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Mixed-Dimensional All-Organic Polymer Heterostructures
with Enhanced Piezoelectricity

Wangwei Lian, Leiyang Wang, Jie Wang, Tao Cheng, Kun Dai, Bo Lu,* Chuntai Liu,
Caofeng Pan,* and Changyu Shen

Enhancing the piezoelectricity of polymers while maintaining all components
organic is still challenging but significantly important for developing flexible
wearable energy harvesters and self-powered devices. Here, a novel and
versatile strategy is introduced to construct mixed-dimensional all-organic
polymer heterostructures (MPHs) for enhanced piezoelectricity. By combining
all-polymer 1D nanofibers (NFs) with 2D crystals through epitaxial
crystallization-driven assembly (ECA), MPHs are engineered to capitalize on
the synergistic effects of both dimensional nanostructures. The intrinsic
piezoelectric activity of 1D NFs is amplified by the growth of 2D crystals,
enhancing force-sensitivity and overall piezoelectricity. The
mixed-dimensional assembly not only enables controlled in-situ growth of
MPHs, but also simultaneously induces preferential formation of electroactive
phases through solvent-induced phase transition. By modulating the epitaxial
growth of 2D crystals on 1D NFs, effective tuning of MPH growth amount and
morphology is achieved, resulting in significant improvements in
deformability, dipole polarization, and durability. MPHs exhibit remarkable
piezoelectric improvements, achieving higher output under lower-level forces
with a record-high sensitivity of ≈670 mV kPa−1. Their superior responsivity
enables the development of self-powered wireless wearable
motion-monitoring systems for real-time physiological movement detection
and analysis. This work inspires the development of all-organic piezoelectric
devices for innovative flexible energy-harvesting and sensing applications.
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1. Introduction

The increased global energy crisis and en-
vironment concerns have led to an ur-
gent need for sustainable and clean energy
sources. Piezoelectric materials have shown
great promise in generating energy through
mechanical-to-electrical conversion from
the surrounding environment, such as hu-
man motions,[1] vibrations,[2] wind,[3] and
sound waves.[4] With the rise of wear-
able, portable and implantable “battery-
free” self-powered devices, there is a grow-
ing emphasis on flexible and lightweight
piezoelectric materials.[5] Although inor-
ganic counterparts like barium titanate
(BaTiO3),[6] zinc oxide (ZnO),[7] and lead
zirconate titanate (PZT)[8] exhibit high
piezoelectricity, their brittleness, toxicity,
and processing difficulties limit their ap-
plications in flexible electronics. By con-
trast, organic piezoelectric polymers, in-
cluding poly(vinylidene fluoride) (PVDF),[9]

odd nylons,[10] cellulose[11] and poly(lactic
acid),[12] are particularly attractive due to
their superior flexibility, lightweight nature,
biocompatibility, low cost, and ease of shap-
ing. However, intrinsic piezoelectric poly-
mers generate lower electric outputs than
inorganic counterparts, posing a significant
challenge.[13] Strategies to enhance polymer
piezoelectricity often involve incorporating

inorganic fillers, inevitably sacrificing flexibility and lightweight
characteristics.[14] To meet the demands of miniaturized and
wearable energy harvesting electronics, developing all-organic
piezoelectric polymers with high performance, while preserving
flexibility, lightweight, and robustness is of huge importance.

Considerable effort has been devoted to enhancing polymer
piezoelectricity for increased electrical outputs. Common strate-
gies include the electric poling,[15] mechanical stretching,[16]

thermal annealing,[17] nanofiller incorporation,[18] and chemical
synthesis.[19] These approaches induce dipole alignment and/or
electroactive crystal nucleation, enhancing electrical generation
in polymeric materials.[20] However, strict processing conditions
and additives, such as high temperature, high-voltage poling
field, and rigid inorganic fillers, are generally utilized, limit-
ing large-scale manufacturing and applications.[21] Furthermore,
these piezoelectric enhancements often compromise flexibility,
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increase cost, and introduce toxicity, unfavorable for developing
wearable, eco-friendly, and cost-effective energy harvesting and
sensing devices.

Geometric microengineering on existing piezoelectric poly-
mers has opened avenues for enhanced electricity generation,
due to its efficiency to increase piezo-potentials in response to
mechanical stimuli.[22] In principle, piezoelectric output poten-
tial is directly proportional to the strain generated in materi-
als according to: V = d33E𝜖h/K, where d33 is piezoelectric coef-
ficient, E is the elastic modulus, 𝜖 is the strain, h is the mate-
rial thickness, and K is the dielectric constant.[23] Accordingly,
unique geometric structures sensitive to mechanical forces can
maximize strain deformation and dipole polarization, boosting
piezoelectric outputs with remarkable sensitivity.[24] Various ge-
ometric structures, such as pyramids,[25] micropillars,[26] and
porous structures,[27] have been constructed on intrinsic piezo-
electric polymers. However, the implications of these polymer
structures are typically achieved through the utilization of spe-
cial templates, chemical etching, and foaming, complicating de-
vice fabrication and limiting versatility and scalability. More im-
portantly, previous microstructural designs predominantly focus
on manipulating macroscopic geometry and surface features. A
simultaneous control over microstructures down to the micro-
and nanoscale, such as electroactive crystallization and molecu-
lar alignment, is always neglected. In fact, piezoelectric polymers
are generally crystalline materials, whose piezoelectricity inher-
ently depend on micro/nanoscale deformation and dipole polar-
izations within crystalline structures present.[28] Typically, most
piezoelectric polymers such as PVDF and odd nylons are charac-
terized by various crystalline phases (i.e., polymorphism), where
only polar phases show the piezoelectricity effects due to higher
dipolar moment.[29] Modulating the microscopic structures is by
no means negligible. Therefore, an unconventional, general, and
cost-effective route is highly desirable to simultaneously control
both macro- and microscopic polymer structures toward develop-
ing all-organic piezoelectric polymeric energy harvesters.

Herein, we propose a mixed-dimensional assembly strategy to
prepare a kind of all-organic piezoelectric polymer heterostruc-
tures. This design is based on two model polymers: nylon-
11, a bio-based polymer selected as the piezoelectric matrix
for its decent ferroelectricity, easy synthesis and non-toxicity
compared to traditional PVDF, and polycaprolactone (PCL), a
biodegradable polymer employed for its excellent crystallization
properties.[30] The resulting mixed-dimensional all-organic poly-
mer heterostructures (MPHs) consist of 1D nylon-11 nanofibers
(NFs) and 2D PCL crystals, which are directly prepared through
an epitaxial crystallization-driven assembly (ECA). The ECA pro-
cess not only allows for the controllable growth of highly force-
sensitive MPH architectures, but also simultaneously promotes
the formation of electroactive crystals. By epitaxially growing
2D polymer crystals on 1D NFs, the resulting MPHs exhibit
enlarged deformability and dipole polarizations under external
stress, thereby promoting piezoelectric outputs with higher sen-
sitivity. The piezoelectricity of MPHs is further tunable by mod-
ulating morphological evolutions. Additionally, the crosslink-
ing effect of 2D crystals on 1D NFs via interfacial interactions
leads to an interlocked nanofibril network within MPHs, render-
ing mechanical robustness, stabilization, and flexibility. MPH-
based devices exhibit superior performance in energy harvest-

ing and self-powered wireless detection of subtle physiological
motions, demonstrating strong application potential in wearable
and portable electronics for the electrical Internet of Things.
Our mixed-dimensional assembly strategy is broadly applicable,
which offers a general toolbox for designing all-organic polymeric
piezoelectric devices with high performance. This approach can
be extended to other piezoelectric polymers beyond the model
polymers used in this study, thereby opening new avenues for
the development of next-generation piezoelectric energy harvest-
ing devices.

2. Results and Discussion

2.1. Mixed-Dimensional Assembly of MPHs

Piezoelectricity in our as-grown 1D/2D MPHs based on nylon-
11 is achieved through the ECA process, without the need for
additional stretching or high-voltage poling. The design of this
novel piezoelectric all-polymer nanostructure was inspired by the
force-sensitive leaves of Pterocarya stenopter, commonly known
as Chinese wingnut (Figure 1a). The unique morphology of
these leaves, characterized by 1D branches surface-grown with
2D disked leaves, allows for smart responsiveness to mechanical
stimuli such as vibration, and wind in the environment. The ECA
process not only realizes the controllable in-situ growth of force-
sensitive all-polymer piezoelectric heterostructures, but also al-
lows simultaneous control over polar crystal phases crucial for
piezoelectricity. The resulting all-organic polymer heterostruc-
tures exhibit significantly amplified piezoelectricity, rendering
them suitable for both mechanical energy harvesting and self-
powered smart stimuli-sensing applications. This approach of-
fers a straightforward and versatile approach to fabricating all-
organic polymeric piezoelectric materials, promising for use in
smart wearable and portable piezoelectric devices (Figure 1b).

The fabrication strategy of MPHs is schematically illustrated in
Figure 1c. First, 1D aligned NFs of nylon-11 is obtained through
electrospinning. Subsequently, these NFs are surface-doped by
2D lamellar polymer crystals growing in situ through the ECA
process, utilizing a model crystallizable polymer, PCL. Specifi-
cally, the nascent nylon-11 NFs are incubated in the PCL/Acetic
acid (AcOH) doping polymer solution at room temperature, en-
abling the direct growth of 2D PCL crystals on fiber surfaces
to assembly these materials with different dimensionalities into
mixed-dimensional heterostructures. Owing to favorable inter-
molecular interactions at nylon-11/PCL interface, the 1D NFs
with the larger specific area provide abundant nucleating sites for
the epitaxial crystallization of PCL, facilitating the in-situ growth
of MPHs. To ensure epitaxial growth and minimize homoge-
neous nucleation, the concentration of doping polymer solutions
(c) is carefully controlled within unentangled regimes, specifi-
cally around the critical overlap concentration c∗ (≈0.43 wt% for
PCL). Beyond this threshold (c ≫ c*), polymer chains would over-
lap and entangle, reducing their mobility and leading to homo-
geneous nucleation within the bulk solution rather than at the
nanofiber surfaces. More interestingly, the ECA process simul-
taneously induces enhanced formation of piezoelectric crystals
(i.e., polar 𝛿′-phase) inside nylon-11 NFs. The molecular origin is
revealed to be the phase transition from 𝛼- to 𝛿′-phase induced
by AcOH solvent through protonation effect (Figure 1c). As an
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Figure 1. Mixed-dimensional structure design and fabrication of MPHs. a) Photographs showing the typical force-sensitive structure of Chinese wingnut
leaves. b) Schematic of bioinspired flexible all-organic piezoelectric electronics composed of 1D/2D MPHs. c) Schematic illustration of the assembly
process and mechanisms of MPHs based on nylon-11@PCL hybrids. Inset in the bottom left corner illustrates the in-situ growth of 2D PCL crystals on
1D nylon-11 NFs during ECA process. Inset in the bottom right corner depicts the piezoelectric enhancement mechanism of MPHs.

outcome, MPHs based on nylon-11 with preferable piezoelec-
tric crystals are obtained in a single step. It is also noteworthy
that the presence of epitaxial 2D crystals in such heterostructures
links adjacent 1D NFs to form a well-defined interlocked nanofib-
ril network, which not only stabilizes the nanofibrous structure,
but also renders mechanical robustness with sufficient flexibil-
ity. The resulting MPH membranes are freestanding, flexible and
lightweight with a density of ≈0.41 g cm−3 (Figure 1c), showing
significant potential in wearable energy harvesters and sensors.
Due to the enlarged strain-potential effects by the unique struc-
ture, MPHs exhibit improved deformability and dipole polariza-

tions in response to external stresses, resulting in an enhanced
piezoelectricity (Figure 1c).

The growth mechanism was elucidated through morphology
studies of MPHs fabricated by varying the concentration of dop-
ing polymer solutions. Original nylon-11 NFs exhibit smooth
surfaces with an average diameter of 270 ± 62 nm (Figure 2a).
Upon immersion in PCL/AcOH solution, periodic 2D lamellar
crystals grow on fiber surfaces along the longitudinal direction,
comprising folded PCL molecular chains. To facilitate clear ob-
servations, excess uncrystallized PCL regions were selectively ex-
tracted by the fresh solvent of AcOH/deionized water (1/1, v/v).
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Figure 2. Effects of doping polymer solution on morphology development of MPHs. SEM images of MPHs fabricated with different concentrations of PCL
doping solution: a) neat nylon-11 NFs, b) 0.1 wt%, d) 1.0 wt% and f) 5.0 wt%. c,e,g) are enlarged images of b,d,f), respectively. Note that uncrystallized
PCL regions in MPHs had been extracted for microscope observations. h) 2D-WAXD patterns of MPHs prepared with varying concentration of doping
polymer solutions. i) AFM height images of MPHs. j) TEM and EDS element mapping images of MPHs. k) Dependences of the effective growth amount
(Σeff), weight fraction and crystallinity of PCL in MPHs as a function of the concentration of doping polymer solutions. l) Dependence of morphology
evolutions of MPHs on the concentration of doping polymer solutions.

SEM images of the resulting hybrid NFs reveal the formation
of the unique mixed-dimensional heterostructure, featuring 1D
nylon-11 NFs doped by periodic 2D PCL crystals with edge-on
orientation along the out-of-plane direction (Figure 2b–g). Cross-
sectional SEM images of the entire nanocomposite confirm the
widespread occurrence of this unique heterostructure through-

out the membranes (Figure S1, Supporting Information). The
edge-on orientation of epitaxial crystals is evidenced by strong
(100)PCL diffraction arcs on the meridian of WAXD patterns
(Figure 2h). The formation of MPHs is further visualized by
AFM and TEM micrographs (Figure 2i–j). It is worth noting that
the morphology of MPHs exhibits a strong dependence on the
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concentration of doping polymer solutions (Figure 2b–g). At
lower solution concentrations (c/c* < 1), epitaxial crystals are
smaller due to the limited amount of polymer chains in the dilute
solution (Figure 2b,c). With an increase in concentration (c/c* >

1), crystal sizes remarkably increase, indicating enhanced epitax-
ial growth (Figure 2d,e). Specifically, crystal diameters increase
from 730± 20 nm to 3.06± 1.02 μm as the solution concentration
increases from 0.1 to 5 wt%. Moreover, at higher concentrations
(c/c* ∼ 10), globular crystals with larger diameters appear on fiber
surfaces (Figure 2f,g). This observation is ascribed to the surface-
induced crystal growth in semidilute solutions: periodic lamellar
crystals initially form on fiber surfaces, and then the remaining
polymer chains in the solution crystallize on the surface of pre-
formed crystals that act as new nucleation sites. The morphology
evolution of MPHs is further confirmed by WAXD (Figure 2h).
For lower concentrations, insensitive meridian (100)PCL reflec-
tions of MPHs, compared to the original NFs, indicate the for-
mation of 2D crystals comprising folded molecular chains with
c-axis parallel to the longitudinal direction of fibers. Whereas, at
higher concentrations, dispersed WAXD patterns are observed
due to additional crystal growth perpendicular to the surface of
existing 2D crystals, resulting in a decrease in overall detected
crystal orientation. Further increasing the concentration well be-
yond c* (i.e., c ≫ c*, concentrated solutions) results in dominant
homogeneous nucleation and crystallization (i.e., spherulites) in
the bulk due to increased chain–chain entanglements, which are
unfavorable for MPH formation (Figure S2, Supporting Informa-
tion). Therefore, this work primarily focuses on the preferential
formation of MPHs in doping polymer solutions within dilute
and semidilute regimes (0.1 < c/c* < 10).

To quantify the actual amount of epitaxial crystals growing on
NFs, the MPH membranes were subjected to melting via DSC.
Based on the difference between melting behaviors of two com-
ponents (Tm ≈ 190 °C for nylon-11 versus Tm ≈ 58 °C for PCL,
Figure S3, Supporting Information), the effective growth amount
of crystals (Σeff) on the surface of NFs was determined (Table S1,
Supporting Information). Specifically, Σeff for MPHs was com-
puted using a proposed equation (see derivation details in Note
S1, Supporting Information):

∑
eff

=
Xc,p𝜙p

Xc,p𝜙p + 𝜙fiber
(1)

where ϕp and ϕfiber are the weight fraction of components PCL
and nylon-11 NFs in MPH membranes, respectively; and Xc,p de-
motes the total crystallinity of PCL in membranes, encompassing
both epitaxial and bulk crystallizations. Specifically, Σeff, indica-
tive of epitaxial PCL crystallinity on fiber surfaces, is increased
from 1.5 wt% to 84.8 wt% with an increase in the doping so-
lution concentration from 0.1 wt% to 5.0 wt% (Figure 2k). This
observation suggests an enhanced coverage of 2D crystals on the
surface of NFs, consistent with SEM observations. The enhanced
epitaxial crystal growth also increases the total crystallinity of
PCL in the membranes with Xc,p increasing from 4.5% to 52.2%.
The observed enhancement in epitaxial crystal growth on NFs
with increasing doping solution concentration is attributed to the
augmented number of polymer chains available for crystalliza-
tion, thereby improving crystallite perfection. However, further
increases in concentration (c ≫ c*) could enhance the total crys-

tallinity of PCL but diminish its epitaxial crystallization on fiber
surfaces (lower Σeff), as the homogeneous nucleation in the bulk
begins to dominate crystallization over heterogeneous nucleation
(Figure S2, Supporting Information). Morphological evolutions
of MPHs depending on the concentration of doping polymer so-
lutions are depicted by a proposed scheme in Figure 2l. These
findings indicate the high tunability of the as-grown MPH mor-
phology through the ECA strategy.

2.2. Molecular Mechanism and Microstructural Analyses of
MPHs

To gain deeper insights into the molecular origin of MPHs, their
chemical structure was examined using FTIR (Figure 3a). Notice-
ably, with an increase in the growth amount of PCL crystals, si-
multaneous blue shifts in the C = O bands of PCL (from 1721 to
1725 cm−1) and red shifts in the N–H bands of nylon-11 (from
3305 to 3303 cm−1) are observed, alongside shifts in the over-
lapped N–H bending and C–N stretching bands (from 1541 to
1543 cm−1). These chemical shifts indicate the formation of hy-
drogen bonds (O···H‒N) between components nylon-11 and PCL
(Figure 3b). The intermolecular hydrogen-bonding interactions
enhances the interfacial compatibility between the two materials,
thereby promoting the heterogeneous nucleation and growth of
epitaxial crystals in MPHs. According to the classical heteroge-
neous nucleation theory,[31] the formation of heterogeneous nu-
cleus on substrate surfaces depends on the reduction in the free
enthalpy of nucleation (ΔG*) expressed by:

Δ G∗ =
16𝛾𝛾eΔ𝛾T0

m
2

(
ΔHf ΔT

)2
(2)

where 𝛾 and 𝛾 e represent the side and end surface free energies of
crystals, respectively, Δ𝛾 is the interfacial free energy difference,
T0

m is the equilibrium melting temperature of crystals, ΔHf is the
enthalpy of fusion per unit volume of crystals, and ΔT is the su-
percooling degree. Consequently, the decrease in the interfacial
free energy difference (Δ𝛾) reduces the barrier for nucleation and
enhances the growth of epitaxial crystals on 1D NFs within MPHs
(Figure 3c). The presence of intermolecular H-bond interactions
between nylon-11 and PCL significantly reduces the interfacial
tension (free energy) and lowers the nucleation energy barrier,
thereby facilitating the epitaxial growth of 2D crystals under mild
conditions.

To explore further the presence of piezoelectric crystals in this
unique heterostructure, the crystalline phases of MPHs were
thoroughly examined. FTIR spectra reveals absorption bands at
689 cm−1 and 585 cm−1, corresponding to 𝛼-phase of nylon-
11 for all membranes (Figure 3a).[32] The exact crystal struc-
tures were further clarified through WAXD analysis (Figure 3d).
In addition to 𝛼-phase diffractions, distinct diffraction peaks at
2𝜃 = 6.7° are observed in all membranes, which are exclusively
attributed to the typical (001) planes of 𝛿′-phase of nylon-11
(Table S2, Supporting Information).[32–33] Strong peaks in the
2𝜃 range of 20–25° are associated with the overlapping diffrac-
tions of 𝛼(100) (20.4°), 𝛿′(100) (21.4°), 𝛼(010)/(110) (22.9°) of
nylon-11 and (110) (21.1°) and (200) (23.3°) planes of PCL.
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Figure 3. Molecular mechanism and microstructural analyses of MPHs. a) FTIR spectra of MPHs and control systems. b) Schematic diagram of in-
termolecular interactions between nylon-11 NFs and PCL crystals in MPHs. c) Schematic presentation indicating the energy barriers of heterogeneous
crystallization with and without interfacial interactions. d) WAXD spectra of MPHs and control systems. e) Comparison of WAXD reflections for nylon-11
NFs treated with and without AcOH and control nylon-11 film. f) DSC thermographs of MPHs and control nylon-11 NFs. g) Schematic diagram of phase
transition from 𝛼-phase to 𝛿′-phase of nylon-11 induced by AcOH through protonation effect. h) Stress-strain curves of MPH membranes.

These findings confirm the presence of piezoelectric nylon 𝛿′-
phase crystals in MPHs. The existence of 𝛿′-phase is attributed
to two factors. First, the ultra-fast evaporation of trifluoroacetic
acid (TFA)/1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) mixed sol-
vent during the electrospinning process induces the formation
of 𝛿′-phase characterized by a poorly organized hydrogen-bonded
chain arrangement.[33b] Second, the AcOH solvent employed dur-
ing the MPH assembly process further promotes the develop-

ment of 𝛿′-phase inside nylon-11 NFs. To validate this concern,
we compared the WAXD profiles of nylon-11 NFs with and with-
out AcOH treatment, and the reference nylon-11 films (pure 𝛼-
phase) (Figure 3e). It is noteworthy that nylon-11 NFs treated with
AcOH exhibit a broader diffraction peak in 2𝜃 range of 20–25°

compared to untreated nylon-11 NFs and reference films. Quan-
titative deconvolution analysis of diffraction peaks reveals an en-
hanced 𝛿′(100) reflection in nylon-11 NFs treated with AcOH,
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with a higher relative fraction of 𝛿′-phase of K𝛿′ ≈84.1% com-
pared to untreated counterparts (≈40.2%) (K𝛿′ = A𝛿′/(A𝛿′+A𝛼)
= (A𝛿′(001)+A𝛿′(100))/(A𝛿′(001)+A𝛿′(100)+A𝛼 (100)+A𝛼 (010)/(110)), A is in-
tegrated diffraction peak area) (Figure 3e). This promotion in
𝛿′-phase crystallization is further validated by DSC analysis
(Figure. 3f). Original nylon-11 NFs exhibits a lower melting point
(Tm) of 181 °C originating from the 𝛼-phase fusion.[32] However,
after AcOH treatment, the Tm is increased to a higher tempera-
ture of 191.5 °C that is consistent with the typical melting of 𝛿′-
phase.[32] Meanwhile, all MPH membranes containing nylon-11
NFs displays the higher Tm above 190 °C, indicating the domi-
nance of 𝛿′-phase crystallization. These findings underscore the
critical role of AcOH in promoting the evolution of nylon-11 𝛿′-
phase during the mixed-dimensional assembly.

The molecular mechanism underlying the promoted 𝛿′-phase
formation in MPHs is attributed to solvent-induced phase tran-
sition. To shed light upon the mechanism, we analyzed chemical
structures of nylon-11 NFs with and without AcOH treatment us-
ing FTIR (Figure S4, Supporting Information). Evidently, upon
treatment with AcOH, the C=O stretching band for amides of
nylon-11, which is sensitive to the information of chain packing
and hydrogen bonds between amide groups, is shifted slightly
to higher wavenumbers (from 1637 to 1639 cm−1). Similarly, the
N–H stretching band shifts from 3303 to 3305 cm−1. These no-
table shifts in amide bands to higher wavenumbers clearly indi-
cate the formation of less ordered chain packing and H-bonds
in nylon molecules.[29a,34] This is associated with the increased
𝛿′-phase, which is a metastable crystal containing randomly or-
ganized H-bonds among chains, in agreement with WAXD re-
sults. This is due to the fact that when nylon-11 meets AcOH
solvent, carbonyl oxygen atoms of amides are protonated with ac-
companying H-bonds weakening among nylon chains, as a result
of strong interactions between amide groups and acid molecules
(Figure 3g).[29a,35] Consequently, the chain conformation of nylon-
11 shifts to a loosely packed state, facilitating the transforma-
tion of 𝛼-phase toward 𝛿′-phase. This elucidates the promoted
𝛿′-phase formation in MPHs achieved through the ECA process
in PCL/AcOH solutions. Hence, the ECA process serves as a “kill
two birds with one stone” strategy, achieving not only the assem-
bly of polymeric 1D NFs and 2D crystals but also effectively in-
ducing the preferential growth of electroactive 𝛿′-phases for en-
hanced piezoelectricity.

It is also noteworthy that as-grown MPHs significantly en-
hance mechanical robustness while improving compressibility.
Stress-strain curves reveals a substantial enhancement in both
tensile strength and ductility in MPHs relative to original nylon-
11 NFs (Figure 3h; Table S3, Supporting Information). Specifi-
cally, the MPH prepared at a doping solution concentration of
0.1 wt% exhibits a tensile strength of 41.9 ± 3.4 MPa and strain
at break of 15.1 ± 1.8%, nearly twice as large as that of origi-
nal NFs. Such enhancements arise from the physical crosslink-
ing between adjacent 1D nylon-11 NFs facilitated by epitaxial
2D PCL crystals particularly in the presence of strong interfacial
hydrogen-bonding interactions (see inset in Figure 3h). As veri-
fied by morphological results, the epitaxial growth of 2D crystals
connects individual NFs to form a more stabilized interlocked
nanofibrous network (Figure S1, Supporting Information), en-
hancing resistance to external deformations. MPHs demonstrate
a broader linear viscoelastic region up to 2 MPa (Figure S5, Sup-

porting Information), ensuring structural integrity without in-
terfacial detachment, even under higher stress levels (50 kPa or
more) characteristic of pressure ranges for mechanical energy
harvesting applications. Moreover, MPH membranes show a de-
crease in tensile modulus compared to the original NFs, mainly
due to the low modulus of surrounding PCL matrix and the pres-
ence of numerous inter-fiber voids (Figure S6, Supporting In-
formation). This reduction in modulus improves compressibility
and flexibility, consequently amplifying sensitivity to mechanical
stimuli. MPHs exhibit superior ductility, manifesting in greater
elongation at break compared to inorganic materials like ZnO
(5%), albeit with lower mechanical strength. Moreover, elevating
the doping solution concentration above 5.0 wt% diminishes ten-
sile strength due to the formation of globular crystals with larger
sizes.

2.3. Piezoelectric Properties and Mechanoelectrical Mechanisms
of MPHs

To assess the enhanced piezoelectricity realized by the 1D/2D
mixed-dimensional heterostructure, we conducted a comprehen-
sive evaluation of the piezoelectric performance of MPHs under
periodic compressive stress. Figure 4a illustrates the schematic
of the piezoelectric device based on MPHs. The deformation
was meticulously controlled within the linear viscoelastic regions
with a force of 5 N (5.6 kPa) and pressing frequency set at 3 Hz.
Alternating electric signals are generated from the device sub-
jected to periodic pressing and releasing (Figure 4b). The am-
plitudes of output signals from MPHs in forward and reverse
connection modes are nearly identical, as confirmed by a polar-
ity switching test (Figure S7, Supporting Information), thereby
affirming that the observed electrical signals originate from the
piezoelectric effect, rather than external interference or other
sources. Intriguingly, all MPH devices produce higher electrical
outputs compared to pure nylon-11 NFs (Figure 4c). With an in-
crease in the growth of epitaxial 2D polymer crystals, a gradual
improvement in output performance is observed. For instance,
MPH-5 exhibits the maximum output current of 0.5 μA and volt-
age of 3.4 V, approximately twice that of pure NFs (Figure 4c).
The outputs generated at a low pressure (5.6 kPa) are clearly
higher than these of other similar piezoelectric polymers, for in-
stance, nylon-11 (0.01 V, 10 kPa)[21] and PVDF (0.25 V, 60 kPa)[36]

(Table S4, Supporting Information). The piezoelectric enhance-
ment is consistent with the increase in piezoelectric coefficient
|d33| (Table S5). Pure nylon-11 NFs exhibits a |d33| of 5.8 ± 0.3
pC N−1, whereas all MPHs show a significant increase. Notably,
MPH-5 exhibits a maximum |d33| of 15.1 ± 0.2 pC N−1, nearly
200% greater than that of pure nylon-11 NFs. The observed piezo-
electric improvement is quite interesting, since PCL itself is not
inherently a ferroelectric or piezoelectric polymer. Moreover, the
𝛿′-phase promotion within nylon-11 NFs, induced by the assem-
bly of MPHs, should be of the same level for all systems due to
the identical fabrication conditions. Therefore, the enhancement
in electric outputs originates primarily from the introduction of
2D crystals on 1D NFs in as-grown MPH architecture. To identify
the critical role of epitaxial crystals in enhancing piezoelectricity,
we selectively etched PCL crystals from the surface of nylon-11
NFs using fresh AcOH solvent (Figure 4d, SEM image of etched
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Figure 4. Piezoelectric properties and mechanisms of MPHs. a) Schematic illustration of MPH-based piezoelectric devices. b) Piezoelectric output
current signals of MPHs subjected to periodic pressing/releasing. c) Piezoelectric output current and voltage of MPHs with varying loadings of epitaxial
2D crystals under a dynamic pressure of 5 N at 3 Hz. d) Schematic diagram showing the etching treatment of MPHs using AcOH solvent. e) Comparison
of output current before and after etching for MPHs. f) Schematic illustration of the mechanoelectrical mechanism for piezoelectric effect of MPHs.
Lower panels in (f) show the FEM simulation of stress and potential distributions of MPHs under a vertical pressure of 5 kPa. g) Schematic illustration
showing the working principle for piezoelectric responses of MPHs under periodic pressing/releasing.

MPHs is shown in Figure S8, Supporting Information). After
etching, the electrical outputs of all MPH devices are dramatically
decreased (Figure 4e; Figure S9, Supporting Information), indi-
cating the indispensable contribution of epitaxial crystals to the
piezoelectric enhancement. The slightly larger electrical outputs
for membranes with higher growth amount may be attributed to
the presence of some surviving PCL crystals.

The significant improvement in piezoelectricity of MPHs is
closely related to the enhanced microscopic deformation and

dipole polarizations (Figure 4f(i)). To elucidate further the mecha-
noelectrical mechanism, we qualitatively analyzed the stress
and electric potential distributions of MPHs under external
forces through a finite-element-method (FEM) simulation us-
ing COMSOL Multiphysics software (see simulation parame-
ters in Note S2, Supporting Information). Due to modulus
disparity between component nanostructures with varying di-
mensions and sizes, the stress is more geometrically concen-
trated at heterostructure interfaces and transferred efficiently to

Adv. Funct. Mater. 2024, 2404403 © 2024 Wiley-VCH GmbH2404403 (8 of 13)
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Figure 5. Electrical characteristics of MPHs. a) Schematic illustration of the force-sensitive behavior of MPHs under mechanical stimuli. b) Response
time of MPHs. c) Pressure-dependent output voltage of MPHs. d) Sensitivity of MPHs in different ranges of pressure. e) Frequency-dependent output
voltage of MPHs. f) Comparison of piezoelectric performances between MPHs and other polymeric piezoelectric systems. g) Stability evaluation of
MPHs tested over 6000 cycles under a periodic force of 5 N at 3 Hz. h) Comparison of output current of MPHs before and after being stored for 6
months in the normal environment. Electrical characteristics of MPHs are representatively demonstrated based on the optimum MPH-5.

internal 1D NFs (Figure 4f(ii)). This leads to significant strain
deformation of nylon-11 chains, inducing more effective polar-
ization of 𝛿′-phase dipoles and generating higher electric po-
tential (Figure 4f(iii)). As such, a higher growth amount of epi-
taxial 2D crystals (Σeff) with larger crystallite sizes and perfec-
tion leads to greater piezoelectricity. In summary, the synergis-
tic effect of the force-sensitive structure of MPHs and the pres-
ence of polar 𝛿’-phase crystals leads to the substantial enhance-
ment of piezoelectric outputs (Figure 4g). When MPHs expe-
rience compressive stresses, the structure is squeezed and the
inter-fiber voids get contracted, such that the rigid 2D crystals
squeeze the soft 1D NFs. As a result, nylon 𝛿′-phase crystals
within NFs are deformed, dipoles are polarized, and potential
difference between two electrodes is created, driving the flow of
electrons. Upon force removal, the potential difference vanishes,

and the accumulated free charges flow back, resulting in a reverse
current.

It is also noteworthy that MPHs are highly sensitive to the
mechanical stimuli in the form of electrical signals (Figure 5a).
Hereafter, the optimum MPH-5 is selected to represent the elec-
trical characteristics among the tested MPHs. These devices ex-
hibit an impressively short response time of 16 ms upon expo-
sure to external stress stimuli (Figure 5b). Furthermore, MPHs
a demonstrate particular sensitivity to changes in applied stress
(Figure 5c). Figure 5d depicts the plot of output voltage as a
function of pressures, which reveals two distinct linear response
regions depending on pressure amplitudes. The sensitivity (S)
was determined from the slope (S = ΔV/ΔP), where ΔV and
ΔP represent voltage and pressure changes, respectively. MPHs
displays a high sensitivity of 670 mV kPa−1 in the low-pressure

Adv. Funct. Mater. 2024, 2404403 © 2024 Wiley-VCH GmbH2404403 (9 of 13)
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region (<4 kPa). Whereas, a lower value of 200 mV kPa−1 is ob-
served in the high-pressure region (>4 kPa), likely due to the
theoretical limits of effective strains in materials under higher
pressures. The mixed-dimensional heterostructure significantly
enhances responsiveness to tiny stresses by amplifying the de-
formation of internal piezoelectric NFs. Also, the lightweight
nature, lower modulus, and void structures of the nanofibrous
membranes promotes shape deformation, further facilitating
pressure-electricity responses. The sensitivity is also reflected by
the observation that electric responses vary significantly with the
imparting frequency (Figure 5e). It is worth noting that the re-
sponsivity of our MPHs is superior to that of other reported piezo-
electric polymeric systems, for instance, poly(trifluoroethylene)
[P(VDF-TrFE)] (410 mV kPa−1),[16] poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP)/Fe3O4 (470 mV kPa−1)[27]

and PVDF/ZnO (620 mV kPa−1)[37] (Figure 5f; Table S4, Support-
ing Information).[16,27,36–38] Beyond the model polymers utilized
in this work, the piezoelectric performance of MPHs could be
further enhanced by assembling high-piezoelectricity polymers
like PVDF and its copolymers. For instance, MPHs comprising
nylon-11/PVDF pair, both intrinsically piezoelectric, can be also
fabricated and exhibit higher piezoelectric outputs compared to
the nylon-11/PCL combination (Figure S10, Supporting Infor-
mation). This highlights the remarkable versatility and adapt-
ability of our proposed concept in developing all-organic, high-
performance piezoelectric devices.

The outstanding durability and fatigue-resistance were
demonstrated through repeated impacting. Significantly, neither
performance loss nor structural damage was observed over 6000
cycles of continuous operation, confirming the stability and
robustness of the devices (Figure 5g). This excellent durability
benefits from the stabilized interlocked nanofibrous structure
by the robust 1D/2D mixed-dimensional heterostructure, as
discussed earlier. It has also to be mentioned that MPH devices
exhibit stable performances over long-term storage, enduring
from winter to summer conditions. As shown in Figure 5h,
after 6 months of storage, the output performance shows no
apparent degradation, indicating the favorable weatherability
of MPHs with strongly bonded interfacial interactions between
component nanostructures.

2.4. Applications of MPHs for Piezoelectric Sensing

Benefiting from the exceptional lightweight, flexibility and force-
sensitive piezoelectricity, MPHs prove ideal for application as
self-powered wearable pressure sensors, enabling real-time mon-
itoring of movements under various conditions (Figure 6a). A
wireless motion monitoring system was developed by integrat-
ing the piezoelectric MPH sensor, a WIFI module driven by the
power supply of a portable digital oscilloscope, alongside a mo-
bile terminal and customized software. To illustrate its capabili-
ties, the sensor was attached to the knee of an adult cyclist to mon-
itor body movements during cycling (Figure 6b). Real-time mo-
tion signals, represented by piezoelectric outputs, were captured
and displayed on a mobile phone screen. As the cyclist pedaled
along the street, continuous periodic electric signals were dis-
played, with the time intervals between peaks corresponding to
the pedaling frequency. This established a quantitative relation-

ship between pedaling frequency or speed and the electrical sig-
nals generated by the MPH sensor (Figure 6c). The recorded mo-
tion signals provided precise extraction of specific travel informa-
tion, including moving distance, speed, and time (Figure 6d–f).
The wireless monitoring system, driven by the MPH sensor,
plays a critical role in unveiling the “black box” information
of human motions toward guiding movements and training
athletes.

In addition, owing to the smart responsiveness of MPHs to
tiny force changes, the sensor could also simultaneously detect
subtle physiological movements such as eye blinking, breathing,
and speaking (Figure 6g). The sensor can monitor some subtle
physiological motions like eye blinking. As for breathing moni-
toring, the deeper breath yields higher electric outputs as a result
of increased stress deformation exerted on the sensor. Positioned
on the throat, the MPH sensor can detect swallowing and speak-
ing movements. The detected motion signals from the throat
are perfectly consistent in both frequency and magnitude with
the throat movements such as speaking, coughing, and drink-
ing. These observations validate the capability of MPH-based sen-
sors to accurately distinguish human movements. The compre-
hensive information obtained from the sensor can assist in the
clinical diagnosis and disease prevention. The outstanding pres-
sure sensing performances make MPHs promising candidates
for daily-life energy harvesting and self-powered monitoring in
soft robots, wearable electronics, human-machine interfaces, and
other applications. Moreover, the fabrication of MPHs can be
easily scaled up to industrial levels by integrating fiber fabrica-
tion and ECA process in a single processing line as illustrated in
Figure S11 (Supporting Information), facilitating large-scale pro-
duction and widespread adoption in commercial applications re-
quiring flexible, all-organic piezoelectric materials. Additionally,
the freestanding, flexible, and lightweight nature of MPHs makes
them highly suitable for integration into wearable devices, energy
harvesters, and sensors, further enhancing their commercial
viability.

3. Conclusion

In summary, we have successfully fabricated a kind of mixed-
dimensional all-organic polymer heterostructures (MPHs) with
enhanced piezoelectricity based on model polymers of nylon-11
and PCL using a facile, universal, and scalable strategy. Through
epitaxial crystallization-driven assembly, our strategic approach
enables controlled growth of MPHs combining polymeric 1D
nanofibers and 2D crystals. Simultaneously, this process in-
duces the preferential formation of electroactive crystals, whose
molecular mechanism is revealed to be a solvent-induced phase
transition through protonation effect. By epitaxially growing
2D polymer crystals on 1D nanofibers, the resulting MPHs
exhibit enlarged deformability and dipole polarizations under
external stress. The piezoelectricity is highly tunable by mod-
ulating morphological evolutions of MPHs. Furthermore, the
crosslinking effect of epitaxial 2D crystals on 1D nanofibers
via interfacially intermolecular hydrogen-bonding interactions
leads to a stabilized interlocked nanofibril network within
MPHs, rendering mechanical robustness, stabilization, and
flexibility. These advancements culminate in MPH-based de-
vices with exceptional performance in energy harvesting and
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Figure 6. Demonstration of wireless motion monitoring applications based on MPHs. a) Schematic illustration of the wireless human motion monitoring
system based on wearable self-powered MPH sensors. b) Photograph of the integrated wearable MPH sensor worn on the knee of cyclist for movement
monitoring during cycling. c) Roadmap of cycling for movement monitoring. d) Schematic illustration of the principle for the wireless monitoring system.
e) Signal outputs and f) travel data extracted by the MPH sensor during cycling. g) Singal outputs by the sensor under human psychological movements:
eye blinking, breathing at different depths, speaking, coughing and drinking.

self-powered wireless detection of subtle physiological motions,
demonstrating promising applications in wearable and portable
electronics for the electrical Internet of Things. Our versatile
mixed-dimensional assembly strategy offers a general toolbox for
designing high-performance, all-organic polymeric piezoelectric

devices. Looking ahead, we envision extending this concept
to more piezoelectric polymers beyond those studied here,
thus paving the way for the development of next-generation
piezoelectric energy harvesting and self-powered sensing
devices.

Adv. Funct. Mater. 2024, 2404403 © 2024 Wiley-VCH GmbH2404403 (11 of 13)
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4. Experimental Section
Materials: Nylon-11 (Rilsan BESNO P40 TL) with a weight-average

molecular weight Mw of 17.2 kg mol−1 was supplied by Arkema, France.
PCL (CAPA 6400) with an Mw of 37.0 kg mol−1 was purchased from Per-
storp, UK. Trifluoroacetic acid (TFA, 99%) and 1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP, 99.5%) were obtained from Shanghai Macklin Biochem-
ical Technology Co., Ltd. Acetic acid (AcOH, analytical grade) was pur-
chased from Tianjin Fuyu Fine Chemical Co., Ltd. All chemicals were uti-
lized without further purifications.

Preparation of Nylon-11 NFs: Nylon-11 NFs were prepared using elec-
trospinning process. The electrospinning solution with a concentration of
5.0 wt% was formulated by dissolving nylon-11 pellets in a mixed solvent
of TFA/HFIP (1:1, v/v). During electrospinning, the solution was injected
from a syringe at a flow rate of 0.3 mL h−1, under a voltage of 13.0 kV with a
spinneret-to-collector distance of 15 cm. Aligned NFs were obtained using
a rotating collector at a speed of 2800 rpm.

Preparation of MPHs Based on Model Nylon-11@PCL Hybrids: Mixed-
dimensional all-organic polymer heterostructures (MPHs) based on
model polymers were prepared through an epitaxial crystallization-driven
assembly (ECA). The assembly process occurred in doping polymer solu-
tions at low concentrations around the critical overlap concentration c*.
This threshold, which differentiates the dilute and semidilute concentra-
tion regimes, was calculated using the formula:[39]

c∗ =
3Mw

4𝜋R3
gNA

(3)

where NA is the Avogadro’s number, and Rg is the radius of gyration of
polymer chains determined by the relation:[40]

⟨
R2

g

⟩
=

C∞b2N
6

(4)

where C∞ is the Flory’s characteristic ratio (≈4.9 for PCL[41]), N is the
degree of polymerization determined by N = Mw/M0 with M0 being the
monomer molar mass (M0 = 114.15 g mol−1 for PCL); b is the Kuhn length
that can be estimated by:

b =
C∞l

cos( 𝜃
2

)
(5)

where l is the C–C bond length (≈1.54 Å) and 𝜃 is the bond angle
(≈70.5°).[40] The computed critical overlap concentration value for PCL
is 0.43 wt%.

In brief, PCL pellets were first dissolved in a mixture of AcOH and deion-
ized water (1:1, v/v) at 70 °C to obtain homogeneous and transparent
solutions. The concentration of PCL solutions (c) reported in this study
ranged from 0.1 to 5.0 wt% (0.1 < c/c* <10), covering dilute and semidi-
lute regimes. Afterward, nylon-11 nanofibrous membrane was incubated
in PCL/AcOH solution at 25 °C (to ensure adequate supercooling degree
around the PCL crystallization temperature Tc = 31 °C, Figure S12, Sup-
porting Information) for 5 min to allow the in-situ growth of PCL crys-
tals on the surface of NFs. As the additional polymer crystals nucleated
and grew epitaxially on 1D fibers, the MPH membranes were formed. As-
obtained membranes were further dried under vacuum to remove residual
solvent. A set of model MPH membranes based on nylon-11@PCL hybrids
were prepared by varying the concentration of PCL doping polymer solu-
tions. The resulting MPH membranes were labeled as “MPH-x”, where “x”
indicates the concentration of doping PCL solution. For reference, control
polymer membranes were also processed under the same conditions.

Characterizations: The morphology of MPH membranes was observed
using scanning electron microscopy (SEM, JSM-6380, JEOL) and atomic
force microscopy (AFM, MultiMode 8, Bruker). Morphology and chemi-
cal compositions of MPHs were characterized by transmission electron
microscopy (TEM, FEI Tecnai G2 F20) equipped with energy-dispersive
spectroscopy (EDS). Crystallographic structures were characterized by 2D

wide-angle X-ray diffraction (WAXD) with an X-ray diffractometer (D8 Dis-
cover, Bruker) with CuK𝛼 radiation source (𝜆 = 0.154 nm). Intermolecular
interactions and crystalline phases were analyzed by Fourier transform in-
frared spectroscopy (FTIR, Thermo Nicolet 6700). Thermal analyzes were
performed using differential scanning calorimetry (DSC, Q2000,TA In-
struments) at heating/cooling rates of 10 °C min−1 under nitrogen at-
mosphere. Mechanical properties were evaluated by a universal testing
machine (UTM2203, Suns Technology Co., Ltd.) at a crosshead speed of
10 mm min−1. Piezoelectric properties were measured by an electrometer
(Keithley 6514) and a portable digital oscilloscope (Micsig STO1102C).
Piezoelectric devices with an effective dimension of 3.0 × 3.0 cm2 were
fabricated by sandwiching MPH membranes between two copper-nickel
fabric electrodes, followed by encapsulation with polyimide films for
protection.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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