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[bookmark: _Toc197877417]Note S1 Artificial thermoelectric nociceptor and biological nociceptor
Artificial thermoelectric nociceptors closely resemble biological nociceptors in several aspects (Fig. S1): (1) they share a sensing mechanism that translates harmful external thermal stimuli into electrical signals to activate protective mechanisms. (2) Both human skin and artificial devices share a comparable three-level structural composition, encompassing protection, sensing, and transmission. Specifically, the artificial thermoelectric nociceptor and biological nociceptor reside within the same layer known as the sensing layer.
Futhermore thermoelectric thermoreceptors offer three additional advantages over conventional CMOS, transistor, or resistive memory nociceptors. (1) The thermoelectric thermoreceptors operate based on the Seebeck effect, where the thermoelectric potential directly correlates with the temperature difference across the device. Thus, device variations are effectively minimized. (2) Thermoelectric thermoreceptors possess a simple device structure that enables integration. (3) Thermoelectric thermoreceptors can effectively address the endurance issue by utilizing heat sources for direct power supply.
[bookmark: _Toc197877418]Note S2 Response time of the biomimetic thermo-nociceptive robotic arm with different pain level
The temperature perception of thermoreceptor is instantaneous. Upon receiving intense thermal stimulation, the hot end of the thermoreceptor rapidly approximates the temperature of the heat source, while the cold end maintains the ambient temperature. The temperature of thermoelectric thermoreceptor for generating pain is set to 85 °C, and the ambient temperature is around 25 °C. Thus, the temperature difference is estimated to 60 °C (60 K). The thermoelectric thermoreceptor exhibits an open-circuit voltage of 50.8 mV at a temperature difference of 60 K. In other words, when the voltage surpasses 50.8 mV, the amplified output power from the voltage amplifier exceeds the power of the voltage control module, enabling the operation of the robotic arm. Therefore, the minimum voltage generated by thermoelectric thermoreceptor to drive the robotic arm is 50.8 mV.
[bookmark: _Hlk149827916]The voltage generated by the thermoelectric nociceptor is fitted using the Hyperbl fit function in Origin Software. The fitted data shows a good fit, and the response time calculated using the Hyperbl fit equation closely matches our experimental data (Figs. S10-S11). This indicates that the robotic arm can produce a voltage that correlates positively with different temperatures, resulting in a corresponding decrease in reaction time. This allows for the simulation of different pain levels induced by varied thermal stimuli, with the added feature of dynamically adjusting the response time.
[bookmark: _Toc197877419]S3 Supplementary Figures
[image: ]
Fig. S1 a) Artificial thermoelectric nociceptor: thermoelectric nociceptive robotic arm (left), device structure (middle top) and mechanism of thermoelectric effect (middle bottom); b) biological nociceptor: human hand (left), nociceptive sensory system structure (middle top) and mechanism of signal generation and transmission (middle bottom); and c) the comparison of their structure and function
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Fig. S2 SEM of the transition of p-n integrated thermoelectric composite
[bookmark: _Toc187915987][image: ]
Fig. S3 Comparison of temporal and spatial variation between traditional device and integrated device 
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Fig. S4 The temporal variation with temperature difference at (a) 20K and (b) 40 K. The histogram of the output voltage distribution with temperature difference at (c) 20K and (d) 40 K
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Fig. S5 Voltage stability of the integrated thermoelectric device under repeated bending cycles
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Fig. S6 The output voltage of the thermoelectric thermoreceptor is observed to remain constant after attaining a saturated intensity
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Fig. S7 Open-circuit voltage stability of the artificial thermoreceptor in 30-day ambient condition
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Fig. S8 Power stability of the artificial thermoreceptor in 30-day ambient condition with an loading resistance of 0.8 Ω
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Fig. S9 Circuit diagram of biomimetic thermo-nociceptive robotic arms
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Fig. S10 Voltage as a function of time with different pain level

[bookmark: _Toc187915994][bookmark: _Toc187918188][image: ]
Fig. S11 Voltage as a function of time with different pain level with different pain level in the experiment and Hyperbl fit
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Fig. S12 Response time of non-injury and injury robotic arm
[bookmark: _Toc197877433]Table S1 Comparison of Artificial thermoelectric nociceptor and biological nociceptor
	
	Mechanism
	Structure
	Basic Functionality
	Advanced Functionality 

	Artificial thermoelectric thermoreceptor
	Translating overheated thermal stimuli into electrical signals to drive the device
	Sensing layer in skin
	“threshold”, 
“no adaption”, “relaxation”, “allodynia” and “hyperalgesia
	Signal corresponding to different pain level generated by different stimuli in static and dynamic conditions

	Biological nociceptor
	Translating harmful external stimuli into electrical signals to activate protective mechanisms
	Sensing layer in sensors
	“threshold”, 
“no adaption”, “relaxation”, “allodynia” and “hyperalgesia
	Signal corresponding to different pain level generated by different stimuli in static and dynamic conditions


[bookmark: _Toc197877434]Table S2 Variation comparison of thermoelectric thermoreceptor and semiconductor nociceptor
	Device
	Temporal Variation
	Spatial Variation
	Refs.

	Crystalline-SiGe-based RRAM nociceptor
	1% 
	4.9%
	[bookmark: _GoBack][S1]

	ZnO-based RRAM nociceptor 
	10%
	25%
	[S2]

	NiO/SiOX-based RRAM nociceptor
	11%
	30%
	[S3]

	SiO2-based RRAM nociceptor
	32%
	34%
	[S4]

	BN-based RRAM/TENG nociceptor 
	>5%
	~22%
	[S5]

	Thermoelectric thermoreceptor
	<1%
	<5%
	This work




[bookmark: _Toc197877435]Table S3 Overall performance Comparison of thermoelectric thermoreceptor and semiconductor nociceptor
	Device
	Flexibility
	Self-powered
	Variation
	Price
	Ref.

	RRAM nociceptor
	√(Flexible substrate)
×(Inflexible substrate)
	×
	Temporal:1-35%
Spatial:5-45%
	>$1
	S1-S3

	RRAM nociceptor with self-powered device
	×
	√
	Temporal:>5%
Spatial:~20%
	>$5
	S4-S5

	Thermoelectric thermoreceptor
	√
	√
(Sensing Unit)
	Temporal:<1%
Spatial:<5%
	<$0.5
	This work


[bookmark: _Toc197877437]Movie S1 Nociceptive behavior of the biomimetic thermo-nociceptive robotic arm under mild-level pain stimuli
[bookmark: _Toc197877438]Movie S2 Nociceptive behavior of the biomimetic thermo-nociceptive robotic arm under moderate-level pain stimuli
[bookmark: _Toc197877439]Movie S3 Nociceptive behavior of the biomimetic thermo-nociceptive robotic arm under severe-level pain stimuli
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