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Extended Data Fig. 3 | NIST TI-46 spoken-digit and PutEMG hand gestures 
recognition task. a, Preprocessing of the raw signal data by feature extraction 
and masking, then converting it to the input voltage of the device. b, One of the 
input time frames to be applied to devices and c, the corresponding outputs of 
the HIRE. d, Output weight matrix. e, Recognition results (confusion matrix) for 

ten voices. The recognition accuracy is 95.40%. f, Preprocessing of the raw signal 
data by feature extraction and masking, then converting it to the input voltage 
of the device. g, One of the input time frames to be applied to devices and h, 
the corresponding outputs of the HIRE. i, Output weight matrix. j, Recognition 
results (confusion matrix) for seven gestures. The recognition accuracy is 92.14%.
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Extended Data Fig. 4 | PutEMG-Force grasp force and MNIST recognition task. 
a, Preprocessing of the raw signal data by feature extraction and masking, then 
converting it to the input voltage of the device. b, One of the input time frames 
to be applied to devices and c, the corresponding outputs of the HIRE. d, Output 
weight matrix. e, Recognition results (confusion matrix) for five types of grips. 
The recognition accuracy is 98.00%. f, Preprocessing of the raw signal data by 

feature extraction (Gabor convolution results) and masking, then converting it  
to the input voltage of the device. g, One of the input time frames to be applied  
to devices and h, the corresponding outputs of the HIRE. i, Output weight  
matrix. j, Recognition results (confusion matrix) for images of ten numbers.  
The recognition accuracy is 90.63%.
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Extended Data Fig. 5 | COVID-19 and ovarian cancer detection task.  
a, Preprocessing of the raw signal data by feature extraction (Gabor convolution 
results) and masking, then converting it to the input voltage of the device.  
b, One of the input time frames to be applied to devices and c, the corresponding 
outputs of the HIRE. d Output weight matrix. e, Recognition results (confusion 
matrix) for three cases. The recognition accuracy is 90.30%. f, Preprocessing 

of the raw signal data by masking, then converting it to the input voltage of 
the device. g, One of the input time frames to be applied to devices and h, the 
corresponding outputs of the HIRE. i, Output weight matrix. j, Recognition 
results (confusion matrix) for diseased and non-diseased patients. The 
recognition accuracy is 96.67%.
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Extended Data Fig. 6 | ECG diagnosis task. a, Different mask matrices applied to 
5 devices based on decay-based positive integer sequences. b, Input sequences 
after mask matrix processing. c, One of the input time frames applied to devices 
and d, the corresponding outputs of the HIRE. e, Output weight matrix.  
f, Recognition results (confusion matrix) for healthy and arrhythmic heartbeats 
with recognition accuracy of 98.31%. g, Different mask matrices applied 
to 24 devices based on ±1 binary sequences. h, Input sequences after mask 
matrix processing. i, One of the input time frames applied to devices and j, the 

corresponding outputs of the HIRE. k, Output weight matrix. l, Recognition 
results (confusion matrix) for healthy and arrhythmic heartbeats with 
recognition accuracy of 96.13%. The proposed method employs a 3D decay-based 
positive integer sequence input mask, where 3D refers to the dimensionality of 
the mask matrix. This approach generates more complex and separable reservoir 
states, thereby enabling high-accuracy linear regression while maintaining low 
computational complexity.
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Extended Data Fig. 7 | Iris and human action recognition task. a, Preprocessing 
of the raw signal data by masking, then converting it to the input voltage of 
the device. b, One of the input time frames to be applied to devices and c, the 
corresponding outputs of the HIRE. d, Output weight matrix. e, Recognition 
results (confusion matrix) for three species of iris flowers. The recognition 
accuracy is 95.44%. f, Preprocessing of the raw signal data by masking, then 

converting it to the input voltage of the device. g, One of the input time frames 
to be applied to devices and h, the corresponding outputs of the HIRE. The first 
100 points were selected for the waveform to be visible. i, Output weight matrix. 
j, Recognition results (confusion matrix) for 27 human actions. The recognition 
accuracy is 94.20%.
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Extended Data Fig. 8 | pH-dependent device characteristics. a, Impedance-
frequency relationship of original samples under different pH environments.  
b, Nyquist plots. c, VOUT-VIN hysteresis curves. d, IIN–VIN characteristics. e, Output 

responses triggered by electrical pulses (0.2 s duration) with input amplitudes 
ranging from 0.1 V to 1 V. Illustration in a created in BioRender. Pei, M.  
https://BioRender.com/s5u94ya (2026).

http://www.nature.com/naturematerials
http://BioRender.com/s5u94ya
http://BioRender.com/s5u94ya


Nature Materials

Article https://doi.org/10.1038/s41563-026-02532-7

Extended Data Fig. 9 | Closed-loop neural stimulation control and 
biocompatibility assessment. a, Process flow for controlling rat sciatic nerve 
stimulation using voice commands through pH-adaptive SHH-based bio-hybrid 
neuromorphic systems. b, Responses of the hydrogel reservoir to identical 
time series inputs under different pH conditions during voice command (‘Run’) 
recognition tasks. c, Recognition results under identical input command 

sequences for open-loop and closed-loop systems. d, The responses of the 
hydrogel reservoir to the same time series inputs before (green) and after 
(yellow) implantation. e, Confusion matrix for the spoken recognition task.  
f, H&E-stained sections (scale bar: 50 μm) of major organs from the sacrificed  
rat 9 days after implantation. Illustration in a created in BioRender. Pei, M.  
https://BioRender.com/io6ouei (2026).
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Extended Data Fig. 10 | Characterization of devices and demonstration of 
computing tasks using fully biocompatible devices. a, Schematic illustration 
of PDMS-based soft device. b, VOUT-VIN hysteresis loops and corresponding input 
current. c, Response to electrical pulse stimulation with different amplitudes 
ranging from 0.1 to 1 V and pulse width of 0.2 s. d, Forecasting results of the 

Mackey–Glass time series, where the pink line represents the actual data to be 
estimated and the black dotted line represents the predicted output based on the 
device model. e, 2-D display of the predicted results. f, Classification accuracy 
for nine different intelligent tasks using standard datasets. Data are presented as 
mean values ± SD with n = 10 (10-fold cross-validation).
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