#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 18 (2025) 184701

B T 7E [ 1% B IR 5h B /42 5% i it i B
SR R REMEA

KED  Fegay

x| B D

# % [ 2t

1) (BB TR S 8 ) TR =R, Biigh ) TRRZARR S AE s, Bl 200093)
2) ("WEZESIH AT SRS, Bk SBIFRVKE A5, 43 621000)

(2025 4E 3 H 31 HUk#; 2025 4E 6 A 4 HikZIENR)

8 SO B ARAE o AR T %2 A FfE BRI 9 OCHE T B, C 2 BT H W AR T 1 2 9. 1L 58
2D H5 GUF BOR AR AN, MELAT R PR OR . T AR LR 3D $R SUEOR B A L E R
2% ELARS T R R0 4 45 [P PR A 1 JHC 52 B O . AR SR H — ol i T 94 T Bl T A ) T B DROEE — 4R 45 B0 B

FOALFAR , e W T V4 2 THT I 5 LU AL 8 249 3R B0 7K 268 S 7 PR 495 P 0 B ) v BRE TR0 T T 2 2 6 = R 4L

L, AR A0 v BE ORI B 1 /N A3 B R A B S S A i B0 AR X LG A B, R S R A R
(208 55 FL L R SOROE R 22 0 9.3%, BAT BRI — Bk 1% = 48 SUCE A 75 5 T B BE SR IR 17 K 3
AR SO BOT T AW R0, B HOR R BT IE AL R 5835, 3 — O B B TAE B A GiE %Py i e

A B AR A 45 R0 A 5 T A

KRR 4R SN, BRI, VEUE R
PACS: 47.61.-k, 66.10.cg, 68.03.Fg
CSTR: 32037.14.aps.74.20250413

il

1 3

ST AE YRR B9 B 5 R0 AR R R R Y
Bl PR Z— 191 FrP g S0 T — PR A A A
ARARE RO T AR EOR AP ISR B | Bl
HOETEE AR (e Q1ASlIE S & ST U i VI LI 0 R NESE I
SRR T B By BE, H AT AR sl 7, fl b
By B, AR IRIE O F0 S 22 42 00T S5 45T A 2 T
Z RN, ARG SC N N 2 25T AR 4
A8 ek i AR 0 P SRR A A T TR /N A
THRIZIEIE 0] B AR s E R AT U By, B
THEREUENG T AR, (B GEAE T | B R AR Lk
RAEFBEUGRER, IR T VUK. M T 1%

*ER HRBIERES (EES 52276079) B BhAYIRAL
t BIEYE#E. E-mail: ygzhao@usst.edu.cn
© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250413

e “HEARUUEOR,, = EHR SBOAE i v R AL
RO M 254, REAS SR B B8 = I SUS
B, R BCR LA B AL | MR TR EE LA 48 B0k
PRILATIE 28 14, G S 3 1 248 82 5 R 0 0 1 0 A2 2%
FREESHIRIRBIBE T, AR T RGEXHESA
ERBTERE ST, i = 4EHE S AR O (5 B 22 2
AEEZEMTT T 1], BT 2 R TR 5.

BEE TR, M a0 =48 SR TTE R
BUroh 326 1) HEOL UG L, 2) BTN E
Trik; 3) BT WL J7 k. o, Ha e E iR
7 i U8 3 i 2 BRAGCR AR B R 1 T8 18
SRR,z B ARG BE SR R S = R A B
BT A RAR RS RE ], HoREESAE RS
SE ST ARFLMR. e AR 1022 UM Ak

http://wulixb.iphy.ac.cn

184701-1


http://doi.org/10.7498/aps.74.20250413
https://cstr.cn/32037.14.aps.74.20250413
mailto:ygzhao@usst.edu.cn
mailto:ygzhao@usst.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 18 (2025) 184701

FAL AR S S AR 5, AR 5 O AL o 1]
SRR AE SO =245 4. 120 e i
7%, TR N DU A —E L R M2 5, S2Pr
O Y s v 2 v ) RS R ML, [R]85
ARz BERAA R . 5 EIR PR = ZEHR 2L
HOAE 7 AN, TR E 2 > 5 ik 8280 T MO S
FBORAHUE B, A IR EE 2 S BB —HEFR 2L
P& R BUR SO SO B, AL =4S
ZITEARBEAR B A T, TR AR .
o v e Lo = MRS S AR T MO TR R A
TR AR B S B T, ARBE TR R BERL R 5 A
FROCE AU, K AR AR SR IR MR
BRI HA, RV RV RN K78 AR SO
T T BORE S IS v B TRl i A 2 2%
AR HER R, B 7T v BERGRGR R 1R/
ORISR R SRV I = BEAR R, RERE v AR

//

\
7

.
Z ’}4

3D finger map

2D condensed microdrops

M E MR S =AEIERL, DR B IE AR TS EURAE. T 1
TR BRI R AT Y 3D 5 SCR AR,

2 LI/
2.1 By REEGREEE

AR SCRE7RIY 3D 8 SCHE A HARAAS T2 BE I
WRHE R BRI, ARSI %6 B A& 2(a) Fios. 152
5% B ALHE BUSCRAE RGNS R IR R R 50 2%k
T 925 i) 22 038 2o IR B R 28 D) 284536 Peltier JTiF
i, U TE Peltier JoF I Y T 2 1 Vi [
276 C. RN K 25 C, HXHEE 33% H
BT AR, (RETFIRE IS, AR MR B
VR TR AE A P IS [0 91 L P AN 23 5 AR T 6 O Bl
KIS, BERER G T H) sCMOS AL (PCO.
edge 4.2) W76 THS SR AE FH5 485 S5 T A%

TR /um
79.20
71.28
63.36
55.44
47.52
39.60
31.68
23.76
15.84
7.920
0

"/ i 1000
3D finger map

BT ST BERCRUR R AE 20T B 3D 45 LU AL i AR ]

Fig. 1. 3D Fingerprint reconstruction process based on condensed droplet characteristics.
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Fig. 2. Condensate droplet image capture: (a) Image acquisition setup for condensed drop; (b) distribution of condensation droplet

bands; (c) microscopic image of fingerprint structure.
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Fig. 3. Comparison of the effects of substrate surface properties on droplet behavior: (a) Contact angle measurements on standard

and hydrophobic silicon wafers; (b) droplet condensation performance on standard and hydrophobic silicon wafers.
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Fig. 4. Capillary simulation experiment: (a) Front view of the mold structure; (b) top view of the mold structure; (c) distribution of

condensate drops on the cold surface pressed by the mold.
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Fig. 5. Establishment of the fingerprint valley model and effectiveness analysis: (a) Schematics of the microscopic vapor transfer
within the valley; (b) schematic of mass transfer area calculation for condensed drops; (c) image of condensed droplet clusters on
the fingerprint segment; (d) vapor mass transfer distance within the fingerprint segment; (e) 3D reconstruction of the fingerprint

segment.
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Fig. 6. 3D reconstruction of fingerprints: (a) Laser scan of the fingerprint sample; (b) 3D morphology of the fingerprint segment de-

rived from the scan; (c) distribution of condensation droplet bands corresponding to the fingerprint segment; (d) 3D morphology of

the reconstructed fingerprint segment.
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Fig. 7. 2D contour map: (a) Original fingerprint fragment
contour map; (b) reconstructed fingerprint fragment con-

tour map.
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map.
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ditions: (a) Distribution of condensed water droplets; (b) morphology of 3D fingerprint reconstruction fragment.
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Abstract

Fingerprint recognition technology plays a critical role in modern security and information protection.
Traditional 2D fingerprint recognition methods are still limited due to an imbalance between growing security
demands and inefficiency of encoding detailed information. Although various 3D fingerprint technologies have
been introduced recently, their practical applications are restricted by complex sampling procedures and bulky
equipment. This paper proposes a new 3D fingerprint fragments reconstruction method based on the
condensation of microdroplet clusters, resulting in efficiently extracting detailed structural information from
fingerprint patterns. By identifying the unique topological features of fingerprint valleys, a micrometer-scale
vapor transport model is developed. A differential approach is used to divide the microdroplet clusters formed
when a finger is pressed on a cold surface into discrete units. In each unit, the diffusion distance and mass
transfer in the condensation process are calculated. Nonlinear regression techniques are then utilized to
reconstruct the 3D fingerprint fragments. Furthermore, the experimental validation shows excellent consistency
with premeasured fingerprint data, with a reconstruction error of less than 9.3%. It has made a significant
improvement in capturing high-density fingerprint data in a short period of time, completing the data
acquisition in less than 1 second. Compared with ultrasound imaging techniques, this method significantly
shortens the acquisition time, which typically involve complex procedures. Additionally, it offers a more efficient
alternative to deep learning methods, which require extensive data training and computational processes. This
3D fingerprint reconstruction method provides an efficient, low-cost and easy-to-operate solution. It holds the
potential to significantly enhance personal identification and information protection systems, contributing to the

advancement of 3D fingerprint recognition technology in practical applications.
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