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Abstract: Adults who are blind stood in a room that could be moved around
them. A sound source moved with the room, simulating the acoustic conse-
quences of body sway. Body sway was greater when the room moved than when
it was stationary, suggesting that sound may have been used to control stance.

In studies of audition in persons who are
blind, experimenters have tended to rely
on subjective reports (Lackner, 1977;
Rice, 1967, 1969). However, numerous
studies have demonstrated that measured
perceptual accuracy is often dramatically
greater when perception is used in the
guidance of action. As an example from
vision research, compare estimates of
time to contact, which are known to be
inaccurate and highly variable (McLeod
& Ross, 1983), with the control of com-
plex action, in which perceptual-motor
timing is often consistent and highly ac-
curate (Bardy & Laurent, 1998). Research
on the visual control of action has led to
a new appreciation of the accuracy of
vision.

Some studies have assessed the ability
of persons who are blind or sighted to
control action relative to the audible en-
vironment, but these studies have tended
to suggest limited accuracy (Ashmead et al.,
1998; Rosenblum, Gordon, & Jarquin,
2000; Schenkman & Jansson, 1986; Stre-
low & Brabyn, 1982; Supa, Cotzin, &
Dallenbach, 1944). The limited accuracy
that has been observed in those studies
may arise from the absence of quantita-
tive measurements of body kinematics. In
the study presented here, we assessed per-
ception in the context of quantitative
measures of body sway. Our focus was on
the perceptual control of standing posture.

Optic and acoustic flow
Movement of the point of observation
relative to the illuminated environment
creates global changes in the patterns of
light that arrive at the eyes. These global
patterns are known as optic flow. Optic
flow provides information about self-
motion relative to the illuminated envi-
ronment, that is, surfaces in the environ-
ment that reflect light (generally, light
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sources are outside the field of view). In
the presence of ambient sound fields (that
is, in reverberant environments in which
sound arrives at the ears from all direc-
tions), movement of the point of observa-
tion creates global changes in the patterns
of sound that arrive at the ears; these
patterns are referred to as acoustic flow
(Stoffregen & Pittenger, 1995). Acoustic
flow provides information about self-
motion relative to the objects and surfaces
that produce or reflect sound. A major
difference between acoustic and optic
flow is that, from most points of observa-
tion, the acoustic stimulus waveform in-
cludes energy arriving directly from the
sound source as well as sound reflected
from the environment.

In principle, acoustic flow carries infor-
mation that is sufficient to permit percep-
tion and to control action, such as stance.
Thus, it is possible to predict that humans
may be able to use information in fields of
acoustic flow to perceive and control
body sway. Stoffregen and Pittenger
(1995) predicted that human stance could
be controlled on the basis of fields of
acoustic flow that were generated by
echolocation. In our study, we tested a
closely related hypothesis, that human
stance can be perceived and controlled on
the basis of fields of acoustic flow that are
generated by sound sources that are not
under the perceiver’s control. We col-
lected quantitative data on the ability of
persons who are blind to control standing
posture relative to an environment that
moved around them, producing acoustic
flow.

Perceptual control of stance
The control of standing posture has be-
come a paradigm of investigations of the

use of perceptual information for the
adaptive control of action (Schöner,
1991). Postural control relies on multisen-
sory information (Dichgans & Brandt,
1978). Early research on the perception
and control of bodily orientation concen-
trated on vestibular and somatosensory
information (Edwards, 1945). In more re-
cent decades, greater emphasis has been
placed on the role of vision in the control
of stance, with numerous studies docu-
menting the perception and use of optical
flow in the adaptive control of stance (see,
for example, Lee & Aronson, 1974; Stof-
fregen, 1985).

Several studies have examined the re-
lationships between acoustic stimulation
and the control of whole body movement.
These studies have demonstrated an in-
fluence of acoustic stimulation on stand-
ing body sway. In each study, the acoustic
stimulus had an arbitrary relationship to
the dynamics of body sway. Sounds were
either stationary (Easton, Greene, DiZio,
& Lackner, 1998; Petersen, Magnusson,
Johansson, Åkesson, and Fransson, 1995;
Russolo, 2002; Sakellari & Soames,
1996), or moved in axes or patterns that
were unrelated to the axes or patterns of
body sway (Peterson et al., 1995; Tanaka,
Kojima, Takeda, Ino, & Ifukube, 2001).

Of the studies just mentioned, only
Easton et al. (1998) included participants
who are blind. They exposed blindfolded
persons who were sighted and blind per-
sons to stationary sound fields that were
presented by a single speaker located in
front, by two speakers on each side of the
head, or through a head-mounted sonar
system. When sound was presented
through two laterally placed speakers, the
magnitude of body sway was reduced rel-
ative to a no-sound condition (the effect
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was the same for participants with blind-
ness and those who were sighted). The
single speaker and the sonar system had
no effect on body sway. The sound stim-
ulus consisted of a 500-Hz square wave
that was delivered at 73 dB.

As we just noted, in studying postural
control in persons who are blind, Easton
et al. (1998) used sound sources that were
stationary. In contrast, in research relating
postural control to optic flow, participants
are often exposed to moving visual envi-
ronments. One robust method for gener-
ating optic flow is through the use of a
moving room, a large box that surrounds
a standing experimental participant. The
moving room has no floor, so that the
participant stands on the stationary floor
of the laboratory. The room is mounted
on wheels or suspended from the ceiling,
so that it can move backward and for-
ward. Under conditions of illumination,
movements of the room produce optic
flow. For a person who is standing inside
the moving room, the optic flow nearly
fills the field of view. Large, sudden
movements of the room can produce dra-
matic effects, such as staggering or falling
down (Lee & Aronson, 1974; Stoffregen,
Schmuckler, & Gibson, 1987).

Stoffregen, Villard, Kim, Ito, & Bardy
(2009) blindfolded persons who were
sighted and tested their ability to control
whole body movement relative to a mov-
ing acoustic environment. The partici-
pants stood in a moving room that oscil-
lated with an amplitude of 22 centimeters
(about 9 inches) at 0.2 Hz along the par-
ticipants’ anterior-posterior axis. Sound
sources (speakers) within the room pro-
duced “pink noise” (static of a particular
pattern of frequencies). The participants
were instructed to move their heads for-

ward and back so as to maintain a con-
stant distance between themselves and the
front wall of the room. In some condi-
tions, the speakers were attached to the
interior of the room, such that information
about the motion of the room (relative to
each participant) was available in both
direct and reflected sound. In other con-
ditions, the speakers were mounted on the
floor, so that information about the mo-
tion of the room was available only in
reflected sound (that is, in acoustic flow).
In all conditions, coupling head move-
ments with the motion of the room was
robust in terms of both amplitude and
timing. Stoffregen et al. (2009) concluded
that when blindfolded, persons who are
sighted could, without prior practice, de-
tect and control whole-body motion rela-
tive to the acoustic environment.

The study
Lee and Aronson (1974) conducted the
first experimental study of the role of
optic flow on human stance. Given the
novelty of their study, they chose a stim-
ulus motion that would be likely to yield
large, easily observed effects. Standing
participants were exposed to large, rapid,
unidirectional displacements of a moving
room. The optical consequences of these
room movements were qualitatively sim-
ilar to what a person sees (outside the
laboratory) if he or she begins to fall over.
The sole independent variable in their
study was the direction of the room’s
motion (forward versus back). In both
directions, Lee and Aronson found that
the participants (young children) re-
sponded to the motion of the room by
staggering or falling down.

There have been no experimental stud-
ies of the relevance of acoustic flow to the
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control of action in persons who are blind.
We tested the hypothesis that adults who
are blind would exhibit postural re-
sponses to a moving room that generated
acoustic flow. Given the novelty of our
study, it seemed appropriate to follow the
strategy used by Lee and Aronson (1974),
that is, to use stimulus motions that could
be expected to give rise to easily observ-
able effects. As an initial step in evaluat-
ing the potential use of acoustic flow for
perception and the control of stance in
people who are blind, we reproduced Lee
and Aronson’s method, adding a sound
source that was attached to the room.
Sound from this source reflected off the
interior of the room, such that the motion
of the room generated acoustic flow in
ambient sound. Our method deviated
from that of Lee and Aronson in several
respects. In separate conditions, the par-
ticipants stood on the laboratory floor and
on a narrow beam. Balance control is
more challenging on a beam than on an
ordinary floor. The beam is widely inter-
preted as reducing the reliability of
orientation-relevant information from the
foot and ankle proprioceptors (see, for
example, Nashner & McCollum, 1985),
which may, accordingly, increase the par-
ticipants’ reliance on other sources of per-
ceptual information, such as audition. In
an attempt to differentiate acoustic flow
from nonauditory sources of information,
we included a condition in which the
sound source was presented through
headphones. Finally, whereas Lee and
Aronson used large room movements (47
centimeters, or about 19 inches), we used
smaller ones. The primary motivation for
this difference was the safety of our par-
ticipants: We sought to minimize the
chance that the participants would fall.

Method
The blind participants stood in a moving
room. We measured postural sway when
the room was moving and when it was
stationary. We also varied the surface on
which the participants stood (floor versus
beam). Finally, we varied the mode of
sound presentation (loudspeakers versus
headphones). In the loudspeaker condi-
tion, the motion of the room displaced the
loudspeakers and the sound-reflecting
walls, creating acoustic flow. The head-
phone condition served as a control; the
motion of the room had no effect on
sound presented via headphones.

PARTICIPANTS

The participants were six adults (four
men and two women, aged 24, 31, 49,
53, 54, and 61) who were legally blind
and in good health. Their blindness was
caused by Leber’s congenital amauro-
sis, juvenile glaucoma, or retinopathy
of prematurity, and its onset was con-
genital (5 cases) or occurred at age 2 (1
case). Three participants reported total
blindness, and the other three reported
partial blindness, indicating that they
had only light perception.

APPARATUS

The moving room consisted of a cubical
frame of aluminum beams, 2.4 meters
(about 8 feet) on a side, mounted on
wheels and moving along rails that were
bolted to the laboratory floor. Three sides
and the ceiling were covered with ply-
wood walls 1.5 centimeters (about half an
inch) thick; the upper half of the fourth
vertical side (the back wall) was also cov-
ered with plywood. The room was moved
back and forth manually (Lee & Aronson,
1974; Stoffregen, 1985). The room had
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no floor, so that the participants who were
standing within it were not displaced
physically. The participants stood on the
concrete floor of the laboratory or on a
wooden beam, which was 1 meter (about
39 inches) long by 8.75 centimeters
(about 3 inches) wide and 12.5 centime-
ters (about 5 inches) high, that could be
placed on the floor.

When the room was stationary, back-
ground noise in the laboratory was 45
dBA, and 65 dBC. The motion of the
room generated noise that increased
the overall intensity of sound: When the
room was in motion, the intensity of the
sound at the location of the head was 65
dBA and 82 dBC. The experimental
sound stimulus consisted of pink noise,
with frequencies ranging from 40 Hz to
16 kHz. The sound was recorded on an
audiocassette and played back on an
Aiwa CA-DW235 stereo cassette play-
er; it measured 77 dBA at the head. The
cassette player was rigidly attached to
the front wall of the moving room, cen-
tered left to right and 165 centimeters
(about 5 feet) above the floor. When
they were in use, the headphones were
plugged into the headphone jack of the
cassette player.

Postural activity and room motion were
measured using a magnetic tracking sys-
tem (Flock of Birds by Ascension Tech-
nology). The magnetic field was gener-
ated by an emitter that was placed on a
stand approximately 15 centimeters
(about 6 inches) behind the participant’s
head. One sensor was located on the par-
ticipant’s head, and one sensor was at-
tached to the ceiling immediately above
the participant’s head. Each sensor was
sampled at 25 Hz.

PROCEDURE

The participants stood 1.5 meters (about 5
feet) from the front wall and 1.0 meter
(about 3 feet) from the left and right
walls, facing the front wall, so that the
motion of the room was in the body’s
anterior-posterior axis. Each wore an
opaque cloth blindfold, which fit snugly
over the eyes with elastic bands. The
blindfold was covered by a snug knit
headband, approximately 8 centimeters
(about 3 inches) wide at the front. A re-
ceiver from a magnetic tracking system
was attached to the back of the headband
using Velcro. Trials were 60 seconds
long.

The amplitude of the room motion was
25 centimeters (about 10 inches). There
were 10 unidirectional room movements
per trial, alternating forward and back-
ward. Several seconds elapsed between
successive movements, and the experi-
menter made an effort to vary the inter-
movement interval so that the onset of
motion would not be predictable. We
used a 2 (room moving versus station-
ary) � 2 (stance on floor versus beam) �
2 (speakers versus headphones) within-
participants design, with two trials in
each condition, for a total of 16 trials per
participant.

Results
Of the six participants, one participated
only in the stationary-room conditions, and
two were unwilling to stand on the beam
when the room was moving. Accordingly,
our design was unbalanced, comprised of
48 trials with the room stationary and 32
trials with the room moving.

To evaluate the hypothesis that stance
was influenced by the motion of the room,
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we compared the variability of head mo-
tion between the stationary- and moving-
room conditions. We defined variability
of head motion as the standard deviation
of head position in the x-axis, that is, the
standard deviation of the sample-to-
sample change in position. Given that our
sampling rate was 25 Hz, the means rep-
resent the average distance that the head
moved in 0.04 seconds.

We used a linear mixed model to per-
form the statistical analysis. Linear mixed
models (also known as hierarchical mod-
els or random effects models) are appro-
priate when individual participants are
measured several times during an exper-
iment. Measuring the same individual at
different times or in different conditions
results in correlated errors, violating a
standard assumption for assessing signif-
icance in traditional statistical models.
Mixed models account for these errors,
making it possible to assess the effects of
independent variables and the variance
resulting from multiple measurements
(Howell, 2008). Mixed models provide an
additional advantage over repeated-
measure analyses of variance in that they
are not limited to balanced data sets
(Kenny, Bolger, & Kashey, 2002; Wal-
lace & Green, 2002).

A linear mixed-model analysis re-
vealed a main effect of room motion on
variability of the head position in the floor
condition (M � 0.45 centimeter) and in
the beam condition (M � 0.53 centime-
ter), t(27) � 15.10, p �.0001. The vari-
ability of the head position was reduced in
the stationary-room conditions during
stance on both the floor (M � 0.055 cen-
timeter) and the beam (M � 0.135 centi-
meter), t(27) � 15.10, p �.0001. There
was also a main effect of the support surface

in both the moving- and stationary-room
conditions, t(27) � 3.04, p � .0052. The
speaker (M � 0.532 centimeter) and head-
phone conditions (M � 0.531 centimeter)
did not differ, t(26) � 0.04, p � .97, and
there were no significant interactions in-
volving sound sources (see Figure 1).

Having found that the motion of the
room influenced stance, we sought to un-
derstand the nature of the relationship be-
tween stance and room motion. In these
new analyses, we considered data only
from those trials in which the room was
moving. To evaluate the strength of the
coupling of body sway to room motion,
we computed cross-correlation coeffi-
cients. During stance on the floor, the
mean cross correlation between head move-
ment and room motion in the moving-room
condition was 0.82 (SD � 0.20). When the

Figure 1. Body sway: Representative trials
in acoustic flow conditions. Top panel: stance
on floor and beam with room stationary. Mid-
dle panel: room motion, stance on beam.
Lower panel: room motion, stance on floor.
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participants stood on the beam in the
moving-room condition, the mean cross
correlation was 0.87 (SD � 0.17). In the
moving-room condition, the mean cross
correlation was 0.85 (SD � 0.19) in the
loudspeaker condition and 0.81 (SD �
0.21) in the headphone condition. A lin-
ear mixed-model analysis revealed that
the main effect of support surface was not
significant, F(1,63) � 0.08, p � .77. The
difference in coupling between the head-
phone and loudspeaker conditions was
also not significant, F(1,63) � 0.73, p �
.40. Finally, the interaction between the
sound presentation and the support sur-
face was not significant, F(1,63) � 0.19,
p � .67.

To evaluate the timing of postural re-
sponses, we computed the phase of body
sway relative to the room motion. Phase
was analyzed using circular statistics
(Batschelet, 1981). It did not differ be-
tween sound sources (M � –16.39 de-
grees, SD � 10.13 degrees, and M �
–8.94 degrees, SD � 25.60 degrees for
the loudspeakers and headphones, respec-
tively), Watson-Williams F(1,29) � 0.88,
p � .05. Phase also did not differ on the
two support surfaces (M � –17.01 de-
grees, SD � 8.34 degrees, and M � –9.7
degrees, SD � 24.19 degrees for the beam
and floor, respectively), Watson-Williams
F(1,29) � 0.88, p � .05. Circular statis-
tics did not permit us to assess interac-
tions, so we could not evaluate the rela-
tionship between the sound source and
the support surface variables.

Discussion
EFFECTS OF ROOM MOTION

Our analyses of variability clearly indi-
cate that there was an effect of room mo-

tion on body sway. This appears to be a
novel finding in the literature on blind-
ness. In qualitative terms, it resembles the
findings of Stoffregen et al. (2009) in a
moving room using sighted participants
who were blindfolded.

Although the effect of room motion on
postural activity was clear, the source of
the effect was uncertain. We sought to
show that such effects could arise from
acoustic flow, but other explanations are
also possible because of the absence of
differences between the loudspeaker and
headphone conditions. Next, we consider
three alternative explanations of the ef-
fects of room motion on sway: haptic
perception through cables, acoustic trans-
parency of the headphones, and wind gen-
erated by room motion.

Haptic perception through cables
One possible source of information arose
from the fact that the cables that were
attached to the participant (from the
tracking system and the headphones)
were also attached to the moving room. In
principle, the participants might have de-
tected room motion through the motion of
the cables. This would be a novel form of
haptic perception, not noted in the litera-
ture on blindness or in any literature on
haptics. Studies of haptics in persons who
are blind have concentrated on braille and
on the use of rigid canes. Such studies
have also tended to focus on manual
sensitivity. Exceptions include point thresh-
olds taken over the body and sensory-
substitution devices (Bach-y-Rita, Collins,
Saunders, White, & Scadden, 1969). The
idea that people could use indirect contact
with the head, through nonrigid cables, to
detect (let alone respond to) movement of a
distal object or surface does not appear to
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have a precedent in the literature on haptic
sensitivity or in the literature on the percep-
tual control of movement.

Jeka, Schöner, Dijkstra, Ribeiro, and
Lackner (1997; see also Jeka, Oie,
Schöner, Dijkstra, & Henson, 1998)
showed that fingertip contact with a mov-
ing surface can induce the coupling of
body sway. Jeka et al. (1996) showed that
haptic information obtained through a
cane can be used to stabilize stance. In
both studies, haptic information came
through manual contact with a rigid ob-
ject or surface. In our study, haptic infor-
mation about the motion of the room was
available only through flexible cables that
were attached to the head (via a headband
and headphones). Thus, if our results
arose from haptic sensitivity, they would
constitute a new finding—that people
who are blind can use haptic stimulation
of the head, which arrives through a flex-
ible cable, to detect motion and can use
this information to control their stance.

However, a problem with the haptic
hypothesis is that it would tend to predict
a time lag or phase delay, which was not
observed in either the experimental or
control conditions. Moreover, there were
two cables in the headphone conditions
(from the headphones and the magnetic
tracking system), but only one in the
loudspeaker condition (from the magnetic
tracking system), yet the two conditions
did not differ in sway, suggesting that the
addition of a second cable had no effect.

Acoustic transparency
of the headphones
The headphones masked direct and re-
flected sound arising from our taped
acoustic stimulus, but they may not have
masked all acoustic patterns that were

influenced by the motion of the room.
There has been little research on auditory
sensitivity in people who are blind as a
function of acoustic frequency. However,
Ashmead et al. (1998), and Ashmead and
Wall (2002) studied sound fields in clut-
tered environments and found that inter-
ference patterns cause low-frequency (20
HZ–50 Hz) sound pressure to build up
near large surfaces, such as walls and
ceilings. They confirmed that adults and
children with visual impairments could
use ambient sound fields to avoid colli-
sion with walls and suggested that this
ability was based on sensitivity to low-
frequency sound. In our study, room mo-
tion generated power in acoustic frequen-
cies lower than those in the stimulus
audiotape. The headphones may not have
masked these low frequencies; for exam-
ple, noise-canceling and ear-protection
headphones have little effect for frequen-
cies below 80 Hz. The sound-pressure
level created by the motion of the room
was above the threshold for frequencies
as low as 30 Hz. Thus, it may be that
postural control was influenced by low-
frequency sound created by the motion of
the room.

Wind generated by room motion
Movements of the room generated dy-
namic ambient sound fields (acoustic
flow) but also dynamic patterns of so-
matosensory stimulation as air was dis-
placed. In principal, air movement may
have been used to detect the motion of the
room. However, the phase data are not
consistent with this hypothesis. Wind
travels more slowly than sound, so that if
body sway was caused by the perception
of wind, we would expect a significant
time delay between room motion and the
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postural response. The phase of postural
responses during stance on the floor did
not differ from zero, which indicates that
responses were rapid. Research with vir-
tual acoustic displays, in which there is no
air movement (Ito & Seki, 1999), sug-
gests that the postural response may be
due to acoustic flow.

The fact that body sway was coupled
with the moving room among our blind
participants opens up new directions for
understanding perception in people who
are blind. Future research will identify the
perceptual information that is used to de-
tect motion of the environment.

EFFECTS OF THE SUPPORT SURFACE

There was also an effect of the support
surface on sway. The increase in sway
during stance on the beam replicates clas-
sical findings in sighted participants re-
lated to the increased difficulty of control-
ling balance on a beam (McCollum &
Leen, 1989), but is not otherwise relevant
to the possible influence of acoustic flow
on stance. The effect reflects the biome-
chanical consequences of manipulating
the support surface (that is, on the beam,
the body is less stable and harder to con-
trol). The results confirm that effects seen
in persons who are sighted also obtain
among persons who are blind.

Conclusion
Adults who are blind stood in a room that
moved around them. Their body sway
when the room was in motion was
greater than when the room was station-
ary, and the phase of sway was tightly
coupled with the timing of the motion of
the room. These findings demonstrate
that the participants detected their mo-
tion relative to a moving environment

and used this information to control
their stance. The effects were qualita-
tively similar to previous studies of pos-
tural control related to optic flow in
blind individuals and to acoustic flow in
sighted-blindfolded persons. Future re-
search is needed to ascertain the source
of information used by people who are
blind in our paradigm.
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Jeka, J., Oie, K., Schöner, G., Dijkstra, T., &
Henson, E. (1998). Position and velocity
coupling of postural sway to somatosen-
sory drive. Journal of Neurophysiology,
79, 1661–1674.

Kenny, D. A., Bolger, N., & Kashey, D. A.
(2002). Traditional methods for estimating
multilevel models. In D. S. Moskowitz &
S. L. Hershberger (Eds.), Modeling intra-
individual variability with repeated mea-
sures data: Methods and applications (pp.
1–24). Mahwah, NJ: Lawrence Erlbaum.

Lackner, J. R. (1977). Induction of nystagmus
in stationary subjects with a rotating sound
field. Aviation, Space, and Environmental
Medicine, 48, 129–131.

Lee, D. M., & Aronson, E. (1974). Visual
proprioceptive control of standing in hu-
man infants. Perception & Psychophysics,
15, 529–532.

McLeod, R. W., & Ross, H. E. (1983). Optic-
flow and cognitive factors in time-to-
collision estimates. Perception, 12, 417–
423.

McCollum, G., & Leen, T. K. (1989). Form
and exploration of mechanical stability
limits in erect stance. Journal of Motor
Behavior, 21, 225–244.

Nashner, L. M., & McCollum, G. (1985).
The organization of postural movements:
A formal basis and experimental synthe-
sis. Behavioral and Brain Sciences, 26,
135–172.

Peterson, H., Magnusson, M., Johansson, R.,
Akeson, M., & Fransson, P.-A. (1995).
Acoustic cues and postural control. Scan-
danavian Journal of Rehabilitation Medi-
cine, 27, 99–104.

Rice, C. E. (1967). Human echo perception.
Science, 155, 656–664.

Rice, C. E. (1969). Perceptual enhancement
in the early blind. Psychological Record,
19, 1–14.

Rosenblum, L. D., Gordon, M. S., & Jarquin,
L. (2000). Echolocating distance by mov-
ing and stationary observers. Ecological
Psychology, 12, 181–206.

Russolo, M. (2002). Sound-evoked postural
responses in normal subjects. Acta Oto-
Laryngologica, 122, 21–27.

Sakellari, V., & Soames, R. W. (1996). Au-
ditory and visual interactions in postural
stabilization. Ergonomics, 39, 634–648.

Schenkman, B. N., & Jansson, G. (1986). The
detection and localization of objects by the
blind with the aid of long-cane tapping
sounds. Human Factors, 28, 607–618.
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