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A B S T R A C T   

Triboelectric nanogenerators show great potential as flexible motion transducers for wearable human-machine 
interfaces (HMI). The present research explores a new configuration named Non-Attached Electrode-Dielectric 
Triboelectric Sensor (NEDTS) and its application in specialized HMI to support people with disabilities in daily 
life. In this topology, the conductive electrodes are not bonded to the dielectric materials by any coating or 
sputtering process. Instead, due to the triboelectric interaction between the two elements in motion, voltage is 
generated in a separate conductor by non-contact electrostatic induction. This allows a near field remote sensing 
using triboelectric/electrostatic coupling. By applying the mentioned sensing technique, an Orbicularis Oculi 
muscle motion sensor has been developed to monitor voluntary and involuntary eye blinks. The new transducer 
is integrated into a portable HMI for hands-free computer cursor control to assist people with mobility 
impairment. The conceived device was also tested in other applications as hands-free remote car and drone 
control, and for monitoring driving behaviour. Additionally, a PDMS-based eyelid motion sensor has been tested 
to feature other virtues of the NEDTS when sensing unconventional motion dynamics.   

1. Introduction 

Contemporary healthcare services increasingly rely on novel wear
able and stretchable sensors that aim to continuously monitor human 
activities as well as physiological signals [1–4]. At the same time, the 
increase in Internet of Things (IoT) applications has boosted the devel
opment of wearable sensors for daily telemonitoring and control [5–7]. 
In particular, IoT has offered a platform for the assistance of handi
capped people by means of specialized HMI (specifically based on EEG, 
EMG, voice and video signals) and novel IoT network architectures [8, 
9]. As explained in Ref. [8] a perception layer for systems intended to 
assist handicapped individuals, require chips, RFID tags, actuators, and 
body sensors. Unfortunately, wearable biosensors still pose a challenge 
related to power consumption and size, leading to novel research for the 
improvement of the mechanical and electrical properties of bulky 
wearable electronics [10,11]. Specifically, the emerging Triboelectric 

Nanogenerators (TENGs) can potentially solve size and power problems 
in motion sensors for an optimal contribution of transducers to the 
growing field of IoT [12]. TENGs show a significant impact on power 
generation, flexibility, and monitoring, depending on the physical 
configuration, materials’ choice and motion dynamic [11–20]. Tribo
electric generators can be arranged as active flexible sensors for accel
eration, pressure, liquid volume or airflow monitoring by using 
configurations such as relative sliding mode, contact-separation mode 
(CSM), or freestanding mode [21–29]. In addition, TENGs are also used 
as flexible biosensors for cardiac monitoring, activity monitoring of 
limbs and fingers, gait recognition, sleep monitoring, fall detection, and 
driving behaviour assessment [30–42]. 

On the other hand, cutting-edge HMIs for disabled patients with 
limited mobility, are mostly controlled by facial expressions, head 
movement, video sensing, and EMG [43,44]. Recently, eye motion 
sensors (electrooculography) are also being used to support 
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handicapped people for wheelchair control and external device control 
[45–47]. Even though literature presents different sensor devices for the 
above-mentioned HMIs, the new triboelectric sensors (TS) are still not 
popular among the different sensing methods to help handicapped pa
tients. although TSs are integrated into HMIs to control drones, toy cars, 
computer navigation, and digital written communication [48–54], few 
works have considered TSs in applications to assist disabled people and 
amputees’ daily problems. A few remarkable examples are the glass 
mounted eye motion TS (replacing conventional electrooculography) for 
hands-free wireless typing [54] and the breath TENG monitor pictured 
in a wheelchair control application in Ref. [55]. 

Moreover, the integration of triboelectric sensors into complete 
portable electronic systems also poses a challenge for its long term use. 
Most of the proposed TENG-based sensors mentioned before, still make 
use of non-portable commercial electrometers, limiting full wearability. 
Relevant literature shows that few of the developed TENG systems for 
small motion monitoring [7,55–57] use portable conditioning circuits 
with adequate input impedance, noise-canceling, and amplification to 
provide robust wearability features. 

Finally, in the majority of the above-mentioned approaches, TENG 
configurations require the electrodes and dielectrics to be bonded by 
using electrospinning or sputtering decomposition processes, which 
seems an unavoidable manufacturing stage [58]. The versatility, appli
cability, and robustness sometimes are affected when the 
TENG-to-system link should use a physical interconnect [59], which in 
the practice can be a wire connected to a non-portable commercial 
electrometer. To improve this situation, novel configurations have been 
developed in literature as the Non-Contact TENG mode [26,60,61], 
where a “tribo surface space” exists between the two dielectric layers or 
the wireless triboelectric/electrostatic sensor in Ref. [62]. In such 
development [62], the triboelectric effect and the non-contact electro
static induction is used in a smart patch for wireless near-field 
communication and human motion monitoring. The last approach dif
fers from the non-contact TENG since the dielectric layers are in constant 
friction but the conductive is separated in distance. Such configuration 
could give more stability to the signal since there is no decay of charge as 
in the non-contact mode configuration. 

The present report proposes and discusses the analysis and experi
ment results of a new triboelectric sensor integrated into a portable HMI 
system for handicapped people. The new triboelectric sensor differs 
from the existing configurations [29] because the assembling step of 
bonding nanowires or deposing conductive material on the dielectric 
polymer was eliminated by using a non-attached electrode-dielectric 
approach (non-contact mode). To demonstrate the potential of this new 
concept for zero power remote sensing, two transducers have been 
fabricated for eye motion detection. One intended to monitor the 
Orbicularis Oculi (O.O) muscle beneath the eye’s skin, and the other was 
a proof of concept for eyelid motion sensing. The accurate detection of 
such small body motions was possible with the assistance of high input 
impedance and high gain electronics. The O.O motion transducer was 
integrated into a portable prototype of an eye-movement based HMI for 
hands-free PC cursor control to support patients with limb disabilities, 
for easy interaction with the computer. The reported system differs from 
the one presented in Ref. [54] because it is not based on the standard 
TENG contact mode configuration, but instead combines the self-power 
properties of triboelectric devices with the near-field transmission of 
signals due to non-contact electrostatic induction. The system allows 
hands-free navigation on the web, to provide a true inclusion in the 
society and technology of handicapped patients without a third person 
intermediary. Finally, other applications using the O.O sensor such as 
hands-free remote car control, drone control, and driver fatigue moni
toring, are also described and tested in this report. 

2. Theory and calculations for voltage and efficiency of NEDTS 
for sensing and energy harvesting 

Essentially, electrical induction theory states that a charge point 
induces an electric field E! in space as in Fig. 1a. In Fig. 1a the charged 
surface S, that lies in the 3-D space with orthogonal axis x; y; and z, 
generates an electric field E! in any point R’ with coordinates x’;y’;z’. E!

is quantified using the integral formula in Eq. (1), where R is any vector 
whose endpoint is in the surface S that lies in the 3-D space [62]. 

E!¼
1

4πεo

ZZ

s

ρðR!� R’Þ
�!

�
�R!� R’!j

3
ds (1) 

When two surfaces contact each other as portrayed in Fig. 1b, the 
triboelectric effect makes the elements charge oppositely. When the 
surfaces move, the summation of the electric fields produced by each 
material is different from the null value, creating a resultant E!. If there 
is a metal plate in the space, the electric charges inside the equipotential 
conductor rearrange, creating an opposing electric field [63]. Eq. (2) 
presents the generated charge Q due to the electric field E!, on the lower 
face of the metallic surface with an area vector A! in the x; y; z space. 

Q¼ � εo

I

A

E!:d A! (2) 

This electric field reorganizes the charges in the metallic plate 
depending on the dielectric’s motion and distance. Thus, if a load is 
connected to the electrode (metallic plate), current flows through it and 
a voltage value can be measured on the terminals of the load. 

As standard, TENG devices combine the triboelectric effect and 
contact electrostatic induction, since the dielectric element is generally 
attached to the conductive electrode [10]. In contrast, in this project, the 
well-known “Contact Separation Mode” (CSM) configuration (Fig. 1c) is 
extended to a new topology named Non-attached Electrode-Dielectric 
Triboelectric Sensor (NEDTS) where the electrode is not coated on top of 
the dielectric (Fig. 1d) similar to the freestanding TENG in Ref. [25,59]. 
In Fig. 1d, the electrodes are separated from the insulator materials by 
distances g1ðtÞ and g2ðtÞ: After contact, the two dielectric elements’ 
surfaces acquire an opposing electric charge which is expressed as sur
face charge densities þσ and � σ. If the theoretical analysis is done as in 
Ref. [64], the assumption that the area of the dielectrics surfaces S in 
Fig. 1d is larger than g1ðtÞ and g2ðtÞ, leads to Eq. ð3). The detailed 
process for the derivation of Eq. ð3 � 5) is explained in the description of 
Fig. S1 in supporting information. 

V ¼ �
Q

Sεo
ðdoþ g1ðtÞ þ g2ðtÞ þ xðtÞÞ þ

σxðtÞ
εo

(3) 

In Eq. (3), do ¼ d1=ε1 þ d2=ε2 and capacitances of gaps g1 and g2 sum 
up in a series, reducing the short circuit current and the overall power 
generation potential. To clarify the last statement, let us define the 
maximum value of the separation gap xðtÞ as xmax. If it is assumed that do 

is small compared to xmax, and the maximum values of the upper gap 
g1max and lower gap g2max are αxmax=2 and βxmax=2 respectively, with α 
and β being distance ratios, the maximum charge due to short-circuit 
condition (when V ¼ 0) becomes (see description of Figs. S1b–d in 
supporting information): 

Qsc¼
Sσxmax
ðαþβÞ

2 xmax
¼

Sσ
ðαþβÞ

2

(4) 

In this case, charge transfer efficiency, which is the maximum short- 
circuit charge divided by the charge generated by friction which is 
σS(where σ is the surface charge density and S is the surface area of the 
dielectric layers) [29], becomes: 
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η¼Qsc

Sσ ¼
1

α
2 þ

β
2

(5) 

For the simple CSM configuration, the charge transfer is ideally close 
to one [29]. Instead, for the arrangement presented in Fig. 1d the effi
ciency greatly differs from the unity value and is inversely proportional 
to the ratio of the maximum values of the gaps, because of α= 2 ¼ g1max=

xmax and β=2 ¼ g2max=xmax. In contrast, for Eq. ð3Þ the open-circuit 
voltage value when Q ¼ 0 is σxðtÞ=εo, which, with the assumptions 
made, proves that open-circuit voltage is proportional to the motion’s 
dynamic. In practice is expected for this voltage to decay with distance 
[60] but still will be proportional to motion. 

Likewise, the non-attached electrode-dielectric topology can also be 
applied as a single electrode TENG configuration as in Fig. 1 e. In that 
case, the short circuit charge is shown in the explanation of Fig. S2a of 
supporting information and is inversely dependent on the ratio C3= C5. 
Since C5 is very low (could be neglected), the value for efficiency in Eq. 
(S33) under Fig. S2 in supporting information becomes even lower than 
the efficiency value for the configuration with two electrodes. Never
theless, the open voltage value in Eq. (S34) (Fig. S2a, supporting in
formation) can be significant for measurement purposes. Furthermore, if 
the last configuration is modified in such a way that the TENG is placed 
on the skin, a topology similar to the one shown in Fig. S2b is obtained. 
For that case, the short circuit current and charge transfer efficiency are 
also inversely dependent on the separation distance and the ratio be
tween the capacitance of the gap between the dielectric and the 
capacitance of the human skin as denoted in Eq. (S35), (Fig. S2b, sup
porting information). 

3. Results and discussion 

3.1. Characterization of the NEDTS topology 

Some experiments were performed to assess the voltage output from 
the NEDTS configuration. Fig. 2 presents the experimental setup, and the 

results, due to the interaction between the human skin, the silicone- 
based material Ecoflex™, and a conductive polymer PEDOT: PSS- 
based film [13]. 

Fig. 2a presents the results when the materials under motion are the 
finger and the Ecoflex™. The metallic plate in Fig. 2a (i) is made from 
aluminium (Al) and is separated by distance gmax. Under two different 
maximum separation widths for gmax (3.3 cm and 5.3 cm), and a 
maximum gap distance for xðtÞ of 1.7 cm, the results for voltage are 
presented in Fig. 2a (ii). In this case, for a load with an input impedance 
of 1 GΩ, the higher the distance, the lesser the voltage amplitude. Next, 
Fig. 2b (i) shows the setup used to assess the effect of Ecoflex™ and the 
arm skin when the maximum separation of xðtÞ is 1 cm, and the two 
separation distances for gmax are 2 cm and 4 cm. The structure used to set 
the height of the conductive plate is presented in item (ii) (Fig. 2b). In 
Fig. 2b (iii), The Ecoflex™ is attached to the paperboard handler to 
produce the tapping motion (Fig. S3 of Supporting information). Fig. 2b 
(iv) demonstrates that, although voltage induction gets lower when the 
gap between dielectric and electrode increases, a measurable voltage 
value exists and is proportional to motion. In Fig. 2c (i), the triboelectric 
effect is tested between a finger and Ecoflex™ for horizontal gaps of 1.5 
cm, 5 cm, and 7 cm. The results again show how voltage reduces when 
horizontal distance increases (Video S1 of Supporting information). The 
voltage signals are similar in amplitude to the results in Fig. 2a, and 
higher than the outcome from the experiment of Fig. 2b. Finally, Fig. 2d 
shows the output when the materials under motion are Ecoflex™ and a 
PEDOT: PSS-based thin film. The purpose of this final test (Fig. 2d) is to 
observe the waveform characteristics due to pressing and releasing ac
tions at different speeds. As illustrated, the separation distance x be
tween ECOFLEX™ and PEDOT:PSS-based film is about 1 cm and the 
distance between PEDOT:PSS-based film and the metal electrode is 
about 2 cm. Fig. 2d (iv), illustrates that the output signal for two 
different touch rates (1 Hz and 4 Hz) is less than 1V for a load resistance 
of 1 GΩ. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.104675 

Fig. 1. Overview of the combined triboelectric effect and non-contact electrostatic induction. (a) Electrostatic induction due to a charged surface. (b) General 
topology of NEDTS for short-range remote sensing. (c) CSM Triboelectric Nanogenerator, where metal electrodes are coated to the dielectric materials. (d) Extended 
CSM TENG when a separation distance exists between the electrodes and the dielectrics. The new configuration is called NEDTS with two electrodes (e) NEDTS in 
single-electrode mode. 

D. Vera Anaya et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.nanoen.2020.104675
https://doi.org/10.1016/j.nanoen.2020.104675


Nano Energy 72 (2020) 104675

4

It is observed from the experiments that the triboelectric effect en
hances the dynamic of the charge induction, helping the dielectrics (or 
skin) to work as better “charge inducing sources”. When the separation 
between dielectric and electrode changes, the value of the electric field 
also changes, inducing a non-constant voltage on the metallic plate. 
Even though the experiments demonstrate that voltage amplitude de
creases when the gap increases, a voltage proportional to motion is still 
detected with enough amplitude for its applications as a TENG-based 
sensor. 

Finally, when the non-attached mode between dielectric and elec
trode is used for energy harvesting, the usual separation space is set in 

the order of millimeters [59,60]. Whereas in this project the topology 
demonstrates great potential for self-powered near-field remote wear
able sensing in the order of centimeters. This result is significant for the 
design of wearable assistive devices, as it is gonna be explained in sec
tion 3.2. 

3.2. Orbicularis Oculi’s sensor design and characterization 

Based on the results discussed above, an eye motion sensor aimed to 
monitor the eye muscle is designed. The sensor intends to measure the 
Orbicularis Oculi muscle motion to detect the eye blink. The O.O 

Fig. 2. Voltage results from preliminary experiments for NEDTS. (a) Finger tapping test. (i) The finger moves up and down with a maximum gap of 1.7 cm. (ii) 
Results using different heights for the metallic electrode. (b) Test of the triboelectric interaction of arm skin and Ecoflex™, (i) The flexible material moves up and 
down from the arm. (ii) Setup used for the experiment and handler device. (iii) Test Using Ecoflex™ mounted in the handler device. (iv) Results for two different 
vertical gaps. (c) Test of the interaction between finger and Ecoflex™ for a horizontal gap. (i) Three separation gaps are tested. (ii) Results for each horizontal gap. (d) 
Triboelectric interaction test for different touch rates, using PEDOT:PSS-based film (i) Setup used for the experiment. (ii) PEDOT:PSS film touches the Ecoflex™ at 
different frequencies. (iii) The Ecoflex™ lies on the skin. The metallic plate is separated with a maximum distance of 2 cm. (iv) Results for two different touch rates. 
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muscle’s primary functions are to close the eyelid and assist tear 
drainage and is found in the concentric surface around the eye as por
trayed in Fig. 3a [65,66]. Hence, the O.O muscle is sensed by placing a 
NEDTS directly on one side of the eye (Fig. 3a). 

The TENG sensor in Fig. 3b is adapted from the work in Ref. [13]. 
The PEDOT:PSS is attached to the Ecoflex™ layer by using a textile 
thread and the sensor dimensions are 1.5 cm � 0.6 cm x 2 mm. When 
placed on the lateral skin tissue of the eye, the O.O muscle, which is 
underneath the sensor, triggers an output when it is voluntarily or 
involuntarily moved. When the muscle moves, the two layers rub each 
other, transferring opposite charges. Also, an electrode plate is attached 
to the lateral temple of the eyeglasses separated approximately 1.5 cm 
away from the NEDTS (Fig. 3c (i)). Depending on the position and the 

size of the sensor, the muscle contraction or relaxation causes the 
PEDOT:PSS film and the ECOFLEX™ to touch, so the charge is induced 
in the metal. The position of the sensor over the muscle is essential since 
a place that shows evident muscle contraction and relaxation should be 
used. An optimum position is found when a contraction of the O.O 
muscle stretches the sensor, so the PEDOT:PSS and the Ecoflex™ can 
make contact. For that case, the muscle relaxation separates the polymer 
layers. 

Due to the small displacement nature of the eye muscle, the signal 
coming from a triboelectric sensor is expected to have a lower amplitude 
than the output values in Fig. 2. Consequently, a conditioning circuit is 
designed to amplify the voltage from such small motions. The circuit in 
Fig. S4 possesses a high input impedance stage, a high gain amplifier 

Fig. 3. Eye motion sensor design, placement, and results. (a) Orbicularis Oculi Muscle surrounds the surface beneath the eye. (b) Sensor overview, and 
placement. (c) (i) When the eye is closed, the muscle contracts and the sensor layers are stretched. When the eye is opened again, the muscle relaxes as well as the 
sensor layers. The transverse section is displayed. (ii) Contraction and relaxation signals. Fast and slow blink. (d) Output signal from two, three, four, and five (soft 
and strong) consecutive blinks. (e) Voluntary and involuntary flickers. 
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stage, and a notch filter stage to avoid 50 Hz line interference. The input 
stage has an impedance of approximately 10 MΩ, since a higher 
impedance could add more thermal noise to the signal. The amplifier 
stage has a gain of about 220 V/V and each stage has a passive low pass 
filter to increase the order of rejection of high-frequency noise. There is 
also a DC offset stage, so the voltage signals swing up and down with a 
mean value of 1V. The signal in the final stage swings from 0V to 2V, 
which can be detected by a low power microcontroller as the 
MSP430G2553 from TI. The circuit is sensitive to the electrostatic in
duction and not to the change of capacitance between the triboelectric 
layers close to the temple of the eyeglasses. Since the circuit can pick up 
electrostatic interference that comes from moving electrified objects, the 
electronic possesses a low pass filter to reject unwanted high-frequency 
signals from electrostatic noise. Moreover, there is a high pass filter in 
the final stage (capacitor and resistor network at the input of the final 
amplifier) that helps to reject low-frequency signals from slow motions 
of the human body (especially the head), which could be charged 
depending on the environment. 

After analog amplification and noise filtering, Fig. 3c (ii) portrays the 
difference in contraction and relaxation motion when the eye flicker is 
slow. Contraction, after the eye closing, produces a negative voltage, 
while relaxation produces two positive peaks that are unable to be 
separately identified in faster motions (The identification of this peaks 
for slow blinks will be important for eye fatigue monitoring application 
explained in section 3.5). Fig. 3d illustrates the output after blinking 
two, three, four, and five times consecutively. Each blink is made by a 
negative and a positive peak that comes from the contraction and 
relaxation of the O.O muscle. As observed, the peak to peak voltage for 
each blink is about the same value in a range of 300 mV–600 mV. The 
plots show that the amplitude signal for the voluntary flicker is 

approximately the same in all cases and does not decay in a short time. 
The purple signal in the same subfigure shows the response for five 
blinks when the closing-opening motion of the eye is soft or strong. In 
that case, the voltage signal is different for the two conditions. For a soft 
blink, the maximum value is 400 mV, while a tight flicker is about 600 
mV. Finally, Fig. 3e displays the signals for voluntary and involuntary 
movement together. In this case, both outputs differ in the voltage 
amplitude again, which is expected. The voluntary action of closing the 
eyelid is governed by the orbital portion of the O.O muscle, and the soft 
motion is controlled by the palpebral portion. The palpebral portion 
closes the eye gently (involuntary), so the motion is expected to be slight 
compared to the contraction of the orbital part, which closes the eyelids 
tightly [66]. The results show that some low-frequency noise is observed 
due to the high input resistance and high amplification in the condi
tioning stage, but the signal is not significantly affected by it. Further
more, although it is not necessary, a conductive electrode of any shape 
or size can be connected anywhere in the skin to connect the body to the 
circuit reference point (ground connection) offering more stability 
against low-frequency noise and body motion. 

3.3. Cursor control application based on NEDTS 

By using the NEDTS configuration for eye monitoring, an application 
for cursor control is developed. From the two previous devices, the O.O 
motion sensor was chosen due to its higher voltage and better com
fortability. The presented development aims to help people with dis
abilities to have access to web services and computers using the 
designed O.O NEDTS. 

First, the circuit in Fig. S4 is just part of a complete portable mea
surement system intended for micromotion monitoring. The device in 

Fig. 4. Complete HMI system for cursor control. (a) Sensor motion is amplified and posteriorly digitalized by the microcontroller. The controller sends the in
formation wirelessly through Bluetooth for post-processing. (b) Sample of the signal read by the python code when controlling the cursor. The control sequence for 
the cursor motion is presented until a click action is performed. 
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Fig. 4a works with a 3.3 V supply and a low power MSP430 microcon
troller (MCU), which reads the output voltage using an ADC. The in
formation is then transmitted using a Bluetooth transceiver connected to 
the MCU. A second Bluetooth gateway receives the signal and transfers 
the information to the computer for post-processing. 

Second, the software, coded in python, allows controlling the cursor 
and the left click so the user can navigate on the internet. In Fig. S5 on 
supporting information, it is shown the flowchart of the software in
structions depending on the number of flickers. The cursor always has 
initial position and direction settings, which can be in the x-axis (posi
tive or negative) or the y-axis (positive or negative). If the user blinks 
two times, the cursor moves in the initial direction being x or y. If the 
person blinks twice again, the cursor stops. When the person flickers 
three times in a row, the axis direction setting is changed 180�. If the 

person blinks four times, then the axis direction changes 90�. Finally, 
five blinks perform the left click action. To avoid any mistake between 
voluntary and involuntary blink, “one blink action” is not considered a 
significant input for the software. If desired, the code can be modified 
further, adding more functionalities for a higher number of blinks as 
depicted in Fig. S5, demonstrating the versatility of the proposal. 

The signal amplitude and the number of consecutive blinks were 
recognized by setting a voltage threshold in the code for the negative 
peaks as in Fig. 4b. As observed in Figs. 3 and 4a, each blink shape is 
made by at least a negative peak followed by a positive peak. Although 
the lower threshold is the critical base to recognize a blink, the software 
decides also by observing the positive voltage peaks of the signal that 
follows the down peak of the blink. As observed in Fig. 3, each blink 
shape is made by at least a negative peak followed by a positive peak. 

Fig. 5. The Orbicularis Oculi motion sensor used in applications as car control, drone control and fatigue monitoring for drivers. (a) Different number of 
blinks select the direction of the remote toy car. There is no stop instruction since the car is programmed to stop 2 s after a forward or backward instruction. (b) The 
virtual drone control follows an algorithm similar to the one used for hands-free cursor control. (c) The system is also used for fatigue monitoring. A closing eye 
motion generates a negative peak followed by a smaller positive peak. An opening eye movement results in a positive peak followed by a negative peak. That way a 
closed eye is differentiated from an opened eye, as well a fast blink is distinguished from a slow blink, which can indicate driver fatigue (the signal is repainted in red 
for illustration purposes, See Fig. S7 in Supporting information). 
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Since involuntary blink amplitude is less than the threshold, no in
struction is executed. Moreover, a random signal shape different from 
the eye blink characteristic signal, which results from the electrostatic 
noise, can be neglected by the software. In Fig. 4b is observed the time 
and the number of blinks required to move the cursor until the execution 
of a click action. It takes around 70 s for the correct positioning of the 
cursor in a toggle button of a web page. It is good to remember that the 
direction setting can change 180� or 90� no matter the cursor motion 
status (moving or standing by). In Fig. 4b, the green signal indicates that 
the cursor starts motion in the direction of the grey arrow. On the other 
hand, the red stop signal indicates that the cursor is not moving even if 
the direction setting changes due to a specific blink count. The big “stop 
signal” in the image, below two consecutive blinks, indicates that the 
cursor is standing by and no axis change has been performed. Finally, 
some problems with low-frequency noise were corrected by adjusting 
the threshold and position of the sensor. For the performed test, the 
Signal-to-Noise ratio (SNR) of the blink signal compared to the back
ground noise is about 13 dB, which as demonstrated, allows the recog
nition of the blink over the noise. 

Video S2 of Supporting information shows the working principle of 
the system and the placement of the sensor on top of the O.O muscle. By 
the above cursor control method, the new concept of a full-screen nav
igation system based on eye motion is possible for people with upper 
limb disabilities. Video S2–S3 of supporting information, demonstrate 
the functionality of the device when surfing the Internet. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.104675 

3.4. Remote car control, drone control, and driver fatigue monitoring 
based on NEDTS 

Other demonstrations have been performed to validate the high 
range of applications of this new O.O triboelectric sensor. In Fig. 5a-b 
and video S4–S5 of Supporting information, the implementation of this 
sensor for virtual drone control and remote car control is demonstrated. 
Following a similar logic as in the cursor control application, the di
rection of drone and car is selected by the number of blinks (Note 7 on 
supporting information). Finally, the proposed sensor topology can also 
be used for eye fatigue monitoring applications. As observed in Fig. 3c 
(ii), one normal blink produces a signal which has a positive and 
negative peak and quickly goes back to zero. However, when the eye 
flicker is slow, the negative and positive peaks are separated in time. 
This duration time can give information or warn about eye fatigue or 
drowsiness when a person is driving [66]. Consequently, this informa
tion can be used to set up an alarm for the driver to advise him/her to 
stop and rest. Thus, triboelectric sensors could also be implemented for 
accident prevention. This last function is illustrated in Fig. 5c and in 
video S6 of Supporting information where it is compared the blink 
motion for a person with adequate driving awareness with the same 
person emulating sleepiness or fatigue. For this particular case, a 
different and more sensitive circuit was assembled to recognize invol
untary slow motions (Fig. S6 of Supporting information). The closing 
eye and opening eye signals can be differentiated using the newly 
designed circuit based on a charge amplifier input stage. The time 
duration of one normal blink was observed to be about 200–300 ms, 
which is coherent with literature statements of 300–400 ms [67,68] for 
blink duration. In contrast, for a slow blink indicating fatigue or 
drowsiness, it takes more than 400 ms. Based on the above, the screen in 
video S7 of Supporting information shows a message when the person 
emulates tiredness (blink duration more than 500 ms), advising him/her 
to stop driving to take a rest (These messages are also portrayed in 
Fig. 5c). The system also recognizes when the person has kept his/her 
eyes closed for more than 1s. At this point, the person probably has 
fallen asleep, and a different message is displayed in video S6 emulating 
a required alarm action. 

Supplementary video related to this article can be found at https 

://doi.org/10.1016/j.nanoen.2020.104675 

3.5. Demonstration of NEDTS configuration with a non-parallel 
arrangement between the electrode and the triboelectric layers 

Finally, in order to demonstrate the versatility of the new NEDTS 
arrangement, a second sensor was developed based on the remote 
sensing feature. This particular sensor is a thin flexible PDMS film sha
ped to be placed on top of the eyelid (Fig. 6a). The working principle is 
based on the triboelectric effect between the polymer and the eyelid 
skin. When the eye opens and closes, the eyelid folds and allows contact 
between the PDMS patch and the epidermis below the eyebrow as 
illustrated in Fig. 6b. The eyelid folding motion charges the dielectric 
and consequently induces some charge in the electrode placed in the 
upper rim of the glass. Fig. 6c illustrates the results when the eye closes 
(press) and opens (release) voluntarily. Fig. 6d plots the output for one, 
two, three, four, and five consecutive blinks. Video S7 of Supporting 
information shows the placement and the output signal of this 
arrangement. 

In contrast with the O.O sensor, which follows the configuration in 
Fig. 1c, where the dielectric layers are mostly parallel to the electrode, in 
Fig. 6b, the near field electrostatic induction is achieved even when the 
triboelectric interaction between skin and PDMS is not parallel to the 
electrode. Hence, this final test demonstrates that the NEDTS can be 
implemented by following the general structure in Fig. 1b where the 
tribo-layers are not necessarily parallel to the conductive electrode as in 
the horizontal distance test in Fig. 2d. Nevertheless, this particular 
sensor is limited by the biological structure of the human body. People 
have different eyelid shapes and sizes, which means that this configu
ration should consider these variations for optimized wearable design. 
Finally Fig. S8 in supporting information provides more insights for this 
sensor. 

4. Discussion 

So far, most of the TENGs used in the existent approaches as trans
ducers require the electrode and the dielectric to be attached. Those 
electrodes connect to wires which are posteriorly connected to non- 
portable devices such as electrometers for sensor characterization and 
testing. 

In this work, a new concept of TSs was investigated for small distance 
remote sensing, based on free-standing configuration, leading to new 
wearable design approaches. The clear advantage of the new topology 
over other schemes is the non-contact electrostatic induction effect, 
which eliminates the need to coat a conductive layer followed by a large 
size wire, on top of the sensor. Non-lead configurations with the pro
posed topology for on-body applications are preferable to ensure peo
ple’s comfort when using wearable devices. 

The hardware designed for signal amplification can be integrated 
into any triboelectric-based system due to its high input impedance and 
its portability features. The application of the new concept for NEDTS 
configuration in a hands-free HMI interface for cursor control demon
strates that the sensor and the designed hardware can be used together 
in the future of the biomedical field, helping people with disabilities. 
Additionally, since the electronic circuit is very sensitive, it can be 
connected to other TENGs intended to track specific muscle micro
motions, like arm muscles to assess different diseases such as Parkin
son’s and epilepsy. 

As part of the discussion, it is essential to mention some limitations 
and suggestions. Even with the O.O muscle surrounding the eye, posi
tion selection poses a condition that impacts the signal amplitude 
significantly. Once a satisfactory place is found, then the signal can be 
read and recognized by the microcontroller. Sweat also causes the sensor 
to detach from the skin and it needs to be re-attached to the O.O muscle. 
For further research, the sensor-to-skin attachment method needs to be 
improved to prevent patient discomfort and performance loss due to 
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sweat and head motion for long-term implementation. 
Regarding the eyelid sensor, it can be initially analyzed as a proof of 

concept, which demonstrates that, with the right electronic stages, a 
small motion can be detected even if the conductive plate is not placed 
parallel to the triboelectric layers. The limitation of this configuration is 
mainly due to people’s different eyelid shapes and sizes, making this 
configuration hard to implement with accuracy in a broad group of 
people. 

Nevertheless, the applied O.O sensor and the eyelid sensor demon
stration opens the path for the fabrication of innovative and creative 
TENG shapes using different materials, and motions, to monitor specific 
parts of the body. What is more, the NEDTS configuration can lead to the 
creation of implantable sensors that send the motion signal of heart or 
inner organs, through near field electrostatic induction without con
necting any hardware inside the body. The possibilities of application 
are far-reaching in the field of micromotion monitoring in inner and 
outer tissues of the body. 

5. Conclusion 

In this paper, a new TENG configuration has been implemented for 
micromotion monitoring from the human body. By modifying the 
standard contact mode and free-standing configuration for TENGs we 
have developed a triboelectric/electrostatic coupled novel approach for 
low-range distance remote sensing of body micromotions. Such an 
approach lead to a new IoT wearable sensing concept for healthcare 
applications, demonstrated by the design of a portable eye motion 
tracker prototypes (O.O muscle sensor) integrated into an HMI system 
for the assistance of disabled people. 

We demonstrated the successful use of the O.O sensor in an HMI 
prototype for hands-free cursor control due to small eye muscles. By 

tracking the number of blinks, the cursor could move on the screen, 
allowing internet navigation without a mouse. Additionally, the pro
posed sensor proved itself useful in other applications, as hands-free 
remote drone and car control, as well as monitoring driver’s fatigue. 
The sensor and the developed system were able to recognize the dif
ference when a person simulated fatigue or sleepness giving a screen 
alert. Moreover, the control software can be upgraded with other 
functionalities and optimized depending on the requirements of the 
patient, by adding more options according to a higher blink count or the 
time between different blink actions. On the other hand, despite its 
limitations, the eyelid sensor configuration demonstrated that the 
NEDTS configuration can provide motion information even if the 
conductive plate is not placed parallel to the triboelectric layers. 

Since the materials used for the development of the sensor and sys
tem are cheap and easy to integrate, the sensor could be easily used in 
disabled people with low monetary resources to guarantee their access 
to novel technologies. Ultimately, this report endeavours to inspire more 
research in the development of novel, low cost, flexible and fully 
portable micromotion monitoring systems aimed to play a vital role in 
the inclusion in society and technology of people with physical 
disabilities. 

6. Materials and methods 

6.1. Fabrication of Ecoflex™ and PDMS layer 

The fabrication process for the triboelectric layers is similar to the 
methods explained in Ref. [69]. The Ecoflex™ 00–30 is a silicone-based 
commercial product fabricated by Smooth-On. The material is a mixture 
1:1 from components A and B. The mixture was cast in a mold and was 
exposed to ambient temperature for about 4–5 h until it is completely 

Fig. 6. Output signals for the PDMS-based eyelid sensor. (a) 3-D view of the eyelid motion sensor system. (b) Output signal from eyelid motion. (c) PDMS-SKIN 
contact sequence due to eyelid motion. (d) Output signal for one, two, three, four, and five consecutive blinks. (e) Output for voluntary and involuntary blinks. 
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cured. The material was then cut and shaped according to the desired 
dimensions. The PDMS is a mixture 10:1 of two liquid compounds from 
Dow Corning. The mixture was left in a glass petri dish and heated. After 
some hours, the material was finally cured and shaped in order to be 
placed on top of the eyelid. For this project, no patterned mold was used 
in the manufacturing of the silicon-based triboelectric sensors. Probably, 
a patterned mold will allow more charge transfer in the surface of the 
triboelectric layers, increasing the voltage output and the sensitivity to 
small motions of the eye muscle. 

6.2. Fabrication of PEDOT:PSS film 

The PEDOT-based film was also used in Refs. [70]. PEDOT:PSS so
lution was added to 5 wt% DMSO, and it was then mixed with 20 wt% 
water-borne polyurethane WPU solution by vigorously stirring at room 
temperature for half an hour. The weight ratio of PEDOT:PSS to WPU 
was 1/19. The PEDOT:PSS/WPU blend films were prepared by 
drop-casting the dispersions in a glass Petri dish [70]. They were then 
dried at 70 �C in an oven for 12 h. 

6.3. Electronic circuit and setup for the characterization of the 
triboelectric sensor 

For the characterization stage, the measurement circuit is illustrated 
in Fig. S9 of Supporting information. For the acquisition of the signal, 
the digital oscilloscope ADALM2000 was connected to the designed 
measurement circuit which has an input impedance of 1GΩ. The 
ADALM20000 board is connected to the computer, and the signal is 
visualized using the Analog Devices software SCOPY which also allows 
the storage of the signal in a CVS file. The circuit has a voltage divider 
with a 20 to 1 ratio, which means that the output should be multiplied 
20 times to obtain the original value. It also possesses a low pass filter 
and a 50 Hz notch-filter to reject non-desirable frequency components. 

6.4. Fabrication of the eye muscle and eyelid motion sensors 

The PEDOT:PSS based film was bonded to the Ecoflex™ layer by 
using a textile thread. In the center of the sensor, a space of about 0.5 cm 
was left between the silicon-based layer and the PEDOT:PSS-based layer. 
The sensor is placed in the muscle under measurement (the Orbicularis 
Oculi [O.O] muscle). The placement should guarantee that a muscle 
contraction should make the two layers touch each other, and a muscle 
relaxation should allow the separation of the layers. The eyelid sensor is 
just a thin PDMS layer shaped like an oval so it can be placed carefully on 
top of the tissue. 

6.5. Assembling of the portable cursor control system and fatigue 
monitoring system 

The circuit in Fig. S4 was fabricated into a printed circuit board PCB 
using SMD components. The circuit was powered by a LIPO battery with 
a voltage of 4.3/3.7V. The voltage was regulated by using the board 
MIKROE-3035 and L78L33ACZ to provide a supply voltage of 3.3 V. The 
signal was read using the ADC of the low power MSP430G2553 micro
controller IC. The wireless data transmission was achieved using the BLE 
module HC-05. All the modules and components were placed in a 3d- 
printed enclosure designed to be placed in the plastic glass temple. 
The metallic plate used is a 2.5 cm � 1 cm rectangle made of RF4 which 
was coated on top with a copper layer (commercially available in any 
electronics store). These are the same materials used for the standard 
fabrication of Printed Circuit Boards (PCBs). The plate was stuck to the 
glass temple using double-sided tape. The system described above was 
used in the HMI prototype for computer cursor control, remote drone 
and car control by voluntary blinks. In the 3D printed enclosure, a 
rectangle of aluminium tape was attached, so it touched the human skin 
when the glasses are worn. The aluminium connects the skin to a ground 

reference, giving more stability to the circuit for the rejection of low- 
frequency noise. It is worth to mention that a second prototype which 
integrated all the components of the system (amplifier, filtering stages, 
microcontroller an Bluetooth module (Nrf52840 from Nordic) in a single 
PCB was fabricated and tested. The advantage of the second prototype 
was the reduction in size and the easy migration to a flexible PCB version 
as portrayed in Fig. S10 of supporting information. 

In the case of the fatigue monitoring system, the primary purpose is 
to monitor involuntary blinks, thus a more sensitive circuit was 
designed. The circuit in Fig. S6 worked as a charge amplifier with high 
gain, filtering frequencies above 10 Hz, especially 50 HZ, and the cor
responding harmonic components. This circuit was not integrated into a 
portable system as the first conditioning circuit was. On the contrary, the 
circuit was assembled on a standard breadboard. The input was con
nected to the metallic plate using a thin flexible copper cable. The length 
of the cable is critical because of the circuit’s sensitivity. External mobile 
charged objects like the human body can generate low-frequency noise 
which increases with the length of the cable. The action of connecting 
the ground of the circuit with any part of the skin, even though it is not 
necessary, reduces the noise and allows more stability in the output 
signal. In this case, the circuit is powered by a dual supply of þ5V and 
-5V using the measurement board ADALM2000 from Analog Devices 
Inc. 

6.6. Code development and software 

The algorithm for the eye cursor control was written in Python. The 
program for remote car control was written using the Arduino Integrated 
Development Environment. Finally, the virtual drone simulation was 
done in real-time development platform Unity 3D. 
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