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Continuous production of ultratough semiconducting 
polymer fibers with high electronic performance
Zhi Zhang1, Peiyun Li1, Miao Xiong1, Liang Zhang2, Jupeng Chen1, Xun Lei1, Xiran Pan1, Xiu Wang1, 
Xin-Yu Deng1, Weiyu Shen3, Zi Mei1, Kai-Kai Liu1, Guangchao Liu1, Zhen Huang1, Shixian Lv1, 
Yuanlong Shao1,2, Ting Lei1*

Conjugated polymers have demonstrated promising optoelectronic properties, but their brittleness and poor me-
chanical characteristics have hindered their fabrication into durable fibers and textiles. Here, we report a universal 
approach to continuously producing highly strong, ultratough conjugated polymer fibers using a flow-enhanced 
crystallization (FLEX) method. These fibers exhibit one order of magnitude higher tensile strength (>200 mega-
pascals) and toughness (>80 megajoules per cubic meter) than traditional semiconducting polymer fibers and 
films, outperforming many synthetic fibers, ready for scalable production. These fibers also exhibit unique strain-
enhanced electronic properties and exceptional performance when used as stretchable conductors, thermoelec-
trics, transistors, and sensors. This work not only highlights the influence of fluid mechanical effects on the 
crystallization and mechanical properties of conjugated polymers but also opens up exciting possibilities for inte-
grating these functional fibers into wearable electronics.

INTRODUCTION
Fibers can be processed into one-dimensional (1D) yarns, 2D fab-
rics, and 3D spacer fabrics via textile technology, suitable for seam-
lessly integrated into everyday wearables. Synthetic fibers, such as 
polyamide or nylon that contain highly crystalline polymer chains 
and abundant hydrogen bonds, are commonly used, as they offer 
desirable mechanical properties (strength > 100 MPa) (fig. S1A) (1, 
2). Fiber materials have undergone a revolution in recent decades, 
resulting in the emergence of fiber electronics (3, 4). These electron-
ics offer promising advantages, such as flexibility, wearability, knit-
tability, and implantability (4–6). On the basis of these fibers, 
functional textiles with hierarchical structures can be designed with 
multiple functions and high mechanical stretchability.

For electronic fibers, both mechanical properties and electronic 
performances are crucial. Conventional inorganic electronic fibers 
based on silicon (Si) (7) and zinc oxide (ZnO) (8) are rigid and brittle, 
making them unsuitable for continuous production and textile inte-
gration. Moreover, their Young’s modulus (>100 GPa) are much 
higher than that of human tissues (0.1 to 100 MPa) (9), making them 
not suitable for implantable devices. Hydrogel fibers, on the other 
hand, have good biocompatibility, low Young’s modulus, and remark-
able elongation. Unfortunately, their weak interchain interactions 
and high water content limit their mechanical properties (tensile 
strength of <1 MPa and toughness of <10 MJ m−3) (10–12) and 
make them vulnerable to damage from body motion or tissue move-
ment (fig. S1, A and B). Furthermore, most hydrogels are only ioni-
cally conductive and not suitable for constructing high-performance 
semiconducting devices (13, 14). Recently, a functional soft fiber 
named PANSion was reported (15). However, its strength (6 MPa) 
and conductivity (1.82 S m−1) were far from the demands (fig. S1 and 

Discussion). Therefore, achieving both high mechanical properties 
and excellent device performance simultaneously remains a chal-
lenge for electronic fibers.

Conjugated polymers (CPs) have received increasing attention 
due to their high mechanical flexibility, readily structural tunability, 
and good solution processability, making them suitable for flexible 
and stretchable electronics, including organic photovoltaics (16), or-
ganic field-effect transistors (17), organic thermoelectrics (OTEs) 
(18), and organic electrochemical transistors (OECTs) (19). To 
date, only a few conducting polymers, e.g., poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS) (20) and polyaniline 
(21), can be wet spun into strong fibers (tensile strength of ~100 MPa 
and stretchability of <30%) by increasing their solution concentra-
tions (> 40 mg ml−1) (fig. S1A). Because of their lack of side chains, 
these polymers can closely pack and form strong interactions at high 
concentrations, making them suitable for producing robust fibers. In 
contrast, semiconducting polymers invariably possess lengthy side 
chains to enhance solubility and a large number of conformational 
disorders, making them difficult to process into strong and tough 
films or fibers. Despite numerous attempts to improve the mechani-
cal properties of semiconducting polymers through molecular design 
and process engineering (22, 23), their films or fibers still exhibit in-
adequate mechanical strength, with a tensile strength of only a few 
tens of megapascals. As a result, they are prone to breaking during 
continuous production, textile manufacturing, and everyday use. For 
example, a polymer DPP-C5 with a nonconjugated backbone is used 
for melt-processing (24), but the resulting fibers only exhibit a mod-
erate tensile strength (15 MPa) and toughness (10 MJ m−3). These 
properties still lag far behind synthetic fibers. Moreover, introducing 
the nonconjugated backbone interrupts efficient charge transport, re-
sulting in poor electronic performance in the fibers. Therefore, it re-
mains an urgent need and a great challenge to continuously fabricate 
semiconducting polymers into strong and tough fibers while keeping 
their electronic performance uncompromised.

Here, we report a general method, namely, flow-enhanced 
crystallization (FLEX), for the continuous production of semicon-
ducting polymer fibers with exceptional strength, toughness, and 
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stretchability, ideal for high-performance fiber electronics (Fig. 1). 
Unlike the traditional wet-spinning approach that requires highly 
concentrated polymer solution to meet the good spinnability, we 
oppositely lower the polymers’ solution concentration to provide 
adequate space for polymer disaggregation under strong exten-
sional and shear flows, change the fast bidirectional antisolvent 

flow to slow unidirectional flow, and use slow post-stretching to further 
enhance polymer chain alignment and crystallinity (Fig. 1, D and E). 
This led to the emergence of new crystalline diffraction peaks that have 
not been observed in thin films. The resulting fibers displayed remark-
able mechanical properties that have not been realized in CPs. Further-
more, these fibers exhibited strain-enhanced electronic performance 

Fig. 1. Polymer chemical structures and schematic illustration of the mechanism of the FLEX method. Chemical structures of the polymers: (A) P(PzDPP-2FT) (CP-1), 
(B) P(gTDPP-2FT) (CP-2), and (C) P(lgDPP-MeOT2) (CP-3). (D) Schematic of the experimental setup and the major components for the homemade continuous wet-spinning 
apparatus and continuous production of semiconducting polymer fibers. (E) Schematic illustration of the flow-enhanced crystallization (FLEX) mechanism: (a) original 
aggregated polymers inside the syringe, (b) solution flow disaggregates and aligns the semiconducting polymers in the needle; (c) slow solvent diffusion and exchange 
in the coagulation bath can lead to enhanced crystallinity; (d) before and (e) after drawing/stretching. The insets are the photograph (scale bar, 1 cm) and SEM image (scale 
bar, 20 μm) of CP-1 fibers obtained through continuous production and collection. The CP-1 semiconducting fibers showed an average diameter of 9.77 ± 0.73 μm (figs. S2 
and S3).
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with superior electronic performance as stretchable conductors, OTEs, 
OECTs, and biosensors.

RESULTS
Discovery of flow-induced polymer disaggregation 
and alignment
Three distinct CPs are used in this study (Fig. 1, A to C, fig. S4, and 
table  S1). Two of them, namely, P(PzDPP-2FT) (CP-1) (25) and 
P(gTDPP-2FT) (CP-2) (26), belong to the acceptor-acceptor (A-A)–
type n-type polymer category. The third polymer, P(lgDPP-MeOT2) 
(CP-3) (27), falls under the donor-acceptor (D-A)–type p-type 
polymer category. CP-1 contains hydrophobic alkyl side chains, 
while CP-2 and CP-3 have hydrophilic ethylene glycol side chains. 
All these polymers exhibited excellent charge transport properties 
due to their highly planar backbones with intramolecular non-
covalent interactions (fig. S5 and Discussion) and strong interchain 
π-π stacking interactions.

Initial failed attempts indicate that the conventional high-
concentration wet-spinning approach is unsuitable for continuously 
producing high-performance semiconducting polymer fibers be-
cause they usually have limited solubility and are strongly disorderly 
aggregated in solution (28). We hypothesize that the key challenge 
in addressing the spinning hurdles of semiconducting polymers is 
finding ways to disentangle and align polymer chains in solution 
(Fig. 2A). Thus, we reduced the concentration of the polymer solu-
tion to 10 mg ml−1 and used small-diameter and long needles to 
generate strong strain rates to disaggregate the entangled polymer 
chains and align them along the flow direction. The spinning con-
centration of 10 mg ml−1 is above the critical overlap concentration 
(c*, 2.5 mg ml−1) (fig. S6 and Discussion) (29, 30). Extremely, we 
can achieve spinning at the lowest concentration of ~2 mg ml−1 
(fig. S7 and table S2). The polymer solution exhibited obvious shear-
thinning behavior, indicating polymer disaggregation or alignment 
at increasing shear rates (fig. S6A) (31). Furthermore, we simulated 
the solution flowing inside the needles and found that both exten-
sional flow and shear flow contribute to the disaggregation and 
alignment of polymer chains (figs.  S8 and S9 and Discussion) 
(32, 33).

The ultraviolet (UV)–visible (vis)–near-infrared (NIR) absorp-
tion spectra demonstrate that, as the flow speed increased, the ab-
sorption peak at ~720 nm decreased, which is probably due to the 
polymer disaggregation (Fig. 2, B and C, and fig. S10, A and B). Once 
the critical injection speed of 0.04 ml min−1 was exceeded, there was 
a sharp decline of the peak, indicating a notable disaggregation, 
which matched well with our simulation results (Fig. 2C, fig. 9C, and 
Discussion). To determine whether the disaggregation belongs to 
breaking down larger aggregates into smaller ones or dissolving ag-
gregates into single polymer chains, we conducted dynamic light 
scattering (DLS) photoluminescence (PL) measurements. DLS con-
firmed such flow-induced disaggregation effect, and the polymer ag-
gregates’ size decreased from 50 to <5 nm (fig. S10, C and D). The PL 
spectra also supported the disaggregation, where we observed de-
creased emission from the aggregated phase and increased emission 
from single polymer chains (Fig. 2K, fig. S11, and Discussion). These 
results well corroborate our hypothesis of flow-induced disaggrega-
tion, which breaks down the larger aggregates into smaller ones 
while further dissolving the aggregates into single polymer chains 
also seems possible. This disaggregated state is kinetically metastable 

because the disaggregated polymers could reaggregate after several 
days of aging (Fig. 2D).

The geometric size of the spinning needle determines the strain 
rates of polymers (fig. S9B), which influences the crystallinity and 
polymer chain alignment of the fibers. We prepared CP-1 fibers with 
a coagulation solvent ethanol (EtOH) using needles with different 
diameters (D) and lengths (L) and compared their microstructures 
using wide-angle x-ray scattering (WAXS). Decreasing the needle 
diameter or increasing the needle length greatly enhanced the align-
ment of polymer chains in the fibers (Fig. 2, E and F), compared to 
spin-coated films (fig.  S12). As the needle diameter decreases or 
length increases, EtOH fibers exhibited a noteworthy rise in Her-
man’s orientation factor (ƒ) (34) from 0.42 to 0.74, decreased lamel-
lar distances from 27.2 to 25.9 Å, and strengthened π-π stacking 
diffraction peaks (3.54 Å), indicating much better chain alignment 
and increased crystallinity (fig. S13, A and B). Another crystalliza-
tion peak at 1.62 Å−1 (3.85 Å) appeared, which has not been ob-
served in the polymer films (Fig.  2G). We ruled out the possible 
attribution of the ordering along polymer backbone through WAXS 
analysis and molecular modeling (fig. S14 and Discussion). We at-
tributed this additional peak to the orderly arrangement of the alkyl 
side chains, as well-ordered side chains usually have a d-spacing 
within 3.6 to 4.0 Å (35, 36). To support this, we used differential 
scanning calorimetry (DSC) measurements and molecular dynamic 
(MD) simulations (figs.  S15 and S16 and Discussion). Compared 
with polymer solids and fibers with lower or without side-chain 
crystallinity, fibers with better crystallinity showed higher side-
chain melting points (fig.  S15). Previous studies have shown that 
higher alkyl chain melting points indicate better alkyl chain packing 
order and crystallinity in solid state (37). MD simulations also sup-
port the good interdigitation of the long alkyl side chains. In addi-
tion, the WAXS of CP-2 and CP-3 fibers did not show such peaks 
using FLEX because of their ethylene glycol side chains, which also 
supports the attribution of this peak to the ordered packing of the 
alkyl side chain in CP-1 fibers (fig. S17). We also calculated the co-
herence length (Lc) (38) and paracrystalline disorder (g factor) (39) 
of the fibers. Fibers fabricated using thinner and longer needles 
showed notably increased Lc and decreased g factors (fig. S18, C and 
D, and table S3). When using a shear flow to disentangle the poly-
mer in solution, followed by thin film spin-coating, we observed 
redshifted and enhanced 0-0 absorption peaks and a distinct aggre-
gation peak at 825 nm (Fig. 2H) (40). This demonstrates that disen-
tangled polymer chains result in improved crystallinity even for thin 
film fabrication. Flow-induced crystallization has been reported in 
conventional polymers during processing (41). In these polymers, 
increasing spinning solution concentration is a common strategy to 
enhance molecular entanglement to meet spinning requirements. 
However, it is not suitable for CPs. Decreasing concentration and 
disentangling polymer in solution is essential for our FLEX method, 
which is not necessary for conventional polymers.

Antisolvent flow-controlled polymer crystallization
In traditional wet-spinning processes, antisolvents are commonly 
used to induce polymer precipitation. Apart from this effect, we will 
demonstrate that choosing antisolvents is crucial for regulating the 
crystallinity and chain alignment of semiconducting polymer fibers 
(Fig. 2I). We observed that the CP-1 microfiber’s crystallization be-
havior is highly influenced by the antisolvent polarity (fig. S18A and 
table S4). No matter the needle size, increasing antisolvent polarity 
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Fig. 2. Effects of shear flow-induced polymer disaggregation and alignment. (A) Scheme of the FLEX mechanism inside the spinning needle: Flow shear disaggre-
gates the CP molecules. (B) Absorption spectra of CP-1 solution before and after being extruded at various injection speeds (0.02, 0.04, 0.06, 0.08, and 0.1 ml min−1). a.u., 
absorbance units. (C) Relative changes of the intensity at ~720-nm absorption peaks after being extruded at different flow velocities. (D) Absorption spectra of CP-1 solu-
tion before and after 60-μm needle extruding and followed by aging for 36 hours. (E) 2D-WAXS patterns of wet-spun semiconducting microfibers using needles with 
different inner diameters: 210 μm (D210, corresponding to a central velocity of 17 mm s−1) and 60 μm (D60, central velocity of 215 mm s−1) and with different lengths: 
13 mm (L13, corresponding to a shear time of 0.06 s), 25 mm (L25, shear time of 0.12 s), and 38 mm (L38, shear time of 0.18 s). The red arrow indicates the fiber direction. 
(F) Line profiles of the integrated intensity (normalized to the maximum intensity) versus q value extracted from the 2D WAXS patterns. (G) Enlarged line profiles with q 
values from 1.0 to 1.9 Å−1, showing obvious changes of the π-π and alkyl chain diffraction peaks. (H) Comparison of the absorption spectra of the directly spin-coated 
film and the film spin-coated from a CP-1 solution extruded through a D60/L38 needle. (I) Schematic illustration of the solvent diffusion patterns for the fast bidirec-
tional diffusion and slow unidirectional diffusion according to Hansen’s principle. (J) Comparison of the total Hansen solubility parameters (HSPs) of the solvent (o-DCB) 
and the antisolvents [toluene (TL), n-butyl acetate (nBA), isopropyl alcohol (IPA), ethanol (EtOH), and dimethyl sulfoxide (DMSO)]. (K) Comparison of the normalized ab-
sorption (abs.) spectra (solid lines) and the normalized photoluminescence (PL) spectra (dash lines) (λex = 470 nm) of the CP-1 solution, spin-coated film, and the micro-
fiber wet-spun in EtOH.
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leads to a monotonic decrease in chain alignment (fig. S18, A, E, and 
F), while an increase in the π-π stacking and side-chain crystalline 
(fig. S18B). Using more polar antisolvents always leads to increased 
crystallinity but decreased alignment. Fibers from more polar anti-
solvents show a notable increase in Lc and decrease in g factors 
(fig. S18, C and D). Specifically, g factor decreased from 16.5 to 4.2%, 
comparable to the highly crystalline poly(3-hexylthiophene-2,5-
diyl) (P3HT) films (42). The absorption further confirmed the high 
crystallinity of the fibers from more polar solvents, with toluene (TL) 
fibers showing a blueshift compared to the film and EtOH fibers 
showing a redshift (fig. S19 and Discussion). In addition, the EtOH 
fiber showed pronounced a redshift and narrowing emission peak, 
indicating the formation of highly ordered aggregates (Fig.  2K). 
From combined absorption spectra and PL spectra, we think that the 
polymer might adopt a more planar backbone conformation or dif-
ferent interchain packing in EtOH fiber, which is further supported 
by time-dependent density functional theory (DFT) calculations 
(fig. S20 and Discussion).

We propose that such antisolvent-dependent behavior relates to 
the antisolvent diffusion process during coagulation, which can be 
explained by the Hansen solubility parameters (Fig. 2J and fig. S21) 
(43). Hansen’s solubility theory characterizes the miscibility of a 
solvent-nonsolvent pair using their relative energy difference (Δδ), 
which determines the solvent diffusion mode and crystallization 
rate (fig. S21B). When Δδ between two solvents, such as TL and o-​
DCB, is close, they are highly miscible, leading to a fast bidirection-
al diffusion (Fig. 2I). When Δδ is largely different (e.g., EtOH versus 
o-​DCB), they have poor miscibility, causing slow unidirectional dif-
fusion (44). The latter leads to a slower phase transition and crystal-
lization than the former, resulting in fibers with higher crystallinity 
but less alignment (polymers aligned by the extensional and shear 
flow can relax to random orientation). The slow solvent diffusion 
and crystallization process is also supported by our colored solution 
tracing experiment (fig. S22, Discussion, and movie S2). We did not 
observe strong π-​π stacking and alkyl side-chain crystalline peaks in 
TL microfiber, which exist in EtOH fibers (fig. S18A, G and H), fur-
ther demonstrating the critical importance of both the flow inside 
the needle and the antisolvent diffusion in the coagulation bath.

Further enhancing fiber’s mechanical properties 
by stretching
We chose EtOH as the antisolvent, because dimethyl sulfoxide has 
high boiling point and results in solvent residue in fibers, further 
leading to poor mechanical properties and failure in continuous 
production. We found a positive correlation between the mechani-
cal properties and the crystallinity of the fibers (fig. S23 and Discus-
sion) (38). For example, microfibers produced with EtOH showed a 
high tensile strength of ~90 MPa and stain-to-failure of ~35%, much 
better than the TL fibers (Fig. 3A). We performed a cyclic stretch-
rebound test with a strain of 10% for CP-1 fibers, indicating that the 
semiconducting fiber is not fully elastic and can be plastically stretched 
(fig. S24). The excellent mechanical properties allow us to post-stretch 
the fibers. The 10% stretched EtOH fibers displayed even better me-
chanical properties with high tensile strength (>200 MPa), tough-
ness (>80 MJ m−3), and enhanced strain-to-failure >50% (fig. S1, A 
and B). These values, to our knowledge, are already comparable or 
superior to many synthetic fibers and are the record values in semi-
conducting polymer fibers and films (Fig. 3, B and C). Notably, this 
strong fiber also has a low density (0.96 g cm−3), comparable to the 

lightest synthetic fiber polypropylene (fig.  S25). We observed re-
duced lamellar distance, enhanced Lc, reduced g factors, and en-
hanced alignment after stretching, suggesting that polymer chains 
tend to arrange more compactly and ordered (Fig.  3, D and E, 
fig. S26, and table S5). When the fiber was stretched from 0 to 50%, 
the orientation factor (ƒ) of the fibers increased from 0.67 to 0.91. 
Thus, the strengthening and toughening after stretching is probably 
due to the slow stretching-induced orientation and enhanced crys-
tallinity (45). Using FLEX, we also obtained CP-2 and CP-3 fibers, 
exhibiting exceptional mechanical properties with tensile strengths 
of >100 MPa and toughness of >20 MJ m−3 (fig. S27).

Good mechanical properties in traditional synthetic fibers usually 
necessitate strong interchain interactions. For example, nylon and 
polyimide fibers contain interchain hydrogen bonds. However, CPs 
tend to form lamellar packing with side chains situated between the 
lamellae, resulting in weak interactions and inferior mechanical 
properties. In our study, we credit the outstanding mechanical prop-
erties to the disaggregation of polymers from larger aggregates into 
smaller ones, which leads to better backbone alignment and side-
chain crystallization and thereby contributes to the high stretchability 
of CP-1 fibers (fig. S28). The ordered arrangement and crystallization 
of alkyl side chains can increase inter-lamellae interactions and en-
hance fiber strength (46). This type of well-organized side-chain 
packing has rarely been achieved in literature (47). Recent studies 
have suggested that ordered alkyl side-chain packing could greatly 
improve the mechanical strength of CP films (48, 49). We also per-
formed transmission electron microscopy and small-angle x-ray scat-
tering (SAXS) to confirm the fibers’ microstructures to exclude other 
possible mechanisms (fig. S29 and Discussion).

CP-1 fibers can be easily bent and knotted with a radius of curva-
ture of <5 μm, a record-low value compared to other semiconduct-
ing fibrous materials (Fig. 3F and fig. S30, A to C) (3, 50–52). Moreover, 
the fibers show an effective bending stiffness of 0.7 to 1.3 nN·m, 
comparable to that of neural tissues (53, 54). These attributes make 
them ideal for use in implantable bioelectronics, such as brain-
computer interfaces (5, 19). Figure 3G presents a radar diagram that 
quantitatively compares important parameters of fibrous materials, 
and our semiconducting fibers excel in all these parameters. Their 
mechanical properties also enable them to be directly integrated 
with textiles through threading and sewing (Fig. 3H). By embedding 
these stretchable fibers into polydimethylsiloxane elastomers, de-
vices with excellent resilience could be prepared (fig. S30, D and E), 
suggesting their potential applications in elastic electronics (23, 55).

Strain-enhanced electronic performance for fiber electronics
Wearable electronics typically undergo substantial deformation un-
der bending, twisting, and folding conditions, causing mechanical 
damage and leading to electrical failure (56). Therefore, stretchable 
electronics that conform to human skin and withstand mechanical 
deformation have sparked growing interest (5, 19, 57). The excellent 
mechanical properties and biocompatibility (fig.  S31 and Discus-
sion) of the fibers encouraged us to explore their potential applica-
tions (Fig. 4A). Because of the high strength of the semiconducting 
fibers, they can be easily used for sewing without breaking (fig. S32A 
and Fig. 3H).

After doping, the CP-1 fiber can function as a high-performance 
n-type conductor (Fig. 4, B and C, and fig, S32B). It shows unique 
strain-enhanced electrical conductivities. The CP-1 fiber showed a 
decreased resistance of more than 20% after stretching to 50%, 
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equivalent to a conductivity increase from 76 to 173 S cm−1 after 
considering the geometric change. To the best of our knowledge, 
such an intrinsically strain-reduced resistance phenomenon has 
rarely been observed before (Fig.  4B), and the conductivity of 
173 S cm−1 is also a record value for n-doped semiconducting poly-
mers (fig. S33) (25, 58). We ruled out the ionic contributions to the 
electrical conductivity of CP-1 fibers, which is a typical electronic 
conductor (fig. S34 and Discussion).

A wearable electronic system typically includes sensors, power 
sources, and processors. As a proof of concept, CP-1 fiber OTEs were 
fabricated (Fig. 4D), which could potentially serve as a power source. 
The thermoelectric performance of n-doped CP-1 fibers are closely 
related to their fabrication and doping methods (fig.  S35). Higher 
thermoelectric performance can be achieved with higher fiber crys-
tallinity and certain strain. At 30% strain, we achieved a high n-type 
conductivity of 149 S cm−1, a Seebeck coefficient of −98 μV K−1, and 

Fig. 3. Mechanical properties, stretching enhanced alignment, and integration ability of the fibers. (A) Stress-strain curves of the undrawn TL fiber, undrawn EtOH 
fiber, and two drawn EtOH fibers. Comparison of the (B) tensile strength and (C) toughness versus breaking strain of our semiconducting polymer fibers with those of 
other CP films and fibers reported in the literature (69–72). (D) 2D-WAXS patterns and (E) the calculated f factor of the (100) reflection of CP-1 fibers with different stretch-
ing ratios. (F) Comparison of the radius of curvature (ROC) for our fibers with other reported fibers/probes that have been used in electrophysiological interfaces. Inset is 
an optical micrograph showing a knotted fiber with a ROC of less than 5 μm. Scar bar, 50 μm. (G) Comparison of several key mechanical properties among several fibrous 
materials: carbon fiber, Si probe, DPP-C5 fiber, and our CP-1 fiber. (H) Photographic image of a “PKU” logo sewed on a non-woven fabric, demonstrating the good treading 
and sewing ability of our fibers. After integration with fabrics, the fibers show excellent stretchability.
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Fig. 4. Wearable electronic applications of the fibers produced with FLEX. (A) Schematic diagram of potential wearable applications of the semiconducting polymer 
fibers. (B) Relative resistance (R/R0) over strain plots showing decreased resistance under strain for CP-1 fiber versus literature-reported stretchable electronics. All previously reported 
structures suffer from severe resistance ascent from stretching (detailed data and references are in table S6). (C) Photographic image of a lighted light-emitting diode that was con-
nected by an n-doped CP-1 fiber as the conductor. (D) Dependence of geometric corrected electrical conductivities, Seebeck coefficients, and PFs of CP-1 fibers at various stretching 
ratios (0, 10, 20, 30, 40, and 50%). Inset is a cartoon illustration of the architecture of the fiber OTE device measurement setup. The error bars represent the SDs. (E) Comparison of PFs 
vs. conductivity for CP-1 fibers and other reported n-type polymer TE materials. (F) Representative p-type transfer characteristic and corresponding gm curves of a CP-3 fiber OECT 
(W/L = 15 μm/20 μm). (G) Comparison of the gm,A values of currently reported OECT devices. The data of the summarized OECT performances are listed in table S7. (H) Real-time re-
sponse of the CP-2 fiber OECT (source-drain current, IDS, as a function of time) as successive amounts of lactate are added to the PBS solution containing the lactate oxidation enzyme 
(LOx). (I) Normalized calibration curves derived from the chronoamperometric response of the CP-2 fiber OECTs. (J) Real-time recorded ECG signals from CP-3 fiber OECTs.
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a power factor (PF) of 146 μW m−1 K−2 (Fig. 4D). The PF value is 
among the highest in n-type polymer thermoelectrics, substantially 
surpassing that of the CP-1 film (Fig. 4E). The substantial enhance-
ment of the conductivity and Seebeck coefficient is probably due to 
the improved crystallinity and chain alignment in the fiber.

OECTs are attractive for bioelectronics and biosensors due to their 
good biocompatibility, low operation voltage, and high transconduc-
tance (59). For many applications, such as single-neuron sensing, the 
area of the OECT needs to be the smaller, the better. To evaluate the 
performance of a transistor-based sensor, transconductance (gm) is 
often used. After considering the transistor area (W by L), the area-
normalized transconductance [gm,A  =  gm/(WL)] is used for device 
performance comparison (60). Both CP-2 and CP-3 fiber OECTs 
demonstrate extraordinary performances among all n- and p-type 
OECTs (Fig. 4, F and G, and fig. S36). The gm,A values as high as 16 
and 127 μS μm−2 are achieved for n-type CP-2 and p-type CP-3 fibers, 
respectively. These values are about 18 times and 24 times greater 
than those of their film devices. The CP-3 fiber OECTs exhibit the 
highest gm,A values among all planar OECTs, even comparable to re-
cently developed vertical OECTs (60).

On the basis of these fiber OECTs, we successfully developed lac-
tate and electrocardiogram (ECG) sensors (Fig.  4, H to J, and 
fig. S37) (61). The CP-2 and CP-3 fiber sensors exhibited excellent 
linearity within the range of 10 to 500 μM, demonstrating high sen-
sitivity of 2.01 and 9.37 mA mM−1 cm−2, respectively. These sensi-
tivities are among the highest in recently reported lactate sensors 
(fig. S32H) (62–65). Besides, the sensors show good selectivity and 
accuracy (fig. S38). We also used these fiber OECTs to record ECG 
signals, observing remarkable signal-to-noise ratios of 39 and 54 for 
CP-2 and CP-3 fiber OECTs, respectively (Fig. 4J and fig. S37, G to 
I). Therefore, our CP fibers exhibit great potential for integration 
into wearable electronics for health monitoring.

DISCUSSION
Unlike the traditional wet-spinning approach that requires a highly 
concentrated polymer solution to meet good spinnability, we oppo-
sitely lower the polymers’ solution concentration to achieve the con-
tinuous fabrication of the CP fibers. The key factor in addressing the 
spinning hurdles of semiconducting polymers is to disentangle and 
align polymer chains by extensional and shear flow and control the 
fiber crystallinity by solvent/antisolvent diffusion flow. The resulting 
fibers displayed remarkable mechanical properties and interesting 
strain-enhanced electronic performance that have rarely been achieved. 
Previous studies in CPs mostly focused on thin-film devices. This work 
demonstrates that the electronic performance of well-engineered fibers 
could surpass those of thin films due to enhanced polymer chain align-
ment and crystallinity. We anticipate that the FLEX method, along 
with the fluid mechanical effects uncovered in this work, will serve 
as a universal approach and framework for the scalable production 
and creation of tough and durable semiconducting fibers for wearable 
electronics and bioelectronics.

MATERIALS AND METHODS
Materials
CPs (CP-1, CP-2, and CP-3) were synthesized as previously de-
scribed (25–27). An aqueous dispersion of PEDOT:PSS (Clevios 
PH1000; solid content of 1.1 to 1.3 wt %) was purchased from 

Heraeus. Lactate oxidase (LOx; solid content of ≥20 units/mg) was 
purchased from Beijing MREDA Technology Co., Ltd. Phosphate-
buffered saline (PBS; 0.01 M, pH 7.2 to 7.4) was purchased 
from Alfa Aesar. Ethylene glycol, dodecyl benzene sulfonic 
acid, and (3-glycidyloxypropyl)trimethoxysilane were purchased 
from Sigma-Aldrich. All solvents used were purchased from 
Sigma-Aldrich. Silver slurry (MCN-ED002) was purchased from 
MECHANIC. Rhodamine B (AR) was purchased from Beijing 
Qisong Biotechnology Co. Ltd. Tetrakis(dimethylamino)ethylene 
(TDAE) and 1-butyl-3-methylImidazolium bis(trifluoromethyl
sulfonyl)imide (BMI-TSFI) were purchased from MREDA. All of 
the chemicals and materials were used without further purification 
after purchase.

Fabrication of CP fibers
First, the CPs (CP-1, CP-2, and CP-3) were fully dispersed in good 
solvents [1,2-dichlorobenzene (o-​DCB)] at 120°C and were filtered 
through a 0.45-μm polyvinylidene difluoride filter as the spinning 
solution. Subsequently, the spinning solution was fed into a 2-ml 
syringe with a stainless-steel blunt needle with different diameters 
(210, 160, 110, and 60 μm) and lengths (13, 25, and 38 mm). The 
syringe was then mounted to a custom-made wet-spinning appara-
tus with a syringe pump (LSP02-1BY), a polytetrafluoroethylene 
(PTFE) coagulation bath, and fiber collection rollers. The spinning 
dope was extruded through spinning needles with a rate ranging 
from 0.02 to 0.14 ml min−1 into different coagulations. Antisolvents 
with different polarities were used as the coagulation baths. Note, 
because of the substantial differences in the molecular structure of 
different conjugated copolymers, the applicable polymer-solvent-
nonsolvent triads for wet-spinning are also various (table S3). CP 
fibers were directly drawn out from the coagulation bath and wound 
with a roller at a collecting speed of 0.5 to 1 m min−1, and the speed 
of the last roller increased by 10% to achieve fiber stretching and 
mechanical enhancement.

Characterization of spinning solutions and 
wet-spun microfibers
Absorption spectra were recorded on PerkinElmer Lambda 750 UV-
vis spectrometer. PL spectra were conducted on a Steady State and 
Transient State Fluorescence Spectrometer (FS980, Edinburgh, UK). 
The wavelength of the excitation light is 470 nm. The excitation grat-
ing width and emission grating width are both 10 nm. DLS was per-
formed using a Zetasizer Nano ZS90 (Malvern Instruments). The 
dimensions and morphologies of the microfibers were characterized 
using field-emission scanning electron microscopy (S4800, Hitachi, 
Japan) at 10 kV and 10 μA without Pt sputtering. The rheological 
properties of the polymer solution were measured using a rheome-
ter (MCR 301, Anton Paar, Austria) under steady shear conditions.

WAXS and SAXS measurements were performed in transmis-
sion mode using the Ganesha system. The source was GeniX3D Cu 
ULD 8 keV with a wavelength of 1.54189 Å. Typically, CP microfi-
bers were cut and aligned into a bundle and placed in an aperture 
card. The aperture card with the aligned fiber bundle was then 
transferred to the WAXS sample holder and placed at 101.17 mm 
from the 2D detector (Dectris Pilatus 200 K). Exposure time was 
600 s. Data processing to obtain the integrated diffracted intensity 
versus q and azimuthal angle, Ψ, was performed using the software 
Foxtrot provided by Ganesha. DSC analyses were performed on a 
TA Instruments Q2000 analyzer.
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The tensile properties of the CP fibers were measured using a 
Shimadzu EZ-LX at a strain rate of 1% min−1. Samples were mount-
ed on aperture cards (1-cm-length window) with commercial epoxy 
resin and allowed to air dry. The stress-strain curves were recorded 
directly, and Young’s modulus and toughness were calculated ac-
cordingly.

MD calculations
On the basis of the quantum-chemical calculations, a force field de-
rived from the Dreiding force field was used, in which the torsion 
potentials between adjacent conjugated units have been reparame-
terized against ωB97X-D/6-311G(d,p) calculation. DFT-optimized 
geometries of the 3435 dimers were used as initial structures, and 
atomic charges were resigned according to DFT-calculated restrained 
electrostatic potential (RESP) charges. We used the methodologies 
according to the literature to simulate the crystalline and disorder 
region of CP-1 P(PzDPP-2FT). All MD simulations were performed 
using Material Studio (66), and all DFT calculations were performed 
with Gaussian 16 package (67).

Cell culture experiments
The sample substrate was preloaded into a six-well plate. Mouse fi-
broblasts (L929; 5 × 105) were seeded into each well and cultured in 
high-glucose Dulbecco’s modified Eagle’s medium with 10% fetal 
bovine serum (6021031, DAKEWE), penicillin (100 U/ml; Invitro-
gen), and streptomycin (100 U/ml; Invitrogen) at 37°C with 5% 
CO2 and 95% humidity. After 24 hours, live/dead staining (catalog 
no. 40747ES76, Yeasen) was performed to evaluate the biocompat-
ibility of the substrates. Briefly, cells were thoroughly washed with 
1× assay buffer, and the staining working solution was prepared by 
adding 5 μl of calcein-AM solution (2 mM) and 15 μl of propidium 
iodide solution (1.5 mM) to 5 ml of 1×  assay buffer and mixing 
thoroughly. Staining working solution (100 μl) was added to 200 μl 
of cell suspension, mixed, and incubated at 37°C for 15 min. Live 
cells (green fluorescence) and dead cells (red fluorescence) using a 
490  ±  10–nm excitation filter under a fluorescence microscope 
(Nikon DS-F).

CP fiber OTE device fabrication and electrical 
property measurements
To fabricate the fiber OTE devices, the wet-spun CP-1 microfibers 
were laid flat onto the cleaned glass substrates (2.54 cm by 2.54 cm), 
followed by evaporating 50-nm Au on glass using a stainless-steel 
shadow mask to define the channel area with a length of 5 mm. 
Then, the glass substrates loaded with microfibers were transferred 
into a glove box to n-dope with different methods.

The thermoelectric properties were studied in a nitrogen glove 
box to avoid temperature fluctuation and O2/water dedoping. TDAE 
was used to dope CP-1 microfibers due to its strong n-doping ability. 
The fumigation method was achieved by enclosing the glass sub-
strates in a TDAE atmosphere for different times. After different ex-
posure times in TDAE vapor, the glass substrates were put on the 
probe stage to measure the conductivity or on a Seebeck stage with 
a hot end and a cold end to record the Seebeck curves. The conduc-
tivity was collected by two-probe measurements in a nitrogen glove 
box with a Keysight B1500A semiconductor parameter analyzer or 
sourcemeters (Keithley 2636B and 2182A). TLM method was used 
to eliminate the interference of contact resistance. Because the four-
probe method will amplify the uneven structure along the length 

direction, resulting in a notably larger test resistance. Twenty de-
vices were measured for each data point. The Seebeck coefficients 
(S) can be calculated from the Seebeck curve by the formula S = ΔV/
ΔT. ΔV is the thermal voltage between the hot and cold ends of the 
device at a temperature gradient ΔT, the ΔV was monitored by a 
Keysight B1500A semiconductor parameter analyzer or sourceme-
ters (Keithley 2636B and 2182A), and the temperature difference 
was introduced by Joule heating (heater) and condensate water 
cooling system. To accurately figure out the temperature difference 
∆T between the two contact pads, two temperature sensing wires 
(5-nm Cr/20-nm Au bilayer) were introduced on the hot and cold 
ends of the Seebeck stage. The other doping method, ion exchange, 
required mixing TDAE with different ratios and 5% (w/v) ionic so-
lution BMI-TSFI in corresponding coagulation solution, which was 
used as dopants to immerse devices for 1 s followed by the above 
measurements.

CP fiber OECT fabrication and performance measurements
A silicon wafer with a 300-nm-thick SiO2 layer was used as the sub-
strate. It was ultrasonically cleaned in acetone, deionized water, and 
isopropyl alcohol, followed by nitrogen blow drying and then with 
oxygen plasma treatment for 5 min. The CP fibers were set up on the 
substrate relying on Coulombic force. Next, 50 nm of Au was depos-
ited by thermal evaporation using a stainless-steel shadow mask as 
the electrodes. Here, the patterned Au source-drain electrodes 
defined the channel dimensions of W (fiber diameter) and L 
(width of the shadow mask). At last, a droplet (~20 μl) of NaCl solu-
tion (0.1 M) was applied onto the electrode overlapping area, and an 
Ag/AgCl electrode (Warner Instruments) was inserted in the drop-
let acting as the OECT gate electrode. The device characterization 
was performed on a probe station using a Keithley 4200 SCS ana-
lyzer or an Fs-Pro semiconductor parameter analyzer, PDA.

CP fiber sensor device fabrication and characterization
The fiber OECT devices were fabricated as the above method. 
The active material, PEDOT:PSS solution [19 ml of Clevios 
PH1000, 1 ml of ethylene glycol, 50 μl of dodecyl benzene sul-
fonic acid, 1  wt % (3-glycidyloxypropyl)trimethoxysilane)] was 
drop cast on Au-coated substrate and hard-baked (125°C, 60 min) 
to generate a homogeneous film.

For the sensing experiments, LOx in the PBS (10 mg ml−1) was 
drop cast on the device active area (channel and gate) and soaked 
overnight. Lactate was dissolved as stock solutions in PBS (10, 20, 
50, 100, 200, and 500 μM). Current-voltage characteristics of the 
devices were recorded using an Fs-Pro semiconductor parameter 
analyzer, PDA. The readout signal of the OECT at zero analyte con-
centration was the steady-state current obtained in PBS solution. 
After a steady baseline was obtained for the drain current, changes 
in response to subsequent additions of increasing concentrations of 
lactate solutions into the electrolyte were monitored as a function of 
time. For all the experiments, the volume of the solution was kept 
fixed at 10 μl. The response of the device to lactate was normalized 
to allow for an accurate comparison between different devices. The 
normalized response (NR) was determined by the following equa-
tion, which considers the current output after it reaches a steady-
state value

NR =

|
|
|
|
|

IDS − IDS,0

IDS,0

|
|
|
|
|
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where IDS,0, and IDS are the current outputs in the absence of any 
analyte (baseline) and after the addition of a specific concentration 
of analyte, respectively.

The selectivity of the fiber sensor device is verified by adding 
non-relevant biomolecules (10 μl), such as urea, glucose, and fruc-
tose (dissolved in 1× PBS solution with a concentration of 100 μM). 
The accuracy of the fiber OECT was determined by the coefficient of 
variance (CV) of different devices and calibrated using the method 
reported in the literature (68), where CV is defined as

where σ is the SD and μ is the mean.

Wearable device integration
The fiber OECT and fiber OTE were sewn into the fabric for integra-
tion using a commercially available embroidery needle. The semi-
conducting fiber was first sewn on a knitted fabric. Silver slurry 
(MCN-ED002) was used and cured at 100°C for10 min as the elec-
trode. The OECT and OTE measurements were the same as the 
above methods.

Supplementary Materials
This PDF file includes:
Figs. S1 to S38
Tables S1 to S7
Appendix 1
Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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