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Abstract

Wearable sensors have drawn vast interest for their convenience to be worn on body to monitor and track body movements or
exercise activities in real time. However, wearable electronics rely on powering systems to function. Herein, a self-powered,
porous, flexible, hydrophobic and breathable nanofibrous membrane based on electrospun polyvinylidene fluoride (PVDF)
nanofiber has been developed as a tactile sensor with low-cost and simple fabrication for human body motion detection and
recognition. Specifically, effects of multi-walled carbon nanotubes (CNT) and barium titanate (BTO) as additives to the fiber
morphology as well as mechanical and dielectric properties of the piezoelectric nanofiber membrane were investigated. The
fabricated BTO@PVDF piezoelectric nanogenerator (PENG) exhibits the high B-phase content and best overall electrical
performances, thus selected for the flexible sensing device assembly. Meanwhile, the nanofibrous membrane demonstrated
robust tactile sensing performance that the device exhibits durability over 12,000 loading test cycles, holds a fast response
time of 82.7 ms, responds to a wide pressure range of 0-5 bar and shows a high relative sensitivity, especially in the small
force range of 11.6 V/bar upon pressure applied perpendicular to the surface. Furthermore, when attached on human body,
its unique fibrous and flexible structure offers the tactile sensor to present as a health care monitor in a self-powered manner
by translating motions of different movements to electrical signals with various patterns or sequences.
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Introduction

Transitioning towards an intelligent society, digitalization
has been reforming the ways people interacting with oth-
ers rapidly. Traditional means of monitoring and tracking
human motion are being replaced with more efficient, sus-
tainable and smart approaches that wearable and flexible
electronics came into increasingly significant roles [1-3].
Recovered from the COVID-19 pandemic, the increasing
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awareness of health monitoring among public has led to an
unprecedented need for high performance wearable elec-
tronics capable of detecting vital physiological signals or
monitor physical activities in real time. These wearable elec-
tronics are expected to exhibit flexibility, lightness, ease of
adhesion to human skin, and withstand mechanical deforma-
tion to provide the necessary comfort and avoid disturbing
regular activities [4, 5]. Wearable sensors can help tracking
user’s health data such as vital signals or user’s activities and
thereby improving the quality of life. A variety of applica-
tions have been reported including movement tracking rec-
ognition, rehabilitation, intelligent sports, biosignal tracking,
and other healthcare applications [6—10].

Among the various forms of wearable sensors, self-
powered sensors have been receiving vast attention due to
their inherent material features, which enable them to oper-
ate multifunctionally and independently of external power
sources [11-13]. These standalone-operatable devices are
particularly appealing as they are free from the limitations of
bulkiness of power units and are renewable, sustainable, and
portable. Additionally, promoting self-powered electronics
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presents a potential solution for alleviating energy supply
burdens and facilitating sustainable development pathways.
The self-powering mechanisms commonly employed for
wearable sensors by energy harvesting can be categorized as
triboelectric, piezoelectric, thermoelectric and pyroelectric,
where piezoelectric nanogenerators (PENG) haven shown
great potential and ability to respond to tactile stimuli with
high mechanical-to-electrical conversion efficiency as a
result of their stable responsiveness [14—16].

Materials exhibit piezoelectric properties have been
widely investigated since their discovery. Among them,
polyvinylidene fluoride (PVDF) and its copolymers have
emerged as popular piezoelectric polymers owing to their
excellent piezoelectric (PE) performance and superior
chemical, mechanical, and thermal properties [17, 18].
PVDF-based nanofibers have found widespread use in tac-
tile sensing applications thanks to their ultra-sensitivity, high
flexibility, good chemical resistance, low permittivity, and
outstanding thermal stability, which are particularly suitable
for wearables [19]. For instance, PVDF-based sensors for
pressure sensing [20-22], gait detection [23], acoustic detec-
tion [24] and sports monitoring [25] have been developed,
leveraging their significant advantages in piezoelectric per-
formance, long-term stability, applicability on curved sur-
faces, and potential for use in dynamic environments. Fur-
thermore, PVDF exhibits very good biocompatibility and is
devoid of any odor, taste, or toxicity, rendering it a highly
viable option for wearable devices that come into contact
with the skin [26, 27].

It is worth noting that the structure and properties of
PVDF can be effectively manipulated through nanoscale
fabrication, where the electrospinning process stands out as
a one-step, low cost, scalable and versatile process [28, 29].
Despite the crucial roles electrospun nanofibers (ESNFs)
have played in fields such as filtration and biomedical scaf-
folds [30-33], and been employed as substrates in a wide
range of applications due to their unique porous structure,
air permeability, and large surface to volume ratio [34, 35],
the ease of feature modification and attributes design greatly
enhances the practicality of employing ESNF membranes
as active functional layers for tactile sensing. For instance,
incorporating additives such as ZnO nanorods into PVDF
ESNFs can boost the power output [36]; introducing unique
hierarchical structures such as core-sheath microfibers can
bolster their flexibility to withstand intense external defor-
mation [37]; utilizing post-treatment methods including
crystallization and poling of fiber membranes can augment
their piezoelectric properties [38]. Moreover, the fiber mor-
phology can be tuned by varying parameter combinations,
such as solution parameters including viscosity, surface ten-
sion, and process variables such as voltage, flow rate, col-
lecting distance, rotating speed of the collector drum, as well
as ambient parameters such as humidity and temperature
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[19, 39, 40]. In addition, the electrospinning process involves
drawing a viscous PVDF solution under a strong electric
field, which promotes the formation of PVDF nanofibers
with a favorable polar phase transformation, resulting in an
increased -phase content and enhanced piezoelectric prop-
erties [11, 28, 41, 42].

Here in this work, we present a self-powered, lightweight,
breathable, robust, and efficient flexible tactile sensor fab-
ricated from PVDF-based nanofiber (NF) membranes with
low-cost, facile assemble fabrication strategy through elec-
trospinning. We first investigate the impact of multi-walled
carbon nanotubes (MWCNTSs) and barium titanate (BTO)
particles as additives on the mechanical and electrical behav-
iors of PVDF ESNFs. Mechanical and electrical properties
of the ESNF membranes including fiber morphology, tensile
strength, hydrophobicity, water permeability, dielectric per-
mittivity and crystallinity are examined. Membranes with
optimized parameters and tactile sensing characteristics
are employed as a PENG. By assembling the functioning
layers, the ESNF based PENG device is capable of sensi-
tively responsive to mechanical stimuli induced deforma-
tion, which shows potential for bio-mimical force sensing
and human-machine interaction applications with ease of
replication and low cost. Besides, benefiting from its out-
standing electrical and mechanical properties, the PENG
device exhibits a wide working range (0-5 bar), with a stable
sensitivity quantified by the generated open circuit voltage
(11.6 V/bar below 0.5 bar and 660 mV/bar within the range
of 0.5-5 bar) that reaches up to 9.7 V upon pressure. Excel-
lent repeatability and mechanical durability are validated as
well. Furthermore, we investigate the role PENG tactile sen-
sor plays in health-caring and exercise monitoring scenarios,
including multi-location piezoelectric signal tracking from
elbow, hip, thigh, knee and ankle. Overall, the PENG sensors
demonstrated great potential for multifunctional monitoring
and motion recognition through analysis of the generated
waveform signal patterns. With high sensitivity and stable
performance, the PENG tactile sensor presents itself as a
promising tool for healthcare monitoring in a variety of sce-
narios and human machine interfaces.

Experimental Section
Nanofibrous Membrane Preparation

For pristine PVDF nanofiber membrane, the electrospin-
ning solution was prepared by dissolving PVDF powder
(Sigma-Aldrich, avg. Mw =192 k) in the solvent of 3:2
(v/v) dimethylformamide (DMF)/Acetone mixture (both
from Sigma-Aldrich) with a controlled amount (16 wt%)
at 45 °C, followed with continuous magnetic stirring over-
night. Solution for electrospinning of CNT/PVDF NF
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membrane was prepared by MWCNTSs (AP-SWNT, Carbon
Solutions Inc) dispersion prior to PVDF mixing. MWC-
NTs were dispersed in the same solvent mixture along
with sodium dodecyl sulfate (SDS) (USB Corporation)
to improve its dispersion [43, 44], where the weight ratio
of SDS was kept at 0.04%, weight fraction of MWCNT
was kept at 0.01%. This mixture was kept for sonication
of 180 min to achieve a uniform solution. Then, PVDF
powder was added with a controlled amount (16 wt.%) by
continuous magnetic stirring overnight at 60 °C to ensure
complete dissolve. The obtained composite solution was
filled in a plastic syringe with a stainless-steel needle with
0.337 mm inner diameter for the subsequent electrospin-
ning process. The syringe was placed around 15 cm from
the grounded rotating collector with a diameter of 30 cm
and running at a rotating speed of 200 rpm, where a high
voltage of 21 kV supplied from a high voltage power sup-
ply was applied on the needle tip via a conductive metal
clip. Meanwhile, the solution was fed by a syringe pump
at a feed rate of 1 mL/h. Collected nanofiber membrane
was dried on a hotplate at 70 °C for 12 h.

A weight fraction of 10% BTO powder (Sigma-Aldrich,
particle size <2 pm) was dispersed in same DMF/acetone
solvent mixture by 10 min of sonication. PVDF powder of
16% weight ratio was then dissolved in the solution same
way as that for CNT/PVDF solution preparation method.
This solution parameter combination is optimized to get
the satisfactory morphology for electrospinning as dis-
cussed in previous work [45]. Settings for electrospinning
of BTO@PVDF nanofiber film are consistent with that of
CNT/PVDF nanofiber film except that high voltage power
supply used was 22 kV and feed rate was kept at 0.8 mL/h.

Tactile Sensor Device Assembly

The as-spun NF membranes possess great hydrophobicity
and air permeability, and biocompatibility of PVDF [26]
makes it suitable to directly attach on human skins for
piezoelectric effects empowered tactile sensing. For the
convenience of characterization of the PE response, we
encapsulated the BTO@PVDF NF membrane, which was
cut into a 2 X 2 cm square, by sandwiching it between pol-
yethylene terephthalate (PET) films (Innox Higa Singapore
pte.ltd.) for protection and adopted Copper tapes (3 M) for
connecting electrodes. After exhaustion of air gap between
the fibrous membrane and Cu tape, the whole device was
sealed with insulation tapes on all sides to make sure there
exists no air gap between the electrodes and fiber mem-
brane, nor between the electrode and the protection layer
to prevent triboelectric effects from occurring at the con-
tact surface of two different materials. Device assembly
sequence is illustrated in Fig. S1.

Characterization

A field emission scanning microscope (FESEM) (JOEL
JSM-6701 F) was used to visualize fiber morphology and
particle distribution of electrospun nanofibers. A microm-
eter was used to measure the thickness of nanofiber layers.
Mechanical testing was carried out by an Instron Microtester
5500 instrument, testing at a rate of 1 mm per second. Sam-
ples for the tensile test were cut into dumbbell shape follow-
ing ASTM D1708. A LCR meter (KEYSIGHT E4980A) was
used to evaluate the dielectric properties of the nanofiber
membranes. Measurement was carried out with a bias volt-
age of 500 mV for frequency range of 20 Hz to 2 MHz. A
Bruker D8 Advance diffractometer using Cu Karadiation
(1=1.5406A) and Spectrum 2000 FTIR spectroscopy was
used to analyze crystalline structure and phase compositions
of the as-spun composite nanofibers, with scanning 26 range
of 10° to 80° at 0.02° per second. Output electrical perfor-
mance of the as-prepared PENG was evaluated by a source
meter unit (Keithley 2450). A load test machine (JSV-1000,
Measuring Instrument Technology) was applied as the exter-
nal stimulates which can provide a continuous and periodic
load-release motion with controlled levels of displacement.
All data acquired were then visualized and analyzed with
either python3.8 or Veusz software, except that fiber diam-
eters were measured using ImageJ software for quantifica-
tion and statistical analysis of nanofibers. More than 100
different measurements obtained over multiple locations of
fiber membrane were averaged for each measurement.

Results and Discussion
Electrospun Piezoelectric Nanofiber Membrane

Schematic diagram of the electrospinning process is depicted
in Fig. 1a. As shown, a high voltage power supply creates
the electric field for solution fed by a syringe pump and
pulled out that formed a Taylor cone at the tip of needle, and
ejected jets were then solidified on a grounded rotating drum
collector. Afterwards, the solidified fibers were collected as
nanofiber membrane. Fiber morphology of the obtained fib-
ers from PVDF, PVDF with CNT, and PVDF with BTO
solutions and their respective diameter distribution are inves-
tigated. Electrospinning processing parameters were opti-
mized to get uniform, continuous, free of beads or drops,
random oriented fibers, which possess an overall balanced
diameter distribution and can be clearly seen from the SEM
images (Fig. 1b, Fig. S2). Due to electrospinning parameters
variation, among three PVDF based electrospun nanofib-
ers, CNT/PVDF nanofiber has the largest mean diameter of
745.65 + 49.5 nm, and BTO@PVDF nanofiber has an aver-
age diameter of 436.87 + 26.8 nm, improved around 29.4%
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Fig. 1 Preparation of nanofiber membrane. a Schematic diagram of the electrospinning process, b SEM images of three types of nanofibers and

their diameter distribution

compared to pristine PVDF (337.62 + 27.6 nm) without the
addition of BTO particles.

Characteristics of NF Membranes

Mechanical and electrical properties of the ESNF mem-
branes are then investigated. Tensile test results of three
types of nanofiber membrane prepared by electrospinning
(Table 1) validates the impact of added CNT on improving
ESNF’s mechanical properties.

Accordant with Table 1, stress-strain curves (Fig. 2a)
of these three types of ESNFs help demonstrate that CNT/
PVDF NF membranes are with the highest Young’s modulus
and can bear higher tensile strength, with a price of lower
elongation ability when stretching. It is assumed that addi-
tion of CNT induces f-phase of the PVDF NF and increases
the elasticity [17]. Interestingly, the addition of BTO parti-
cles appears to weaken the strength of the ESNF membrane.
This is because the size of BTO particles (with a diameter
of ~1 um) is bigger than the average diameter of nanofiber
(Fig. 1b left bottom), forming a bead-on-string-like structure
that disrupts the continuity of nanofibers. However, as can

be seen from the SEM images, introduction of BTO particles
along the PVDF fibers increased the surface roughness of
the fiber membrane, resulted in more frequent and intense
friction as well as bigger contacting area among fibers when
pressure applied, thus contributes to improved dielectric
property (Fig. 2b) and hydrophobicity (Fig. 2c) of BTO@
PVDF NF over pristine PVDF NF.

Consider ESNF membranes equivalent to the dielectric
material in a capacitor, so that their dielectric relative per-
mittivity can be calculated by k = C%, where C is the capac-

itance of the membrane, C, is the capacitance in the
absence of the nanofiber mats which calculated by
Cy = 1 where free space permittivity g,=28.85 X
10712 F/m, A and d represents the area and thickness of
measured sample, respectively. Measurement at each fre-
quency contains at least 3 datapoints. The variation of
calculated dielectric constant (k) as a function of fre-
quency for three ESNF membranes is plotted in Fig. 2b.
As shown, the k value slightly decreases with increasing
frequency due to frequency-dependent interfacial polariza-
tion effects [46] but possess overall stability. Also, an

Table 1 Mechanical properties
of electrospun nanofiber

membranes

Mechanical properties PVDF NF CNT/PVDF NF BTO@PVDF NF
Young’s modulus (MPa) 0.29 +0.02 0.57 +0.09 0.18+0.03
Yield strength (MPa) 0.92+0.17 2.18 +0.49 0.43 +0.07
Ultimate tensile strength (MPa) 1.72 +0.40 2.95 +0.50 0.61 +0.06
Elongation at break (times) 2.47+0.33 1.49 +0.06 0.79 +£0.03

@ Springer



Advanced Fiber Materials (2023) 5:1417-1430

1421

(@)a4

w
1

L

Tensile Stress (MPa)
- N

— CNT/PVDF NF
— PVDF NF
BTO@PVDF NF

L

o T L] r L] T L] T L] T L] T L] T
0 5 10 15 20 25 30 35
Tensile Strain (%)

(c)
Spin-coated PVDF PVDF NF

CNT/PVDF NF BTO@PVDF NF

Fig.2 Characterization of the hydrophobic nanofiber membranes.
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improvement of k value can be observed with the addition
of CNT and BTO particles in PVDF ESNFs across all
frequency range, which is more prominent in lower fre-
quencies. Increase in k of the PVDF with the addition of
CNTs or BTO nanoparticles is due to the poor conductiv-
ity of the polymer matrix and great dielectric permittivity
difference between the PVDF matrix and the additives,
leading to accumulation of charges that can be carried at
the interface [47, 48]. For example, addition of BTO par-
ticles boosted the dielectric permittivity of PVDF NF
improved over 105% at 10 Hz and over 78% on average
through all frequencies. Trend of improvement ratio of k
with respect to frequency is plotted in Fig. S3. Compared
to melt-mixed solid samples, porous PVDF ESNFs have
lower dielectric constants because of their different degree
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spin-coated PVDF film (i) becomes hydrophobic after electrospinning
as (ii) PVDF electrospun nanofiber film, this hydrophobicity further
increased with additives of CNT (iii) and BTO (iv), d Water vapor
transmission rate comparison of nanofibers, conducted with bottles
filled with water and each covered with nanofiber mat in a closed
environment of 37°, RH 60% to let water naturally evaporate

of porosity, especially when high p-phase content induced
[49-51]. Similar results were observed in the studies
where increased f-phase content in the PVDF leads to
decreased dielectric permittivity [52]. That is to say, appli-
cations such as energy storage demands high dielectric
constant [53], whereas ESNF membrane with an appropri-
ate level of permittivity allows the electrons to transfer
freely and at the same time, minimize the electrons stored
inside.

A hydrophobic surface of the membrane is desired since it
prevents pollution and fouling [54]. Water contact angle tests
confirms that process of electrospinning certainly brings out-
standing hydrophobicity to the membrane by modifying the
surface roughness (Fig. 2c). Spin-coated PVDF exhibits a
slightly hydrophilic surface, whereas after electrospinning,
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PVDF ESNFs appears to be hydrophobic with a water con-
tact angle of 130°, which further increases to 133° for CN'T/
PVDF and 135° for BTO@PVDF membrane. Additionally,
all membranes showed good breathability after a 24 h water
permeability test measuring the weight loss of vaporized
water under 37 °C which mimics human body temperature
(set up shown in Fig. S4). Water vapor transmission rate
(WVTR) is then calculated by WVTR = /\m/A X t,, where
/\m denotes the average mass difference of water of at least
three sample groups, A represents the water vapor transmis-
sion area, and ¢ represents the time span of the test. As shown
in Fig. 2d and Fig. S5, CNT/PVDF membrane exhibits the
highest WVTR of 5.429 kg'm~2'day ™", presumably due to its
larger fiber diameter and pore sizes, while BTO@PVDF has
a WVTR of 5.313 kg'm~*'day~! and 5.324 kg'm~>'day~! for
pristine PVDF membrane, which are comparable or higher
than reported breathable nanofiber membranes [55-57]. As
a result, advanced hydrophobicity, breathability, and water
permeability demonstrate the possibility of utilizing these
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Fig.4 Improved P-phase content ratio through electrospinning and
additives in nanofibers. XRD patterns and corresponding character-
istic peaks fitting showing improved f-phase crystalline content of
nanofiber membranes prepared by electrospinning compared to spin-
coated film from the same solution: a spin-coated PVDF, b PVDF

@ Springer

nanofiber, ¢ CNT/PVDF and d BTO@PVDF. e FTIR verifies phase
contents of electrospun nanofibers from 16 wt% PVDF (blue), CNT/
PVDF (green) and BTO@PVDF (orange). f f-phase content ratio in
percentage over four types of PVDF-based films, where spin-coated
PVDF film is the control
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ESNF membranes as e-skin substrates or skin-contacted
tactile sensors.

Crystalline Phase Analysis

Electrospun PVDF fibers can be semi-crystalline, and their
polymorphic behavior and electroactive properties rely on
the crystalline phase variation. PVDF f-phase possesses
superior piezoelectric and pyroelectric properties because
of the well-oriented polarized structure of the all trans planar
zigzag conformation [58].

X-ray diffraction (XRD) spectra were used to characterize
the crystallinity of PVDF-based membranes. XRD results
(Fig. 3, Fig. S6) and their fitted curves (Fig. 4) confirmed
the boosted presence of f-phase content.

To analyze the crystallinity of PVDF-based membranes
quantitatively, XRD patterns of the spin-coated pristine
PVDF, PVDF ESNFs, CNT/PVDF ESNFs, and BTO@
PVDF ESNFs were simulated with multipeak fitting and
shown in Fig. 4a—d, respectively. Comparing PVDF mem-
branes prepared by electrospinning and spin-coating from
the same solution, the notably increased peak intensity
at 260=20.5° (Fig. S6, Fig. 4a and b) indicating the pull-
ing effect of electrical force of electrospinning process on
B-phase content enhancement [59], which is higher than
the intensity at 18° that indicates a-phase conformation.
The spin-coated PVDF membrane shows an amorphous
phase and diffraction peaks at 17.5°, 18.5°, 19° that corre-
spond to a-phase, and 20.5° for f-phase [11]. It is believed
that electrical poling changes the conformation of the
phase contents, by which electrospinning played a critical
role in promoting inter-chain registration, and not only
greatly promotes -phase formation but also enhances the
polarization alignment in the resulting PVDF nanofibers.
Further, the fraction of the B-phase is calculated with equa-
tion: F(f) = Ag/A, + Ay + Agypr Where F(f) is the -phase
content fraction, A,, Ay and A, represent the peak area
of a-, p- and amorphous phase, respectively [11, 60]. After
electrospinning, the dominant a- and y-phase [61] coexist-
ing with B-phase [62] has changed to an increased p-phase
content from 16.46 to 28.18% (Fig. 4f), implying that elec-
trospinning contributes to the formation of p-phase crys-
tallinity in PVDF nanofiber membrane [63]. The results
show B-phase fraction of the PVDF nanofibers is signifi-
cantly enhanced compared with addition of additives that
increased to 41.66% with CNT and 43.85% for BTO par-
ticles. As shown in Fig. 4c and d, the presence of CNTs
and BTO particles helps formation of the -phase in PVDF
[64] and boost the electrical property of the device, as they
can be semi-conductive depending upon tube diameter and
chirality [65]. During electrospinning of CNTs dispersed
PVDF solution, CNTs act as nucleating agents that ben-
efits jet elongation, electro-static reactions act between

CF, groups of PVDF and the functional groups to reach
a crystallization ratio [17, 62]. Similarly, BTO particles
provides more nucleation sites to form more p-phase in
PVDF [66].

Furthermore, Fourier-transform infrared spectroscopy
(FT-IR) analysis was performed as well to examine the crys-
talline contents since several unique characteristic peaks can
be represented to identify a-, B- and y-phases. IR absorption
bands of p-phase are located at 840 and 1279 cm™' (Fig. 4e)
as strong supporting evidence for the pf-phase crystal, yet
vibrational bands at 766, 795, 976, 1210 cm™' that deter-
ministic for a-phase are nearly negligible [58, 59, 67]. It
can be noted that a tiny peak appears at 1234 cm™~! band for
y-phase, which could relate to the relaxation process (f—7)
that often occurs in stretched PVDF samples [68].

Tactile Sensing Performance of the PENG

The self-powered sensing device was assembled with NF
membrane sandwiched between conductive electrodes
and encapsulations (Fig. S1) and works with piezoelectric
effects. This PENG device consists of multiple functional
layers where the nanofiber membrane serves as active
sensing and electron generating layer, copper as conduc-
tive layers and PET as protective layers. In the absence of
disturbance, the electric dipoles oscillate in a random man-
ner, which happens within a certain tiny range regards to
their aligned axes and maintaining a constant overall level
of average spontaneous polarization [69, 70]. Mechanical
deformation introduced to the PENG’s surface will com-
press the device, and significantly reduce the total sponta-
neous polarization. Working as a PENG, the tactile sensor
is capable of sensitively responsive to mechanical stimuli
induced deformation, which shifts the polarity and generates
imbalance in electron distribution, in turn to be reflected as
electron flow. The inherent concise structure endows it ease
to assemble and replicate with low cost and self-powering
capability as a nanogenerator saves the device from exten-
sive bulky supporting circuits.

This decrease of induced charges leads to generation of a
flow of electrons, which conversely cause an opposite direc-
tion of electron flow when the compression is withdrawn and
polarization get recovered to its original state [23]. Typical
waveform responses upon pressure of the PENG tactile sen-
sor are shown in Fig. 5a, which carried out a fast response
time of #,; = 82.7 ms and an average recover time of 7, =
248 ms. Sensing performance of the PENG were evaluated
by applying a series of force with various intensity (Fig. 5b),
it can be seen obviously that the output voltage increased
with higher pressure implemented. To investigate the effec-
tive functional surface area of the PVDF ESNF membranes,
various sizes of membrane area are chosen to conduct the
loading test. It can be seen in Fig. 5c that upon cyclic load of
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0.5 N, membrane with side length 2 cm, area S5 exhibits the
maximum voltage output and thereby chosen for the follow-
ing applications. This size is also appropriate to be attached
on skin to fit the curvature of human body so that the PENG
can serve as a wearable sensor, which will be discussed later.
Moreover, Fig. 5d shows the voltage response generated with
pressure applied which held for a short period (#,) before
release, and f,, was set to 1, 2, 3, 4, and 5 s respectively.

@ Springer

Notably, the waveform shows a lag in-between the positive
and negative peaks correspondence with #,, which identi-
fies the characteristic of piezoelectric response, and assures
the identification of tactile sensing pattern from acquired
waveform pattern.

The equivalent circuit model was developed for the ESNF
membrane-based PENG when viewing it as whole (Fig. Se).
The short-circuit current (/) curve with varying resistive
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«Fig.5 Waveform spectrum of electrical responses from self-powered
nanofibrous PENG. a A typical response of the PENG device gener-
ating open circuit voltage when periodic pressure applied on contact
area of 2 cm? under the contact force of 0.8 N every 4 s. Zoomed-in
view of the signal waveform showing a fast response time #,; = 82.7
ms, an average recover time f,, = 248 ms, b the PENG device shows
increased value of voltage when applied with higher intensity of
pressure, ¢ voltage responses of PENG device under a cyclic load of
0.5 N with various size of the active BTO@PVDF ESNF membranes,
the devices are square-shaped with area of S, to S5, of which the side
lengths are controlled to be 1.2, 1.7, 2, 2.5, 3 cm, respectively, d volt-
age response of the PENG with applied pressure with a cycle of every
5 s and a short holding before release, where holding period #, = 1
s and 2 s, 3s, 4s, 5s, respectively, e a simplified equivalent circuit
of the ESNF based PENG, where S, C,,, R, denotes the equivalent
voltage source, capacitance and resistance of ESNF PENG, respec-
tively, and R represents the external load, f fitted curve of average
voltage amplitude with respect to applied force showing a two-stage
sensitivity of the tactile sensor, g short circuit current as a function of
resistive load and its corresponding relative power density, h PENG’s
generated voltage output versus applied force, i PENG’s response to
various common laboratory objects, j the device shows great dynamic
durability and performs stability after over 12,000 pressing-releasing
cycles (left). Zoomed-in waveform electric responses (right) of gener-
ated open circuit voltage (upper section) and current (lower section)

loads of individually operated PENG was plotted by sub-
stituting changing load in the circuit, relative power den-
sity was derived accordingly as illustrated in Fig. 5g. With
Ohm’s law, the current output exhibits exponential descend-
ing trend associated with the resistive load, while the calcu-
lated peak relative power density was observed with the load
of 1 MQ. In Fig. 5h, voltage output variation against applied
force intensity with a wider span was employed to further
investigate the sensitivity of the PENG. Subsequently, the
relative sensitivity of the tactile sensor can be calculated by
finding the slope of fitted Force-Voltage curve. As shown,
the sensor exhibits a two-stage sensitivity (Fig. 5f), where
in a narrower pressure range of precision within 0.5 bar, a
response of 11.6 V/bar is shown. Whereas for stimulus with
a wider range of 0.5-5 bar, it performs a less steep slope: a
diminished sensitivity of 660 mV/bar, which are comparable
or higher than the sensitivity of similar PVDF ESNFs based
tactile sensors (Table S1, Fig. S7). As the result, its high
sensitivity in minor pressure range makes it an ideal can-
didate for tactile sensor especially for human motion sens-
ing, capturing subtle mechanical deformation introduced by
movements in real time.

Assured the tactile sensing capability of the PENG, a set
of common objects found in laboratory were gently placed
on the device. As exhibited in Fig. 5i, the response voltage
waveforms hold diverse forms and patterns due to distin-
guished initial contact area shape and overall weight dis-
tribution of tested objects, which certificated the PENG’s
dynamic sensitivity of tactile sensing. Dynamic stability and
durability of the PENG was evaluated by repetitive continu-
ous pressing-releasing test for over 12,000 cycles (Fig. 5j).

Owing to the excellent flexibility and intrinsic nanofibrous
structure, as shown in Fig. 5j zoomed-in figures, the PENG
performs outstanding robustness that no obvious deteriora-
tion in output amplitude is observed throughout the load test-
ing cycles, verifying the potential of adopting such PENG
as wearable tactile sensor for long-term usage. Overall, the
tactile sensing performance of the PENG in terms of sen-
sitivity and device durability has shown advantages when
compared with similar reported works, depicted in Fig. S7,
and detailed parameters are listed in Table S1.

Nanofibrous PENG as a Health-Care Tactile Sensor

Eventually, we investigated the application of the developed
PENG device for healthcare by attaching it on human body
as a self-powered motion sensor to harvest mechanical ener-
gies of movements. Several sets of actions were designed to
exploit the PENG’s motion sensing capability which attached
to selected spots (elbow, hip, thigh, knee, and ankle) over the
body (Fig. 6a). Generated voltage waveforms were inspected at
these locations, each performed unique responses in terms of
signal duration, intensity span, waveform pattern and complex-
ity. For instance, voltage generated by elbow bending generally
falls in the range of below 5 mV (Fig. 6b), where the peaks are
followed by modest oscillation, owing to the prolonged times-
pan of elbow bending-stretching movement. While the volt-
age harvested from hip with movement of leg lifting (Fig. 6¢
upper left) has a similar peak amplitude, its oscillation is more
gathered around peaks due to the inertia of lifting/dropping
movement instead of distributing widely. The voltage peaks
occur with a higher frequency during periodic light jumping
(Fig. 6¢ upper right). In the lower section of Fig. 6c, it can be
seen that the PENG sensor is able to distinguish motions with
different intensity as well. Apparently, difference in walking
speed leads to discrepancy in response magnitude that periodic
slow walking generates a peak voltage within 4 mV, whereas
periodic fast walking generates a peak voltage of 10-20 mV.
Since the PENG shows great stability and sensitivity, it reflects
the frequency as well as the magnitude external stimuli. Inter-
estingly, when adhering the PENG sensor on thigh (Fig. 6d),
diverse patterns can be observed of foot lifting dependent upon
the foot separating region. We suspect this to be attributed
to the fact that the wearer’s body weight distributes in the
manner that the center of gravity is slightly deviate towards
the heel from the center of heel and forefoot, resulting in a
stronger response when lift foot from heel. Excellent sensitiv-
ity in lower pressure range ensures the PENG device’s ability
to react to even the slight deformations. For example, sensor
attached on inner ankle tracks respiratory rate with wearer sits
in a cross-legged position. It performs a clear decrescendo
trend with output voltage from 1.7 to 0.7mV when the wearer
sits down and recovers from movement (Fig. 6f left and mid-
dle). After relaxation, the PENG device monitors the minor
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Fig.6 Body motion detection and recognition using PENG device
based on ESNF membrane. a Locations of the PENG sensor device
attachment and their corresponding waveform responses from:
b elbow: bending-stretching, ¢ hip: periodic leg lifting (up left),
periodic jumping (up right), periodic slow walking (lower left) and
periodic fast walking (lower right), d thigh: forefoot lifting (left)

deformation induced by wear breathing, which shows a nor-
mal respiration rate of around 15 times per minute. Surely
the device on ankle also responds to other movements when
motion range goes up, such as foot tapping where cyclic tap-
ping of 5 times each set every 5 s was exhibited (Fig. 6f right).

All above results verified the feasibility of the PENG
device as tactile sensor for human motion monitoring and
recognition, implying its potential for exercise tracking and
rehabilitation.

@ Springer

versus heel lifting (right), e knee: leg lifting (left) and bending
(right), f ankle: tracking respiratory rate of the wearer in relaxing
process, heavy breath after movement (left) and normal breath after
relaxation (middle), as well as major/minor periodic foot tapping sit-
ting with relaxed state (right)

Conclusions

A self-powered piezoelectric nanofibrous membrane as
wearable tactile sensor was successfully fabricated through
electrospinning for human body motion monitoring and
recognition. The PVDF-based ESNF membrane’s favora-
ble mechanical and electrical properties such as flexibility,
durability, hydrophobicity, breathability, and permeability,
make it particularly suitable for wearable tactile sensors.
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The improved P-phase content in the ESNF membrane
also ensures its piezoelectric performance. The assembled
PENG sensing device exhibits an outstanding sensitivity
over a wide range of pressure (116mV-kPa~! in precise
pressure detection of 0—10 N, and 6.6 mV-kPa~! for load
within 10-100 N), a rapid response time of 82.7 ms, and
excellent durability over 12,000 loading test cycles. Fur-
thermore, the PENG device can be used as a wearable tactile
sensor, generating representative waveform voltage patterns
that correspond to diverse body motions through generating
representative waveform voltage patterns. This demonstrates
the potential for the PENG tactile sensor to expand the
application of self-powered electronic wearables and offer
a convenient way of body motion monitoring and recogni-
tion. As demonstrated, the PENG tactile sensor enlarges the
application of self-powered electronic wearables and offers
a feasible and convenient way of body motion monitoring
and recognition.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-023-00282-8.
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