
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
Mokhtari, F., Volodine, A., Deschaume, O., Bartic, C., de Kogel, A., Wang, X., & Varley, R. J. (2026). Bioinspired
Flexible and Stretchable Coil Structure from Ti3C2Tx MXene/AgNPs-Functionalized Piezoelectric Nanofibers for
Enhanced Energy Harvesting. Energy and Environmental Materials. https://doi.org/10.1002/eem2.70348

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1002/eem2.70348


Bioinspired Flexible and Stretchable Coil Structure from
Ti3C2Tx MXene/AgNPs-Functionalized Piezoelectric
Nanofibers for Enhanced Energy Harvesting

Fatemeh Mokhtari* , Alexander Volodine, Olivier Deschaume, Carmen Bartic,
Albert de Kogel , Xuehang Wang, and Russell J. Varley*

1. Introduction

Stretchable self-powered systems are of great
interest for sustainable and efficient energy
solutions in wearable electronics, autonomous
sensors, human–computer interaction systems,
and implantable micropower medical devices.[1]

This growing demand has driven significant
advancements, focusing on material innovation
and structural optimization to enhance the effi-
ciency of converting mechanical energy into
electrical signals in piezoelectric materials.[2]

The synergies afforded through these
approaches combined with miniaturization, is
enabling piezoelectric generators to function
efficiently in low frequency environments.
When fully integrated and compatible at the
systems level, these devices are highly promis-
ing for a wide range of low-power applications,
particularly in medical devices.[3] Implantable
medical devices (IMDs) are becoming wide-
spread, but often depend upon external power
sources, raising concerns about efficiency, lim-
ited lifespan, and patient comfort. To address
these issues, piezoelectric materials offer a
unique solution by harnessing biomechanical

energy sources and transforming them into electrical energy, enabling
IMDs such as pacemakers,[4] neural stimulators,[5] cochlear implants[6]

and other devices to operate independently.[7] Furthermore, increasing
amounts of electronic waste, predicted to reach 82 million tons by
2030, emphasizes the need to develop more energy efficient, durable,
and sustainable medical electronics.[8] Technologies such as
self-powered piezoelectric sensors address this need by generating their
own energy from body movements, reducing reliance on disposable
batteries and minimizing electronic waste over time.

Poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) is a
broadly recognized piezoelectric polymer used in composite systems
due to its favorable electroactive properties.[9] It is particularly
well-suited for electrospinning, as it efficiently forms the electroactive
β-phase than polyvinylidene fluoride (PVDF).[10] Although piezoelectric
polymers are highly valued for their flexibility and ease of processing,
their inherently low piezoelectric charge coefficients (dᵢⱼ), compared
with ceramic based piezoelectric materials, generate weak electrical sig-
nals that are often challenging to detect. As a result, performance
enhancement typically necessitates the use of signal amplification
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The growing popularity of smart electronics in wearables, the Internet of
Things (IoT), soft robotics, and biomedical implants simultaneously demands
more reliable and durable power sources. However, limitations on battery life
continue to compromise reliability, prompting the search for sustainable
solutions for flexible, self-powered systems. In this work, stretchable
self-powered piezoelectric nanogenerators have been designed from
functionalized piezoelectric nanofibers with a bioinspired coiled helical
microstructure. Composed of two-dimensional (2D) Ti3C2Tx MXene and silver
nanoparticles (AgNPs) embedded in a poly(vinylidene fluoride-co-
trifluoroethylene) (P(VDF-TrFE)) matrix, the coiled structure achieves a
mechanoelectrical energy conversion efficiency of 17%, and a power output
of 6.6 mW cm�3 at 50% strain, twice the performance of similarly coiled
structures. These improvements were attributed to the threefold increase in
the piezoelectric coefficient through the addition of 1 wt% AgNPs to the P
(VDF-TrFE)/MXene (0.1 wt%) and the coiled structure further enhancing
β-phase formation reaching up to 70%. An electrospun mat sensor with
dimensions of 2× 3 cm generated 3 V at 1 Hz under an applied pressure of
7 kPa. The coil compact and lightweight design enables seamless integration
into miniaturized electronics and wearable biomedical devices, promising a
sustainable, battery-free power solution.
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strategies such as the incorporation of inorganic and functional
fillers,[11] or post-treatment techniques.[9] Frequently used fillers such
as zinc oxide (ZnO),[12] silver nanoparticles (AgNP),[13] MXene,[14]

barium titanate,[15] reduced graphene oxide,[16] and molybdenum
disulfide (MoS2),

[17] significantly enhance performance by increasing
charge trapping and electrical conductivity. Nonetheless, selection of
piezoelectric materials and fillers for composite structures is influenced
by several critical factors, including operating frequency, mechanical
flexibility, spatial constraints, piezoelectric performance, environmental
stability, biocompatibility, fabrication complexity, cost considerations,
and the specific requirements of the intended application sector.[18]

MXenes are two-dimensional (2D) materials known for their excel-
lent dispersion in solvents, high electrical conductivity, and abundant
surface functional groups. Their general chemical formula is Mn+1XnTx
(n= 1–3), where M denotes an early transition metal, X represents car-
bon and/or nitrogen, and Tx refers to surface terminations such as OH,
O, Cl, and F.[19] Among the various MXene compounds, Ti3C2Tx has
been the most extensively investigated for applications in piezoelectric
generators due to its high electrical conductivity, which consequently
enhances the dielectric constant, charge-inducing, and charge-trapping
capabilities of piezoelectric polymers.[20,21] Ti3C2Tx MXene flakes, with
polar functional groups, provide strong electrostatic interactions with
PVDF-TrFE, which effectively stabilize the polarization of polymer
chains and lead to significantly enhanced energy harvesting
performance.[22] Silver is a highly promising material for biomedical
applications owing to its broad-spectrum antibacterial efficacy, excellent
electrical conductivity, and cost-effectiveness[23] making it a valuable
additive when incorporated into piezoelectric fibers.[24] Furthermore,
silver nanoparticles improve the interfacial coupling with PVDF, help-
ing the polymer chains adopt the all-trans conformation, a highly
ordered, straight alignment that maximizes dipole orientation and
enhances the PVDF piezoelectric performance.[13]

In addition to the composition of the nanofibers, the structural
design and geometry play a key role in determining overall perfor-
mance of piezoelectric nanogenerators. The most common of which
adopt a sandwich structure, consisting of a thin piezoelectric layer sand-
wiched between two electrodes on the top and bottom. However, to
achieve higher efficiencies, further innovation is required. Piezoelectric
structures are typically arranged in thin films, nanofibers mats, and
nanoyarns[25] to enhance flexibility and strain response, while porous
foams[26] and core-shell fibers[27] improve the lightweight and charge
separation properties. In addition, coating piezoelectric materials on an
elastic substrate within an “island-bridge” structure utilizes the inherent
stretchable properties of these systems.[28] However, these properties
are constrained by the mechanical properties of the materials employed,
thereby limiting the attainable deformation or strain. This has led to the
development of more stretchable structures that are wavy,[29] helical or
coiled[30] or are based upon origami/kirigami,[31] which improve flex-
ibility and wearability, but also seek to improve mechanoelectrical
conversion.

The wavy pattern formed by depositing PVDF piezoelectric layers
onto template-grooved substrates under applied force creates a wavy
structure;[32] however, since this structure is not fixed by temperature,
it may exhibit reduced stability and has inherent limitations in stretch-
ability. A disadvantage of origami inspired structures is their out-of-
plane deformation during stretching, which results in uneven stress dis-
tributions reducing the efficiency of piezoelectric nanogenerators. This
leads to mechanical instability, integration challenges, and inconsistent
electrical output, limiting device reliability and performance.[33]

The bioinspired coil-shaped structure of piezoelectric nanofibers
mimics natural helices such as DNA, plant tendrils, and the cochlea,
which are optimized for flexibility and energy efficiency. In a coil
design, the transformation of 1D nanofibers into helical yarns through
a twisting process is a straightforward and efficient strategy. Indeed,
carbon nanotube coils encapsulated in a silicone tube have been shown
to generate electrical charge, which could be transferred to cardiac
implantable electronic devices via a sodium chloride solution.[34]

Despite its excellent efficiency, fabrication challenges, including the risk
of leakage, inhibited further development.

Introducing shape chirality, such as helical geometries, can signifi-
cantly enhance mechanical performance and flexibility. Yarn structures
composed of hierarchically arranged fibers in helical formations exhibit
improved strength and elongation due to the orientation and rearrange-
ment of polymer chains and inter-fiber interactions under external
forces during the twisting process.[35,36] The twisting of nanofibers
strips into a coil structure results in a maximum strain to failure of
approximately 700%, which is about 30% higher than that of the
untwisted strips. This improvement is attributed to the structural geom-
etry and enhanced toughness from fiber interactions during the twist-
ing process.[30]

The piezoelectric coil structure offers the advantage of a controllable
power generation system during stretching and release, which can
improve coupling and enhance power efficiency. While recent studies
have predominantly focused on single-function strategies to improve
nanogenerator performance, this paper investigates a dual-function
approach that integrates a modified nanofibers with a coiled structural
design to simultaneously enhance piezoelectric activity and mechanical
flexibility, overcoming the limitations of a traditional sandwich struc-
ture. In this study, Ti3C2Tx MXene and AgNPs are incorporated as fillers
into PVDF-TrFE nanofibers to enhance their piezoelectric performance.
The piezoelectric performance was evaluated using two structural
designs, a flat electrospun mat and a coil structure. For the flat mat, the
output voltage was characterized as a function of sample dimensions
and applied force. In the coil structure mechanical energy is effectively
converted into electrical energy under varying strain conditions. Both
configurations, together with their respective measurement methods,
demonstrate strong potential for integration into pacemaker systems by
providing adequate power for recharging low-power components even
under minimal mechanical deformation.

2. Results and Discussion

2.1. Morphological and Structural Characterization of the
Nanofibers

Mats were obtained via electrospinning of P(VDF-TrFE) suspensions
including MXene (0.1 wt%) and AgNPs (1 wt%). Our previous
research demonstrated that a MXene concentration of 0.1 wt% yielded
the highest effective piezoelectric coefficient (d33) of 1.8 pC/N and the
highest dielectric constant (εᵣ) of 34.[14] Incorporating 1wt% AgNPs
significantly increased conductivity, imparted an antibacterial effect, and
enhanced piezoelectric performance.[37,38] Mats of varying thicknesses
were then cut into ribbons with a width of 1 cm for the twisting pro-
cess (Figure 1a–c). Adding MXene/AgNPs as conductive fillers
enhanced the charge density and static electric field strength during
electrospinning, leading to an intensification of the extensional flow of
P(VDF-TrFE) chains and reducing the nanofibers diameter from 560 to
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313 nm (Figure 1d,e). As the electrospinning time was increased from
30 to 120min, the mat thickness increased, in turn broadening the
outer coil diameter from 343 to 595 μm (Figure 1f).

By integrating hybrid techniques that combine traditional twist-
ing methods with nanotechnology, innovative coil structures are
achieved. This combined approach enhances tensile strength, flexi-
bility, and overall durability. Figure 1g,h shows SEM micrographs
of random nanofibers mats and a fabricated coil. The electrospun
coil features a Z-twisted structure along its length. During twist-
ing, the applied torque stretches the nanofibers, prompting them
to reorient toward the loading direction and enhancing fiber
alignment.[39] The coil forms from the additional twist applied to
the electrospun mat strip and consistent uniformity along its entire
length is observed. High-magnification images demonstrate that
nanofibers alignment is retained through both twisting and over-
twisting. Notably, even after significant twisting, the nanofibers
remain continuous and show no signs of failure, highlighting
their exceptional flexibility and durability (Figure 1h).

As a result of increasing electrospinning time, the number of twists
per meter (TPM) decreased from 4636 to 3056 (Figure 2a). A reduc-
tion in mat thickness after 40 mins electrospinning can be attributed to
charge buildup on the collector surface, disrupting uniform fiber depo-
sition. Moreover, as the mat reaches a critical thickness, it begins to
electrically insulate the collector, further hindering effective fiber depo-
sition. The FTIR result of P(VDF-TrFE) nanofibers containing MXene
and AgNPs exhibited a peak at 840 cm�1, corresponding to the β-
-crystalline phase (Figure 2b) while silver nanoparticles displayed a
prominent peak at 1384 cm�1.[37]

The β-phase is the most critical phase in PVDF, as its arrangement of
electronegative fluorine and electropositive hydrogen on opposite sides
of the carbon backbone produces a strong net dipole moment, enabling
PVDF characteristic piezoelectric behavior. The addition of fillers
enhances crystallization, boosting the β-phase content by up to 30%
higher than that of pure P(VDF-TrFE). As confirmed by FTIR studies,
the hydrogen bonding between MXene flakes and polymer chains con-
tributes to the increase in the β content.[40] The increased β-phase

Figure 1. a) Schematic of the electrospinning process; b) electrospun mats cut into 100 mm × 10 mm strips; c) twisting applied using a stepper motor and a
hanging weight; SEM images of the poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) nanofibers containing d) P(VDF-TrFE), e) MXene/silver
nanoparticles (AgNPs); and f) optical microscope image of coils obtained from mats with different spinning times, g) SEM micrographs of the random P
(VDF-TrFE)/MXene/AgNPs nanofibers, and h) SEM micrographs of Z twist-induced coils fabricated from random nanofibers shown in different magnifications.
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formation is attributed to enhanced dipole alignment and fiber stretch-
ing along the axial direction during coil fabrication.[15] Furthermore,
the annealing process,[41] performed to permanently set the twisted
shape of the coil, further enhanced crystallinity and β-phase content
leading to a 70% β-phase content in the nanofiber coil structure
(Equation S1, Supporting Information).

The presence of MXene in nanofibers was confirmed by X-ray dif-
fraction (XRD) (2θ= 6.9°) (Figure 2c). The sharp diffraction peak at
20° corresponds to the diffraction from the (110) and (200) lattice
planes of β- P(VDF-TrFE).[42] The AgNPs exhibited characteristic peaks
at 2θ of 38.1° and 44.1°, conforming to the (111) and (200) crystal
planes of their face-centered cubic structure.[43] Figure 2d displays the
DSC melting curves of P(VDF-TrFE) nanofibers both with and without
MXene/AgNPs. The nanofibers display an endothermic melting transi-
tion between 160 and 166 °C, with the melting peak shifting to higher
temperatures as the MXene and AgNPs concentrations increase. Upon
cooling from the melt, the crystallization temperature (Tc) increases
from 133 °C for pure P(VDF-TrFE) to 137 °C for nanofibers containing
MXene/AgNPs. This elevation in Tc indicates heterogeneous nucleation
induced by the fillers, likely resulting in reduced crystallite size.[20] Fur-
thermore, the narrowing of the Tc peak suggests a more uniform distri-
bution of crystallites. Overall, DSC analysis revealed that the crystallinity
of pure P(VDF-TrFE) nanofibers was 53.4% increased to 65.7% upon
addition of MXene/AgNPs.[37]

The uniform dispersion of MXene/AgNPs, in the nanofiber, along
with enhanced interfacial bonding with P(VDF-TrFE), resulted in a

twofold increase in Young’s modulus and boosted the tensile strength
from 40 to 58MPa (Figure 2e). Figure 2f presents cyclic
loading-unloading tensile testing carried out on coil structures derived
from the electrospun mats after 30 and 45min of electrospinning
where both samples displayed similar levels of hysteresis. While the coil
sample after 45min electrospinning displays a higher TPM, it requires
more stress for deformation. The results exhibit hysteresis, where the
strain returns to zero after unloading at strains up to approximately
200%, indicating elastic deformation. Plastic deformation happens
beyond this strain threshold. The deformation mechanism can be attrib-
uted to the initial separation of adjacent coil surfaces, followed by the
incremental unwinding of the coils until the structure is fully extended.

2.2. Electrical and Electromechanical Characterization of
Nanofibers

The local mechanical response of the materials to an applied electric
field was measured using piezoelectric force microscopy (PFM). In Fig-
ure 3a–d, the PFM images of P(VDF-TrFE)/MXene nanofibers with dif-
ferent AgNPs concentrations (0, 0.5, 1 and 2wt%) where the
piezoelectric response (PR) images clearly highlight the non-uniform
distribution along the axis of the fibers and their widths. To obtain sat-
isfactory data for comparative evaluation, for each of the four fibers, the
average PR values were calculated from six cross-sections (Figure 3ai–di)
over the surface of the samples. Based on the results of quantitative

Figure 2. a) Variation of mat thickness and coil diameter and twists per meter (TPM) over different electrospinning time, characterization electrospun mat
of pure poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) and composite containing MXene/silver nanoparticles (AgNPs): b) Fourier-transform
infrared (FTIR) spectra, c) X-ray diffraction (XRD) pattern, d) Differential scanning calorimetry (DSC) heating profile, e) tensile stress–strain curves of
electrospun mats, and f) Load–unload response of coil obtained from electrospun mats of P(VDF-TrFE)/MXene/AgNps after 30 and 45 min electrospinning,
subjected to 200% strain.
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calibration of PR on a single fiber, the highest PR value was obtained
for fibers with 1wt% AgNPs while the lowest was observed for 2 wt%
AgNPs.

The parameters d33 and d31 are coefficients used to describe the
behavior of the mats for longitudinal and transverse modes and con-
verting the mechanical energy into electrical energy effectively. The d33
coefficient of the P(VDF-TrFE)/MXene composite mat was measured to
be 4 pC/N. Under identical experimental conditions, the piezoelectric
response of the composite mat was significantly enhanced with the
incorporation of an optimal amount of Ag nanoparticles. A maximum
d33 value of 11.3 pC/N was achieved at 1wt% AgNPs. However, when
the AgNPs content exceeded 2wt%, the d33 decreased (Figure 3e) simi-
lar to previous observations for the P(VDF-TrFE)/BaTiO3 system modi-
fied with MXene.[44]

MXenes can form a lamellar structure in composites and
improve their interfacial polarization. Considering the coordina-
tion effect among fillers of different dimensions, adding MXene
and other conductive fillers such as AgNPs with different dimen-
sions to the P(VDF-TrFE) matrix will greatly improve the
dispersion of MXene, thereby enhancing the composites’
performance.[45] MXene flakes contribute to better reinforcement

with the polymer matrix due to their high surface area, which
facilitates improved interaction of -F and -OH bonds on the sur-
face of MXene, with the C–F and C–H bonds of the P(VDF-TrFE)
molecules,[14] promoting β-phase crystallization (Figure 2b) and
efficient stress transfer. The incorporation of AgNPs, leading to the
Coulomb blockade effect and the formation of additional hetero-
geneous nucleation sites, can inhibit charge transport in the poly-
mer matrix. The synergistic effect of fillers enhances the interfacial
interaction between the nanoparticles and the P(VDF-TrFE) matrix,
increases conductivity,[23] and promotes the alignment and devel-
opment of microscopic dipoles during electrospinning, as well as
the formation of a microcapacitor network.[14] These effects col-
lectively increase the dielectric constant of the composite and
enhance the piezoelectric coefficient (Equation S2, Supporting
Information).[46] However, above 1 wt.% AgNPs, the percolation
threshold is surpassed, leading to a reduction in the d33 and d31
coefficients (Figure 3e,f).

The value of the axial strain-induced effect expressed in the piezo-
electric coefficient d33 is more than that of the transverse coefficient d31.
A high d33 value indicates strong piezoelectric sensitivity in the longitu-
dinal direction, making the sensor particularly well-suited for

Figure 3. Piezoresponse force microscopy (PFM) images and averaged piezoelectric response value of poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-
TrFE))/MXene containing various silver nanoparticles (AgNPs) concentrations: a) 0, b) 0.5, c) 1, d) 2 wt%, nanofibers deposited on an Au/Cr coated Si/SiO2

wafer; calculated e) d33, f) d31 value at different AgNPs contents, and g) dielectric constant and dielectric loss as a function of frequency for electrospun
PVDF-TrFE/MXene mat with different AgNPs loadings.
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applications such as pressure sensors, force sensors, and actuators where
axial stress is dominant.[47,48] In contrast, a lower d31 (Figure 3f) coeffi-
cient reflects reduced transverse piezoelectric response, which can limit
the material effectiveness in vibration sensing or energy harvesting
applications that rely on lateral deformation.[49]

Figure 3g displays the frequency dependence of the dielectric con-
stant (εᵣ) and the tan δ of the nanocomposite electrospun mats. Across
a frequency range of between 1 and 100 kHz, the trend of εr variation
remains mostly consistent for all mats. The incorporation of AgNPs
enhances interfacial polarization and facilitates the formation of a
microcapacitor structure,[50] resulting in an increase in the εᵣ value
from 34 to 88. This is further supported by the decreased interlayer
spacing between MXene flakes within the fiber structure as AgNP con-
tent increases, which promotes closer packing and more effective
microcapacitor networks.[51] By increasing frequency, dielectric loss
increases as a result of leakage current (conduction loss) in higher con-
ductivity nanocomposite mats. There is a variation in tan δ values across
different filler contents; however, the mat containing 1wt% AgNP
demonstrates optimal piezoelectric performance, exhibiting a high
dielectric constant alongside a reduced dielectric loss.

2.3. Electromechanical Performance of Electrospun Mats and
Coil Structures

Since stretchability is a critical property for wearable electronics, a dual
strategy that combined innovative material selection with structural

design was employed. For potential application in delivering charge to
implanted pacemakers, two stimulation methods were investigated. The
first involved mechanically stretching a coiled structure in the longitu-
dinal direction under different strains (Figure 4a(i),b). The second
involved sandwiching an electrospun mat between two layers of a con-
ductive silver-coated nylon fabric, with the entire sensor encapsulated
in PDMS. In this configuration, mechanical force was applied to the
sensors by inflating an air-filled balloon, which was fixed at both ends
within a sealed box. As the balloon expanded, a portion of it protruded
through a circular hollow frame at the center of the box lid, exerting
pressure on the sensor. This setup served to simulate periodic mechani-
cal motion, mimicking the rhythmic behavior of a heartbeat at low
strain in a radial direction[52] (Figure 4a(ii)).

As shown in Figure 4b, the coil structure fabricated from a 30min
electrospun mat produced an output voltage of 2.35 V under 50%
strain (Figure S2, Supporting Information). As the strain increased to
150%, the output voltage decreased across all coil structures. The coil
fabricated after 30min of electrospinning generated approximately four
times more voltage than the one produced after 120min at the same
50% strain level. The power output of the coils was calculated using
Equation (1):

P=
1

T

Z
U2 tð Þ
R

dt (1)

here, U(t) represents the real-time voltage, the frequency of the
applied force is T, and the external load resistance is defined by R

Figure 4. Schematic illustration of stimulating piezoelectric sensor: ai) stretching coil structure in longitudinal direction with copper foil on both sides as
electrodes, aii) simulation of heartbeat system using pressure of air balloon and the resultant strain waveform of the balloon surface for electrospun mat
sensor, b) output voltage for various strains applied on 2 cm coils obtained from different electrospinning times, c) output voltage from sensors of different
sizes under filled balloon pressure, d) the output voltage and power over load resistance of the sensor with a size of 2 × 3 cm under filled air balloon
pressure, e) output voltage of sensor under different cyclic pressures in compression mode, and f) Comparison of the voltage and stretchability of
piezoelectric generator in different structural designs of coil ( ), 3D printed ( ), knitted ( ), and kirigami ( ).[15,29,30,34,53–57]
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(300 kΩ). At a frequency of 1 Hz and 50% strain, the 20 mm long
P(VDF-TrFE)/MXene/AgNPs nanocomposite coil achieved a maxi-
mum power output of 18.4 μW and a power density of
6.6 mW cm�3, approximately twice that reported in recent studies
on piezoelectric nanogenerators.[58] The power output regarding
the mass of the coil is 3.68W kg�1, which is 2.6 times higher
than carbon nanotube coil.[34] The energy conversion efficiency
from mechanical to electrical energy was 16.5%, calculated using
Equation (2):

η=
Ee
Em

� 100 (2)

here, Ee represents the total electrical output energy as defined in
Equation (1), while Em corresponds to the mechanical strain energy
input during the coil axial stretching, determined by the force
applied to the coil cross-sectional area at a specific strain level. The
nanocomposite coil demonstrates an energy conversion efficiency
nearly twice that of the latest reported values for electrical energy
harvesting from polyurethane microfiber coils.[59]

Figure 4c illustrates the piezoelectric performance of the various rect-
angular sizes of the electrospun mat sensor under the stimulation con-
ditions described in Figure 4a(ii). While the 2× 6 cm sensor, which
contains a greater quantity of active material, generates a higher output
voltage, the 2× 3 cm sensor demonstrates more consistent and reliable
performance with an output power of 70 μW (Figure 4d). The dimen-
sions of the piezoelectric sensor play a critical role in determining its
output voltage. Larger sensors generate higher voltages under the same
pressure due to their increased surface area and volume, which facili-
tates greater charge separation.[60] However, as the sensor length
increases, mechanical deformation becomes more complex, often
resulting in less consistent output voltage. For implantable devices, such
as cardiac pacemakers designed to harvest energy from heartbeats, a
sensor length of 3 cm is recommended to balance electrical perfor-
mance, mechanical stability, and physiological compatibility.[34] Sensor
performance was evaluated under different pressure levels, achieving a
maximum voltage of 3 V at 1 Hz and a pressure of 7 kPa (Figure 4e).
The fabricated piezoelectric generator, in both coil and film configura-
tions, was able to generate sufficient voltage under induced strains in
both the longitudinal and radial directions, confirming its potential for
harvesting energy from cardiac muscle movements for charging
implantable devices.

3. Conclusion

A bioinspired coil structure has been presented here as a framework to
develop stretchable and flexible piezoelectric nanofibers based on
Ti3C2TxMXene and AgNPs. These nanofibers were fabricated by electro-
spinning and exhibited excellent mechanical robustness to undergo twist
insertion and form coils enduring an axial extension up to 200% strain.
The addition of AgNPs into the P(VDF-TrFE)/Ti3C2TxMXene nanofibers
was investigated for its effect on enhancing the piezoelectric coefficients
in both longitudinal and transverse modes, resulting in an increase from
4 to 11.3 pC/N in the d33 coefficient with the addition of 1 wt% AgNPs.
The coil structures exhibited a high power density of 6.6mW cm�3

under periodic 50% strain. Among stretchable designs and compared to
prior coil-structuredmaterials, this design achieved superior output volt-
age generation (Figure 4f, Table S1, Supporting Information).

Our approach effectively balances flexibility, ease of fabrication,
compactness, and high output voltage performance at low strain levels
and low frequency. Our vision was to demonstrate the performance of
piezoelectric structures in two different designs for energy harvesting:
one operating under heart muscle contraction and relaxation (coil struc-
ture) and the other detecting heartbeats (nanofiber mat sensor), with
the goal of overcoming the battery replacement challenge in implant-
able devices. The demonstrated material and coiled configuration offers
a promising pathway for the miniaturization of energy harvesting
devices for portable, self-powered biomedical implants such as cardiac
pacemakers and wearable technologies.

4. Experimental Section

Materials: P(VDF-TrFE) powder (Piezotech FC25, France) was sourced from the
Arkema Group, and silver nanoparticles (AgNPs) were provided by Inframat
Advanced Materials Co., Ltd., USA. The Ti3AlC2 MAX phase was obtained from
Carbon-Ukraine Ltd. Lithium fluoride (LiF, 99%), hydrochloric acid (HCl, 12M),
acetone, and N,N-dimethylformamide (DMF, ≥99%) were purchased from
Sigma-Aldrich Pty Ltd. All chemicals were used as received without further purifi-
cation. Ti3C2Tx MXene was synthesized from the MAX phase precursor using the
minimally intensive layer delamination (MILD) etching method (Figures S3 and
S4, Supporting Information), yielding single-layer flakes, in accordance with our
previously reported procedure.[14]

Electrospinning and coil fabrication: Electrospinning was carried out at an
applied voltage of 18 kV with a feed rate of 0.8 mL h�1 onto aluminum foil. The
needle-to-collector distance was maintained at 15 cm, and the fibers were col-
lected on a grounded rotating drum operating at 100 rpm. To fabricate coils, elec-
trospun mats obtained at different spinning durations (30, 40, 60, and 120min)
were cut into strips and twisted using a stepper motor. A small weight was
attached to one end of each strip to ensure uniform coil formation. During the
twisting process, the coil began to form from one end of the ribbon and gradually
extended to the opposite end, ultimately resulting in a fully packed coil. While
both ends of the coils were clamped to prevent loss of twist, the samples were
annealed at 90 °C in an isothermal oven to permanently fix the coiled structure.
After 60min of heating, the coils were removed and allowed to relax for 2 h at
room temperature, with clamps still in place to maintain their shape.

Characterization: Fourier-transform infrared (FTIR) spectroscopy was con-
ducted using an Agilent Cary 630 FTIR spectrometer. Differential scanning calorime-
try (DSC) analysis was performed with a Netzsch DSC 214 Polyma instrument.
Approximately 5 mg of fiber material was accurately weighed and sealed in an alu-
minum crucible. The sample was then placed in the instrument furnace, which was
purged with nitrogen at a flow rate of 40 mLmin�1. Heating was performed at a
rate of 5 °Cmin�1 up to at least 250 °C. Peak temperatures and enthalpies were
analyzed using the Proteus software (Netzsch, Germany). Mechanical testing was
carried out using an Instron 5943 universal testing machine equipped with pneu-
matic clamp with a 100 N load cell at a constant tensile strain rate of 5mmmin�1.
All samples were sputter-coated with gold (Balzers, Switzerland) for 45 s at 20mA,
degassed in a vacuum chamber, and then examined for surface morphology using a
FEI XL30 FEG SEM (Philips, the Netherlands) operated at an accelerating voltage of
10 kV and a working distance of approximately 10mm. Fiber diameters were mea-
sured from SEM images using ImageJ software. Phase structure was analyzed using
X-ray diffraction (XRD) with the Bruker D2 Phaser goniometer equipped with a
Cu-tube for diffraction measurements with an acceleration voltage of 30 kV and a
current of 10mA. The dielectric constant (εr) and loss tangent (tanδ) were mea-
sured over a frequency range of 1–100 kHz using a Rohde & Schwarz HAMEG LCR
precision impedance analyzer (Germany).

Piezoelectric force microscopy measurement: Piezoresponse force micros-
copy (PFM) measurements were performed by using a MultiMode 8 (Bruker,
USA) equipped with a PFM module. In order to minimize the electrostatic contri-
bution to the piezoresponse (PR) signal, the relatively stiff conductive platinum
silicide probes PtSi-FM from “Nanosensors” (force constant �4 Nm�1) were used.
With the further aim of reducing the influence of the parasitic AC electrostatic
field, quantitative measurements were carried out with an applied DC voltage of
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�0.1 to �0.3 V. This voltage was adjusted to correspond to the minimum value
of the contact resonance response of the probe. To induce PR, an AC voltage was
applied at a frequency of 8.9 kHz between the probe and the conductive sub-
strate with the deposited nanofibers. PR signal was detected by Lock-in. The AC
voltage dependencies of PR were measured and, as expected, a linear response
was observed without irreversibility up to an AC voltage amplitude of 10 V
(Figure S1, Supporting Information). It should be noted that the use of a relatively
low frequency for PR measurements and the mentioned procedure for adjusting
the DC-bias made it possible to significantly reduce the influence of parasitic elec-
trostatic effects, which was expressed in the passage of the PR dependence lines
practically through the origin of coordinates. The presented measurement results
were obtained at an AC voltage of 5 V. The calibration of the PFM response was
carried out using a periodically poled single-crystal sample of “Bruker SMPL
LiNbO3” (Bruker, USA).
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