiment (Young, Adel-
stein, & Ellis, 2006). In other words, it is possible 
that the increase in cybersickness ratings was not 
related to actual sensations of cybersickness, but 
a consequence of applying several questionnaires 
to the same individual. Nevertheless, comparing 
our results with those of Young et al. (2006) sug-
gests that this type of demand characteristics is 
unlikely the sole cause of the increase in SSQ. 
On one hand, in that study, the demand character 
produced an increment in the post-exposure SSQ 
total scores of around 4 points (mean SSQ score 
of 6 in “post-test-only” condition, compared to a 
mean value of 10 for the “pre-/post-test” condi-
tion). In contrast, in Experiment 1, we obtained 
pre-exposure SSQ scores of around 11 and post-
exposure SSQ scores between 25 and 32 (see 
Figure 4)—an increase of 14 points (up to 21 
points) between the pre- and post-exposure SSQ 
scores, which is much larger than the 4 points 
attributed to demand character in Young et al. 
(2006).

Furthermore, according to Kennedy et al. 
(2001), in our work the effect of VE immersion 
increased the pre-exposure SSQ scores category 
“a simulator with significant symptoms” to a 
“problematic simulator”—an escalation of two 
categories (SSQ score of 10–15 indicates “sig-
nificant symptoms”; 15–20, “symptoms are a 
concern”; >20, “problematic simulator”). Thus, 
it is more plausible that the observed increment 
in SSQ total scores has a large component 
induced by VE immersion and a small compo-
nent related to demand character of the SSQ 
administration. Nevertheless, we acknowledge 

that the design of this study cannot eliminate the 
possibility that the increase from baseline for the 
three test conditions is at least partially attribut-
able to demand characteristics.

In addition to the main goal, we also per-
formed some explorative analysis on whether 
people’s baseline postural control ability may 
predict who is more likely to develop cybersick-
ness in VR simulations, following a similar 
approach by Arcioni et al. (2018). Four mea-
sures of postural control were used as predictors, 
namely, COP and DFA along both AP and ML 
axes. However, in both experiments, none of 
these baseline postural measures could predict 
the SSQ scores in the speed profile conditions. 
These findings are generally consistent with 
those of Arcioni et al. (2018), who also showed 
little evidence that individual difference in base-
line postural control is a reliable predictor of 
severity of cybersickness in VR.

We also observed a somewhat puzzling effect 
of COP movement between the AP and ML 
axes. In both experiments, normalized COP was 
significantly larger along the AP axis than the 
ML axis. The most natural explanation is that 
the simulated motion was much more promi-
nent along the AP axis. However, this hypothe-
sis can explain the results in Experiment 1, 
where the induced forward motion was indeed 
along the AP axis, but it cannot explain the data 
in Experiment 2, where the induced motion was 
circular and did not favor the AP axis. An alter-
native hypothesis is that due to the posture of 
the participants in the experiment, that is, with 
two feet apart along the ML axis, they were 
more stable along the ML axis than the AP axis, 
hence being more resistant to visually induced 
perturbations along the ML axis. Whether this 
hypothesis is true remains a topic for future 
research.

In summary, two experiments examined the 
effects of speed profiles on cybersickness for 
both linear and circular motions. The results pro-
vided no evidence for the common belief that 
constant speed is more comfortable than vari-
able speed profiles for scenarios in typical VR 
applications. These findings have important 
implications for the design of locomotion tech-
niques to traverse VR environments.
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kEy poInts
 • Two experiments examined the hypothesis that 

constant speed is more comfortable than variable 
speed and may minimize cybersickness.

 • Both experiments showed no significant differ-
ence in self-reported cybersickness between speed 
profiles and no convincing evidence for an effect 
of speed profile in terms of center of pressure 
displacement and detrended fluctuation analysis 
alpha values, for both linear and circular visual 
motions.

 • These findings have important implications for 
the design of locomotion techniques involving 
traversal in virtual reality environments.
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