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ORGANIC ELECTRONICS 

Increasing the dimensionality of 
transistors with hydrogels
Dingyao Liu1†, Jing Bai1†, Xinyu Tian1†, Yan Wang1†, Binbin Cui1, 
Shilei Dai1, Wensheng Lin1, Zhuowen Shen2, Chun Kit Lai2,  
George G. Malliaras3*, Shiming Zhang1,2* 

Transistors, fundamental to modern electronics, are 
traditionally rigid, planar, and two-dimensional (2D), limiting 
their integration with the soft, irregular, and three-dimensional 
(3D) nature of biological systems. Here, we report 3D 
semiconductors, integrating organic electronics, soft matter, and 
electrochemistry. These 3D semiconductors, in the form of 
hydrogels, realize millimeter-scale modulation thickness while 
achieving tissue-like softness and biocompatibility. This 
breakthrough in modulation thickness is enabled by a templated 
double-network hydrogel system, where a secondary porous 
hydrogel guides the 3D assembly of a primary redox-active 
conducting hydrogel. We demonstrate that these 3D 
semiconductors enable the exclusive fabrication of 3D spatially 
interpenetrated transistors that mimic real neuronal connections. 
This work bridges the gap between 2D electronics and 3D living 
systems, paving the way for advanced bioelectronics systems 
such as biohybrid sensing and neuromorphic computing.

Transistors are the fundamental building blocks of modern electronic 
devices (1), driving advancements in computing performance by be-
coming smaller, faster, and more integrated. However, as transis-
tor miniaturization approaches physical and technological limits, as 
predicted by Moore’s law, traditional designs are increasingly con-
strained (2–4).

At the same time, emerging fields such as bioelectronics are explor-
ing new paradigms that integrate electronics with living biological 
systems to enable transformative applications (5–7), including bio-
hybrid sensing and neuromorphic computing (8–10). These systems 
promise low-power operation, high efficiency, and new functionality, 
but achieving seamless integration between electronics and biology 
remains a challenge. The core issue lies in the fundamental mismatches 
between conventional transistors and biological systems. Traditional 
transistors are rigid, planar, and inherently two-dimensional (2D) (11), 
whereas biological systems are soft, irregular, and three-dimensional 
(3D) (12). These differences make it difficult for traditional electronic 
components to interact effectively with biological tissues, such as neu-
rons, which require 3D spatial integration (13). To address this mis-
match, new materials and device architectures capable of operating 
in three dimensions are needed.

Hydrogels have recently emerged as promising materials for bio-
electronics owing to their tissue-like properties (14–16), including bio-
compatibility, softness, and 3D nature. Recent advances in redox-active 
hydrogels have further equipped these materials with semiconduct-
ing capabilities (17), enabling them to serve as active electronic com-
ponents in transistors (18–20). Desp ite these advancements, 
hydrogel semiconductors remain limited in their ability to modulate 
conductivity at larger scales. Current technologies are constrained 
to nano- to micrometer-thick hydrogels (18, 19), where ion transport 

and ion-electron coupling are effective. However, as thickness increases 
beyond the micrometer scale, these mechanisms weaken consider-
ably, leading to a loss of semiconducting functionality. Overcoming 
the thickness limitation is critical to unlocking the full 3D potential 
of hydrogel semiconductors to enable their spatial integration with 
living biological systems.

We overcome the thickness limit of hydrogel semiconductors by 
designing a double-network hydrogel system synthesized entirely in an 
aqueous environment. First, a secondary stretchable, porous hydrogel 
acts as a 3D template to guide the assembly of a primary redox-active 
conducting hydrogel, enhancing electron transport. Second, the net-
work composition and porosity are controlled to facilitate ion trans-
port. Finally, achieving a balance between ion and electron transport 
maximizes ion-to-electron conversion efficiency, leading to 3D hydro-
gel semiconductors with millimeter-scale modulation thickness while 
maintaining tissue-like properties.

Strategy to enable 3D modulation in 3D hydrogel transistors
The assembled 3D hydrogel transistor is a mixed ion-electron transis-
tor, functioning analogously to organic electrochemical transistors 
(OECTs) (21, 22). The key difference lies in replacing the thin-film 
semiconducting channel [poly(3,4-ethylendioxythiophene):poly(styre
nesulfonate), PEDOT:PSS] (23, 24) with 3D bulk hydrogels to obtain 
broad tissue-like properties to facilitate bioelectronic integration (25). 
During operation, ions shuttle through the channel, altering its conduc-
tivity. For example, when a positive gate voltage is applied, cations from 
the electrolyte penetrate into the redox-active hydrogel semiconductor, 
leading to the reaction: PEDOT+:PSS− + M+ + e− ⟷ PEDOT0 + PSSM 
(26, 27). A typical feature of this reaction is 3D bulk modulation—
wherein ions penetrate the entire channel, tuning its conductivity 
(Fig. 1A). The 3D bulk modulation was experimentally validated through 
volumetric capacitance measurements, which showed that channel 
capacitance increases linearly with channel thickness (28–30).

When attempting to assemble 3D hydrogel transistors by increasing 
hydrogel thickness, such as through layer-by-layer stacking, the linear 
relationship between channel capacitance and channel thickness failed 
to remain consistent at greater thicknesses. This failure resulted in 
partial 3D modulation and a poor on/off ratio. The underlying issue 
stems from the limited ability of ions to diffuse into thicker channels 
(Fig. 1B and figs. S1 and S2) (31). Consequently, additional material 
strategies are required to develop 3D hydrogel semiconductors without 
compromising their semiconducting properties.

Development of 3D hydrogel semiconductors
To achieve complete 3D modulation in 3D hydrogel semiconductors, 
the following strategies are used: (i) phase engineering to create a 
continuous electron transport pathway on the semiconducting back-
bone (Fig. 2); (ii) structural engineering to optimize hydrogel porosity, 
facilitating ion transport in the 3D bulk (Fig. 3); and (iii) efficient ion-
electron coupling, achieved by the synergy of the above two processes. 
The process flow in fabricating the hydrogel semiconductor is detailed 
in the materials and methods in the supplementary materials.

Phase engineering of 3D hydrogel semiconductors
Three phases can exist in a hydrogel semiconductor: water, gel, and a 
water-gel mixture. For hydrogel semiconductors, achieving a pure gel 
phase is essential to ensure optimal performance and stability (Fig. 2, A 
to C). Various methods can be used to evaluate the phase composition 
(32). In the case of PEDOT:PSS hydrogels, the term “reduced viscosity” 
can be used to characterize the gel-forming process (33). An increase in 
reduced viscosity with higher PEDOT:PSS content is a strong indicator 
favoring gel formation. To ensure a pure gel phase, the storage 
modulus should also be substantially larger than the loss modulus. 
Additionally, under controlled conditions, no water separation or loss 
should be observed.
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It is also essential to form a continuous PEDOT+ phase within the 
hydrogel semiconductor to facilitate electron transport (34). For a pure 
PEDOT:PSS hydrogel semiconductor, the semiconducting polymer 
network is often discontinuous because of the blockage caused by 
nonconducting networks, resulting in limited semiconducting proper-
ties (Fig. 2D and fig. S3).

We found that phase continuity, and consequently the long-range 
π-π ordering essential for semiconducting properties, can be controlled 
by the secondary hydrogel network. (Fig. 2, D to G). For example, 
combining PEDOT:PSS hydrogels with polyethylene glycol diacry-
late (PEGDA), polyvinyl alcohol (PVA), polyacrylamide (PAAm), or 
polyacrylic acid (PAA) led to increased conductivity from 0.9 S/cm to 
1.4, 18, and 100 S/cm, respectively (Fig. 2E), indicating enhanced 
continuity of the conductive PEDOT+ phase (figs. S4 to S6). These 
results align with previous reports on the development of conducting 
hydrogels (34–37), which have revealed that secondary networks, es-
pecially PAA, can serve as efficient templates to guide the formation 
of continuous PEDOT+ monolayers (34, 38). The increased conduc-
tivity is also associated with improved volume capacitance (Fig. 2F 
and fig. S7), a strong indicator of the formation of a 3D electron-
conducting network. The improved phase continuity also does not 
compromise the mechanical properties of the hydrogel semiconductor 
(Fig. 2G and figs. S8 to S11).

Structure engineering of 3D hydrogel semiconductors
To achieve 3D modulation at greater thicknesses, such as up to the 
millimeter scale, requires additional structural design to control po-
rosity that enhances ion transport (32). The structure engineering is 
crucial for enabling efficient ion-electron conversion within 3D hydrogel 
semiconductors. To tune the porosity of the hydrogel semiconductor, we 
used the following strategies: (i) controlling the individual concentra-
tions of components in the mixture that assembles the multinetwork 

hydrogel, including the primary semicon-
ducting network and the secondary stretch-
able network; (ii) adjusting the cross-linking 
density by varying the concentration of 
the cross-linker; and (iii) using solvent ex
change to deliberately construct micropores 
after hydrogel formation (detailed in the 
materials and methods). The combination of 
these approaches delivers a hydrogel semi-
conductor with porosity controllable over 
a wide range, from 5% to 90% (Fig. 3).

We observed that the porosity of the hy-
drogel semiconductor is positively corre-
lated with its swelling ratio. For example, 
the swelling ratio increased from 50% to 100%, 
and eventually to 500%, as the porosity in-
creased from 5% to 10% and then to 90%. 
These swelling properties were found to be 
reversible, demonstrating the mechanical 
robustness of the microporous structure 
(Fig. 3, A to C).

To investigate the dependence of charge 
carrier transport on porosity, we measured 
both the electronic conductivity and ionic 
conductivity of the hydrogel semiconduc-
tors with varying porosities. We found that 
increasing the porosity decreases the elec-
tronic conductivity but enhances the ionic 
conductivity. Specifically, increasing the 
porosity from 5% to 90% resulted in a de-
crease in electronic conductivity by more 
than an order of magnitude (Fig.  3D), 
whereas ionic conductivity increased by 

more than an order of magnitude (Fig. 3E). This behavior is reason-
able and can be explained as follows: Increasing porosity makes 
the electron-conducting network sparser, thereby reducing elec-
tronic conductivity, while simultaneously providing more space 
for ionic transport, which enhances ionic conductivity.

We observed that an optimal porosity range exists for the 3D hydro-
gel semiconductor that corresponds to the highest on/off ratio of 104, 
comparable to state-of-the-art OECTs (Fig. 3F) (39, 40). This observa-
tion indicates that optimal ion-electron coupling is achieved at this 
porosity. The results are in line with our steady-state simulation results 
based on the Bernards-Malliaras model (figs. S12 to S14) (27). This 
phenomenon can be explained as follows: (i) At low porosity, the semi-
conducting polymer network is dense, which favors electron transport 
but restricts ion penetration. (ii) At high porosity, the semiconducting 
polymer network becomes loose, leading to poor electronic transport and 
limiting ion-electron redox coupling despite enhanced ionic transport.

Validation of 3D modulation in 3D hydrogel semiconductors
To evaluate the degree of 3D modulation in hydrogel semiconductors, 
we fabricated hydrogel transistors (Fig. 4A and fig. S15). The typical 
transfer and output curves (Fig. 4, B and C) demonstrate that devices 
made with a 3D hydrogel semiconductor exhibit superior perfor-
mance than the reference films of the same channel thicknesses (be-
tween 50 and 1000 μm). For instance, at the same thickness of 
1 mm—sufficient to sustain a 3D freestanding architecture—the on/off 
ratio of the hydrogel transistors reaches ~104 (Fig. 4), which is three 
orders of magnitude higher than the reference 1-mm-thick OECTs. 
This result proves the high doping/dedoping efficiency of the 3D 
hydrogel semiconductor.

The efficient 3D modulation is further validated by the volumetric 
capacitance of the hydrogel semiconductor, a standard parameter used 
to evaluate bulk modulation in OECTs (Fig. 4D). For OECTs fabricated 
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Fig. 1. Strategy to enable 3D modulation in 3D hydrogel transistors. (A and B) Thin-film OECTs can achieve 3D 
modulation but are limited to a 2D architecture (with channel thickness ranging between nanometers and 
micrometers). S, source; G, gate; D, drain. (C and D) A 3D architecture can be created by directly increasing the 
channel thickness, but this results in insufficient 3D modulation owing to compromised ion diffusion. (E and F) Hydrogel 
semiconductors, through precise phase and structural control, enable efficient 3D modulation in a 3D transistor, 
achieved by balancing ion and electron transport within the hydrogel.
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with conventional thin films, the capacitance fails to increase linearly 
when the channel thickness exceeds ~10 μm (Fig. 4D), which is in line 
with previous studies (31). In contrast, the linear thickness-capacitance 
dependency of hydrogel semiconductor remains consistent regardless 
of thickness (up to millimeters), indicating that complete 3D modula-
tion is achieved in the hydrogel semiconductor.

The parameter combination μC* (where μ is electronic mobility and 
C* is the volumetric charge storage capacity) is regarded as a material 
figure of merit for OECTs (41). To provide a fair comparison with 
conventional films, we further evaluated the thickness-dependent pa-
rameter dμC*, where channel thickness (d) must satisfy the thickness-
capacitance linearity (28, 41). This parameter is essential, as it 
directly correlates with the transconductance (Gm) of the hydrogel 
semiconductor transistors. As shown in Fig. 4E, the dμC* of hydrogel 

semiconductor reaches 0.1 F·V−1·s−1, which is significantly higher than 
that of conventional OECTs with 2D architecture. This improve-
ment is attributed to the greater channel thickness (up to millimeters), 
while still retaining linear thickness-capacitance behavior. Conse
quently, the Gm of the resulting 3D hydrogel transistors surpasses 
reported 2D counterparts (Fig. 4F).

Scalable production of 3D hydrogel semiconductors
To fully leverage the potential of 3D hydrogel semiconductors for dem-
onstrating 3D transistors, it is essential to enable scalable production 
using accessible and low-cost methods such as printing and textile 
manufacturing methods. We developed a one-step water-processable 
fabrication protocol, detailed in the materials and methods. In this 
approach, the required materials for assembling the composite 
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Fig. 2. Phase engineering of 3D hydrogel semiconductors to promote electron transport. (A to C) A hydrogel may contain three phases: a liquid phase, a gel phase,  
and a mixture of the two. In a hydrogel semiconductor, mixed conduction pathways exist, including ions and electrons. (D) Illustration of phase variations in hydrogel 
semiconductors (using PEDOT:PSS as the primary semiconducting backbone) by optimizing the secondary hydrogel networks. (E and F) A comparison of these hydrogel 
semiconductors shows that a continuous phase favors both high electrical conductivity and high volumetric capacitance. The hydrogel semiconductors include pure 
PEDOT:PSS hydrogel and double network hydrogel employing polyvinyl alcohol (PVA), polyacrylamide (PAAm), and polyacrylic acid (PAA) as the secondary network. Data 
are presented as mean ± SD, N = 3 independent hydrogel samples per condition. (G) The resultant hydrogel semiconductor (PEDOT:PSS/PAA) overcomes the modulus 
limitations of existing soft semiconductors while maintaining a mobility of ~1 cm2/(V·s) (table S1).
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hydrogel semiconductor are premixed in a single step. The 3D hydrogel 
semiconductor can then be formed through a simple cross-linking 
process. Additional steps can be applied on demand to fine-tune 
specific parameters. For instance, solvent exchange can be used to 
adjust porosity.

We mass-produced 3D hydrogel semiconductors with thicknesses 
ranging from micrometers to millimeters and arbitrary macroscopic 
shapes (figs. S16 and S17). All these 3D hydrogel semiconductors were 
examined and found to retain excellent semiconducting properties 
and mechanical stretchability (Fig. 5A and fig. S18).
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Fig. 3. Structural engineering of 3D hydrogel semiconductors to promote ion transport. (A to C) Porosity in hydrogel semiconductors (PEDOT:PSS/PAA) can be 
controlled through solvent exchange and annealing. Cyro–scanning electron microsopy images of hydrogel semiconductors show (A) low porosity (5%), (B) moderate 
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Bernards-Malliaras model.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of H

ong K
ong on January 03, 2026



Research Articles

Science  20 November 2025 828

Building 3D transistors and circuits based on 3D 
hydrogel semiconductors
The successful development of 3D hydrogel semiconductors, along with 
the scalable production procedures described above, enables their im-
mediate application in constructing 3D transistors. As a demonstration, 
we further shaped those 3D semiconductors into self-standing hydrogel 
fibers, facilitating the construction of brain-inspired 3D neuromorphic 
circuits, which were assembled into 3D, interpenetrated hydrogel 
transistor arrays for data computing and analysis (Fig. 5, B and C). To 
facilitate data acquisition, we integrated the 3D transistors with our 
recently developed coin-sized readout unit, the Personalized Electronic 
Reader for Electrochemical Transistors (PERfECT; fig. S19) (42–44).

To demonstrate the potential of our 3D hydrogel transistor cir-
cuits for constructing brain-inspired 3D intelligence, we adopted the 
reservoir computing (RC) framework—a promising machine learning 
algorithm known for its minimal computational requirements and 
ability to operate with small training datasets (45, 46). RC uses neuron-
like nonlinear hardware units, a role in which our hydrogel transistors 
excel (fig. S20). Structurally, hydrogel transistors resemble three-
terminal transistors, where the gate electrode functions analogously 
to the presynapse of a neuron, receiving input ionic signals (47). The 
channel between the source and drain electrodes mimics the postsynapse, 
responding to the gate signals. Operationally, signals at the gate electrode 

propagate through nonlinear ionic 
transport via the electrolyte, modulat-
ing the channel conductance through 
a nonlinear electrochemical doping/
dedoping process (48).

The detailed implementation of 
our 3D hydrogel transistor circuits in 
a RC network is illustrated in Fig. 5D. 
For demonstration purposes, hand-
written digit recognition from the 
Modified National Institute of Stan
dards and Technology (MNIST) data
set was selected as the application (fig. 
S21) (49). The steps include: (i) Input: 
Preprocessed image signals serve as 
input to the gate terminal of the 3D 
hydrogel transistors. All 16 hydrogel 
fiber semiconductors share a com-
mon gate electrode located at the 
bottom. (ii) Encoding: The 3D hy-
drogel transistor circuits encode the 
digital input signals into distinguish-
able analog signals, thanks to their 
nonlinear dynamic response behav-
iors (Fig. 5E). (iii) Analysis: The en-
tire integrated system processes 
the input image signal sequence by 
implementing RC and generating 
predicted results through a hardware- 
software coprocessing approach. In 
this setup, the hardware compo-
nent (hydrogel transistor array) per-
forms the RC, while the software 
component handles linear readout 
and classification. During program-
ming, the modulation of a specific 
volatile transistor originates from 
both the common gate and the in-
fluence of the weighted equivalent 
gate voltage from all other channels 
(Fig.  5B). This intentional design 
mimics the spatial connectivity of real 

neural networks, forming the foundation of the hydrogel reservoir 
layer for RC. Figure 5F presents the confusion matrices showing that 
the system can achieve a prediction accuracy of up to 91.93%, which 
is comparable to conventional artificial neural networks (50). Each 
matrix is dominated by its diagonal elements, indicating high class-
wise accuracy across all digits. Notably, the prediction accuracy 
can be maintained under up to 30% strain applied in any direction 
(Fig. 5G).

Our reported 3D hydrogel semiconductors and transistors achieve 
millimeter-scale 3D modulation with performance comparable to their 
thin-film counterparts. These advances are enabled by a standardized 
water-processable synthesis process that precisely controls phase, po-
rosity, and charge transport properties in three dimensions. Our mac-
roscopic fabrication approach allows the mass production of 3D 
hydrogel semiconductors and transistors in various 3D shapes, over-
coming the dimension limitations of 2D planar electronics, as demon-
strated in neuromorphic computing circuits.

Leveraging inherent tissue-like properties such as biocompatibility, 
stretchability, and permeability, these 3D hydrogel semiconductors 
and transistors bridge the multidimensional gaps between electronics 
and living systems, enabling robust and durable 3D interfacing. As an 
example, we further demonstrate that these 3D semiconductors and 
transistors enable two-way biology-transistor interactions, including 
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nonlinearity of the hydrogel transistors, ensuring high computational efficiency within the reservoir network. (F) A confusion matrix showing that handwritten digits are correctly 
recognized with the hydrogel transistors RC hardware with an accuracy of 91.93%. (G) Evolution of prediction accuracy over training epochs when the RC hardware is subjected 
to strains of 0% and 30%.
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cell culture, organoid formation, and programmable cell behavior 
(fig. S22).
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