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Abstract: To address the lack of objective and quantitative criteria for the “acupoint stagnation” state in cervical spine palpation in
traditional Chinese medicine (TCM) , this study proposed a quantitative method for assessing acupoint tissue stiffness based on a flexible
sensing array, and evaluated its effectiveness in the TCM pathological classification of cervical spondylosis. A wearable, vertically
distributed flexible sensing array made of gallium-indium alloy and polyvinylidene fluoride ( Galn-PVDF) was employed and attached to
the cervical acupoint region in a micro-contact and low physiological burden manner. By leveraging the high-sensitivity response of the
Galn strain unit to skin deformation under force and incorporating Hertz contact theory, a quantitative model was established to convert
sensor resistance changes into the equivalent stiffness of tissue at the acupoint. The tissue stiffness output by the model showed a strong
correlation with clinical Shore hardness values ( Pearson correlation coefficient = 0.96), indicating that the proposed model can
effectively reflect the true stiffness of acupoint tissue. On this basis, acupoint electrophysiological parameters and pressure sensitivity
thresholds were integrated, and a multi-parameter TCM pathological classification model based on principal component analysis ( PCA)
and K-nearest neighbor (KNN) was constructed, achieving an overall multi-class prediction accuracy of 85.7%. Furthermore, the
proposed sensing array was applied to monitor cervical range of motion, and a comprehensive evaluation framework integrating TCM

pathological classification with Western medicine cervical range of motion was established. In addition, the piezoelectric effect of the
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PVDF unit was utilized to map acupoint pressing signals into the actions of a virtual game character, realizing human-computer

interaction and enhancing patient engagement in rehabilitation training. This work provides a new technical pathway for the objectification

and digitalization of TCM acupoint diagnosis and demonstrated good potential for use in home health management and smart rehabilitation

scenarios.

Keywords . flexible sensor array; Galn-PVDF; acupoint stiffness; cervical spondylosis; traditional chinese medicine syndrome

classification ; multi-parameter fusion
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Fig. 1 Sensor array and system working block diagram
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Fig.4 Response of the Galn sensor unit under tensile strain
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Fig.5 Stability of resistance under dynamic tensile strain
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Fig. 6 Resistance output at different stretching speeds
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Fig. 7 Resistance hysteresis loops at different strain levels
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HoAth Y 78. 6£5. 1 83.3+4.8 80.9+4.9
{5 88.7+3.8 90.0+3.5 87.8+3.6
BT 85.7+2.9 85.2+3. 1 84.4x2. 4

K2 TREESLEEBE

Table 2 Classification accuracy of different algorithms

Jik iR B il

. 20 AERFE B 5P2K

Sf4E + KNN 55.2+3.8 . PO
Tt * ot FE A S BCHERE

PCA + Kmeans 81.3+2.5 n_clusters=4
PCA + el 83,542, 1 Cfllenon: entropy”,
min_samples_leaf =35
PCA + KNN(A3X) 85.7+2.9 K=3 BR[CHE

®3 FRFHEEFSHESBBAIERL
Table 3 Prediction of pathological classification

based on different feature selections

FRIE R T AR R/ %
AN V 72.1
HASEE 68.5
R F 65.3
ZBHE(V,FE) 85.7

3.3 FEEHEIRNSPAESSITM

IHETE 8 ( cervical range of motion, CROM) JEPEE

ik AR AT bR, vl AL S AR IR 1 (5 /R ) |
SEEAR T (2200 et/ A O ) R K ST T (28 e/ A ) 3 A4
JEE 2 Sl R, A SH0AHE 255 149 11 32 T 5 7 285 P A 2
BRI AT Galn 1% 8 B4 5 W 80T oM 7 B
T, 2R E WK SE UG i AT R A 22 A
JiE 6 FbRiESNIE  SRAE 6 FIARESITE T 1 4 i FHAS 5,
L TIAL B S Ak R AR AR AR 0 i A B 4, an
B 13(a) FT7s . AL H 14 43 2 SRR 6 3h B 4 456
% . Grade O( IEH , 15 31 =90% 1E % {8 ) . Grade 1 ( 2
ZBR,75% ~ 89%) . Grade 2 (1 JE Z R, 50% ~ 74%)
Grade 3( B ZFR,<50%) .

AR K H Keras #4 8 3 FHL# 42 B 2% ( convolutional
neural network , CNN) 544, 4n/& 13 (b) fin, A& ZE
BRI AR He ) B J5 32 A 423 $2 )2 A1 Softmax §ay H 2,
K 28 SUJ AR R 12K bR B, Adam I fk B8 (2 S K
0.001) it fHi& E N 32, NEMLIS, ASCRHT
e sfsm A L2 JENAL (A =0.001) , BEEITENAEE F Y
I RUER R SR R 2 an & 13(b) ~ (¢) 7w, 7F 20
G TS, 251350 99. 4% F1 0. 074, VE AT L,
PRl —$d g IR T SRR AL (R AL R AL, C =
1.0) FIRAHLARFR (100 ARBE, F RIREE 10) , HERH R 4351
94, 5%F195. 1%, CNN PERERSAL, AT REIT KT H A 3h
PRI FPRRIE I RE 1 . 5 BE48 2, kg SRSt
T 120 NFEA B SEmf R 2 | JG SL i aE 75l i K ke
Attt IR 2 AR RE ST . SR AR SR R B4y
T ST 2 B R I K R M SR 0 S
PEAG AR R, AR 13 (o) B . %A bR 2R DA B E 7Y
R | DAY Bl B A G NN A B 5 B Aor S B Y 2
TEAGFR BRI HLRAL G, a0, b F < S I A H 7
B EERZIR” (24 B) WA R DAE A5l 32l
PAYE S BEYI S5 s 1Ak T < TEF ™ H 36 Sl BE IR (26
C) AN, U IAE RUBIOE Ry b A 8 Ay S £kt B )
ASPEAGAE BREL G T AT A I 43 BT JEL 3

4 IRBZTERGEIEZIT

VE R 3 28 5D RE Y — T 20 W SE , A5 5 i —
S (PVDF ) He i, e IR A g - Hit e S R 1 B 52 g i 7
A= (AL 25 T A ot A TR i A A A R A X —
I-HUFEHOC Z T R s T Rk

gy X F Xh

U=t (7)

K, U NI R s gy WIEREEG F NIRRT B ol

PVDF VLR ; A hy 3z Jiim e,
RSB E T SRR IR AL 7 1~6 mm A8 4k

I AR PVDF R B et o | SR 25 SR an ik 14 By
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Fig. 13 Comprehensive analysis of cervical spine health
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Fig. 14 The relationship between open-circuit

voltage and pressing depth
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Fig. 16  Human-machine interaction using PVDF array
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