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Highlight 

 

・Somatosensory system can be enhanced via stochastic resonance.  

・We explored how stimulation with different signal structures affect postural control. 

・Pink noise was effective in reducing postural sway via the stochastic resonance. 
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Effects of subthreshold electrical stimulation with white noise, pink noise, and chaotic 

signals on postural control during quiet standing 

 

Abstract 

Background 

The stochastic resonance (SR) phenomenon has been used to improve postural control 

through the application of imperceptible noise to the somatosensory system. White noise 

signals have been applied in numerous SR studies on postural control. However, because 

the SR effect depends on the noise structure, the stimulation effects of signals with different 

structures, such as pink noise and chaotic signals, on postural control, must be determined 

to achieve better clinical applications of SR technology. 

Research question  

During quiet standing, how is postural control affected by subthreshold electrical 

stimulation to the knee joints when signals with different structures (white noise, pink 

noise, and chaotic signals) are used? 

Methods 

Sixteen healthy young adults stood quietly for 40 s with their eyes closed. To evaluate 

postural sway, we calculated the mean velocity, root mean square (CoPRMS), and range 

(CoPRange) values for the center of pressure (CoP) in the anteroposterior direction. The 

standing task was conducted under subthreshold electrical stimulation with white noise, 

pink noise, and chaotic signals based on the Lorenz system, in addition to the no-
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stimulation condition. The four stimulation conditions were randomized within each set and 

repeated seven times. 

Results 

Significant stimulation effects were observed in the CoPRMS and CoPRange values. The 

CoPRMS value under the pink noise signal was significantly lower than that under the no-

stimulation condition. The CoPRange value also tended to decrease under the pink noise 

signal compared with the no-stimulation condition; however, the differences were not 

statistically significant. No significant changes were found with the white noise and chaotic 

signals compared with the no-stimulation condition. 

Significance 

We demonstrated that the pink noise signal was more effective in reducing postural sway 

than the white noise and chaotic signals based on the Lorenz system during quiet standing.  

 

Keywords: Stochastic resonance, pink noise, somatosensory system, quiet standing 
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1. Introduction  

Postural control is necessary for most activities of daily living; inadequate postural 

control may lead to detrimental incidents such as falls [1]. Processing and integrating 

sensory inputs from the somatosensory, visual, and vestibular systems are required for 

postural control, and the decline in the functions of  such sensory systems is associated with 

postural instability [2,3]. In particular, individuals with proprioception deterioration at the 

knee joint may display large postural sway during standing [4]. Thus, intervention to 

enhance their sensory input at the knee joint and ensure postural control [5,6] could 

significantly improve their quality of life. 

The stochastic resonance (SR) phenomenon has been observed in several 

physiological systems, including the somatosensory system [5–9]. As an application of the 

SR theory, the detection and transmission of a weak input signal by somatosensory 

receptors can be enhanced by imperceptible noise with optimal intensity, leading to 

postural control via improved body sway feedback [10]. Reductions in postural sway using 

the SR effect have been observed in several populations [6,11]. A previous study 

demonstrated that the application of electrical stimulation to the knee joint reduced postural 

sway during one-legged stance in older adults [6]. Another study also reported such an 

effect on postural sway when vibrating insoles were applied during two-legged stance in 

patients with diabetes and stroke [11]. Therefore, improving the SR effect may be a good 

approach to attain additional gains in postural control. 

Numerous SR application studies have used mechanical or electrical stimulation 

with white noise [5,6,8], whereas some modeling studies observed SR-like phenomena in a 
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bistable system using external chaotic signals [12,13]. A chaotic signal is defined as a 

signal that is aperiodic, bounded, deterministic, and sensitive to initial conditions [14]. 

Moreover, it can have a unique Fourier amplitude spectrum [15]. These previous studies 

suggest that a chaotic signal may produce an effect on postural control that is similar to that 

of a white noise signal.  

In contrast, the significant contribution of pink noise to the SR effect has been 

shown in several studies. A recent study that used an artificial neuron model as an SR 

system that received the noise revealed that stimulation with pink noise enhanced the SR 

effect more than stimulation with noise of other colors, including white noise [16]. The 

functional advantage of pink noise in the SR phenomenon has also been shown in human 

studies [7,17], and it has been revealed that the application of weak pink noise to the 

brainstem via vestibular afferents was more effective in invoking SR in the brain stem 

baroreflex centers than the application of weak white noise [17]. Moreover, the application 

of subthreshold vibration with pink and white noise signals to patients with unilateral 

transtibial amputation revealed that vibration with pink noise was more effective in 

reducing postural sway during quiet standing than that with white noise [7]. However, such 

mechanical stimulation may have limitations in the practical application of SR. This is 

because it may be difficult to maintain the intensity of mechanical noise at the optimal level 

for SR as a result of undesirable fluctuations in the contact pressure between the skin and 

vibration actuator. These fluctuations may be caused by several phenomena during daily 

activities, including skin stretching during joint movement, inertial force during body 

movement, and changes in the direction of the contact area from the vertical direction. 
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Moreover, a previous study observed significant increases in sensory thresholds due to 

vibration stimulation [18]. Therefore, electrical noise stimulation with pink noise may be 

more beneficial in the practical application of the SR effect in daily activities; however, no 

studies have investigated the effects of subthreshold electrical stimulations with different 

signal structures on postural control. 

Therefore, this study aimed to explore how applications of subthreshold, 

imperceptible electrical stimulations with different signal structures (white noise, pink 

noise, and chaotic signals) to the somatosensory system affect postural control. We 

hypothesized that the improvement in postural control due to stimulation with pink noise 

would be greater than that with white noise, and that the improvements with the chaotic 

signal and white noise would be similar.  

 

2. Methods  

2.1 Participants 

Sixteen young adults (age, 22 ± 1 years; height, 154.4 ± 0.9 cm; mass, 59.6 ± 8.6 

kg; mean ± standard deviation), eight male and eight female, with no neurological, 

muscular, and/or orthopedic conditions, participated in this study. All the participants were 

right-leg dominant. Before the experiments, all the participants provided written informed 

consent, and the study was approved by the Human Ethics Committee of the Graduate 

School of Human Development and Environment at Kobe University. This study was 

performed in accordance with the principles of the Declaration of Helsinki.  
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2.2 Noise and chaotic signal generation 

A customized MATLAB R2019a program (Mathworks, Natick, MA) was used to 

generate white noise, pink noise, and chaotic signals. Generally, the power spectral density, 

as a function of the frequency (f), is constant and proportional to 1/f for white and pink 

noise. In this study, a discrete time series for the white noise signal, with a sampling 

frequency of 10 kHz, was first created using the MATLAB function randn (). Next, we 

applied the MATLAB function fft () to the white noise signal to compute the Fourier 

transform. Subsequently, the Fourier transform was multiplied by 1/�𝑓𝑓, where 𝑓𝑓 represents 

the frequency (Hz). Finally, it was converted to a pink noise signal by the inverse Fourier 

transform using the MATLAB function ifft (). In addition, a chaotic signal was generated 

by the numerical simulation of the Lorenz attractor, based on a previous study [15]. The 

equations are as follows:  

⎩
⎪
⎨

⎪
⎧  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜎𝜎(𝑦𝑦 − 𝑥𝑥)

    
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑥𝑥(𝜌𝜌 − 𝑧𝑧) − 𝑦𝑦

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑥𝑥𝑥𝑥 − 𝛽𝛽𝛽𝛽 

, 

where σ = 10, ρ = 28, and β = 8/3 [15]. A series of x projections in the Lorenz attractor was 

used as the chaotic signal and converted to a 10 kHz discrete time series. An example of a 

time series generated by the MATLAB program and its recalculated power spectral density 

is shown in Figure 1A. Stimulation with the raw pink noise or chaotic signal may cause 

continuous polarization at high intensity, resulting in an undesirable temperature rise or 

pain on the skin below the electrodes [19,20]. Therefore, the raw noise and chaotic signals 
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were modulated by continuous square waves using an electrical stimulator (duty cycle 

50%, pulse duration 0.15 ms) (Figure 1B). Examples of the power spectral densities of the 

modulated white noise, pink noise, and chaotic signals are presented in Figure 1B. To 

ensure that the intended stimulation signals were generated, we calculated the slopes of the 

power spectral densities for the original white noise, pink noise, and chaotic signals, prior 

to the experiment.  

 

2.3 Electrical stimulation 

Two pairs of stimulation electrodes (Ag/AgCl, 18 × 36 mm; F-150-S, Nihon-

Kohden, Tokyo, Japan) were placed on the lateral and medial joint spaces of both knees of 

the participants; the electrical stimulation was generated by two stimulators (SEN-3401, 

Nihon-Kohden and 3F46, Sanei, Tokyo, Japan). The knee joints were selected as the 

stimulation points in this study because their proprioception deterioration affects postural 

control during standing [4]. As shown in Figure 2, the original noise or chaotic signal 

generated by the MATLAB code was output to the electrical stimulators through a data 

acquisition (DAQ) device (USB-6212, National Instruments, Austin, TX) at 10 kHz, and 

controlled by a customized LabVIEW program (National Instruments). The modulated 

stimulation signals (which were the same for both knees) were simultaneously obtained as 

output from the two stimulators to both knees through the isolator devices (Figure 2).  

 

2.4 Experimental procedure 



8 

 

The participants stood quietly on a force platform (N5901, Sanei, Japan) for 40 s 

with their eyes closed and their arms at the sides of their body. While standing, their feet 

were parallel at hip width, and their foot positions were marked on the platform to ensure 

that consistent positions were used across the trials. The participants were instructed to 

relax and allow natural body sway. They were also asked not to keep their body rigidly 

aligned and not to intentionally oscillate their body while standing. The standing task was 

conducted under the following four stimulation conditions: no stimulation, and 

stimulations using the white noise, pink noise, and chaotic signals. Each electrical 

stimulation was continuously provided throughout the 40 s standing task. 

Before the standing task, the sensory threshold (mA) of each knee was determined 

for each of the electrical stimulations while in a sitting position with the knee extended, 

using the white noise, pink noise, and chaotic signals. The order of the stimulation types 

was randomized among the participants. To determine each threshold, the intensity of the 

electrical stimulation was gradually increased until the participant detected the signal, and 

then slowly decreased until the participant was unable to detect it [21]. The threshold was 

defined as the highest intensity that a participant could not sense, and a stimulation 

intensity equal to 50% of the threshold was applied during the standing task [21]. 

Following practice trials, to confirm that no participants felt the stimulation during quiet 

standing, the four stimulation conditions were randomized within each set. Each set was 

repeated seven times (28 trials in total), and the stimulation conditions were re-randomized 

in each set. Approximately 1 min rest periods during standing were provided between 

trials, and rest periods of a minimum length of 5 min while seated in a chair were provided 
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between sets. After each set, all the participants were asked if they had detected the 

electrical stimulation while standing. 

 

2.5 Data processing 

 The force plate signals (i.e., the vertical forces at the four corners of the force plate) 

were sampled at 100 Hz (PowerLab 16/30, AD Instruments, Sydney, Australia). These 

signals were low-pass filtered at 15 Hz using a fourth-order zero-lag Butterworth filter 

[22]. The foot center of pressure in the anteroposterior direction (CoPAP) was calculated 

using the force plate signals. We focused on the CoPAP during quiet standing in this study, 

because it is associated with the ability to achieve postural control [23,24]. The data for the 

first and last 5 s of each trial were removed, and data from the middle 30 s were used for 

further analysis [25,26]. 

Based on previous studies [24,27], the following center of pressure (CoP) measures 

were calculated as indices for evaluating postural control: the mean velocity of the center 

of pressure (CoPMV), root mean square of the mean CoPAP (CoPRMS), and range of the 

CoPAP values (CoPRange). CoPMV was calculated as the total path length of the CoPAP 

divided by time. CoPRMS and CoPRange (the difference between the maximum and minimum 

CoPAP values) were based on the CoPAP position time series. All the measures were 

normalized using the foot length (%) because of the large variations in the base of support 

among the participants (foot length: 22.0–27.0 cm) [27], and the averages of the seven 

trials under each condition for each participant were used for the statistical analysis. 
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2.6 Statistical analysis 

 The data are presented as the mean ± standard error values. All the statistical tests 

were performed using SPSS version 26 (IBM, Armonk, NY, USA). Because deviations 

from a normal distribution were observed with Kolmogorov–Smirnov tests, non-parametric 

alternatives were used for all the measures. 

To test whether the subthreshold electrical stimulation affected the CoP measures 

during quiet standing, Friedman tests were performed. To determine the differences 

between the stimulation conditions (the white noise, pink noise, and chaotic signal 

conditions) and the no-stimulation condition, Wilcoxon signed-rank tests were performed 

for each measure. We also conducted Friedman tests to determine whether there were any 

differences in the sensory threshold and range (i.e., largest minus smallest) values of the 

pulse amplitudes among the signals. The significance level was set at p = 0.05 for the 

Friedman test, and p-values adjusted using the Holm correction were applied in the 

Wilcoxon signed-rank tests [28]. When there was a significant difference, the effect size (r) 

was evaluated according to Cohen’s classification [29], and the percentage of reduction was 

calculated. 

 

3. Results 

The sensory thresholds were 0.30 ± 0.07 mA, 0.32 ± 0.10 mA, and 0.27 ± 0.07 mA 

for the white noise, pink noise, and chaotic signals, respectively. The ranges of pulse signal 

amplitudes were 0.13 ± 0.03 mA, 0.15 ± 0.05 mA, and 0.11 ± 0.03 mA for the white noise, 

pink noise, and chaotic signals, respectively. There were no significant differences in the 
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sensory threshold (χr
2 (2) = 0.87, p = 0.647) and range values of the pulse amplitudes (χr

2 

(2) = 4.59, p = 0.101) among the signals, and the participants reported that they were not 

aware of the presence of stimulation during the standing trials. 

Table 1 lists the data for the CoPAP-related measures under each condition. The 

stimulation had significant effects on CoPRMS and CoPRange (CoPRMS, χr
2 (3) = 15.95, p = 

0.001; CoPRange, χr
2 (3) = 11.75, p = 0.008); however, no significant effect on CoPMV (χr

2 

(3) = 1.27, p = 0.736) was observed. The value of CoPRMS under the pink noise signal 

condition was significantly lower than that under the no-stimulation condition (95% 

confidence interval, 0.08–0.39, p = 0.010), and the effect size was large (r = 0.61). The 

median value for the amount of CoPRMS reduction under the pink noise signal condition 

was 9.91% compared to the no-stimulation condition. The value of CoPRange also decreased 

under the pink noise signal condition; however, the difference was not statistically 

significant. For all the measures, no significant differences were found under the white 

noise signal and chaotic signal conditions compared with the no-stimulation condition. 

 

4. Discussion 

The purpose of this pilot study was to determine the effects of subthreshold white 

noise, pink noise, and chaotic signals on postural sway during quiet standing with the eyes 

closed. Compared with the no-stimulation condition, a significantly lower CoPRMS and 

tendency toward a lower CoPRange were observed under the stimulation of the pink noise 

signal, whereas no significant changes were found under the stimulation of the white noise 

and chaotic signals. Our findings supported our hypothesis that the reductions in postural 
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sway due to stimulation with a pink noise signal would be greater than those due to 

stimulation with white noise and chaotic signals.  

Pink noise was observed to have an effect on CoPRMS and potentially on CoPRange 

(although the change in CoPRange did not reach the level of statistical significance). This 

difference was not observed in the CoPMV values. CoPMV has different characteristics from 

CoPRMS and CoPRange; CoPRMS and CoPRange are associated with the effectiveness of the 

postural control system, whereas CoPMV reflects the amount of regulatory balancing 

activity related to the stability level [24]. Based on the drift and act hypothesis, CoPRMS and 

CoPRange become larger when the CoP substantially deviates from the equilibrium point 

before the postural control system detects this CoP deviation and adjusts the posture 

[3,30,31]. Because somatosensory deficits can cause a degeneration in the ability to detect 

CoP deviation [32], enhancing the somatosensory system using pink noise might facilitate 

the detection of CoP deviation, resulting in a decreased CoPRMS. Considering the fact that 

the value of CoPRange is less affected by differences in the standing conditions and 

populations than the value of CoPRMS [33,34], the value of CoPRange might reach statistical 

significance during more challenging standing conditions that require a larger ankle torque 

[35]. Therefore, subthreshold stimulation with pink noise is a potential tool for balance 

rehabilitation, particularly for patients with a large CoP deviation that could be improved. 

However, the mechanism of the pink noise effect remains unclear.  

In contrast to our results, previous studies revealed that electrical stimulation of the 

knee joint using a white noise signal improved postural control [5,6]. This contradiction 

could be a result of signal configuration differences. The previous studies administered 
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continuous white noise signals [6] or constant intensity of successive pulses where the 

interpulse intervals were randomly assigned [5], whereas in this study, we used combined 

signals consisting of continuous waves (white noise, pink noise, and chaotic signals) and 

square waves (Figure 2). Continuous waves, and particularly those with long-range 

correlations such as pink noise, can increase the risk of an undesirable temperature rise as a 

result of the persistent polarization of the skin [19,20]. Thus, successive pulse signals with 

pink noise-like interpulse intervals may be more effective for SR applications than the 

combined signals used in this study. Another reason for the contradiction may be 

differences in the manner in which the postural tasks were conducted. A previous study [6] 

had participants stand with their eyes open, whereas, in this study, they stood with their 

eyes closed. Sensory reweighting with closed eyes [3] may have affected our results. 

Hence, future studies are warranted to compare the effects of the applied signal on various 

standing tasks.  

The clinical significance of this study is that it supports the use of pink noise to 

reduce sway amplitude. In this study, the pink noise stimulation condition reduced the 

CoPRMS value by a median of 9.91% compared to the no-stimulation condition. The amount 

of reduction observed in this study is clinically relevant, given that a previous study 

reported an average increase in CoPRMS of 10.7% by aging [27]. The present results 

highlighted the advantages of using pink noise in the potential application of SR to postural 

control. Future studies will be needed to verify the effects of electrical stimulation using 

pink noise on different populations and in other tasks (e.g., walking or standing under more 

challenging conditions). This will make it possible to maximize the clinical benefits of such 
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stimulation. The risks of electrical stimulation, including pain [20] and muscle damage 

[36], should also be considered. 

This study had some limitations. First, we did not standardize the ranges for the 

different signals. However, we found no significant differences among the signals, which 

made us confident that the observed differences were due to the signal structure differences 

rather than differences in the magnitude of variability.  Second, we used combined signals 

instead of the actual signals to avoid undesirable effects. Third, because this pilot study 

required repeated standing trials to determine the most effective noise structure, we adopted 

younger adults as a fundamental study population. Thus, it remains unclear whether similar 

results will be obtained in individuals with impaired balance. Fourth, the rest period 

between trials might have been insufficient. Therefore, there might have been carryover 

effects from the previous condition. Fifth, large electrical stimulators were used in this 

study; a portable device for electrical stimulation is needed for the clinical application of 

SR. Future studies are needed to overcome these limitations. 

 

5. Conclusions 

Our findings supported the hypothesis that a pink noise signal is effective in 

reducing postural sway during standing, and can provide useful information for the 

application of the SR effect. 
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Figure captions 

 

Figure 1. Examples of stimulation signals 

A: The original signals and power spectral densities (PSDs) of white noise, pink noise, and 

chaotic signals generated by the MATLAB program are illustrated in the left and right 

panels, respectively. The PSDs are plotted on double logarithmic scales. The slopes for the 

white and pink noise signals are indicated by red lines with β values. B: The modulated 

signals and corresponding power spectral densities for a typical participant. 

 

Figure 2. Illustration of experimental setup 

Stimulation electrodes were placed on the lateral and medial joint spaces of both knees, and 

the original noise or chaotic signal generated and output by the LabVIEW program was 

used for the electrical stimulation via isolators, after being combined with continuous 

square waves at two electrical stimulators. 
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Table 1. Results of normalized CoP measures (%foot length) 

CoP related measures normalized by foot length are shown for four simulation conditions: 
no stimulation (No-Stim), white-noise signal (WHITE), pink-noise signal (PINK), and 
chaotic signal (CHAOTIC).  
CoPRMS, root mean square of CoPAP; CoPMV, mean velocity of CoPAP; CoPRange, 
maximum amplitude of CoPAP. 
* Significant effects of Stimulation (p < 0.05); † Significant differences compared to No-
Stim 
 

  No-Stim WHITE PINK CHAOTIC 

CoPRMS * 1.62 (1.42-1.82) 1.59 (1.40-1.92) 1.31 (1.26-1.68) † 1.58 (1.34-1.79) 

CoPMV(s-1) 2.79 (2.36-3.17) 2.68 (2.25-3.22) 2.73 (2.09-3.18) 2.94 (2.29-3.31) 

CoPRange * 7.98 (6.55-8.83) 7.58 (6.62-9.30) 6.66 (5.97-8.67) 7.67 (6.37-8.63) 
   Median (interquartile range) 
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