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ABSTRACT

High-density surface electromyography (HD-SEMG) is increasingly important for wearable hand-gesture
recognition and human—machine interface (HMI) applications. However, commercial wet electrodes still require
conductive creams and adhesive foams, which can cause impedance instability, skin irritation, and hygiene issues
during long-term use, limiting wearable practicality. Here, we developed a gel-free 36-channel stretchable HD-SEMG
electrode using a Direct Ink Writing (DIW) process and validated its printing precision, electrical/mechanical
stability, and machine-learning-based gesture classification performance. Ag interconnects and dome-shaped
Ag/AgCl electrodes were printed on a TPU substrate and encapsulated with PDMS. Process optimization achieved a
line width of 217 £ 9.01 um and a dome height of 569.3 + 19.9 um at a 4 mm pitch, close to the target dimensions.
Based on area-normalized impedance (|Z|-A), the printed electrode showed lower impedance than a commercial
electrode across the measured frequency range. During a 6-hour wear test, repeated EIS measurements showed that
the 1 kHz impedance stabilized from 1.66 MQ to 0.95-1.02 MQ, while the coefficient of variation remained around
1% at most time points. Under 30% strain for 1000 tensile cycles, the electrode maintained electrical continuity and
mechanical stability. In forearm HD-SEMG experiments, the electrode achieved SNRs of 17.06-21.34 dB (30%
MVC) and 26.07-26.26 dB (100% MVC), and CNN and CNN-VIT models classified eight hand gestures with
accuracies of 91.1% and 92.2%, respectively. These results demonstrate that the DIW-based gel-free electrodes can
reliably acquire multi-channel muscle signals and suggest that muscle-informed channel grouping can be utilized in
machine-learning frameworks for gesture applications.

Key Words: High-density surface electromyography, Direct ink writing, Human-machine interface, Vision
transformer, Hand gesture classification
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Fig. 1. 36 channel high-density surface electromyography (HD-sEMG) arrays. (A) Schematic illustration of the performance
comparison between a commercial SEMG array and the DIW-based HD-sEMG electrode. (B) Structural design of the HD-sEMG array
layout. (C) Detailed fabrication workflow of the HD-sEMG electrode and the corresponding CAD design.
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Fig. 2. Muscle-activation-based heatmap analysis and electrode layout design.
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treatment at a fixed relief pressure of 500 a.u. (B) Trace morphology of relief pressure and plasma treatment at a fixed printing speed of
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2223H) and Direct Ink Writing based EMG electrode.
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Fig. 10. Evaluation of signal quality (SNR). (a) Photograph of the fabricated 36-channel HD-sEMG electrode array conformally
attached to a subject’s forearm for data acquisition. (b) Signal-to-Noise Ratio (SNR) comparison between the proposed printed
electrode and a commercial reference electrode under varying contraction levels (30%, 60%, and 100% MVC).
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4. CONCLUSIONS AND

3.4. Hand Gesture Classification Performance
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Precision Recall

F1-Score

Precision Recall

F1-Score Precision Recall

F1-Score Precision Recall

F1-Score Precision Recall

F1-Score Precision Recall

F1-Score

Gesture 1
Gesture 2
Gesture 3
Gesture4
Gesture 5
Gesture 6
Gesture 7
Gesture 8
Accuracy

0.97 0.80
0.96 0.80
0.82 0.81
093 098
07 0.95
093 0.82
0.87 0.87
097 0.84

094
0.87
086
085
086
093
0.87
0.90
0s0

091 0.85
099 0.78
0.71 0.98
0.97 077
0.96 0.96
094 0.98
0.94 0.99
0.99 0.91

0.93 0.94 o.88
0.85 0.76 0.68
0.82 0.73 0.80
0.86 0.82 092
0.96 0.82 087
0.96 0.80 0.2
0.97 0.83 0.81
0.95 0.88 0.88
091

081 093 0.89
072 0.82 068
0.76 0.75 073
088 ovs 093
085 o081 094
0.86 0.84 091
0.82 0.82 0.82
0.77 0.91 073
082

091 0.89 093
074 0.87 0.83
074 0.85 092
0.85 093 088
0.87 0s8s 096
087 0.94 0.96
0.82 0.91 0.99
081 0.98 0.88
0.83

091 0.92 082
0.96 0.87
0.83 0.95
093 085
093 0886
0.91 0.87
0.93 0.99
0.98 0.88

0.92
0.91
0.89
089
085
0.94
0.96
0.92
092

Table 1. Comparison of gesture classification performance metrics. Quantitative evaluation of Precision, Recall, F1-score, and
Accuracy for the baseline CNN model and the proposed Multi-stream CNN-Vision Transformer model.
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Fig. 11. Classification performance of the proposed model, illustrating confusion matrices for two individual subjects.
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ABBREVIATIONS

HD-sEMG: High-Density Surface Electromyography
DIW: Direct Ink Writing

HMI: Human-Machine Interface

TPU: Thermoplastic Polyurethane
PDMS: Polydimethylsiloxane

CNN: Convolutional Neural Network
ViT: Vision Transformer

MLP: Multi-Layer Perceptron

MSA: Multi-Head Self-Attention

CLS: Classification (Token)

CV: Coefficient of Variation

EIS: Electrochemical Impedance Spectroscopy
MVC: Maximum Voluntary Contraction
RMS: Root-Mean-Square

SNR: Signal-to-Noise Ratio
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