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Supplementary Text
Note S1 FEM Analysis of the Stacked Soft Capacitive Pressure Sensor
To investigate the electromechanical characteristics of the capacitive pressure sensor, FEM simulation was performed by comparing the PPC-only and IDC-embedded PPC structures under applied pressure. The simulation was conducted using a multiphysics model coupling the Solid Mechanics and Electrostatics modules to evaluate pressure-induced deformation and the resulting capacitance variation. The FEM model was constructed based on the measured cross-sectional geometry of the actual device. The substrate was modeled with dimensions of 750 μm × 750 μm × 150 μm (width × depth × height), and PDMS was selected from the COMSOL material library. The Ag electrodes were also defined using silver from the COMSOL material library. For the PPC-only structure, the parallel-plate electrode was designed with dimensions of 750 μm × 750 μm × 25 μm. For the IDC-embedded PPC structure, two interdigitated capacitor layers and one parallel-plate capacitor layer were included. The interdigitated electrodes were designed with three fingers length of 450 μm, spacing of 150 μm and width of 150 μm. The dielectric layer of the IDC structure was modeled with dimensions of 750 μm × 750 μm × 35 μm, a Young’s modulus of approximately 70 MPa, and a dielectric constant of 3.8. The microdome layer was designed with a base-film thickness of 15 μm and a dome diameter of 30 μm. The total numbers of mesh elements for the PPC-only and IDC-embedded PPC structures were 328,853 and 123,822, respectively. Fine meshing was applied around the microdome contact regions and Ag electrode areas, where pressure-induced deformation and capacitance variation are dominant.
Before pressure loading, the initial capacitances were calculated to validate the electrical configuration of the FEM model (Fig. S2). The simulated initial capacitances were 371 fF for the PPC-only structure and 880 fF for the IDC-embedded PPC structure, which were in reasonable agreement with the experimental values of 369 fF and 703 fF, respectively. The pressure was then swept from 0 to 1 kPa in 200 Pa increments by applying a boundary load to the top PDMS layer. The Ag electrode region and bottom PDMS layer were fixed, and prescribed displacement conditions were applied to the sidewalls of the microdome-film layer to improve numerical stability during contact deformation. The simulated capacitance variation was mainly governed by deformation of the PPC layer, resulting in similar raw capacitance changes for both structures (Fig. S3). However, the experimentally measured IDC-embedded PPC sensor showed a larger capacitance variation, which may be attributed to deformation of the soft dielectric layer and pressure-induced geometrical changes in the two embedded IDC electrode layers (Fig. S4). These results indicate that the FEM model reasonably captures the dominant PPC-driven pressure response, while additional deformation effects in the embedded IDC layers may contribute to the enhanced capacitance response observed experimentally.
Note S2 Fabrication and Performance Comparison of Candidate Temperature Sensors
Temperature sensors based on MWCNT/PDMS, PEDOT:PSS, and rGO were fabricated using screen printing and spray printing techniques, and their electrical responses to temperature were comparatively evaluated (Fig. S7).
The MWCNT (Graphene Supermarket)/PDMS-based sensor was produced by screen printing a composite ink containing 8 wt% MWCNT dispersed in a PDMS matrix, followed by curing at 100 °C for 2 hours. Despite the use of identical ink formulations, the fabricated devices exhibited considerable variation in their initial resistance values, implying insufficient uniformity in the composite dispersion or printing process. In addition, during temperature sweep tests from 30 °C to 80 °C, the sensors showed a modest resistance change of approximately 11% and demonstrated poor recovery behavior, failing to return to their initial state after cooling.
The PEDOT:PSS (PH1000)-based sensor was fabricated via screen printing following ink viscosity adjustment achieved by stirring at 90–95°C for over 14 hours and O2 plasma surface treatment of the substrate, and was subsequently cured at 80°C for 30 minutes. A resistance change of approximately 13% was observed within the 30°C to 60°C range. However, the device exhibited substantial instability in resistance behavior at temperatures exceeding this range, indicating intrinsic thermal limitations of the material system.
In contrast, the rGO-based sensor, fabricated using a spray printing process, demonstrated remarkably superior performance compared to the other materials. During sweep tests from 30°C to 80°C, the rGO sensors exhibited the highest resistance change and excellent linearity, as well as outstanding high-temperature stability. Notably, even in high-temperature environments reaching 130°C, the sensors produced stable and smooth output signals without drifts, suggesting their potential for broad-range temperature sensing applications (Fig. 3).
In summary, while the feasibility of using all three materials for temperature sensing was confirmed, MWCNT/PDMS and PEDOT:PSS require further process optimization their limited recovery and thermal instability. Conversely, rGO demonstrated the most suitable characteristics for temperature sensing applications, ensuring the highest sensitivity and thermal stability among the comparative groups.
Note S3 FEM Analysis of the rGO-based Temperature Sensor
The FEM model of temperature sensor was designed based on the measured cross-sectional geometry of the actual temperature sensor. The simulation was conducted using a multiphysics model coupling the Heat Transfer in Solids and Electric Currents modules to evaluate the temperature distribution and the temperature-dependent resistance variation. The substrate and encapsulation layers were modeled with dimensions of 750 μm × 750 μm × 150 μm (width × depth × height), and PDMS was selected from the COMSOL material library. The electrode and rGO sensing channel were designed with dimensions of 100 μm × 750 μm × 25 μm and 750 μm × 750 μm × 38.5 μm, respectively. To reflect the temperature-dependent electrical response of the electrode and sensing channel, the electrical conductivity of Ag and rGO was defined as a function of temperature using the following equation.

σAg/rGO (T) = σ0 / (1 + αAg/rGO(T-T0)
(σ0: Intrinsic electrical conductivity / α: Temperature coefficient of resistance / T, T0: Applied, reference temperature)

The intrinsic electrical conductivities of Ag and rGO were set to 61×106 and 60 Sm-1, respectively. The temperature coefficients of resistance for Ag and rGO were set to 2×10-3 and -5.6×10-3K-1, respectively. Their thermal conductivities were defined as 429 and 100 Wm-1K-1, respectively. The mesh consisted of 68,838 elements in total. The mesh consisted of 68,838 elements in total and was finely generated around the electrode and rGO channel regions to analyze the heat-induced conductive response. A heater with dimensions of 750 μm × 750 μm × 150 μm was placed beneath the sensor, and a heat flux boundary condition was applied to provide uniform thermal input to the device. As a result, the FEM simulation reproduced the temperature-dependent response of the actual sensor with a similar decreasing trend in resistance as the temperature increased.
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Fig. S1 Structural characterization of the microdome array.
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Fig. S2 Finite element analysis comparing pressure sensors with and without a capacitor-embedded layer.
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Fig. S3 Electromechanical simulation of capacitive pressure sensors. a Simulated electric-field distributions of PPC-only and IDC-embedded PPC structures under pressure. b Experimental and simulated capacitance responses as a function of applied pressure.
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Fig. S4 Pressure-induced capacitance response of embedded IDC electrode structures without the PPC sensing layer. Pressure-dependent capacitance variations of the IDC×1 structure without the pressure-sensitive PPC layer were evaluated. The observed capacitance response originated from deformation-induced geometrical changes in the soft dielectric layer and the embedded IDC electrode structure under applied pressure. These results indicate that pressure-induced structural deformation can contribute to capacitance variation even in the absence of the PPC sensing layer.
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Fig. S5 Quantitative sensitivity and hysteresis analysis of the pressure sensor under repeated cycles (N=50).
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Fig. S6 Long-term stability of the pressure sensor (0–5 kPa, 100 cycles, 7 days).
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Fig. S7 A Comparison of temperature-dependent electrical responses of MWCNT/PDMS, PEDOT:PSS, and rGO-based temperature sensors.
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Fig. S8 Humidity response of the temperature sensor with and without encapsulation (N=3).
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Fig. S9 FEM analysis of the rGO-based temperature sensor. a Geometry and functional components of the temperature sensor. b Comparison of experimental and simulated resistance responses with increasing temperature. c Simulated temperature distribution and heat transfer profiles with increasing temperature.
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Fig. S10 Long-term stability of the temperature sensor (23–35 °C, 100 cycles, 7 days).
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Fig. S11 Effect of combined stimuli on capacitive pressure sensor. Left: a step-like response/recovery to mechanical pressure alone. Right: response/recovery under simultaneous pressure and heat, exhibiting instant change to (i) pressure load/ (iii) unload, with additional effect on signals due to (ii) heat propagation and (iv) dissipation.
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Fig. S12 Temporal response comparison of pressure and temperature sensors under combined pressure–temperature stimulation.
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Fig. S13 Baseline signal variations under different bending curvature radii. Left: pressure sensor. Right: temperature sensor.
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Fig. S14 Sensing performance under different bending curvature radii. Top: capacitive pressure sensor. Bottom: resistive temperature sensor.
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Fig. 15 Stretching-related electromechanical responses of AgNP conductive traces on rigid and deformable substrates under vertically applied pressure. 
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Fig. S16 Fabrication process of sensor array using a multilayer interconnection strategy.
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Fig. S17 3D stacked architecture for via-free multilayer interconnection in array-integrated sensors.

Schematic illustration of the layer-by-layer printed interconnection strategy enabling complex wiring without electrical shorting. The bottom interconnects are first defined via inkjet printing of silver nanoparticle (AgNP) ink on a soft SEBS substrate, followed by the deposition of an insulating layer using insulator ink to electrically isolate crossing nodes. Subsequently, the top interconnects are printed orthogonally on the insulated layer, forming a vertically stacked multilayer wiring structure. This 3D stacked architecture allows for the realization of crossing interconnects without the need for via formation, effectively preventing electrical short circuits between signal lines. Furthermore, this approach significantly reduces wiring complexity and enhances scalability during array expansion, enabling dense integration of sensor arrays with reliable electrical isolation.
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Fig. S18 Photograph of the multi-modal tactile sensor readout system.
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Fig. S19 Batch-to-batch and pixel-to-pixel variation analyses of the 10 × 10 passive-matrix-driven pressure sensor array with the IDC×2 + PPC structure.
[image: ]Fig. S20 Batch-to-batch and pixel-to-pixel variation analyses of the 10 × 10 passive-matrix-driven rGO-based temperature sensor array.
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Fig. S21 Crosstalk characterization of the pressure sensor array under localized pressure applied to the center pixels.
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Fig. S22 Crosstalk characterization of the pressure sensor array under localized pressure applied to the left-top corner.
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Fig. S23 Crosstalk characterization of the pressure sensor array under localized pressure applied to the right-top corner.
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Fig. S24 Crosstalk characterization of the pressure sensor array under localized pressure applied to the right-bottom corner.
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Fig. S25 Crosstalk characterization of the pressure sensor array under localized pressure applied to the left-bottom corner.
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Fig. S26 Crosstalk characterization of the temperature sensor array under localized thermal stress applied to the center pixels.
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Fig. S27 Crosstalk characterization of the temperature sensor array under localized thermal stress applied to the left-top corner.
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Fig. S28 Crosstalk characterization of the temperature sensor array under localized thermal stress applied to the right-top corner.
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Fig. S29 Crosstalk characterization of the temperature sensor array under localized thermal stress applied to the right-bottom corner.
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Fig. S30 Crosstalk characterization of the temperature sensor array under localized thermal stress applied to the left-bottom corner.
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Fig. S31 Multimodal tactile recognition of a wrench with curved geometric features.
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Fig. S32 Tactile scanning process.
Schematic illustration of the tactile scanning strategy inspired by the cumulative mapping concept of simultaneous localization and mapping (SLAM). When the target object exceeds the sensing area of the tactile platform, full-field measurement cannot be achieved in a single acquisition. To address this limitation, the target surface is spatially segmented into multiple regions, which are sequentially scanned using the tactile sensor. The acquired pressure and temperature data from each scanned region are then integrated in sequence to reconstruct the overall spatial distribution, enabling complete mapping of object geometry and localized thermal features. 
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Fig. S33 Quantitative evaluation of repeatability in tactile scanning for pressure and temperature mapping.
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Table S1 Summary of the performance of printable and stretchable conductors.
NA✝: Not Assigned
	
Approach
	Pressure Sensor
	Approach
	Temperature Sensor

	
	Material
	Spatial Resolution
(Pixel Size)
	Sensitivity
/Sensing Mechanism
	Sensing Range
	Response
&Recover 
	Mechanical Property
/Mechanical Cycling
	Ref
	
	Material
	Spatial Resolution
(Pixel Size)
	TCR
/Sensing Mechanism
	Sensing Range
	Response
/Recover 
	Mechanical Property
/Temperature Cycling
	Ref

	PVD
	Au
	4.94 #/cm2
(≈3mm)
	0.047 kPa-1
/ Capacitive
	0-550 kPa
	94 & 97 ms
	Flexible
/ 11,400
	[S1]
	Printing
	PEDOT:PSS
	121 #/cm2
(≈0.3mm)
	-0.09 %/°C
/ Thermistor
	25 - 90 °C
	NA✝
	Flexible 
/ NA✝
	[S6]

	PVD
	Cu
	44.4 #/cm2
(≈0.5mm)
	0.065 kPa-1
/ Capacitive
	0-311 kPa
	NA✝
	Flexible 
/ NA✝
	[S2]
	Printing
	Graphite
+PDMS
	4 #/cm2
(≈1.5mm)
	0.0286 %/°C
/ Thermistor
	30 – 110 °C
	NA✝
	Flexible 
/ NA✝
	[S7]

	Printing
	AgNW
	≈2.56 #/cm2
(≈5mm)
	1.5−104 kPa-1
/ Capacitive
	0-40 kPa
	42 & 42 ms
	Flexible 
/ 1,500
	[S3]
	Printing
	Pentacene
	17.1 #/cm2
(≈2.54mm)
	0.044 %/°C
/ Thermistor
	20 - 100 °C
	NA✝
	Flexible 
/ NA✝
	[S8]

	Printing
	PEDOT:PSS
	≈31.7 #/cm2
(~1 mm)
	0.56 kPa-1
/ Capacitive
	-60-20 kPa
	NA✝
	Soft 
/ 1,000
	[S4]
	NA
	Polyaniline nanofiber
	0.86 #/cm2
(≈10mm)
	-0.998 %/°C
/ NA
	15 - 45 °C
	1.8 & 3.0 s
	Soft 
/ 11
	[S9]

	Laser 
	Conductive Knitted Fabric
	2.33 #/cm2
(≈5mm)
	0.094 kPa-1
/ Capacitive
	1-1000 kPa
	140 & 360 ms
	Flexible 
/ 1,000
	[S5]
	Printing
	SWCNT/PAA (p-type), SWCNT/PEI (n-type)
	1.14 #/cm2
(≈0.1 mm)
	NA
/ Thermocouple
	25 - 45 °C
	<50 ms & NA✝
	Soft
/ 9
	[S10]

	Automated
Printing
	AgNP
	46.3 #/cm2
(0.75mm)
	0.021 kPa-1
/ Capacitive
	0-325 kPa
	37 & 30 ms
	Soft 
/ 10,000
	This Work
	Automated
Printing
	rGO
	46.3 #/cm2
(0.75mm)
	-0.95 %/°C
/RTD
	10 - 130 °C
	1.96 & 3.67 s
	Soft 
/10,000
	This Work

	Approach
	Multimodal Tactile Interface: Integrated Pressure - Temperature Sensor

	
	Material
	Spatial Resolution
	Pressure Sensor: 
Sensitivity / Sensing Mechanism / Sensing Range / Response & Recover
	Temperature Sensor:
TCR / Sensing Mechanism / Sensing Range / Response & Recover
	Mechanical Property / Mechanical Cycling / Temperature Cycling
	Ref

	Printing
	AgNP/rGO
	4.3 #/cm2
	0.402 kPa-1 / Capacitive / 0-240 kPa / 35 & 18 ms
	-0.72 %/°C / RTD / 30 - 80 °C / 0.32 & 2.51 s
	Flexible / 1,000 / NA✝
	[S11]

	Printing
	AgNW
	4 #/cm2
	NA✝ / Strain Sensor / NA✝ / NA✝ & NA✝
	10.4 %/°C / Ionic / 20 - 50 °C / NA✝ & NA✝
	Soft / 5,000 / 55
	[S12]

	Printing
	AgNP/DPP-DTT
	28.5 #/cm2
	2.64 kPa-1 / Piezoresistive / 0-20 kPa / NA✝ & NA✝
	-2.72 %/°C / TFT based RTD / 25 - 50 °C / NA✝ & NA✝
	Flexible / NA✝ / NA✝
	[S13]

	PVD+ Printing
	Ag/PEDOT:PSS
	Not in Array Format
	13.29 kPa-1 / Piezoresistive / 0-5 kPa / 700 ms & NA✝
	1.196 %/°C / RTD / 22.4 - 65 °C / 2.4 s & NA✝
	Flexible / 500 / 500
	[S14]

	PVD+ Printing
	Au/PEDOT:PSS+CNT
	4.5 #/cm2
	4.11 kPa-1 / Capacitive / 0-160 kPa / <100 ms & NA✝
	0.64 %/°C / Thermistor / 30 - 80 °C / 2.5 s & 4.8 s
	Flexible / 250 / NA✝
	[S15]

	Automated
Printing
	AgNP/rGO
	92.6 #/cm2
	0.021 kPa-1 / Capacitive / 0-325 kPa / 37 & 30 ms
	-0.95 %/°C / RTD / 10 – 130 °C / 1.96 & 3.67 s
	Soft / 10,000 / 10,000
	This Work



Supplementary Videos
Video S1 Robotic scanning for structural profiles under non-heat conditions.
Video S2 Robotic scanning for simultaneous structural and thermal profiles.
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