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The effects of mechanical noise
bandwidth on balance across flat
and compliant surfaces

Jeshaiah Zhen Syuen Khor?, Alpha Agape Gopalai*‘, Boon Leong Lan?, Darwin Gouwanda® &
Siti Anom Ahmad?

Although the application of sub-sensory mechanical noise to the soles of the feet has been shown to
enhance balance, there has been no study on how the bandwidth of the noise affects balance. Here,
we report a single-blind randomized controlled study on the effects of a narrow and wide bandwidth
mechanical noise on healthy young subjects’ sway during quiet standing on firm and compliant
surfaces. For the firm surface, there was no improvement in balance for both bandwidths—this may
be because the young subjects could already balance near-optimally or optimally on the surface by
themselves. For the compliant surface, balance improved with the introduction of wide but not narrow
bandwidth noise, and balance is improved for wide compared to narrow bandwidth noise. This could
be explained using a simple model, which suggests that adding noise to a sub-threshold pressure
stimulus results in markedly different frequency of nerve impulse transmitted to the brain for the
narrow and wide bandwidth noise—the frequency is negligible for the former but significantly higher
for the latter. Our results suggest that if a person’s standing balance is not optimal (for example, due
to aging), it could be improved by applying a wide bandwidth noise to the feet.

Balance is essential to human life because it controls an individual’s ability to carry out activities of daily living.
Having a good balance ensures a good quality of life!. As an individual’s ability to balance begins to deteriorate
the individual becomes increasingly susceptible to falls and trips which may lead to injuries or even death?™°.
This is especially true for older adults who are aged above 65, where falls have been reported to be a major cause
of death’. This has led to increased research interest in fall risk assessment®'® and fall detection''2

The somatosensory system contributes significantly to balance, especially via the mechanoreceptors in the
sole of the foot that provide information on changes in pressure'® for the body to adjust its posture to maintain
balance in real time. Advancing age, disease, and injuries have adverse effects on the sensitivity of the soma-
tosensory system, impacting the ability to balance and hence increasing fall risk'%. As a result, the potential of
enhancing sensitivity in the somatosensory system to improve balance through the application of mechanical
noise (to the soles of the feet) has been investigated. The introduction of mechanical noise to the feet reduced
sway parameters during quiet standing in healthy young subjects and healthy elderly subjects'®-!8. Similar find-
ings were reported among subjects affected by neurodegenerative conditions such as diabetic neuropathy and
stroke-induced hemiparesis'*?. The benefits of this treatment were not limited to static postural sway, as positive
effects, such as reductions in gait variability, were also observed when noise was applied during ambulation®?2.
However, some studies have reported no observable positive effects in a portion of their subject group'#2%%.

The methods used to produce the mechanical noise varied across previous studies. Firstly, a variety of mechan-
ical vibratory transducers have been used to produce the mechanical noise, ranging from nylon indenters'>!’
to electromagnetic actuators'’~! to piezoelectric elements?>**%, Secondly, different electrical signals have been
used to drive the mechanical vibratory transducer. Although white noise is generally used as the driving signal,
there are mainly two bandwidths reported in the literature: (1) 1-100 Hz!5-1719-2%2526 and (2) 1-500 Hz!#2,
while some studies did not specify the bandwidth of the driving signal used?”-*. These variations in produc-
ing mechanical noise is a possible cause as to why there have been conflicting results reported. For example, in
Priplata et al.’® and Priplata et al.!%, although the bandwidth of the electrical white noise is the same (1-100 Hz),
different mechanical transducers were used. The results from the two studies were inconsistent—some sway
parameters increased in Priplata et al.'® but not in Priplata et al.'® for similar groups of healthy young adults. In
another example, the results of Priplata et al.'® and Dettmer et al.'®, which utilized similar mechanical transducers
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Figure 1. (a) Vibrotactile transducers used to generate mechanical noise. (b) Top view of insoles with
transducers inserted used in balance trials. The vibrating surface of the transducers was flush with the top
surface of the insoles. (¢) Schematic of system used to generate different bandwidths of mechanical noise.

but different electrical white noise bandwidths, were also inconsistent—sway parameters improved for healthy
young subjects in Priplata et al.!® (1-100 Hz) but not in Dettmer et al.'® (1-500 Hz).

The characteristics of the mechanical noise produced by the mechanical transducer depend on both the
transducer and the bandwidth of the electrical white noise applied to the transducer. The mechanical noise
produced is different for different bandwidths (although with the same transducer) and across different trans-
ducers (despite having the same bandwidth). We believe the inconsistent results highlighted above are due to
differences in the characteristics of the mechanical noise applied to the feet. Therefore, in this paper, we study
the effect of sub-sensory mechanical noise with two different bandwidths: (1) a narrow bandwidth with a low
maximum frequency (referred to henceforth as narrow) and (2) a wider bandwidth with a higher maximum
frequency (referred to henceforth as wide) on the balance of healthy young subjects during quiet standing on
firm and compliant surfaces. The aim of the study was to investigate whether the different bandwidths have dif-
ferent effects on balance.

Materials and methods
Subjects. Subjects were recruited from the student population of Monash University Malaysia. The exclusion
criteria were: (1) they had a current or history of serious injury, disability, or disease affecting postural control;
(2) they were unable to feel introduced supra-threshold vibration at maximal levels for any vibration type used
in the study; (3) they were unable to stand unsupported on the compliant surface for longer than two minutes;
(4) they had any other conditions rendering them unsuitable for the study in the judgement of the investigators.
All subjects provided informed consent before the commencement of the evaluation in accordance with the
Declaration of Helsinki. The subject group for the study consisted of 10 individuals aged 18-24 years; 4 male and
6 female, with a mean age, height, and weight of 21.5 £ 1.4 years, 164.3 = 7.3 cm, and 56.4 + 10 kg respectively.
The study was reviewed and approved by the Monash University Human Research Ethics Committee.

Mechanical noise generation and delivery system. Sub-sensory mechanical noise was delivered to
the plantar side of the feet of each subject via two vibrotactile transducers (C2 tactors; Engineering Acoustics
Inc., FL, USA) shown in Fig. 1a, which were embedded in an 8-mm thick fabric insole. The transducers were
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positioned to be in contact with the forefoot and heel'®?%, as depicted in Fig. 1b. Multiple insole sizes were
prepared to cater to varying foot sizes. All insoles used in the study were sanitized before and after each use.

The two bandwidths of mechanical noise used (narrow and wide) were generated by the vibrotactile trans-
ducers. The transducers were supplied with electrical white noise from a control box (Universal Controller;
Engineering Acoustics Inc., FL, USA) designed for transducer control. Wide bandwidth mechanical noise was
produced by the transducers supplied with an infinite bandwidth electrical white noise generated by the control
box. The infinite bandwidth electrical noise was chosen as the driving signal as it contained the widest range of
frequencies and was the best choice to produce a wide bandwidth of mechanical noise. This wide bandwidth
mechanical noise could also be replicated with a finite bandwidth electrical noise with a bandwidth significantly
larger than the maximum frequency of the mechanical noise produced by the infinite bandwidth electrical noise.
Narrow bandwidth mechanical noise was produced by the transducers when they were supplied with 1-100 Hz
band-limited electrical white noise. To obtain this band limited signal, the infinite bandwidth electrical white
noise signal from the control box was passed through a band-pass filter (of approximately 1-100 Hz). The band-
pass filter was devised using a second order passive high-pass filter and a sixth order active low-pass filter to
ensure a high roll-off rate for an accurate bandwidth. Vibration magnitudes for each noise type were adjusted
using a PC connected to the universal controller. The schematic of the system used to generate the wide and
narrow bandwidth mechanical noises is shown in Fig. 1c.

Mechanical noise spectrum measurement.  To quantify the characteristics of the mechanical noise gen-
erated, the vibration profile of the transducers was measured using a tri-axial digital accelerometer (ADXL345,
Analog Devices Inc., MA, USA)***! with a maximum sampling rate of 3200 Hz. The accelerometer was attached
to the vibratory site of the transducer using putty, to ensure no additional noise/vibration was introduced to
the accelerometer as a result of a poor attachment. A 4-wire serial peripheral interface was used to connect the
accelerometer to a Raspberry Pi 3B+ (Raspberry Pi Foundation, CAM, UK) for data transfer.

The frequency spectrum of the measured acceleration was then used to quantify the frequency spectrum of
the mechanical noise produced. The power spectral density of the measured raw acceleration values was calcu-
lated in MATLAB (ver. R2020a, The Mathworks Inc., MA, USA). The maximum frequency of the power spectral
density is 1600 Hz (Nyquist frequency) as a result of the sampling rate.

Motion capture system. Motion capture during balance trials was conducted using six motion tracking
cameras (Oqus, Exave AB, GBG, Sweden). The motion tracking cameras were used to capture the trajectory of a
single reflective marker (diameter 18 mm) placed on the right shoulder of the subjects. Additionally, the trajec-
tory of the center of pressure (COP) of subjects during the balance trials was monitored using a Bertec force plate
(FP4060-07; Bertec Corporation, OH, USA). The motion camera system and force plate delivered synced data
to a connected desktop computer, where Qualisys Track Manager (Exave AB, GBG, Sweden) is used to collect
and process the acquired data. The sampling rate for both the force plate and motion capture system was 200 Hz.

Experimental methodology. Before commencing the experiments, subject vibration perception thresh-
olds were determined independently for the narrow and wide bandwidth mechanical noise by setting the vibra-
tion intensity to the maximal value, then ramping down the intensity until the subject reported a lack of sensa-
tion. This process was repeated until a reproducible threshold was achieved?**. Vibration intensity for each
noise was then set to 80% of the respective threshold?". Subjects were then briefed about the required standing
postures prior to the balance trials and were allowed to decline further participation in the experiment at any
point.

During the balance trials, subjects were requested to stand on a firm surface with their eyes open, looking
straight ahead and their feet positioned comfortably in a self-selected position. Additionally, subjects were
required to keep their arms crossed over their chest with each hand touching the opposite shoulder. Subjects were
also instructed to refrain from carrying out any unnecessary movement that could alter their posture during the
trial. Unnecessary movement occurring during a trial led to the repetition of that trial. Subjects were allowed
5 s immediately before the start of each trial to assume the posture and verbally confirm their readiness for the
start of the trial. This was done to ensure subjects were given ample time to acclimatize to the required standing
posture. The same procedure was then repeated on the compliant surface. For the firm surface balance trial,
subjects stood on the force plate. For the compliant surface balance trial, a foam exercise pad of 40 x 48 x 6 cm
(Balance Pad Elite; Airex AG, Sins, Switzerland) was placed on the force plate’**. Subject posture during firm
and compliant surface balance trials are shown in Fig. 2a,b respectively. Informed written consent was obtained
for publication of the reference postures in Fig. 2.

A total of 15 data sets were acquired from each subject for the firm surface balance trials, and similarly for the
compliant surface balance trials. Each data set was logged for 35 s. For each surface, subjects were tested under
three different conditions: (1) wide bandwidth mechanical noise, (2) narrow bandwidth mechanical noise, and
(3) sham stimulation (no vibration). Sham stimulation (no vibration) was provided as a control. Each type of
noise was applied a total of five times in a single-blind randomized order to improve the reliability of the sway
parameters measured®*. Participants were given a four minute seated rest after the first nine balance trials, and
again after the remaining six trials. This procedure was observed for both firm and compliant surface balance
trials. All methods were carried out in accordance with relevant ethical guidelines and regulations.

Data processing and analysis. The first 5 s of the 35-s recorded data, which allowed the system to settle
down, was not used for analysis. The settling time of the measurement system was caused by the switching of
the noise settings between control and different noise types. Removing the first 5 s allowed switch debouncing
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(b)

Figure 2. Subject posture during (a) firm surface and (b) compliant surface balance trials, with the reflective
marker placed on the right shoulder.

to be eliminated as a potential error source. The remaining data was then treated with a moving average filter of
15 frames to reduce the effects of extrinsic or intrinsic noise.

The processed data was then used to calculate the sway parameters of the subjects during the balance trials.
The sway parameters assessed included the sway amplitude in the mediolateral (ML) and anterioposterior (AP)
directions, swept area, and mean sway speeds in the ML and AP directions of the subjects®.

ML and AP sway ranges were calculated via the amplitudes (ranges) of the subject sway along the frontal
and sagittal planes respectively (Eqs .1, 2). Swept area was calculated using the area of the 95% prediction ellipse
(PEA) (Eq. 3), defined as the ellipse containing 95% of the points in the subject’s stabilogram. Mean sway speeds
in the ML and AP directions were calculated by dividing the total path length of the COP or marker along the
frontal or sagittal planes respectively by the total trial time* (Egs. 4, 5). The formulae used in the sway param-
eters calculation are listed below for a stabilogram of time duration f containing a set of n data points (x;, y;) with
eigenvalues of /; and 4, from the co-variance matrix of the data.

ML range = 112;15)(" Xi — 11;1;1” Xi 1)

AP range = sy i ®

95% PEA = 599171V 7, 3)
n PR— .

ML speed = 7Zi:1 |xlt Xi1l (4)
n — .

AP speed = Ziz i =yl Iylt yicil (5)
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Figure 3. Power spectrum of the measured acceleration corresponding to the (a) wide and (b) narrow
bandwidth mechanical noises.

Vibration bandwidth P-values
Balance surface Units | Parameter | Control (C) Wide (W) Narrow (N) Cversus W | Cversus N | N versus W
ML range 71+19 72+18 7.0£2.5 0.854 0.938 0.792
mm AP range 124421 11.8+2.8 116 +2.3 0.428 0.382 0.823
Firm ML speed 23+06 25+0.8 24+£0.8 0.041 0.339 0.074
mm/s AP speed 36+04 3.7+£0.7 3.6+0.6 0.656 0.967 0.608
mm? Swept area | 63.9 £ 27.5 62.7 +£22.3 58.3 £25.1 0.901 0.608 0.495
ML range 17.0 £5.0 152+42 16.2+43 0.003 0.193 0.095
mm AP range 232+5.1 214454 22.8+4.3 0.201 0.610 0.184
Compliant (foam) mm/s ML speed 51+1.2 49+1.0 50+13 0.045 0.099 0.384
AP speed 62+1.0 58+09 62112 0.009 0.399 0.036
mm? Sweptarea |298.3 4 129.7 |248.1+121.6 |285.8+124.1 | 0.046 0.497 0.009

Table 1. COP sway parameters (mean + SD) for firm and compliant surface balance trials with different
mechanical noise bandwidths introduced.

Calculated sway parameter metrics were normalized for data comparison. ML and AP sway ranges and mean
velocities calculated from COP data were normalized to subject height (in meters), with swept area normalized to
subject height squared. Similarly, sway ranges and mean velocities calculated from marker data were normalized
to the height of the reflective marker (in meters), with swept area normalized to marker height squared. Statisti-
cal comparison between trial types was carried out via paired two-sided Student’s t-tests, with data normality
confirmed using the Kolmogorov-Smirnov test (p < 0.05) on each trial data set. All data analyses were done
using a custom MATLAB program.

Results and discussion

Mechanical noise bandwidth. Spectra of the measured acceleration corresponding to the narrow and
wide bandwidth mechanical noises are shown in Fig. 3. From the figure, the effective bandwidth of the narrow
bandwidth mechanical noise has a maximum frequency of approximately 400 Hz, while the wide bandwidth
mechanical noise has frequencies extending up to the Nyquist frequency of 1600 Hz.

Balance trial results. Mean (+ SD) values for the COP and marker sway parameters are given in Tables 1
and 2 respectively, together with the p-values for the t-tests. For the firm surface, there was generally no statisti-
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Vibration bandwidth P-values
Balance surface Units | Parameter | Control (C) Wide (W) Narrow (N) Cversus W | Cversus N | N versus W
ML range 8.6 £2.0 89+22 9.0£35 0.677 0.709 0.919
mm AP range 18.0 £ 3.0 16.7+£3.3 174+ 3.6 0.221 0.566 0.478
Firm ML speed 1.6 £04 1.7+04 1.7+ 0.6 0.316 0.348 0.548
mm/s AP speed 29+0.6 28+0.6 28+0.5 0.416 0.399 0.963
mm? Swept area | 148.8 £ 52.2 144.5 +£50.3 140.9 £+ 63.3 0.838 0.734 0.828
ML range 213+6.3 19.1£53 20.7£5.8 0.017 0.496 0.034
mm AP range 29.6 £7.0 285+7.8 29.4+59 0.508 0.855 0.369
Compliant (foam) mm/s ML speed 40+1.0 37408 39+£1.0 0.043 0.148 0.220
AP speed 52+09 48+1.0 50+ 1.1 0.049 0.297 0.037
mm? Swept area | 598.6 = 263.5 |523.2£261.1 |607.8 +251.8 | 0.156 0.828 0.009

Table 2. Marker sway parameters (mean + SD) for firm and compliant surface balance trials with different
mechanical noise bandwidths introduced.

cally significant difference in the sway ranges, mean speeds, or swept area (COP and marker) for either noise
type versus control and between the two noise types. The only exception is the sway speed in the ML direction
(COP), where there was a significant difference between the results for the wide bandwidth noise and control -
however, the mean value for the former was higher than the latter.

For the compliant surface, there was no significant difference in all the sway parameters between the narrow
bandwidth noise and control trials. However, there was significant difference in some of the parameters (COP:
ML range, ML and AP speeds, and swept area; Marker: ML range, ML and AP speeds) for the wide bandwidth
noise versus control, and in some of the parameters (COP: AP speed and swept area; Marker: ML range, AP
speed, and swept area) for the wide bandwidth noise versus narrow bandwidth noise—in all cases, the mean value
for the former was lower than the latter, indicating balance improved. And in all cases, the difference between
the two mean values are all larger than the measurement error.

The measurement error for ML range, AP range, ML speed, AP speed and swept area are £ 0.45 mm, & 0.71
mm, & 0.004 mm/s, = 0.006 mm/s, and & 2.89 mm?, respectively. All the sway parameters were derived from
COP data, which were in turn derived from force and moment measurements®. All errors were estimated using
standard error propagation. The COP errors were estimated based on the errors in the force and moment meas-
urements (0.02% of maximal rated value, which were obtained from the technical data sheet for the force plate).
The sway parameter errors were estimated using a normal distribution of the COP errors, where the mean and
standard deviation of the normal distribution were, respectively, the mean of the COP error range and a quarter
of the range, based on the conservative assumption that the range contains 95% of the values (i.e. 2¢)*.

Our study showed reductions in sway parameters (approximately 4-17% across different parameters), of
a consistent magnitude with those seen in the literature'>-'7?!, with the application of the wide bandwidth
mechanical noise. The sway parameters are known to be correlated with balance ability—lower values better
balance. In addition, a reduction in these sway parameters is correlated with a reduced fall risk among high fall
risk groups®*°. Our findings thus point to a functionally improved balance when the wide bandwidth mechani-
cal noise is applied.

Model and proposed explanation. An important role of the somatosensory system in maintaining bal-
ance is to sense changes in pressure during balance via the mechanoreceptors in the feet. Consider the applica-
tion of a pressure stimulus to a single mechanoreceptor in the skin. The pressure stimulus opens mechanically-
gated Na+ channels in the membrane of the mechanoreceptor and initiates a depolarization of the membrane
electric potential. However, to produce an action potential, the depolarization has to exceed a threshold potential
value. This implies that the pressure stimulus has to exceed a pressure threshold to trigger the mechanoreceptor
to produce an action potential (an electrical impulse). This action potential, which encodes the pressure stimu-
lus, is transmitted as a nerve impulse to the brain for balance control. If the pressure stimulus is sub-threshold,
no action potential is produced and therefore no information about the pressure stimulus is transmitted to the
brain.

To help us understand the experimental results, we use a simple model for a sub-threshold pressure stimulus
and the added mechanical noise to study the effect of varying the noise bandwidth on the resultant pressure
stimulus. Since pressure changes in the foot are typically low frequency, we model the sub-threshold pressure
stimulus as a 4 Hz positive sinusoid*'~*, with values arbitrarily chosen to range between 0 and 2 (Fig. 4a).
Gaussian noise, with maximum frequency ranging from 400 Hz to 4000 Hz, was used to model the experimental
mechanical noise. To ensure that the resultant pressure is fully positive (as pressure cannot be negative), the
Gaussian noise, with zero mean and variance o2 (where o = 0.056), was truncated to & 5¢ and offset by 50
before it was added to the sub-threshold pressure stimulus. The noises with maximum frequencies 400 Hz and
1600 Hz are plotted in Fig. 4a.

The resultant pressure stimulus (sub-threshold stimulus plus noise) for the two noise bandwidths (maximum
frequency 400 Hz and 1600 Hz) is shown, respectively, in Fig. 4b,c. The addition of noise to the sub-threshold
pressure enables the resultant pressure to cross the threshold occasionally, modelled here as a spike of value 1. In
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Figure 4. (a) Sub-threshold pressure stimulus (4 Hz sinusoid) and the chosen threshold (dotted line). A wide
(maximum frequency 1600 Hz) and narrow (maximum frequency 400 Hz) bandwidth Gaussian noise is plotted
below the sinusoid in green and blue, respectively. (b, ¢) The resultant pressure after the narrow and wide
bandwidth Gaussian noise in (a) were added to the sub-threshold pressure, respectively. When the threshold

is crossed by the resultant pressure, a spike of value 1 is plotted. (d) The number of crossings (over 10 cycles)
versus the maximum bandwidth frequency of the noise. The plotted number of crossings for each maximum
frequency is the mean of the number of crossings for 1000 realizations of the noise. The error bar is the
corresponding standard deviation.

other words, the sub-threshold pressure is enhanced by the noise—this could be broadly defined as “stochastic
resonance”**. Comparing the narrow bandwidth noise (maximum frequency 400 Hz) in Fig. 4b to the wide
bandwidth noise (maximum frequency 1600 Hz) in Fig. 4c, it is clear that the frequency of crossing is low for
the former but much higher for the latter. Moreover, increasing the maximum bandwidth frequency (from 400
to 4000 Hz) increases the frequency of threshold crossing, as shown in Fig. 4d. A higher frequency of thresh-
old crossing by the resultant pressure stimulus leads to a higher frequency of action potential produced by the
mechanoreceptor, and therefore a higher frequency of nerve impulse transmitted to the brain for balance control.

Our model suggests that, in both the firm and compliant surface experiments, although the addition of
mechanical noise to a sub-threshold pressure stimulus results in some transmission of nerve impulses to the
brain for both the wide and narrow bandwidth noise, the frequency of transmission is negligible for the latter
but significantly higher for the former. For the compliant surface experiment, this would explain why the wide
but not narrow bandwidth noise improved balance compared to control since the increase in frequency of nerve
impulse transmission is significant only for the former. The same explanation applies to why balance is improved
for the wide bandwidth noise compared to the narrow bandwidth noise.

For the firm surface experiment, the reason why similar balance improvements were not observed might be
because the healthy young subjects already have near-optimal or optimal balance on this surface in the absence
of noise. The frequency of nerve impulses transmitted to the brain is already sufficiently high in the absence
of noise, and thus the brain has sufficient information to maintain optimal balance. Therefore, the increase in
information sent to the brain with the application of the wide bandwidth mechanical noise does not result in
any further improvement in balance. In contrast, a degraded somatosensation is mimicked*>*® on the compli-
ant surface, which results in a comparatively lower frequency of nerve impulse transmission to the brain, and

Scientific Reports |  (2021) 11:12276 | https://doi.org/10.1038/s41598-021-91422-w nature portfolio



www.nature.com/scientificreports/

thus non-optimal balance for the same subjects. It is therefore possible to improve balance in this case with the
addition of the wide bandwidth mechanical noise.

Limitations. The main limitation of the current study was the small sample size. This study was intended
as a first effort hypothesis-generating study. As such, we chose a similar sample size to other first-effort research
in the field'®'”!°. Nevertheless, to minimize the effects of the small sample size, we increased the reliability of
the sampled results by increasing the number of intra-subject repetitions per test case to improve the intra-class
correlation coefficient (ICC) of the data sample in accordance with recommended guidelines*. Future study
will use a larger sample size to validate our present study and test our hypothesis. Additionally, due to our small
sample size, we did not correct for multiple comparisons to avoid reducing the statistical power of our study and
artificially inflate the probability of type II errors.

The aim of our study was to show that increasing the maximum frequency of the bandwidth of mechanical
noise introduced would result in further improvements in balance. However, for a more controlled comparison,
the two bandwidths should be similar but with different maximum frequency, unlike the two types of noise we
used in this study, which differ in both width and maximum frequency.

Conclusion

In conclusion, our experimental results for the compliant surface show that mechanical noise with different
bandwidths have different effects on balance. In particular, the application of wide, but not narrow, bandwidth
mechanical noise to the plantar side of the feet improved balance. This could be explained using a simple model,
which suggests that adding the wide bandwidth noise to a sub-threshold pressure stimulus results in a signifi-
cantly higher frequency of nerve impulse transmitted to the brain compared to adding the narrow bandwidth
noise, which has negligible effect. However, we did not observe similar balance improvement on the firm surface
when wide bandwidth noise was used. We surmise the reason for this is likely because the healthy young subjects
can balance near-optimally or optimally on this surface by themselves.

Our results suggest that if a person’s standing balance is compromised (which can occur due to various
factors such as age, injury, or disease), introducing a wider bandwidth mechanical noise, particularly with a
higher maximum frequency, to the soles of the feet can improve the sensitivity of the feet to changes in pressure,
resulting in improved balance. This is because a higher frequency of nerve impulse is transmitted to the brain.
Aging increases the pressure threshold of a mechanoreceptor®” and thus a healthy elderly person is not able to
balance optimally on a firm surface like a healthy young person. We hypothesize that repeating our experiment
with healthy elderly subjects will show significant improvement in balance for both firm and compliant surfaces
using the wide bandwidth mechanical noise.

As an extension of our study, future research should investigate the effects of different frequency ranges with
a fixed bandwidth of the mechanical noise, allowing for the investigation of the influence of just maximum
frequency on balance. Although studies have shown positive effects of mechanical noise on dynamic balance
(like walking)?!, future work should assess the potential of a wearable vibratory (high-maximum-frequency
bandwidth) device that could be used long-term in dynamic conditions such as walking. Studies have also
shown that the application of electrical noise can produce balance improvement lasting over several hours after
the cessation of the electrical noise*>. However, the possibility of residual effect has not yet been studied in the
context of mechanical vibration.

Received: 12 October 2020; Accepted: 25 May 2021
Published online: 10 June 2021

References
1. Angn, E. et al. Does balance influence daily living activities and quality of life in community-dwelling older people? Physiotherapy
102, e227-€228 (2016).
2. Tinetti, M. E. & Williams, C. S. The effect of falls and fall injuries on functioning in community-dwelling older persons. J. Gerontol.
A Biol. Sci. Med. Sci. 53A, M112-M119 (1998).
3. Hausdorff, J. M., Rios, D. A. & Edelberg, H. K. Gait variability and fall risk in community-living older adults: A 1-year prospective
study. Arch. Phys. Med. Rehabil. 82, 1050-1056 (2001).
4. Nilsson, M. et al. Fall risk assessment predicts fall-related injury, hip fracture, and head injury in older adults. J. Am. Geriatr. Soc.
64, 2242-2250 (2016).
5. Pua, Y.-H,, Ong, P-H,, Clark, R. A., Matcher, D. B. & Lim, E. C.-W. Falls efficacy, postural balance, and risk for falls in older adults
with falls-related emergency department visits: prospective cohort study. BMC Geriatr 17, 291 (2017).
6. Carling, A. Impaired balance and fall risk in people with multiple sclerosis. (Orebro University, 2018).
7. Maki, B., Holliday, P. J. & Fernie, G. R. Aging and postural control. . Am. Geriatr. Soc. 38, 1-9 (1990).
8. Greene, B. R,, Redmond, S. J. & Caulfield, B. Fall risk assessment through automatic combination of clinical fall risk factors and
body-worn sensor data. IEEE Journal of Biomedical and Health Informatics 21, 725-731 (2017).
9. Wang, W,, Xiao, Y., Yue, S., Wei, N. & Li, K. Analysis of center of mass acceleration and muscle activation in hemiplegic paralysis
during quiet standing. PLOS ONE 14, €0226944:1-16 (2019).
10. Eltoukhy, M. A., Kuenze, C., Oh, J. & Signorile, J. F. Validation of static and dynamic balance assessment using Microsoft Kinect
for young and elderly populations. IEEE J. Biomed. Health Inform. 22, 147-153 (2018).
11. Stone, E. E. & Skubic, M. Fall detection in homes of older adults using the Microsoft Kinect. IEEE J. Biomed. Health Inform. 19,
290-301 (2015).
12. Lu, N, Wu, Y., Feng, L. & Song, J. Deep learning for fall detection: three-dimensional CNN combined with LSTM on video kin-
ematic data. IEEE J. Biomed. Health Inform. 23, 314-323 (2019).
13. Abraira, V. E. & Ginty, D. D. The sensory neurons of touch. Neuron 79, 618-639 (2013).
14. Shaffer, S. W. & Harrison, A. L. Aging of the somatosensory system: a translational perspective. Phys. Ther. 87, 193-207 (2007).
15. Priplata, A. et al. Noise-enhanced human balance control. Phys. Rev. Lett. 89, 238101:1-4 (2002).

Scientific Reports |

(2021) 11:12276 | https://doi.org/10.1038/s41598-021-91422-w nature portfolio



www.nature.com/scientificreports/

16. Priplata, A. A., Niemi, J. B, Harry, J. D,, Lipsitz, L. A. & Collins, J. J. Vibrating insoles and balance control in elderly people. The
Lancet 362, 1123-1124 (2003).

17. Collins, J. et al. Noise-enhanced human sensorimotor function. IEEE Eng. Med. Biol. Mag. 22, 76-83 (2003).

18. Dettmer, M., Pourmoghaddam, A., Lee, B.-C. & Layne, C. S. Effects of aging and tactile stochastic resonance on postural perfor-
mance and postural control in a sensory conflict task. Somatosens. Motor Res. 32, 128-135 (2015).

19. Priplata, A. A. et al. Noise-enhanced balance control in patients with diabetes and patients with stroke. Ann. Neurol. 59, 4-12
(2006).

20. Hijmans, J. M. Effects of vibrating insoles on standing balance in diabetic neuropathy. J. Rehabil. Res. Dev. 45, 1441-1450 (2008).

21. Lipsitz, L. A. et al. A shoe insole delivering subsensory vibratory noise improves balance and gait in healthy elderly people. Arch.
Phys. Med. Rehabil. 96, 432-439 (2015).

22. Galica, A. M. et al. Subsensory vibrations to the feet reduce gait variability in elderly fallers. Gait Posture 30, 383-387 (2009).

23. Zippenfennig, C., Niklaus, L., Karger, K. & Milani, T. L. Subliminal electrical and mechanical stimulation does not improve foot
sensitivity in healthy elderly subjects. Clin. Neurophysiol. Pract. 3, 151-158 (2018).

24. Zhou, J., Lipsitz, L., Habtemariam, D. & Manor, B. Sub-sensory vibratory noise augments the physiologic complexity of postural
control in older adults. J. Neuroeng. Rehabil. 13, 44:1-8 (2016).

25. Zwaferink, J. B.J. et al. Mechanical noise improves the vibration perception threshold of the foot in people with diabetic neuropathy.
J. Diabetes Sci. Technol. 14, 16-21 (2020).

26. Bagherzadeh Cham, M. et al. Effects of vibro-medical insoles with and without vibrations on balance control in diabetic patients
with mild-to-moderate peripheral neuropathy. J. Biomech. 103, 109656:1-8 (2020).

27. Wang, C.-C. & Yang, W.-H. Using detrended fluctuation analysis (DFA) to analyze whether vibratory insoles enhance balance
stability for elderly fallers. Arch. Gerontol. Geriatr. 55, 673-676 (2012).

28. Moon, J. et al. Shoes with active insoles mitigate declines in balance after fatigue. Sci. Rep. 10, 1951:1-11 (2020).

29. Aboutorabi, A., Arazpour, M., Bahramizadeh, M., Farahmand, F. & Fadayevatan, R. Effect of vibration on postural control and
gait of elderly subjects: a systematic review. Aging Clin. Exp. Res. 30, 713-726 (2018).

30. Adeyeri, M. K., Mpofu, K. & Kareem, B. Development of hardware system using temperature and vibration maintenance models
integration concepts for conventional machines monitoring: a case study. J. Ind. Eng. Int. 12, 93-109 (2016).

31. Saha, A, Das, S., Suresh, M., Kiran, V. & Dey, N. FPGA based self-vibration compensated two dimensional non-contact vibration
measurement using 2D position sensitive detector with remote monitoring. Measurement 111, 271-278 (2017).

32. Gosselin, G. & Fagan, M. Foam pads properties and their effects on posturography in participants of different weight. Chiropractic
Manual Ther. 23, 2:1-8 (2015).

33. Fujimoto, C. et al. Noisy galvanic vestibular stimulation induces a sustained improvement in body balance in elderly adults. Sci.
Rep. 6,37575:1-8 (2016).

34. Golriz, S., Hebert, J. J., Foreman, K. B. & Walker, B. E. The reliability of a portable clinical force plate used for the assessment of
static postural control: repeated measures reliability study. Chiropractic Manual Ther. 20, 14:1-6 (2012).

35. Howcroft, J., Lemaire, E. D., Kofman, J. & Mcllroy, W. E. Elderly fall risk prediction using static posturography. PLoS ONE 12,
€0172398:1-13 (2017).

36. Prieto, T., Myklebust, J., Hoffmann, R., Lovett, E. & Myklebust, B. Measures of postural steadiness: differences between healthy
young and elderly adults. IEEE Trans. Biomed. Eng. 43, 956-966 (1996).

37. Winter, D. A. Biomechanics and Motor Control of Human Movement. (John Wiley and Sons, Inc., 2009)

38. Wan, X., Wang, W, Liu, J. & Tong, T. Estimating the sample mean and standard deviation from the sample size, median, range
and/or interquartile range. BMC Med. Res. Methodol. 14, 135:1-13 (2014).

39. Sun, R., Hsieh, K. L. & Sosnoff, J. J. Fall risk prediction in multiple sclerosis using postural sway measures: a machine learning
approach. Sci. Rep. 9, 16154:1-7 (2019).

40. Johansson, J., Nordstrém, A., Gustafson, Y., Westling, G. & Nordstrom, P. Increased postural sway during quiet stance as a risk
factor for prospective falls in community-dwelling elderly individuals. Age Ageing 46, 964-970 (2017).

41. Schinkel-Ivy, A., Singer, J. C., Inness, E. L. & Mansfield, A. Do quiet standing centre of pressure measures within specific frequen-
cies differ based on ability to recover balance in individuals with stroke? Clin. Neurophysiol.127, 2463-2471 (2016).

42. Duarte, M. & Freitas, S. M. S. F. Revision of posturography based on force plate for balance evaluation. Braz. J. Phys. Ther. 14,
183-192 (2010).

43. Degani, A. M., Leonard, C. T. & Santos, A. The effects of early stages of aging on postural sway: A multiple domain balance assess-
ment using a force platform. J. Biomech. 64, 8-15 (2017).

44. McDonnell, M. D. & Abbott, D. What is stochastic resonance? Definitions, misconceptions, debates, and its relevance to biology.
PLoS Comput. Biol. 5, €1000348:1-9. https://doi.org/10.1371/journal.pcbi.1000348 (2009).

45. Craig, J. ., Bruetsch, A. P, Lynch, S. G. & Huisinga, ]. M. Altered visual and somatosensory feedback affects gait stability in persons
with multiple sclerosis. Hum. Mov. Sci. 66, 355-362 (2019).

46. Hlavackova, P. & Vuillerme, N. Do somatosensory conditions from the foot and ankle affect postural responses to plantar-flexor
muscles fatigue during bipedal quiet stance? Gait Posture 36, 16-19 (2012).

47. Wickremaratchi, M. M. & Llewelyn, J. G. Effects of ageing on touch. Postgrad. Med. J. 82, 301-304 (2006).

Acknowledgements

This work is supported by the Ministry of Higher Education, Malaysia under the project number: FRGS/1/2016/
TK04/MUSM/03/2 and the Advanced Engineering Platform of Monash University Malaysia.

Author contributions

A.A.G., B.L.L, and J.Z.S.K. proposed the theoretical development; A.A.G., B.L.L., and ].Z.S.K. designed the
experiment with consultation from D.G. and S.A.A.; ].Z.S K. developed the prototype, carried out the experiment,
and analyzed the data; A.A.G. and B.L.L. contributed to the interpretation of data; J.Z.S.K. provided the initial
draft of the manuscript; A.A.G. reviewed and edited the final manuscript; and B.L.L. provided major revisions
to improve the quality of the final draft. All authors reviewed the final intellectual content of the manuscript.

Competing Interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.G.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2021) 11:12276 | https://doi.org/10.1038/s41598-021-91422-w nature portfolio


https://doi.org/10.1371/journal.pcbi.1000348
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |  (2021) 11:12276 | https://doi.org/10.1038/s41598-021-91422-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	The effects of mechanical noise bandwidth on balance across flat and compliant surfaces
	Materials and methods
	Subjects. 
	Mechanical noise generation and delivery system. 
	Mechanical noise spectrum measurement. 
	Motion capture system. 
	Experimental methodology. 
	Data processing and analysis. 

	Results and discussion
	Mechanical noise bandwidth. 
	Balance trial results. 
	Model and proposed explanation. 
	Limitations. 

	Conclusion
	References
	Acknowledgements


