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Sub-threshold (imperceptible) vibration, applied to parts of the body, impacts how people 
move and perceive our world. Could this idea help someone who has lost part of their 
limb? Sub-threshold vibration was applied to the thigh of the affected limb of 20 people 
with unilateral transtibial amputation. Vibration conditions tested included two noise 
structures: pink and white. Center of pressure (COP) excursion (range and root-mean-
square displacements) during quiet standing, and speed and spatial stride measures 
(mean and standard deviations of step length and width) during walking were assessed. 
Pink noise vibration decreased COP displacements in standing, and white noise vibration 
decreased sound limb step length standard deviation in walking. Sub-threshold vibration 
positively impacted aspects of both posture and gait; however, different noise structures 
had different effects. The current study represents foundational work in understanding 
the potential benefits of incorporating stochastic resonance as an intervention for individuals 
with amputation.
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INTRODUCTION

The loss of a lower limb introduces mobility challenges and can severely diminish quality of 
life (Legro et  al., 1998; Sinha et  al., 2011). In many cases, these challenges can be  attenuated 
by the use of prosthetic devices (Wurdeman et  al., 2018), and prostheses are considered 
essential for restoring routine activities for many individuals with amputation (Esquenazi, 2004). 
However, despite the advances in prosthetic rehabilitation, limitations persist.

Lower limb amputation is accompanied by the loss of sensory pathways important for 
proprioception and for the perception of the environment (Antfolk et  al., 2013), and, when 
using a prosthesis, the residual limb is required to perform novel sensory roles (Geurts 
et  al., 1992; Quai et  al., 2005). In the absence of tactile sensation and proprioception from 
the lower extremity (Geurts et  al., 1992), prosthesis users can utilize changes in the pressure 
distribution at the socket-residual limb interface to obtain information with respect to loading 
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and limb orientation (Murphy, 1984). However, the higher 
tactile acuity of the plantar foot is unmatched in the rest 
of the limb (Mancini et  al., 2014), and pertinent external 
stimuli may be  further attenuated by gel liners and socks 
worn over the residual limb to aid socket fit and comfort. 
As compromised somatosensation, both induced experimentally 
and observed in pathological populations, has been linked 
to poorer balance and falls (Meyer et  al., 2004; Quai et  al., 
2005; McKeon et  al., 2010; Höhne et  al., 2012), interventions 
that target this deficit are warranted.

Although current prosthetic designs may adequately replace 
the mechanical structures of the amputated limb (Fiedler et al., 
2014), there is currently no adequate, non-invasive solution 
for the sensory loss. In the present study, a novel approach 
to minimizing the sensory deficits of amputation was explored 
by aiming to enhance gait- and posture-relevant sensory 
information conferred by the prosthetic leg.

Stochastic resonance refers to the phenomenon whereby the 
presence of noise enhances the perception of weak stimuli or 
the information content of a signal. This phenomenon has been 
widely studied in diverse fields such as biology, bioengineering, 
physics, psychology, and neuroscience (Gammaitoni et  al., 1998; 
Moss et  al., 2004; McDonnell and Abbott, 2009). The basic 
concept of stochastic resonance is captured in Figure 1, depicting 
how the superposition of noise and signal may enhance the 
detection of sub-threshold perceptual information. This concept 
has fueled decades of research involving auditory, haptic, and 
visual perception (Lugo et  al., 2008; Kurita et  al., 2013; Krauss 
et  al., 2016; Itzcovich et  al., 2017; Pacchierotti et  al., 2017). For 
example, the addition of noise reduces reaction times compared 
to baseline when applied as transcranial electrical stimulation 
of the motor cortex (Jooss et al., 2019) and also enhances action-
observation task performance and improves three-dimensional 
perception (Ditzinger et  al., 2000; Sasaki et  al., 2006). The 
application of stochastic noise to the wrist increases detection 
rates of delayed visual stimuli (Nobusako et  al., 2018).  

Integration of stochastic noise decreases sensory thresholds 
and increases signal detection rates (Richardson et  al., 1998; 
Wells et  al., 2005; Iliopoulos et  al., 2013; Kurita et  al., 2013; 
Sueda et al., 2013). Hence, the stochastic resonance phenomenon 
implies that the presence of noise generally enhances neural 
and perceptual processes. A subsequent implication is that 
stochastic resonance may be  leveraged in applied settings 
(Moss et  al., 2004).

The stochastic resonance phenomenon has been applied in 
a number of cases involving sensorimotor dysfunction. The 
guiding hypothesis behind this approach is that by applying 
sub-threshold vibration to the skin superficial to damaged 
nerves, the weak afferent signals are enhanced (Moss et  al., 
2004). For example, application of sub-threshold vibration to 
the plantar surface of the foot reduces sensory thresholds at 
the extremities of patients with neuropathy (Liu et  al., 2002; 
Khaodhiar et  al., 2003; Zwaferink et  al., 2018) and decreases 
step width while increasing step length in older adult fallers 
(Galica et  al., 2009; Stephen et  al., 2012). Furthermore, noise-
based techniques have been shown to decrease sensory thresholds 
and improve balance control in older adults, healthy young 
adults, and stroke survivors (Gravelle et  al., 2002; Priplata 
et  al., 2003, 2006; Costa et  al., 2007; Magalhães and Kohn, 
2011; Toosizadeh et al., 2018). Collectively, these studies provide 
empirical support for the stochastic resonance hypothesis while 
providing strong empirical support for application in therapeutic  
settings.

Stochastic resonance research in rehabilitation may benefit 
from a number of findings demonstrating that noise expressed 
by human physiology and behavior rarely, if ever, is simple 
noise (Goldberger et  al., 2002; Kello et  al., 2010; Diniz et  al., 
2011; Harrison and Stergiou, 2015; Cavanaugh et  al., 2017). 
Numerous physiological and behavioral researchers have 
documented time series patterns which have been termed 
1/f β noise (Gilden et  al., 1995; Gilden, 2001; Goldberger 
et  al., 2002; Lipsitz, 2002; Jordan et  al., 2007a,b; Kello et  al., 
2010; Diniz et  al., 2011; Ihlen and Vereijken, 2013; Hunt 
et  al., 2014; Likens et  al., 2014, 2015; Cavanaugh et  al., 
2017; Vaz et  al., 2019). The term 1/f β noise originates from 
the observation that, when decomposed by a discrete Fourier 
transformation, these time series have frequency spectra 
within which the amplitude of a given component varies 
inversely with its frequency (Figures  2B,C). That is, the 
relation between frequency (f) and amplitude (A) for such 
noise processes are described by the formula A = 1/f β, where 
the exponent β is the slope of the linear relationship between 
log A and log f. This power law behavior in the frequency 
domain is directly related to fractal properties (e.g., self-
similarity) in time series data (Eke et al., 2000; Stroe-Kunold 
et  al., 2009) that have been well documented in healthy 
forms of human movement (Hausdorff et al., 1995; Hausdorff, 
2007). For example, the exponent β is related to the so-called 
Hurst exponent, H, commonly used in the study of fractals 
by H  =  (β  +  1)/2  in the case of stationary time series and 
H  =  (β  −  1)/2  in the case of nonstationary time series. The 
behavior of a 1/f β noise signal depends on the value of β 
observed. For example, β  =  0 denotes a white noise process 

FIGURE 1 | The stochastic resonance concept. The addition of white noise 
has the effect of providing information about the underlying, sub-threshold 
signal. In this theoretical example, superimposed noise elevates the signal 
above threshold, revealing information about its inherent sinusoidal form.
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that exhibits no serial dependence (i.e., no autocorrelation). 
When β  =  (0, 1), the series represents a pink noise process 
with positive autocorrelation that decays slowly over time. 
Lastly, blue noise is present when β  =  (−1, 0) and is 
characterized by negative autocorrelation that decays rapidly 
over time. Pink noise (e.g., Figure  2A) is of particular 
relevance for behavioral and physiological measurements that 
exhibit serial dependence over timescales representing seconds, 
minutes, hours, and even days (Stergiou et  al., 2016).

In part, the importance of 1/f β phenomena is apparent 
from its general pervasiveness (Kello et  al., 2008). More 
important, though, is the observation that classes of 1/f β 
noise, such as pink noise and white noise, are commonly 
observed in cases of health and disease, respectively (Hausdorff 
et  al., 1997; Ivanov et  al., 2001; Goldberger et  al., 2002; 
Stergiou et  al., 2006; Diniz et  al., 2011; Van Orden et  al., 
2011; Kaipust et  al., 2012, 2013). This prevalent relationship 
between β and health has led researchers to hypothesize 
that external sources of 1/f β noise might stimulate patterns 
of variation similar to those observed in cases of health, 
aging, and disease (Baram and Miller, 2007; Hove et  al., 
2012; Sejdić et  al., 2012; Hunt et  al., 2014). For example, 
when people synchronize their gait with 1/f β noise similar 
to pink or white noise, their gait structure resembles those 
forms (Hunt et al., 2014). Moreover, center of pressure (COP) 
during quiet standing in older adults exhibits the characteristics 
of a 1/f β time series (Manor et  al., 2010).

Based on the stochastic resonance paradigm, applying 
sub-threshold vibration to the affected limb of a person with 
amputation may be  a means to augment the weak afferent 
signals from the residual limb (Chen et  al., 2016; Wan et  al., 
2016; Crea et  al., 2017). It is plausible that the use of vibration 
with a more biologically-relevant 1/f β structure may provide 
similar or enhanced benefit. This hypothesis is supported by 
numerous modeling and in vitro animal studies demonstrating 
enhanced signal detection in neural circuits in the presence 
of pink noise as compared to white noise (Nozaki and Yamamoto, 
1998; Nozaki et  al., 1999a,b; Duan et  al., 2014; Qu et  al., 
2019; Castellanos and Kogelbauer, 2020). The current work 
takes an initial step in that direction, by comparing effects of 
white and pink noise vibration on key parameters of gait and 
postural control.

The purpose of this work was to determine whether the 
application of sub-threshold vibration could improve standing 
balance and gait in people with unilateral transtibial amputation. 
For this purpose, we applied sub-threshold mechanical vibration 
to the affected limb of transtibial prosthesis users using a 
lightweight tactor (Figure  3). We  assessed the effect of noise 
signals with pink and white frequency spectra, in comparison 
to no vibration, on postural sway during quiet standing and 
on speed and stride characteristics during walking. It was 
hypothesized that, when applied to the affected limb, 
sub-threshold vibration would improve various aspects of gait 
and posture due to the enhancement of sensory information. 
It was further hypothesized that these improvements would 
be  most prominent for stimuli that most closely approximated 
healthy 1/f β noise patterns (i.e., pink noise).

MATERIALS AND METHODS

Study Design
All procedures were approved by the University of Nebraska 
Medical Center Institutional Review Board and the VA Nebraska-
Western Iowa Health Care System Institutional Review Board. 
All tests were conducted within a university motion capture 
laboratory. Twenty-one people with unilateral transtibial 
amputation (Table  1) were recruited from prosthetic clinics 

A

B C

FIGURE 2 | Demonstration of pink noise structure. (A) Simulated time  
series data representing 1/fβ with a pink noise structure. The vertical axis  
has arbitrary units. (B) Power spectral density for the time series in  
(A) represented on linear axes. (C) Power spectral density for the time series 
in (A) represented on base-10 logarithmic axes.

FIGURE 3 | Vibration apparatus. The audio player and amplifier (within black 
case) were stored in a backpack, and the tactor secured to the affected limb 
of the participant. Cabling was restrained using Coban wrap (3M, St. Paul, 
MN, United States) to prevent catching, ensuring there was no restriction to 
movement.
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around the Omaha/Metropolitan area and local VA hospital. 
Participants were screened prior to testing and excluded based 
on the following criteria: amputation less than 6  months ago,  
any neurological disease/impairment that may affect gait  
(except diabetes), currently pregnant, and/or any sores on the  
residual limb. All participants provided written, informed  
consent prior to the start of testing. Standing and walking 
were assessed in the first and second of two sessions,  
respectively.

Experimental Design
Intervention
Vibration was produced using a BM3C tactor (TactileLabs, 
Montreal, Canada) connected to an audio player (Olympus, 
Center Valley, PA, United States) via an in-house built amplifier. 
Twenty-minute pink and white noise signals were created using 
version 2.3.2 of Audacity®, and an envelope filter was applied 
to account for the non-linearity in tactor output.

All tests were conducted under three vibration conditions: 
none, pink, and white. Participants were blinded to condition, 
and order was randomized across participants.

Procedures
Vibration amplitudes for the pink and white noise signals were 
determined independently at the start of each session, with 
signal order randomized. The tactor (Figure  3) was attached 
anteriorly to the mid-thigh of the affected limb using 
hypoallergenic double-sided tape and secured with Cover-Roll 
stretch tape (BSN Medical, Charlotte, NC, United  States). The 
distance from the proximal border of the patella to the middle 
of the device was measured to maintain consistency across 
sessions. The audio player and amplifier were stored in a 
backpack worn by the participant.

The participant was asked to stand with support from a 
walking frame, to wear headphones to block all other noise 
during the testing, and to fixate on a wall mounted cross. 
A  4-2-1 method (Dyck et  al., 1993) was used to determine 
the threshold of perception for each signal, with adjustments 
made  using the discrete volume levels of the audio player. 

The  participant’s ability to feel vibration was signaled by hand 
gesture, with fist-open and fist-closed postures indicating 
sensation and lack of sensation, respectively. Following threshold 
determination, the amplitude was reduced by 1–2 levels, such 
that the applied vibration was between 60 and 90% of the 
threshold of perception of the participant. For each signal, 
the amplitude was evaluated and confirmed to be  within this 
range using an oscilloscope (DS1102E Rigol Technologies Inc. 
Beaverton, OR, United  States). The discrete increments of the 
audio player prevented further precision; however, values 
spanning this threshold range have been successfully utilized 
in previous studies utilizing the stochastic resonance paradigm 
(Collins et al., 2003; Priplata et al., 2003, 2006; Enders et al., 2013).

Data Collection
Participants completed a 90-s quiet standing trial in each 
vibration condition. Participants were asked to stand on dual 
floor-embedded force plates (Optima, AMTI, Watertown) with 
their feet as close together as possible and to cross their arms 
across their chest, to induce a moderate challenge to balance. 
They were asked to look directly at a cross placed at eye level 
on the wall in front of them. Force plate data were recorded 
for 90  s at 600  Hz in each vibration condition.

Walking tests were conducted within the central measurement 
space of the motion laboratory. Participants performed at least 
10 traverses in each vibration condition, at a self-selected pace. 
Kinematic data from reflective markers placed on the pelvis 
and feet were collected at 100  Hz with a 12-camera motion 
capture system (Motion Analysis Corporation, Santa Rosa, CA, 
United  States). A 5-min rest period was enforced between 
vibration conditions.

Data Processing
Kinematic data for walking trials were tracked using Cortex 
(Motion Analysis Corporation, Santa Rosa, CA, United States). 
All further processing was performed in Visual 3D (C-Motion, 
Germantown, MD, United  States). Fourth order low pass 
Butterworth filters with a 6  Hz cutoff for kinetic standing 
data and a 7  Hz cutoff for kinematic walking data were 

TABLE 1 | Participant information.

Cause Age (years) Height (m) Mass (kg) Years since amp. Gender

Higher threshold group (n = 11; eight completed walking trials)

Trauma (n = 3) 53.3 1.83 112.3 7.3 3M
Diabetes (n = 2) 59.0 1.79 91.2 3.5 2M
Infection (n = 3) 66.6 1.81 113.9 4.0 2M, 1F
Other (n = 3) 69.6 1.81 92.8 16.2 3M
All (n = 11) 62.1 ± 6.4 1.81 ± 0.01 102.6 ± 10.6 7.8 ± 5.1 (10M, 1F)

Lower threshold group (n = 9; eight completed walking trials)

Trauma (n = 5) 51.00 1.78 96.52 7.66 3M, 3F
Diabetes (n = 2) 67.00 1.81 104.10 10.25 2M
Infection (n = 0) - - - - -
Other (n = 2) 51.50 1.73 98.66 20.15 1M, 1F
All 56.50 ± 7.42 1.77 ± 0.03 99.76 ± 3.19 12.69 ± 5.38 (6M, 4F)

Average values for higher and lower light touch threshold groups (mean ± standard deviation), separated by cause of amputation.
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applied, determined using the methods of residuals as 
described by Winter (2009).

The center of pressure (COP) during quiet standing was 
calculated from the combined output of the two force plates. 
The range and root-mean-square (RMS) displacement of the 
COP were computed in the mediolateral and anterior-posterior 
directions across each 90-s trial. An example COP time series 
is depicted in Figure  4.

Bilateral foot contact events during walking were algorithmically 
estimated based on marker positions, utilizing the relative velocities 
of the feet and pelvis (Zeni et  al., 2008). Step lengths were 
calculated as the distance in the direction of travel between the 
ankle joint centers at contralateral and ipsilateral foot contacts. 
Step width was calculated as the distance between the ankle 
joint centers in the direction perpendicular to the direction of 
travel. For each vibration condition, step lengths and step widths 
from 10 strides on each limb (prosthetic and sound) were 
extracted and the average (mean) and variability (standard 
deviation) were computed. Additionally, average walking speed 
was calculated for each walking traverse.

Statistical Analysis
Participants were grouped retrospectively into lower and higher 
light touch perception threshold groups according to their 
ability to detect a 10-g Semmes-Weinstein monofilament  

applied to the tibial crest of their residual limb. Although 
not a primary aim of this study, our rationale when dividing 
the participants into these two sensory groups was to explore 
whether individuals who originally exhibited higher sensory 
thresholds (less sensitive) might benefit more or less than 
those who exhibited lower sensory thresholds. To address 
this and the main hypotheses of the study, a series of linear 
mixed effects models were constructed to understand the 
effects of vibration condition and sensory threshold on the 
measures presented in the previous section. Linear mixed 
effects (LME) models (aka multilevel models and hierarchical 
linear models) are contemporary alternatives to standard 
regression and analysis of variance frameworks that do not 
carry the same unrealistic assumptions (Raudenbush and Bryk, 
2002). For example, whereas the standard regression framework 
enforces a common intercept, the LME framework allows 
the user to estimate unique intercepts for each participant 
explicitly. Estimation of random slopes is also possible but 
not used in this paper. Modeling procedures for this approach 
entail starting with a baseline model and adding terms 
sequentially to form a series of nested models. Subsequent 
models are tested for improvement in fit via likelihood ratio 
tests involving χ2 statistics. In the present case, we  defined 
our baseline models as “intercept-only” models, that is, models 
that account for average behavior of each participant in our 
study. Such intercept-only models are generally not interpreted 
but are used as a point of comparison instead by which to 
gauge relative importance of focal predictors (i.e., fixed effects). 
Our modeling strategy involved two steps: (1) Intercept-only 
models were fit for each dependent measure. (2) A second 
model was constructed for each dependent measure that 
contained fixed main effects and interactions of noise type 
and light touch threshold group (higher and lower), in addition 
to random intercepts from (1). Fixed effects and interactions 
were added in a single modeling step as a priori predictions 
about precedence between condition and threshold variables 
were not made. Log-likelihood tests were used to assess 
improvements in the model fit that result from the combination 
of noise type and light touch threshold group.

RESULTS

Of 21 participants recruited for the study, 20 participants 
completed standing tests only and 16 completed standing 
and walking tests. One participant was withdrawn completely 
due to dizziness. One participant did not attend the second 
session due to an injury that required surgery. Two further 
declined to participate, and data from one participant were 
excluded from walking analysis due to use of a powered 
ankle. Eleven participants were placed in a higher threshold 
group and nine in a lower threshold group (Table  1) based 
on their ability to perceive a 10-g monofilament applied at 
the tibial crest of their affected limb. In the following results, 
we only report those models that were statistically significant, 
namely, COP range and RMS during standing, and sound 
limb step length variability during walking. Complete data 

FIGURE 4 | Example center of pressure (COP) time series and trajectory. 
(Top) Example mediolateral COP time series. The COP range is labeled and 
indicated by horizontal lines. (Bottom) Complete COP trajectory for the 
example COP time series depicted in the top panel.
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for these measures and demographics may be  found in 
supplementary material.

Postural Control During Quiet Standing
Linear mixed effect models were used to assess whether inclusion 
of fixed effects of noise and threshold group, along with their 
interactions, improved prediction of COP excursion over and 
above an intercept only model. In the mediolateral COP range, 
the addition of fixed effects and interactions improved the 
model fit [χ2(5)  =  11.06, p  =  0.05]. Improvement in the model 
fit stemmed from the fact that participants exhibited reduced 
mediolateral COP range in the pink condition when compared 
to the no noise (none) condition (estimate = −0.004, SE = 0.002, 
p  =  0.013; Figure  5, right). Moreover, the addition of fixed 
effects and interactions improved the model for COP RMS 
[χ2(5)  =  17.81, p  =  0.003], showing a reduction in COP RMS 
in the pink noise condition when compared to the no noise 
(none) condition (estimate  =  −0.001, SE  =  0.0002, p  =  0.008; 
Figure  5, left). Our analysis revealed no further significant 
differences for sway during quiet standing. Model building 
steps and tests for models in Postural Control During Quiet 
Standing and Speed and Stride Characteristics During Walking 
sections are summarized in Table  2.

Speed and Stride Characteristics During 
Walking
Linear mixed effect models were used to assess whether 
inclusion of fixed effects of noise and threshold group, along 
with their interactions, improved prediction of speed and 
stride characteristics over and above an intercept only model. 
Models involving speed and step length were not improved 
by addition of fixed effects and interactions. Concerning sound 
limb step length variability, the addition of fixed effects and 
interactions improved the model fit [χ2(5) = 15.69, p = 0.008]. 
The analysis further revealed a decrease in sound limb step 

length variability in the white noise condition compared to 
the no noise (none) condition (estimate = −0.003, SE = 0.001, 
p  =  0.034; see Figure  6). Also, participants who were in the 
higher light touch threshold (less sensitive) group produced 
a greater sound limb step length variability than participants 
in the lower threshold group (estimate  =  −0.004, SE  =  0.002, 
p  =  0.008; see Figure  6). No other gait comparisons 
were significant.

DISCUSSION

In this study, two primary hypotheses were explored related 
to the use of sub-threshold vibration to augment afferent 
information of the affected limbs of people with amputation: 
(1) application of sub-threshold vibration would improve various 
aspects of standing and walking and (2) improvements would 
be  greatest for stimuli that more closely approximated healthy 
forms of 1/f β noise. In brief, results provide promising, albeit 
limited, evidence in favor of both hypotheses. Specifically, white 
noise stimulation decreased sound limb step length variability 
during walking when compared to no stimulation. With respect 
to the second hypothesis, mediolateral sway in the standing 
trials decreased during the pink noise stimulation when compared 
to the no stimulation condition.

As noted above, white noise stimulation of the affected 
limb reduced step length variability of the sound limb. Two 
issues make this finding challenging to interpret. First, the 
result seems counterintuitive because no stimulation was applied 
to the sound limb. It is possible that the control of the affected 
limb during single limb stance improved, resulting in a reduced 
variability of foot placement of the sound limb in the subsequent 
step. Vibration was provided throughout the gait cycle, but 
effects of stimulation may only be  evident during the sound 
limb swing phase when the prosthetic limb makes prolonged 
contact with the ground. An alternative explanation is that 

FIGURE 5 | Postural control during quiet standing. Mediolateral COP root-mean-square (RMS; left) and range (right) during quiet standing as a function of vibration 
condition. Error bars reflect 95% confidence intervals. Range and RMS were height normalized. **p < 0.01 and *p < 0.05. No differences were observed between 
light touch threshold groups, and no interactions were observed with respect to these groups. Hence, means and confidence intervals depicted here collapse 
across light touch threshold.
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this effect is similar in nature to what is found in cases of 
cross education (Hendy and Lamon, 2017). Cross education 
refers to the phenomenon where unilateral resistance training 
results in strength gains in an untrained but homologous muscle 
group. Accordingly, perceptual training of the affected limb 
with sub-threshold noise could produce consonant perceptual 
gains in the sound limb. This seems unlikely, however, because 
the affected limb did not show reliable improvements in the 
white noise condition and our manipulations did not include 
prolonged training.

Second, and contrary to our predictions, white noise reduced 
sound limb step length variability while pink noise did not 
have any apparent effect. While this result was surprising 
with respect to the hypotheses, the influence of white noise 
stimulation on step and stride length variability in older 
adults has been documented elsewhere (Stephen et  al., 2012; 
Lipsitz et al., 2015). Hence, the present results appear consistent 

with those findings. Furthermore, the optimal noise pattern 
may depend on the task. Local non-stationarities present in 
pink noise imply that white noise reverts to its mean faster 
than pink noise, which in turn suggests the possibility that 
white noise more consistently enhances sensory information 
during irregular walking patterns. In contrast, pink noise 
may be  better for behaviors involving more continuous 
stimulation such as postural control during standing. Further, 
we  note that, in some instances, adding white noise into 
perception-action loops may cause alterations in the typical 
pink noise structure often observed in healthy biological 
signals (Dotov et  al., 2010).

In contrast to the gait findings, the results concerning pink 
noise and postural sway provided support for both our first 
and second hypotheses. Specifically, it was noted that pink 
noise reduced sway in the mediolateral direction when compared 
with no stimulation. These results are consistent with the idea 
that augmenting afferent signals with pink noise may be  more 
beneficial for stabilizing posture than other forms of noise. 
The source of this benefit may relate to the documented patterns 
of pink noise in behavior (Manor et  al., 2010; Hunt et  al., 
2014) and in the nervous system (Voytek et  al., 2015; Cohen, 
2016; Harrison et  al., 2018). That is, pink noise may be  better 
suited to augment afferent feedback because of its similarity 
to other naturally occurring physiological noise properties. 
Confidence in these results, however, is hampered by the 
seeming contradiction between the results for gait and those 
for posture. Future research will be  needed to resolve 
this inconsistency.

A potential conclusion is that white noise may be  more 
effective at augmenting gait-related information, while pink 
noise may better convey posture-relevant information through 
afferent channels. We  draw this conclusion cautiously, because 
although statistical evidence favors this interpretation, replications 
will be  needed to establish clinical significance. Furthermore, 
we  only observed stochastic resonance effects relative to 
mediolateral control of postural sway; no effects were observed 
in the anterior-posterior direction. One possible explanation 
for limited efficacy may be  the lack of volitional control of 
the prosthetic foot, which may impede the influence of vibratory 
stimuli on the anterior-posterior control of sway. Further 
distinguishing between gait and posture related effects will 

TABLE 2 | Summary of model building steps for linear mixed effects models presented in sections Postural Control During Quiet Standing and Speed and Stride 
Characteristics During Walking.

Model AIC BIC Log likelihood Deviance χ2 DF p

Sound limb step length variability

Baseline model −336.00 −331.01 171.00 −342
Baseline + Noise × Group −341.69 −328.38 178.84 −357.69 15.69 5 0.008

Mediolateral COP range

Baseline model −307.43 −302.44 156.72 −313.43
Baseline + Noise × Group −308.49 −295.18 162.25 −324.49 11.06 5 0.050

Mediolateral COP RMS

Baseline model −451.13 −446.14 228.56 −457.13
Baseline + Noise × Group −458.94 −445.63 237.47 −474.94 17.81 5 0.003

FIGURE 6 | Sound limb step length variability during walking. Results 
displayed as a function of vibration condition and light touch threshold group 
(higher and lower denote individuals with higher and lower thresholds of 
perception to light touch, measured at the tibial crest). Error bars reflect 95% 
confidence intervals. SD, standard deviation. The horizontal bar reflects the 
comparison between the none and white noise conditions.
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require a broader study of both the magnitude and structure 
of noise used for augmenting sensory information. Indeed, 
others have demonstrated means to estimate the optimal 
magnitude of noise in terms of mutual information between 
spike trains from threshold crossings and the signal itself – 
too little noise will have little effect on sensory threshold 
crossings, too much noise will mask the signal completely 
(Moss et  al., 2004; Wells et  al., 2005). Perhaps, a similar 
approach should be applied for determining the optimal structure 
of noise based on the intrinsic noise properties of the 
underlying signal.

Limitations and Future Directions
The current results hint at a differential effect of sub-threshold 
vibration on gait, as compared to posture; however, there are 
several limitations that would need to be  resolved to form 
such a conclusion. One limitation is that we  did not measure 
the relationship between noise amplitude and gait and posture 
outcomes. While beneficial effects have been previously observed 
using a similar range of noise amplitudes to those applied 
here (Liu et  al., 2002; Priplata et  al., 2003; Enders et  al., 2013; 
Lipsitz et  al., 2015), it is possible that noise levels were not 
optimal for each participant. In a sense, this limitation echoes 
our comments from the preceding paragraphs and underscores 
a need for further systematic study of noise characteristics in 
varying contexts. Another limitation is that differences between 
the vibration thresholds for walking and standing may have 
contributed to this pattern of results. The setting for the vibration 
threshold was determined during standing. It has been shown 
that vibration threshold significantly increases in a standing 
posture when compared to a sitting posture (Mildren et  al., 
2016). Hence, the threshold during walking may fluctuate both 
below and above that derived during standing as the limb is 
loaded and offloaded. This could be  counteracted by setting 
independent vibration amplitudes for standing and for different 
phases of gait (Stephen et  al., 2012). For example, appropriate 
vibration thresholds could be  established while the participant 
is engaged in a gait task, or for a range of poses such as 
laying down, standing on both legs, and standing with the 
affected leg raised off the ground, and vibration amplitudes 
set accordingly.

The placement of the tactor within the present experiment 
may be  a limitation. Although previous studies have 
demonstrated that perceptual acuity may be  enhanced by 
sub-threshold noise applied proximal to, and not directly 
at, the site of interest (Breen and Macefield, 2013; Breen 
et  al., 2016), it is possible that placement closer to the site 
of amputation may have resulted in a greater effect. It is 
indeed unclear whether the observed results may have been 
due to an effect on cutaneous or proprioceptive channels, 
or a combination. Although vibration amplitudes were set 
individually, it is also possible that differences in body 
composition may have affected efficacy on an individual level, 
due to differential effects on the superficially applied vibration. 
Future research should address these issues more explicitly 
by testing different placement locations with the aim of 

uncovering what specific afferent information is enhanced 
by vibratory stimulation and whether alternative placement 
sites would optimize stochastic resonance effects. Such work 
may be  challenging, however, given the observation that 
stochastic resonance effects can be quite general, even crossing 
sensory modalities (Lugo et  al., 2008). In the current study 
our choice for placement was likewise guided by practical 
concerns. We  observed substantial changes in signal content 
when the tactor was attached directly to the socket of the 
prosthesis. The chosen location permitted consistent positioning 
across participants, without the requirement to alter individual 
prosthesis suspension methods, e.g., prosthetic sleeves, while 
still applying stimulation to the affected limb.

To recapitulate, the goal of the current research was to 
improve the control of gait and posture by enhancing afferent 
information about the prosthetic limb. Yet, our results indicate 
that different contexts (e.g., walking vs. standing) promote 
different sensitivities to categorically different noise types. 
In addition to the mechanical and physiological considerations 
already discussed, those results raise questions about the 
organization of the cognitive-perceptual system and its 
interactions with the environment. That is, the context-
dependence implied in our results situates them within the 
broader theoretical landscape of complex dynamical systems 
theory. This theoretical approach suggests that cognitive-
perceptual systems self-organize to points of criticality that 
allow the system to quickly adapt to novel circumstances 
(Van Orden et  al., 2003). The specific organization of a 
system and its putative sensitivities, then, may depend on 
the specific set of constraints imposed on the entire cognitive-
perceptual system involved in the control of walking and 
maintaining upright posture. Hence, future work would 
benefit from a systematic investigation of such context-
dependent sensitivities. The present study only explored two 
categorically different forms of noise: white noise and pink 
noise. These signals represent prototypical, albeit simplified, 
patterns of statistical independence and persistence. In reality, 
these classes rest on a continuum, ranging from strongly 
antipersistent to strongly persistent. Future work should 
explore a greater range of these possible structures and 
directly compare those structures in terms of resistance 
to habituation.

The current paper relied on linear measures (e.g., means 
and standard deviations) to make inferences about the effects 
of stochastic resonance on the control and stability of gait 
and posture. However, a large literature suggests that, in 
addition to linear outcome measures, it is critical to examine 
the temporal (e.g., fractal) properties these behaviors exhibit 
(Hausdorff et al., 1995; Hausdorff, 2005; West and Latka, 2005; 
Xue et  al., 2016; Phinyomark et  al., 2020) that often covary 
with cases of aging and neurodegenerative disease (Hausdorff, 
2007, 2009). While we  did not investigate these properties 
in the present study, we  might expect to see similar trends 
in individuals with lower limb amputation. That is, we anticipate 
that, relative to healthy controls, people with amputation may 
show evidence of reduced statistical persistence in gait and 
posture dynamics, as measured by fractal scaling exponents. 
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Furthermore, we also anticipate that stochastic resonance may 
attenuate such effects. Further research will be  needed to 
explore those hypotheses.

Conclusion
Stochastic resonance has figured prominently in the study of 
physiological and perceptual processes. Many studies investigating 
stochastic resonance have used a form of white noise as a means 
to augment sensation. In this paper, the use of pink noise, 
which is more reflective of healthy biological forms of variability, 
was proposed with the aim of improving standing and walking 
performance in individuals with a unilateral transtibial amputation. 
The current results provide tentative support for this proposition. 
In particular, it was found that while white noise reduced step 
length variability during walking, pink noise reduced mediolateral 
sway during quiet standing. A major challenge for future research 
replicating these findings will be to discover the neuromechanical 
mechanisms responsible for any differential effects of noise with 
respect to control of gait and posture. Hence, while not without 
limitations, the current results suggest a number of possible 
areas for future research.
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