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Introduction: Plantar cutaneous augmentation is a promising approach in 
balance rehabilitation by enhancing motion-dependent sensory feedback. 
The effect of plantar cutaneous augmentation on balance has been mainly 
investigated in its passive form (e.g., textured insole) or on lower-limb amputees. 
In this study, we tested the effect of plantar cutaneous augmentation on balance 
in its active form (i.e., electrical stimulation) for individuals with intact limbs.

Methods: Ten healthy subjects participated in the study and were instructed to 
maintain their balance as long as possible on the balance board, with or without 
electrotactile feedback evoked on the medial side of the heel, synched with the lateral 
board sway. Electrotactile feedback was given in two different modes: 1) Discrete-
mode E-stim as the stimulation on/off by a predefined threshold of lateral board 
sway and 2) Proportional-mode E-stim as the stimulation frequency proportional 
to the amount of lateral board sway. All subjects were distracted from the balancing 
task by the n-back counting task, to test subjects’ balancing capability with minimal 
cognitive involvement.

Results: Proportional-mode E-stim, along with the n-back counting task, 
increased the balance time from 1.86  ±  0.03  s to 1.98  ±  0.04  s (p  =  0.010). 
However, discrete-mode E-stim did not change the balance time (p  =  0.669). 
Proportional-mode E-stim also increased the time duration per each swayed 
state (p  =  0.035) while discrete-mode E-stim did not (p  =  0.053).

Discussion: These results suggest that proportional-mode E-stim is more 
effective than discrete-mode E-stim on improving standing balance. It is 
perhaps because the proportional electrotactile feedback better mimics the 
natural tactile sensation of foot pressure than its discrete counterpart.
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1 Introduction

Balance is a well-orchestrated sensorimotor process based on 
integrated sensory feedback including visual, vestibular, and 
somatosensory feedback. Therefore, a slight problem in one of those 
sensory modalities causes a balance issue. For example, compromised 
sensory feedback from the foot degrades the ability to self-regulate 
balance which may lead to falling and long-term hospitalization. 
About 8% of the elderly people, ~60% of the people with diabetes, 
and ~ 30% of the people who received chemotherapy suffer from 
peripheral neuropathy and sensory loss at the foot (National Institute 
of Neurological Disorders and Stroke, 2018).

To address the sensory loss and the ensuing balance problem, 
multiple motor augmentation approaches have been actively 
investigated, including exoskeletal assistance or functional electrical 
stimulation (FES) (Kim et al., 2012; Chen et al., 2013). However, both 
exoskeleton and FES approaches apply corrective efforts directly to the 
motor output and bypass the central nervous system (CNS) (Dollahon 
et al., 2020). The minimal involvement of the CNS may critically limit 
the neural reorganization necessary for balance enhancement. In 
another approach, the sensory loss can be indirectly addressed by 
audiovisual augmentation. Although their efficacy on balance 
enhancement has been demonstrated, there is still a question on their 
effect on retention after the therapy ends (Huang et  al., 2006; 
Roemmich et al., 2016). This is perhaps because of the intrinsic heavy 
cognitive engagement in processing audiovisual feedback, which may 
raise issues in consistency that are crucial in promoting retention 
(Andersson et al., 2002; Sigrist et al., 2013). Furthermore, audiovisual 
feedback is the main sensory modality for communication, and 
therefore its efficacy can be easily decreased during communication 
by distraction.

Peripheral sensory augmentation is a promising approach in 
balance rehabilitation because it provides motion-dependent sensory 
feedback, which plays a key role in motor rehabilitation by updating 

the status of each lower-limb muscle to the CNS in real time (Lynskey 
et al., 2008; Pearson, 2008; Viseux et al., 2019). Prior works confirmed 
that motion-dependent sensory feedback is sufficient to engage the 
plasticity mechanism within the CNS (Takeoka et  al., 2014), by 
reactivating dormant interneurons (Angeli et  al., 2018). Also, 
peripheral sensory augmentation engages the CNS actively in the 
loop, while motor augmentation engages the CNS passively via the 
change in motor outcome. The diagram at the center of Figure  1 
describes how peripheral sensory augmentation engages the CNS in 
the loop while motor augmentation does not. Furthermore, for people 
with peripheral neuropathy, peripheral sensory augmentation on the 
foot (i.e., plantar cutaneous augmentation) can be a direct solution to 
addressing the problem (Bernard-Demanze et al., 2009).

Peripheral sensory augmentation has been relatively well 
investigated for gait rehabilitation after spinal cord injury. For 
example, body weight-supported treadmill training with robotic 
exoskeletons repetitively moves paralyzed lower limbs according to a 
designated walking pattern, in turn generating motion-dependent 
sensory feedback (Ferris et al., 2005; Hornby et al., 2005). Electrical 
stimulation applied onto the dura mater augments the somatosensory 
feedback from the leg and foot, as well as increasing the excitability of 
interneurons to sensory feedback (Angeli et al., 2018; Wagner et al., 
2018). Indeed, there is a strong need to investigate the potential of 
peripheral sensory augmentation in balance rehabilitation, to utilize 
it effectively together with the existing techniques (Huang et al., 2006; 
Sigrist et al., 2013).

Despite the advantages and massive potential, the effect of active 
plantar cutaneous augmentation on improving balance has been 
under-investigated for several reasons. First, in many cases, peripheral 
sensory augmentation has been applied to the body area that is 
indirectly associated with balance. For example, peripheral sensory 
augmentation, through wearable devices on the arm or the chest, 
showed promising results in improving balance (Shull and Damian, 
2015; Sorgini et al., 2018; Ballardini et al., 2020). They provide sensory 

FIGURE 1

Overall system block diagram to explain the effect of sway-based electrotactile feedback in supplementing proprioceptive feedback under the 
challenging ground conditions. Signal diagram at the center describes that multiple areas of CNS, including motor cortex, somatosensory cortex, and 
cerebellum, process plantar cutaneous feedback and generate motor output for balance. Sway-based electrotactile feedback was applied in either 
discrete or proportional mode. Discrete mode turned on/off stimulation with predefined threshold (left side) and proportional mode changed 
stimulation frequency according to the body sway (right side).
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feedback as a sensory cue for the balancing task, and therefore they 
cannot be free from compromised efficacy in situations with high 
attentional demands (Azbell et al., 2019). Second, the effect of active 
plantar cutaneous augmentation on balance has been mainly 
investigated on lower-limb amputees but not on individuals with 
intact limbs (Charkhkar et  al., 2020; Nanivadekar et  al., 2022). 
Although the results from lower-limb amputees provide important 
insight, test conditions are different from those of individuals with 
intact limbs because of the missing sensory feedback from the feet. 
Third, the effect of plantar cutaneous augmentation on balance has 
been mainly investigated with passive approaches, such as applying 
textures or 3D insole under the foot sole (Kelleher et al., 2010; Bae 
et al., 2016). However, the parameters of passive plantar cutaneous 
augmentation cannot be actively changed, which limits the degree of 
freedom in experimental design and customization for each subject.

Electrical stimulation (E-stim) has a great potential to actively 
augment plantar cutaneous feedback with a high level of 
controllability, by opening voltage-gated ion channels and generating 
action potential at sensory axons. Najafi et al. (2017) applied E-stim 
directly to the foot sole and showed its efficacy in balancing function. 
However, locating electrodes under the foot sole may disturb the 
sensitive area of the foot sole, which would not be a good idea as an 
everyday solution. Indeed, our prior work showed that E-stim applied 
posterior and/or inferior to the medial malleolus (see Figure 2) can 
also augment tactile feedback on the foot sole (Kouzaki and Masani, 
2008). Therefore, E-stim can augment plantar cutaneous feedback 
from the foot without disturbing the area of the foot sole. Further, 
E-stim can be also easily implemented into a small wearable device or 
even implantable device (Shon et al., 2021) and used in daily lives as 
well as in the clinic.

Our prior study also showed that E-stim applied on the medial 
malleolus, targeting the calcaneal branch of the distal-tibial nerve, 
enhanced the lateral standing balance (Azbell et  al., 2019, 2020). 
We expect that it is because E-stim, augmenting plantar cutaneous 
feedback on the heel, improved plantar sensitivity to the body sway 

(Machado et al., 2017). In our prior study, we also investigated the 
effect of a dual-task cognitive distraction, which was proved as an 
important factor in securing the effect of E-stim on the medial 
malleolus. However, we  have not investigated the optimal way of 
applying the E-stim yet. In our prior study, plantar cutaneous 
augmentation was applied in a discrete mode (i.e., on/off) based on a 
predefined threshold, mainly for simplicity in the proof-of-concept 
study (Azbell et  al., 2020). However, this discrete type of E-stim 
compromises its sensitivity on the lateral sway for simplicity in its 
implementation, and it is important to investigate if there is a better 
way of applying E-stim to improve lateral balance.

In this study, we  investigated the best form of electrotactile 
feedback in augmenting plantar cutaneous feedback and improving 
lateral standing balance in challenging environments. We compared 
the efficacy between the discrete-mode and the proportional-mode 
mapping functions in applying the sway-based electrical stimulations. 
For the discrete-mode mapping, we turned on or off the E-stim based 
on the predefined threshold of the lateral board sway (see the left-side 
graph of Figure 1), while the E-stim was applied as proportional to the 
lateral board sway for the proportional-mode mapping (Zhao et al., 
2020) (see the right-side graph of Figure 1). Our first hypothesis is that 
electrotactile feedback evoked on plantar area, indicating the lateral 
board sway, will promote lateral standing balance under dual-task 
cognitive distraction. Note that plantar cutaneous feedback is 
intrinsically associated with the balance function, and effectively 
enhances balance with cognitive distraction, as demonstrated in our 
prior study (Azbell et al., 2020). Our second hypothesis is that the 
proportional-mode electrotactile feedback will be more effective in 
improving lateral standing balance than its discrete-mode (i.e., on/off) 
counterpart. This is because electrotactile feedback on the foot would 
compensate for the somatosensory feedback from the lower limb 
better when it is proportionally changing like natural somatosensory 
feedback (D’Anna et al., 2019).

Note that we designed the test condition with a balance board, 
which can provide a challenge to keep lateral balance (see Figure 3). 

FIGURE 2

Regions of stimulation over medial-calcaneal nerve and expected locations of evoked electrotactile feedback (regions A and B, painted as red and blue 
circles respectively, indicate the area around the distal end of each branch of medial-calcaneal nerve).
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As the study participants were healthy individuals without known 
balance issues, it was critical to provide the challenging balance 
condition to test the effect of sensory augmentation. We also designed 
the condition of compromised sensory feedback, with a blindfold and 
a foam pad on a balance board, which would provide a further 
challenge on balance. Multiple prior studies already demonstrated that 
plantar cutaneous feedback plays an important role in challenging 
balance conditions, while its role was underrepresented in normal 
balance conditions for healthy subjects (Corriveau et al., 2000; Bolton 
and Misiaszek, 2009; Park et al., 2019).

2 System implementation

2.1 Customized balance board

To measure the lateral standing balance under challenging 
ground conditions, we used a lateral balance board (3B Scientific 
W15075 Eucalyptus Wood Lateral Balance Rocker Board). A 
4-inch foam padding was integrated on top of the balance board 
to reduce the plantar cutaneous feedback useful for balancing. 
Two custom-made force sensors were integrated on either side of 
the board to detect when the board touched the ground. A 
distance sensor was integrated on the left edge of the balance 
board to monitor the distance between each side of the board and 
the ground (i.e., lateral board sway). We also installed custom-
made force sensors on both sides of the handrail to detect the 
timing when the subject’s hand left the handrails. A safety 
handrail was installed in front of the balance board for subjects 
to maintain balance before the start signal.

2.2 Desktop electronics

Two Arduino Nano microcontroller units (MCUs) and a computer 
have been employed and placed on the table near to the balance board. 
They performed all the necessary computations for data collection and 
stimulation. The first MCU was implemented as a state machine 
collecting the sensor data and determining the stimulation frequency 
based on the sensor data. The second MCU generated the control 
signal of the stimulator. The computer system interacted with the 
subject through the sensors and implemented the closed-loop 
operation, monitoring the board-to-ground distance and providing 
electrotactile feedback with a frequency inversely proportional to the 
board-to-ground distance (i.e., lateral board sway). In Figure  3, 
we show the overall experimental setup with the balance board and 
the electronics.

3 Experimental design

Ten healthy human subjects (nine male subjects and one female 
subject) participated in this study following the procedure described 
in the protocol approved by the Texas A&M University Institutional 
Review Board (IRB2018-1511F) on March 19th, 2019. The ages of all 
10 subjects ranged from 23 to 26 years, with an average age of 
24.7 years. All subjects were prescreened with the following exclusion 
criteria: use of any electronic implantable medical device, being 
sensitive or allergic to any kind of skin adhesive, having history of 
neurological disease or disorder, being sensitive to motion induced 
sickness, having problem in standing or walking, having any 
diagnosed cognitive impairment, being pregnant, and being a prisoner.

FIGURE 3

Overall experimental setup for the balancing test with balance board and desktop electronics.
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3.1 Experiment 1: identifying the site of 
stimulation

The first task was determining the proper site of stimulation 
on the subject’s feet. We picked the locations along the medial-
calcaneal nerve that innervates onto the side of the heel (region A 
in Figure  2) and the posterior side of the heel (region B in 
Figure 2). We placed two electrodes along the medial-calcaneal 
nerve, one at inferior and posterior to the medial malleolus (i.e., 
branching point from the distal-tibial nerve) and the other at 
~38 mm below the first one (i.e., branching point from the medial-
calcaneal nerve), as shown in Figure 2 (Torres and Ferreira, 2012; 
Tang and Bordoni, 2021). Note that skin region around the 
medial-calcaneal nerve provides spatial selectiveness while 
avoiding the callus area with high contact impedance. Each 
electrode location was then slightly adjusted per subject to clearly 
evoke the electrotactile feedback on the region A or B (area 
innervated by the branches of the medial-calcaneal nerve). The 
stimulation used for identifying the site of stimulation was a 
bi-phasic voltage stimulus with a 1-ms pulse-width at 100-Hz 
frequency passing through a pair of electrodes, based on the prior 
success on augmenting plantar cutaneous feedback (Azbell 
et al., 2020).

3.2 Experiment 2: identifying the 
parameters of stimulation

Once the site of stimulation and the location of electrodes 
have been determined, the parameters of the E-stim were decided. 
The amplitude of E-stim was decided using the voltage level. The 
frequency was set to 100 Hz based on prior successes in sensory 
augmentation (Azbell et al., 2020; Zhao et al., 2020). The voltage 
level was slowly increased from zero while subjects were asked to 
provide verbal confirmation when they first felt the evoked 
sensation (Vmin) as well as when the E-stim became uncomfortable 
(Vmax). The two-thirds point of this range is set as the voltage for 
the experiment, as in Eq. 1, to evoke sensation without discomfort. 
Also, this setting secures the electrotactile perception to 
be between the notice and discomfort over 10–100 Hz, considering 
the small change in perception and discomfort thresholds over 
10–100 Hz (Manoharan and Park, 2024).

 
V V V Vexperiment = + ∗ −( )min max min

2

3  
(1)

We also decided the frequency range that subjects can 
differentiate easily and can be used for the proportional E-stim. First, 
we set the minimum frequency as 10 Hz (Fmin) because any frequency 
lower than 10 Hz can be hardly used for the sub-second level decision 
in balancing task. We then slowly increased the frequency by 10 Hz 
steps, until the subject was unable to differentiate between the two 
neighboring steps in the frequency range. We  set this maximal 
differentiable frequency (with 10 Hz step) as the maximum frequency 
(Fmax). This range of frequency from Fmin to Fmax was mapped to the 
balance board sway in such a way that the frequency of stimulation 
for each foot increases as each side of the board approaches to the 
ground. In case of discrete stimulation, the frequency was set to 

100 Hz when the board-to-ground distance was outside of the 
balanced region (i.e., the board was swayed to one side) and no 
E-stim was applied when the board-to-ground distance was within 
the balanced region (i.e., the board was level).

3.3 Experiment 3: the balancing task

Subjects were blindfolded and asked to stand on the foam-clad 
balance board. They were also asked to hold onto the handrail in front 
of them and maintain the balance board at level. They were then asked 
to release the handrail and balance for as long as possible. At the same 
time, they were asked to perform the n-back counting task (counting 
backward by 7 from a random number) to interfere with cognitive 
engagement during the balancing task (Azbell et  al., 2020). Each 
attempt at balancing was considered as a trial. There was a total of 150 
trials with a 5-s break between each trial and a 5-min break between 
every 50 trials, to minimize the effect of fatigue.

Trials using a balance board were conducted with three types of 
intervention. The 1st type was no stimulation, the 2nd type was 
discrete-mode stimulation, and the 3rd type was proportional-mode 
stimulation. E-stim was applied to the swayed side of the foot to assist 
the original somatosensory feedback from the feet and legs. The 
stimulation type for each trial was selected in random order but the 
three types of stimulation were distributed evenly and equally over the 
150 trials (see Figure 4).

The discrete-mode stimulation was given as a constant 100-Hz 
E-stim, when the amount of sway exceeds the pre-defined threshold. 
That is, E-stim was activated when the board-to-ground distance was 
outside of the balanced region with more than 5-mm offset (i.e., 
balance board sway exceeds the ±5-mm threshold). The proportional-
mode stimulation was given with the frequency of stimulation 
inversely proportional to the board-to-ground distance. The 
frequency of E-stim increased when each of the sides of the board 
approached the ground, and decreased when the board was closer to 
being level. As subjects perceived a low-frequency E-stim as a pulsing 
sensation and were able to differentiate the frequency difference 
(Azbell et al., 2020; Zhao et al., 2020), frequency modulation was 
used to deliver the analog information such as the lateral board sway. 
This method mimics the natural sensation of the plantar pressure 
when the body sways from one side to the other. A detailed timeline 
of the experiment is described in Figure 4. Note that subjects were 
not informed about the type of stimulation applied to their feet for 
each trial.

The effect of the E-stim on enhancing the lateral standing balance 
was evaluated by the subject’s balancing capability on the balance 
board, with balance time and time per sway as described in Figure 5. 
“Balance time (s)” is a basic measure, as the longer balance time 
suggests improvement in balancing capability. To further evaluate the 
balance during the balance time, we also measured “Time per sway 
(s).” This measure indicates the time duration that subjects maintained 
the sway direction before being changed to the other direction (e.g., 
left to right). Note that the change of sway direction was detected 
when the amount of sway exceeded the thresholds (see Figure 5). 
Although this new measure cannot still provide how each body part 
responded to the sensory feedback, it provides important information 
on how each subject maintained their balance before the balance 
board hit the ground.
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3.4 Statistical analysis

To determine the efficacy of the independent factors on dependent 
variables, and to account for both within-subject and across-subject 
variability, we performed a linear mixed model analysis (SPSS, IBM, 
Chicago, IL, USA) per each experimental result. Both subjects and 
trials were set as random factors. For the independent factor 
(stimulation type), its effect on the dependent variables (balance time 
or time per sway) was determined. Kolmogorov–Smirnov test was 
used to check the normality of datasets, which satisfied the condition 
of p > 0.05. The significance level was set at 0.05 (95% confidence 
interval). All statistical data are reported as Mean ± STE (standard 

error) in the experimental result section and all statistical comparison 
results are shown with the corresponding p values.

4 Experimental results

4.1 E-stim on the medial-calcaneal nerve 
evoked electrotactile feedback at region A 
on the medial side of the heel

Our goal was to have the same region and strength of E-stim 
in both feet of each subject. We  also selected the region for 

FIGURE 4

Detailed procedure and timeline of the experiment.

FIGURE 5

Exemplary change of the measured distance from the balance position (level), with definitions of output parameters used to evaluate the subject’s 
balancing capability on the balance board.
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electrotactile feedback to be  close to the heel. E-stim applied 
between those electrode locations successfully evoked 
electrotactile feedback in region A for all 10 subjects, and therefore 
we decided to select the region A as a region for electrotactile 
perception. Note that, four of 10 subjects reported light 
electrotactile feedback in the region B together with that in the 
region A (see Figure  3). A visual representation of the actual 
locations of electrodes selected for each subject, along with the 
locations of perception, is depicted in Figure 6.

4.2 Frequency range for 
proportional-mode stimulation was 
selected as 10–70  Hz

The voltage levels of E-stim for the 10 subjects were in 
the range of 11.7 V and 23.5 V with an average of 18.5 V, median 
of 18 V, and standard deviation of 3.24 V. All 10 subjects were 
able to differentiate the E-stim until 70 Hz and failed to 
distinguish between 70 Hz and 80 Hz. Therefore, the frequency 
range for proportional-mode stimulation was selected as 
10–70 Hz.

4.3 Proportional-mode E-stim increased 
balance time while discrete-mode E-stim 
did not

The experiment was conducted with 10 healthy human 
subjects and the average with standard error across all subjects 
and their data are shown in Figures  7A,B, respectively. 
We observed that the control trials (no stimulation) resulted in a 
balance time of 1.86 ± 0.03 s. Discrete-mode stimulation results in 
a balance time of 1.88 ± 0.03 s and proportional-mode stimulation 
results in a balance time of 1.98 ± 0.04 s. Proportional-mode 
stimulation increased balance time by 6.5% from baseline. 
Statistical test suggests that balance time with the proportional 
electrotactile feedback is longer than that with no stimulation 
(p = 0.010). The balance time with the proportional electrotactile 
feedback is also longer than that with its discrete counterpart 

(p = 0.037). However, the balance time with the discrete 
electrotactile feedback was not statistically different from that 
without any stimulation (p = 0.669).

4.4 Proportional-mode E-stim increased 
time-per-sway while discrete-mode E-stim 
did not

Time per sway was measured as 0.157 ± 0.035 (s), 0.197 ± 0.032 (s), 
and 0.211 ± 0.029 (s), for conditions of no stimulation, discrete-mode 
stimulation, and proportional-mode stimulation, respectively (see 
Figure  8A). Time per sway was increased by proportional-mode 
stimulation compared to the baseline measure without stimulation 
(p = 0.035), while it was not by discrete-mode stimulation (p = 0.053).

4.5 Strong positive correlation between the 
number of oscillations and the balance 
time

We analyzed data to calculate how many times the balance board 
oscillated between each side during each trial. The average number of 
oscillations was 0.90 ± 0.50 (MEAN ± STE), which suggests that the 
balance board oscillated only once during ~2 s of balance time. 
We also depicted the relationship between the number of oscillations 
and the balance time at Figure 8B, using the data points per each 
subject per each condition. Despite the small number of oscillations, 
we observed a strong positive correlation between the number of 
oscillations and the balance time.

4.6 Comparison with prior works that 
employed visual/auditory augmentation

It would be  important to compare the effectiveness of the 
proposed E-stim with prior sensory augmentation approaches 
represented by visual/auditory augmentation (Zijlstra et al., 2010). As 
the balance board setup is unique for this work, it is hard to compare 
the results directly with prior works. Therefore, we  indirectly 

FIGURE 6

Actual locations of electrodes on each foot (semi-transparent grey circle indicates the electrode location for each subject) and evoked electrotactile 
feedback on each foot reported by each of 10 subjects, overlapped with a general nerve innervation diagram.
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compared the results with related dynamic stability measures. To 
evaluate dynamic stability, prior works with visual/auditory 
augmentation employed the movement amplitude of the center of 
pressure (CoP) and time per sway. Although the presented work does 
not present the CoP movement, the balance time is closely related to 
the CoP movement and represents dynamic stability. Table 1 shows 
the comparison between the presented and prior works that reported 
the effect of visual/auditory augmentation on standing balance, as a 
measure of the movement amplitude of CoP and the time per sway 
(Lajoie, 2004; Santarmou et al., 2006; Hatzitaki et al., 2009; Vos et al., 
2022). These indirect comparison results suggest that the presented 
electrotactile augmentation approach showed effectiveness 
comparable to those of visual/auditory augmentation.

5 Discussion

5.1 Proportional-mode E-stim enhanced 
the lateral standing balance at challenging 
balance condition

The experimental results in this study support the first hypothesis that 
electrotactile feedback evoked on the plantar area, indicating the lateral 
board sway, promotes lateral standing balance at dual-task cognitive 
distraction. The balance time was increased when the E-stim was applied 
with a frequency proportional to the lateral board sway. This result 
suggests that proportional-mode E-stim was useful in maintaining 
standing balance at challenging balance conditions. Further, the time 
duration for each state was also increased with proportional-mode 

E-stim. This result suggests that subjects maintained the balance for a 
longer time duration while being swayed to one side. These results 
confirm the importance of plantar cutaneous feedback on lateral balance, 
which has been often underrepresented perhaps because of the improper 
experimental setting to test its importance (Höhne et al., 2009, 2011). 
Note that plantar cutaneous feedback plays an important role in balancing 
under challenging locomotor conditions, as shown in multiple animal 
studies (Bouyer and Rossignol, 2003; Bolton and Misiaszek, 2009). 
Balancing tasks on the balance board are challenging even for healthy 
subjects, as the board is in a metastable state and a tiny amount of lateral 
asymmetry would sway the board to one side. In the challenging standing 
conditions for balancing, as well as challenging locomotor conditions, 
plantar cutaneous augmentation using E-stim seems effective in a 
consistent manner (Azbell et al., 2019, 2020).

5.2 Proportional-mode E-stim was more 
effective than discrete-mode E-stim on 
improving standing balance

As shown in Figure  7, the balance time of subjects with 
proportional-mode E-stim was longer than that with discrete-mode 

FIGURE 7

Balance time of 10 subjects for each of the three stimulation 
conditions (no stimulation, discrete-mode stimulation, and 
proportional-mode stimulation): (A) overall balance time and 
(B) individual balance time (all values are represented as Mean  ±  STE). 
* indicates that difference between these two means is statistically 
significant with 95% confidence interval.

FIGURE 8

Graphs for (A) time per sway per each condition of stimulation and 
(B) Relationship between the number of oscillation and the balance 
time. Each data point indicates different subject with color code 
indicating the condition of stimulation. The “oscillation” indicates the 
oscillation of the balance board swaying from one side to the other 
side. The board is “swaying” to one side when the measured distance 
at the sensor exceeds the predefined threshold of ±5  mm. Note that 
8 of 10 subjects’ data were available for this analysis. * indicates that 
difference between these two means is statistically significant with 
95% confidence interval.
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E-stim, which supports our second hypothesis. The time-per-state 
data in Figure  8A also support the second hypothesis, as 
proportional-mode E-stim increased the time duration per each 
swayed state while discrete-mode E-stim did not. It is perhaps 
because the proportional-mode E-stim better mimics the natural 
somatosensory feedback responding to the board sway than its 
discrete counterpart. Note that proprioceptive feedback, which plays 
a critical role in balancing, changes continuously rather than 
discretely. Pressure feedback at the plantar surface also changes 
continuously rather than discretely. As E-stim was used to provide 
useful information for balance, its proportional-mode application 
would be better suited to assist the natural somatosensory feedback 
than the discrete-mode application.

5.3 Subjects having a greater number of 
oscillations between the two sides stayed 
longer on the balance board

The strong positive correlation between the number of 
oscillations and the balance time indicates that subjects having more 
oscillation between the two sides stayed longer on the balance board. 
As subjects will have a higher chance to oscillate between the two 
sides with a longer balance time, this result seems natural. However, 
the average number of oscillations tripled (0.5–1.5) while balance 
time was increased only by ~50%. In other words, the average 
number of oscillations increased much more steeply than the 
increase in balance time. This result suggests that the number of 
oscillations plays an important role in maintaining the lateral 
standing balance on the balance board. However, it is hard to 
associate the number of oscillations with the effect of stimulation, as 
cases with and without stimulation showed similar tendencies in 
between (see Figure 8B). Considering the time duration per each 
swayed state increased by the application of proportional-mode 
E-stim (see Figure  8), electrotactile augmentation seems more 
effective on maintaining the balance at the swayed state rather than 
increasing the capability of dynamic oscillation.

5.4 Medial-calcaneal nerve stimulation 
provides consistent electrotactile feedback 
on the medial side of the heel

Medial-calcaneal nerve stimulation seems like a good choice to 
evoke electrotactile feedback on the heel, not just because it is 
consistent over the plantar pressure but also because it is consistent 
over the subjects. All 10 subjects reported that they felt sensations 
evoked in the region A, for both feet, by the stimulation applied 

between the electrodes located along the medial-calcaneal nerve (see 
Figures 3, 6). As electrodes were easily placed using the anatomical 
landmarks: one inferior and posterior to the medial malleolus and 
the other at ~38 mm below the first one, we  expect that the 
electrotactile feedback in region A would be consistently evoked for 
the public. Note that four of 10 subjects reported a slight sensation in 
region B on their right foot, on top of the sensation in region 
A. However, considering the anatomical variations of the foot and its 
varying nerve innervation, the consistent electrotactile feedback in 
region A is still remarkable. Importantly, the E-stim in region A 
evokes not just electrotactile feedback but frequency-dependent 
electrotactile feedback, which can be used to provide continuous data 
proportional to the sway.

5.5 Limitation and future direction

5.5.1 Optimal location of electrotactile feedback 
for balance should be further investigated

We initially thought to augment the sensation on the heel of the 
foot, by stimulating the inferior calcaneal nerve (see Figure 3) as in 
our prior work (Azbell et  al., 2020). This is because the tactile 
feedback on the heel is directly associated with the balancing 
function. However, subjects reported that the electrotactile sensation 
was significantly reduced when pressure was simultaneously applied 
to the heel. To avoid this sensory reduction, we  augmented the 
sensation on the medial side of the heel not contacting the ground, 
by stimulating the medial-calcaneal nerve (see Figures  3, 6). 
However, we  do not exclude the possibility that the reduced 
electrotactile feedback by plantar pressure may still be effective in 
improving balancing. As our prior work stimulating inferior 
calcaneal nerve (Azbell et al., 2020) showed balance improvement 
even with discrete electrotactile feedback, this certainly needs 
further investigation.

5.5.2 Parameters of E-stim should be carefully 
examined

It should be  noted that the discrete-mode E-stim showed a 
statistically meaningful increase in balance time in our prior study 
(Azbell et al., 2020), which does not agree with the result in this study. 
This discrepancy can be explained in two ways: First, it may be due to 
the difference in the threshold used to start the E-stim. A 5-mm 
threshold (5-mm change from the level) was used in this work while 
we used a 15-mm threshold for our prior study (Azbell et al., 2020). 
Perhaps the threshold is critical for the efficacy of discrete-mode 
E-stim. Second, the region of stimulation used in this experiment was 
different from the region used in our prior study (Azbell et al., 2020). 
While our prior study evoked sensation on the heel contacting the 

TABLE 1 Comparison table between the presented work and prior works regarding the effect of sensory augmentation (visual, auditory, or 
electrotactile augmentation) on dynamic balance measures at standing posture.

Vos et al. 
(2022) (visual)

Hatzitaki et al. 
(2009) (visual)

Lajoie (2004) 
(visual)

Santarmou et al. 
(2006) (auditory)

This work 
(electrotactile)

Δ Balance time – – – – 6.5%

Δ CoP amplitude 6% 16% – 13% –

Δ Time per sway – – 4.2% – 4.8%

All values are the amount of improvement of the experimental group as a ratio compared to the values of the control group.
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ground, the E-stim used in this study evoked sensation on the medial 
side of the heel not contacting the ground (see region A in Figure 3). 
To achieve the consistent effect of E-stim on balance improvement, 
parameters for applying E-stim, such as location, amplitude, and 
frequency, should be carefully examined in the future study.

5.5.3 Training with E-stim may benefit people 
with peripheral neuropathy and people 
experiencing uncontrollable body sway

The presented E-stim approach can potentially benefit people with 
peripheral neuropathy, as they often suffer from sensory deficits and 
balance problems. As patients suffering from peripheral neuropathy 
(e.g., diabetic neuropathy) have limited sensory capability at the distal 
part of their limbs, the progression of the peripheral neuropathy 
should be carefully examined before applying the presented E-stim 
approach. Although the calcaneal nerve is a better location than the 
feet as the sensory disturbance starts in the distal segment (feet), even 
the calcaneal nerve can be affected by the progression of the peripheral 
neuropathy, which will then negate the effectiveness of the presented 
E-stim approach.

Also, the presented training with E-stim would help people to 
keep balance in challenging conditions. Note that people 
experience unexpected body sway in daily environments, by 
uneven ground conditions and sudden acceleration/deceleration 
of public transportation. If they have insufficient muscular power 
or compromised sensory feedback, they hardly control body sway 
and end up with falls. The training with E-stim presented in this 
study can be  applied to these people to avoid undesirable falls 
and hospitalization.

5.5.4 Other limitations and future directions
First, this study is limited with the number of subjects (N = 10), 

although this number still provided statistical significance to interpret 
the effect of the proportional-mode E-stim on the lateral balance. 
Therefore, a more detailed between-subject analysis with a larger 
number of subjects is necessary to confirm the result. The gender 
effect should be investigated too with balanced recruitment of male 
and female subjects. Second, the participants of the study were limited 
to healthy young individuals. Follow-up studies are necessary to 
determine if the findings can be applied to populations with sensory 
impairment. Third, this study did not measure aftereffects of the 
training. The performance improvement can be retained after the 
training (i.e., training aftereffects), and further research is required to 
clarify the aftereffects. Fourth, we did not evaluate the importance of 
balance time at the presented balancing board task. For example, the 
increase by proportional-mode E-stim (~150 ms) can be critical in 
balancing time considering that the falling event occurs based on the 
reaction in sub-second duration. Therefore, future experiments should 
be designed to test the balancing function in a multifaceted way. Fifth, 
we did not assess the percentage of correct answers during the n-back 
counting task. As the level of distraction would affect the performance, 
it would be interesting to see if there is any correlation between the 
percentage of correct answers and the balancing capability. Sixth, the 
current method of testing the frequency discriminability is limited 
with potential subjective influence and limited precision (10 Hz step). 
In future experiments, we will employ two-alternative forced choice 
(2AFC) or just-noticeable difference (JND) to better test the 
frequency discriminability.

Despite all the above limitations of this study, we observed that 
the transcutaneous medial-calcaneal nerve stimulation successfully 
augmented plantar cutaneous feedback and improved balance. The 
E-stim was applied via the skin near the medial malleolus, in a fully 
non-invasive and minimally intrusive way. Also, we  found that 
proportional electrotactile feedback, changing its frequency 
according to the amount of sway, better improves the lateral standing 
balance than its discrete counterpart. We  expect that this new 
method of plantar cutaneous augmentation will be easily added to 
the list of existing clinical therapies, once we demonstrate its efficacy 
on people with diabetes or stroke, who have critical issues in 
the balance.
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