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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-sSEMG 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 2174£9.01 pm 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 1,000 tensile cycles, the electrode maintained electrical continuity and mechanical stability. In
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gesture classification

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.
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2. METHODS

2.1. Direct Ink Writing-Based SEMG Electrode Fabrication
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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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3. RESULTS

3.1. Ink Characterization
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Fig. 4. Optimization of printing parameters for stretchable Ag interconnect traces. (A) Trace morphology of
printing speed and plasma 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 600 mm/min.
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Fig. 5. Optimization of printing parameters for stretchable Ag interconnect traces. (A) Quantitative line-width analysis
across printing speeds. (B) Quantitative line-width analysis across relief pressures.
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Fig. 6. Morphological characterization and experimental setup. (A) Schematic and optical image of the 3D
dome-shaped Ag/AgCl electrode printed to enhance skin contact. (B) 3D surface profile measurement
confirming a dome height of approximately 569 pm.
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Table 1. Comparison of gesture classification performance metrics. Quantitative evaluation of Precision, Recall,
Fl-score, and Accuracy for the baseline CNN model and the proposed Multi-stream CNN-Vision
Transformer model

No No No Muscle Muscle
. Muscle-Split-CNN _ MuscleSplit-ViT . . . .
Muscle-Split-CNN /0P Muscle-Split-ViT 0 PV Gl ONN-VIT - Split-CNN-ViT

Precision Recall F1  Precision Recall F1  Precision Recall Fl  Precision Recall Fl  Precision Recall F1  Precision Recall Fl1

Gesture 1 097 090 094 091 095 093 094 08 091 093 0.8 091 08 093 091 092 092 092
Gesture 2 096 0.80 087 099 075 085 076 0.68 072 082 0.68 074 097 083 090 096 087 091
Gesture 3 0.82 091 086 071 098 082 073 080 076 0.75 073 074 085 092 0.8 083 095 0.89
Gesture 4 093 098 0.85 097 077 08 082 092 08 078 093 085 093 086 0.8 093 0.85 0.89
Gesture 5 079 095 086 096 09 096 082 087 08 081 094 087 089 096 093 093 096 0.95
Gesture 6 093 092 093 094 098 09 080 092 086 084 091 087 094 096 095 091 097 094
Gesture 7 0.87 087 087 094 099 097 083 081 082 08 082 082 091 099 092 093 099 093
Gesture 8 097 0.84 090 099 091 095 088 0.68 077 091 073 081 098 088 092 098 086 092

Accuracy 0.91 0.91 0.82 0.83 0.92 0.92
H no Muscle-split-CNN- 0.90, Muscle-split-CNN-2 o|IL glo|x mEo] oFgF o g B2t 75l A4

0.91= CNN 7|4l 2dlo| E dlo|gAl 9 AR A (highly stretchable) HD-sSEMG Z= ojd|o| A& 53

ol disiA o ElgekE RISkt CNN} = SFsioith E2t2u A 274, 2(Ag) AEAY]
ViT‘g a?:]'?l’ 739 A& == no-muscle-split-CNN-ViT E ?Ql4) mehuH, 32 dome +-32] Ag/AgCl A=
£ 0.92(0.916), muscle-split-CNN-ViT% 0.92(0.923)§ A, 7123 ABZAAS =25 PDMS encapsulation
CNN ©h= tiH] FE 3L, muscle splitting -F-7- T ST Zsh= 35 FEE AARCE HHslsIN e
ZHA 0916014 0.92308 AX Z7}5H= 4=Z0|9lth o, AR 2= ofgelE AE719F A Adsh| 1%t
R 2 Aol SR AY WS 9F HE2 57} 2% PCB W AUE| QIFHO|AE A FETo R
AlgHA o]0l I ApolE SAZCE [Fou|gt 7 A AA 54 AlA”] BIE A8 75S StEdo] &
Aog s of# o, b & A= 2t A AES 1S5

A Age] fTlE Yghos Fus Moz} o AIZFEl DIW 7[5 HDSEMG 29| 452 448
ok Yot 2 AdeofM 5ot 3 A HAE o A AZ3 vlwet A3k 30%, 60%, 100% MVC 27
ofet & 9 B oA} Ake 8% TAE A/ Al ol EHE SNR% Aubgos A8 AT AR
52 Hoke] 248 5 S oJujgich 229 Holon], 2700) He} A% 2o 7+ ek
L Aes AT, Tt olzlg Aol A A

4. CONCLUSIONS AND DISCUSSIONS o] 54492 Gl ARAR S50, At
Ao Ayl ArA 33, AZF Z mjj& Qlo|: AR A=

2 Q704 Direct Ink WritingDIW) 718t 2% o ek A5 24 gugt & qIgich Hold,
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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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