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Fibre integrated circuits by a multilayered 
spiral architecture
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Fibre electronic devices are transforming traditional fibres and garments into 
new-generation wearables that can actively interact with human bodies and the 
environment to shape future life1–5. Fibre electronic devices have achieved almost all 
of the desired functions, such as powering6,7, sensing8,9 and display10,11 functions. 
However, viable information-processing fibres, which lie at the heart of building 
intelligent interactive fibre systems similar to any electronic product, remain the 
missing piece of the puzzle12–15. Here we fill this gap by creating a fibre integrated 
circuit (FIC) with unprecedented microdevice density and multimodal processing 
capacity. The integration density reaches 100,000 transistors per centimetre, which 
effectively satisfies the requirements for interactive fibre systems. The FICs can not 
only process digital and analogue signals similar to typical commercial arithmetic 
chips but also achieve high-recognition-accuracy neural computing similar to that  
of the state-of-the-art in-memory image processors. The FICs are stable under harsh 
service conditions that bulky and planar counterparts have difficulty withstanding, 
such as repeated bending and abrasion for 10,000 cycles, stretching to 30%, twisting 
at an angle of 180° cm−1 and even crushing by a container truck weighing 15.6 tons.  
The realization of FICs enables closed-loop systems in a single fibre, without the need 
for any external rigid and bulky information processors. We demonstrate that this 
fully flexible fibre system paves the way for the interaction pattern desired in many 
cutting-edge applications, for example, brain–computer interfaces, smart textiles 
and virtual-reality wearables. This work presents new insights that can promote the 
development of fibre devices towards intelligent systems.

The evolution of fibre electronic devices from traditional fibres to fibre 
devices with diverse functionalities has been witnessed in the past 
decades16,17. Following the development of any electronic product such 
as a smartphone or a computer, the future of fibre electronic devices 
necessitates the transformation of individually working fibre devices 
into intelligent fibre systems, aiming to meet the versatile interaction 
demands of large-scale applications18,19. Information processors such 
as integrated circuits or chips constitute the cornerstone of modern 
electronics. The same is true for fibre electronic devices; however, 
unfortunately, the missing piece to build fibre systems is an effective 
information processor in fibre form, which is necessary to seamlessly 
integrate multifunctional fibre devices for signal transmission, storage 
and processing20–22. The realization of fibre information processors is 

poised to overturn the present model of fibre systems, which heavily 
relies on external connection to rigid and bulky information-processing 
equipment23–25. This reliance is fundamentally at odds with the nature of 
fibre devices, which must be flexible, stretchable, twistable, lightweight 
and even weavable (Supplementary Note 3).

Different from conventional information processors made on rigid 
planar silicon substrates, the primary challenge in developing a viable 
fibre information processor lies in the need to integrate a large number 
of collaborative processing microdevices—such as transistors, resis-
tors and capacitors—into elastic and thin fibres. This difficulty arises 
from the inherent constraints of fibres, including their soft, cylindrical 
geometry and limited surface area, which create substantial barriers 
to achieving the necessary integration density and forming reliable 
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interconnections required for meaningful computational function-
ality26,27. In our study, this limit was broken with a FIC by designing a 
multilayered spiral architecture, in which each layer had stretchable 
functional integrated circuits incorporated (Supplementary Note 1). 
This design enabled the creation of a stereoscopic spiral circuit archi-
tecture (Extended Data Fig. 1 and Supplementary Fig. 7), maximizing 
the radial space within the fibre and achieving a volumetric integration 
density an order of magnitude higher than that of methods confined 
to surface-level utilization24.

The fabrication processes of FICs involve constructing functional 
modules on elastic polymer substrate, interconnecting them by means 
of lithography and assembling them into FICs using a modified rolling 
strategy (see Methods for details). The integration density of a FIC could 
be readily tuned by changing the lithography processing resolution, 
whereas FICs of various diameters and lengths could be obtained on 
demand by using substrates of different sizes (Extended Data Fig. 2 
and Supplementary Note 6). To ensure the reliable performances of 
integrated circuits in the fibres, we implemented three key strategies 
in fabrication processes beyond traditional rolling methods28. First, we 
established a highly flat surface on polymer substrate to enhance circuit 
patterning precision and developed parylene encapsulation to provide 
solvent resistance (Supplementary Note 7). Second, we introduced a 
polydimethylsiloxane (PDMS) interlayer and a modulus heterostruc-
ture to mitigate mechanical stresses of circuits during deformations 
(Supplementary Notes 2 and 8). Third, to address device uniformity and 
reproducibility, we integrated an adhesive interlayer and a thickened 
edge into the FIC fabrication process, which improved layer adhesion 
and prevented irregular layer curing (Supplementary Note 9).

The interconnectivity among microdevices is crucial for their 
collaborative operation in performing computations within FICs, 
achieved through upper-layer connecting tracks (Supplementary 
Fig. 4). As shown in Fig. 1a, a 300-μm-diameter FIC was fabricated with 
exclusive-or (XOR) logic gate circuits arrayed along its longitudinal axis. 
XOR logic gates, which are fundamental building blocks for computa-
tional and error-correction circuits, were precisely implemented. The 
conducting circuit in the resulting FIC featured a line width of 5 μm, 
demonstrating a fabrication resolution superior to that achieved by 
typical printing or thermal-drawing methods in fibre devices25,28,29. 
The circuit interconnections showed high consistency and integrity, 
maintaining consistent resistances along the axial, radial and circum-
ferential dimensions (Extended Data Fig. 6). To visualize the internal 
morphology, fluorescent molecules were used to label the circuits. The 
reconstructed three-dimensional images revealed that the circuits con-
formed well to the spiral geometry along the radial direction, without 
observable wrinkles or distortions (Fig. 1b and Extended Data Fig. 1a). 
The basic components of the integrated circuits—including resistors, 
capacitors, transistors and diodes—were precisely patterned and inter-
connected, forming a standard 1T1C circuit unit (Fig. 1c).

The scalability of interconnected FICs was demonstrated by extend-
ing their lengths from the centimetre to the metre level (Fig. 1d). A main 
difficulty in fabricating long FICs is that random wrinkles may form 
during the rolling process. To address this, we printed a 10-μm-width 
PDMS thickening layer at the initiating edge of the substrate, which 
serves as the core of the FIC (Extended Data Fig. 1d and Supplemen-
tary Notes 1 and 11). This design prevents stress concentration during 
rolling, enabling uniform and scalable fabrication of metre-scale FICs 
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Fig. 1 | Photographs showing the structure of FICs. a, Photograph of a FIC 
with XOR circuits on the fibre surface (scale bar, 200 μm) and enlarged views 
(scale bars, 40 μm). (1), (2) and (3) show the uniformity of the circuits in the FIC. 
b, Reconstructed three-dimensional fluorescence photomicrograph showing 
the connectivity of the microdevices in a FIC. The circuit can be distributed 
360° around the fibre circumference. c, Fluorescence photomicrograph 

showing an active driving circuit unit inside a FIC, suggesting that a wide variety 
of devices can be integrated into the fibre. Scale bar, 40 μm. d, Photograph  
of FICs being produced at a large scale. The enlarged photograph shows  
the continuity of circuits in the FICs. Scale bars, 1 cm (left); 1 mm (right).  
e, Photograph of a FIC being knotted and placed on a thumb, exhibiting the 
flexibility and structural integrity of the FIC. Scale bar, 2 mm.
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using a custom-built machine (Fig. 1d and Extended Data Fig. 2a–c). 
Even in the innermost layer, the functional circuits were subjected to 
relatively low strains owing to the mechanically neutral layer design 
(Extended Data Fig. 5 and Supplementary Note 2). Furthermore, an 
adhesive interlayer was incorporated during the rolling process to 
improve the structural integrity and stability. This interlayer acts as a 
filler and ensures strong bonding between the rolled functional layers, 
effectively preventing delamination during FIC deformations (Fig. 1e 
and Supplementary Note 9).

As the core building component of information-processing cir-
cuits30,31, transistors were densely incorporated into FICs to enable a 
robust signal-processing functionality. The FICs achieved an unprec-
edented integration density of 100,000 transistors per centimetre 
(Fig. 2a and Supplementary Note 12), reaching the industrial standard 
for very-large-scale integrated circuits32. The transistor was designed 
with a typical bottom-gate structure (Fig. 2b), exhibiting an on–off 
switching ratio of 107, a leakage current at the level of 10−10 A and a 
mobility of 1.13 cm2 V−1 s−1 (Fig. 2c and Supplementary Note 10), which 
are comparable with the state-of-the-art organic transistors33,34. The 
transistors exhibit consistent performance along the axial, radial and 
circumferential directions of the fibres, with performance variations 
remaining less than 8% (Fig. 2d and Extended Data Fig. 4g–i).

On the basis of the electrical performance and operational uniformity 
of the transistors, the FICs enable the implementation of various func-
tional circuits for signal computation and manipulation. For example, 
FICs containing basic logic gates such as not-or (NOR) and not-and 
(NAND) gates exhibited stable response curves that closely aligned with 
theoretical truth tables (Fig. 2e–h). To demonstrate the computation 
potential of FICs, a logic XOR gate was fabricated using four NAND gates 
(Fig. 2i). This XOR gate accurately performed addition and subtraction 
operations, with the response properties confirming the collective 
functionality of the integrated transistors (Fig. 2j). Furthermore, the 
FICs could function as set-reset (RS) latch circuits, which are widely 
used in computers and digital systems for signal synchronization and 
timing control (Fig. 2k). The RS latch in the FIC exhibited electrical 
output responses consistent with theoretical predictions for sequential 
logic circuits (Fig. 2l).

As well as digital circuit functions, the FICs demonstrated the ability 
to achieve analogue circuit functionality, enabling direct communica-
tion with sensors and output devices such as radio frequency filters and 
waveform generators (Fig. 2m,n). This functionality was realized by 
integrating transistors with resistors and capacitors that offer adjust-
able performance and design flexibility (Supplementary Note 1 and 
Extended Data Fig. 10a,b). As an example, a waveform-generation 
circuit was designed on the basis of the electrical performance of 
transistors, which stably output a wave signal with a 1-s period and a 
100-ms pulse width (variation of less than 5%; Fig. 2o). By integrating 
with an external 10-μF capacitor, the waveform generator achieved a 
performance comparable with the stimulus signal output capabilities 
of the commercial chips used in electrotherapy stimulation devices.

To address the demands for energy-efficient and area-efficient neu-
ral computation, organic electrochemical transistors (OECTs) were 
integrated into FICs, making use of their advantages of low-voltage 
operation and high sensitivity35 (Extended Data Fig. 3a,b). The OECT 
unit demonstrated an on–off switching ratio of 106, a threshold volt-
age of −1.2 V and a hysteresis voltage of 1.02 V, which are comparable 
with those of state-of-the-art planar OECTs (Extended Data Fig. 4a–f). 
Neural computing functionalities were successfully achieved with the 
FICs (Extended Data Fig. 3d–h and Supplementary Note 5). For example, 
the FICs performed pattern-recognition tasks with high accuracy. The 
Olivetti Research Laboratory database recognition task was performed 
using a simulated OECT array, with each unit standardized on the basis 
of experimentally characterized OECT long-term potentiation36–38. 
After 1,000 learning epochs with 5,000 training images and 1,000 test 
images, the FIC achieved an average recognition accuracy of 99.8%  

(Extended Data Fig. 3g). This performance is on par with that of state- 
of-the-art in-memory image processors39, highlighting the potential 
of FICs to meet the demands of learning and recognition applications.

The FICs were stable and durable enough to withstand various 
deformations that occur in real implantable or wearable applications, 
attributed to the modulus heterostructure within the FIC, featuring 
alternately distributed high-modulus parylene buffers and soft PDMS 
interlayers (Fig. 3a,b). To analyse this, a finite element method was 
used to simulate the strain distribution across the numerous compo-
nents of a simplified FIC model. Simulation results showed that par-
ylene buffer effectively dispersed strain to the elastic matrix, greatly 
reducing the local strain in the circuit during deformation (Fig. 3b). 
The effectiveness of this design had also been verified by systematic 
simulation analysis of realistic FIC configurations, showing no nota-
ble strain concentration of circuits that exceeded their threshold  
under severe fibre deformations, such as bending (1-mm bending 
radius), stretching (20%) and twisting (180° mm−1) (Extended Data 
Fig. 7a and Supplementary Note 2). Experimentally, the mechanically 
heterogeneous design was also validated to ensure the stability and 
durability of the FICs under various deformations encountered in prac-
tical applications (Fig. 3c–i, Extended Data Figs. 7b–g and 8 and Supple-
mentary Note 3). Notably, the FIC remained fully operational even after 
being crushed by a 15.6-ton container truck (Fig. 3c–e). The electrical 
properties of the FIC, including the on–off ratio and threshold voltage 
of transistors, remained stable (with <5% variation) during complex 
deformations such as bending (1-mm radius), twisting (180° cm−1) and 
stretching (30% strain) (Fig. 3f–h). Moreover, the FICs retained more 
than 92% of their initial on–off ratio performances under practical 
wearing conditions (Extended Data Fig. 8). Even under 10 days of 10% 
stretching and 1,000 cycles of 40 °C thermal cycling, the FICs exhibited 
consistent resistance and current output, with variations of less than 
6% and no circuit delamination observed (Supplementary Note 3). The 
FIC also demonstrated robust performance after 100,000 abrasion 
cycles (Fig. 3i) and 10,000 cycles of bending and stretching (Extended 
Data Fig. 7f,g). The electrical variations remained within 10%—a level 
of resilience that is difficult to achieve with traditional electronics 
using intrinsically rigid and brittle substrates such as quartz, mica or 
silicon. Furthermore, the FICs could continuously operate for 12 h with 
a maximum temperature less than 34.5 °C (Supplementary Fig. 29).

Efficient information processors are the key elements used to build 
intelligent fibre systems. Previously, fibre systems primarily depended 
on external bulky chips for signal processing and control12. This inte-
gration model inevitably led to challenges such as complex electrical 
interconnections, uncomfortable wearability and unsafe implanta-
tion2,8,9. FICs have enabled a new integration strategy for fibre systems 
by transferring closed-loop functions—including powering, sensing, 
information processing and display functions—into a single thin fibre 
(Fig. 4a,b, Extended Data Fig. 9 and Supplementary Notes 1 and 3). 
As a demonstration, Fig. 4b shows a 300-μm-diameter fibre system 
with different functional modules arranged in segments inside. The 
cooperative processing units process the raw signals from the sensing 
inputs and then control the display outputs after logical judgement. To 
address the powering demand, thermoelectric energy-harvesting and 
energy-storage units were integrated, with the thermoelectric units 
generating electricity to charge the energy-storage units40 (Extended 
Data Fig. 10). The rechargeable energy-storage module could achieve 
adjustable voltage output ranging from 1.5 to 60 V by connecting dif-
ferent energy-storage modules in series (Extended Data Fig. 10c–h 
and Supplementary Note 14), well satisfying the requirements of the 
functional modules in the FICs. The organic light-emitting diode (OLED) 
displaying module achieved a brightness of 104 cd m−2 (Extended Data 
Fig. 9d and Supplementary Note 13), effectively meeting the require-
ments for interactive applications. Its present efficiency reached 
2.55 cd A−1 at a luminance of 2,000 cd m−2, matching the performance 
of planar counterparts41,42. Each pixel could be individually controlled 
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through active matrix driving on the basis of the transistor array circuits 
(Fig. 4c). The independent operation of FICs without external control 
units was successfully realized, enabling users to regulate the light 
emission of OLED modules by simply touching the integrated sensing 
point in the system (Extended Data Fig. 9e,f, Supplementary Video 1 
and Supplementary Note 15).

The fibre systems demonstrated skin-like softness, with a bending 
stiffness of 10−3 μN m2 (Supplementary Fig. 41), ensuring their seamless 
compatibility with the biological tissues43. This characteristic makes 
the system highly suitable for both implantable and wearable applica-
tions. As a proof of concept, the capability of our FICs to act as a closed- 
loop neural probing system for the benefit of future brain–computer 
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Fig. 2 | Electrical properties of transistors and logic circuits in FICs.  
a, Demonstration of a FIC with an integration density of 100,000 transistors 
per cm. Scale bar, 100 μm. b, Optical microscopy photograph of the tested 
transistor in a FIC. White dashed box indicates semiconductor. D, drain;  
G, gate; S, source. Scale bar, 80 μm. c, Transition curve of transistors in a FIC, 
suggesting the high on–off ratio of the transistors. IDS, drain–source current;  
IG, gate current. d, Columnar statistics of the on–off ratio of 100 transistors 
prepared in the same batch, showing the homogeneity of the electrical 
properties. e, Schematic of the NOR gate circuit in a FIC. f, Voltage output of the 
NOR gate circuit in a FIC for the corresponding input voltage. g, Schematic of 

the NAND gate circuit in a FIC. h, Voltage output of the NAND gate circuit in a 
FIC for the corresponding input voltage. i, Schematic of the XOR gate circuit in 
a FIC. j, Voltage output of the XOR gate circuit in a FIC for the corresponding 
input voltage. k, Schematic of the RS latch circuit in a FIC. l, Voltage output of 
the RS latch circuit in a FIC for the corresponding input voltage. m, Scanning 
electron microscopy image of an analogue circuit in a FIC. Scale bar, 100 μm.  
n, Schematic of the simulated analogue circuit in a FIC. GND, ground; Vdd, drain 
supply voltage. o, Statistical diagram of the simulated analogue circuit output 
for the actual electrical test results of transistors in integrated circuits.
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interfaces was demonstrated. Conventional neural probes typically 
rely on rigid external signal preprocessing circuits to achieve high 
signal-to-noise ratios in sensing outputs8,9. Our fibre system can 

efficiently avoid this issue by integrating high-density electrode arrays 
with corresponding in situ signal-processing circuits as preprocess-
ing units (Fig. 4d). We successfully demonstrated 16-channel signal 
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Fig. 3 | Stability and durability of FICs. a, Schematic showing the modulus 
heterostructure design abstracted into a basic unit incorporates alternately 
distributed high-modulus parylene buffer and soft elastic interlayer. b, Finite 
element simulation results during fibre bending showing that the parylene 
layer well protects the circuit layer by dispersing strain into the elastic matrix. 
c, Photograph showing FICs being crushed by the front wheel of a container 
truck weighing 15.6 tons. d, Zoomed-in photograph showing the FICs being 
crushed by the front wheel of the container truck without mechanical failure.  
e, Frequency response performance of the device, which remains consistent 

before and after crushing. f, Statistical diagram of the on–off ratio and threshold 
voltage of transistors in FICs during bending with different radii. g, Statistical 
diagram of the on–off ratio and threshold voltage of transistors in FICs during 
twisting with different torsion angles. h, Statistical diagram of the on–off ratio 
and threshold voltage of transistors in FICs during stretching with different 
strains. i, Statistical diagram of the threshold voltage of the transistors in fibres 
during 100,000 abrasion cycles. Error bars are standard deviations of the 
results from at least four samples.
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poly(3,4-ethylenedioxythiophene). b, Photograph showing the intelligent fibre 
system with different functional modules integrated in segments. Scale bar, 
800 μm. c, Photograph showing that the display pixels could be individually 
controlled through circuits integrated in the intelligent fibre system. Scale 
bars, 300 μm. d, Schematic showing that the intelligent fibre system allows 
integration of high-density sensing arrays with in situ signal-processing 
circuits and stimulation electrodes. e, Photograph showing a 50-μm-diameter 
FIC integrated with a 1,024-channel-per-cm sensing electrode array. Scale bar, 
50 μm. f, Zoomed-in photograph showing the sensing/stimulating electrode 
around the intelligent fibre system. Scale bar, 25 μm. g, Neural signal obtained 

from three randomly selected channels. h, Zoomed-in diagram of the neural 
signal collected from in situ signal-amplification circuits. i, Schematic showing 
that an intelligent fibre system could be easily woven into integrated electronic 
textiles. j, Photograph showing the pixel display textile woven from active-
matrix-driving-circuit-integrated fibre systems. Scale bar, 1 mm. k, Zoomed-in 
photograph showing the pixel pitch of the pixel display textiles. Scale bar, 
500 μm. l, Photograph showing the ability of pixel-display textiles to display 
complex images. Scale bar, 500 μm. m, Schematic showing intelligent-fibre-
system-woven smart textiles as flexible haptic interfaces enabling fine touch 
and free movement in virtual-reality scenarios (for example, remote surgery). 
n, Photograph showing haptic gloves woven from an intelligent fibre system. 
Scale bar, 8 mm. o, Heatmap showing the designable distribution of the electrical 
stimulation intensity on the surface of the haptic glove. p, Statistical diagram 
of the stimulus output from the haptic gloves before and after washing.
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collection and showcased the potential for scaling up to 1,024-channel 
integration using in situ amplification circuits within a single fibre 
(Fig. 4e,f and Supplementary Note 16). Neural signals were transmitted 
by means of 15-μm × 15-μm sensing electrodes and processed in situ 
by the amplifier circuits of the FICs, eliminating potential transmis-
sion interference in electrodes. The Food and Drug Administration 
(FDA)-approved materials were used in this fibre integrated system, 
such as the electrode and polymer substrate materials44. Biocompat-
ibility was rigorously validated through systematic tests, including 
platelet aggregation assays conducted in porcine blood for 2 weeks 
and inflammatory response assessment at 12 weeks post-implantation 
(Supplementary Note 4). The collected neural signals remained stable 
with a high signal-to-noise ratio after 8 weeks of implantation, showing 
no substantial signal loss or attenuation in signal strength (Supple-
mentary Fig. 40). By making use of in situ signal amplification, neural 
signals achieved a high signal-to-noise ratio of 7.5 dB (Fig. 4g,h and 
Supplementary Note 16), demonstrating potential to replace com-
mercial external signal-acquisition devices.

The FIC-enabled fibre system also opens possibilities for fully flexible, 
integrated smart textiles. Smart textiles are considered the ultimate 
goal of wearables, with an evaluated market value of 2 trillion euros 
over the next decade45, but face the challenge of how to realize fully 
flexible and highly integrated systems12,23. Without the need for external 
processors, our FIC-enabled fibre system can be easily woven with a 
transparent wrap (nylon yarn) to create an electronic textile measuring 
20 cm × 10 cm (Fig. 4i). Such FICs could serve as front-end processing 
units to greatly enhance the controllability and wearing comfort of 
smart textiles. For example, by using integrated active-matrix-driving 
circuits within a FIC, we can achieve a pixel display within a textile 
(Fig. 4j,k). This textile could display images on demand (Fig. 4l), with 
each pixel individually controllable without interference from other 
pixels in the same row or column. This display textile with control cir-
cuits showed a power consumption of 5 mW per pixel, comparable with 
commercial light-emitting diode displays. Moreover, FIC-integrated 
smart textiles can serve as fully flexible, interactive interfaces for 
virtual-reality applications. Traditional wearable haptic interfaces for 
virtual reality rely heavily on silicon-based signal-processing equipment, 
thus falling short in accurate and detailed signal acquisition/output  
owing to their loose fit with the irregular and soft surface of skin46,47. 
This issue is greatly intensified in situations requiring fine touch and 
movement, such as remote surgery. By comparison, our FIC-woven 
smart textile is fully flexible and breathable, similar to normal fab-
rics, thus enabling haptic interfaces for smooth and natural interac-
tions between users and virtual environments (Fig. 4m). Specifically, 
a stimulation array integrated with corresponding one-to-one driving 
circuits within a FIC was woven into flexible haptic gloves (Fig. 4n and 
Supplementary Fig. 52). Each stimulation point in the gloves could be 
individually controlled by input signals, allowing differentiation of fine 
haptic patterns on the fingers (Fig. 4o). The stimulation current for 
each point was programmable and controllable. Furthermore, these 
FIC-woven textiles were durable across various application environ-
ments. The stimulation current remained stable, with a slight variation 
even after machine washing (Fig. 4p).

In summary, we have presented a FIC with high microdevice- 
integration density and signal-processing capacity, bridging the gap 
between individually working fibre devices and closed-loop func-
tional fibre systems (Supplementary Note 18). The FIC-enabled fibre 
systems are fully flexible, similar to normal polymer yarns, and could 
work as a new efficient platform to change the ways in which people 
interact with electronics. To further boost computational perfor-
mance, the FIC architecture can integrate more high-performance 
processing components, such as 2D transistors, thereby extend-
ing its potential for more advanced computing applications. For 
lab-to-fab transition and commercialization of FICs, it is important to 
further make scalable production by drawing on the manufacturing 

technology of fibre electronics1,5, establish regulatory frameworks 
by referring implantable fibre electronics, extend long-term stability 
in vivo and deepen the biosafety assessment according to specific  
clinical requirements.
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Methods

Fabrication of FICs
This section outlines the brief fabrication workflow for FICs, encom-
passing the fabrication of key components. More detailed fabrication 
protocols, including the patterning of several functional modules, 
implementation of interconnections and the spiral rolling process, 
are provided in Supplementary Note 1.

Preparation of substrate with parylene buffer. The fabrication of 
both top-gate and bottom-gate flexible transistors began with the 
preparation of a flexible substrate. First, a layer of PDMS-601 (weight 
ratio 9:1, Wacker Chemie AG) was spin-coated onto a polyethylene 
terephthalate sheet (Shenzhen Dongsheng Plastic Products Co., Ltd.) 
at 5,000 rpm for 120 s, followed by curing under ultraviolet (UV) irra
diation for 1 h to achieve cross-linking. The cured PDMS surface was 
then treated with oxygen plasma (75 W, 10 Pa) for 3 min using a reactive 
ion etching system (Trion T2, Trion Technology) to improve surface 
uniformity and adhesion. Subsequently, a high-modulus parylene 
buffer layer was deposited onto the plasma-treated PDMS through 
chemical vapour deposition (CVD) using a parylene coater (Specialty 
Coating Systems, PDS 2010, KISCO Co.), providing mechanical support 
for subsequent device layers.

Fabrication of top-gate transistors. For top-gate transistors, the 
first step after depositing the parylene buffer layer was patterning 
the source and drain (S/D) electrodes using 50-nm-thick gold (Au). 
This patterning process involved four key steps: (1) thermal evapora-
tion of 50-nm Au onto the parylene buffer layer at a rate of 0.5 Å s−1; 
(2) spin-coating of S1813 photoresist at 2,000 rpm for 20 s, followed 
by annealing at 60 °C for 180 s to remove solvent, exposure using a 
direct-write optical lithography system (MicroWriter ML3, Durham 
Magneto Optics Ltd.) at a dose of 135 mJ cm−2, development in a com-
mercial photoresist developer ( Jiangyin Jianghua Microelectronic 
Materials Co., Ltd.) for 30 s, rinsing with deionized water and drying 
with nitrogen (N2) gas; (3) etching of the unprotected Au regions in an 
etchant solution (15 wt% KI and 3 wt% I2 in deionized water) for 10 s, 
followed by deionized water rinsing and N2 drying; (4) removal of the 
remaining S1813 photoresist by soaking the sample in acetone for 20 s. 
After defining the S/D electrodes, a 20-nm-thick pentacene layer (TCI 
Shanghai) was thermally evaporated as the organic semiconductor 
layer at a controlled rate of 0.3 Å s−1 using an organic-metal vacuum 
thermal evaporation system (FS380-S8, Suzhou Fangsheng Optoe-
lectronic Co., Ltd.). A parylene dielectric layer was then deposited by 
CVD using 0.75 g of parylene precursor (Specialty Coating Systems, 
PDS 2010, KISCO Co.), followed by patterning of the 50-nm-thick Au 
gate electrode through the same lithographic etching process used 
for the S/D electrodes. To pattern the parylene buffer layer, dielectric 
layer and pentacene semiconductor layer, the sample was subjected 
to oxygen plasma treatment for 10 min, with the prefabricated Au elec-
trodes acting as a mask to protect the active device regions. Etching 
was conducted at 150-W power with 10 sccm oxygen flow. To prevent 
overheating, etching was performed in cycles of 1 min etching and 2 min 
rest. After a total plasma treatment for 10 min, no obvious bubbling or 
delamination of Au on parylene occurred.

Fabrication of bottom-gate transistors. Bottom-gate transistors 
shared the same initial PDMS substrate and parylene buffer layer prepa-
ration steps as the top-gate devices. After depositing the parylene 
buffer layer, the 50-nm-thick Au gate electrode was patterned on the 
structured parylene buffer layer using the Au lithographic etching 
process. A parylene dielectric layer was then deposited using 0.75 g of 
parylene precursor through CVD, after which the 50-nm-thick Au S/D 
electrodes were patterned on the dielectric layer using the same Au 
patterning process. A 20-nm-thick pentacene semiconductor layer was 

thermally evaporated onto the S/D electrodes at 0.3 Å s−1 (FS380-S8, 
Suzhou Fangsheng Optoelectronic Co., Ltd.) and 0.8 g of parylene was 
further deposited to assist in semiconductor patterning. The semicon-
ductor patterning process involved: (1) thermal evaporation of 60-nm 
Cu onto the parylene layer at 0.5 Å s−1 and patterning by lithography; 
(2) oxygen plasma treatment (75 W, 10 Pa) for 22 min to simultane-
ously etch the parylene and underlying pentacene in unmasked areas;  
(3) immersion in FeCl3 solution for 30 s to remove excess Cu, followed 
by deionized water rinsing and N2 drying. After completing all device 
layers, the blank sample regions were cut off and the device layer was 
spirally wound to fabricate the FIC.

Interconnection of modules in FICs. The interconnecting process 
began at the gap between two electrodes of different functional mod-
ules. First, parylene (0.8 g) was deposited as an insulating layer using 
CVD. Then, a 150-nm-thick Cu sacrificial layer was thermally depos-
ited at a rate of 0.6 Å s−1, followed by S1813 photoresist spin-coating 
at 2,000 rpm for 20 s and annealing at 60 °C for 180 s. Next, the pho-
toresist was exposed to 365-nm i-line at a dose of 135 mJ cm−2, devel-
oped in photoresist developer for 30 s, rinsed with deionized water 
and dried with N2. After that, the Cu layer was patterned by etching 
in FeCl3 solution and S1813 photoresist was removed in acetone for 
20 s. Subsequently, 150-W O2/N2 plasma etching was carried out for 
360 s to expose underlying gold connection points. The Cu sacrificial 
layer was then removed using FeCl3 solution. 50-nm Au was thermally 
deposited at a rate of 0.5 Å s−1 to connect the two electrodes. The S1813 
photolithography process was repeated to further pattern Au con-
nections: spin-coating, baking, UV exposure and development were 
followed by Au etching in a solution (15 wt% KI and 3 wt% I2 in deionized 
water). The remaining S1813 photoresist was removed in acetone for 
20 s. Finally, 150-W O2/N2 plasma etching was performed for 360 s to 
remove excess parylene.

Rolling assembly of FICs. Individual functional modules were initially 
fabricated on PDMS substrate incorporated with a parylene buffer 
layer. Subsequently, in-plane interconnections were realized through 
upper-layer connecting tracks. A 10-μm-width PDMS thickening line 
was printed at the initiating edge of PDMS substrate before rolling 
up, which could locally increase the bending stiffness and inhibit the 
formation of wrinkles. To avoid layer delamination during deforma-
tion, a semi-cured PDMS layer (PDMS-601, weight ratio 9:1, Wacker 
Chemie AG, precured with 50 °C for 1.5 min) was deposited at the top 
of the film. Finally, the excess substrate was cut off and the sample was 
spirally wound with a speed of 0.2 cm per second to form a FIC by a cus-
tomized rolling machine. The semi-cured layer was subsequently fully 
cured with 50 °C for 5 min to ensure reliable adhesion between layers.

Fabrication of fibre systems
The fabrication process of close-looped fibre systems began with the 
creation of lower circuits integrated with transistor units, along with 
electrodes for OLEDs, resistors, sensors and batteries by lithography. 
Subsequently, OLED modules were fabricated, in which layer patterning 
was achieved using mask template. Sensor units were then patterned 
using mask template. Next, upper circuits for interconnection were 
fabricated through lithography. Finally, resistor and energy-storage 
modules were fabricated and patterned through a combination of a 
mask template and printing. After completing all device layers, the 
blank sample regions were cut off and the device layer was rolled to 
fabricate the fibre system.

Fabrication of the displaying textile
The weaving operation of the display textile was conducted on a rapier 
loom (Tong Yuan Textile Machinery Co., Ltd.). The displaying fibre sys-
tem could be easily woven with highly transparent wrap (nylon yarn) to 
form an electronic textile measuring 20 cm × 10 cm (length × width). 



The size of each display pixel in the fibre system was designed to match 
the textile structure and pixels were arranged between the interweav-
ing points of the textile during weaving. To interconnect FICs within 
textiles, the electrodes (micro contact pads) of each FIC can be directed 
onto an extended tab located on the fibre side. Polyimide adapters 
could then be used to establish point-to-point interconnection of the 
corresponding electrodes between FICs. Pixel displaying of the above 
textile was achieved by a typical driving circuit with every input port 
being connected to the corresponding external digital input.

Morphological characterizations
Optical images were captured by an Olympus EX51 optical microscope 
and a digital camera (Sony A6000). Fluorescence photographs were 
taken by a Nuohai LS-18 light sheet microscope. The microstructure 
and morphology of FICs were characterized using a cryo field-emission 
scanning electron microscope (Zeiss FE-SEM Ultra 55 operated at 3 kV) 
equipped with an energy-dispersive spectrometer detector.

Electrical characterizations
The electrical characteristics of transistors in FICs and fibre systems 
were measured using a probe station in an ambient environment con-
nected to a Keysight 1500A parameter analyser. Characterizations of 
the circuits were also performed using the probe station. The circuits 
were characterized using the Keysight 1500A parameter analyser 
coupled to Keithley 2612B source meters. The voltage–light inten-
sity curves for the OLED module in FICs were measured with a PR-680 
luminance meter from Photo Research Inc. and a Keithley 2400 source 
meter. Electrical and electrochemical sensors were characterized by an 
electrical workstation (CHI660E, CH Instruments, Inc.) and a Keithley 
2400 source meter. The Seebeck coefficients of FICs were measured 
by a custom-built set-up, which incorporated two Peltier elements 
positioned at both ends of the fibre to create a temperature differ-
ence. An infrared thermal camera (FOTRIC 226), mounted vertically 
above the fibre, was used to record the temperature difference (ΔT). 
Furthermore, a Keithley 2612B source meter was used to measure the 
voltage difference (ΔV) generated at both ends of the fibre. The Seebeck 
coefficient was calculated by

S
V
T

= −
Δ
Δ

All data related to the functional stability of FICs are shown as mean 
corrected values ± standard deviation (s.d.) of at least four independent 
experiments unless otherwise stated. We carried out graphing of the 
data using Microsoft Office Excel, Origin 2024 and Adobe Illustrator. 
The results are presented as the mean s.d.

Verification of the fidelity of the sensors of FICs in vivo
All of the animal experimental procedures were approved by the Ethics 
Committee of Fudan University (approval number SYXK2020-0032) 
and the international ethical guidelines and the National Institutes of 
Health Guide concerning the Care and Use of Laboratory Animals were 
strictly followed. A 2 × 10-pin connector was used for the adapter of 
fibre neural electrodes and connected by silver glue. In accordance with 
established protocols, flexible PI adapters were used to facilitate the 
interfacing between the fibre channels and the 2 × 10-pin connector. To 
reduce electromagnetic interference, the joint was sealed using silicone 
rubber. A viscous solution was formed by adding gelatin to water, with 
the gelatin constituting a 30% mass fraction of the mixture, and then 
stirring the mixture at 159 °C. For assistive implantation, gelatin fibres 
with a diameter of 10 µm were fixed on the connector, paralleling the 
FIC-enabled fibre system. At 120 °C, polyethylene glycol 4000 was 
melted and used to bond the materials together. Before implantation, 
they were disinfected using UV radiation on a clean bench. The fibre sys-
tems were tested in mice (ICR, 6 weeks old, Shanghai SLAC Laboratory 

Animal Co., Ltd.) housed in an ordinary animal room (12-h light/dark 
cycle, 22 °C, food and water ad libitum). Surgeries were conducted on 
deeply anaesthetized mice, which were positioned in a stereotactic 
frame (RWD). Before the surgery, the mice were pretreated with atro-
pine sulfate (0.1 mg kg−1, intraperitoneally) and anaesthetized with 
chloral hydrate (400 mg kg−1). Subsequently, the scalp was removed 
using scissors. An electric drill was used to create openings in the skull 
at the implantation sites. The adapter, equipped with electrodes, was 
then loaded into an FHC hydraulic micro-positioner. The skull was 
drilled with a hole about 2 mm in diameter with the following stere-
otaxic coordinates: anteroposterior, 4.6 mm; mediolateral, 0.8 mm 
for the mitral cell layer and anteroposterior, −4.7 mm; mediolateral, 
0.5 mm for the dlPAG layer. A sterile syringe needle was used to gen-
tly peel away the dura mater. On the opposite side, a flat-head screw 
was securely fastened to serve as the ground and reference electrode. 
Electrodes were implanted at a depth of 200 µm below the cortex. The 
electrophysiological recording was performed immediately. The raw 
data were collected through Blackrock Microsystems. Raw data were 
preprocessed through a high-pass filter with a passing frequency range 
of 800–5,000 Hz. We performed offline analysis using Spike2 (CED).

Washing test of the fibre system
Accelerated washing tests (approximately equal to five typical home 
launderings) were performed in a standard washing machine (SW-12E, 
Nantong Hongda Experimental Instrument Co., Ltd.) following the ISO 
105-C10:2006 and AATCC 61-2013 international standards for fabric 
washing. The load information includes: a 4-cm × 10-cm section of 
the haptic fabric, 200 g of water and 0.5 wt% liquid detergent. Before 
washing, a total of ten steel balls (6 mm in diameter) were added into 
the washing containers. The washing process was conducted with 
a temperature of 60 °C, a duration of 30 min and a stirring speed of 
1,000 rpm. After the washing test, the textiles were rinsed under flow-
ing water and dried at 50 °C for 1 h.

Calculation of bending stiffness
To calculate the bending stiffness (D), a fixed boundary condition was 
set as one of the ends parallel with the bending direction and a small 
vertical displacement, d, was added on the other end. The bending 
stiffness can be defined as:

D EI=

in which E and I are the elastic modulus and moment of inertia, respec-
tively. In our test, all fibres were selected to have a circular cross-section. 
For a circular cross-section of diameter d, the moment of inertia is:

I
πd

=
64

4

Finite element simulation of FICs
The entire finite element model is divided into three components; 
the model comprises a total of 205,950 nodes and 180,753 elements. 
Specifically, PDMS and parylene are modelled with solid elements of 
an eight-node linear brick, reduced integration, hourglass control, Au 
is represented by membrane elements of a four-node linear membrane, 
reduced integration, 50-nm thickness and the curled core cylinder 
is simulated as a discrete rigid body using elements of a four-node 
three-dimensional rigid quadrilateral.

For contact properties, normal behaviour is defined as hard contact 
to prevent penetration between interacting components, whereas 
tangential behaviour adopts the penalty friction formulation with a 
friction coefficient set to 0.3. To ensure the stability and accuracy of 
the transient analysis, small time steps are implemented, with an initial 
time step of 0.001 s, a minimum time step of 1 × 10−5 s and a maximum 
time step of 0.02 s.
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The mechanical properties of each material in the model are as 

follows: Au has a density of 1.932 × 10−8 t mm−3, an elastic modulus of 
75,000 MPa, a Poisson’s ratio of 0.4 and a yield strength of 500 MPa; 
parylene has a density of 1.289 × 10−9 t mm−3, an elastic modulus of 
2,900 MPa, a Poisson’s ratio of 0.35 and a yield strength of 100 MPa; 
PDMS has a density of 9.65 × 10−10 t mm−3, an elastic modulus of 2 MPa 
and a Poisson’s ratio of 0.4, with no yield strength listed—this is because 
PDMS typically exhibits hyperelastic behaviour within the analysed 
deformation range and does not undergo plastic yielding under the 
applied loads in this study.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from fig-
share at https://figshare.com/s/49d5ed422b56a22dda21. Source data 
are provided with this paper.
 

Acknowledgements This work was supported by the National Natural Science Foundation of 
China (NSFC; T2321003, T2222005, 22335003, 52222310, 22175042, 52403156, 32371047, 
31970928, 52473208) and the Ministry of Science and Technology (MOST; 2022YFA1203002, 
2022YFA1203001). We thank XPLORER PRIZE for its support in fabricating and studying FICs.

Author contributions H.P. and P.C. conceived and designed the research project. Z.W., X. Shi, 
K.C. and Q.D. performed the experiments on the FICs. Y.A. and Z.W. performed the simulation. 
X.H. and C.L. performed the simulation on transistors. L. Yong performed the experiments  
on sensing modules. P.L., H.J. and Y. Zhang performed the experiments on energy-storage 
modules. N.W. and Y. Zheng performed the experiments on energy-harvesting modules. K.C. 
and X.W. performed the experiments on displaying modules. L. You, Xiao Sun, L.W. and C.T. 
performed the biocompatibility and immunological experiments. Z.W., H.G., Z.P., Yichi Zhang 
and Q.D. performed the durability test. Z.W. and X. Shi analysed the data. Z.W., Y.L., Z.T., J.D., 
R.C., Y.G., S.Z., B.W., Xuemei Sun, J.Q., L.S., J.G., X.Z., L.C., Y.H., P.C. and H.P. discussed the data 
and wrote the paper.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-025-09974-0.
Correspondence and requests for materials should be addressed to Peining Chen or 
Huisheng Peng.
Peer review information Nature thanks Canan Dagdeviren, Xiaoming Tao and the other, 
anonymous, reviewer(s) for their contribution to the peer review of this work.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://figshare.com/s/49d5ed422b56a22dda21
https://doi.org/10.1038/s41586-025-09974-0
http://www.nature.com/reprints


Extended Data Fig. 1 | Compact rolling of FICs. a, Reconstructed three- 
dimensional fluorescence photomicrograph showing the details of the 
multilayered device in FICs. No obvious wrinkling or distortion occurred. The 
volumetric integration density can increase by more than 50 times without 
increasing the fibre radius by using a multilayered structure, with a typical fibre 
diameter of 500 μm and a layer thickness of 5 μm. b, Photographs showing the 
FIC without thickened edge exhibiting random wrinkles at the beginning of the 
assembly process (lower image). c, Photographs showing the FIC without semi- 
cured layer exhibiting layer delamination after cyclic bending. d, Sectional 

photograph of a FIC showing the PDMS thickening region, which could locally 
increase the bending stiffness and inhibit the formation of wrinkles during the 
rolling process. Scale bar, 40 μm. e, Sectional photograph of a FIC showing 
reliable interfacial adhesion realized by applying a semi-cured PDMS layer, 
which contacted the PDMS substrate during the rolling process and was cured 
to realize adhesion. Scale bar, 10 μm. f, A substantial enhancement of the 
interlayer peeling stress was observed after a semi-cured PDMS layer was 
applied. g, Optical microscope image showing no signs of peeling or cracking 
after being placed in an ambient environment for one month. Scale bar, 200 μm.
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Extended Data Fig. 2 | Controllable preparation of FICs of different diameters 
with compact rolling. a, Photograph showing the custom-built apparatus with 
the fabrication length of 1 m. b, Schematic showing the rolling process of FICs, 
in which the glass pressing plate was uniformly pushed by the translation stage. 
By precisely adjusting the downward pressure of the pressing plate and the 
moving speed of the translation stage, the apparatus can stably drive the 
rotational rolling of FICs. c, Zoomed-in photograph showing the uniformly 
rolled FICs. Scale bar, 4 mm. d, Optical section photographs showing that the 

diameter of FICs can increase with increasing layer thickness. Scale bar, 
100 μm. e, Statistical diagram showing that the measured diameter of the FICs 
is consistent with the theoretical calculation, indicating that the diameter  
of the device can be precisely controlled by the layer thickness. f, Statistical 
diagram showing that the measured diameter of the FICs is consistent with  
the theoretical calculation, indicating that the diameter of the device can be 
precisely controlled by the layer length. Error bars are standard deviations of 
the results from at least four samples.



Extended Data Fig. 3 | Neural computing capabilities of OECTs in FICs.  
a, Schematic showing the structural design of OECTs in FICs. b, Transition 
curves of 20 OECTs in FICs selected from the same batch. c, Transition curve  
of OECTs in FICs. d, The excitatory post-synaptic current level after long-term 
potentiation and long-term depression testing. e, Schematic of the simulated 

framework of a neural network constructed from OECTs. f, Schematic showing 
the simulated framework of a single-layer neural network. g, Simulation accuracy 
when testing 1,000 images in the Olivetti Research Laboratory face database. 
h, Confusion matrix showing that each digit image was optimally recognized.
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Extended Data Fig. 4 | Electrical performance uniformity of transistors in 
FICs. a–f, Columnar statistics of the threshold voltage, on–off ratio, off-current, 
transconductance, hysteresis voltage and mobility of 100 OECTs prepared  
in the same batch, showing minor variations in their electrical properties.  

g, Variation of transistor performances along the circumferential direction.  
h, Variation of transistor performances along the radial direction. i, Variation 
of transistor performances along the axial direction. Error bars are standard 
deviations of the results from at least four samples.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Strategy to mitigate stress concentration during 
rolling. a, Schematic showing the rolling process of FICs in which the 
functional circuit layer is sandwiched between elastic substrates. b, Zoomed-in 
schematic showing the circuit layer located in the middle of the film during 
rolling. c, Zoomed-in schematic showing the cross-section of the film during 
rolling. d, Finite element simulation results showing that the circuit layer with 
buffer undergoes small strain during rolling because they were located in the 
neutral layer. e, Finite element simulation results showing the rolling process.  

f, Finite element simulation results showing that no obvious strain concentration 
occurs in the cross-section of the functional circuit layer after rolling. g, Finite 
element simulation results showing that no obvious strain concentration 
occurs in the functional circuit layers after rolling. h, Finite element simulation 
results showing the strain distribution of the circuit located at incremental 
distances from the fibre core. i, Statistical histogram showing the applied 
strain on the PDMS matrix and circuits in layers of different radial distances.



Extended Data Fig. 6 | Stability and durability of the conductive tracks in 
FICs. a, Resistance variation of metal pathways in FICs along the axial direction. 
b, Resistance variation of metal pathways in FICs along the radial direction.  
c, Resistance variation of metal pathways in FICs along the circumferential 
direction. d, Photograph showing the metal pathways in a FIC bent around a 
cylinder with a specific radius. e, Photograph showing the metal pathways in a 
FIC twisted at a specific angle. f, Resistance variation of metal pathways in FICs 
when bent with different curvatures. g, Resistance variation of metal pathways 
in FICs when twisted at different angles. h, Photograph showing the metal 

pathways in a FIC pressed by a cylinder with a specific weight. i, Photograph 
showing the metal pathways in a FIC stretched to a specific strain. j, Resistance 
variation of metal pathways in FICs when pressed with different weights.  
k, Resistance variation of metal pathways in FICs when stretched to different 
strains. l, Photograph showing the metal pathways in FICs tested by means of 
bending and abrasion cycles. m, Resistance variation of metal pathways in FICs 
during 1,000 bending cycles. n, Resistance variation of metal pathways in FICs 
during 1,000 abrasion cycles. Error bars are standard deviations of the results 
from at least four samples.
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Extended Data Fig. 7 | Stability and durability of transistors in FICs. a, Finite 
element simulation results showing the strain distributions of a realistic highly 
integrated FIC when stretched towards 20%. b, Statistical diagram of the output 
from OECTs in a FIC during stretching, twisting and pressing. c, Statistical 
diagram of the mobility and threshold voltage of OECTs in a FIC during bending 
with different bending radii. d, Statistical diagram of the mobility and threshold 
voltage of OECTs in a FIC during twisting with different torsion angles.  

e, Statistical diagram of the mobility and threshold voltage of OECTs in a FIC 
during stretching with different strains. f, Statistical diagram of the threshold 
voltage of OECTs in a fibre during 10,000 bending and stretching cycles.  
g, Statistical diagram of the threshold voltage of transistors in a fibre during 
10,000 stretching cycles. Error bars are standard deviations of the results from 
at least four samples.



Extended Data Fig. 8 | Practical stability of FICs. a, Schematic showing the 
FIC textile being bent 90° for 1,000 cycles. b, Photograph showing the FIC 
textile being sheared on a standard bending tester. c, Performance variation of 
transistors in the FIC during 1,000 bending cycles. d, Schematic showing the 
FIC textile being sheared 10° for 1,000 cycles. e, Photograph showing the FIC 
textile being sheared in a Kawabata evaluation system. f, Performance variation 
of transistors in FICs during 1,000 shearing cycles. g, Schematic showing the 
FICs being bent 90° in the elbow part of a sleeve for 1,000 cycles. h, Photograph 
showing the FICs in a sleeve being bent by an arm. i, Performance variation of 

transistors in the FICs during 1,000 bending cycles. j, Schematic showing the 
FICs being bent 90° in a knee pad for 1,000 cycles. k, Photograph showing the 
FICs in a knee pad being bent by a leg. l, Performance variation of transistors  
in the FICs during 1,000 bending cycles. m, Schematic showing the FIC textile 
being washed for 50 cycles. n, Photograph showing the FIC being washed in a 
standard washing machine. o, Performance variation of transistors in the FICs 
during 50 washing cycles. Error bars are standard deviations of the results from 
at least four samples.
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Extended Data Fig. 9 | Performance of OLEDs in FICs. a, Schematic showing 
the structural design of OLEDs and active driving circuits in intelligent fibre 
systems. b, Photograph showing the morphology of fluorescent-labelled active 
driving circuits in intelligent fibre systems. Scale bar, 100 μm. c, Photograph 
showing the display module in intelligent fibre systems. Scale bar, 1 mm.  
d, Brightness of a single luminescent pixel in intelligent fibre systems being 
controlled by the applied input voltage. Inset, photograph showing that the 

active driving circuit in intelligent fibre systems can control pixels to display  
a 4-bit grey level. Scale bar, 1 mm. e, Schematic showing the circuit design of  
a closed-loop fibre system including power, sensing, signal-processing and 
displaying modules. f, Photograph showing the fibre system in which the 
displaying module can be controlled by touching the sensing point in the 
middle of the fibre. Scale bar, 2 mm.



Extended Data Fig. 10 | Performance of other functional units in FICs.  
a, Resistances of resistors in a fibre showing linearity with increasing length of 
the resistive pattern. b, Capacitance of capacitors in a fibre showing linearity 
with increasing electrode overlap area. c, Galvanostatic charge-discharge 
curves of batteries in intelligent fibre systems. d, Galvanostatic charge- 
discharge profiles of batteries in intelligent fibre systems connected in series. 
e, Galvanostatic charge-discharge profiles of batteries in intelligent fibre 
systems connected in parallel. f, Voltage outputs of batteries in intelligent  
fibre systems after a light-emitting diode is lit up. g, Statistics showing that 

open-circuit voltage varied with the increasing number of in-series battery 
units. h, Charge–discharge performance of the energy-storage module in FICs 
with a current density of 0.5 A g−1. i, Current output of a glucose electrochemical 
sensor in intelligent fibre systems. j, Thermoelectric output voltage of 
thermoelectric units according to the temperature difference. k, Comparison 
of the Seebeck coefficient between CNT oriented Ni-polymer units with  
that of traditional CNT thermoelectric devices. l, Specific impedance of an 
electrophysiological sensor in intelligent fibre systems. Error bars are standard 
deviations of the results from at least four samples.
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