
  

 

Abstract — The purpose of this study was to characterize the 
effects of co-vibrotactile stimulations around the torso on 
non-volitional postural responses in the absence of instructions. 
Four healthy young adults maintained an upright, erect posture 
with their eyes closed in two different stance conditions: normal 
and Romberg stance. Six vibrotactile transducers (tactors) were 
placed on the skin over the right and left external oblique, 
internal oblique, and erector spinae muscles. Either a 
combination of vibration at two locations or all locations around 
the torso was applied for 5 s during each experimental trial. 
Regardless of stance condition, vibration applied concurrently 
over the right and left internal oblique muscle locations and the 
right and left erector spinae muscle locations induced a postural 
shift in the anterior and posterior directions, respectively. For 
these two stimulation conditions, the root-mean-square of sway 
in the anterior-posterior direction was significantly greater 
during vibration than before or after stimulation. However, 
simultaneous activation of all tactors, a combination of right 
internal oblique and right erector spinae locations, and a 
combination of left internal oblique and left erector spinae 
locations did not produce significant directional postural shifts 
or increases in sway, regardless of the stance condition. These 
findings suggest that stimuli combinations contribute to a vector 
summation of individual postural responses described in our 
previous work and that they could be leveraged in 
balance-related applications of sensory augmentation 
vibrotactile displays. 

I. INTRODUCTION 

INCE 2001, vibrotactile biofeedback displays have been 
used as a form of real-time sensory augmentation for 

balance-related applications. In general, the displays map 
directions of postural sway captured by a sensor with 
vibrating actuators around the torso. These “alarm signals” 
allow users to correct postural sway that would compromise 
balance [1-8]. When the body tilt exceeds the pre-defined 
threshold, one of the tactors vibrates to indicate the direction 
of body correction. Wall et al. [9] initially selected repulsive 
(“move away from the vibration”) versus attractive (“move 
toward the vibration”) cuing based on the notion that such 
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vibrations may provoke an avoidance response similar to 
bumping into an obstacle. Torso-based vibrotactile 
biofeedback systems incorporating repulsive cuing strategies 
have been shown to significantly reduce body sway in 
individuals with vestibular deficits [3-7], older adults [2, 8], 
and healthy young adults [1, 3, 9] during quiet and perturbed 
stances [4-6]. 

However, repulsive cuing strategies may not be congruent 
with kinesthetic information from the stimulated tactile 
receptors. It has been shown that vibratory muscle stimulation 
modifies muscle spindle proprioceptive responses [10], 
generates illusions of movement [11-12], and leads to 
non-volitional balance-correcting responses [13-14]. In 
addition, extended periods of whole-body vibrations induce 
postural alterations [14]. Recently, we demonstrated that 
vibrotactile stimulations applied over the internal oblique and 
erector spinae muscles induce postural shifts in the direction 
of the applied stimulation in the absence of instruction 
[15-16]. Although simultaneous vibratory stimuli of two 
muscle groups results in the summation of postural responses 
[13], the effects of a combination of cutaneous stimuli applied 
to the torso remain unknown.  

The objectives of the present study are to assess whether 
co-vibrotactile stimulations (a vibration stimulus applied 
simultaneously over two skin areas) around the torso has a 
summation effect on postural responses in the absence of 
instructions, and to determine if this summation has vectorial 
properties. The results from this study will be used to inform 
the design of displays for balance-related applications. 

II. METHODS 

A. Instrumentation 

The experimental apparatus included a commercial six 
degree-of-freedom inertial measurement unit (IMU; Xsens 
Technologies, NL), a vibration control circuit, and six linear 
actuators subsequently referred to as tactors (C2, Engineering 
Acoustics Inc., USA). The IMU signals indicating angular 
displacements (static accuracy better than 0.5° and a 0.05° 
angular resolution) in the anterior-posterior (A/P) and 
medio-lateral (M/L) directions were sampled at 100 Hz. The 
C2 tactors were placed on the skin over the left and right 
internal oblique, external oblique, and erector spinae muscles. 
Both the IMU and tactors were attached with Velcro to an 
elastic belt worn around the torso approximately at the level 
of the L4/L5 vertebrae. Tactors were activated by a 250 Hz 
sine wave to avoid the response of muscle spindles [17] and to 
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maintain the stimulation within the one-to-one frequency 
response of fast-adapting cutaneous receptors [18]. The 
displacement amplitude was 200 m　  for all tactors [16]. 

B. Subjects 

Four healthy young (23.5  4.4 yrs) naïve subjects (2 M, 2 
F) participated in this study. The University of Michigan 
Institutional Review Boards approved the experimental 
protocol, which conformed to the Helsinki Declaration. 
Informed consent was obtained from each subject prior to the 
start of the experiment. 

C. Experimental Protocol 

The subjects stood on a firm surface in two different stance 
conditions: normal stance, feet hip-width apart (15 cm heel to 
heel distance) at a 15° lateral rotation angle, and Romberg 
stance, feet together. The order of stance condition was 
randomized. Ear plugs eliminated environmental noise. 

Each trial lasted 15 s and consisted of three consecutive 
periods: 5 s without vibration, 5 s with vibration, and 5 s 
without vibration. Vibrotactile stimulations were applied 
either simultaneously over the skin of two muscle groups 
(referred to as “co-vibration” conditions) or simultaneously 
over the skin of six muscle groups (referred to as “all 
locations” condition). Co-vibrations were a combination of 
two individual vibration locations as illustrated in Fig. 1: right 
and left internal oblique, right and left erector spinae, right 
internal oblique and right erector spinae, and left internal 
oblique and left erector spinae. Each subject was instructed to 
“stand in an upright position, keeping your knees extended 
and your arms at your side; breathe normally throughout the 
experiment (no sighing or breathing deeply during data 
collection).” Information regarding the duration and location 
of the vibrotactile stimulation was not provided. 

 
Figure 1. Four co-vibration conditions. Bird’s-eye view 
drawings illustrate the location of the vibration stimulation.

D. Data Analysis 

All IMU-captured postural sway signals were 
post-processed using MATLAB (The MathWorks, MA). For 
data analysis, the “pre-vibration” and “post-vibration” 
periods were defined as the 5 s preceding and following the 
vibrotactile stimulation (per-vibration) period, respectively. 
Two metrics were defined to quantify postural responses to 
vibrotactile stimulation: the postural shift vector (indicating 
the magnitude and direction of postural shift), and the 
root-mean-square (RMS) of the angular displacements of the 
body in the A/P and M/L directions. 

To determine the magnitude and direction of postural 
responses between the consecutive periods of interest 

(pre-/per- and per-/post-vibration), 95% confidence interval 
ellipses were fit to the 2D postural trajectories for each period. 
The center of each ellipse was used to calculate the 2D 
postural shift vector for each period. Detailed information 
regarding the computation of postural shift vectors was 
provided previously [16]. The magnitudes and directions of 
the postural shift vectors as well as the A/P and M/L RMS 
sway were computed for each period as a function of the 
stimulation condition and stance condition. Each metric was 
quantified by the average over two trials. 

A preliminary ANOVA was conducted to determine the 
main effects of stance, location (four “co-vibration” and the 
“all locations” conditions), and period (pre-, per- and 
post-vibration) for each dependent variable (magnitude, 
direction, A/P RMS, and M/L RMS of postural sway). 
Hypotheses for the main effects of stance condition, location 
condition, and measurement period as well as their 
interactions were tested using an F-test. To determine which 
factors influenced the main and interaction effects, post-hoc 
tests (Tukey’s HSD for multiple comparisons) were also 
conducted. The level of significance was set at p < 0.05. 

III. RESULTS 

Postural Shift Magnitude and Direction: Fig. 2 presents 
the postural shift vectors during and after vibration as a 
function of the vibration condition for normal stance. The 
ANOVA applied to the postural shift vectors (i.e., postural 
shift magnitude and direction) indicated that the main effects 
of the location (Normal: F(4,45) = 2.79, p = 0.037, Romberg: 
F(4,45) = 3.09, p=0.025), period (Normal: F(2,45) = 19.91, p 
< 0.001, Romberg: F(2,45) = 5.14, p = 0.011), and location × 
period interactions (Normal: F(8,45) = 2.79, p = 0.013, 
Romberg: F(8,45) = 3.94, p = 0.001) were significant. 
Post-hoc analysis showed that the magnitude of the postural 
shift vectors was significantly greater during, than before or 
after, the vibration period for both stance conditions (p < 0.01) 
when co-vibration was applied over the right and left internal 
oblique and over the right and left erector spinae muscles. For 
these two co-vibration conditions, the average postural shift 
vector induced by vibration was not significantly different 
between the two stance conditions (p > 0.05). The postural 
shift occurred in the anterior direction when co-vibration was 
applied over the right and left internal oblique muscles, while 
the shift occurred in the posterior direction when co-vibration 
was applied over the right and left erector spinae muscles. 
Upon cessation of vibration, the direction of postural shift 
vectors was similar to that of postural shift vectors during 
vibration. However, the magnitudes and directions of the 
postural shift vectors did not significantly change when 
vibration was applied to all locations, or when co-vibration 
was applied to the right internal oblique and right erector 
spinae muscles and to the left internal oblique and left erector 
spinae muscles. 



 

The average latency of vibration-induced postural shifts for 
both stance conditions when co-vibration was applied over 
internal oblique and erector spinae muscles was 
approximately 900 ms after the onset of vibration. This 
latency was not statistically different (p > 0.05) for the 
co-vibration of the right and left internal oblique muscles and 
of the right and left erector spinae muscles for both stance 
conditions. 

RMS sway: Fig. 3 shows the A/P RMS sway during 
vibration as a function of the location condition and stance 
condition. The ANOVA applied to A/P RMS sway indicated 
that the main effects of the location (Normal: F(4,45) = 13.14, 
p < 0.001, Romberg: F(4,45) = 10.33, p < 0.001), period 
(Normal: F(2,45) = 34.69, p < 0.001, Romberg: F(2,45) = 
33.86, p < 0.001), and location × period interactions (Normal: 
F(8,45) = 8.18, p < 0.001, Romberg: F(2,45) = 8.61, p < 0.001) 
were significant. However, ANOVA applied to M/L RMS 
sway indicated neither significant main or interaction 
significant effects. Post-hoc analysis showed that the A/P 
RMS sway was significantly greater (p < 0.001) during, than 
before or after, the vibration period when co-vibration was 
applied over the right and left internal oblique muscles and 
the right and left erector spinae muscles, regardless of the 

stance condition. For these two co-vibration conditions, the 
average A/P RMS sway induced by vibration was not 
significantly different between the two stance conditions (p > 
0.05). However, changes in the A/P sway were negligible 
when vibration was applied over the combined right internal 
oblique with right erector spinae muscles, the combined left 
internal oblique with left erector spinae muscles, and all 
locations, regardless of the stance. 

IV. DISCUSSION 

Co-vibration of homologous skin areas (symmetry relative 
to the mid sagittal plane) over torso prime mover muscles 
induced significant postural shifts in both stance conditions 
tested. The 900 ms latency of these responses is not 
compatible with a cutaneous reflex contribution [19]. 
Furthermore, in each condition, the direction of the shift 
corresponds to the vector summation of the directional shifts 
induced by vibrotactile stimulation applied individually to the 
respective skin area of the tested pairs observed in a previous 
study [15-16]. Hence, the present results confirm that changes 

 
Figure 2. Average postural shift vectors during and after vibration as a 
function of the vibration condition. (a) Right and left internal oblique. 
(b) Right and left erector spinae. (c) Right internal oblique and right 
erector spinae. (d) Left internal oblique and left erector spinae. (e) All 
locations. Black and grey vectors represent postural shifts for per- and 
post-vibration periods, respectively. Dashed lines indicate standard 
error of the corresponding mean vector. 

Figure 3. Average A/P RMS sway as a function of the location of the 
vibration stimulation. (a) Normal stance. (b) Romberg stance. Light, 
dark, and intermediate grey bars represent the pre-, per-, and 
post-vibration periods, respectively. Error bars indicate standard error 
of the mean (***p<0.0001). Bird’s-eye view drawings illustrate the 
location of the vibration stimulation. IO and ES indicate the internal 
oblique and elector spinae muscles, respectively. 



  

in posture resulting from vibrotactile stimulation are 
non-volitional, and reflect a behavioral response associated 
with a vibration-induced alteration of cutaneous information 
similar to the responses induced by alteration of muscle 
proprioception (e.g., [13]). The vector summation, which is 
similar to the one observed with muscle tendon co-vibration 
[13, 20], strongly supports that cutaneous receptors located in 
the skin covering torso prime mover muscles contribute to 
proprioception and body representation in space. In addition, 
the directional coding reflects the properties of population 
afferents issued from the joint skin areas [21] which encode 
orientation of human joint movements. Taken together, these 
results suggest that cutaneous proprioception may be at least a 
property of human joint skin areas. 

Co-vibration applied to the skin over either the right 
internal oblique and right erector spinae muscles or the left 
internal oblique and left erector spinae muscles did not induce 
a significant shift regardless of the stance condition. This 
absence of effect does not contradict a summation of effect 
that would induce a lateral shift. Indeed, vibration applied 
individually over the external oblique muscles did not induce 
a postural shift [15-16]. Furthermore, since postural stability 
is usually greater in the M/L than A/P direction during 
standing [14], a small vibration-induced postural change is 
less likely to induce a compensatory postural response. 

Both normal and Romberg stances were chosen to verify 
whether or not the effects of co-vibration were consistent 
between the stances. Kirby et al. [22] did not find a significant 
difference in A/P travel between feet together and 15 cm apart, 
or feet straight and toes out at a 25° or 45° angle. This study 
also found an absence of difference.  

In summary, these preliminary results show that in the 
absence of instructions, stimuli combinations applied to the 
skin over torso prime mover muscles result in a vector 
summation of postural responses obtained with individual 
stimulations. This finding may have implications for 
improving the performance of vibrotactile biofeedback 
devices. Individual or combined cutaneous stimulations may 
be used to effectively encode the direction of a postural 
adjustment. Since the involuntary response to these 
stimulations is in a direction corresponding to their location 
of application, the instruction given to individuals should be 
to “move toward the vibration” to increase the compatibility 
between the non-volitional and volitional postural 
adjustments. We suggest that this compatibility may 
contribute to both a reduction of response latency and the 
efficiency of the biofeedback method. 
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