
Dutta et al., Sci. Adv. 12, eaee0777 (2026)     15 May 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 16

M AT E R I A L S  S C I E N C E

Controlling thermoreversibility and hole conductivity in 
thermoresponsive ionic biogels using phase 
morphology for neurohaptics
Ankan Dutta1,2,3,4*, Md Abu Sayeed Biswas2, Ethan Gerhard5, Mayukh Das2,  
Long Meng1, Wanqing Zhang2, Wenjie Li6,7, Arantza Moreno Calva2,8, Shakul Pathak9,  
Jia-Yu Yang2,10, Junyi Yin11, Jordan Meyet12, Shuvendu Das2, Bed Poudel6, Abu Musa Abdullah2, 
Yuju Che2,13, Cheng-Hsin Chuang10, Jian Yang14, Sihong Wang11,15,16, Xiaogang Hu1,3,17,  
Saptarshi Das2,6,12,18, Huanyu Cheng1,2,3,5,6,12,18*

Integrating thermoreversibility with electrical conductivity in a unified hydrogel platform enables long-term, re-
usable through-hair neural interfaces. However, achieving both simultaneously remains challenging, as thermor-
eversibility demands network reorganization while conductivity necessitates network percolation. Here, we 
engineer phase morphology by controlling the components’ viscoelastic state during mixing. Ionically conductive 
nucleated morphologies illustrated by liquid-liquid phase separation exhibit rapid thermoreversibility, whereas 
electrically conductive bicontinuous phases demonstrated by viscoelastic phase separation achieve a marginal 
gel-sol transition and an ultralow storage modulus of ~1.7 kilopascals while simultaneously achieving a conduc-
tivity of 7.5 siemens per centimeter or transconductance of 5.1 millisiemens in an organic electrochemical tran-
sistor. Below this threshold, systems resemble nucleated behavior, whereas above it, superior semiconducting 
properties emerge, but phase transition capability is lost. These materials enable reusable through-hair neural 
interfaces to maintain low skin contact impedance of 1.6 kohm·cm2 across different hair types for 3 days, facilitat-
ing stable event-related desynchronization detection during mechanical and electrical haptic sensation for per-
sonalized haptics.

INTRODUCTION
Long-term, reusable through-hair neural interfaces could advance 
personalized haptics for augmented and virtual reality by enabling 
continuous monitoring of neural responses during stimulation, pro-
viding objective inputs for closed-loop feedback systems that better 
emulate naturalistic sensation and interaction (1, 2). Yet despite ad-
vances in hydrogel-based electroencephalogram (EEG) electrodes, 
practical deployment remains limited by two coupled failure modes: 
(i) inefficient coupling through hair and (ii) long-term signal drift 
driven by dehydration. The first constraint can be resolved by thermo-
responsive hydrogels, particularly thermoreversible hydrogels (3, 4), 

whose viscoelastic network organization, and therefore viscosity, mod-
ulus, and adhesion, can be actively programmed by temperature to 
enable transition between a flowable state for hair infiltration and an 
adhesive, conformal state that ensures stable contact under motion. 
On the other hand, analyzing long-term effects like neuroplasticity 
during closed-loop haptics further requires that the hydrogel maintain 
stable electrical transport independent of hydration state, so that the 
skin contact impedance and recording fidelity do not degrade over 
hours to days—the second constraint (5–7). Electrically conducting and 
semiconducting hydrogels can provide tissue-compliant bioelec-
tronics with stable, efficient carrier transport (8, 9), whereas ionic 
liquid–based conductors offer an alternative route to dehydration 
tolerance by leveraging the ionic liquid’s low volatility (low vapor 
pressure). Therefore, a material platform that couples thermorevers-
ibility with dehydration-tolerant conductivity (electronic or ionic) 
would directly address the signal stability requirements of long-term, 
reusable through-hair neural interfaces.

Ionic liquid–based ionically conductive materials are a promis-
ing route to dehydration-tolerant neural interfaces. Yet during ex-
tended wear, electrode-skin coupling can still evolve, as sweat influx, 
hair oil, and water loss progressively modify the bulk ionic conduc-
tivity and thereby shift the effective skin contact impedance over 
time. Although such ionic conduction remains a plausible basis for 
stable interfacing, these limitations suggest that an additional transport 
pathway may be needed to maintain robust coupling under pro-
longed physiological variability. By introducing an electronically per-
colated pathway, charge transport becomes increasingly governed 
by a coherent, largely resistive electronic network, reducing sensitiv-
ity to fluctuations in ionic strength and dehydration and thereby 
stabilizing interfacial coupling (10). But unfortunately, engineering 
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electrically conducting systems to simultaneously retain thermorev-
ersibility remains a profound challenge, as these functionalities arise 
from fundamentally antagonistic design requirements. Efficient ther
moreversibility relies on dynamic, often reversible noncovalent inter
actions such as hydrogen bonding or hydrophobicity that facilitate 
sol-gel transitions in response to a thermal stimulus (3, 4). In contrast, 
efficient electronic conductivity requires percolated, π-conjugated 
polymeric networks that resist network rearrangement under ther-
mal cycling. Typically, conducting or semiconducting hydrogels have 
relied on chemically crosslinked networks (8, 9, 11). Only a limited 
number of physically crosslinked systems have been reported (12), and 
thermoresponsive electrically conducting hydrogels, particularly those 
exhibiting thermoreversible gel-sol transitions, remain largely unex-
plored (fig. S1). To address this, we propose combining a physically 
crosslinked, thermoreversible hydrogel matrix, such as gelatin or 
agarose, with an intrinsically conducting but insoluble polymeric net-
work, exemplified by poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS), and use PEDOT phase morphology as 
the design tool to balance thermoreversibility and charge transport, 
thereby conductivity. In PEDOT:PSS-based hydrogels, PEDOT-rich 
domains typically phase-separate to form isolated crystalline con-
ducting domains in the ionic conductive matrix, resulting in a non-
percolating or nucleated phase morphology (8, 12–16). Although 
these morphologies are necessary for thermoreversibility, they often 
lack coherent electrical conductivity. To improve electrical conduc-
tivity, recent efforts have exploited increased solubility or hydrophi-
licity of polymeric semiconductors or conductors (10, 14, 16, 17), but 
consequently, the covalent nature of these systems lacks thermorev-
ersibility. Thermoreversible conducting hydrogels via supramolecular/
colloidal strategies can result in conducting gels, but electronic 
transport becomes secondary to ionic conduction as a robust perco-
lated coherent pathway is not formed, thus limiting their conductivity 
and resulting in lack of semiconductivity (18, 19). Embedding con-
ductive fillers (e.g., carbon nanotubes and silver nanowires/flakes) into 
thermoresponsive gels faces an inherent conductivity-viscoelastic 
trade-off, as achieving reliable electronic percolation requires a high 
loading/aggregation of filler network rather than a tunable phase 
morphology, i.e., for a fixed weight concentration, the percolation net-
work is fixed and not controllable (20, 21). Insights into processing-
structure-property relationships (by leveraging solvent-driven phase 
separation governed by insolubility) have provided pathways to-
ward achieving bicontinuous morphologies, wherein hydrophobic 
PEDOT-rich and hydrophilic domains independently percolate, fa-
cilitating simultaneous electronic and ionic conduction (22). How-
ever, such permanent bicontinuous networks lack gel-sol transition 
and thereby any thermoreversibility, due to the formation of arrest-
ed, bicontinuous domains that resist redissolution or network refor-
mation upon thermal cycling (3).

Here, we address the central trade-off between polymeric perco-
lation required for electronic charge transport and network lability 
required for thermoreversibility by engineering the PEDOT-rich 
phase to be continuous yet minimally constrained (10). Specifically, 
we aim to operate at the lowest polymer loading, i.e., percolation 
threshold, enabling a marginally connected bicontinuous morphol-
ogy in which the conducting backbone is sufficiently continuous for 
long-range charge transport yet sparse and labile enough to undergo 
reversible gel-sol transitions without evolving into a permanently 
arrested scaffold. In contrast, ionically dominated transport does 
not require a polymeric percolation, as charge is carried by mobile 

ions; therefore, a simple nucleated PEDOT phase showing liquid-
liquid phase separation (LLPS) can be beneficial in ionically con-
ductive systems. The same formulation can be redirected toward 
viscoelastic phase separation (VPS)–like behavior resembling net-
work microstructure, if the viscoelastic state at the time of mixing 
becomes sufficiently asymmetric. This general principle is reminis-
cent of biological membraneless organelles, whose mesoscale orga-
nization emerges through LLPS- or VPS-governed phase dynamics 
(23–26). In LLPS, demixing occurs in a liquid-like medium and pro-
ceeds by nucleation growth to reduce the total free energy, with in-
terfacial tension selecting droplet-like morphologies (for off-critical 
compositions) by minimizing the interfacial area. As a result, the 
minority phase typically does not form a continuous phase unless 
the composition lies near the critical point for spinodal decomposition 
(23, 24, 26). On the other hand, VPS arises in dynamically asym-
metric mixtures in which one phase relaxes stress much more slow-
ly than the other (e.g., a stress-bearing gel and a low viscous fluid 
component) (27–29). In VPS, viscoelastic stresses couple to diffu-
sion and morphology are governed by asymmetric stress division 
rather than interfacial tension alone, which can drive the network 
formation for stress-bearing minority phase. These concepts pro-
vide a useful blueprint for our material design: The percolating net-
work exhibiting electrically conducting or semiconductivity can be 
exemplified by VPS due to their reversible sparse network-like for-
mation, whereas ionically conductive system can be demonstrated 
by LLPS-like nucleated phases without any coherent transport.

We demonstrate an ionic biogel system composed of PEDOT: 
PSS/ionic liquid/salt (ionic phase) and gelatin-glycerol or agarose-
glycerol (biogel phase) systems with two types of polymer mixing 
sequences: (i) nucleated (PEDOT:PSS in aqueous phase mixed with 
low-viscosity biogel phase) with a stable configuration with isolated 
PEDOT phases, similar to LLPS, and (ii) bicontinuous (PEDOT:PSS 
in aqueous phase mixed with highly viscous gelled biogel phase) 
with a kinetically constrained percolated PEDOT phase, similar to 
VPS (Fig. 1A, figs. S2 to S10, and note S1). The nucleated systems 
(NC) show highly efficient, rapid thermoreversibility but are domi-
nated by mobile ion–assisted conduction, whereas the bicontinuous 
systems with polymeric concentration below the percolation thresh-
old result in nonpercolated phase morphology (BC-NP) and show 
similar rheological characteristics, phase dynamics, and conductivity 
as NC. However, bicontinuous systems with polymeric concentra-
tion above the percolation threshold can be categorized as margin-
ally percolated (BC-MP) and permanently percolated (BC-PP). We 
could engineer the BC-MP system within a very small polymeric con-
centration [~100 to 125 w/w% of aqueous PEDOT:PSS with respect 
to (w.r.t.) biogel] with simultaneous semiconducting property and a 
gel-sol phase transition (loss tangent tan δ ≈ 1) and ultralow storage 
modulus (<1 kPa) (summarized in table S1). Above this concentration 
map, the bicontinuous system forms a quasi-permanent scaffold-
like network with percolating PEDOT phases, categorized as BC-PP. 
Moreover, the bicontinuous systems become a layered heterogeneous 
system when there is no mixing, highlighting a highly conductive 
system analogous to a degenerately doped semiconductor. Both the 
NC (ionic-liquid–stabilized ionic conduction) and BC-MP (mar-
ginally electronically percolated) enable a reusable, robust neural 
interface with low skin contact impedance of 1.6 kohm·cm2 at 1 kHz 
across eight different hair types, maintained more than 3 days to 
establish a long-term objective assessment of mechanical and elec-
trical stimulations using event-related desynchronization (ERD). Even 
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after 10 days of reusability, the BC-MP gel exhibits a smaller impedance 
increase (~500 ohm·cm2), whereas the NC changes by ~1500 ohm·cm2, 
indicating greater long-term interfacial stability for the electroni-
cally percolated morphology.

RESULTS
Kinetics of mixing in ionic biogel
Ionic biogels were prepared using two mixing sequences that differ 
only in the mechanical state of the biogel phase at the moment 
PEDOT:PSS is introduced, thereby selecting distinct phase separa-
tion pathways and, consequently, distinct microstructures. Quanti-
tative image analyses of the two resulting morphologies shows 
distinct two-point correlation length ( ξ ) of PEDOT phase, largest 
PEDOT domain length/area, and distribution variance: ξ increases 
from NC (172 μm) to BC-NP (474 μm) to BC-MP (1250 μm), the 
maximum PEDOT domain size follows BC-PP  >  BC-MP  >  BC-
NP > NC, and the variance is high in BC-MP/BC-PP but low in NC/
BC-NP, consistent with a transition from droplet-like (distinct domains) 

to network-like (connected domains) microstructure (Fig. 1B and 
fig. S11). In the nucleated route, PEDOT:PSS is first mixed with salt 
and ionic liquid and only then mixed with glycerol and gelatin or 
agarose. Phase separation is therefore initiated while the matrix re-
mains low viscosity (no stress-bearing matrix), and subsequent gelatin 
or agarose gelation primarily arrests the droplet morphology, follow-
ing LLPS. In the bicontinuous route, gelatin (or agarose)–glycerol–
salt ionic liquid, i.e., biogel phase is first allowed to partially gel into 
a viscous organo-ionogel and aqueous PEDOT:PSS is introduced 
after ~5 min, so demixing proceeds inside a stress-bearing biogel 
phase and is then kinetically arrested into an amorphous state. Cru-
cially, the relevant dynamic asymmetry is temperature dependent in 
our system: Upon heating, the biogel phase undergoes a gel-sol tran-
sition locally, whereas the PEDOT-rich phase can exhibit slower 
mechanical relaxation due to an increase in its elastic modulus dur-
ing plasticization or doping by glycerol or ionic liquid. Under such 
conditions, the identity of the dominant stress-bearing phase invert-
ed during the thermal cycle: The PEDOT phase becomes the minor-
ity stress-bearing phase (27). This maps onto Tanaka’s VPS theory 

Fig. 1. Schematic illustration of the material design of ionic biogel based on the mixing strategy—NC, BC-NP, BC-MP, BC-PP, and layered (bicontinuous system 
without mixing). (A) NC mimicking LLPS forms isolated PEDOT domains, forming a stable thermodynamic system, where increasing PEDOT concentration only results in 
an increased number or size of isolated PEDOT domains with no charge transport. Bicontinuous system mimicking VPS forms a network-like phase morphology, where 
the increased PEDOT concentration (more than percolation threshold) changes the phase morphology from nonpercolating (BC-NP) to marginally percolating (BC-MP) to 
permanently percolating (BC-PP) to facilitate a coherent charge pathway. BC-NP shows ionically dominated charge transport like NC, whereas BC-MP and BC-PP enable 
electrical conductivity and semiconductivity. However, the thermoreversibility characteristics follow the opposite trend: BC-NP is thermoreversible, whereas BC-MP shows 
a marginal gel-sol transition and BC-PP forms a permanent scaffold. (B) The optical images of NC, BC-NP, and BC-PP showing the PEDOT phase and gelatin-phase morphol-
ogy. NC follows a LLPS-inspired droplet-like morphology with a PEDOT phase correlation length of 172 μm, whereas BC-NP has 474 μm and BC-MP has around 1250 μm.
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(28), where the composition field ϕ(x, t) (volume fraction of the 
slow, PEDOT-rich component) evolves

where ζ(ϕ) is the intercomponent friction, v is the polymer velocity, 
Π is the osmotic stress derived from the mixing free energy, and 
σ(1) and σ(2) are viscoelastic stresses carried by the PEDOT-rich compo-
nent and gelatin network, respectively. VPS emerges specifically under 
strong dynamic asymmetry σ(1) ≫ σ(2) and cannot relax on the times-
cale of demixing. In the LLPS limit (rapid stress relaxation/negligible 
viscoelastic stresses), the stress terms vanish, σ(1) ≈ σ(2) ≈ 0 , and Eq. 1 
reduces to the Cahn-Hillard equation form (29). Thus, LLPS is re-
covered as the special case of VPS in which mechanical stresses do 
not contribute to composition transport. In VPS, the stress is borne 
predominantly by the PEDOT phase, and force balance coupled to 
stress-diffusion drives a bicontinuous, network-like topology that can 
enable stress-bearing minority phase percolation before kinetic ar-
rest, an outcome that is atypical for conventional LLPS. This mixing 
sequence principle is likely generalizable to other thermoreversible 
gel matrices along with gelatin and agarose (fig. S12), combined with 
an immiscible conducting polymer, provided the system develops a 
sufficiently large mobility/relaxation contrast during demixing.

Rheological characterizations
An essential requirement for thermoreversible neural interfaces is a 
controllable gel-sol transition near physiological temperature (~37°C) 
to enable rapid extrusion onto the scalp, followed by efficient and 
reversible regelation to establish conformal, stable adhesion to the skin 
surface, which can be experimentally validated by rheological mea-
surements (3, 4, 30, 31). Both NC and BC-NP systems show phase 
transition and thermoreversibility, whereas BC-MP (polymeric con-
centration between 100 and 125 w/w% aqueous PEDOT:PSS w.r.t. 
biogel) shows marginal gel-sol transition with high thermal hysteresis, 
and BC-PP (polymeric concentration more than 125 w/w%) fails to 
show phase transition due to its highly percolating PEDOT polymeric 
network (Fig. 2A and fig. S13). For the NC of 35 w/w% PEDOT:PSS, 
the loss tangent (tan δ = G�� ∕G� , where G′′ and G′ are the loss and the 
storage modulus, respectively) transitions from tan δ = 0.1 at room 
temperature to tan δ ≈ 2.5 at high temperature (50°C) and then back 
to tan δ = 0.2 at room temperature in 15 min (Fig. 2B, fig. S14, and 
note S2). Similarly, the BC-NP with 50, 75 w/w% PEDOT:PSS shows 
a phase transition from tan δ = 0.6, 0.8 at room temperature to tan 
δ = 2 at 60°C and then back to tan δ = 0.9, 1.1 at room temperature in 
15 min (fig. S15). However, for BC-PP with 200, 300 w/w% PEDOT: 
PSS, the loss tangent reaches a maximum of tan δ ≈ 0.8, 0.4 , respec-
tively, with only BC-MP of 100 w/w% barely achieving a gel-sol 
transition and thermoreversibility but not as efficiently as NC or 
BC-NP (Fig. 2C and fig. S16). With the same PEDOT polymeric con-
centration, the NC of 100 w/w% shows a clear phase transition of 
tan δ ≈ 2.8 , contradictory to the BC- MP of 100 w/w% (Fig. 2D and 
fig. S17). In NC and BC-NP, the PEDOT-rich phase remains droplet 
like or nonpercolated, so it cannot sustain system-spanning stress. As 
a result, the bulk viscoelastic response is governed primarily by the 
gelatin-rich matrix. Whereas at 100 w/w% BC-MP, the PEDOT-rich 
phase is at the onset of a system-spanning (percolated) elastic network. 
From this regime, elastic rigidity emerges with network connectivity, 

and stress relaxation becomes slower than the observation time (27). 
From this onset of percolated regime, elasticity grows steeply with 
connectivity, and even if the gelatin-rich phase does a gel-sol transi-
tion locally, the percolated PEDOT-rich network continues to carry 
load, suppressing the loss-dominated signature seen in NC. There-
fore, phase transition in BC-NP occurs with low thermal hysteresis 
( Δtan δ ~ 50% and ΔViscosity ~ 20%) after a thermal cycle (heating 
at 5°C/min, cooling at 5°C/min, and isothermal for 15 min), where-
as BC-PP does not have a phase transition and therefore results in 
low thermal hysteresis ( Δ tan δ ~ 50% and ΔViscosity ~20 to 40%). 
As BC-MP attains a gel-sol phase transition, the reorientation lag of 
the percolated network results in a high thermal hysteresis (Fig. 2E) 
(32, 33). The emergence of a marginally percolated polymeric net-
work imposes substantial viscoelastic constraints on thermoreversible 
behavior, as long-range percolation induces slow entangled chain dy-
namics with high relaxation times and kinetic barriers for network 
reorganization (which is absent for BC-PP). In the BC-MP regime, 
thermal hysteresis increases due to delayed disassembly of the net-
work upon heating, reflecting the energetic cost of overcoming en-
tangled PEDOT networks and disentangling topological constraints. 
However, at a highly dense percolation network of BC-PP where the 
polymeric network forms a quasi-permanent scaffold, the system 
fails to undergo a gel-sol transition. Consequently, the apparent hys-
teresis diminishes not due to enhanced reversibility but rather from 
the collapse of thermoresponsive behavior itself. Thermoreversibil-
ity is optimized when the ionic additive enhances chain mobility in 
the gelatin-rich phase yet does not excessively stabilize intermolecular 
junction zones through slow solvent-mediated interactions. In this 
system, the low aqueous miscibility of 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) creates a miscibil-
ity gap that produces an LLPS-derived microstructure. Such meso-
scale phase separation supports rapid network rearrangement under 
thermal cycling, which, in turn, suppresses hysteresis and improves 
reversibility. In comparison, hydrophilic deep eutectic solvent (DES) 
(34, 35) strongly solvates the PEDOT and gelatin (or agarose)/glycerol 
phase and reinforces an extended hydrogen bonding network, ef-
fectively increasing the activation barrier for junction dissociation/
reformation (making it more stable) during heating-cooling, and 
therefore shows a much higher thermal hysteresis of Δtan δ ~ 400% and 
ΔViscosity ~ 70% compared to EMIM-TFSI for NC with 35 w/w% 
PEDOT:PSS (Fig. 2F and fig. S18). Moreover, hydrophobic DES re-
mains in the gel phase due to dense hydrogen bonds suppressing the 
chain mobility required for reorganization during heating. On the other 
hand, soluble 1-ethyl-3-methylimidazolium trifluoromethanesulfo-
nate (EMIM-OTF) always remains in the solution phase with tan 
δ > 1 as it promotes uniform solvation (and stronger ionic screening/
plasticization) to accelerate network relaxation. Along with the type of 
ionic liquid, increasing ionic liquid concentrations (keeping PEDOT:PSS 
concentration constant) (fig. S19) progressively plasticize/screen in-
terchain associations, raising dissipation and shifting the rheological 
response into the viscous regime. Similarly, a combined increase in con-
centrations of PEDOT:PSS and ionic liquid influences the rheological 
(fig. S20) and tensile properties (fig. S21), even with quasistatic heating 
minimizing rate-dependent artifacts (fig. S22). Mechanistically, the 
aqueous PEDOT:PSS dispersion introduces water, strengthening gela-
tin (or agarose)/glycerol-mediated hydrogen bond connectivity 
and increasing the density of nucleated PEDOT phases, whereas the 
ionic liquid concurrently screens electrostatic interactions and plas-
ticizes polymer-rich regions, enhancing chain mobility and viscous 

�ϕ

�t
= −∇(ϕv) − ∇ ⋅

ϕ(1−ϕ)2

ζ(ϕ)

[

∇ ⋅Π−∇ ⋅σ(1) +
ϕ

1−ϕ
∇ ⋅σ(2)

]

(1)
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dissipation. The phase-temperature maps for NC systems show a 
smooth, concentration-dependent evolution of viscosity with tem-
perature rather than a sharp transition. This gradual behavior supports 
a morphologically stable NC state across the explored composition 
window, with no rheological signature indicative of spinodal decom-
position or the emergence of a percolated/bicontinuous network. In 
contrast, for the bicontinuous system, there is a sharp decrease in 
viscosity from BC-PP (~15 kPa.s) to BC-NP (~300 Pa.s) at 60°C 
(fig. S23). This sharp change is due to the disruption of the effective 
entanglement of the PEDOT network, resulting in a sudden drop in 
viscosity rather than evolving gradually as in NC. A comparable 
transition is observed upon cooling but with a partial loss of ther-
moreversibility, consistent with kinetic trapping and slow reorgani-
zation of the PEDOT network during regelation (fig. S24). This 
effect is amplified when 20 thermal cycles were deployed to evaluate 
the time constant of each isothermal relaxation cycle for five different 
biogel systems (BC-MP with 100 w/w% PEDOT:PSS concentration, 
BC-NP with 50 and 35 w/w%, NC with 35 w/w%, and non-ionic biogel) 
(figs. S25 to S31). The NC shows a highly efficient thermoreversibility 

throughout the cycles with a time constant of ~1.6 min during the 
isothermal cycle of storage modulus (Fig. 2G), whereas the non-
ionic biogel (3) shows a time constant of ~5 min. The shorter time 
constant for NC across cycles is due to the decrease in the correlation 
length and hydrogen-bonded junction zones in the gelatin matrix. 
Modulus recovery requires network rearrangement of gelatin matrix 
at hydrogen-bonded junction zones over a large correlation length, 
which carries a higher activation barrier and frictional penalty, yield-
ing a longer relaxation (27). In NC, the ionic liquid lowers the effec-
tive barrier by screening or competing with hydrogen bonding and 
increasing chain mobility, while the PEDOT droplets localize stress and 
reduce the effective correlation length. This accelerates equilibration 
of the load-bearing droplet microstructure, giving the shorter, cycle-
invariant time constant. The BC-MP with 100 w/w% shows a de-
crease in the time constant from ~12 to ~1.6 min (similar to the NC) 
after 20 cycles, whereas its time constant of loss modulus during the iso-
thermal cycle sharply decreases (linearly) till the 11th cycle, and then 
it saturates without showing any relaxation (figs. S32 to S35). This behav-
ior is consistent with fracture-coupled VPS (27): Repeated thermal 

Fig. 2. Rheological performance of thermoreversible ionic biogel. (A) Schematic illustration comparing the efficiency of thermoreversibility of NC and BC-NP, the 
marginal thermoreversibility of BC-MP, and no thermoreversibility for BC-PP. The gel form of NC and BC-NP switches to sol form due to the droplet-like or nonpercolated 
morphology of the PEDOT network. Marginally percolated PEDOT has limited elastic connections, which marginally undergo a gel-sol transition. In contrast, permanently 
percolated PEDOT forms a scaffold, and therefore, the system remains in gel form after heating. (B) Loss tangent as a function of temperature for NC 35 w/w%. Comparison 
of loss tangent as a function of temperature for (C) 100 w/w% BC-MP and BC-PP 200, 300 w/w% and (D) BC-MP 100w/w% and NC 100 w/w% systems. (E) Comparison of 
rheological parameters, such as changes in loss tangent and viscosity, for different concentrations of the bicontinuous system. (F) Comparison of rheological parameters, 
such as changes in loss tangent, viscosity, and time constant of the isothermal cycle for different ionic liquids for NC 35 w/w%. Time constant of isothermal relaxation of 
storage modulus over 20 thermal cycles for (G) BC-MP, NC, and non-ionic biogels (3) and (H) BC-NP 35 w/w%, 50 w/w%, and BC-MP 100 w/w%.
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cycling accumulates internal stress and amplifies the mobility mis-
match between the percolated PEDOT network and the matrix, pro-
moting necking, strand disconnection, and incomplete rebridging 
of the load-bearing scaffold. As connectivity is progressively lost, the 
slow elastic stress relaxation modes are depleted, so the apparent 
relaxation time shortens toward NC/BC-NP and ultimately saturates 
once the response is dominated by fast dissipative/hydrodynamic 
rearrangements rather than recoverable network elasticity. Even 
with a decrease in PEDOT:PSS concentration in the BC-NP, the time 
constant for 35 w/w% (slowly ~0.25 min/cycle) and 50 w/w% (sharply 
~0.5 min/cycle) decreases with cycles for storage modulus (Fig. 2H). 
Similarly, for loss modulus, the time constant decays faster with an 
increase in concentration: 0.6 min/cycle (100 w/w%) to 0.1 min/cycle 
(35 w/w%) (fig. S36).

Turbidity characterizations
In LLPS (24), ultraviolet-visible (UV-Vis) techniques have been ef-
fectively used to observe the increase in optical density (turbidity) and 
its correlation to rheological signatures of phase dynamics (36–38). 
Spectro-rheological framework provides a powerful, noninvasive 
window into thermoreversible behavior, bridging optical response 
and rheological state with network connectivity and its hysteresis. The 

NC and BC-NP exhibit classic LLPS behavior upon heating. UV-Vis 
temperature sweeps show a sharp onset of turbidity at the critical cloud 
point, which reverts upon cooling, indicating reversible, entropy-
driven demixing akin to protein condensate behavior in biochemical 
LLPS systems (Fig. 3A) (32). This turbidity correlates with the nu-
cleated PEDOT droplets, as confirmed by optical microscopy, rheol-
ogy, and diffraction (Fig. 3B). In contrast, BC-MP and BC-PP show no 
turbidity analogous to VPS, confirming the presence of large, perco-
lated viscoelastic networks and exhibiting pronounced UV-Vis ab-
sorbance hysteresis upon heating and cooling. For NC with 35 and 
38 w/w%, the UV-Vis absorbance is observed during heating from 
room temperature to 60°C (Fig. 3C) and during cooling to room 
temperature (fig. S37). The temperature response of the NC reflects 
an onset of turbidity at ~37°C, where the absorbance of ~0.9 absor-
bance Units (a.u.) jumps to ~1.3 a.u. within a ΔT of ~5°C, reaching a 
highest absorbance of ~1.4 a.u. at 60°C, and then returns to an ab-
sorbance of ~1 a.u. at room temperature. Similarly, for BC-NP with 
50 w/w%, the absorbance increases from ~1.2 a.u. at room tempera-
ture to ~1.75 a.u. at 60°C and returns to ~1 a.u. absorbance at room tempera-
ture (figs. S38 and S39). In contrast, for the BC-MP with 100 w/w%, 
the absorbance decreases from ~3 a.u. at room temperature to ~1.4 a.u. 
at 60°C, further decreasing to ~0.5 a.u. at room temperature (Fig. 3D 

Fig. 3. Thermodynamics and kinetics of phases in ionic biogels. (A) Schematic illustration of phase dynamics and the onset of turbidity for NC and BC-NP (left) mimick-
ing LLPS and no turbidity for BC-MP and BC-PP (right) mimicking VPS using UV-Vis temperature. Abs., absorbance units. (B) Particle size analysis of 100 w/w% BC-MP and 
NC 100 w/w%. Variation of UV-Vis absorbance as a function of temperature during heating and cooling of the (C) NC 35 w/w% system showing turbidity and (D) 100 w/w% 
BC-MP showing irreversible phase dynamics—failure of turbidity and huge thermal hysteresis. (E) Correlation of change in UV-Vis absorbance and rheological parameters 
such as loss tangent and viscosity. DSC curves of (F) NC 100 w/w% and (G) 100 w/w% BC-MP systems, showing the onset of interfacial enthalpy.
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and fig. S39). The thermal hysteresis of ~85% in UV absorbance for 
100 w/w% BC-MP strongly correlates with the thermal hysteresis of 
Δtan δ ~ 140% in rheology. Similarly, for other nucleated and bicon-
tinuous systems, the strong correlation between thermal hysteresis 
and the rheological parameters (e.g., tan δ and viscosity) reflects that 
optical and mechanical properties are governed by the same under-
lying (reversible or irreversible) phase dynamics during thermal cy-
cling (Fig. 3E and fig. S39). Mechanistically, once the system attains the 
tan δ ≈ 1 crossover (liquid-like regime), the BC-MP network un-
dergoes structural rearrangement. Upon cooling, restoration of the 
percolated morphology requires finite reorganization time due to 
fracture-like disruption of the network, as also seen in decay of re-
laxation time constant during repeated annealing. The magnitude of 
UV-Vis hysteresis tracks the extent of irreversible (or slowly reversible) 
morphological reorganization, which also manifests as enhanced 
rheological hysteresis (tan δ and viscosity) across thermal cycles. This 
correlation between optical hysteresis and thermo-mechanical dis-
sipation is morphology dependent, because the energetic penalty 
associated with reorganizing internal interfaces scales with the inter-
facial area and connectivity of the PEDOT-rich phase. In NC, iso-
lated PEDOT-rich droplets minimize surface area, and thus, the 
interfacial energy is not reflected in the differential scanning calo-
rimetry (DSC) compared to its melting enthalpy due to the gelatin 
matrix and mixing enthalpy, whereas in BC-MP/BC-PP, the phase 
morphology evolves into an extended percolated PEDOT network 
with a large interfacial area (39). This structural arrangement intro-
duces a distinct interfacial enthalpy contribution (along with mixing 
and melting enthalpy as in NCs) (Fig. 3F and fig. S40). Therefore, 
the enthalpy of bicontinuous systems arises not solely from mixing 
(30 J/g) or melting (44 J/g) but from interfacial energy (27 J/g) associ-
ated with the curved and sharp boundaries between the ionic and 
biogel phases, confirming the enthalpy-dominated thermodynamics 
for bicontinuous systems compared to the entropy-dominated ther-
modynamics for NCs (Fig. 3G).

Electrical characterizations
In phase-separated ionic biogels, the kinetics-driven phase morphology 
plays a pivotal role in determining charge transport pathways (22). 
NC, in which the conducting PEDOT phase forms isolated droplets 
within a continuous biogel matrix, exhibits predominantly ionic con-
ductivity based on the ionic liquid. In contrast, for BC-NP, the per-
colated semiconducting PEDOT polymeric network spans the biogel 
matrix, leading to enhanced hole conductivity (Fig. 4A). With the 
layered structure, the hole conductivity increases markedly, making it 
comparable to ionic liquid-based PEDOT:PSS systems (40). To vali-
date the semiconducting property of ionic biogel due to polymeric 
phase percolation, organic electrochemical transistors (OECTs) are 
deployed and characterized (Fig. 4B) (9, 41–45). Only BC-MP and 
BC-PP with an extended percolated PEDOT network, as shown in 
previous characterizations such as rheology and turbidity, show a semi-
conducting nature. On the other hand, NC and BC-NP result in no 
OECT performance due to the lack of charge transport in the channel 
layer, whereas layered systems show a highly doped semiconductor 
with no gating. By leveraging the stimuli responsiveness in BC-MP 
and BC-PP, the storage modulus can be modulated by temperature, 
achieving subkilopascal mechanical compliance (for BC-MP) and 
liquid-like rheological parameters. Such physical crosslinking and 
stimuli responsiveness of the ionic biogel allows an active control of tem-
perature (from 25° to 60°C). The electrical conductivity (or modulus) 

for BC-PP 200 w/w% increases (or decreases) from 25 S/cm (storage 
modulus of 22 kPa and Young’s modulus of 10 kPa) to 38.5 S/cm 
(storage modulus of 3 kPa); similarly, the conductivity for 100 w/w% 
BC-MP achieves 7.7 S/cm with a storage modulus of 1.2 kPa at 
60°C to enable the gel-sol transition as a highly viscous liquid (Fig. 4C). 
This typically breaks the flow conductivity trade-off using an active 
control of temperature (15, 16, 46–50). In passive, ambient condi-
tions, the total conductivity and volumetric capacitance of the lay-
ered (100 w/w%) system are 140 S/cm and 8.5 F/cm3, respectively. In 
comparison, for NC 100 w/w% and BC-NP 50 w/w%, the conduc-
tivity gets as low as 5.2 and 40 mS/cm, respectively, but the volumetric 
capacitance remains similar (~35 and 45 F/cm3, respectively) (Fig. 4D). 
The high volumetric capacitance is a strong indicator of an ionic 
conductor, which can be confirmed by the electrochemical imped-
ance spectra of the NC (100 w/w%) reaching ~−70° phase at low 
frequency (<1 kHz) to reflect an ionic behavior. In comparison, the 
BC-MP (100 w/w%) and BC-PP (200 w/w%) show ~0° to −10° phase, 
reflecting dominance of electronic conductivity over ionic (Fig. 4E 
and fig. S41). Similarly, in the agarose-based ionic biogel, the BC-MP 
route yields an impedance response that is predominantly resistive 
over the measured frequency range (phase angle ≈ 0◦ ; 50 ohm, weak 
frequency dependence), whereas the NC route exhibits a substan-
tially higher impedance (>1 kohm) with a pronounced capacitive 
signature (negative phase angle and strong frequency dispersion) 
(fig. S42).

The OECT with 100 w/w% BC-MP and BC-PP 300 w/w% as the 
active channel material exhibits a temperature-controlled normal-
ized (by channel width) transconductance of 2.28 mS/mm (storage 
modulus of 750 Pa, at 100°C) and 15.5 mS/mm (storage modulus of 
13 kPa, at 60°C), respectively, approaching those of traditional semi-
conducting hydrogels and polymers while maintaining a storage 
modulus of at least ~1 to 3 orders lower than the state of the art 
chemically crosslinked hydrogel (Fig. 4F) (8, 9, 11, 12, 51). Because 
of the gel-sol transition of 100 w/w% BC-MP, we could achieve a 
liquid-like tan δ ≈ 1 with a normalized transconductance of 1.7 mS/
mm. The high conductivity of the layered structure is reflected in 
the linear ohmic-like transfer characteristics with a high current of 
~200 mA and poor to no gate electrostatic control, analogous to a 
highly doped p-type semiconductor property (with almost no gat-
ing) at −0.9 V drain bias (fig. S43) (52). On the other hand, for NC 
(200 w/w%) and BC-NP (fig. S44), the drain current and leakage gate 
current are of similar order without any gating or standard OECT opera-
tion. However, when the polymeric concentration reaches 100 w/w% 
for bicontinuous systems, the percolated PEDOT phase displays semi
conducting nature symbolized with an on-current of |ID| ~ 1.7 mA, 
improved gate electrostatic control with a low gate current of |IG| 
~ 0.01 mA, and a peak transconductance of 3 mS at around gate 
voltage of −0.17 V (Fig. 4H and fig. S45). The on-current (and peak 
transconductance) of the OECT increases to 19 mA (28 mS) with the 
increase in concentration from 100 w/w% (BC-MP) to 300 w/w% 
(BC-PP) (Fig. 4I and fig. S46). The figure of merit [ μC∗ ] of the channel 
material (and on-off ratio of the OECT) increases from 0.8 F cm−1 
V−1 s−1 (Ion/Ioff = 17) to 8.4 F cm−1 V−1 s−1 (Ion/Ioff = 187) with the 
increase in concentration from 100 to 300 w/w% (figs. S47 and S48). 
The mobility of the semiconducting ionic biogel increases from 
0.006 to 0.043 cm2 V−1 s−1 with the increase in concentration from 
100 to 300 w/w% in the BC-MP/BC-PP, as measured using constant 
gate current (fig. S49) (8, 9, 43–45, 53). The relatively modest hole 
mobility and figure of merit, when compared to state-of-the-art 
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semiconducting hydrogels (8, 9, 11, 51), can be attributed to the fact that 
the investigated concentration regime represents the morphological 
transition point, marking the initial emergence of a percolated, elec-
tronically conductive network from an otherwise thermoreversible, 
ionically dominated phase. Increasing PEDOT:PSS concentration 
or enhancing network percolation would predictably raise mobility 
and improve OECT performance. However, percolation also drives 
the material toward a permanently arrested bicontinuous scaffold 
that suppresses gel-sol transitions and undermines the thermorev-
ersibility, as shown in BC-PP (and can be further extended). The 
peak transconductance (and on-current) of BC-MP/BC-PP 300 and 

100 w/w% increases with the increasing temperature, with a slope of 
0.1 mS/K (0.07 mA/K) and 0.02 mS/K (0.01 mA/K), consistent with 
the thermally activated volumetric dedoping of the PEDOT network 
(fig.  S50). The Seebeck coefficient (54) of NC decreases markedly 
from ~21 to 1.25 mV/K with the increase in concentration from 35 to 
100 w/w%, as conductive PEDOT fillers suppress the Soret-induced 
ionic gradient and the thermogalvanic potential (note S2 and fig. 
S51). A similar trend is observed for the BC-MP and BC-PP, where 
the Seebeck coefficient decreases from 2.2 to 0.02 mV/K with the 
increase in concentration from 100 to 300 w/w%. Mechanistically, 
PEDOT network electrically shunts and screens the Soret-driven 

Fig. 4. Influence of phase morphology on the conductivity of ionic biogel. (A) Optical images to show the hole pathway through the percolated polymeric PEDOT 
phase in four different types of material systems. (B) Schematic of the OECT and the transfer characteristics for two different channel material systems: NC and BC-NP to 
result in no OECT and BC-MP and BC-PP to yield a standard OECT. (C) Benchmarking conductivity and modulus (both storage and Young’s moduli marked by complete 
and incomplete stars) between this work and state-of-the-art conducting hydrogels (12, 14, 15, 22, 46–48, 50). (D) Conductivity comparison of different types of ionic 
biogels—layered (100 w/w%), BC-NP (50 w/w%), BC-MP (100 w/w%), BC-PP (200 w/w%), and NC (100 w/w%). (E) Electrochemical impedance spectra of bicontinu-
ous (50, 100, and 200 w/w%) and nucleated (100 w/w%) systems. (F) Benchmarking of normalized transconductance (by channel width) and modulus (both storage and 
Young’s moduli marked by complete and incomplete stars) between this work and state-of-the-art semiconducting hydrogels (8, 9, 51). (G) Transfer characteristics of OECT 
with channel materials of BC-MP (100 w/w%). (H) Comparison of the peak transconductance and on-current of OECT with channel materials: BC-NP (75 w/w%), BC-MP 
(100 w/w%), BC-PP (200 and 300 w/w%), and NC (200 w/w%). N/A, not applicable.
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ionic concentration gradients, thereby suppressing the associated 
thermogalvanic potential (54). This thermoelectric signature rein-
forces the role of the charge transport mechanism (ionic versus electron-
ic connectivity), consistent with electrical impedance and transistor 
performance shown before. However, several other device-relevant 
properties are governed primarily by the continuous biogel matrix 
rather than the PEDOT-rich phase. For example, the temperature-
responsive adhesion and room temperature Young’s modulus (~10 kPa) 
of the bicontinuous system (irrespective of PEDOT: PSS concentra-
tion) can be attributed to the inherent properties of the biogel ma-
trix (fig. S52). Similarly, the properties such as compressibility, water 
retention, water vapor transmission, and self-healing of NC can also 
be attributed to the biogel matrix (note S3 and fig. S53).

Electrophysiology characterizations
The thermoresponsive and mixed ionic-electronic conducting prop-
erties of the ionic biogel ensure stable, high-quality, long-term sig-
nal acquisition and reliable stimulation (note S4 and fig.  S54) 
(3, 4, 13, 40, 44, 55), even with different hair types or hair oils. A 
total of eight subjects were chosen with different hair types and oils 
(with subject 1 without showering throughout, resulting in accu-
mulation of hair oils, and subject 5 after a workout) for performing 
different EEG experiments—open and closed eyes and mechanical 
(or natural) vibration over 3 days with the same electrodes containing 
nucleated (n=8) , bicontinuous (n=8) , and either commercial (n=3) 
or non-ionic biogel (3) (n=5) placed on C1, Cz, and C2 respectively—
validating the reusability. In another experiment, one subject is elec-
trically stimulated over the ulnar nerve using a wearable stimulator 
array over 7 days, with EEG simultaneously recorded (Fig. 5A). The 
skin contact impedance of BC-MP (100 w/w%) and NC (100 w/w%) 
remains around 1.6 kohm·cm2 at 1 kHz (averaged over 3 days) across 
all the subjects, whereas the commercial gel has >100 kohm·cm2 and 
the state-of-the-art non-ionic biogel performs similarly with BC-MP 
and NC for some subjects but has >10 kohm·cm2 for other subjects 
with more dense hair (Fig. 5B and fig. S55). Even for subject 5 with 
accumulated sweat and salt after a workout, the ionic biogels main-
tained low, stable through-hair impedance (BC-MP: 2.5 kohm·cm2, 
NC: 1.6 kohm·cm2), and for subject 1 with accumulated oil and dead 
skin buildup, impedance stayed comparably low (NC: 0.7 kohm·cm2; 
BC-MP: 1.5 kohm·cm2) (fig. S56). Moreover, even with day 10 (for 
subject 6) using the same reusable electrode, the BC-MP and NC show 
a stable skin contact impedance of 1.7 kohm·cm2 (from 1.2 kohm·cm2 
in day 1) and 2.4 kohm·cm2 (1.9 kohm·cm2 in day 1) (fig. S57). This 
relatively higher increase in impedance for NC is due to the accu-
mulation of hair oil and sebum, which reduces its equivalent ionic 
conductivity, whereas BC-MP is more stabilized by a percolated 
PEDOT-rich electronic backbone. In contrast, the non-ionic biogel 
and a commercial gel exhibited pronounced multiday degradation, 
implicating loss of hydration (ions) and accumulation of salt as the 
dominant failure mode. The skin contact impedance across days 
(averaged over subjects) shows that the non-ionic biogel performs 
similarly to nucleated and bicontinuous, with around 2 kohm·cm2 
on day 1 but increases to 40 kohm·cm2 on day 2 and 20 kohm·cm2 
on day 3. A similar trend is shown for the commercial electrode, with 
impedance increased from 6 kohm·cm2 on day 1 to 64 kohm·cm2 on 
day 3 (Fig. 5C). An increase in EEG power amplitude during the 
closed eyes state is observed compared to the open eyes state using 
both (Fig.  5D) bicontinuous and (Fig.  5E) nucleated-based elec-
trodes over 3 days. This is also validated with the onset of alpha wave 

power after the 57th second, which marks the closing of the eye for 
subjects 3 and 4 over days 2 and 3 (fig. S58). The efficacy of the ionic 
biogel electrode is demonstrated through ERD in the recording of 
neural responses associated with motor cortex activities during me-
chanical or natural sensation (fig. S59) (56–58). The EEG power spec
trum at C1 and Cz during sensory mechanical vibration of 50 Hz 
reveals an onset of ERD: a reduction in beta power amplitude on day 2 
(P < 0.01) and day 3 (P < 0.001) using both nucleated (fig. S60) and 
bicontinuous electrodes (Fig. 5F) (57).

ERD has been known to occur during hand or finger movement 
and mechanical vibration (56, 58). However, very few prior studies 
have correlated ERD with haptic sensations induced by transcutaneous 
electrical nerve stimulation (TENS) of the ulnar nerve (59–62). The 
perceived sensation is simultaneously recorded using a force sensor 
(note S5 and fig. S61), with EEG data collected using three self-
balancing electrodes (with geometry optimized using simulation) 
(note S6 and fig. S62) at Cz, C1, and C2 through the hair. A major 
challenge in EEG recordings during simultaneous electrical stimula-
tion is the introduced artifacts, particularly charging artifacts resulting 
from current flow through the body, which can produce high-
amplitude voltages (tens of millivolts range) at the scalp and con-
taminate the EEG signal (in microvolts range). By positioning the 
ground electrode along the cervical region and ulnar nerve pathway, 
these artifacts are reduced from ~40 to 4 mV. The artifacts are fur-
ther reduced by sequential postprocessing methods such as empirical 
mode decomposition (EMD) (63), bandpass/notch filters, and down
sampling (note S7). The artifact removal is generally performed using 
independent component analysis (ICA) (64) to leverage the statisti-
cal independence of multiple channels. However, ICA’s performance 
is restricted as the number of electrodes is only three in this work. 
Therefore, EMD is used to decompose the signal into several intrin-
sic mode functions with the first mode corresponding to the stimu-
lation artifacts. Similar to mechanical stimulation, ERD is also 
observed during electrical stimulation, which is marked by a reduc-
tion of power in the alpha wave, averaged across trials for all ampli-
tudes (Fig. 5G). Different frequencies (5 to 500 Hz) of electrical 
stimulation (of amplitude of 3.7 mA) are elicited to record the change 
of alpha power in the EEG during stimulation (Fig. 5H and note S8). 
This power attenuation and its spectrum across different frequencies 
persist on day 7 (fig. S63).

DISCUSSION
We have successfully demonstrated that precise control over poly-
mer mixing sequences and concentrations in a PEDOT:PSS-based 
ionic biogel enables integrating thermoreversible mechanical adapt-
ability with sustained electrical conductivity and semiconductivity. 
The nucleated and bicontinuous morphological strategies reveal dis-
tinct but complementary advantages: Nucleated morphologies pro-
vide rapid, hydration-independent thermoreversibility ideal for ionic 
conduction, and bicontinuous morphologies enable semiconductiv-
ity combined with thermoresponsive behavior within a carefully 
tuned concentration regime. By leveraging kinetic insights inspired 
by phase separation in biological systems, based on mixing strategy, 
we have achieved both nucleated PEDOT phases and transient yet 
stable percolated networks of PEDOT-rich phases capable of reversible 
transitions. This work thus establishes a robust, stimuli-responsive 
hydrogel platform tailored for advanced bioelectronic applications, par-
ticularly long-term, through-hair EEG interfaces requiring simultaneous 
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mechanical adaptability and electronic robustness. The controlled phase 
morphology route addresses a persistent limitation of (i) supramolecular-
based thermoreversible conductive hydrogel having no percolation, 
resulting in low conductivity, and (ii) conductive filler-based ap-
proaches with restricted gel-sol transitions. Here, we show that control-
ling phase morphology near the spinodal margin provides percolated 
morphologies while still preserving the matrix’s reversible sol-gel 
transition. Future efforts will focus on further enhancing the semi-
conductive properties of the bicontinuous systems, particularly im-
proving hole mobility and enabling coherent charge transport through 
precise control of polymer-dopant interactions, solvent composition, 
and network topology. The ionic biogel provides a platform for mixed 
ionic-electronic thermoelectrics, quantifying how morphology-
controlled percolation and ion thermodiffusion synergistically set 
thermopower, power output, and stability under sustained tempera-
ture gradients. In parallel, future work will also include engineer-
ing the near room temperature sol state and toward much lower 
viscosity to improve processability and enable controlled thickness 

thin-film fabrication (e.g., spin coating), to enable high-bandwidth 
electrophysiology and OECT operation. In addition, strategies to mini
mize thermal hysteresis, such as using nucleation-promoting addi-
tives, tuning transient crosslink lifetimes, or introducing hierarchical 
dual-network architectures, will be pursued to ensure rapid, repro-
ducible thermoreversible transitions without compromising elec-
tronic performance.

MATERIALS AND METHODS
Materials
Gelatin from porcine skin powder with gel strength 300 g Bloom 
Type A, 99% glycerol, sodium chloride (NaCl), and the ionic liquid 
EMIM-TFSI with a concentration of 98% (high-performance liquid 
chromatography) and 1-Ethyl-3-methylimidazolium trifluorometh-
anesulfonate (EMIM-OTF) were purchased from Sigma-Aldrich. 
PEDOT:PSS (Clevios™ PH 1000 PH 1000) in aqueous solution was 
purchased from Ossila. For PDMS, Sylgard 184 elastomer base and 

Fig. 5. Electrophysiology using ionic biogels to understand neurohaptics. (A) Schematic illustration of the experimental setup to analyze neural response dur-
ing mechanical and electrical stimulations and schematic of the wearable electrical stimulator array placed on the arm. The skin contact impedance of BC-MP (100 w/w%), 
NC (100 w/w%), commercial, and non-ionic biogels (3) (B) across different human subjects (averaged over days) and (C) across different days (averaged over subjects). 
Power amplitude showing increased power in the alpha band during the eye-closing state for (D) bicontinuous and (E) NCs. (F) Power amplitude showing ERD during 
sensory mechanical vibration using bicontinuous electrodes over 3 days. (G) Power spectrogram of EEG during electrical stimulation at 150 Hz. (H) Power spectrum of 
EEG during haptic sensation applied at different frequencies (5 to 500 Hz) on day 1. Statistical significance is indicated as follows: N.S., not significant; *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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its curing agent from Electron Microscopy Sciences were used at a 
10:1 ratio. Ethylene glycol (EG; anhydrous, 99.8%), choline chloride 
(ChCl, bioreagent grade), menthol (≥99%), and thymol (≥98.5%) 
were all obtained from Sigma-Aldrich and used as received without 
further purification. KCl-based solid electrolyte and Ag/AgCl com-
mercial disposable electrodes were bought from 3M. polyvinylidene 
difluoride (PVDF)–hexafluoropropylene copolymer (HFP) [with a mo-
lar mass of weight-average molecular weight (Mw) = 400,000 g mol−1 
and number-average molecular weight (Mn) = 130,000 g mol−1, 
respectively] was purchased from Sigma-Aldrich. Acetone was ob-
tained from VWR Chemicals BDH Co. Ltd. Poly(ethylene glycol) 
(PEG) was purchased from Gelest Inc. Conductive EEG paste AC 
Cream was secured from Spes Medica.
Preparation of biogels
Non-ionic biogel (3). The non-ionic biogel was prepared by dissolving 
0.11 g of sodium chloride in 1 ml of water. Afterward, 0.75 g of glycerol 
was added and mixed, followed by adding and thoroughly mixing 0.5 g 
of gelatin (3, 4). The solution was left for 2 hours so that the gelation 
could occur to result in an amorphous state, and then it was heated in 
an oven at 80°C for 15 min. For storage or later use, the biogel was left 
at room temperature for around 6 hours for gelation. The biogel could 
be heated at any time afterward to reacquire its liquid form, show-
casing its thermoreversible property (although repeated heating will 
change the property of this biogel, as discussed in the manuscript).

(Nucleated) ionic biogel. The (nucleated) ionic biogel was pre-
pared by dissolving 0.11 g of sodium chloride in 2.88 ml (or 1.01 to 
8.64 ml) of PEDOT:PSS in an aqueous solution, along with adding and 
thoroughly mixing 1 ml of ionic liquid (EMIM-TFSI, EMIM-OTF, 
and hydrophobic and hydrophilic DES) to obtain 100 w/w% (35 to 
300 w/w%) nucleated. After 5 min, 0.75 g of glycerol was added and 
mixed, followed by adding and thoroughly mixing 0.5 g of gelatin 
(or agarose). The solution was left for 2 hours to enable gelation in 
an amorphous state and then heated in an oven at 80°C for 15 min 
(or 110°C for 15 min for agarose). For storage or later use, the result-
ing (nucleated) ionic biogel was left at room temperature for around 
6 hours for gelation. The ionic biogel could be heated afterward to re-
acquire its liquid phase.

(Bicontinuous) ionic biogel. The (bicontinuous) ionic biogel was 
prepared by mixing 0.75 g of glycerol and 0.5 g of gelatin (or aga-
rose) along with 0.11 g of sodium chloride and 1 ml of ionic liquid 
(EMIM-TFSI, EMIM-OTF, and hydrophobic and hydrophilic DES). 
After 5 min of gelation of gelatin-based organogel, 2.88 ml (or 1.01 
to 8.64 ml) of PEDOT:PSS in an aqueous solution was mixed to ob-
tain 100 w/w% (35 to 300 w/w%) percolated. The solution was left 
for 2 hours to enable gelation in an amorphous state and then heated in 
an oven at 80°C for 15 min (or 110°C for 15 min for agarose). For 
storage or later use, the resulting (bicontinuous) ionic biogel was left 
at room temperature for around 6 hours for gelation. The ionic bio-
gel could be heated afterward to reacquire its liquid phase.

Layered ionic biogel. The layered ionic biogel was prepared by mix-
ing 0.75 g of glycerol and 0.5 g of gelatin along with 0.11 g of sodium 
chloride and 1 ml of ionic liquid (EMIM-TFSI). After 5 min of gelation 
of gelatin-based organogel, 2.88 ml (or 1.01 to 8.64 ml) of PEDOT: 
PSS in an aqueous solution was drop casted (without mixing) to ob-
tain the 100 w/w% layered ionic biogel. The heterogeneous material was 
left for 2 hours to enable gelation in an amorphous state and then 
heated in an oven at 80°C for 15 min. For storage or later use, the 
resulting layered ionic biogel was left at room temperature for 
around 6 hours for gelation.

Hydrophilic and hydrophobic DESs
The hydrophilic DES was prepared by mixing choline chloride (ChCl) 
as the hydrogen bond acceptor and EG as the hydrogen bond donor 
at a molar ratio of 1:2. The mixture was heated at 100°C under con-
stant stirring at 500 rpm until a homogeneous, transparent liquid 
was obtained, confirming the successful formation of the DES. For 
the hydrophobic DES, menthol and thymol were combined at a 1:1 
molar ratio and heated at 60°C with stirring at 500 rpm until a clear 
and uniform solution was formed.
PVDF-HFP/PEG ionic dielectric
The PVDF-HFP solution was formulated by dissolving PVDF-HFP 
pellets in acetone at a mass ratio of 20:3 under continuous stirring at 
1000 rpm and 120°C until complete dissolution, as previously re-
ported (65). Once the solution was cooled to room temperature, PEG 
was incorporated at concentrations of 1, 2, 4, or 6 wt % relative to 
the total solution volume. The PEG-modified solution was stirred at 
1000 rpm for 24 hours to ensure homogeneity. Subsequently, the solu-
tion was spin-coated onto precleaned glass substrates at 1000 rpm 
for 30 s, followed by vacuum drying at 80°C to remove residual sol-
vent, resulting in the formation of PEG-PVDF-HFP thin films.
OECT device fabrication
OECT devices were fabricated on polyimide substrates by thermally 
evaporating a bilayer of chromium (10 nm) and gold (90 nm) through 
a shadow mask to define the source and drain electrodes. The result-
ing devices had a channel length of 1 mm and a width of 3 mm. Follow-
ing electrode deposition, (percolated or nucleated) semiconducting 
ionic biogels were heated to 80°C for 2 min and were “painted” over 
the channel with a tape mask to ensure uniform thickness of 50 μm 
and lateral dimensions as previously reported (66). Because of the 
rapid physical crosslinking property of the ionic biogel (i.e., viscos-
ity increases rapidly under ambient conditions, therefore it becomes 
practically impossible to spin coat), painting was chosen over spin 
coating. To ensure electrical isolation and channel dimension, the 
semiconducting layer beyond the defined channel region was pre-
cisely trimmed using a scalpel under an optical microscope. Cured and 
free-standing dielectric PVDF-HFP/PEG 4% (thickness of 50 μm) was 
then placed on top of the semiconducting channel material (42). The 
KCl-based solid electrolyte, along with Ag/AgCl commercial elec-
trodes, was placed vertically on top of the channel/dielectric stacking.

Methods
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy experiments were performed us-
ing a Physical Electronics VersaProbe III instrument equipped with a 
monochromatic Al kα x-ray source (hν = 1486.6 eV) and a concentric 
hemispherical analyzer. Charge neutralization was performed using 
both low-energy electrons (<5 eV) and argon ions. The binding energy 
axis was calibrated using sputtered clean Cu (Cu 2p3/2 = 932.62 eV, 
Cu 3p3/2 = 75.1 eV) and Au foils (Au 4f7/2 = 83.96 eV) as in the 
previous report (67). Peaks were charge referenced to the CHx band in 
the carbon 1s spectrum at 284.8 eV. Measurements were made at a 
take-off angle of 45° with respect to the sample surface plane. This 
resulted in a typical sampling depth of 3 to 6 nm, with 95% of the 
signal originating from this depth or shallower. Quantification was 
done using instrumental relative sensitivity factors to account for the 
x-ray cross section and inelastic mean free path of the electrons. In the 
homogeneous samples, major elements (>5 atomic%) tend to have 
standard deviations of <3%, while minor elements could be sub-
stantially higher. The analysis size was ~200 μm in diameter.
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UV-Vis turbidity analysis
UV-Vis spectroscopic measurements were conducted using a Lambda 
950 spectrophotometer (PerkinElmer, USA) equipped with a stan-
dard photometric detector, and spectra were collected using UV 
WinLab software (v7.0). For the baseline correction (100% trans-
mittance), the quartz cuvette filled with deionized water was used. 
Spectra were acquired over the wavelength range from 1000 to 400 nm, 
with a step of 1.0 nm, an acquisition time of 0.2 s per data point, and 
a spectral bandwidth of 2.0 nm in the UV-Vis region. In the near-
infrared region, the spectral bandwidth was set to servo slit mode. 
The detector changes between the photomultiplier tube and the lead 
sulfide (PbS) detector were set to 860.8 nm, to optimize optical 
throughput across regions. The ionic biogel sample was placed into 
a short path length quartz cuvette (1-mm path length, part number: 
RRPG094 Pine Research, USA) to improve the transmittance of the 
biogel sample. To perform temperature-dependent measurements, 
the Versa 20 liquid cuvette holder was interfaced with a Quantum 
Northwest TC1 temperature controller and controlled with the 
T-App software (v1.52f), which enabled a uniform thermal ramp up 
to 60°C at a controlled rate of 0.2°C/min. The actual sample tem-
perature was monitored in situ using an immersed type K thermo-
couple, with electrical readout via a USB-2001-TC (Measurement 
Computing, USA) module using DAQami software (v 4.2.1f0) to 
ensure precise thermal feedback and data acquisition fidelity.
Particle size analysis
Particle size analysis was performed using a Mastersizer 3000 (Malvern 
Panalytical, Netherlands) with the HydroMV dispersing cell (125 ml). 
Light sources of 632 nm (He-Ne laser) and 470 nm (light-emitting 
diode) were used for data collection. Deionized water was used as 
the dispersant for the testing. Data collection time was 10 s for each 
measurement. Five measurements were taken for each aliquot of the 
sample tested.
Raman spectroscopy
All Raman spectroscopy was acquired using a Horiba LabRam HR 
Evolution equipped with a 785-nm laser (Crystal Laser, DL-785-
120-SO) coupled through a 50× Long Working Distance objective 
lens (numerical aperture, 0.5) with an incident laser power of 30 mW 
(with laser threshold test performed on the samples). The spectrom-
eter was equipped with a 150-μm confocal hole, a 300 grooves per 
millimeter grating, and a Synapse BIDD Si-array detector (1024 × 
512 pixels) and calibrated using the Raman response of a chip of 
single-crystal silicon. The temperature stage was a Linkam HFS600. 
Point maps were acquired after waiting a minimum of 3 min after 
the temperature stage reached the desired set point temperature.
Fourier transform infrared
Infrared spectra were collected in attenuated total reflection (ATR) 
geometry on a Bruker Vertex 70 spectrometer equipped with a liq-
uid nitrogen–cooled mid-band mercury cadmium telluride detector 
and a Harrick Diamax ATR accessory with a heatable solid sampling 
adapter. A background (bare crystal) and a sample spectrum were 
collected after 10 min of equilibration at each temperature. A total of 
400 scans were averaged at 4 cm−1 resolution, with the absorbance 
calculated by referencing to the clean bare diamond ATR crystal.
Atomic force microscopy
The peak force tapping quantitative nanomechanical mapping ex-
periments were performed in air on a BiosScope Resolve (Bruker). 
RTESPA150 (Bruker) probes were used with a nominal tip radius of 
5 nm and a spring constant of 6 N/m. Scans over 20 μm by 2 μm 
were performed with a probe vibration frequency of 2 kHz, a peak 

force amplitude of 150 nm, 512 samples per line, and a scan rate of 
0.35 Hz. Images were analyzed with NanoScope Analysis v.3.
Wide-angle x-ray scattering
The wide-angle x-ray scattering experiments were performed on a labo-
ratory beamline (Xeuss 2.0 HR, Xenocs, France) using a GeniX3D 
microfocus sealed tube (copper) beam source with an x-ray wave-
length of 1.54 Å and power settings of 50 kV and 0.6 mA. A Dectris 
Pilatus3 R200K detector was used with a sample-to-detector dis-
tance of ~0.15 m. The scattering experiments were collected at 27°, 
40°, 50°, 60°, and again at 27°C using silicon scatterless slits for col-
limation (1.2 and 0.8 mm). The two-dimensional (2D) images were 
integrated using “X-ray Scattering Analysis and Calculation Tool” 
(XSACT version 2.6) software from Xenocs to convert 2D images into 
1D scattering data of scattering intensity I(q) (in arbitrary units) versus 2θ . 
Each image was produced by collecting and summing three vertical 
images (300 s each with line eraser mode). Line eraser mode is a func-
tion designed by the manufacturer to allow images to be overlapped 
to correct for nonsensitive areas in the summed 2D images caused 
by the detector (built from multiple sensor modules tied together).
Microcomputed tomography imaging
High-resolution microcomputed tomography (μCT) was used to 
nondestructively visualize and quantify the internal microarchitec-
ture of the ionic biogels, enabling differentiation between nucleated 
and bicontinuous morphologies. Biogel samples were prepared in 
cylindrical polyethylene tubes to prevent dehydration and move-
ment during scanning. μCT images were obtained on a Zeiss Xradia 
620 (Germany). The voltage used was 70 kV, and the power was 8.5 W 
with 3001 projections and a 1-s exposure. The low energy x-ray filter 
LE1 filter was used. The reconstruction was obtained from the Scout 
and Scan Software (Zeiss, Germany). The voxel size of the image 
was 1.3 μm.
Biocompatibility test
Hydrogel samples were cut into circular films with a 10-mm diam-
eter and added to phosphate-buffered saline to prepare hydrogel 
extracts, and 1.0 ml of the extract was put into a 24-well plate for UV 
irradiation. For each well containing hydrogel extract, 2 × 104 MCF-
10A was added, and the proliferation medium was supplemented to 
1.0 ml. For the wells without material as the control group, 2 × 104 
MCF-10A was also added, and the proliferation medium was supple-
mented to 1.0 ml. The 24-well plate containing MCF-10A and the ex-
tract was incubated in a cell culture incubator, and 200 μl of proliferation 
medium was added to each well every 2 days. The proliferation of 
MCF-10A on the hydrogel extract on days 1 and 2 after coculture 
was determined using MTT. After adding the fluorescein diacetate, 
the staining results were observed using a fluorescence microscope.
Seeback coefficient measurement
Seeback coefficient measurement was performed using a custom-
designed setup (fig. S64). Two copper blocks, connected to circulating 
water as heater/chiller units, were used to generate a temperature gra-
dient across the samples in a planar configuration. One of the copper 
blocks maintained a continuous flow of water at a temperature of 9°C, 
whereas the other block was subjected to incremental cooling and 
heating and maintained at varying temperatures through a chiller 
from 0° to 30°C. Two thermocouples were attached to the edge of the 
samples on two sides to monitor real-time temperature changes. The 
voltage change was recorded after a stable temperature was reached.
DSC measurement
The thermal properties were measured by DSC (Netzsch DSC 214, 
Germany) under an Ar atmosphere with a heating rate of 2°C/min.
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Mechanical testing
General procedures. All mechanical and adhesive testing was con-
ducted on an Instron J5966 testing frame (Instron, Binghamton, NY, 
USA) with a 1-kN load cell and using Bluehill Universal mechanical 
testing software (Instron).

Compression testing. Compression testing between parallel plates 
(Instron) was carried out on hydrogel specimens with a diameter of 
8 mm and a thickness of 1 mm to 90% strain at a strain rate of 1.3 mm/
min. Initial modulus and peak stress at 90% strain were calculated 
from the stress profile over the initial 10% strain and the maximum 
stress value, respectively.

Tensile testing. Tensile testing was carried out using pneumatic 
grips (Instron) on hydrogel samples (length × width × thickness: 
3 cm by 1 cm by 1 mm) at a strain rate of 50 mm/min. Initial tensile 
modulus, peak stress, and peak strain were calculated from the stress 
profile over the initial 10% of strain and the maximum stress and 
strain values, respectively.

Adhesive testing. Lap shear adhesive testing was carried out using 
pneumatic tensile grips. Strips of porcine tissue (1-cm width) were 
adhered in a lap configuration with an adhesive area of 1 cm2 and 
placed within the tensile grips (with the adhered region facing out-
side of the gripped area). The tensile force was then applied at a rate of 
5 mm/min until adhesive failure, with the maximum adhesive force 
recorded. The 90° adhesive peel testing was carried out by first glu-
ing a porcine tissue strip (1-cm width) to a flat acrylic plate, which 
was then attached to the bottom compression plate of the mechani-
cal testing frame using vice grips. Another strip of porcine tissue 
was adhered to this first piece using the appropriate hydrogel adhe-
sive to create an adhesive area of 1 cm2. The other, free end of the 
second strip was then gripped by the top pneumatic grip of the test-
ing frame, after which a tensile force was applied to the top to 
achieve the 90° peel, with adhesive force measured as above.
Rheological testing
General procedures. All rheological testing was conducted on a DHR-2 
rheometer (TA Instruments, New Castle, DE, USA) using TRIOS soft-
ware (TA Instruments) in a 20-mm parallel plate configuration (sand
blasted plate faces) with a Peltier plate to control the temperature. 
Hydrogel samples with a diameter of 20 mm and a height of 1 mm 
were used at 25°C unless stated otherwise.

Shear sweep. Shear sweeps were first conducted to establish the 
linear response region from 0.01 to 1000% strain at a frequency 
of 1 Hz.

Frequency sweep. Frequency sweeps were conducted from 0.1 to 
100 Hz within the linear response region (0.05% strain).

Temperature sweep. Temperature sweeps were conducted in three 
phases: (i) an initial ramp from 25° to 60°C at a rate of 5°C/min, (ii) a 
cooling ramp from 60° to 25°C at a rate of 5°C/min, and (iii) a recov-
ery interval at 25°C for 900 s (all at 1 Hz and 0.05% strain).

Cyclical recovery test. The above three phases were repeated over 
20 successive cycles.

Temperature adhesion test. Tensile adhesion tests were performed 
by placing the ionic biogel between two skin phantoms, which were 
strongly adhered to the aluminum plates at both ends. The ionic bio-
gel, along with the skin, was preheated to different temperatures 
from 30° to 60°C and returned to room temperature (25°C). After a 
holding time of 5 min at room temperature, the axial force and dis-
placement were noted at each cycle to evaluate the temperature-
dependent interfacial adhesion stiffness and toughness.

Stimulation procedure
A 26-year-old male human subject participated in the stimulation 
experiment. During the experiment, the subject was comfortably 
seated in a chair. The electrical stimuli were delivered via a set of 
2 × 8 gel-based electrodes (Fig. 5A). Each electrode with a diameter 
of 1 cm was replaced with the reported ionic biogel to enhance con-
ductivity. The electrodes were positioned along the medial portion 
of the right upper arm, just beneath the short head of the biceps 
brachii, targeting the area near the median and ulnar nerves. This 
placement aligned with the way that extended from the center of the 
armpit to the inner side of the elbow (medial epicondyle of the hu-
merus), ensuring placement over the nerve pathways located below 
the skin. To deliver the electrical stimuli via a specific pair of elec-
trodes (Fig. 5A), a custom-built MATLAB interface to control a 
switch matrix (Agilent Technologies, Santa Clara, CA) for electrode 
pair selection was used. The MATLAB interface was also used to 
configure the stimulation parameters of the stimulator (STG4008, 
Multichannel Systems, Reutlingen, Germany). Specifically, single bi-
phasic rectangular pulses were delivered to selected electrodes with a 
pulse width of 200 μs and a stimulation frequency of 150 Hz. To in-
dicate the force evoked by stimulation, the subject’s right hand was 
placed on a force load cell (LCM201-100 N, Newark Electronics, 
Chicago, IL) with a sampling frequency of 1000 Hz, allowing the 
subject to apply varying levels of pressure with the index finger in 
response to the force evoked by stimulation as in the previous report 
(59). A grid search was initially performed to identify a pair of elec-
trodes that could effectively induce flexion in at least one finger while 
minimizing wrist movement and avoiding any discomfort. Once 
identified, this electrode pair was used for subsequent experiments. 
Multiple 3-s stimulation trials were conducted, with the pulse am-
plitude gradually increased until the subject reported discomfort. The 
measured forces during the plateau period were averaged to indicate 
the force evoked by stimulation. The evaluation of the long-term us-
ability of the reported ionic biogel involved a series of experiments 
over the span of 1 week, specifically on days 1, 2, 4, and 7. The hu-
man subject study was approved by The Pennsylvania State University 
(protocol numbers STUDY00009245 and STUDY00021035), with 
informed consent obtained from the volunteer.
Image processing for phase morphology
Raw optical micrographs were converted from RGB color space to the 
CIE Lab* color space, and the luminance channel (L*) was extracted 
for subsequent analysis. This transformation isolated intensity infor-
mation from chromatic variations, providing optimal contrast be-
tween the PEDOT:PSS-rich and gelatin-rich phases. When necessary, 
contrast enhancement was performed using contrast limited adap-
tive histogram equalization, dividing the image into tiles and applying 
histogram equalization locally with amplitude limiting to prevent 
noise amplification. A clip limit of 0.01 to 0.03 was used depending 
on the initial image contrast. Pixel calibration was performed using 
scale bars embedded in each micrograph, yielding typical pixel sizes 
of 2 to 10 μm/pixel depending on optical magnification. Segmenta-
tion of the PEDOT:PSS-rich phase was performed using percentile-
based intensity thresholding. Percentile thresholding enabled the 
selective isolation of the darkest image regions corresponding to the 
conducting PEDOT phase. A threshold was set at the pth percentile 
of the grayscale intensity histogram, where p = 15 to 25 was selected 
on the basis of the specific morphology being analyzed. Pixels with 
intensities below this threshold were classified as belonging to the 
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PEDOT:PSS-rich phase. Small, isolated noise features were removed by 
eliminating connected regions smaller than a minimum area thresh-
old (typically 50 pixels). Domain identification was performed using 
connected component analysis with 8-connectivity, where pixels 
sharing either edges or corners were considered connected. Critically, 
all connected pixels were treated as belonging to a single domain, pre-
serving the inherent connectivity of bicontinuous phase-separated 
structures. This approach ensured that interconnected regions char-
acteristic of VPS were analyzed as unified domains rather than be-
ing artificially partitioned. Each distinct connected region in the 
binary mask was assigned a unique label, enabling individual do-
main characterization while maintaining the topological integrity of 
the phase-separated morphology. To focus quantitative analysis on 
morphologically major features and exclude noise artifacts, the N 
largest domains were retained (typically N = 50). Selection was per-
formed by ranking all identified domains according to their projected 
area and retaining the top N domains. For bicontinuous morphologies 
where domains may span large portions of the field of view, this se-
lection criterion ensures that the analysis captures the dominant 
phase-separated structures. For each identified domain, the following 
morphometric parameters were computed. The projected area (A) is 
the total number of pixels within the domain multiplied by the squared 
pixel size. The perimeter (P) is the length of the domain boundary, 
computed using 8-connectivity chain code representation. The equiv-
alent diameter (deq) is defined as the diameter of a circle with equiv-
alent area: deq = (4A/π)1/2. The two-point correlation function S2(r) 
quantifies the probability that two points separated by distance r both 
reside within the PEDOT:PSS-rich phase. The correlation length (ξ) 
was defined as the distance at which S2(r) decays to 1/e of its zero-
distance value, providing a characteristic length scale of the phase-
separated structure.
Electrochemical measurements
Electrochemical impedance spectroscopy. Electrochemical impedance 
spectroscopy was performed using a MetroOhm Autolab Potentio-
stat electrochemical workstation, with thin ionic biogel on gold/
polyimide substrates serving as the working electrodes. A silver/silver 
chloride (Ag/AgCl) electrode served as the reference, with a plati-
num electrode as the counter electrode. The three-electrode setup 
was submerged in a solution consisting of potassium ferricyanide(III) 
(0.01 M) and potassium hexacyanoferrate(II) trihydrate (0.01 M), 
over a frequency range spanning from 100 kHz to 1 Hz, using a si-
nusoidal perturbation of 10 mV superimposed on a 0.1-V dc bias. 
The resulting impedance spectra were analyzed using the MATLAB 
2024b software. Capacitance and resistance values were extracted 
through equivalent circuit fitting by using a simplified Randles model 
for nucleated and a dual-Randles model for bicontinuous systems, 
which were further normalized by the geometric dimensions.

Charge injection capacity. The charge injection capacity (CIC) is 
a critical parameter that ensures the safety of electrodes during stimu-
lation. It is defined as the maximum charge density that an electrode 
can inject without exceeding the water electrolysis threshold. Ex-
ceeding these thresholds can result in electrode damage, the genera-
tion of toxic by-products, or tissue damage. Safe stimulation relies 
on maintaining the maximum cathodal voltage (Emc) within the 
electrochemical water window, typically between −0.6 and 0.8 V, as 
previously reported (68).

Voltage-transient analysis: The CIC is derived from voltage tran-
sients during a biphasic current pulse. The cathodal and anodal 

pulse widths ( tc and ta ) and respective currents ( ic and ia ) deter-
mine the injected charge

The maximum cathodal excursion potential (Emc) is measured 
immediately after the pulse and corrected for access voltage (Va) due 
to series resistance

Charge injection limits: The CIC is the maximum charge density 
that can be injected without the onset of water reduction (cathodal 
limit) or oxidation (anodal limit)

where Aeff is the geometric surface area of the electrode.
Electrochemical window constraints: Safety requirements indicate 

Emc > −0.6 V and Ema < 0.8 V. The frequency ( f  ) of stimulation is 
inversely related to the total period ( T ) of the waveform, which in-
cludes both the cathodal (tc) and anodal (ta) pulse widths, as well as 
the interphase delay (tip)

where T = tc + ta + tip . Here, cathodal and anodal pulse widths are the 
same tc = ta = t , and interphase delay tip = 10 ms is kept constant. 
Therefore, a shorter pulse width signifies a higher frequency with

OECT measurements
Transfer and output curves. All transfer and output characteristics 
for OECT measurements were performed using a Keysight B1500A 
parameter analyzer under ambient conditions (and at higher tem-
peratures for studying temperature-dependent properties). The volt-
age sweep rate was maintained at 8 mV/s unless stated otherwise.

Bandwidth measurements. High-speed, drain-current measure-
ments (with a bias VD = −0.7 V ) were performed using a PZ2100A 
high-density precision source measurement unit (SMU) mainframe 
with PZ2121A high-speed SMUs, whereas gate voltages were ap-
plied from a RIGOL DG4102 waveform generator.

Mobility measurements. The charge carrier mobility ( μ ) of the bio-
gel semiconductor during OECT operation was determined by eval-
uating the hole transit time ( τh ), following previously established 
protocols (8, 9, 42). In this method, constant gate currents ( Ig ) were 
applied to the device while maintaining a fixed drain-source bias 
( VD = −0.1 V) with a gate compliance of VG = 0.6 V. The resulting 
transient response of the drain channel current was recorded to ex-
tract τh using

The mobility was then calculated using the relation

Qinj = ∫
tc

0

ic(t)dt + ∫
ta

0

ia(t)dt (2)

Emc = Vtransient − Va (3)

CIC =
Qinj

Aeff

(4)

f =
1

T
(5)

f =
1

2t + 10 ms
(6)

�ID

�t
= −

IG
τh

(7)

μ =
L2

τh × VD
(8)

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 24, 2026



Dutta et al., Sci. Adv. 12, eaee0777 (2026)     15 May 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

15 of 16

where L denotes the channel length.
Electrical measurements
Electrical impedance. Electrical impedance spectra were taken using 
the Hioki IM 3536-01 LCR Meter under ambient conditions (or at 
higher temperatures for studying temperature-dependent proper-
ties). The stability tests of the bicontinuous and nucleated ionic bio-
gels in the sandwich configuration were performed over 21 days, 
with the electrical impedance spectra measured each day under am-
bient conditions.

Electrophysiology measurements. The electromyogram and EEG 
signals were measured using the BioAmp data acquisition system 
(AD Instruments).

Two-terminal measurements. Two-terminal I-V measurements were 
performed using a Keithley 2401 source meter.

Supplementary Materials
This PDF file includes:
Supplementary Texts S1 to S8
Figs. S1 to S64
Table S1
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