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Assessment of Vibrotactile Feedback on Postural
Stability During Pseudorandom Multidirectional

Platform Motion
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Abstract—This study uses frequency-domain techniques and sta-
bilogram diffusion analysis (SDA) to investigate the effect of vi-
brotactile feedback during continuous multidirectional perturba-
tions of a support platform. Eight subjects with vestibular deficits
were subjected to two-axis pseudorandom surface platform motion
while donning a multiaxis vibrotactile feedback device that mapped
body tilt estimates onto their torsos via a 3-row by 16-column ar-
ray of tactile vibrators (tactors). Four tactor display configurations
with spatial resolutions ranging between 22.5◦ and 90◦, in addition
to the tactors OFF configuration, were evaluated. Power spectral
density functions of body sway in the anterior–posterior (A/P) and
medial–lateral (M/L) directions, and transfer functions between
platform motion and body sway, were computed at frequencies
ranging from 0.0178 to 3.56 Hz. Cross-spectral analysis revealed
that the A/P responses were not significantly driven by M/L inputs,
and vice versa, thus supporting the notion of independent A/P
and M/L postural control. Vibrotactile feedback significantly de-
creased A/P and M/L spectral power, decreased transfer function
gains up to a frequency of 1.8 and 0.6 Hz in the A/P and M/L direc-
tions, respectively, and increased phase leads above 0.3 Hz. SDA
showed significantly decreased transition time for both A/P and
M/L tilts, and decreased transition displacement and short-term
diffusion coefficients for A/P tilt. However, the spatial resolution of
the tactor displays did not affect subjects’ performance, thereby
supporting the use of a lower spatial resolution display in future
device designs.

Index Terms—Balance, balance aid, frequency-domain analysis,
postural control, stabilogram diffusion analysis (SDA), vibrotactile
display.

I. INTRODUCTION

HUMAN postural dynamics are inherently unstable and re-
quire complex control mechanisms in order to maintain

upright balance. Visual, vestibular, and proprioceptive infor-
mation are continuously sampled, processed, and integrated by
the central nervous system in order to generate corrective mo-
tor torques at the feet against the support surface. Individuals
with vestibular and proprioceptive loss (i.e., peripheral neuropa-
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thy) often experience increased difficulty in maintaining their
balance in the absence of visual cues, in poorly lighted envi-
ronments, or when proprioceptive cues are distorted (i.e., soft,
uneven ground) [1].

Sensory substitution is a technique of replacing or augmenting
compromised sensory information. Balance aids using various
modes of sensory substitution such as electrotactile, vibrotactile,
and auditory feedback of body motion have been developed and
found effective in improving postural stability of subjects with
vestibular loss during stationary tasks and during single-axis
perturbed stance [2]–[6]. Sienko et al. [7] recently demonstrated
that subjects with vestibular loss donning a multiaxis vibrotactile
feedback balance aid during continuous multidirectional surface
perturbations: 1) reduced their root-mean-square (RMS) trunk
sway; 2) decreased their trunk trajectory area; and 3) spent more
time in maintaining a near upright posture (as per instructions),
when feedback was provided.

Human bipedal quiet stance is most simply modeled by an
inverted pendulum [8], [9] with sensory information being com-
bined linearly [10], [11] and controlled by two orthogonal feed-
back controllers [12] in the anterior–posterior (A/P) and medial–
lateral (M/L) directions. Given that the corrective motor torques
are generated at the ankle, resulting in negligible knee or hip
moments, the use of a simple linearized model to approximate
the nonlinear system dynamics is appropriate in the case of quiet
stance. While impulse and step functions are effective signals for
testing linear systems, it is difficult to find naturally occurring
signals that approximate these highly idealized waveforms [13].
Instead, continuously varying support surface stimuli (pseudo-
random time series) may be used to study system dynamics by
producing steady-state postural responses from which transfer
functions can be derived [14].

Power spectral density (PSD) analysis describes the distri-
bution of power content across frequencies for a signal or time
series [15]. In the context of human postural control, PSD analy-
sis is used to determine the spectral power content and dominant
frequency of body sway during quiet and perturbed stances. A
transfer function, defined as the mathematical relationship be-
tween the output and input for a linear time-invariant system,
characterizes system dynamics with a gain and phase at each
frequency. Peterka and Wall used this approach to quantify the
effectiveness of a vibrotactile balance aid during single-axis per-
turbations [16]. In this study, we extend the analysis to assess
the utility of a vibrotactile balance aid during multidirectional
continuous surface perturbations. In particular, this paper ap-
plies techniques such as PSD analysis and frequency transfer

0018-9294/$26.00 © 2009 IEEE



SIENKO et al.: ASSESSMENT OF VIBROTACTILE FEEDBACK ON POSTURAL STABILITY 945

function analysis to gain quantitative insight into the frequency-
dependent effects of vibrotactile feedback during continuous
multidirectional surface perturbations, including possible cross-
axis effects that would be indicative of dependent strategies, as
opposed to independent strategies for A/P and M/L postural con-
trol. A preliminary version of this paper has appeared in [17].

Stabilogram diffusion analysis (SDA) treats postural sway as
a stochastic process similar to a random walk [18]. Mean-square
displacement of the postural sway is calculated as a function
of time interval resulting in two distinct displacement regions.
For short time intervals (typically <0.5 s), the mean-square
displacement is positively correlated and indicates passive open-
loop control, whereas for long time intervals (typically >1 s), it
is negatively correlated and indicates active closed-loop control.
SDA parameters provide a further basis on which to quantify
the effects of the balance aid.

II. METHODS

A. Subjects

Eight weakly compensated vestibulopathic subjects (51 ± 10
years) were referred by the Massachusetts Eye and Ear Infir-
mary (MEEI) Department of Otolaryngology clinicians for this
study (details described in [7]). Weakly compensated subjects
were defined as those subjects who failed the NeuroCom Equi-
Test computerized dynamic posturography sensory organization
tests (SOTs) 5 and 6. During SOT 5, the subject’s eyes are closed
and the posture platform is sway-referenced (i.e., moves in syn-
chrony with the subject’s A/P body sway). SOT 6 is performed
with the subject’s eyes open, while both the platform and visual
surround are sway-referenced. Subjects with histories of mental
illness or motor deficits were excluded. Additionally, individu-
als with a body mass index greater than 30 were excluded due
to the size constraints of the vibrotactile balance aid. Subjects
gave their informed consent prior to the start of the experiment.
The experimental protocol, which conformed to the Helsinki
Declaration, was approved by the MEEI, Boston University,
and Massachusetts Institute of Technology Institutional Review
Boards.

B. Equipment and Instrumentation

Subjects stood on a custom-built 2.1 m by 2.1 m BALance
DisturbER (BALDER) platform [19] that could independently
move in two orthogonal directions (x and y directions) in an
earth horizontal plane. Two-axis platform position data were
collected after digitization at 100 Hz.

The vibrotactile balance aid (see Fig. 1) consisted of a two-
axis inertial measurement unit (IMU) mounted on the lower
back of the subject to capture the trunk dynamics, a vibrotactile
array worn around the trunk to intuitively display body motion,
and a laptop with analog and digital interfaces. The trunk tilt
estimates in the A/P and M/L directions, which aligned with
the platform in the y and x directions, respectively, were ob-
tained by processing the IMU’s accelerometer and gyroscope
measurements. The tilt estimates were displayed on a 3-row by
16-column vibrotactile array worn about the subjects’ trunk;

Fig. 1. Vibrotactile feedback balance aid.

the rows displayed estimated tilt magnitude and the columns
displayed tilt direction.

The tilt signal presented to the wearer was a combination of
tilt angle and half the tilt rate. Three tactor display configura-
tions (4, 8, and 16) evaluated the effects of spatial resolution
by varying the number of active tactor columns: the 4-column
display used only the tactors in the four cardinal directions, the
8-column display used every second column, and the 16-column
display used all columns. The direction of tilt (azimuth) was cal-
culated from the arctangent of the A/P and the M/L components,
which in turn activated the appropriate tactor column using the
“nearest neighbor” principle. Depending on the direction of the
tilt in these three configurations, a single tactor was activated
when the tilt angle plus half the tilt rate exceeded a threshold
of 1◦, while no feedback was given within this threshold. One
out of the eight subjects used a 0.5◦ threshold. A fourth con-
figuration (4I) was treated as two separate single-axis systems,
thus displaying A/P tilt and M/L tilt information independent of
each other.

C. Platform Stimuli

The support surface was driven by a velocity (v) command
sequence created from a 624-length (maximal) pseudorandom
pentary sequence (PRPS). Fixed values of +2v, + v, 0, − v,
and −2v were assigned to a four-stage, modulo 5 addition shift-
register output with a state duration of ∆t = 0.09 s (see Fig. 2).
The resultant sequence had a duration of 56.16 s and a magnitude
proportional to the desired platform velocity. This sequence was
low-pass filtered (fourth-order Butterworth, cutoff frequency
fc = 3 Hz) and integrated to create the position waveform.
The initial value of the shift register was selected such that the
position waveform was balanced between negative and positive
values over one stimulus cycle. The x- and y-platform velocity
command signals were given by two uncorrelated waveforms
and scaled, so that the RMS velocity of platform motion ranged
from 2.4 to 4.2 cm/s. A 3-min stimulus for the testing trials was
generated by concatenating three repetitions of a separate pair
of waveforms, plus an additional 15 s of the same waveforms
to allow the postural control system to reach steady state. The
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Fig. 2. (a) Modulo 5 shift register. (b) Time series proportional to desired
platform velocity. (c) Integrated time series proportional to position. (d) Bird’s
eye view of one cycle of actual platform position. (e) X - and Y -platform
position showing the initial 15 s followed by the three repetitions of the PRPS
waveforms, with plots offset for display purposes.

initial 15 s of each trial were not included in the later analysis.
The magnitude of the stimulus was adjusted during the training
session based on each subject’s subjective balance capabilities.
Subjects were asked to rate how difficult it was to maintain their
balance on a scale of 1 to 10 with 1 and 10 corresponding to
not challenging and most difficult balance challenge to date,
respectively. The magnitude of the stimulus was adjusted until
subjects reported a score of either 6 or 7.

D. Experimental Protocol

The subject was presented with four tactor display configu-
rations, the order of which was varied according to a balanced
Latin-squares design [20] with tactor configuration as the pri-
mary factor.

This design produced four groups with two subjects in each
group. All subjects were given a core test battery of six trials:
first, a trial with tactors Off (OFF1), followed by trials with the
four tactor configurations, and finally, a second trial with tactors
Off (OFF2). The present analysis is based on these six core
trials.

Subjects were not told about which tactor configuration they
were using unless the tactors were OFF. Subjects were instructed
to close their eyes for all trials and move in such a manner so
as to null any vibrations regardless of the display configuration.
Their feet were positioned hip-width apart and skewed slightly
outward on the BALDER force plate.

III. FREQUENCY-DOMAIN ANALYSIS

Frequency-domain analyses were performed by computing
PSD functions of body sway measures (trunk tilt in the A/P and
the M/L directions) and platform velocity, as well as transfer

function and coherence function estimates relating the stimulus
(platform motion) and response (trunk tilt).

PSD functions were computed using a discrete Fourier trans-
form (DFT) to decompose the PRPS stimulus and response
signals into sinusoidal components [15]. The DFT was applied
to each 56.16 s (624 × 0.09 s) cycle of each trial’s stimulus and
response waveforms. The DFT was calculated at 200 frequen-
cies ranging from f = 1/56.16 = 0.0178 to f = 200/56.16 =
3.56 Hz. The even frequency points, which have almost zero
amplitude, were discarded, thus leaving 100 frequency sam-
ples. The PSD functions for the stimulus Gx(ω) and response
Gy (ω) were averaged over the three cycles for each trial as
follows:

Gx(ω) =
1
3

3∑

i=1

Xi(jω)∗Xi(jω) (1)

Gy (ω) =
1
3

3∑

i=1

Yi(jω)∗Yi(jω) (2)

where Xi(jω) and Yi(jω) are the DFTs of the ith stimulus
(platform velocity) and response (trunk tilt) cycles, respectively,
ω = 2πf , ∗ indicates a complex conjugate, and f is the fre-
quency in hertz. Similarly, the cross PSD function between the
stimulus and the response is given by

Gxy (jω) =
1
3

3∑

i=1

Xi(jω)∗Yi(jω). (3)

The smoothed PSD and cross PSD functions Gxs(ω),
Gys(ω), and Gxys(jω) were computed using (4)–(6) by av-
eraging adjacent frequency points into 17 frequency bins, such
that the number of points averaged increased with the frequency

Gxs(ω) =
1
n

n∑

i=1

Gx(ω) (4)

Gys(ω) =
1
n

n∑

i=1

Gy (ω) (5)

Gxys(jω) =
1
n

n∑

i=1

Gxy (jω) (6)

where n is the number of frequency points in each bin.
The PSD function of the PRPS stimulus has equal power

contained across all frequencies up to a cutoff frequency. The
mean power frequencies (7) and median power frequencies were
determined for the computed PSDs as well. The mean frequency
of a power spectrum is defined as the normalized, one-sided,
first-order spectral moment, whereas the median frequency is
defined as the particular frequency that would divide the power
spectrum into two parts of equal area as follows:

Mean Power Frequency =
∫

ωP (ω) dω∫
P (ω) dω

(7)

where ω is the frequency in radians per second and P (ω) is the
PSD function computed at that frequency.
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Frequency transfer functions and coherence estimates were
computed from the spectra, as described in [15]. The complex
transfer functions Hs(jω) in (8) were estimated from the PSD
and cross PSD functions, and the gain and the phase of the
transfer function were subsequently computed using

Hs(jω) =
Gxys(jω)
Gxs(jω)

(8)

|Hs(ω)| =
√

Hs(jω)∗Hs(jω) (9)

phase(Hs(jω)) =
180◦

π
tan−1

(
Im(Hs(jω))
Re(Hs(jω))

)
. (10)

The phase was computed using MATLAB function “phase.”
This function “unwraps” the phase values, which means that
phase values more negative than 180◦ could be obtained in cases
where phase lags were increasing with increasing frequency. The
coherence function estimate γ2(ω) was computed as follows:

γ2(ω) =
|Gxys(ω)|2

Gxs(ω)∗Gys(ω)
. (11)

Coherence function estimates show the degree of correlation
between the response and the stimulus as a function of fre-
quency with values ranging from 0 to 1. A value of 1 implies
a perfect linear relationship between the stimulus and response
and no noise in the system or measurements. The coherence
function in the frequency domain is analogous to the cross cor-
relation function in the time domain. 95% confidence intervals
for the transfer functions using coherence function estimates
were computed, as described in [21].

IV. STABILOGRAM DIFFUSION ANALYSIS

Stabilogram diffusion functions (SDFs) were calculated for
each cycle in terms of the mean-square displacement for M/L
tilt (∆x2), A/P tilt (∆y2), and planar tilt (∆r2 = ∆x2 + ∆y2)
as a function of time interval (∆t), which ranged from 0.01 to
10 s. The six cycles for OFF1 and OFF2 were grouped and the five
most consistent SDFs were averaged to produce a mean SDF
for each subject in the tactors OFF condition. Similarly, the four
tactor configurations were averaged, retaining 10 of 12 cycles,
to produce a mean SDF for the tactors ON condition.

The mean SDF was plotted on both linear and logarithmic
scales (see Fig. 3). The first point at which the slope of the log–
log plot dropped below 1 was classified as the “transition point,”
yielding transition time Tt and transition displacement Rt , di-
viding the plot into short- and long-term regions. Best-fit lines
(minimal mean-square error) were determined for the short- and
long-term regions, and one-half of their slopes were calculated
as the scaling exponents Hs and Hl . Best-fit lines were also de-
termined in the linear domain and one-half of their slopes were
calculated as the diffusion coefficients Ds and Dl ; the inter-
section of these lines produced the “critical point” coordinates
of critical time Tc and critical displacement Rc . Transition and
critical points differ from, but are highly correlated with each
other; both have been reported in the literature [18].

Fig. 3. SDF as a function of time interval in (a) linear and (b) logarithmic
domains, showing the parameters of interest. The vertical dashed line marks the
transition time.

Fig. 4. Comparison of normalized mean spectral power, mean power fre-
quency and median power frequency across tactor configurations for (a) M/L
and (b) A/P tilt. The dotted line separates the results for individual tactor con-
figurations from the combined tactors OFF and ON configurations. Error bars
indicate standard error of the mean.

V. RESULTS

A. PSD Analysis

PSD analysis provides the spectral distribution of the trunk
tilt in the A/P and the M/L directions. Vibrotactile feedback
produced consistent decreases in mean spectral power and in-
creases in mean and median frequencies for each tactor configu-
ration compared to OFF1, for both A/P and M/L tilts, with many
of these differences being significant (see Fig. 4). Significance
was defined at the p < 0.05 level. There were no significant
differences among the four tactor configurations, except for a
slightly higher average A/P power for 4I.

The power spectra were compared across tactor configura-
tions and no significant differences were found. The trials were
combined into “tactors OFF” and “tactors ON” groups, showing
reductions in average spectral power of 38% (p < 0.00001) and
29% (p < 0.0001) with tactors ON in the A/P and M/L directions,
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TABLE I
PSD PARAMETERS FOR A/P AND M/L TILTS. MEAN ± STANDARD ERROR OF

MEAN SHOWN FOR TACTORS OFF (48 CYCLES), TACTORS ON (96 CYCLES),
AND PERCENTAGE CHANGE

Fig. 5. Comparison of smoothed and unsmoothed PSD functions for platform
stimulus and A/P tilt (Tactors OFF configuration).

respectively (see Table I). Mean power frequency increased by
10% (p < 0.003) in the A/P direction and 21% (p < 0.00001)
in the M/L direction. Median frequency increased by 8% in the
A/P (not significant) direction and 32% in the M/L (p < 0.0001)
direction.

The PSDs of the platform stimulus and the A/P and M/L trunk
tilts were smoothed into 17 frequency bins (see Fig. 5). Averag-
ing across subjects for each tactor configuration showed that tilt
power was reduced to a greater extent at lower frequencies than
at higher frequencies for each of the tactors ON conditions, and
there was no consistent difference observed among these four
configurations (see Fig. 6). All further analyses combined the
tactor configurations and compared responses with tactors ON

to OFF conditions.

B. Transfer Function Analysis

Transfer functions were computed with platform velocities
along y and x directions as the stimuli (inputs) and trunk tilt
in A/P and M/L directions as the responses (outputs). Platform
velocity was chosen as the stimulus input because the platform
linear velocity command was generated using the PRPS. Trunk
tilt, which the subject was instructed to control, was selected as
the output. Fig. 7 shows the mean gain, phase and coherence
function estimate averaged across all subjects in the tactors OFF

Fig. 6. (a) PSD plot of M/L trunk tilt for all tactor configurations. (b) PSD
plot of A/P trunk tilt for all tactor configurations and platform stimulus.

Fig. 7. Mean gain, phase, and coherence function estimate for eight subjects
in (a) M/L and (b) A/P directions. Dotted lines mark the frequency range (0.2–
2.0 Hz) in which consistent differences were typically found.

and ON conditions; error bars denote 95% confidence intervals
of the mean. The gain of the transfer function indicates the
extent of trunk tilt in response to the translational velocity of
the platform at a particular frequency, a value of 1 implying
trunk tilt amplitude of 1◦ for translational motion amplitude of
1 mm/s at a particular frequency. As observed in Fig. 7, there is
a reduction in the gain in the tactors ON condition in comparison
to tactors OFF condition.

The ratio of the mean gain for tactors ON to tactors OFF quan-
tifies the extent to which the vibrotactile feedback was effective
across different frequency bins (see Fig. 8). Statistically sig-
nificant gain reduction (gain ratio less than 1) was observed at
frequencies ranging from 0.2 to 2 Hz for all tactor configurations
in the A/P direction and from 0.2 to 0.6 Hz in the M/L direction.
Also, there was a gain ratio greater than 1 for frequencies greater
than 2.0 Hz in the A/P and the M/L directions. However, the
spectral power content associated with trunk tilt is very low at
these frequencies. The degree of gain reduction was greater in
A/P than in M/L, since the A/P direction is inherently less stable
in stance, and therefore, provides more room for improvement.
Phase was significantly increased for frequencies greater than
0.3 Hz, suggesting an improved reaction time.
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Fig. 8. (a) Gain ratio and (b) phase difference plotted for the tactors OFF and
tactors ON conditions for A/P and M/L tilt directions.

Fig. 9. Coherence function for the mean of same axis, cross-axis coherence
functions for the means of tactors ON and OFF conditions.

Coherence was consistently high in the frequency range from
0.2 to 2.0 Hz (see Fig. 7), thus indicating a high correlation
between the stimulus and response in both the A/P and M/L
directions, regardless of whether the tactors were ON or OFF.
Statistically significant changes in the gain were also observed
in this range. Gain was reduced, to a greater extent, at lower
frequencies (<0.2 Hz), but this was not significant due to the
low coherence values. The average of these coherence functions
contrasts with the cross-axis coherence function plot (stimulus
as x-direction platform velocity and response as A/P trunk tilt)
for tactors ON and OFF (see Fig. 9). This low cross-axis correla-
tion suggests that there is not a strong linear coupling of postural
control strategy in the A/P and M/L directions.

C. SDA Results

Mean SDFs are shown for a typical subject with tactors OFF

and ON, in each of the A/P and M/L directions, with circles
marking the transition points (see Fig. 10). The planar SDF is
not shown because it is simply the sum of the A/P and M/L
curves. The mean-square displacement is lower for M/L than
for A/P, which is indicative of the improved stability in that

Fig. 10. SDFs and associated transition points for A/P and M/L tilts, with and
without tactors, for a single subject.

TABLE II
STABILOGRAM DIFFUSION PARAMETERS FOR A/P, M/L, AND PLANAR TILTS

direction. Vibrotactile feedback reduces the displacement across
all time intervals, proportionately more in A/P than M/L, and
decreases the transition time. The long-term region is quite flat,
resulting in very low values for Dl and Hl (typically <0.05 and
0.1, respectively). No significant or consistent differences were
seen in either parameter.

Population mean and standard error of the mean are summa-
rized for the other six parameters (see Table II). Tactor effects
were tested for each parameter by calculating the percentage
change from tactors OFF to tactors ON condition. Significant
decreases were seen in both transition and critical time, and
displacement for A/P, M/L, and planar data; the sole exception
is the M/L transition displacement, which showed a trend to-
ward significance (defined as p < 0.1 and at least seven of eight
subjects showing a change in the same direction).
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The reduction in the short-term diffusion coefficient Ds was
significant for A/P and planar tilt data, but not for M/L. The
short-term scaling exponent Hs was slightly increased with tac-
tors ON for seven subjects, but it was slightly decreased for
one subject, which prevented the difference from becoming
significant.

Generally, parametric changes in the A/P direction were also
apparent in M/L, but to a lesser extent. The combination resulted
in planar tilt changes that were similar in magnitude to A/P, but
statistically more significant. The coefficient of variation (ratio
of standard error to mean) of the A/P parameters was reduced
by about 40% with tactors ON. This may be partially due to the
larger number of cycles for tactors ON, but it is comparable to
the difference between A/P and M/L with tactors OFF.

VI. DISCUSSION

This study provides information about the frequency-
dependent reductions in body sway measures (trunk tilts) and the
corresponding reductions in stabilogram diffusion parameters,
which furthers our understanding of the effect of the vibrotactile
balance aid on human postural control during multidirectional
perturbations. Since the study was performed on subjects with
vestibular deficits who had no visual cues (eyes closed), the
subjects relied on their native compromised vestibular cues and
proprioceptive cues along with the information provided by the
vibrotactile feedback balance aid. The reduction in gains of the
frequency transfer functions computed for body sway responses
in the A/P and the M/L directions suggests that the vibrotactile
feedback improves the sensitivity of the human postural con-
trol system to external platform disturbances since lower gain
values imply lower body trunk tilts. This is achieved by aug-
menting native inputs with the cues provided by the vibrotactile
feedback.

The stimulus and the body sway responses were analyzed in
the frequency domain to calculate parameters such as average
spectral power, median and mean power frequencies, transfer
function gain, phase, and coherence. The reduction in the aver-
age spectral power with vibrotactile feedback is consistent with
the findings in the time domain that the RMS body sway is
reduced with vibrotactile feedback [7].

The increase in the median and mean power frequencies for
the A/P and M/L body sway suggest that the reduction of the
spectral power is not uniform across all the frequencies and the
reduction in higher frequencies is less than that at lower frequen-
cies. Therefore, more detailed PSD functions were computed.
PSDs of the body sway tilt indicate that the spectral power re-
duction at higher frequencies is less than the reduction at lower
frequencies and the reduction is not significant beyond a certain
cutoff frequency. A recent paper by Goodworth et al. [22] sys-
tematically varied the vibrotactile feedback parameters, while
healthy subjects were given pseudorandom pitch inputs. That
paper showed a pattern in the phase of the frequency response
(similar to what we report here) that could be explained by the
integral nature of the vibrotactile feedback device, and also con-
cluded that in persons without vestibulopathies, the vibrotactile
feedback could be considered as providing an augmented input,

as contrasted to a “sensory reweighting” process. Whether it
is possible to extrapolate to the performance of vestibulopathic
subjects from those having normal vestibular function merits
further investigation.

Transfer function analysis in the frequency domain provided
information not only about the gain variation across the various
frequencies, but also about the phase changes. The reduction in
gain is consistent with the findings of the PSD analysis. The re-
duction in phase lag implies that the time delay associated with
postural correction was decreased with vibrotactile feedback.
However, the gain and phase data at higher frequencies suggest
that the improved phase lag is insufficient to make corrections in
posture at those frequencies, and therefore, there is no consid-
erable gain reduction. The low cross-axis correlation suggests
that postural control strategy in the A/P and M/L directions are
not strongly coupled.

SDA results suggest that subjects were able to sense the vi-
brotactile information and generate a postural correction more
quickly, as evidenced by the increased phase and decreased crit-
ical time, resulting in improved closed-loop postural control at
frequencies below 2 Hz. The decreased critical time suggests
that the onset of closed-loop control over open-loop control oc-
curs earlier with vibrotactile feedback than with no feedback.
The reduced critical displacement and short-term diffusion co-
efficient, which quantifies stochastic activity, demonstrate im-
provements to the accuracy and repeatability of the open-loop
control system as well. Maurer and Peterka [23], [24] have pro-
posed a model with a proportional, integral, and derivative (PID)
controller to explain the experimentally observed changes in the
SDFs, eliminating the need for true open-loop postural control.
In terms of this closed-loop model, the reductions in critical
time and displacement could be largely explained by increases
in the proportional and derivative gains, but the reduction in the
diffusion coefficient also suggests a decrease in the time de-
lay. The sensory feedback provided by the balance aid consists
of proportional and derivative information regarding body tilt,
which would be more rigorously modeled in the feedback path
rather than by the neural controller in the forward path. While
it is unclear whether the open-loop region has a physiological
basis, the SDA and PID techniques both appear suitable for
quantifying the effects of the balance aid.

All of the analytical techniques showed reduced variability
with the addition of vibrotactile feedback. It implies that there
is tighter regulatory control with vibrotactile feedback, thereby
reducing the stochastic activity of the body sway. The short-
ened latency of postural corrections results in a slight increase
in the short-term scaling exponent and the transfer function
gain above 2.5 Hz, but this is more than offset by the large
reductions in sway at low to midrange frequencies. These im-
provements are seen in both A/P and, to a lesser extent, in M/L
directions.

Postural sway improvements have been effected during quiet
stance using subthreshold white noise vibrations, resulting in re-
ductions of 5%–20% in the critical displacement and long-term
scaling exponent and diffusion coefficient [25], [26]. However,
no changes to the critical time or short-term diffusion coeffi-
cients were reported, and the change in displacement falls short
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of the 40% seen herein, supporting the need for suprathreshold
coordinated vibrotactile feedback.

Moreover, the lack of consistent differences in the PSD plots
of the body sway for different tactor configurations suggests
that the spatial resolution of the tactors does not affect sub-
jects’ performance in terms of either improved sway reduction
or in frequency bandwidth. It has been previously shown that
the central nervous system controls the recovery from multiple
direction perturbations by decoupling the postural space into
two orthogonal directions (A/P and M/L) [12]. The lack of any
significant differences in performance based on display config-
uration provides strong evidence that the four-column display is
optimal from the standpoint of reduced device design complex-
ity for applications of multidirectional perturbed stance. The
low cross-axis coherence values justified the evaluation of the
4I tactor configuration (independent A/P and M/L feedback).

Van Erp [27] showed that using the midaxis as the origin
in a tactile torso display results in a systematic bias between
the tactor direction and the experienced direction (bias toward
the midsagittal plane). Cholewiak et al. [28] demonstrated that
anatomically defined anchor points provide localization refer-
ents (such as the navel and spine) that enhance performance
even with wide target spacing. Furthermore, they determined
that spatial accuracy is affected by the selection of such anchor
points for a vibrotactile torso display; near optimal performance
was found at the navel and spine. Based on the results of both the
time-domain analysis described in [7] and the frequency-domain
analysis described herein, the findings do not suggest that hu-
mans gainfully benefit from a vibrotactile display with a spatial
resolution greater than 90◦. Therefore, with respect to the other
sensory substitution technology currently being explored (i.e.,
electrotactile and auditory), the electrotactile feedback system
known as BrainPort that provides a 10 × 10 electrode array [29]
may be superfluous for real-time standing applications. Further-
more, in addition to the suggestion that only four columns are
required to aptly describe tilt direction, the results from [7] sug-
gest that only three states (OFF and tactor rows one and two) are
sufficient for coding tilt magnitude (versus four states: OFF and
ON rows 1–3). These data should be taken into account in future
device design iterations.
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