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Flexible electronics are emerging as a promising new platform for wearables; however, their practical utility is
hindered by the limited battery life of electronic devices and the need for frequent battery replacements. Here,
we report self-powered, flexible, permeable, tough, and lightweight biomechanical energy harvesting and bio-
physiological sensing devices using textured nanofibers for wearable electronics applications. The textured
structure draws inspiration from two major sources of nature: the interior porous structure of jute fibers and the
rough bark texture of trees. Interior pores are introduced to the nanofibers to increase compressibility and
breathability like jute fibers. The inspiration from the rough bark texture also leads to a wrinkled surface
morphology of the nanofibers to expand the surface area and consequently enhance toughness. To design and
fabricate such a textured structure, the vapor-induced phase separation mechanism and electrospinning tech-
nique are employed within a controllable high humidity environment. Consequently, the textured nanofiber-
based devices exhibit a well-rounded performance in electrical, mechanical, and physical properties, specif-
ically demonstrating a significantly enhanced piezoelectric performance with more than two-fold electrical
generation. These textured devices not only effectively harvest biomechanical energy from human movement but
also demonstrate sensing capability for self-powered multifunctional biophysiological monitoring applications by
leveraging the same piezoelectric mechanism. The novel design strategy for the textured nanofibers and their
resultant balanced performance promotes the versatility and practical applicability of piezoelectric fibrous en-
ergy harvesting and sensing devices, contributing to the development of next-generation flexible and wearable
electronics.

1. Introduction batteries (2500 mAh) [9-13]. By utilizing a method to harness the

biomechanical energy that is continuously being generated both actively

Flexible electronics have taken the world by storm over the past
several decades due to their immense potential in a broad range of ap-
plications [1-6]. These flexible electronics provide novel approaches to
design and manufacture wearables, enabling innovative solutions for the
challenges in traditional electronics. However, the practical utility is
compromised by the limited battery life of the electronic device and the
requirement for periodic battery replacements, leading to an overall
bulky device with limited long-term utilization, performance, and
consideration of user comfort. Therefore, there is a critical need to
optimize the power source of flexible electronics [1,7,8]. The human
body, on the other hand, stands out as a substantial source of biome-
chanical energy, demonstrating potential for direct utilization in pow-
ering a variety of bioelectronic devices. For example, an average human
body generates energy roughly equivalent to the output of 800 AA
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(such as joint movements and feet stepping on the ground) and passively
(such as the heart beating and diaphragm movements), the essentially
“free” energy could be harvested without it being dissipated into the
ambient environment [2,14]. Piezoelectric materials have attracted a lot
of interest in energy harvesting due to their ability to convert mechan-
ical energy, including that generated by sources like the human body,
into electrical power [15-17]. Among various piezoelectric materials,
piezoelectric polymers such as polyvinylidene fluoride (PVDF) and its
copolymer poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE))
are excellent candidates for flexible electronics due to their exceptional
flexibility, biocompatibility, light weight, and great processability with
micro/nano structures [18-22]. For example, PVDF and P(VDF-TrFE)
can be designed and fabricated into nanostructures such as nanofibers
[23-25], nanowires [26,27], nanotubes [28-30], and more to
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demonstrate their excellent processability into a variety of structures
without degrading their piezoelectrically active components. Moreover,
piezoelectric polymers also have great chemical resistance and thermal
stability that make them ideal for long-term wearable applications [18,
21,22]. With the same working mechanism, piezoelectric polymeric
devices that are used as energy harvesters can also function as
self-powered sensors or transducers to demonstrate their versatility in
other fields such as healthcare. Despite those desirable advantages, they
display weak piezoelectric properties when compared to other piezo-
electric materials such as ceramics and single crystals, posing challenges
in achieving effective energy harvesting and advanced sensing capa-
bility [19,31,32].

Different material designs and fabrication methods have been
explored to address such challenges that can improve the piezoelectric
properties of polymers [27,33-37]. Notably, the electrospinning method
stands out for its simple operation and versatility, enabling the use of a
broad range of materials and the ability to control fibrous morphology
and dimensions that can enhance the electrical properties of such
polymers [22,24,38,39]. Essentially, the polymer solution undergoes a
high voltage field and mechanical stretching to produce continuous and
uninterrupted nanofibers of variable diameters that eventually solidify
into conventional cylindrical structures with smooth surfaces [24,38].
The nanofibers are simultaneously polarized during fabrication, which
can enhance the piezoelectricity of polymeric materials such as PVDF
and its copolymer P(VDF-TrFE) during the fabrication process without
further post-treatment [22,38,39]. In the electrospinning approach, the
mechanical stretching creates tensile stress that aligns the molecular
chains in the direction of the spinning to increase the crystallization of
piezoelectric polymers [29,40,48,49]. Such nanofibers have a large
surface area to volume ratio, which can be taken advantage of during
biomechanical energy conversion, and the fabrication approach also
benefits from the use of various electrospinnable materials. Using this
method, pristine piezoelectric nanofibers can enhance piezoelectricity
without additives, showcasing superior flexibility compared to piezo-
electric ceramics, making them pivotal for flexible and wearable elec-
tronics. However, despite the straightforward fabrication process,
conventional nontextured polymeric nanofibers fail to exhibit a
well-rounded performance in critical properties, such as flexibility,
piezoelectricity, toughness, and permeability, which should be taken
into consideration for the sustained application and optimal utilization
in flexible electronics, particularly in biomechanical energy harvesting
or healthcare related fields for wearable applications. There have been
many reports on improving the material performance or device perfor-
mance with the piezoelectric polymer P(VDF-TrFE) [22,23,39-55] but
very few reported literature on achieving a balanced performance that
considers all the key properties mentioned above [56-58].

In tackling such a challenge, our approach involves the development
of a textured design for the P(VDF-TrFE) nanofibers, drawing inspiration
from two key sources in nature: jute fibers and trees. Inspired by the
porous interiors of jute fibers to allow easy water transfer in the plant
[59,60], we aim to incorporate similar interior pores within the P
(VDF-TrFE) nanofibers to enhance compressibility and breathability
[42,43,61], offering potential for emerging flexible and wearable elec-
tronics. Exploring not only the interior characteristics but also the sur-
face morphology of the piezoelectric polymeric nanofibers, we took
motivation from the rough bark texture of trees. Mirroring the toughness
of the tree bark, we integrated a wrinkled surface in the design of the
nanofibers, increasing surface area and consequently enhancing tough-
ness of the overall nanofibrous membrane through improved stress ab-
sorption. Previous studies have also used bioinspiration to influence the
design either in the interior or on the surface of their nanofibers
[62-65], but our work uses bioinspiration to shape the design of both the
interior structure and the exterior morphology of the nanofibers. By
optimizing both the interior and surface morphology of the textured
piezoelectric nanofibers, a versatile and high performance of electrical,
mechanical, and physical properties was demonstrated when
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considering the power output, flexibility, stretchability, toughness, and
permeability in textured nanofiber-based devices, especially when
compared to the performance of nontextured nanofiber-based devices.

Herein, we developed a self-powered, flexible, permeable, tough,
and lightweight device that demonstrates a high-level and well-rounded
performance by utilizing textured P(VDF-TrFE) nanofibers as the func-
tional material for harvesting biomechanical energy and sensing various
biophysiological signals. Inspired by nature, the introduction of the
textured structure of the nanofibers resulted in enhanced electrical,
mechanical, and physical properties when compared to that of the
nontextured nanofibers. Specifically, there was more than two-fold
enhancement of electrical generation with the textured nanofiber-
based device to demonstrate an improved piezoelectric performance.
Furthermore, such a device shows its capability in energy harvesting
applications by effectively capturing the biomechanical energy gener-
ated by the human body, such as from the motion of the elbow bending.
Due to the same transduction mechanism, the nanofibrous sensing de-
vice was able to sense minute biophysiological signals when placed on
the epidermis to demonstrate its capability in self-powered bio-
physiological sensing applications, which includes sensing the radial
pulse from the wrist and seismocardiogram (SCG) signals from the chest.
The sensing data was further used to evaluate a range of other physio-
logical parameters, such as the heart rate and the radial arterial
augmentation index. Therefore, the development in materials and
fabrication methods, device functionalities, textural morphologies, and
overall design strategy culminates in the creation of novel bioinspired
textured nanofiber-based devices for energy harvesting and sensing
applications.

2. Results and discussion
2.1. Design of the textured nanofibers inspired by nature

The overall schematic of the textured nanofiber-based device, uti-
lized as both a biomechanical energy harvester and biophysiological
sensor, is shown in Fig. 1. In our work, the textured nanofibers are
defined as exhibiting both interior pores and a wrinkled surface. Such
textured structure of the nanofibers draws inspiration from nature. The
induced interior porosity is inspired by the porous nature of jute fibers,
while the wrinkled surface morphology of the nanofibers is influenced
by the rough bark texture of trees. Regarding the porous inspiration, jute
fibers are hydrophilic and porous materials that are obtained from the
plant genus Corchorus [60,66]. They are considered lignocellulosic fi-
bers, in which their interior porosity helps to easily transfer nutrients
and water to the plant’s root system. The facile transportation can be
attributed to the excellent permeability demonstrated by these natural
fibers. As such, we have been inspired by these natural fibers and have
induced interior pores to the piezoelectric nanofibers, which has the
additional benefit of resulting in increased compressibility of the
nanofibers. Furthermore, the surface morphology of the nanofibers is
inspired by trees with wrinkled bark. In nature, some trees grow rough
and jagged tree bark to form a barrier of protection against outside
forces, and it can be observed that they appear “tougher” when
compared to trees with smooth bark [67]. The functionality of tree bark
in terms of toughness can be attributed to various structural and
chemical components, and it is crucial for withstanding mechanical
stresses like wind, animal activity, or other external forces. Thus,
introducing a wrinkled surface enhances the toughness and expands the
surface area of the piezoelectric nanofibers due to the dips and crevices
of the uneven surface. Therefore, the design and fabrication of nano-
fibers with both interior pores and wrinkled surfaces would yield ma-
terials characterized by exceptional permeability, enhanced
compressibility, increased toughness, and expanded surface area,
thereby contributing to a well-balanced performance across electrical,
mechanical, and physical properties. Such bioinspired, textured
nanofiber-based devices excel in multifunctional applications, such as
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Fig. 1. An overview of the bioinspired, textured, and balanced performance of the P(VDF-TrFE) nanofiber-based device that demonstrates its capability in
biomechanical energy harvesting and multifunctional biophysiological sensing applications.

harvesting biomechanical energy and sensing various biophysiological
signals for real-time health monitoring (Fig. 1).

2.2. Fabrication and characterization of textured nanofibers

An overview of the fabrication method for the textured nanofibers
along with their microscopic structure and chemical properties is illus-
trated in Fig. 2. Textured P(VDF-TrFE) nanofibers are fabricated mainly
based on the vapor-induced phase separation (VIPS) mechanism
(Fig. 2a), in which we easily control the relative humidity (RH) of the
electrospinning environment (up to 90% RH) at a constant ambient
temperature between 65 °F to 70 °F. Previous studies have also obtained
porous nanofibers by inducing the VIPS mechanism on other polymers
such as polystyrene (PS) and poly(lactic acid) (PLA) [61,68,69], whereas
some studies have induced interior pores through the same mechanism
onto P(VDF-TrFE) membrane films rather than nanofibers [70,71].
Other studies have introduced interior pores to P(VDF-TrFE) nanofibers
using the VIPS mechanism by introducing a controllable humid envi-
ronment through various methods such as utilizing humidifiers and
dehumidifiers inside the electrospinning unit [43,52]. To the best of our
knowledge, our work is the first to induce VIPS onto P(VDF-TrFE)
nanofibers using a water bath equipment (Fig. 2a) that provides a
facile set-up and easily controllable high humidity environment to allow
for phase separation of the nanofibers using water vapor to induce
interior porosity and wrinkled surface morphologies. This fabrication
set-up provides an extremely humid environment with noticeable water
vapor condensation on the sides of the equipment while simultaneously
allowing for the safe and easy fabrication of porous P(VDF-TrFE)
nanofibers. Essentially, when polymer solutions utilize nonvolatile sol-
vents with slow evaporation rates and good water miscibility such as N,
N-Dimethylformamide (DMF), water vapor molecules in a high humid-
ity environment have sufficient enough time to penetrate the nanofibers
during the solidification process [61]. When volatile solvents with fast
evaporation rates such as acetone (ACE) are used, the breath figure (BF)
mechanism is induced, in which the volatile solvents evaporate quickly
and cause significant temperature drops. As a result, water vapor mol-
ecules in a high humidity environment condense on the nanofiber sur-
face to act as placeholders for pores until the water fully evaporates to
create a porous surface morphology.

Here, we utilized an equal volume mixture of the ACE and DMF
solvents through the electrospinning method that allowed for the
incorporation of bioinspired structures in which the ACE:DMF nano-
fibers solidified and formulated an internal nanoporous structure and a
wrinkled surface morphology (see Experimental Section). The VIPS
mechanism predominantly determined the fabrication of interior pores

to obtain a similar porous morphology as jute fibers, whereas the surface
morphology akin to tree bark surfaces was created due to the buckling
instability of the polymer jet [43,72]. When a mixture of a volatile and
nonvolatile solvent is utilized, the polymer jet forms a glassy skin. As
interior pores are formed during the electrospinning process in a high
humidity environment, the polymer jet elongates and shrinks, which
stretches the glassy skin over the wrinkled formation of the solidifying
nanofibers to create uneven surfaces. Since P(VDF-TrFE) is inherently
hydrophobic, water acts as a non-solvent for liquid-liquid phase sepa-
ration to occur [73,74]. In Fig. 2b, the as-spun textured nanofibers can
be observed to be lightweight (3 cm x 3 cm, 18 mg) and flexible. The
scanning electron microscopy (SEM) images provide the microscopic
morphology of the surface and cross-sections of the textured nanofibers
respectively in Figs. 2¢, d. In Fig. 2¢, the SEM image demonstrates
excellent alignment of the nanofibers, while the inset shows the wrin-
kled surface morphology on the aligned P(VDF-TrFE) nanofibers. Inte-
rior pores (diameter of approximately 54 nm) can also be observed in
the SEM image (Fig. 2d) due to the VIPS mechanism being induced in the
high humidity environment. Figs. 2e, f demonstrate the chemical
properties of the fabricated textured P(VDF-TrFE) nanofibers, in which
the crystalline structure and p-phase fraction were analyzed by X-ray
diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy
respectively. In Fig. 2e, the comparison of the diffraction spectrum of the
textured and nontextured P(VDF-TrFE) nanofibers is provided, with
crystallinities of 83% and 72% respectively. A high crystallinity of 83%
is observed for the textured nanofibers due to the mechanical stretching
and in situ poling that occurs during the fabrication process of porous
nanofibers with wrinkled surfaces in a high humidity environment,
whereas the nontextured nanofibers with no pores and smoother sur-
faces are fabricated in a low humidity environment. Fig. 2f further
compares FTIR spectra of textured and nontextured P(VDF-TrFE)
nanofibers. The textured nanofibers had p-phase relative fraction per-
centage of approximately 86%, while the nontextured nanofibers
showed around 74%. Here, the B-phase relative fraction was expressed
by F(B) = A / (Kp/K)Ay + Ap), where F(B) is the B-phase relative
fraction, K is the absorption coefficient at specified wavenumbers, and A
is the absorption band at specified wavenumbers [75,76]. A higher
B-phase formation is observed in the textured nanofibers when
compared to that of the nontextured nanofibers due to the fabrication of
the textured nanofibers in a high humidity environment (up to 90% RH),
which lowers the evaporation rate of the solvent [42,43,77]. With a
decreased evaporation rate of the ACE:DMF solvent, higher crystallinity
can be achieved since the polymer crystallization process is slow and
requires sufficient time to align molecular polymer chains during the
mechanical stretching process of the nanofibers.
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Fig. 2. The working mechanism, microscopic structure, and chemical properties of the textured P(VDF-TrFE) nanofibers. (a) Schematic showing the working
mechanism of the induced porosity and wrinkled surface morphology of the nanofibers. (b) Digital image of the electrospun textured nanofibers on the aluminum foil
substrate. (c) SEM image of aligned textured nanofibers. Inset shows the wrinkled surface morphology of the textured nanofibers. (d) Cross-sectional SEM image of
the textured nanofibers showing interior porosity. (€) XRD comparison of the textured nanofibers and the nontextured nanofibers. (f) FTIR spectra comparison of the

textured nanofibers and the nontextured nanofibers.

To study the impact of the inner porous structures and wrinkled
surface morphology on the performance of textured P(VDF-TrFE)
nanofibers, a systematic evaluation was conducted. Fig. 3 demon-
strates the well-balanced performance of the fabricated textured P(VDF-
TrFE) nanofibers, with an assessment based on their electrical, me-
chanical, and physical properties. To design and fabricate the device, the
nanofibrous membrane was sandwiched between two encapsulation
layers, which are electrode-coated elastomers of polydimethylsiloxane
(PDMS) that are flexible and biocompatible [78]. To fabricate an overall
flexible device that can harvest biomechanical energy from the human
body, compliant electrodes and conformal outer layers are essential
since such devices are able to sustain large deformations to maximize the
amount of energy harvested. Due to their excellent electrical conduc-
tivity and great mechanical strength, single-walled carbon nanotubes
(CNTs) were utilized as the electrodes for the energy harvesting device
[13,79]. The interplay between the surface adhesion of the PDMS and
the conduction induced by the network percolation allowed for contact
pressing to easily transfer the patterned CNTs onto the elastomer (see

Experimental Section). After fabricating the textured nanofiber-based
device, electrical signals are generated after applying pressure due to
the piezoelectric effect of the P(VDF-TrFE) nanofibers (see Supporting
Information, Figure S1). Essentially, the free dipoles within the piezo-
electric nanofibrous membrane are randomly oriented in the presence of
no pressure. After applying pressure, the dipoles align themselves in the
direction of the applied pressure so that the net dipole moment is no
longer zero, in which there is a net positive charge on one electrode layer
(i.e., top layer) and a net negative charge on the other electrode layer (i.
e., bottom layer). During the application of pressure, the piezoelectric
material generates a piezoelectric potential between the two electrodes,
thus driving the flow of electrons in one direction. At the fully com-
pressed state, there is no longer any piezoelectric potential, specifically
no flow of electrons, since an equilibrium state is achieved. When
pressure starts to release, the aligned dipoles will then return to their
randomly oriented state, which then results in the flow of electrons in
the opposite direction.

To evaluate the electrical properties, a conventional test using a
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Fig. 3. Balanced performance of the electrical, mechanical, and physical properties of the textured P(VDF-TrFE) nanofibers. (a) Voltage output comparison of the
textured and nontextured nanofibrous devices using a 20 N applied normal force at 1 Hz. (b) Current output comparison of the textured and nontextured nanofibrous
devices using a 20 N applied normal force at 1 Hz. (c) Output voltage and power at different load resistances using a 20 N applied normal force at 1 Hz. (d) Tensile
stress-strain curve comparison of the textured and nontextured P(VDF-TrFE) nanofibers. Left inset shows initial stage of no stretching for the textured nanofibers;
right inset shows last stage of stretching before fracture of the textured nanofibers. (e) Toughness comparison of textured and nontextured nanofibers. (f) Water vapor
permeability graph demonstrating water vapor loss for four cases: open container, container covered with textured nanofibers, container covered with nontextured
nanofibers, and container completely sealed with plastic wrap. (g) Radar graph showing a balanced performance of the electrical, mechanical, and physical
properties of the textured nanofibers (red) when compared to the nontextured nanofibers (blue).

shaker-based testing platform was designed to assess the mechanical-to-
electrical energy conversion of the piezoelectric material. Briefly, the
function generator and shaker provided mechanical excitation to the
energy harvesting devices at varying forces and frequencies, and the
electrical output signals from the devices were recorded by an oscillo-
scope. A force sensor was fitted to the loading probe to measure the force
magnitude of the mechanical excitation, which was collected using a
data acquisition (DAQ) card. An optics set-up was configured to uphold
the energy harvesting device at the same height as the shaker’s loading
probe, which was fitted with a testing head (see Experimental Section).
Figs. 3a and b respectively show the voltage and current output gener-
ated by both textured-based and nontextured-based energy harvesting
devices when subjected to a mechanical input of 20 N and an excitation
frequency of 1 Hz. Here, the textured nanofibers were fabricated by
using the solvent ACE:DMF and the nontextured using the solvent DMF.
In Fig. 3a, it was found that the voltage output produced by the textured
nanofibers was significantly higher when compared to that of the non-
textured ones, with more than two-fold enhancement of voltage output.
Like the voltage output, the current output produced by the textured
nanofibers (Fig. 3b) was also higher when compared to that of the
nontextured nanofibers, with almost two-fold enhancement. Such
nanofibrous texture results in an enhancement of generated voltage and
current signals due to two main reasons: the interior pores and the
wrinkled surface morphology. Much like jute fibers, there is an increase
of compressibility from the interior pores of the P(VDF-TrFE) nanofiber
that consequently leads to an increase of deformation. The rough and

wrinkled surface morphology also contributes to larger compressibility
due to the uneven surfaces that can be compressible. Since the piezo-
electric charge coefficient is directly proportional to the compressibility
of the overall structure, an improvement of the generated electrical
output can be observed (see Supporting Information) [15,80,81].
Furthermore, for nanofibers also demonstrating wrinkled surface
morphology, there is higher specific surface area for each individual
nanofiber when compared to that of smooth, nontextured nanofibers,
which is comparable to trees that are covered with rough bark as
opposed to smooth bark [42,43]. As a result, the increased contact areas
allow for accumulation of more electrical charges on the surface of the
piezoelectric structure, thereby enhancing the piezoelectric output.
Further experimentation was achieved to characterize the electrical
performance, XRD, flexibility, and permeability of the textured-based
energy harvesting device by tuning solvent ratios of ACE:DMF, the
weight percentage of P(VDF-TrFE), and the relative humidity conditions
(see Supporting Information, Figures S2-S4). Through conventional
testing, it was determined that an equal volume mixture of ACE:DMF at
18 wt% and 90% RH produced the highest voltage generation. In
particular, increasing relative humidity of the textured nanofibers from
60% RH to 90% RH increased the levels of porosity (from 1.4% to 8.6%)
and pore diameter size (from approximately 24 nm to 54 nm), which
directly correlated to an enhancement of electrical output (2.3 V to
4.5 V), whereas the nontextured nanofibers with no interior pores had a
voltage output of 2.2 V (see Supporting Information, Figure S4). Such
voltage characterization for all samples was supplemented with XRD
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analyses, in which the highest observed crystallinity corresponded with
the highest voltage output using ACE:DMF at a solvent ratio of (1:1),
18 wt%, and 90% RH. Furthermore, microscopic morphology has also
been characterized through SEM using different solvents such as DMF,
ACE, and ACE:DMF at different relative humidity conditions (see Sup-
porting Information, Table S1). By changing the relative humidity from
50% (ambient humidity) to 90%, it was found that the dominating
porous mechanism was the VIPS mechanism to induce interior porosity
for the DMF and ACE:DMF nanofibers. Regardless of the relative hu-
midity, the BF mechanism dominated for the ACE nanofibers to induce
surface porosity. To evaluate the power output generated by the
textured nanofiber energy harvesters in practice, the electrical outputs
were measured by tuning the load resistances ranging from 100 Q to
10 MQ, and the instantaneous power was determined accordingly
(Fig. 3c). At aresistance of 1 MQ, the observed maximum voltage output
led to an instantaneous power of 2.7 uW by utilizing a variant of Ohm’s
Law, P = V2/R, in which V is the voltage output and R is the load
resistance. Ultimately, textured P(VDF-TrFE) nanofibers with wrinkled
surfaces and interior pores demonstrated significantly enhanced elec-
trical properties when compared to that of the nontextured nanofibers.

To evaluate the mechanical properties of the piezoelectric nano-
fibers, a tensile test was conducted. In Fig. 3d, textured P(VDF-TrFE)
nanofibers showed a high stretchability up to a strain of 110% and an
elastic modulus of approximately 130 MPa, demonstrating the highly
flexible nature of the textured nanofibers, whereas the nontextured
nanofibers demonstrated a strain of approximately 89% and an elastic
modulus of approximately 230 MPa. The toughness of the nanofibers
was determined based on the tensile testing results (Fig. 3e), showing
that the textured nanofibers exhibited a toughness value of 6173 MJ/m?,
while the nontextured nanofibers had a toughness of 3460 MJ/m°.
Specifically, due to the wrinkled nature of the nanofibrous surface, a
deformable physical formation has been obtained for each individual
nanofiber. Such wrinkled structures can absorb the applied stress by
expanding and smoothing out the wrinkled formation before plastic
deformation and fracturing occur [82]. For further testing on mechan-
ical properties, tensile tests were conducted for all nanofibrous samples
prepared at different preparation conditions to obtain Young’s Modulus
values within the 50 to 300 MPa range (see Supporting Information,
Figures S2-S4).

Furthermore, the water vapor permeability test was conducted by
measuring the amount of water vapor loss through the textured and
nontextured nanofibers. The water vapor loss with the nanofibrous
membranes was also compared with the water vapor loss of completely
open and completely sealed control groups (Fig. 3f, and Experimental
Section). Regardless of nanofibrous texture, the water vapor perme-
ability values exhibited similar trends to the completely open case to
demonstrate remarkable breathability of nanofibers in general. It was
found that the measured permeability value of the textured nanofibers
was slightly higher than that of the nontextured nanofibers, with a value
of 16.0 kg—m’2~d’1, to indicate improved breathability of the textured
nanofibers for wearable electronics. The porosity within the textured
nanofibers allowed for the water vapor molecules to easily diffuse
throughout the nanofibrous membrane layer to evaporate relatively
unimpeded. Ultimately, as shown in Fig. 3g, the instantaneous power,
stretchability, permeability, and toughness of the textured P(VDF-TrFE)
nanofibers respectively reach 2.7 uW, strain of 110%, 16.0 kg-m2.d "},
and 6173 MJ/m®, which are all higher than the value of the nontextured
nanofibers and thus demonstrate a balanced and improved performance
of the electrical, mechanical, and physical properties of textured fibrous
structures. Such enhanced behavior of the properties can be summarily
explained by the engineered nanopores through the developed VIPS
approach, as well as the wrinkled nature of the nanofibrous surface,
which directly leads to an increase of compressibility and expanded
surface area that occurs with the textured formation of the P(VDF-TrFE)
nanofibers. Permeability tests were also conducted for the nanofibrous
samples prepared at different preparation conditions and subsequently
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tested in different environments, in which the permeability values for
the textured nanofibers were calculated to be between approximately 17
to 20 kg-m~2.d"!, while the nontextured nanofibers had the lowest
permeability value ~! (see Supporting Information, Figures $2-S4).

2.3. Energy harvesting applications

Due to the enhanced electrical properties of textured nanofibers and
self-powered feature of piezoelectric materials, such textured nanofiber-
based devices make excellent candidates for biomechanical energy
harvesting applications. Fig. 4 provides the device characterization as an
energy harvesting device fabricated with textured nanofibers, in which
the voltage output generation was achieved through conventional tests
using the shaker-based platform by tuning forces (Fig. 4a) and excitation
frequencies (Fig. 4b). In Fig. 4a, the electrical output at different forces
(5N, 10N, 15N, 20 N, and 25 N at a constant frequency of 1 Hz) was
measured with the peak-to-peak voltage outputs increasing from 1.3 V
t0 6.6 V (R? = 0.95658). Increase of the output voltage with increasing
force can be expressed by V = gs3 x F x t/A, where V is the electric
voltage, g33 is the piezoelectric voltage constant, F is the applied force, t
is the thickness of the material, and A is the effective area of the spec-
imen [83]. The energy harvesting performance at different excitation
frequencies (1 Hz, 1.5 Hz, 2 Hz, 2.5 Hz, 3 Hz, 3.5 Hz, and 4 Hz at a
constant input force of 20 N) was further evaluated (Fig. 4b), with the
electrical output increasing from 4.5V to 12.3V (R? = 0.96502). Such
phenomenon can be further explained by I = ds3 x A x do/dt, in which I
is the piezoelectric current, dss is the piezoelectric charge coefficient, A
is the effective area of the device, and do/dt is the mechanical stress
changing rate [84]. It has been observed that increasing the mechanical
input generally leads to a proportional increase in the output voltage,
following a relatively linear relationship [13,83-85].

The measure of durability and stability of energy harvesters is also a
significant characteristic to evaluate the devices’ long-term perfor-
mance. The durability of our textured nanofiber-based device was
determined through a bending test at over 10,000 cycles. (see Sup-
porting Information, Figure S5). As seen from the insets of Figure S5, the
beginning and ending voltage cycles from the bending test show no
obvious degradation of the voltage amplitudes despite the harsh me-
chanical input given to the device over a long period of time. Also, the
anti-fatigue results from Fig. 4c show that no significant degradation to
the electrical outputs at 10,000 cycles could be observed (mechanical
input of 5 N and excitation frequency of 1 Hz). As can be seen from the
insets of Fig. 4c, the beginning and ending voltage cycles from the anti-
fatigue test demonstrate similar voltage amplitudes. To showcase
practical implementation of the energy harvesting device, a full-bridge
rectifier was adopted to convert the input alternating current (AC)
voltage produced by the piezoelectric material into output direct current
(DC) voltage to charge capacitors (Fig. 4d) and light up LEDs (Figs. 4e,
f). In Fig. 4d, a charging test was performed by connecting 1 pF, 3.3 pF,
and 10 pF capacitors to the device with a rectifying bridge. For the 10 uF
capacitor, it took 43 s for the device to reach ~ 0.18 V (input force of
20 N and an excitation frequency of 4 Hz). To demonstrate the practical
capabilities of this energy harvester, the device is shown lighting up five
green LEDs as a response to hand tapping (Fig. 4e, and Supporting In-
formation, Video S1). In addition, the device was also attached to the
volunteer’s inner elbow. By fully bending the elbow, the device subse-
quently folded in half due to its inner elbow placement between the
forearm and upper arm, and it then harvested enough biomechanical
energy to light up a green LED (Fig. 4f, and Supporting Information,
Video S2). Those results indicate that the energy harvesting device,
which is fabricated based on textured nanofibers, effectively captures
and utilizes the biomechanical energy generated through human body
movements.
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Fig. 4. Device characterization of the energy harvesting device created with textured P(VDF-TrFE) nanofibers. (a) Voltage outputs of the textured nanofiber-based
device under difference forces from 5N to 25 N at a constant excitation frequency of 1 Hz. (b) Voltage outputs of the textured nanofiber-based device under dif-
ference excitation frequencies from 1 Hz to 4 Hz at a constant applied force of 20 N. (c) Anti-fatigue testing of the device at a constant force of 5 N at 1 Hz at 10,000
cycles. Left inset shows two cycles of the voltage output at the beginning of the test; right inset shows two cycles of the voltage output towards the end of the test. (d)
Measured voltages of various charging capacitors charged by the device at 20 N and 4 Hz. Inset shows the circuit connection with a rectifier to a capacitor. (e)
Demonstration of the device’s energy-harvesting capabilities by lighting up 5 LEDs in series connection before applying pressure (top) and after applying pressure
(bottom). Inset shows the circuit connection with a rectifier to LEDs. (f) Demonstration of the device’s biomechanical energy-harvesting capabilities by lighting up an

LED through the mechanical motion of the elbow bending.

2.4. Biophysiological Sensing Performance

pressure (such as the radial pulse or surface vibrations caused by the arm

muscle contractions) allows the polarized dipoles within the piezoelec-

In addition to energy harvesting applications, the same textured tric material to orient themselves such that the net positive and net
nanofiber-based device can be used in multifunctional sensing applica- negative charges are distributed on opposite surfaces of the functional
tions due to the same piezoelectric effect, where the presence of external material [15]. This creates a piezoelectric potential, which causes
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electrons to flow out to a connected circuit. Especially due to its con-
formity to the human skin, the fabricated textured nanofibrous sensor
was favorable for biophysiological sensing applications, such as blood
pressure sensing, mechanomyography (MMG) sensing, and SCG sensing
[86]. As shown in Fig. 5a, the device was attached to the wrist for pulse
sensing. The real-time voltage signals generated from the textured
nanofiber-based device were measured (see Supporting Information,
Video S3), approximating the pulse rate as 80 beats per minute (BPM)
(Fig. 5b). This calculation is consistent with the readings obtained from a
commercial blood pressure monitor, which provided a pulse rate of 78
BPM (Fig. 5b, right inset). The left inset shows one pulse waveform, in
which two definitive signal peaks (P; and P3) can be clearly observed.
Within a single radial artery pressure wave, P; represents the sum of the
ejected incident wave and the reflected wave from the hand, while Py
represents the reflected wave peak from the lower body without the
inclusion of the end-diastolic pressure [87]. With these two distinct

(b) 20
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peaks, the radial arterial augmentation index (Al,) can be determined to
measure the level of systemic arterial stiffness. By using Al, = P»/P; to
calculate the arterial stiffness, the 29-year-old volunteer had an Al, of
approximately 0.52, which was considered to be within the normal
range of a healthy person in his or her 20 s [87]. We also collected
another volunteer’s pulse data from the wrist (see Supporting Informa-
tion, Figure S6). The sensor was able to measure similar real-time
voltage signals, with an approximate pulse rate of 78 BPM, whereas
the commercial blood pressure monitor provided a pulse rate of 76 BPM.
Moreover, the second volunteer’s Al value was computed at approxi-
mately 0.41, which was also considered to be within the normal range of
a healthy person in his or her 20 s [87].

The MMG sensing performance of the textured nanofiber-based
sensor was further demonstrated by attaching the sensor to the outer
forearm (Fig. 5¢). For this sensing, the muscle mechanical activity of the
forearm muscle, or more specifically the flexor digitorum profundus, is
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Fig. 5. Biophysiological sensing applications using the textured P(VDF-TrFE) nanofibers. (a) Digital image of the device attached to the upper wrist area for pulse
detection. (b) Voltage signals of the sensor attached to the upper wrist. The left inset shows a single pulse waveform with two peaks annotated while the right inset
shows the blood pressure and pulse rate values from a commercial blood pressure monitor. (c) Digital image of the device attached to the forearm while the volunteer
is holding onto a gripper. (d) Voltage signals of the sensor attached to the forearm while the volunteer used the gripper at various loads. (e) Voltage signals of the
sensor attached to the forearm while the volunteer does various exercises. (f) Digital image of the device attached to the chest for SCG sensing. (g) Voltage signals of
the sensor attached to the chest. The inset shows a single SCG waveform with important peaks annotated.
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observed through grip force testing (Fig. 5d) and various arm exercises
(Fig. 5e). As the muscle goes through contractions, the shape of the
muscle is deformed in some manner, which subsequently causes vibra-
tions of the muscle fibers [86]. The vibrations cause external pressure to
be applied to the piezoelectric sensor, which then detects the resultant
piezoelectric potential [15]. As shown in Fig. 5d, various grip loads were
tested (averaging 11.5 lb, 21.6 1b, 32.2 1b, and 40.8 1b), which provided
increasing electrical outputs. As the hand clasped the gripper with
increasing loads, it caused the forearm muscle to contract more, thus
creating higher voltage amplitudes of MMG signals, especially for the
40.8 1b load since the trembling of the arm could be visually observed
during testing. Additionally, various arm motion activities were tested
using the same position of the sensor on the forearm, in which the
volunteer did hand clenching, arm bending, and arm bending while
holding a 15 1b weight (Fig. 5e). The hand clenching generated MMG
signals with the smallest amplitudes due to the minimum contraction of
the forearm’s profundus muscle during the motion of the hand, and the
arm exercise with the 151b weight generated MMG signals with the
largest amplitudes since the profundus muscle contracted more with
additional weight. By holding a weight, the mechanical activity of the
forearm muscle increases as the muscle deforms to a greater extent when
compared to the amount of muscle deformation for arm bending without
a weight, which corresponds to higher amplitudes of the MMG signals.
Additional sensing applications were demonstrated by placing the
textured nanofiber-based sensor on the center of the wrist. The wrist was
then flexed upwards and extended downwards, and the sensor was able
to sense MMG signals of the wrist motion (see Supporting Information,
Figures S7-S8).

To demonstrate the versatility of the textured nanofiber-based sensor
for biophysiological sensing applications, the sensor was attached to a
male volunteer’s chest, specifically positioned at the mitral valve to
detect SCG signals (Fig. 5f). SCG is a non-invasive method of measuring
the heart’s mechanical activity by detecting the vibrations of the thorax
wall. The peaks observed in SCG correspond to various physiological
cardiac events [12,88-90]. In Fig. 5g, the sensing signals of the voltage
output generated from the textured nanofibrous sensor were measured,
revealing an SCG waveform with annotated peaks. The first set of peaks
correspond to systolic activities, including the mitral valve closure (MC),
isovolumic moment (IM), and the aortic valve opening (AO); the second
set of peaks correspond to diastolic activities, which include the aortic
closure (AC) and mitral valve opening (MO) [90]. Understanding these
significant maximum and minimum points of SCG waves is crucial. Any
detected irregularities in the waveform’s structure can immediately
alert healthcare professionals to potential cardiac-related issues. For
example, low amplitudes of SCG points such as point AO can correlate to
a reduced coronary blood flow, which could indicate cardiac diseases
such as coronary artery stenosis or ischemia [12,91]. Moreover, by
measuring the distance between point AO and other SCG peak points
and comparing the normal time interval of healthy subjects with that of
unhealthy subjects, it could suggest other cardiac-related diseases and
conditions such as arrhythmia or myocardial ischemia and could aid in
preemptive measures to prevent detrimental cardiac events [92]. With
the piezoelectric effect as the transduction mechanism of the material,
the device using textured P(VDF-TrFE) nanofibers was capable of har-
vesting biomechanical energy and self-powered sensing of bio-
physiological signals from the human body.

3. Conclusions

We have developed self-powered, flexible, permeable, tough, and
lightweight energy harvesting and sensing devices using textured P
(VDF-TrFE) nanofibers for wearable electronics applications. Our
multifunctional device can attach conformably to the human skin to
effectively energy harvest from the biomechanical motions of the human
body and to continuously sense real-time biophysiological signals.
Through the integration of the VIPS mechanism and a facile
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electrospinning technique, we have introduced both interior porous
structures and a wrinkled surface morphology to design textured
nanofibers that derive bioinspiration from jute fibers and tree bark
respectively. Those engineered textured structures of the nanofibers
enhance compressibility and expand surface area of the polymeric
fibrous membrane, and thus improve the device’s electrical performance
by more than two-fold when compared to that of the nontextured P
(VDF-TrFE) nanofiber device. Along with the electrical properties, the
mechanical and physical properties have also been improved due to the
enhanced toughness and permeability of the textured nanofibers,
resulting in an overall well-rounded performance. The flexible and
wearable device, employing textured P(VDF-TrFE) nanofibers as the
functional material, demonstrates its capability as a biomechanical en-
ergy harvester by illuminating an LED using the motion of the elbow.
Furthermore, such textured nanofiber-based devices also serve as a non-
invasive health monitoring solution by sensing various biophysiological
signals, such as pulse wave, MMG, and SCG, and they enable quick and
efficient health analysis through real-time monitoring. By demon-
strating a balanced and enhanced performance, this novel design strat-
egy of textured P(VDF-TrFE) nanofibers facilitates the advancement of
wearable bioelectronics for the next generation of flexible electronics
utilized in multifunctional applications.

4. Experimental section
4.1. Preparation of textured P(VDF-TrFE) nanofiber device

P(VDF-TrFE) solution: The solvent mixture was prepared by
combining an equal volume ratio (1:1) of N,N-Dimethylformamide
(Sigma-Aldrich) and Acetone (Sigma-Aldrich). Then, the P(VDF-TrFE)
solution was prepared by dissolving 18 wt% P(VDF-TrFE) powder (70/
30 mol; Arkema) to the solvent under magnetic stirring conditions for
over 6 h at 60 °C.

Fabrication of textured nanofibers: The electrospinning unit (MTI
Corporation) was used to electrospin the P(VDF-TrFE) nanofibers. The
water bath equipment (Fisherbrand) was placed inside the electro-
spinning unit, filled with deionized (DI) water, and set at a temperature
range of 25 to 50 °C to get the desired relative humidity. One humidity
sensor was placed inside the water bath, and another was placed outside
the water bath to monitor the electrospinning environment humidity.
Parameters for the electrospinning unit were initially set to 18 kV
(applied voltage), 12 cm (distance to collector), 2000 rpm (mandrel
rotating speed), 1 mL/hr (feed rate), and 1 hr (time). The nanofibers
were then annealed at 135 °C for 2 hr.

Encapsulation layers: Silicone elastomer base (Dow Chemical Com-
pany, Sylgard 184) was mixed with the curing agent at a ratio of 10:1 to
prepare the PDMS solution. A vacuum spin coater (MTI Corporation)
was used to spin coat the PDMS solution onto a glass slide at 500 rpm for
30s. Then it was partially cured in the oven at 60 °C for 30 min.
Meanwhile, the CNT solution was prepared by ultrasonicating the CNT
solution and vacuum filtrating onto a polytetrafluoroethylene (PTFE)
membrane filter (pore diameter of 47 nm) to create a CNT percolating
mat. Finally, CNT was transferred to the partially cured PDMS substrate
by contact pressing. A specific pattern of the CNT was formed onto the
PDMS substrate using a Mylar film mask.

Device assembly: The multilayer device was assembled by preparing
the active electrospun textured P(VDF-TrFE) fibrous membrane and two
encapsulation layers. Two electrical wires were attached to the encap-
sulation layers, and then, the textured nanofiber layer was sandwiched
between the two encapsulation layers. The overall device dimensions
measured 4.8 cm x 3.5 cm while the active P(VDF-TrFE) fibrous mem-
brane measured 3.3 cm x 3.3 cm, which was slightly larger than the
testing head (2.5 cm x 2.2 cm) affixed to the shaker’s loading probe in
which it made contact with the active layer during conventional tests.
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4.2. Characterization methods

The microscopic morphology (surface, alignment, and cross-section)
of the textured nanofibers was observed through SEM (JEOL JSM-
9700 F). To obtain the cross-section of the nanofibers, the freeze frac-
turing technique in liquid nitrogen was used. The phase identification
was measured through XRD (PANalytical Empyrean) and FTIR (Agilent
Cary 670). The tensile experiments were measured using a motorized
tension test stand (MARK-10). The testing area of the textured nanofiber
sample was measured at 8 mm x 20 mm with a thickness of 20 um, and
the speed of the tensile test was set at 30 mm/min. The gas permeability
experiment was conducted by using containers filled with DI water. The
experiment had two control groups (opening left uncovered; opening
fully sealed with plastic wrap) and two test groups (opening fully
covered with textured and nontextured P(VDF-TrFE) nanofibers). The
containers were placed inside a chamber with a constant relative hu-
midity (20-30 RH%), and the permeability was calculated by measuring
the DI water weight loss every 24 h for 7 days.

4.3. Testing set-up

A shaker-based platform was designed and built for conventional test
experiments. A function generator (Keysight) was connected to a power
amplifier (The Modal Shop), which then supplied the input excitation to
the shaker (The Modal Shop). The shaker provided the mechanical input
to the device, which was firmly affixed to a fixture frame (Newport). The
real-time electrical output generated by the device was collected and
measured by a voltage pre-amplifier (Stanford) and an oscilloscope
(Keysight DSOX1204A). For current measurements, a current pre-
amplifier (Stanford) was used. The applied forces were separately
measured by a load cell (PCB Piezoelectronics), in which a DAQ card
system (National Instruments) collected the data through the LabView
software. The experiments involving human subjects have been per-
formed with the full, informed consent of the volunteers, who are also
authors of the manuscript.
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