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 19 

Abstract  20 

Encoding thermal history directly in soft ionic matter requires a material in which temperature 21 

controls not only ion transport but also the persistence of the resulting ionic state. Here we report 22 

a bio-inspired monolithic thermosynapse that encodes thermal history through ionic-state 23 

programming within a single organic electrochemical transistor. A zwitterionic gel with an upper 24 

critical solution temperature regulates ion confinement and release across its phase transition, 25 

producing an approximately 922% relative increase in ionic conductivity. Field-induced 26 

polarization further stabilizes the written ionic state after bias removal, increasing memory 27 

retention by 69.7% relative to a conventional hydrogel and, unusually, making retention more 28 

persistent as temperature rises. This coupling of thermally regulated ion transport and post-29 

stimulus state retention allows prior thermal exposure to be stored within the ionic material and 30 

translated into history-dependent electronic responses. As a proof of concept, the retained state 31 



regulates robotic recontact, suppressing cumulative heating and thermal drift in a co-located 32 

pressure sensor. 33 

 34 

Main 35 

In biological systems, protection from thermal stress relies not only on instantaneous 36 

temperature sensing but also on neural processes that encode prior exposure, retain thermal-history 37 

and use this internal state to regulate subsequent behavior (Fig. 1a)1-5. Thermosensitive ion 38 

channels transduce thermal cues into ionic fluxes and changes in membrane potential, which are 39 

integrated across neural circuits to generate protective responses. Repeated or prolonged exposure 40 

can further shift response thresholds through activity-dependent synaptic plasticity, allowing 41 

previous thermal experience to influence later behavior. Reproducing such history-dependent 42 

thermal processing in artificial systems remains challenging. Conventional architecture distributes 43 

sensing6-10, memory11-19, and control20-22 across separate components, requiring repeated signal 44 

conversion and interconnects that add latency, energy consumption, and system complexity. More 45 

importantly, these architectures rarely retain a local record of prior thermal exposure at the sensing 46 

node. This limitation is particularly relevant to densely integrated edge devices, including robots 47 

and wearable sensor nodes, in which repeated thermal exposure can cause local heat accumulation 48 

and drift in co-located sensors and circuits. Such drift can shift sensor baselines and device 49 

operating points, degrading multimodal signal fidelity even when direct electrical crosstalk is 50 

minimized. Reliable operation therefore requires not only continuous temperature sensing but also 51 

local retention of prior thermal exposure to determine whether sufficient thermal recovery has 52 

occurred before subsequent interaction. 53 

Here we report a monolithic thermosynapse in which thermal input programs an internal 54 

ionic-state that governs both the immediate channel response and its subsequent evolution. We 55 

define a thermosynapse as a monolithic organic electronic device in which thermal input directly 56 

regulates synaptic-state writing and retention through the evolving ionic state of the electrolyte. 57 

Unlike modular architecture, the device integrates thermal sensing and memory formation within 58 

a single ionic-electronic element. Its operation relies on a zwitterionic gel electrolyte exhibiting an 59 

upper critical solution temperature (UCST) transition. Below the transition, electrostatic 60 

associations within the zwitterionic network confine ions and limit the population of field-61 



accessible charge carriers. As the temperature approaches the UCST, cooperative network 62 

reorganization releases confined ions, increasing ionic availability for electrochemical modulation 63 

of organic electrochemical transistors (OECTs) channel23 and thereby amplifying the immediate 64 

response. Under gate bias, the reorganized network also develops field-induced polarization. After 65 

bias removal, a persistent polarized ionic-state impedes ion back-diffusion and prolongs retention. 66 

Thermal input therefore regulates both the writing and relaxation of the same internal ionic-state, 67 

coupling instantaneous sensing to post-stimulus memory within a single device. 68 

By integrating the thermosynapse into a self-adaptive robotic platform (Fig. 1b), we show 69 

that this retained state can directly govern the timing of subsequent physical interaction. The device 70 

state determines both withdrawal from a heated object and the waiting time before recontacting, 71 

allowing the robotic hand to regrasp only after sufficient thermal recovery rather than after a fixed 72 

externally programmed delay. This state-dependent waiting suppresses cumulative heating during 73 

repeated interactions. In a co-located pressure-sensing demonstration, the same thermal-history-74 

dependent operation stabilizes the pressure-sensor baseline and preserves signal fidelity that 75 

otherwise drifts as heat accumulates. By contrast, conventional OECT-based controls lacking 76 

persistent temperature-dependent memory undergo rapid state relaxation and premature recontact, 77 

leading to repeated heating and sensor drift. The monolithic thermosynapse thus extends 78 

instantaneous thermal sensing into a thermal-history-dependent sensing-memory-action loop and 79 

provides a device-level route towards adaptive edge electronics that use prior thermal exposure to 80 

regulate subsequent sensing and control.  81 

Ionic-state programming for monolithic thermal sensing and memory 82 

To achieve temperature-dependent control over ionic dynamics, we designed a 83 

thermoresponsive zwitterionic gel comprising an interpenetrating network of poly[2-84 

(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl)ammonium hydroxide (PDMAPS) and 85 

poly(ethylene glycol) diacrylate (PEGDA), containing lithium bis(trifluoromethanesulfonyl)imide 86 

(LiTFSI) (Supplementary Note 1 and Supplementary Fig. 1). The PEGDA network provides 87 

mechanical integrity while preserving the thermoresponsive behavior of PDMAPS and 88 

suppressing concentration gradients associated with polymer aggregation, thereby enabling stable 89 

operation. PDMAPS exhibits the UCST behavior in aqueous electrolytes, adopting a compact, 90 



associated state at low temperatures owing to strengthened intra- and interchain interactions 91 

between its zwitterionic side groups24,25. In this state, LiTFSI is preferentially associated with 92 

zwitterion-rich polymer domains, reducing the effective population of ions accessible to an applied 93 

electric field (Fig. 1c). Upon heating, these domains progressively dissociate as thermal energy 94 

weakens the intermolecular associations and increases polymer-segment mobility. This structural 95 

reorganization transfers previously confined ions into a more transport-accessible environment, 96 

thereby increasing the effective mobile-ion population. 97 

As illustrated in Fig. 1c-(i), this temperature-dependent ion availability regulates the 98 

interfacial ionic-state under an applied electric field. Below the UCST, the limited population of 99 

field-accessible ions restricts Li⁺ accumulation at the electrolyte-semiconductor interface, resulting 100 

in weak channel-current modulation. As the temperature approaches and exceeds the UCST, 101 

progressive disruption of the associated zwitterionic domains increases the mobile ion 102 

concentration, 𝑛0, thereby promoting interfacial ion accumulation and shortening the Debye length 103 

( Dߣ ∝ 𝑛0−1/2 )26,27. The resulting enhancement of electrical double layer (EDL) formation 104 

strengthens channel modulation23. By contrast, conventional hydrogels primarily exhibit thermally 105 

regulated increases in ion mobility without a comparable change in the population of field-106 

accessible ions and therefore show substantially weaker thermal amplification.  107 

Figure 1c-(ii) illustrates the complementary mechanism underlying ionic-state retention. At 108 

elevated temperatures, the reorganized zwitterionic network becomes more susceptible to field-109 

induced dipolar alignment. Following removal of the gate bias, a fraction of this field-induced 110 

polarization persists, generating a residual interfacial electrostatic environment that impedes ion 111 

back-diffusion and delays relaxation of the bias-written ionic-state28-30. In contrast, conventional 112 

hydrogels lack a comparably polarizable zwitterionic network and consequently exhibit weaker 113 

state retention and faster relaxation at elevated temperatures. This thermoresponsive zwitterionic 114 

gel thus couples thermally activated ion release during the formation of a gate-bias-induced ionic-115 

state with post-stimulation ionic-state retention, integrating thermal sensing and memory within a 116 

single electrolyte. Consistent with this mechanism, the device response reflects temperature-117 

dependent ion injection into the PEDOT:PSS channel (Fig. 1d). At low temperatures, limited ion 118 

availability results in weak volumetric dedoping and correspondingly small channel-current 119 



modulation. Near and above the UCST, the increased population of mobile ions promotes ion 120 

injections and amplifies cumulative channel modulation. In the conventional OECT, by contrast, 121 

heating predominantly increases ion mobility without substantially altering the pool of field-122 

accessible ions, producing a markedly smaller thermal enhancement of the channel response. 123 

UCST-mediated ion confinement and release in a thermoresponsive 124 

zwitterionic gel  125 

To position the UCST transition within the target operating window, we systematically varied 126 

the gel composition, using the LiTFSI concentration as the principal control parameter (Fig. 2a). 127 

The UCST behavior of PDMAPS is governed by intra- and interchain associations among its 128 

zwitterionic side groups. At low salt concentrations, these electrostatic associations stabilize 129 

polymer-rich domains that sequester mobile ions. Increasing the LiTFSI concentration screens the 130 

zwitterion-zwitterion interactions and modifies the local ionic-coordination environment through 131 

coordination between LiTFSI ions and the polymer network, thereby weakening polymer 132 

association and shifting the UCST to lower temperatures. LiTFSI therefore serves not only as an 133 

ionic charge carrier but also as a regulator of the ion-confining network. Through this 134 

compositional tuning, the transition window was positioned within the 37~50 ℃ range relevant to 135 

low-grade heating range of densely integrated edge devices.31 At 0.05 mol% LiTFSI, the UCST 136 

transition closely overlapped with this target range. Temperature-dependent transmittance 137 

measurements supported the associated-to-dissociated transition, reduced transmittance at lower 138 

temperatures was consistent with light scattering from associated polymer domains, whereas 139 

heating progressively restored transmittance as these domains dissociated. In contrast, at high salt 140 

concentration (10 mol% LiTFSI), which exhibits no UCST behavior within this temperature range, 141 

contained few associated domains even at the lowest temperature examined and therefore showed 142 

no appreciable change in transmittance with temperature (Fig. 2b and Supplementary Fig. 2). 143 

Together, these results demonstrate that LiTFSI concentration controls the association-dissociation 144 

equilibrium of the zwitterionic network, thereby defining the temperature window for reversible 145 

ion confinement and release.  146 

To isolate the contribution of the UCST transition to ion dynamics, we compared two gel 147 

compositions. The low-salt gel containing 0.05 mol% LiTFSI, hereafter termed the transition-148 



active gel, undergoes a UCST transition within the low-grade heating regime. In contrast, the high-149 

salt gel containing 10 mol% LiTFSI, hereafter termed the out-of-transition gel, exhibits a UCST 150 

shifted below 0 ℃ and therefore remains in the dissociated state throughout the low-grade heating 151 

regime. The transition-active gel showed a relative increase in ionic conductivity approximately 152 

922% at 47.5 ℃, whereas the out-of-transition gel increased by only ~118% at 50 ℃ (Fig. 2c and 153 

Supplementary Fig. 3). This pronounced contrast indicates that the transport enhancement 154 

originates primarily from UCST-driven network reorganization rather than from conventional 155 

thermally activated ion mobility alone (Fig. 2d). A corresponding transition-dependent increase 156 

was also observed in the EDL capacitance (Supplementary Fig. 4), consistent with an increase in 157 

the effective population of field-accessible ions and their interfacial charge storage capacity. To 158 

quantify the energetics of ion transport, we analyzed the temperature dependence of ionic 159 

conductivity using the Arrhenius relation 32,33: 160 

݈𝑛ߪ = ݈𝑛0ߪ − ௔ܴܧ 1ܶ
 161 

where 0ߪ is the pre-exponential factor, ܧa is the apparent activation energy for ion transport, ܴ is 162 

the gas constant, and ܶ is the absolute temperature. In the out-of-transition gel, ܧa remained nearly 163 

constant at approximately 5.2 kJ mol⁻1, indicating that ionic conduction was governed 164 

predominantly by conventional thermal activation. By contrast, the transition-active gel exhibited 165 

three distinct transport regimes: a low-temperature associated state with a relatively high ܧa of 166 

approximately 18.1 kJ mol⁻1, an intermediate transition regime characterized by a rapidly changing 167 

transport response, and a high-temperature dissociated state with a substantially lower ܧa of 168 

approximately 6.9 kJ mol⁻1 (Fig. 2e). This marked reduction in the transport barrier indicates that 169 

ion motion becomes increasingly favorable as the associated zwitterionic domains are disrupted 170 

across the UCST transition. 171 

Because the conductivity-derived activation energy reflects ion-transport energetics, we next 172 

used rheological analysis to probe the polymer network relaxation underlying this transition. Time-173 

temperature superposition analysis showed that both compositions remained gel-like throughout 174 

the measurement range, with ܩ′ >  However, the UCST gel exhibited 175 .(Supplementary Fig. 5)′′ܩ

a pronounced decrease in the segmental-relaxation activation energy, ܧa,seg, from approximately 176 

260.1 to 30.3 kJ mol⁻1 across the transition (Fig. 2f and Supplementary Fig. 6). The out-of-177 



transition gel showed no comparable change over the same temperature range (Supplementary Fig. 178 

7). These results indicate that the sharp increase in ionic transport is accompanied by substantial 179 

reorganization and accelerated relaxation of the zwitterionic polymer network. Temperature-180 

dependent Fourier-transform infrared (FT-IR) spectroscopy further resolved this structural 181 

evolution at the molecular level. Near the UCST regime, the sulfonate stretching band in the 182 

zwitterionic side chain shifted from 1170.2 to 1168.3 cm⁻1, consistent with weakened interactions 183 

between the side chains of PDMAPS upon heating. Above the transition, the band position changed 184 

only slightly, indicating that the network reorganization had largely reached saturation in the 185 

dissociated state. Collectively, the transport, rheological, and spectroscopic results establish that 186 

UCST-driven reorganization of the zwitterionic network governs reversible ion confinement and 187 

release (Fig. 2g). 188 

Thermally amplified sensing and synaptic modulation in a monolithic 189 

thermosynapse 190 

To translate UCST-regulated ionic-state reorganization into an electronic response, we used 191 

the transition-active gel, functioning as a thermoresponsive zwitterionic gel, as the gate electrolyte 192 

in a PEDOT:PSS-based OECT, thereby forming a monolithic thermosynapse. Cyclic voltammetry 193 

(CV) of the gel showed no pronounced redox features within the operating-voltage window, 194 

suggesting minimal parasitic Faradaic reactions at the electrolyte-electrode interface 195 

(Supplementary Fig. 8)27. Voltage-dependent ultraviolet-visible (UV-vis) spectroscopy and 196 

electrochemical impedance spectroscopy (EIS) of a gel/PEDOT:PSS capacitor revealed the onset 197 

of PEDOT:PSS dedoping above approximately 1.5 V and an accompanying increase in capacitance 198 

consistent with ion penetration into the bulk channel (Supplementary Figs. 9 and 10). Notably, the 199 

effective volumetric capacitance increased markedly between 30 and 47.5 ℃, mirroring the 200 

temperature-dependent conductivity transition and indicating enhanced ionic access to the 201 

PEDOT:PSS channel upon reorganization of the zwitterionic network (Supplementary Fig. 11). At 202 

room temperature, the device exhibited stable output and transfer characteristics, together with 203 

pulse-number-, amplitude- and duration-dependent plasticity, providing the baseline for 204 

investigating thermally regulated synaptic responses (Supplementary Note 2).  205 



To prove the role of the UCST-responsiveness, we compared our OECT device with a 206 

conventional OECT gated by a PEO-based hydrogel lacking ion-polarizable units and UCST 207 

behavior (Supplementary Fig. 12). With increasing temperature, the transfer curves of the 208 

thermoresponsive device shifted towards lower gate voltages while retaining their overall form, 209 

indicating more efficient channel dedoping without a change in the operating mode 210 

(Supplementary Fig. 13). We therefore selected Gܸ = 1.5 V, at which the temperature-dependent 211 

current responses were most clearly resolved. A single gate pulse generated an inhibitory 212 

postsynaptic current (IPSC), the amplitude of which increased progressively with temperature (Fig. 213 

3a). Using the initial current at 25 ℃ as a reference, we defined the normalized response as 214 Δ25ܫ/ܫ℃ . Between 30~47.5 ℃, both devices exhibited increased current modulation, but the 215 

enhancement was substantially greater in the monolithic thermosynapse. This contrast shows that 216 

the UCST transition amplifies thermal sensing beyond the conventional temperature dependence 217 

of ion mobility alone. 218 

The influence of the phase transition became more pronounced under consecutive gate-pulse 219 

stimulation. In the monolithic thermosynapse, the IPSC accumulated with pulse number, and the 220 

separation between responses at different temperatures progressively increased (Fig. 3b). Elevated 221 

temperature therefore enhanced both the response to an individual pulse and the cumulative 222 

modulation produced by repeated stimulation. By contrast, the conventional OECT showed 223 

substantially weaker temperature dependence under the same conditions (Fig. 3c). These results 224 

indicate that the amplified response arises predominantly from UCST-regulated changes in the 225 

accessible ionic population rather than solely from thermally accelerated ion transport. Because 226 

the channel conductance reflects the electrochemical doping state of PEDOT:PSS23,34,35, we next 227 

examined how temperature affects the gate-induced conductance change. Consecutive positive 228 

gate pulses progressively decreased the conductance, corresponding to long-term depression 229 

(LTD), whereas subsequent reverse pulses restored the conductance through long-term 230 

potentiation (LTP) (Fig. 3d and Supplementary Fig. 14). The amplitudes of both LTD and LTP 231 

increased with temperature and reached their largest values at 50 ℃, thereby expanding the 232 

accessible conductance window. Consistent with this trend, the dynamic range ܩmax/ܩmin, defined 233 

as the ratio between the maximum and minimum conductance states, increased monotonically with 234 



temperature (Fig. 3e). The UCST-regulated ionic-state therefore determines not only the 235 

instantaneous thermal response but also the range over which synaptic weights can be updated. 236 

Finally, the device maintained reversible conductance modulation over 900 alternating LTD 237 

and LTP pulses at 40 ℃ (Fig. 3f), with comparable cycling behavior observed at 35 and 50 ℃ 238 

(Supplementary Fig. 15). The conductance swing increased at elevated temperatures without 239 

compromising the reversibility of the updates. Collectively, these results show that UCST-driven 240 

network reorganization expands the accessible ionic and electronic state space of the OECT, 241 

coupling thermally amplified sensing to robust and tunable synaptic modulation. 242 

Thermal-history encoding through retained ionic-states 243 

A defining requirement of a thermosynapse is not only to detect an instantaneous thermal 244 

stimulus but also to retain a readable state that reflects prior exposure. We therefore examined 245 

whether temperature could regulate both the writing and post-stimulus retention of the electrolyte 246 

ionic-state. As illustrated in Fig. 4a, heating weakens local associations within the zwitterionic 247 

network and increases the orientational susceptibility of its dipolar side groups under an applied 248 

electric field36-38. Following removal of the gate bias, a fraction of the field-induced polarization 249 

may persist, creating a residual interfacial electrostatic environment that impedes ion back-250 

diffusion from the PEDOT:PSS channel and stabilizes the written ionic-state 39,40. Polarization-251 

electric field (P-E) measurements revealed increasingly open hysteresis loops at lower LiTFSI 252 

concentrations, suggesting that the ionic composition of the gel influences polarization retention 253 

(Supplementary Fig. 16)41. Moreover, both the loop opening and remanent component increased 254 

with temperature in the zwitterionic gel (Fig. 4b), whereas the PEO-based hydrogel exhibited only 255 

weak hysteresis over the same temperature range (Fig. 4c). Because P-E hysteresis in ionic soft 256 

materials can contain both dipolar and mobile ion contributions, these results do not uniquely 257 

identify the microscopic origin of the polarization but are consistent with the formation of a more 258 

persistent polarized ionic-state at elevated temperatures. 259 

We next investigated how this thermally regulated polarized state affects ionic-state retention 260 

in the OECT. During gate-pulse stimulation, both the monolithic thermosynapse and conventional 261 

OECTs exhibited larger current modulation as the temperature increased (Fig. 4d and 262 

Supplementary Fig. 17). Their responses diverged markedly, however, after removal of the gate 263 



bias. In the thermoresponsive device, the residual current and retention time progressively 264 

increased with temperature, with a 69.7% increase in the retained memory level and a pronounced 265 

enhancement emerging above approximately 30 ℃, near the onset of the UCST transition. By 266 

contrast, the conventional OECT exhibited thermally accelerated relaxation, with the written state 267 

decaying more rapidly at higher temperatures (Fig. 4d and Supplementary Fig. 18). This inversion 268 

of the conventional temperature-retention relationship suggests that the persistent interfacial 269 

polarization generated in the zwitterionic gel counteracts thermally accelerated ion back-diffusion 270 

and thereby stabilizes the bias-written ionic-state. 271 

To distinguish temperature-dependent state writing from post-stimulus retention, we 272 

implemented two complementary temperature-modulation protocols. In the first protocol, 273 

temperature was varied only during gate-pulse stimulation, whereas the subsequent retention 274 

condition was held constant (Fig. 4e). Increasing the writing temperature enhanced both the 275 

stimulation current and the residual current after bias removal, indicating that UCST-regulated ion 276 

availability enables a larger ionic-state to be written into the PEDOT:PSS channel. In the second 277 

protocol, the writing temperature was held constant, and temperature was varied only during the 278 

field-off retention period (Fig. 4f). The initially written states were therefore nearly identical, but 279 

their subsequent relaxation depended strongly on the retention temperature. The residual current 280 

decayed more rapidly at lower temperatures, whereas elevated temperature prolonged the bias-281 

written state.  282 

Under both protocols, the conventional OECT exhibited the opposite temperature 283 

dependence, with elevated temperatures accelerating relaxation and reducing the residual current 284 

(Supplementary Fig. 19). Together, these results show that the zwitterionic gel couples 285 

temperature-dependent ionic-state writing with enhanced field-off retention. Thermal history is 286 

therefore encoded not simply in the magnitude of an instantaneous response, but in the subsequent 287 

evolution of the material’s internal ionic-state, allowing prior thermal exposure to shape later 288 

device outputs. Having established the distinctive temperature-enhanced memory retention of our 289 

monolithic thermosynapse, we next quantified its retention time at different temperatures under a 290 

low operating voltage of 1 V and benchmarked the results against previously reported conventional 291 

synapses (Fig. 4g, Supplementary Fig. 20 and Supplementary Table 1)42-46. The retention time 292 

increased monotonically with temperature, reaching approximately 1,800 s at 55 ℃ and 293 



substantially exceeding those of conventional monolithic and integrated synapses. Notably, this 294 

positive temperature dependence contrasts with the behavior of conventional synapses, which 295 

generally exhibit shorter retention and accelerated memory decay at elevated temperatures. By 296 

allowing the duration of the retained state to increase with the level of thermal hazard, this 297 

temperature-retention relationship provides a critical basis for adaptive thermal protection. 298 

Additionally, the temperature-dependent IPSC responses were highly reproducible across six 299 

repeated measurements at each temperature from 20 to 60 ℃ (Supplementary Fig. 21), and an 300 

artificial neural network trained on these pre- and post-synaptic signals classified the eight 301 

temperature states with an accuracy of 97.2% when both signals were combined, exceeding the 302 

91.7% and 94.4% obtained from pre- or post-synaptic signals alone (Supplementary Fig. 22). 303 

These results confirm that the thermosynapse encodes temperature into reliable, well-separated 304 

states suitable for closed-loop operation. 305 

Thermal-history-dependent system integrity under repeated heating 306 

Having established temperature-dependent ionic-state writing and retention, we next 307 

examined whether the stored state could regulate physical action in a manner that preserves the 308 

integrity of co-located electronics. Densely integrated edge systems, including robots and wearable 309 

devices, can experience repeated local heating in the 37~55 °C range, which can accumulate when 310 

heat dissipation is insufficient and perturb neighboring sensor signals. We therefore integrated the 311 

monolithic thermosynapse with a robotic hand through a differential amplifier and an Arduino-312 

based motor-positioning system, in which thermal exposure writes an internal ionic-state and its 313 

subsequent evolution controls the servomotors through predefined current thresholds (Fig. 5a,b). 314 

The release threshold, ܫth1, was defined from the current reached after 6 s of exposure to a 55 °C 315 

solid heat source. Crossing ܫth1triggered release of the object, whereas subsequent relaxation of 316 

the written state determined when recontact was permitted. Thus, the waiting interval was not 317 

imposed as a fixed delay but emerged from the relaxation dynamics of the thermosynapse itself. A 318 

porcine-skin layer was placed at the contact interface as a tissue surrogate for monitoring 319 

cumulative surface heating (Fig. 5c). Unlike modular thermal-reflex architectures in which sensing 320 

and memory are implemented in separate components, the present device senses thermal exposure 321 

and retains its history through the evolving ionic-state of the same OECT, allowing prior thermal 322 

exposure to regulate the timing of subsequent physical interaction. 323 



We first evaluated whether the thermosynapse could distinguish benign from elevated 324 

thermal conditions using a common actuation threshold. In the monolithic thermosynapse, ion 325 

confinement at low temperature suppresses cumulative channel modulation, whereas heating 326 

across the UCST transition increases the population of field-accessible ions and strongly amplifies 327 

the inhibitory postsynaptic current (IPSC). Consequently, the state trajectories at 25 and 55 °C 328 

diverged markedly under repeated stimulation. The conventional OECT-based system exhibited 329 

substantially weaker temperature discrimination because mobile ions remained readily accessible 330 

even at low temperatures. Consistent with this difference, the mean temperature-dependent paired-331 

pulse facilitation (PPF) index increased by 239% in the monolithic thermosynapse, compared with 332 

29% in the conventional OECT-based system (Supplementary Fig. 23), producing a substantially 333 

wider temperature-dependent threshold window (Fig. 5d). This separation translated directly into 334 

temperature-selective actuation (Fig. 5e, Supplementary Fig. 24 and Supplementary Videos 1 and 335 

2). At 25 °C, the IPSC of the monolithic thermosynapse remained below the release threshold and 336 

the robotic hand maintained its grip, whereas at 55 °C the enhanced ionic response drove the IPSC 337 

across the same threshold and triggered release (Fig. 5e(i)). By contrast, the conventional OECT-338 

based system underwent progressive channel modulation even at 25 °C and eventually crossed the 339 

threshold under both conditions, resulting in loss of temperature-selective actuation (Fig. 5e(ii)). 340 

UCST-regulated ion confinement and release therefore translate temperature into distinct state 341 

trajectories rather than merely accelerating an otherwise similar ionic response. 342 

We next asked whether retention of the written state could regulate the timing of repeated 343 

interactions and thereby preserve the fidelity of a neighboring sensor. A capacitive pressure sensor 344 

was co-located with the thermosynapse at the contact interface, and the IPSC, porcine-skin 345 

temperature and pressure-sensor response were monitored simultaneously during repeated grab-346 

release-regrasp cycles with a heated object (Fig. 5f and Supplementary Video 3). In the 347 

conventional OECT-based system, the written state relaxed rapidly after release, causing the 348 

control signal to return to the recontact condition before the contact interface had sufficiently 349 

cooled. Repeated premature recontact led to progressive heat accumulation. This accumulated heat 350 

also perturbed the co-located pressure sensor: under an identical applied pressure of 10 kPa, its 351 

capacitive response exhibited a progressively shifted baseline across successive cycles. Thus, the 352 



same mechanical input generated different electrical outputs as the local thermal state evolved, 353 

directly demonstrating loss of pressure-sensing fidelity induced by cumulative heating. 354 

The monolithic thermosynapse exhibited a markedly different temporal response. The 355 

persistent polarized ionic-state after bias removal slowed relaxation of the written state and 356 

prolonged the interval before recontacting. Because complete relaxation to the initial current level 357 

(Δܫ = 0) would require an impractically long waiting time, we defined an operational recontact 358 

criterion at 18% of the retained memory level for the robotic demonstration. This criterion 359 

preserved the intrinsic dependence of recontact timing on the relaxation dynamics of the device 360 

while providing a practical operating window. As the thermal exposure increased, the written ionic-361 

state became more persistent, consistent with the temperature-dependent retention observed in Fig. 362 

4 and Supplementary Fig. 25. The resulting waiting interval therefore increased with thermal 363 

exposure without requiring a separately programmed timer. This memory-governed delay allowed 364 

the contact temperature to recover towards its initial value before regrasping, limiting cumulative 365 

heating and maintaining a stable pressure-sensor response over repeated cycles. Infrared 366 

thermography further visualized the contrasting thermal trajectories (Fig. 5f(i,ii) and 367 

Supplementary Fig. 26): the conventional OECT-based system exhibited progressive heat 368 

accumulation, whereas the monolithic thermosynapse allowed the contact interface to recover 369 

close to its initial thermal state between successive interactions. Crucially, the timing of recontact 370 

was determined not by a separate memory element or a fixed delay but by relaxation of the 371 

temperature-programmed ionic-state within the thermosynapse. The device therefore converts 372 

prior thermal exposure into an adaptive waiting interval that regulates subsequent interaction while 373 

preserving the fidelity of co-located sensing, establishing a thermal-history-dependent sensing-374 

memory-action loop within an integrated electronic system. 375 

Outlook  376 

In conclusion, we establish a bio-inspired monolithic thermosynapse in which thermal input 377 

directly programs the evolution and retention of ionic-states within a single organic 378 

electrochemical transistor. In the UCST-type zwitterionic electrolyte, temperature-dependent 379 

network reorganization regulates ion confinement and release, thereby controlling the population 380 

of mobile ions available for channel modulation. Under gate bias, field-induced polarization 381 



contributes to the formation of a persistent polarized ionic-state after bias removal, suppressing 382 

ion back-diffusion and stabilizing the written state. Together, these coupled processes integrate 383 

immediate thermal sensing with history-dependent memory within a single ionic-electronic device. 384 

In contrast to a conventional OECT, in which elevated temperature accelerates ionic relaxation, 385 

the monolithic thermosynapse retains information about prior thermal exposure and uses this 386 

internal state to regulate subsequent device responses. 387 

As a proof of concept, integration with a robotic platform allowed the retained ionic state to 388 

determine the waiting interval before renewed contact, thereby providing sufficient time for 389 

thermal recovery and suppressing cumulative heating at the contact interface. This state-dependent 390 

recovery also preserved the fidelity of a co-located pressure sensor by limiting heat-induced 391 

baseline drift under repeated operation. The thermosynapse therefore converts prior thermal 392 

exposure into a persistent internal state that regulates both subsequent physical interaction and the 393 

reliability of neighboring sensing functions. More broadly, our results establish temperature-gated 394 

ionic-state programming as a device strategy for embedding thermal-history directly into adaptive 395 

electronics. By linking ionic-state evolution, memory retention and physical action within a 396 

monolithic device, this work provides a route towards electronic systems that respond not only to 397 

instantaneous temperature but also to the history of prior thermal exposure. 398 

 399 

Methods 400 

Materials 401 

[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (DMAPS), 2,2’-402 

azobis(isobutyronitrile) (AIBN), poly(ethylene glycol) diacrylate (PEGDA), 2-hydroxy-2-403 

methylpropiophenone (HMPP), 2,2,2-trifluoroethanol (TFE), and lithium 404 

bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased from Sigma-Aldrich. PEDOT:PSS 405 

(Clevios™ PH 1000) was purchased from Ossila. 406 

Synthesis of PDMAPS for zwitterionic gel 407 

DMAPS (17 g, 0.061 mol), AIBN (0.001 g, 0.0061 mmol), and TFE (85 mL) were used for 408 

polymerization (at 70 ℃, 24 h). The polymer was precipitated three times in methanol. Number 409 



average molecular weight (Mn) and polydispersity (Đ) of the obtained PDMAPS were measured 410 

using size exclusion chromatography (SEC, LC-4500, JASCO) with a refractive index detector 411 

(RI-4030, JASCO) calibrated with standard poly (ethylene oxide) (calibration kit, Scientific 412 

Polymer Products, Inc.). The obtained PDMAPS had an Mn of 126,700 g mol−1 and Đ of 1.44 (Fig. 413 

S1). 414 

Fabrication of zwitterionic gel 415 

PDMAPS (0.5g), PEGDA (Mn ≈ 700 g/mol) (0.05g), HMPP (1 mg) were dissolved in 0.05~10 416 

mol% LiTFSI aqueous solution (0.75 mL) and stirred for 2 h at 60 ℃. This solution was injected 417 

into the VHB tape template on the glass or gold electrodes. Subsequently, UV irradiation was 418 

performed for 300 s at 60 ℃. Finally, the opaque thermoresponsive zwitterionic gel films were 419 

obtained. The control hydrogel without UCST behavior was also fabricated using a similar 420 

procedure. 421 

Characterizations of zwitterionic gel  422 

Ionic conductivities of zwitterionic gel and control hydrogel were measured using electrochemical 423 

impedance spectroscopy (EIS; IM6, Zahner) at an amplitude of 10 mV and in the frequency region 424 

from 106 to 10−1 Hz. The temperature was controlled by a constant-temperature chamber (J-RHC3-425 

LCD-T, JISCO). The dynamic mechanical behaviors were characterized by an oscillatory 426 

rheometer (MCR-92, Anton Paar) with 8 mm parallel plates. The sample gap was fixed at ~1 mm 427 

and the strain was set to a small strain amplitude of 1% for frequency-dependent measurements. 428 

To examine polymer dynamics in the zwitterionic and control gels, master curves were constructed 429 

using the time-temperature superposition principle, derived from isothermal frequency sweep 430 

measurements performed over a temperature range of 0 to 70 ℃, with 20 ℃ as the reference 431 

temperature. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra were 432 

recorded in absorption mode using a Bruker Optics GmbH spectrometer equipped with a ZnSe 433 

crystal. Temperature-dependent ATR-FTIR measurements were performed over the temperature 434 

range of 25~60 ℃ to monitor thermally induced structural changes in the zwitterionic gel. 435 

Fabrication and characterization of organic electrochemical transistors 436 

Highly doped n-type Si/SiO₂ wafers with a 3000 Å SiO₂ layer were sequentially cleaned with 437 

acetone, isopropyl alcohol and deionized water by ultrasonication, followed by drying with N₂ gas. 438 



Source and drain electrodes were formed by thermal evaporation of Cr/Au (3/47 nm) through a 439 

shadow mask under high vacuum. PEDOT:PSS (PH1000) was used as the organic semiconductor 440 

channel. The PEDOT:PSS solution was filtered through a PVDF membrane, spin-coated at 1000 441 

rpm for 60 s and annealed at 100 ℃ for 60 min. The channel geometry was defined by the shadow-442 

mask design, with a channel length and width of 100 μm and 6000 μm, respectively. A VHB tape 443 

frame was then placed around the PEDOT:PSS channel region, and the zwitterionic gel precursor 444 

solution was introduced into the frame. The zwitterionic gel-based electrolyte was formed by 445 

ultraviolet irradiation. Finally, an Au-coated electrode was placed on top of the VHB frame as the 446 

gate electrode and to encapsulate the hydrogel, suppressing rapid water evaporation from the 447 

electrolyte. For comparison, conventional OECTs were fabricated using a PEO-based hydrogel 448 

precursor solution under the same device geometry and measurement conditions. The output and 449 

transfer characteristics of the OECTs were measured under ambient conditions using a 450 

semiconductor parameter analyzer (Keithley 4200). For temperature-dependent measurements, the 451 

device temperature was controlled using a heating stage and monitored with an infrared thermal 452 

camera. Gate-pulse stimulation measurements were performed by applying voltage pulses to the 453 

gate electrode while recording the drain current at a fixed drain bias. The inhibitory postsynaptic 454 

current (IPSC), conductance modulation, and memory level were extracted from the drain-current 455 

responses. UV-vis-NIR absorption spectra of the electrode/ zwitterionic gel 456 

/PEDOT:PSS/electrode samples were recorded using a UV-vis-NIR spectrophotometer (V-770, 457 

JASCO) over a wavelength range of 400~2400 nm, with a spectral resolution of 0.5 nm and a scan 458 

rate of 1000 nm min⁻¹. EIS measurements of the electrode/ zwitterionic gel /PEDOT:PSS/electrode 459 

samples were performed using a PGSTAT302N electrochemical workstation (Metrohm Autolab) 460 

over a frequency range of 0.1 Hz to 1 MHz with an AC amplitude of 10 mV. 461 

ANN-based temperature classification  462 

To evaluate the information encoded in the temperature-dependent signals, the measured pre-463 

synaptic and post-synaptic responses were preprocessed and used as inputs to an artificial neural 464 

network (ANN). The input data were configured in three ways: (i) pre-synaptic signals only, (ii) 465 

post-synaptic signals only, and (iii) combined pre- and post-synaptic signals. Each sample was 466 

assigned to one of eight temperature classes ranging from 20 to 60 ℃. Classification performance 467 



for each input configuration was evaluated using confusion matrices and the corresponding overall 468 

classification accuracy.  469 

Design of the closed-loop robotic system with a monolithic thermosynapse 470 

The robotic control system was constructed by integrating the monolithic thermosynapse with 471 

an Arduino-based motor-positioning system. Because the servomotors of the robotic hand were 472 

voltage-controlled, the drain-current output of the thermosynapse was first converted into a voltage 473 

signal and amplified before being transmitted to the controller. The control circuit comprised a 474 

current-to-voltage conversion resistor, a differential/inverting amplifier, and an Arduino-based 475 

motor-positioning unit (Fig. 5a). The drain current generated by the thermosynapse was converted 476 

into a voltage across the load resistor, amplified by the differential/inverting amplifier and supplied 477 

to the A0 analogue-input pin of the Arduino. The Arduino subsequently controlled the servomotors 478 

of the robotic hand through its digital output pins. The system operated through two sequential 479 

processes, thermal sensing and memory formation, followed by memory-guided robotic actuation. 480 

During thermal sensing and memory formation, thermal stimulation modulated the drain current 481 

of the thermosynapse according to its temperature-dependent ionic-state dynamics. The resulting 482 

current signal was converted and amplified to generate the input voltage for the motor-positioning 483 

system. During memory-guided robotic actuation, the Arduino compared the input voltage with 484 

two predefined threshold current, ܫth1 and ܫth2 . When the input voltage reached ܫth1 , high-level 485 

output signals were generated at the D5 and D6 pins, actuating the servomotors to release the 486 

object held by the robotic hand. As the retained device state subsequently relaxed and the input 487 

voltage reached ܫth2, the servomotors were actuated again to regrasp the object. Because complete 488 

relaxation to the initial current level required an impractically long waiting time, the operational 489 

recontact threshold ܫth2was defined as the voltage corresponding to 18% of the retained memory 490 

level. The interval between ܫth1and ܫth2was used to evaluate memory-guided protective operation. 491 

This interval represents the period for which the robotic hand remained in the released state 492 

following thermal stimulation and was determined by relaxation of the retained thermosynaptic 493 

signal. A shorter interval therefore corresponded to faster state relaxation and earlier recontact, 494 

whereas a longer interval reflected more persistent memory and provided additional time for 495 

thermal recovery before regrasping. 496 



Data availability 497 

All relevant data that supports the results of this study are available within the article and its 498 

supplementary information files. Further data is available from the corresponding authors upon 499 

request. 500 
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 634 

Fig. 1 | Bioinspired thermal-history encoding in a monolithic thermosynapse. 635 

a, Biological thermoprotective feedback, in which peripheral thermal sensing, synaptic plasticity, 636 

central integration, and motor output coordinate protective responses during repeated thermal 637 

contact. b, Concept of a self-adaptive robotic system controlled by a monolithic thermosynapse. 638 

The retained device state triggers thermal-aware withdrawal and delays recontact, whereas a 639 

conventional OECT-based system lacking persistent thermal memory undergoes repeated contact 640 

with the heated object, leading to cumulative heating and drifting in co-located sensor signals. c, 641 



Molecular mechanisms underlying thermally enhanced sensing (i) and memory (ii). Below the 642 

upper critical solution temperature (UCST), zwitterionic associations confine field-accessible ions. 643 

Heating across the transition reorganizes the network, increases the mobile-ion population and 644 

strengthens interfacial ionic modulation. After removal of the electric field, a persistent polarized 645 

ionic-state impedes ion back-diffusion, whereas the conventional hydrogel shows no comparable 646 

retained state. d, Schematic inhibitory postsynaptic current (IPSC) responses illustrating 647 

concurrent thermal amplification of sensing and memory in the monolithic thermosynapse, in 648 

contrast to thermally accelerated relaxation in the conventional OECT. 649 
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 669 

Fig. 2 | UCST-mediated ion transport and network reorganization in a zwitterionic gel. 670 

a, UCST as a function of LiTFSI concentration in the thermoresponsive zwitterionic gel. b, Optical 671 

changes in transmittance at 600 nm for transition-active and out-of-transition gels. c, Relative ionic 672 

conductivity as a function of temperature for transition-active and out-of-transition gels within the 673 

measured temperature range. d, Schematic and optical characterization of the temperature-induced 674 

transition from an associated, ion-confining state to a dissociated, ion-accessible state. e, Arrhenius 675 

plots of ionic conductivity for the transition-active gel and the out-of-transition gel, revealing 676 

distinct ion-transport regimes across the phase transition. f, Temperature dependence of the 677 

horizontal shift factor, ܽT, for the transition-active gel, showing the change in polymer-network 678 

relaxation across the transition. g, Temperature-dependent Fourier-transform infrared spectra of 679 

the transition-active gel (top) and corresponding shift of the sulfonate stretching band (bottom), 680 

indicating weakened interactions of zwitterionic side chains upon heating.  681 



 682 

Fig. 3 | Thermally amplified sensing and synaptic modulation in monolithic thermosynapses. 683 

a, Inhibitory postsynaptic current (IPSC) responses of the monolithic thermosynapse to a single 684 

gate pulse at different temperatures (25~60 ℃). b,c, IPSC responses to consecutive gate pulses for 685 

monolithic thermosynapse (b) and conventional OECT (c), showing stronger thermal 686 

amplification in the thermoresponsive device. d, Normalized conductance modulation during long-687 

term depression (LTD) and long-term potentiation (LTP) at different temperatures (25, 35, 40 and 688 

50 ℃) for monolithic thermosynapses. e, Temperature dependence of the dynamic conductance 689 

range, ܩmax/ܩmin. f, Reversible conductance modulation during repeated alternating gate-pulse 690 

stimulation at 40 ℃, demonstrating stable synaptic operation. 691 
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 694 

Fig. 4 | Thermal-history encoding through remanent polarization in monolithic 695 

thermosynapses. a, Schematic illustration of field-induced orientation of zwitterionic side chains 696 

and the remanent polarization retained after removal of the electric field, which suppresses ion 697 

back-diffusion and stabilizes the written ionic-state. b,c, Temperature-dependent polarization-698 

electric field (P-E) hysteresis loops of the thermoresponsive zwitterionic gel (b) and conventional 699 



hydrogel (c). d, Inhibitory postsynaptic current (IPSC) responses during 100 consecutive gate 700 

pulses and subsequent field-off retention at different temperatures for monolithic thermosynapse 701 

and conventional OECT. The thermoresponsive device exhibits enhanced ionic-state retention with 702 

increasing temperature, whereas the conventional device shows thermally accelerated relaxation. 703 

e, Decoupled writing protocol in which the temperature is varied during gate-pulse stimulation and 704 

returned to a common temperature of 20 ℃ during retention, revealing temperature-dependent 705 

ionic-state writing. f, Decoupled retention protocol in which the ionic-state is written at a common 706 

temperature of 45 ℃ and retained at different temperatures, revealing temperature-dependent 707 

stabilization of the field-off state. g, Comparison of temperature-dependent retention times of 708 

previously reported conventional synapses with our work. 709 

 710 
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 712 

Fig. 5 | Thermal-history-dependent closed-loop robotic protection with a monolithic 713 

thermosynapse. a, Schematic of the integrated system comprising the monolithic thermosynapse, 714 

differential amplifier, motor-positioning controller, servo motors and robotic hand. b, Operating 715 

sequence of the closed-loop robotic system, in which temperature-dependent ionic-state evolution 716 

governs withdrawal and subsequent recontact. c, Photograph of the integrated robotic platform 717 

incorporating the monolithic thermosynapse and a porcine-skin layer as a tissue surrogate for 718 



monitoring cumulative thermal exposure. d, Temperature-dependent threshold window for the 719 

monolithic thermosynapse and conventional OECT-based systems, showing greater separation of 720 

temperature-dependent electrical trajectories in the thermosynapse. e, Temperature-selective 721 

actuation under benign (25 °C) and elevated (55 °C) thermal conditions. The monolithic 722 

thermosynapse maintains contact at 25 °C but reaches the withdrawal threshold at 55 °C, whereas 723 

the conventional OECT-based system exhibits reduced temperature selectivity. f, Correlated 724 

evolution of IPSC, porcine-skin temperature and pressure-sensor capacitance during repeated 725 

grab-withdraw-regrasp cycles. Rapid state relaxation in the conventional OECT-based system 726 

shortens the interval before recontacting, resulting in cumulative heating and a shifted pressure-727 

sensor baseline. By contrast, the retained ionic-state of the monolithic thermosynapse prolongs the 728 

waiting interval, limits cumulative heating and preserves the pressure-sensor baseline response. 729 

Infrared images show the corresponding thermal states of the integrated system. 730 
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