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Abstract: Measuring the dimensions and assembly pose of tiny circular coils is crucial for ensuring the per-
formance of precision electromechanical products. However, pseudo-edge interference and field-of-view
limitations significantly impact the measurement process. This paper proposed a cross-scale precision mea-
surement method that integrated semantic segmentation. First, a U-Net+ + network integrating Efficient
Channel Attention (ECA) and edge enhancement branches was constructed to achieve robust segmenta-
tion and coarse localization of the coil region. Then, within the region of interest constrained by the seg-
mentation mask, sub-pixel edge points were extracted using 8th-order Zernike moments. High-precision
reconstruction of the coil contour was achieved through four-field-of-view coordinate unification and L.even-

berg-Marquardt (LM) circle fitting. Finally, the established measurement method was integrated into an
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automated coil assembly equipment for automated assembly application experiments. Experimental results

show that the improved model achieves Dice coefficients, mIoU, and Precision of 94.95%, 90.46%,

and 95.27%, respectively, in the coil microscopic image segmentation task, demonstrating good anti-in-

terference capabilities. Furthermore, in 10 assembly experiments, the average coaxiality errors of the up-

per and lower coils were 12. 6 pum and 13. 3 um, respectively, which is about 43% lower than other com-

monly used methods. The number of assembly samples that met the standards increased from 3 to 9. This

demonstrates that the method proposed in this paper has good robustness and measurement accuracy, pro-

viding a new approach for visual guidance in the automated assembly of micro-coil components.
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Fig.1 Schematic of efficient cross-scale feature extraction for the target coil
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Tab.2 Comparison of measurement performance under
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Tab.3 Performance parameters of the experimental setup

Module Item

Value

Resolution

Industrial camera

3088(U) X 2064(V)

Pixel size 2.4 pmx2.4 ym
) Working distance 65.0 mm
Telecentric lens o
Magnification 1X
Absolute positioning accuracy 5.0 pm
Precision stage Repeat positioning accuracy 0.5 pm
Motion resolution 0.5 pm
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4.1 BREMEIWEERILMRU IR

B E IR A AR PR B Dice Loss 5 L1-
edge Loss [ AL E AC L, 78 D457 9 45 45 44 e H
RIS E— B ST, R 2% pR B 1 AL
FEBCEE TR T2 0 OF BEAT TR HE S
AR ALE T LR 1 SR 4 R AR A TR . Ho,

x4 MERBHBESWEN L
Tab.4 Comparison of weighting ratios for the hybrid loss

function (%)
At A, Dice mloU P
2:8 92.95 87.92 93. 14
4:6 93.22 88.69 93. 86
6:4 93.47 88. 97 93.95
8:2 93. 14 88.79 93.75
1:0 92. 38 87.75 92.57

1:0XF I 4 Dice 5 2% , FHAE 40 2 pR B50X00 B 52 56 1Y
HEL B

HR A S5 45 R, e L 5 6 A VE R ALY TR
G e I BB R A B i 93. 47 % 1) Dice &
0, [8 BF mIoU #1 Precision 43 %1 35 F| 88. 97 % 1
93.950, L R T HARB LA 5 .
4.2 W Et U-Net++HI 44 53 B X bk K38 5 F At

o

R IE AR SCTE U-Net+ + H 5] AdEE L
il 1 S 1 R Sy 325 0 oR O 43 I BE Y S
Wi, DN T A4S J7 T R S5 4 B o — O T A8
TR T 52 5 Ll A A S B 3 ) M R A S I, 3 IR
B i i S AR I Sl A O s 5y — O, 5 U-
Net, U-Net+ + , DeepLabV3-+ F1 PSPNet 45 it
RUTE o3 BIBEA PR AT X L, PFA AR S5 ¥ A TRl 28
Sy EIEE R I 2R G PERE

ST AR LI Rl ey B AR R R i D
IH U-Net++, 7E B30l Bl 5| AECAEE T
BE e 3 G 3858 o SRR A Bk R gk, I — 2P
g g U S 2 5 5 e B TR 4% S UG 20 Y G
FHERIES,

£5 Mt U-Net++HIiHRSLIR 45 R
Tab.5 Ablation results of the improved U-Net+ +

o . +ECA +ECA +Edge
Configuration Baseline +ECA  +Edge +Loss Ours
+Edge +Loss  +Loss
ECA module X v X v v X v
Edge-enhancement branch X X X NG X N N/
Hybrid loss
Y % X J X J J J
(Dice+L1-edge)
Dice/ % 92. 38 92.75 93.52 93.47 93.97 94.48 94.52 94.95
mloU/% 87.75 88.23 89. 10 88. 97 89.45 89.92 90. 07 90. 46
Precision/ % 92.57 93.07 93.78 93.95 94.23 94.77 94.69 95.27
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Fig.6 Comparison of improved U-Net+ + ablation ex-

periment results

AT H 2k U-Net+ + , 51 AR [6] 41 1 J5 A
R B VERE Y A R T (AR TR BE A e 22 5, R
M5l A ECA & J1#L#l )5 , Dice, mIoU Fl Preci-
sion 43 B4 T+ % 92. 75%,88. 23% H193.07% , it
WY 38 1 R I B 6% 4 SR AL E AR 45 A8 1Y ) )
fiE 7, 5 X 2k P P R S JERORT Y O R N AT
Mo ML Z T, G358 53 SRR A 4015 R ECHT
S 1 3% 25 SR B B . BT 3 {# Dice, mIoU i Preci-
sion#27F % 93.52%,89.10% #193. 78% , ik ] &
0 G e 50 A B 44 5 9 2% 6k B bR 5 R X 3 Y
Mol N7 5 J o = 04 bR ik #1) 93,47 %6, 88. 97 % Al
93.95% , F W] X Bk & S 29 o 5 ih 4 — Bt A R
P B A A A A B T sl 2 15 4 S R0 PR 0 % i)

US4 A 52 50, 3R B, 4% ol ik A 1 22 ] 2L
AR EANC R . Hd &R X 5IRE
112k BB 20 A 7 Dice fl mloU [ R B 4, M
ECA 5iR &% B 4 & 7F Precision FBSAL .
5 HE B AE = IR bR b Y B A fE 45 R Dice,
mloU Fl Precision 43 4 ik ] 94. 95% , 90. 46 % il
95.27% , % 3 28 U-Net+ + 4> H & 7+ 2.57%,
2.71%,2.70% . UM ECA FE i L%k
5551 5 5IR A WK A Z 0] B A B 0 U [R) 1
%t N o

TE 58 B RS BT PR 3 Y Sk L, oA
— 30 LB AR SC T vk RS IR S 4 BT A A )
1255 2500 R B M fE 22 =, 76 M R i 48 R 43
AR il 45 36 W R, Xt U-Net, U-Net++ ,
DeepLabV3+ , PSPNet K A< 3 Jy vk # 47 XF [b 52
g, AR 6,

AF 8 Al T A 38 1) 43 RIS AR SO A
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Tab.6 Comparison of segmentation performance of dif-

ferent semantic segmentation models (%)
Model Dice mloU P
U-Net 91.34 86.48 91.74
U-Net+ + 92.38 87.75 92.57
DeeplabV3+ 92.16 87.42 92. 86
PSPNet 91.78 87.02 92.31
Ours 94.95 90. 46 95. 27

Dice, mIoU Fl Precision = 4™ 4§ #x I 37 B A5 & 48
S5 UL T B A ek SR I RE 8 A Ak A T4 e
G B AR XY 58 B R 3 R A AR E
PR 58 G I LA BERUAR T, A SO R TR
(B3] 3 320 S 3 S P R Jeg 6 O i 5 400 ) Dy T 3K B
o B A e 2 ny i A 55 .
4.3 NEKESEEH
4.3.1 RBEKET R Z G450

TE AN 6] )G 58 25 4 8 4 F A 3C U7 ¥ Al Canny
5 WC R AR B2 B 5k (6 BR 7 ¥6 ) 40 B % 4 B
P AT I o, T RO I R P R
A2 9 996. 8 um VE AR E(E , LU P4 il 2%
B O 5 45 1) L (0~255) i 2 ' 5 /0N, I 45
wmE 78
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Fig. 7 Effect of illumination intensity on measurement ac-

curacy
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LAY 2 R 3 B IR 1 2%, AS TR 6 %8 T ik AR 3 1 [
INB AL B 5K AT 25 5, D i 25 R B %
PF A AR = A W Bl . AR SCRE LB A A
RS IE AT 0, Ik T O D i AR A
(1 1% £k P die KW 42 B o 42y b o fE L T &1 8
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B KA X IR 25 0 3.1 pm, e K {5 B /N il
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Fig. 8 Effect of part orientation on measurement accuracy

Radius of the coil feature circle/um
fe=]

HPAR
4.3.3 AREIRERMMNZF—BERIE

K FHAS SC 5 FUE BR 5 3 76 A ) 4% 40 8 %
Wi B3 BT 50 >4 B 2 0 1 A 0, 0 T 24
RE5 S H W28 10 pm B A E R G464
RWHET,

®7 MEIREXL

Tab.7 Comparison of measurement errors

Max error/pm Min error/pm RMSE/pm Pass rate/ %
Proposed method 8.1 0.3 2.2 94
Comparison method 25.7 1.6 5.6 80

AL AR SC VR AR 1R 25 M KRB /N K
RMSE ¥ £ 8 50 1 45 5 o A SO & 9 3=
P KAE FEAR 17,6 pum, B /NE K 1.3 pm,
RMSE F&A 3.4 pm, &5 G 4% R4 F+ 14 %0, &
BRSO T 0T B 25 NG BE S e, Dy e B L1
FI 312 T 1 fe A B X o 5 SR B L T W] R S A
4.4 FEFEISIERLW

Ry ik — 2 B R AR SC T VA AR S0 A T AR
9 FHARCH: 78 3. 1799 BT 7R i A 25 418 A 2l %< e
WA b 58 BLI UE S 56, AR SC A O 4R S b i
GO IR . R EC AR AN A 9 s, A ]
149 (BT 96 R Ak 2 428 R X8 kRt s A e 2H 0 79 i T 1Y)
A TR 28 Bl 40 0, & T A I 3 e o R ) 28 P 4
FNRES = 22 05 5, T DL, 2k BB (1) 42 e RS T Y
M) i 11 45 5 04 A B

2 P 1) v O B I A o £ P O B R T % R

~
. / Assembly result Working schematic
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Fig.9 Schematic of the core component to be assembled
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(2) ik 2 A7 & - ML AR i H 00 s 75 10 ik 201
P 5 A5 5E % ) S B

(3) M T8 5 B I BUIR 14 ik 4 1) 057, 9
W e A R A ok 1 T4 5

(ORI HE LA 0T 22l Mk 47810 25
2 TN VA9 1 = 2 ol N P> g = B e DO
U

(5) Rl E 3R A3 1 2 e I i, B ) 4%
Pl M ATL RS 2 o 22 4 P O 58 S e 2% Y 26 T

8N LB A sl R % 52 i 10 &
EIIERE 3 €78

H1 28 8 IR, AR SCU7 B A 24 i 10 2H %6 I 50 3
Hh R L AR A R RS A S S AR L A
FEAE R 3 IR A Canny T & 77 7% , A8 SO R AE T4k
Pl R T 2k el 2k TG v ) 1 22 ) i R a5 2 4 ] R IR
T 9.8 pm Ml 9.6 pm, F W& 29 & 43.8% A
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Tab.8 Coaxiality errors of coil components

Coaxiality error of Comparison method/pm

Coaxiality error of proposed method/pm

Z.
=
3

Up coil Down coil Up coil Down coil
1 21.3 26.5 8.2 11.5
2 18.7 15.8 10.7 13.6
3 24.9 26.1 18.1 16.4
4 16.6 16.3 21.6 19.5
5 26.9 23.0 9.0 9.5
6 23.0 25.6 9.2 8.7
7 33.7 38.4 15.6 17.3
8 21.7 18.1 12.7 13.2
9 16.2 10.7 11.4 9.9
10 21.2 28.6 9.7 12.9
Mean/pm 22.4 22.9 12.6 13.3

TS AR TR A WSS R A SOy
TR RN A b 2 V) TR A B R 25 R 216 pm, B 5 T
20 pum (B ECHE bR o X 4L F £k Pl R b R AR 22 A
19.5 pm, & BT 48 b5 B, Uk BIZ 41 RE A e i
Jp % 1 T 2 1 4 PR e R P AR A R 22
YA Rl IR 0[S 9L AT E R o BT
i R 1 5 DR T RE AL 4G« I 4 Rl O Sk 4 BRORN
B, % 1 28 1B 7 W% B ot 5 o vl R 7 A A ol i o0 B
BB v A5 LB Z R b T IR 58
A [ AR A i i A AR b Rl R AR U 1
B s R0, 40000 DU B 152 2% S HF 3R AN 15 2 R iC ML
A A 1% 2 L £ A o 2 R BB TR B BOR A
.

S5 2 DR B Sk i A EE O B R
fink o3 A2 ) ROBCE S S0 RS £ A T TR — 25 1 Ak
B TR R 7 Y e = = VA ok AN P
T B0 % 2k P e A7 S ) 0 — 2B B e i

Be ) — B AR AR AR

AR SCEE X /N 5 2 P A I 1R i 0 i v A
FE Y SR TP | RO B 5 R UG ] 4
BT —Fh A ok #E U-Net+ 418 X 474 . Zernike
AR F GRS 2 0 E LM B B4 1 &
JEE 0 s, A A R AT 55 v 5 E A R .
FELEBWE .

(DR T 44 ECA B E JIHLH 0 i
53 35 TR A5 08 sR B B iE U-Net+ + 38 L4 %
BLRY A RO 2 2 B A T st % 5
Ja T #E B bR X IR BT 55, Dice &
£ mIoU F1 A #E 3 43 ) ik 3] 94.95%, 90. 46 %
195,27 %, 5 i U-Net+ + 43 542 T+ 2. 57 %,
2.71% f2.70%.
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