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ABSTRACT Many balance assist or training systems have been developed to improve postural control,
however these have limitations such as being bulky or unable to provide 2-dimensional feedback. Further-
more, efficiency of the commonly used vibro-tactile feedbackmodality can be reduced due to muscle fatigue.
Therefore, we suggest a transcutaneous electrical nerve stimulation (TENS) based electro-tactile biofeedback
system to provide efficient balance biofeedback even under muscle fatigue condition. A feedback scheme
based on Stevens’ power law is devised to provide 2-dimensional feedback using only four electrodes
attached to the user’s leg. A pilot test involving the tracking of directions indicated by stimuli was done
to select the algorithm appropriate for use in the directional perception test and the balance study. The
perception, in 8 directions, of electro-tactile cues delivered using the developed scheme is compared with
that of vibro-tactile cues under both normal and fatigued conditions. In addition, we have done standing
balance experiments to verify the effectiveness of the developed balance biofeedback scheme. 20 healthy
participants took part in these experiments that were conducted under two conditions. The perception results
show that under the fatigued condition, the electro-tactile modality is more perceptible than the vibro-tactile
modality. Results of the balance biofeedback experiment with no feedback, continuous stimulation with and
without dead-zone and directional feedback conditions show that directional electro-tactile feedback helped
the most in improving the users’ balance under normal and fatigued conditions. These promising results pave
the way for future studies on the applications of this scheme for balance rehabilitation.

INDEX TERMS Electro-tactile feedback, biofeedback, postural control, phantom sensation, transcutaneous
electrical nerve stimulation (TENS).

I. INTRODUCTION
The number of people with age-related impairments of phys-
ical functions such as postural control is increasing with the
increase in the proportion of aged populations around the
world [1]. Impaired postural control adversely affects gait
performance and can lead to serious injuries due to falling [2].

Many devices have been developed to aid balance train-
ing. Balance plate based systems can provide quantitative
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balance training to users and can also be helpful for gait [3],
[4]. However, such systems have limitations such as space
requirement due to their bulky setup [3] or the need for a
visual display to provide biofeedback [4]. To overcome these
limitations, portable systems for providing balance biofeed-
back are being developed. A portable biofeedback system can
provide sensory augmentation in various environments [5]
and be applied without interfering in the subjects’ interaction
with their surrounding environment [6].

The contemporary systems mostly use kinesthetic [6], [7],
[8], [9], vibro-tactile [5], [10], or visual [11] modalities to
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deliver feedback to the user. Kinesthetic feedback devices,
such as the ones based on gyroscopes [7], or reaction
wheels [8] have the advantage of assisting the user’s bal-
ance by providing external force input without the need for
contact with a stationary object. This feature makes such
systems attractive for use in different environments. How-
ever, these systems are usually bulky [7] and cannot provide
2-dimensional feedback [7], [8]. Bechly et al. showed that
directional visual biofeedback of the continuous type is more
useful for balancing than the discrete one [11]. Kinesthetic
feedback using haptic devices has the advantage of assist-
ing the balance of person without disability and also stroke
patients [9]. However, such devices limit hand movement
since they provide cues through hand contact with the device.
Recently, a device for providing 2-dimensional feedback in
the form of pressing and stretching of the neck skin was
developed [6]. It has a compact design and can give feedback
in any direction along a 2-dimensional plane. However, it was
reported to have less effect when the postural sway happens
at a slow rate [6].

Currently developed vibro-tactile feedback (VTF) devices
are lightweight and can provide discrete directional informa-
tion in 2-dimensions [5], [10]. Furthermore, training using
vibro-tactile directional biofeedback has been shown to have
both short and long-term beneficial effects [12]. However,
when vibro-tactile stimulation is applied directly to a muscle
or tendon, it may interfere with postural control [13]. Addi-
tionally, the efficacy of VTF may be affected by reduced skin
sensitivity due to muscle fatigue [14], which can easily occur
during rehabilitation exercises and activities of daily life.

Electro-tactile feedback (ETF) has been reported to
provide more localized sensations than VTF under normal
conditions [15]. Since transcutaneous electrical nerve stim-
ulation (TENS) generates a perceivable sensation, it may be
used as a means of providing electro-tactile feedback (ETF).
Furthermore, continuous stimulation with constant intensity
TENS has been shown to alleviate muscle fatigue and aid in
static postural control under both muscle fatigue and normal
conditions [16], [17], [18]. Therefore, we hypothesized that
directional ETF using TENSwill be able to deliver directional
information more accurately than VTF under both normal
and fatigue conditions. We also hypothesized that directional
ETF, due to its better perception, will improve balance in
both conditions. However, existing TENS related studies
have reported effects of continuous stimulation with constant
intensity for postural control [16], [17], [18] and perception
of directional cues rendered as different tactile stimulation
sequences [15].

A tongue-mounted directional ETF device for providing
biofeedback based on the center of pressure (COP) was
shown to improve postural control under normal condi-
tion [19] and ankle force sensation under the fatigue con-
dition [20]. However, this system is difficult to use in daily
life due to the inconvenience of use. We recently developed
a novel TENS based ETF device and showed its potential for
improving static balance in the mediolateral (ML) direction

FIGURE 1. (a) The rule for determining v1 and v2 (b) The placement of the
actuators and actuators activated for each direction (c) Block diagram of
the tactile feedback scheme.

under muscle fatigue condition [21]. Since this was only a
proof of concept, the ETF was given only in one dimension
(ML) using two pairs of electrodes, and differences in the
subjects’ perception of each electrode pair’s location were not
considered.

In order to provide 2-dimensional balance feedback with
the existing ETF methods, the number of electrode pairs
required would be the same as the number of feedback
directions [22]. Such an arrangement is impractical consid-
ering the electrode size and the minimum spacing required
between electrodes. Therefore, we have proposed and eval-
uated a 2-dimensional electro-tactile directional feedback
scheme based on Stevens’ power law that utilizes four pairs of
electrodes to deliver balance biofeedback under both normal
andmuscle fatigue conditions. The developed scheme applies
Stevens’ power law to reduce the differences in perception
for each pair of electrodes [23]. This scheme was selected
through pilot testing where we compared different algo-
rithms. Furthermore, we have developed a prototype system
to implement the proposed scheme and verified its function-
ality through two main studies.

In the first study, we determined the accuracy with which
the ETF given in 8 directions can be perceived by the partici-
pant group and compared it with that of VTF, under both nor-
mal and fatigue conditions. In the second study, to verify the
effectiveness of the developed scheme, static balance control
experiments with 2-dimensional balance biofeedback deliv-
ered using the developed prototype were performed under
both normal and fatigue conditions, and the participants’
balance performance was analyzed. The developed scheme,
the system used to test it and the pilot test are presented
in Section II. The experiments performed with 20 healthy
participants are presented in Section III, while their results
are presented in Section IV. The results are discussed in
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Section V, and the conclusions drawn from this work are
presented in Section VI.

II. BIOFEEDBACK SYSTEM DEVELOPMENT
A. DIRECTIONAL FEEDBACK SCHEME WITH
FOUR ACTUATORS
The purpose of the device control algorithm developed in
this study is to deliver a phantom sensation at the point
where the actuator is not attached by adjusting the inten-
sity of the actuation. There are a number of studies that
have reported control algorithms for phantom sensation using
vibration [24]. D. S. Alles et al. gave a phantom sensation,
which is the point on the body part, to the target position
on the upper arm through linear and logarithmic control
algorithm [24]. The generation of phantom sensations using
electrical stimulations has been researched [25], [26], and the
possibility of controlling the electro-tactile phantom sensa-
tion point has been reported. A. Pagel et al. and T. Izumi et al.
showed that when electrical stimulation was applied to two
adjacent areas, the point at which the stimulation was felt was
different according to a simple specific ratio of the intensity at
the two areas [25] or a ratio of the square of the intensity [25],
[26]. However, there is a difference in the perception of
stimulation at each body part [27], and the actuators used
in this study are attached to four different parts. In order to
generate accurately the phantom sensation between two body
parts we need to consider the difference in perception of stim-
uli between those two parts. Therefore, we devised Steven’s
power law based phantom sensation generation scheme.

1) STEVENS’ POWER LAW APPLIED TO EACH CHANNEL

9 = kϕa (1)

log(9) = alog (ϕ) + log(k) (2)

S. Stevens reported that the intensity of stimuli and their
perception have a power relationship, which is presented in
(1) [23]. 9 is the stimulus perception, k and a are constants
that vary from person to person and depend on the type of
stimulus and where it is being delivered, and ϕ represents the
intensity of the stimulus. Equation (2) is obtained by taking
the logarithm of (1). This means that perception and stimuli
intensities are linear on the log scale. We use this in order to
easily derive the algorithm for controlling the system. There
are various phantom sensation rendering algorithms for VTF
such as linear, logarithmic [24], [28], and square [28]. In order
to consider the perception of each actuator attachment loca-
tion, it was determined that the linear algorithm modified
using (2) was most suitable for our scheme to control the
phantom sensation point through modulation of the 9 value
in (2).

2) PHANTOM SENSATION GENERATION SCHEME

log(v · 9) = alog
(
a
√
v · ϕ

)
+ log(k) (3)

ϕNo.i = aNo.i
√
vi · ϕMTNo.i (0 ≤ v ≤ 1) (4)

FIGURE 2. (a) Stimulation intensity of the proposed algorithm compared
with the linear algorithm according to the desired direction. The blue and
green lines indicate the intensities of the No. m and No. n actuators
under the proposed algorithm. The sky-blue line indicates the intensity of
both actuators according to the direction under the linear algorithm. The
dash-single dotted lines (ϕNo.m(proposed ), ϕNo.m(linear ),
ϕNo.n(proposed ), ϕNo.n(linear )) indicate the intensity of each channel
under the proposed and linear algorithms at the desired point (red).
(b) Relationship between θ and ϕNo.i with the proposed algorithm, for a
representative participant.

The purpose of this study is to generate phantom sensation
by linearly adjusting the 9 value according to the direction
by varying the intensity of electro-tactile stimulation of the
two actuators adjacent to the desired direction. Eq. (3) can be
derived by setting the intensity v · 9 in (2). Substituting the
9 component in (2) by v · 9, which modifies the stimulus
perception (9) so that the user’s perception of stimuli at
different locations can be linearized by varying the value of
v. As shown in (4), the reference intensity was set as ϕMTNo.i
to linearly adjust the 9 value for a specific point. Stimulus
intensity was modulated within a range of 0 to ϕMTNo.i and
the resulting intensity is expressed as ϕNo.i in (4), which is
the input of the ith actuator where i means the index of the
actuator. vi is determined based on α and β as shown in
Figure 1(a). This means that the value of 9 is linearly
changed for each actuator placed adjacent to the phantom
sensation point according to its direction, in order to indicate
the directional cue through (4). aNo.i in (4) plays a role in
changing the intensity linearly according to the user’s per-
ception. As shown in Figure 1(b), two actuators are activated

5726 VOLUME 11, 2023



J. Lee et al.: TENS Based System for 2-Dimensional Balance Biofeedback Under Muscle Fatigue Condition

according to θ and each actuator is positioned at 90-degree
intervals. Figure 1(c) summarizes the abovementioned feed-
back scheme.

During experimentation, the actuators were placed around
the shank near the gastrocnemius, tibialis anterior, and soleus
muscles at 90-degree intervals. 9Noi which is the perception
for ith actuator is determined as vi times 9MTNoi

, where
9MTNoi

is the perception for the motor threshold (MT) inten-
sity of the ith actuator. ϕMTNo.i was set below theMT intensity.
The motor threshold is the minimum intensity of electrical
stimuli that causes muscle contraction since electrical stimu-
lation greater than the MT results in unnecessary movement
of the muscle and causes muscle fatigue [29]. If the input
is controlled according to eq. (4), the directional cue can be
displayed to the user while considering the perception of the
part at which each actuator is attached. Figure 2(a) shows the
intensity of the two stimuli according to the desired direction
of the linear algorithm and the proposed algorithm through
two adjacent actuators for phantom sensation generation.
Figure 2(b) presents the device input values (ϕNo.i) for dif-
ferent values of θ when the aNo.i terms are set to 6.3843,
4.0676, 4.6063, and 4.5605, and ϕMTNo.i are set to 14.98,
14.54, 15.53 and 14.54 V in eq. (4) for a representative
participant.

3) PILOT TEST OF THE DEVELOPED PHANTOM SENSATION
GENERATION SCHEME
The proposed phantom sensation generation scheme was
compared with the logarithmic, linear, and square algorithms
applied in previous studies [28]. To the best of the authors’
knowledge, [30] is the only case where the vibro-tactile
phantom sensation was applied to the user’s calf, and they
used square algorithm which is based on the energy sum-
mation model in the Pacinian channel. There is no such
work reported for electro-tactile feedback. Therefore, we con-
ducted a pilot experiment to confirm the potential of the sug-
gested directional tactile feedback scheme. A young healthy
participant participated in this experiment (Gender: Female,
Age: 21 years, Height: 167 cm, Weight: 50 kg, Dominant
Foot: Right). The direction indicated by the stimulus started
from the right side of the participant and moved at a constant
speed of 15 deg/s [30], once in the clockwise direction and
once in the counter-clockwise direction, for each of the tested
algorithms; logarithmic, linear, square and the proposed algo-
rithm. The experimental parameter acquisition process car-
ried out for the proposed algorithm with the developed VTF
and ETF devices is presented in Section III-B1. The partic-
ipant was asked to track the movement of the stimulus by
indicating its position on the guide circle displayed on the
screen (27MK400H, LG) in front of them using the mouse
cursor. The participant was instructed that if the participant
felt that the stimulus was cut off or they felt awkward during
tracking, the participant should stop indicating the position
on the screen, wait until the participant again feel the stimu-
lus, and then start tracking again from the current perceived

TABLE 1. Results of the pilot test.

FIGURE 3. Results of the pilot test; response trace of the participant, VTF:
Vibro-tactile feedback, ETF: Electro-tactile feedback, Compare proposed
algorithm (power law based algorithm) with Logarithmic, Linear, Square
algorithm.

position. The experiment was conducted in Logarithmic,
Linear, Square, and Power sequence.

Table 1 and Figure 3 present the results of the pilot test.
In Table 1, the numerical results represent the percentage of
the circle traced by the participant. The participant showed a
tracing accuracy of 77.36% and 80.69% with VTF and ETF,
respectively, under the proposed Stevens’ power law based
phantom sensation generation scheme. Figure 3 presents the
traces made by one participant during one trial of the pilot
test. Thus, these results support the use of the power law
based scheme to deliver directional feedback using phantom
sensation.

B. ELECTRO-TACTILE FEEDBACK DEVICE (ETF)
The ETF prototype used in this research is shown in
Figure 4(a). To make the prototype portable, a 3D printed
plate for mounting the device mainboard and components is
attached on the outside of a belt with Velcro fasteners that
are worn by the user around their waist. Table 2 presents
the components and specifications of the ETF device. The
mainboard consists of two TENS circuits to control four pairs
of electrodes, an embedded controller board for generating
control signals and sensing, an IMU sensor for measuring
body tilt, and two DC-DC converters to modulate the supply
voltage for the TENS circuits. A pair of 6 × 6 cm electrode
pads (one positive and one negative) is used for actuation, and
a total of four pairs are used to deliver 2-dimensional feed-
back. The maximum current supplied by one TENS channel
(electrode pair) is 36 mA at 1 k� load resistance. The output
signal is in the form of a train of bi-phasic asymmetrical
square pulses with a frequency of 100 Hz and a width of
200 µs [20], [21]. The conventional TENS mode, which
delivers high frequency and low intensity electrical pulses
was used. The device latency was within 50 ms and the total
weight of the system was 770 g.
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FIGURE 4. Developed devices (a) Electro-tactile feedback (ETF) device (b) Vibro-tactile feedback (VTF) device (c)-(e) Wearing devices and
experimental set up.

TABLE 2. Components and specifications of the ETF device.

TABLE 3. Components and specifications of the VTF device.

The MCU uses UDP over Wi-Fi to communicate with a
laptop where software running in the LabVIEW environment
(National Instruments Inc., USA) is used to send control
commands and receive sensing data from theMCU. The body
tilts, sensed in terms of quaternions by the IMU, are converted
to roll and pitch angle values using the method described in
our previous work [22]. The software embedded in the MCU
operates at 100Hz and generates control signals in the form of
analog voltage for the TENS circuits according to the control
commands sent by the laptop. The TENS circuits then gen-
erate TENS signals that are sent to the electrodes of the ETF
device. For safety, a physical stop switch as well as a software
stop button on the front panel of the LabVIEW software is
provided to stop the delivery of cues at any time. The device
is controlled using analog signals that can be varied with the
500-step resolution to vary the stimulus intensity between its
minimum and maximum values.

TABLE 4. Demographic information of the participants.

C. VIBRO-TACTILE FEEDBACK DEVICE (VTF)
The VTF device, developed to compare the accuracy of per-
ception for directional cues with the ETF device, is shown
in Figure 4(b). Table 3 presents the components and spec-
ifications of the VTF device. It consists of four vibration
motors, an embedded controller board (MCU) for managing
the communication and control, a motor driver to interface
the vibration motors with the MCU, a DC-DC converter to
modulate the voltage for the motor driver, a battery pack,
and a power switch. The frequency of the vibration motors
is about 300 Hz. The weight of the VTF device is 780 g. The
vibration motors are housed in 3D-printed plastic structures
threaded onto an elastic band with Velcro fasteners for easy
donning and doffing.

The operation method of the VTF device is similar to the
ETF system. To maintain consistency, the duty cycle of the
pulse width modulation (PWM) signals sent to the motor
driver by the MCU to control the vibration motors is also
varied with 500-step resolution. Similar to the ETF device,
the laptop and MCU of the VTF device also interact using
UDP communication over Wi-Fi and its control software also
runs in the LabVIEW environment.

III. EXPERIMENTS
A. PARTICIPANTS
We conducted perception and balancing experiments with
and without muscle fatigue to verify the effectiveness of
the developed scheme. 20 healthy young people (10 male,
10 female) participated in this experiment. Table 4 shows
the demographic information of the participants. None of the
participants suffered from any neurological or musculoskele-
tal disorders, and none of them had any issues with respect
to localized muscle fatigue generation, unilateral standing,
and use of the ETF and VTF devices in the study. This
study was conducted in accordance with the Declaration of
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Helsinki, andwas approved by the Institutional ReviewBoard
of Gwangju Institute of Science and Technology, Gwangju,
South Korea (20210609-HR-61-07-04). All participants gave
written informed consent before participation in the study.

B. PROTOCOL
We carried out two experiments in this study. One was
a directional perception test to determine the perceptibil-
ity of directed stimuli delivered using the developed direc-
tional feedback scheme. The other was a balance study to
determine the efficacy of the balance biofeedback delivered
by the developed scheme. Before starting the experiments,
we conducted an experimental parameter acquisition process
to acquire the parameters needed to tune the system in order
to deliver the directional feedback.

The experiments were carried out under both normal and
fatigued conditions over a course of two consecutive days;
one day for normal condition tests and one for fatigued con-
dition tests. For the trials under muscle fatigue condition, the
participants induced fatigue in their leg muscles by standing
in a bipedal stance and repeatedly lifting and lowering their
heels to the point of failure [23]. This exercise was performed
before the start of the directional perception test and before
the start of each protocol of the balance study [23]. Before
the experiments under the normal condition, the participants
rested to remove any tiredness or fatigue. The normal condi-
tion experiment was started when the participant determined
that their condition was similar to that before the start of the
fatigue generation process of the fatigue experiment.

The order of the experimental conditions was randomized.
It was ensured that the participants did not have any leg mus-
cle fatigue prior to the start of trials on both experiment days.
Prior to the commencement of each set of experiments, the
experimental protocol and equipment used in the experiment
were explained to the participants.

1) EXPERIMENTAL PARAMETER ACQUISITION
Once the actuators were placed at the locations described
above, a simple test (Experimental parameter acquisition pro-
cess, See Figure 1(c)) was conducted to obtain the aNo.i, ϕNoi
and ϕMTNoi values used in eq. (4) for each actuator of both
devices (ETF and VTF). For the ETF, the MT was deter-
mined by having the participant sit in a relaxed posture, and
gradually increasing the intensity of the signal delivered by
each electrode pair. The intensity at which observable muscle
contraction occurred was considered as the MT [18]. And it
is the ‘Determine reference intensity’ process in Figure 1(c).

In order to determine the stimulus sensitivity, i.e. the mini-
mum change in stimulus intensity that can be perceived by
the participant at a given location, a method based on the
ascending method of limit, which is described in [15], was
used. It is the ‘Determine Intensity-Perception linearization
factor’ in Figure 1(c). The participants stood in a bipedal
stance with their finger continuously placed on a button, and
the stimulation intensity was increased gradually, starting at
0 intensity. The participant was asked to press the buttonwhen

TABLE 5. Experimental protocol for the balance study.

they felt the stimulation get stronger. When the button was
pressed with a force of 2N, a beep sound was produced and
we stopped increasing the intensity. The participant was then
asked to consider the current intensity as the starting point and
to press the button again when they felt a change in the inten-
sity, and we again increased the intensity gradually. The log
of the average of the two intensity values thus obtained was
considered as the y value for the first order polyfit function
built-in MATLAB®. This process was repeated until theMT
value was reached, and the log of the number of the process
iteration was used as the x value for the polyfit function. The
aNo.i value output of this function thus obtained was then
used in eq. (4). Before starting the experiment, the maximum
intensity value of each device, which is ϕMTNoi , was tuned so
that the four actuators’ perceived intensities were the same
according to the participant’s perception. Since the devices
weigh almost the same, it is expected that their weight related
effects on the participants’ balance will be the same. For the
VTF device, the actuators were attached in the same locations
as the ETF actuators. The maximum stimulation value was
set as PWM duty equal to 1, i.e. the maximum output of the
vibration motor. The entire experimental parameter acquisi-
tion process took less than 15 minutes.

2) DIRECTIONAL PERCEPTION TEST
As shown in Figure 4(c) and (d), during the directional
perception test trials, the participants stood on their non-
dominant leg [6], placed their fingers on a plate to gain light-
touch support, and looked straight at a wall tominimize visual
disturbance. The light-touch support gained through the hand
helps the participants in maintaining the one-leg stance, thus
allowing them to focus on the stimuli being provided to them.
In order to prevent the participant from gaining too much
support, a load cell was attached under the support plate and
a warning sound was generated when a force of 2 N or more
was applied to it [24].

To determine the directional perception of the actual (at
actuator location) and phantom (between actuator locations)
sensations, stimuli in 8 different directions; right (R), right
forward (RF), forward (F), left forward (LF), left (L), left
backward (LB), backward (B) and right backward (RB), were
applied in random order with each direction being applied
twice during each trial. To do this, the value of θ was varied
with intervals of 45 degrees from 0 to 360 degrees according
to the desired stimulation direction. The average circumfer-
ence of an adult’s shank is 35-36 cm [25], and the average
two-point discrimination threshold for electro-tactile stimuli
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is 3-4cm [26]. Therefore, in this study, the average distance
between the midpoints of the actuators was kept at about
9 cm. Each directional cue was provided for 6 seconds and
there was a gap of 4 seconds between cues. This gave the
participants a total of 10 seconds to determine the direction of
the cue and communicate it verbally to the experimenter [27].

This protocol was done two times each for both the devices
(ETF and VTF). In order to match the experimental condi-
tions of the perception and balance studies, the participants
adopted the same posture and wore the belt containing the
device motherboard around their waist in both studies.

3) BALANCE STUDY
Before the start of this set of trials, the participants performed
familiarization with the directed balance biofeedback while
standing in a bipedal stance. In each trial, the participants
tried to maintain their balance while standing in the one-leg
stance for 30 seconds on a hard, flat plate with their eyes
open and looking straight at a wall. As shown in Figure 4(e)
in the balance trials, the participants stood on their non-
dominant leg, crossed their arms across their chest, and raised
their dominant foot clear off the ground [6]. The participants
assumed the posture before starting each trial, and when the
posture was stabilized, the system was calibrated to set the
zero reference for the trunk tilt angle measurement [6].

The four stimulation/feedback conditions shown in Table 5
were tested under both normal and fatigue conditions. For
consistency, participants wore the complete device in all
the trials. In the no feedback (NF) condition, participants
received no electrical stimulation. In the continuous stimu-
lation (CS) condition, the participants received continuous
electrical stimulation with an intensity just below the motor
threshold (ϕMTNoi ) for the entire duration of the trial at all
the actuator locations. A dead zone representing 1-degree
tilt in all directions [5] was set up as shown in Figure 1(b).
In the continuous stimulation with dead zone (CSD) protocol,
the participant received electrical stimulation at all actuator
locationswith ϕMTNoi intensitywhen the sum of the squares of
their mediolateral (ML) and anteroposterior (AP) trunk tilts
exceeded the dead zone [5]. In the directed feedback (DF)
protocol, when the participant’s trunk tilt exceeded the dead
zone, electrical stimulation was delivered to them according
to the tilt direction. This is done by setting the value of θ

according to the direction of the trunk tilt. The dead zone
is applied in the DF mode to avoid any confusion about the
zero tilt position of the trunk [6]. The application of a dead
zone may itself affect postural control. The existing research
on the application of TENS for postural control has utilized
only continuous stimulation with constant intensity, without
the application of a dead zone. Therefore, the CSD mode has
been added in this study to check the effects of the application
of a dead zone on postural control.

C. DATA ANALYSIS
During the directional perception test, the actual directions of
the given cues and the participants’ answers were recorded

TABLE 6. Meanings of the abbreviations.

during all trials. During the balance study, the trunk tilt data
for both ML and AP directions, measured using the IMU,
was stored in the laptop at 100Hz. Data from the middle
25-seconds of the measured 30 seconds were used for anal-
ysis [6]. Data from all the participants were included in
the post-experiment analysis, which was done in a blinded
manner.

From the collected data, projections of trunk tilt in ML
and AP directions (PTML and PT AP) were calculated by
multiplying the height of the IMU sensor from the ground
with the trunk tilt angles in the ML and AP directions
(TrunkTiltML and TrunkTiltAP), respectively. The PT values
thus calculated were used to calculate the planar deviation
(PD) and mean velocity displacement (MVD) of the trunk
movements. In addition, the root mean square (RMS) values
of TrunkTiltML and TrunkTiltAP were also calculated. These
parameters are commonly used as indicators of the quality of
balance [6], [9], [28].

MVD (cm/s)

=

∑N
i=0

√
(PTML (i+1)−PTML (i))2+(PTAP(i+1)−PTAP(i))2

ti+1−ti

N
(5)

PD (cm)

=

√
σ 2PTML+σ 2PT AP (6)

RMS of ML

=

√∑N
i=0 TrunkTilt

2
ML

N
(7)

RMS of AP

=

√∑N
i=0 TrunkTilt

2
AP

N
(8)

MVD is the average of the PT speeds in the ML and AP
directions. PD is the square root of the sum of the squares of
the variance of PT in theML andAP directions. This indicates
how spread out the PT is. RMS values of ML and AP tilts
indicate how far the trunk tilt angle deviates from the zero
point in each direction. For all these parameters, higher values
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TABLE 7. Outcomes of the directional perception test.

mean a higher level of balance difficulties, resulting in lower
quality of balance [6], [9].

A two-way repeated measures analysis of variance
(RMANOVA) was used to investigate the difference due to
Condition (Normal, Fatigue) and Device (Vibro-tactile feed-
back, Electro-tactile feedback) in the accuracy of perception
of the directed cues. In addition, two-way RMANOVA was
used to analyze the differences due to Condition (Normal,
Fatigue) and Feedback (NF, CS, CSD, DF) in MVD, PD, and
RMS of ML and AP tilts. The Q-Q plot evaluation tool was
utilized to observe the distribution of data, which was found
to be within the acceptable range of normal distribution.
Mauchly’s test of Sphericity was used to confirm the validity
of the RMANOVA results (p < .05) and Greenhouse Geisser
corrections (for ε < .75) were applied where sphericity was
violated. Post hoc tests were conducted with the application
of Bonferroni correction. Partial eta squared (η2p) was calcu-
lated as a measure of the effect size for two-way RMANOVA.
All statistical analyses were performed using SPSS V20.0
(IBM Corp., USA).

IV. RESULTS
Table 6 lists the full forms of the abbreviations used in the
post-experiment analysis. Table 7 and 8 present the mean
and standard deviations (SD) of the overall outcomes of
directional perception test and balance study, respectively.

A. DIRECTIONAL PERCEPTION TEST (TWO-WAY
RMANOVA)
Table 9 presents the mean and SD of the ϕMTNoi and a
values, whichwere obtained from the experimental parameter
acquisition process included in these experiments with the
VTF and ETF. The confusion matrices of mean accuracy for
each direction ofVTF and ETFwith each condition are shown
in Figure 5. Higher accuracy for each direction is highlighted
with dotted boxes under normal (between Figure 5(a) and (b))
and fatigue conditions (between Figure 5(c) and (d)). It can
be seen that all the incorrect directions reported in these trials
were adjacent to the correct directions.

As shown in Figure 5(a) and (b), apart from the LB and
B directions, the directional cues delivered in all other direc-
tions using ETF under normal condition had greater percep-
tibility than those delivered using VTF. The muscle fatigue
condition reduced the perceptibility of VTF cues. Under
normal condition, the perceptibility for only four directions
was below 90% (see Figure 5(a)). Whereas, under fatigue
condition, perceptibility for six directions fell below 90%
with three of them being below 80% (see Figure 5(c)). The
perceptibility of ETF cues was also reduced due to fatigue,

FIGURE 5. Results of the directional perception test; confusion matrices
of the direction perception mean accuracy for both devices. x-axis is the
actual answer and y-axis is the answer selected by the participant. Red
and yellow dotted boxes indicate higher accuracy in each direction
between VTF and ETF under normal and fatigue conditions, respectively.
(a) VTF under normal condition (b) ETF under normal condition (c) VTF
under fatigue condition, and (d) ETF under fatigue condition.

FIGURE 6. The scatter plot with mean, SD, and two-way RMANOVA results
for the overall accuracy recorded during the directional perception test.
(a) Comparison of the condition (Normal, Fatigue), (b) Comparison of the
modality (VTF, ETF). Statistically significant differences are marked based
on the Post-hoc pairwise comparisons (∗: p < 0.05, ∗∗: p < 0.01 ∗∗∗: p <

0.001). The scatter plots show the data of each of the participants. The
colored bars show the mean and the error bars show the standard
deviation.

but it remained substantially higher than that of VTF cues
under the same condition. For six out of the eight directions
tested ETF showed greater perceptibility than VTF under the
fatigue condition, and it was only lesser than VTF for the LB
directed cues (see Figure 5(c) and (d)).

An interesting observation with ETF under normal and
fatigue conditions (Figure 5(b) and (d)) was that under the
normal condition the perceptibility for R directed cues was
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TABLE 8. Outcomes of the directional perception test.

TABLE 9. Experimental parameters of 20 participants obtained from the
Directional perception test and the balance study.

TABLE 10. Results of the 2-way RMANOVA.

the lowest whereas under the fatigue condition that for the
L direction was the lowest. This may be attributed to the
greater muscle mass on the left side of the left leg, which may
result in greater effect of muscle fatigue on skin sensation
in this area [29]. The overall perception results show that
the directed feedback generated by our proposed algorithm
has greater perceptibility when it is delivered via ETF as
compared to VTF, thus making it more suitable for ETF based
application.

Results of the two-way RMANOVA of the accuracy for
all directions carried out to study the effects of condition
(normal, fatigue) and device (VTF, ETF), are presented in
Table 10. Simple main effects were tested for post-hoc analy-
sis, due to the significant interaction of condition and device
on accuracy. The results of the post-hoc tests are presented in
Figure 6. Perception accuracy of both devices decreased sig-
nificantly under the fatigue condition (VTF: P<.01, Cohen’s

FIGURE 7. The stabilograms (Projection of ML, AP trunk tilt) of one
participant during all trials. In each figure, the first column is the normal
condition and the second column is the fatigue condition. Red to blue
color transition represents trial time from start to end.

d = 1.03, ETF: P<.05, Cohen’s d = 0.60). However, the
perception accuracy of ETF cues was significantly higher
than that of VTF cues in the fatigue condition (P < .01,
Cohen’s d = 1.42).

B. BALANCE STUDY (TWO-WAY RMANOVA)
Stabilograms showing the ML and AP trunk tilts of one
healthy participant under all the trial conditions are shown
in Figure 7. It can be observed that the DF trial condition
results in a more congested stabilogram, which indicates bet-
ter balance control [6]. Results of the two-wayRMANOVAof
MVD, PD, RMS of ML and AP tilt, carried out to investigate
the effects of condition (normal, fatigue) and feedback (NF,
CS, CSD, DF) are presented in Table 10. ForMVD, PD, RMS
of ML and AP tilt, no significant interaction led to post-hoc
analysis of condition and feedback separately. The results of
all these post-hoc tests are presented in Figure 8 and Figure 9.
As shown in Figure 8(a)-(d), use of DF resulted in no sig-

nificant difference in MVD as compared to NF, however PD
(Normal: P<.05, Cohen’s d = 1.19, Fatigue: P<.05, Cohen’s
d = 1.32), RMS of ML (Normal: P<.01, Cohen’s d = 1.63,
Fatigue: P<.01, Cohen’s d = 1.82) and AP tilt (Normal:
P<.01, Cohen’s d = 2.00, Fatigue: P<.001, Cohen’s d =

2.78) showed significant reductions under both normal and
fatigue conditions. Whereas, CS did not result in any signif-
icant difference in the balance measures as compared to NF.
Furthermore, Figure 8(a) and (d) show that, under the normal
condition, MVD under CSD was significantly greater than
that under NF (P < .05, Cohen’s d = 0.89), and under the
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FIGURE 8. The scatter plot with mean, SD, and two-way RMANOVA results for the balance experiment. Comparison of feedback types (NF, CS, CSD, DF)
under each of the test conditions (a) MVD (b) PD (c) RMS of ML, and (d) RMS of AP. Statistically significant differences are marked based on the Post-hoc
pairwise comparisons (∗: p < 0.05, ∗∗: p < 0.01 ∗∗∗: p < 0.001). The scatter plots show data of each of the participants. The colored bars show the mean
and the error bars show the standard deviation.

FIGURE 9. The scatter plot with mean, SD, and two-way RMANOVA results for the balance experiment. Comparison of test conditions (Normal, Fatigue)
under each type of feedback (a) MVD (b) PD (c) RMS of ML, and (d) RMS of AP. Statistically significant differences are marked based on the Post-hoc
pairwise comparisons (∗: p < 0.05, ∗∗: p < 0.01 ∗∗∗: p < 0.001). The scatter plots show the data of each of the participants. The colored bars show the
mean and the error bars show the standard deviation.

fatigue condition, RMS of AP under CSD was significantly
less than that under NF (P< .05, Cohen’s d = 1.18). This
indicates that the proposed directed feedback (DF) is effective
in reducing the tilt angle and the amount of movement in both
ML and AP directions.

As shown in Figure 9(a)-(d), under the NF with fatigue
condition, there was significant increase in MVD (P<.01,
Cohen’s d = 1.15), PD (P<.05, Cohen’s d = 1.12) and RMS
ofML (P<.05, Cohen’s d= 0.88), as compared to the normal
condition. This indicates that muscle fatiguemakes it difficult
to maintain balance.

V. DISCUSSION
In this work, we proposed a scheme for delivering TENS
based electro-tactile biofeedback to the lower limb that can
be used even under muscle fatigue conditions with high
perception accuracy. Furthermore, we developed a prototype
system to implement the scheme and performed directional
perception tests and a balance study to verify its functionality.

A. DIRECTIONAL PERCEPTION TEST
According to Han et al., artificially induced local muscle
fatigue reduces skin sensation in the affected area, and this
was verified in the bicep and rectus femoris areas through
experiments [29]. Similarly, in our experiments, repeated
plantar flexion to induce muscle fatigue reduced the skin
sensitivity near the actuator locations, which resulted in the
decreased accuracy of perception for both the tested modali-
ties. However, the fatigue condition caused the ETF modality
(P< .05, Cohen’s d= 0.60) to have a less significant decrease
in perception accuracy than the VTF modality (P < .01,
Cohen’s d = 1.03), as compared to the normal condition
(See Figure 6(a)). Furthermore, the perception accuracy of
the ETF modality was significantly higher than that of the
VTF modality under the fatigue condition (P<.01, Cohen’s
d = 1.42, See Figure 6(b)). According to Han et al., mus-
cle fatigue delays the information transfer in the intracuta-
neous somatosensory system, which causes an increase in the
perception errors [29]. However, since TENS can increase
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somatosensory input and alleviate muscle fatigue [20], [30],
perception accuracy showed a lesser decrease with TENS
based feedback. On the other hand, there was no significant
difference between devices (VTF vs ETF) under the normal
condition (See Figure 6(b)). D. Stanke et al. showed that
ETF modality has a more localized sensation than VTF when
cues are delivered to the finger in the form of electrode
switching, where two out of four electrodes placed around the
finger are switched to represent a cue direction [31]. Their
scheme required a temporal separation between stimuli to
convey the directional information to the user. Whereas, our
developed scheme utilizes the intensity difference between
pairs of actuators to give a single directed cue, which enables
our system to continuously give directional feedback to the
user.

Thus, the results of the directional perception test show
that, especially under the fatigue condition, the ETF modality
is more perceptible than VTF when 4 actuators are used
to generate directional cues in 8 directions. Similar to the
observations reported in [27], most of the participants felt
that the intensity of electrical stimulation in all directions was
the same, even though there was a considerable difference
in sensitivity between locations. The high perceptibility of
ETF under both normal and fatigue conditions also indicates
that it has the potential for greater efficacy as a biofeedback
modality used under both these conditions.

B. BALANCE STUDY
Previous research showed that continuous stimulation using
TENS improved balance during one-leg stance under the nor-
mal condition [32], [33], [34]. Delivery of constant sensory
threshold intensity stimulation at the gastrocnemius using two
pairs of electrodes significantly reduced the body sway veloc-
ity [32]. In addition, electrical stimulation below sensory
threshold intensity delivered to the tibialis anterior muscle
using one channel improved balance in the AP direction
[33]. However, Cho et al. reported that stimulation with an
intensity equal to 2-3 times the sensory threshold delivered
using two channels more significantly improved body sway
length and velocity than the sensory threshold stimulation
during single leg stance under the fatigue condition [20].
Thus, we expected that the just below motor threshold inten-
sity stimulation applied using four channels (CS) would help
improve balance more in the fatigue condition than in the
normal condition however, this did not happen in our study
(See Figure 8(a)-(d)). Muscle fatigue makes it difficult to
balance in the single leg stance, which mainly results in
increased ML sway [23]. Similarly, the MVD, PD, and RMS
of ML showed significant increases in the NF under fatigue
condition, as compared to NF under normal condition (See
Figure 9(a)-(d)). In contrast, CS under fatigue condition
showed a significant increase only inMVD (P<0.01, Cohen’s
d = 1.05). This indicates that when continuous stimulation
is provided to the participant, only the amount of movement
done for balancing increases due to fatigue, while the radius
of movement remains unchanged. Thus, in contrast to the NF

condition, the provision of CS through four pairs of electrodes
mitigated the deterioration of balance due to muscle fatigue.

The improvement in all balance measures, except MVD,
with DF under both conditions (See Figure 8(a)-(d)) indicates
that the provision of directed feedback helped the partici-
pant in improving their posture. In addition, as shown in
Figure 9(a), (c), and (d) the significance of the difference
between the normal condition and the fatigue condition is less
than that of other feedback conditions for MVD and there is
no difference between the normal condition and the fatigue
condition in the RMS of ML and AP. Thus, in contrast to
the NF condition, the DF condition appears to alleviate the
fatigue condition. However, in Figure 9(b), the PD values for
the DF trial show a significant difference, this is thought to
be because of the reduction in the range of trunk tilts of the
participant in the normal condition, which was more than that
in the fatigue condition (See Figure 8(b)).
Under the normal condition, MVD under CSD was sig-

nificantly increased compared to that under NF (P<0.05,
Cohen’s d = 0.89, Figure 8(a)). It is thought that although
the non-directional constant electrical stimulation with the
dead zone informed the participants that their body sway
was greater than the dead zone, it did not provide any infor-
mation about the direction, which resulted in the increased
amount of body sway. However, as shown in Figure 8(b)-(d),
as compared to NF, the trunk tilt did not increase, and similar
to the CS condition, there was no difference between the
normal condition and the fatigue condition in all parameters
except theMVD. In addition, there is no significant difference
between CS and CSD, apart from the MVD parameter under
the normal condition, which is increased. The only difference
between CS and CSD trials is the dead zone, and the results
show that the application of the dead zone did not have
any additional effect on the participants’ balance. However,
when the presence of a dead zone is combined with directed
ETF, as in the DF condition, the participants’ balance is
significantly improved, especially under the muscle fatigue
condition.

Thus, the developed feedback scheme can provide
2-dimensional feedback under normal and muscle fatigue
conditions. However, further in-depth studies are required
to characterize fully the feedback generated by this method
and to refine further the method itself. Furthermore, Afzal
et al. showed that proportionally increasing the intensity of
VTF according to movement error significantly improved
the gait symmetry of stroke survivors [35]. Additionally,
in our previous exploratory study on TENS-based biofeed-
back, where the intensity of the stimulation provided to the
medial and lateral gastrocnemius muscles using two pairs of
electrodes varied according to the ML trunk tilt, improved
the trunk tilt of healthy participants during one-leg stance
under the fatigue condition [21]. Building upon these previ-
ous observations and the directional feedback related results
of the current study, in future research, we intend to find an
optimal electro-tactile feedback scheme that combines inten-
sity encoding and directional information to help improve
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the standing and gait balance of patients such as stroke
survivors.

VI. CONCLUSION
In this study, we proposed an electro-tactile balance biofeed-
back scheme that utilizes Stevens’ power law to deliver TENS
based 2-dimensional cues to the leg. The effectiveness of
this scheme was demonstrated through an experiment with
20 young healthy participants. Experimental results show that
directional cues delivered using the proposed scheme can
be perceived more accurately than those delivered using the
vibro-tactile modality under fatigue condition. Furthermore,
directional balance biofeedback delivered using the proposed
scheme helps in improving the user’s balance under both
normal and fatigue conditions. This study also revealed that
continuous application of electrical stimulation through the
four pairs of electrodes below the motor threshold appears
to have no significant effect on balance as compared to
a no stimulation condition. However, it may mitigate the
effects of muscle fatigue. Thus, the developed TENS based
2-dimensional ETF scheme and the prototype implementing
it have the potential to improve balance during gait and
activities of daily life.
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