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Figure 1 Experimental setup for shrinkage stress measurement. (a) Schematic diagram; (b) overall photograph; (c) schematic diagram of shrinkage
stress testing based on cantilever beam bending theory; (d) schematic diagram of the three-axis electric displacement platform
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Figure 2 Real-time development of the degree of conversion (a) and temperature change (b); (c) relationship between polymerization shrinkage and

the degree of conversion
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Figure 3 (a) Real-time development of nanoindentation contact depth under different degrees of conversion; (b) real-time development of contact

parameters based on the three-element viscoelastic model
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Figure 5 Real-time development (a) and final magnitude (b) of the shrinkage stress at various constraint stiffnesses

FARSCAR IV 3 3 5 2 TR R e i 1 AR MR A
FHRER GO R ML R ST Bl T4 RSl 5 1k
AR, XTI ) BERRAILI R 1 2R EE 5 e 4
JIZBIEESRZR. I, e b ] s SR Ak
246 5 24 SR W B2 A 3R Sk TN WA 4 157 ) B9 T vk O AN TR,
3w A SR v .

3.3 ISR W AR

O AL B R 15 0] DB it J5E R 2 1 F)
HEPE, SR i 2 R 00y S (R o ] A AR At A
TR, St BB R AR N E 6 s, X T
200 pm 5 HEARAE A, BAORESE A LR 1R N
197.85 um. L FEr, RE W2 F RO RA

Bl 6 200 pm/5EEE MR A6 B R ARG
Figure 6 Optical microscopy characterization of photopolymerized
thin films with 200 um thickness

PRI AT IS, P A ) e R BE R BN T s /Y
PRI

AN EEEESE AR SR N T AL - 517 (2)
J. W AP 15 BEAS S BUGEHAA K100 pm)
[ Ao e e 4 7 ) ot B S . A
A JSEEEBOSEIN, RERHEWCE N G, BRI, ke
il JE A 500 pf, AR B3 £ W IIE H f R
RFWGE. BORH T RIS S A BRI AR,
14 S LA R R i 7 N, X AR RS 7 Ui
TARHCER R PR RO R, B AL D
HRGR BT, BERSAE [ A0 30 PR 58 Bl 4 1 3R
, PRHAT A8 g 3 RO R B . X — B
B], SIS SR R MR [ A SN IV BE ) SCRE A 3R
TESEPRI AR, R B P A S, Aol St SR
WRAE FAG I R R R A e 42, TS B4 )
JIPEPEREFIH I T A5 A, eAb, X T8 A A
Bl BOZE AR IR A, B OAARLRERS S8 42 1L
A T 5 R 4 S5 6 0 5 P TN 14 e 2 AL 7
WE7O)FR. LY AR, A AR T B
PRI IET | K. SR, A6 S B 2 18] A A X
(B i A RS AT T-3hia 1y, A2 Segeililid
T FRE il 32 BB [ AL G A7 A DV 22 5, S 2K0AT7 ()M
AR S BT A —E 22, MR ER
PERNSS A HERATE, TN PR HDCET E 4 T By
A 5 EAEIE, WO R SE IR TR T 2 A AR
Ve DR — B R HA R S SR a A7 A
—ERZE, SR A FRITEI RE SR L B A [+ )
JE T WL ) B B AL ANIESE BT I R AN a2 W o

529



M4 Z 8B 2025528 F70% L4458

(a

~

0.25¢
—— 100 ym —— 200 pm ——— 500 pym

0.20+

o
=X
(9}

|

K48 Rz73 (MPa)

W%8Rz 70 (MPa)
©
o

°
o
5

©
o
S

(b) 025

30 40 50 60
i¥ig (s)

& 7

N[5 L B B 1 ] AP 15 Ty A S I 2 JRE T 26 () Rl 2L (b)

[ = ppEss
- JRBR

200 300 400 500
MRBE (um)

100

Figure 7 Real-time development (a) and final magnitude (b) of the shrinkage stress at various thicknesses

Bl YRR RO (AL 500 pm)iy,  [EAOEHER 5E
IR, Ao MBI SRR DL, A RO
RUEE M RHEIR T AR50, PR T AR A,
AR TCER TR . HAh, ABFFEC 2l
THRURE S FAL R Z B A SE AR, il i SEms A
Il P 7 R AR TRLE RN AL R AR AR 2R, BT REAE XS
WA SE 2 OL T RNSCAR R 7 AT A 2.

SR AR SCARE AL A8 1 130010 B R 51 B
A it 11 A 3 e P S i g B R I S, (E AP AE —
E MFRE. o, AT AR BUSAF fh S T 1 Wi e
JO7 3 B B, Ty B B TR [ B . R
M, A BRITHS L, REMEXIRE S AT B =il 1 ),
G R T [6) FNEE TR BE DT ) B g, AT 4 B
LIS B e S ST O i VNI P 2 N A
#22.5 mmfBEGRIR, RIE—BRIT R i ST AR
W4 10 1 L. AR AFERIFSE R, BT I R
PR AR 2 B SR ). N, TE s IR A R AR
PET, ZKFI7 1 RO, ORI TR T e AR R
RN, ACEIT I AR, WO T, R b
JEHE T3 1) B AL AR AL 2 S WA MAC A T B 93 A1 DA D
/NEBERIRXT LI EE RN, X BRSNS
AT T RS O CAL B, AR DR R RE S 5. B
Ja, ARSCHRGE AW L Ak B T T ok
JEERE A Bt AR S B 7 . R RS BRI R 4
ANERYORREER, FE AT ) A4 R B 2 4 /)
EYPORG. SEE i A A U R AR AR 1 B A
TPBERZIN10 nm, TR A HUBRR S LA S R
Mg P ) PR, D TP LRG0 20 A RUBE R

530

AR I ). A AT BROTA AT T I 9 K A i
R R (E a3 AN 2 NEE LB NS4 I S D)
J12EAT AT BE R RS S8O0L T & A B35 %, il s it
H RS (1Y S TR AR LA T, X RO AR A
SR RO 25 .

4 5B

S X S [T P T R MSC 4 17 g S 530 e R 75 L S0 T
G B GR, A SCHE T B QR R B ZE A R RS B RS AL IR
Jrik, $EaE T AP RHR A s T T
YERESPERLS, AR T UERR TN T AL b 4 T
E . DRSS REEM R SIS AR, 85T T 40
I RS it JE2 B X s 7 T i A R s i, 38 E T 0
FRIRI AR . S5 3R I, FrE s A RO B
REAEAE BT FRAS [R) 24 SR I 58 A VL 4 T A
RIS I ). Bl 2T WIEE R3S, WS 1 ) AN B
K, (E W ST B3 N (0.0262 1 MPat i £
0.74985 MPa, 3 K28.6/8)i/INT 2 S W B i 385 i it
(10 N/mm¥4 i #]5000 N/mm, 54 K500155). Wi 115
LU BE (R S B AR R AR L, Rl R A 5 4
SRR TR 1) 7 vk O o7 AN HERR Y. BEAb, IR
45 10 7 B A TR TR BE A B I RS G, {2 R
BERIRES, MR ZEL, SRR S T T Ak AR
Zz. i, SR RIEREEE | B A MR B2 A O
JEAA R AR AR T Y OB, A SRt I S 5 S5 0 L ik
AEEEL T XA [R]85 T Ve RS 4 1 3 38 A %) A U
SO, R s O A R 4 1 T 6 T AL
FURAESCEA = ) T2 v Re it T4 .



&
K

CEPUIN

T

W

10

11

12

13

14

15
16

17
18

20

21
22

23

24

25

26

27

28

Tumbleston J R, Shirvanyants D, Ermoshkin N, et al. Continuous liquid interface production of 3D objects. Science, 2015, 347: 1349-1352
Braun D. Origins and development of initiation of free radical polymerization processes. Int J Polym Sci, 2009, 2009: 1-10

Wu J, Zhao Z, Hamel C M, et al. Evolution of material properties during free radical photopolymerization. ] Mech Phys Solids, 2018, 112: 25-49
Algamaiah H, Silikas N, Watts D C. Polymerization shrinkage and shrinkage stress development in ultra-rapid photo-polymerized bulk fill resin
composites. Dent Mater, 2021, 37: 559-567

Lu B, Xiao P, Sun M, et al. Reducing volume shrinkage by low-temperature photopolymerization. J Appl Polym Sci, 2007, 104: 1126-1130
Sun G, Wu X, Liu R. A comprehensive investigation of acrylates photopolymerization shrinkage stress from micro and macro perspectives by real
time MIR-photo-rheology. Prog Org Coatings, 2021, 155: 106229

Zhou H, Sang X, Luo J, et al. Study on the influence of monofunctional monomer structure on the adhesion of UV-cured coatings (in Chinese).
Paint Coat Ind, 2021, 51: 18-24 [JAli#Z%, UK, L, 5. HEREEL ARG XOGEAIRIZ IS TR, R T, 2021, 51: 18-24]
Kawada T, Nakayama Y, Zheng C, et al. A novel photocurable insulator material for autonomic nerve activity recording. Biomaterials, 2002, 23:
3169-3174

Bowen R L. Adhesive bonding of various materials to hard tooth tissues. VI. Forces developing in direct-filling materials during hardening. ] Am
Dent Assoc, 1967, 74: 439445

Feilzer A J, De Gee A J, Davidson C L. Setting stress in composite resin in relation to configuration of the restoration. J Dent Res, 1987, 66: 1636—
1639

Alster D, Feilzer A J, de Gee A J, et al. Polymerization contraction stress in thin resin composite layers as a function of layer thickness. Dent Mater,
1997, 13: 146-150

Lu H, Stansbury J] W, Dickens S H, et al. Probing the origins and control of shrinkage stress in dental resin-composites: 1. Shrinkage stress
characterization technique. J Mater Sci-Mater Med, 2004, 15: 1097-1103

Lu H, Stansbury J W, Dickens S H, et al. Probing the origins and control of shrinkage stress in dental resin composites. II. Novel method of
simultaneous measurement of polymerization shrinkage stress and conversion. J Biomed Mater Res, 2004, 71B: 206-213

Min S H, Ferracane J, Lee I B. Effect of shrinkage strain, modulus, and instrument compliance on polymerization shrinkage stress of light-cured
composites during the initial curing stage. Dent Mater, 2010, 26: 1024-1033

Park J, Ferracane J. Measuring the residual stress in dental composites using a ring slitting method. Dent Mater, 2005, 21: 882—889

Yamamoto T, Kubota Y, Momoi Y, et al. Polymerization stresses in low-shrinkage dental resin composites measured by crack analysis. Dent
Mater, 2012, 28: e143—149

Perry A J, Sue J A, Martin P J. Practical measurement of the residual stress in coatings. Surf Coat Tech, 1996, 81: 17-28

Stolov A A, Xie T, Penelle J, et al. Simultaneous measurement of polymerization kinetics and stress development in radiation-cured coatings: A
new experimental approach and relationship between the degree of conversion and stress. Macromolecules, 2000, 33: 6970-6976

Ausiello P, Apicella A, Davidson C L. Effect of adhesive layer properties on stress distribution in composite restorations—a 3D finite element
analysis. Dent Mater, 2002, 18: 295-303

Jansen K M B, de Vreugd J, Ernst L J. Analytical estimate for curing-induced stress and warpage in coating layers. J Appl Polym Sci, 2012, 126:
1623-1630

Priesnitz K, Sinke J, Benedictus R. On the simulation of panel distortions due to hot curing adhesives. Int J Solids Struct, 2014, 51: 2470-2478
Li D, Li X, Dai J. Process modelling of curing process-induced internal stress and deformation of composite laminate structure with elastic and
viscoelastic models. Appl Compos Mater, 2018, 25: 527-544

LiJ, Zhu W, Li Y, et al. Numerical study on curing-induced residual stress and deformation of adhesively bonded sandwich structures of dissimilar
materials. Int J Adv Manuf Technol, 2022, 120: 1189-1201

Chiang M Y M, Giuseppetti A A M, Qian J, et al. Analyses of a cantilever-beam based instrument for evaluating the development of
polymerization stresses. Dent Mater, 2011, 27: 899-905

Wang Z, Landis F A, Giuseppetti A A M, et al. Simultaneous measurement of polymerization stress and curing kinetics for photo-polymerized
composites with high filler contents. Dent Mater, 2014, 30: 1316-1324

Wang K, Ni K, Li B, et al. Coupled tests of shrinkage stress and polymerization kinetics during photopolymerization (in Chinese). J Exp Mech,
2021, 36: 317-324 [EHE, (55, 254%, 5. OGRS R FIR & sh A Bl I AT . 5286127, 2021, 36: 317-324]

Ma H, Gao X, Reddy J. A microstructure-dependent Timoshenko beam model based on a modified couple stress theory. J] Mech Phys Solids, 2008,
56: 3379-3391

Lee HJ, Kim H, Kim T S, et al. Adhesive-free PDMS/PUA bilayer using selective photopolymerization for transparent, attachable, and wearable
triboelectric nanogenerator. Nano Energy, 2024, 121: 109274

531


https://doi.org/10.1126/science.aaa2397
https://doi.org/10.1155/2009/893234
https://doi.org/10.1016/j.jmps.2017.11.018
https://doi.org/10.1016/j.dental.2021.02.012
https://doi.org/10.1002/app.25758
https://doi.org/10.1016/j.porgcoat.2021.106229
https://doi.org/10.1016/S0142-9612(02)00063-7
https://doi.org/10.14219/jada.archive.1967.0078
https://doi.org/10.14219/jada.archive.1967.0078
https://doi.org/10.1177/00220345870660110601
https://doi.org/10.1016/S0109-5641(97)80115-7
https://doi.org/10.1023/B:JMSM.0000046391.07274.e6
https://doi.org/10.1002/jbm.b.30088
https://doi.org/10.1016/j.dental.2010.07.002
https://doi.org/10.1016/j.dental.2005.03.006
https://doi.org/10.1016/j.dental.2012.04.015
https://doi.org/10.1016/j.dental.2012.04.015
https://doi.org/10.1016/0257-8972(95)02531-6
https://doi.org/10.1021/ma000402r
https://doi.org/10.1016/S0109-5641(01)00042-2
https://doi.org/10.1002/app.36776
https://doi.org/10.1016/j.ijsolstr.2014.03.016
https://doi.org/10.1007/s10443-017-9633-5
https://doi.org/10.1007/s00170-021-08480-7
https://doi.org/10.1016/j.dental.2011.05.006
https://doi.org/10.1016/j.dental.2014.09.006
https://doi.org/10.1016/j.jmps.2008.09.007
https://doi.org/10.1016/j.nanoen.2024.109274

i

38 #& 2025428 £70% £458H

29
30

31
32

33

34

35

36

37

38

39

40

532

Zhan L, Wang S, Qu S, et al. A new micro-macro transition for hyperelastic materials. ] Mech Phys Solids, 2023, 171: 105156

Zhu H, Yang X, Genin G M, et al. Modeling the mechanics, kinetics, and network evolution of photopolymerized hydrogels. J Mech Phys Solids,
2020, 142: 104041

Wang K, Wang Z. Shrinkage stress evolution during photopolymerization: Theory and experiments. ] Mech Phys Solids, 2023, 178: 105350
Sarkar S, Baker P J, Chan E P, et al. Quantifying the sensitivity of the network structure and properties from simultaneous measurements during
photopolymerization. Soft Matter, 2017, 13: 3975-3983

Zarrelli M, Skordos A A, Partridge I K. Toward a constitutive model for cure-dependent modulus of a high temperature epoxy during the cure. Eur
Polym J, 2010, 46: 1705-1712

Guimardes B S S, Guiguer E L, Bianchi O, et al. Non-isothermal cure kinetics of an anhydride-cured cycloaliphatic/aromatic epoxy system in the
presence of a reactive diluent. ThermoChim Acta, 2022, 717: 179351

Hoyle C E, Chawla C P, Kang D, et al. Medium effects on the polymerization efficiency of a cholesteryl-bearing methacrylate monomer.
Macromolecules, 1993, 26: 758-763

Goujon N, Dumée L F, Byrne N, et al. Impact of comonomer chemistry on phase behavior of polymerizable lyotropic ionic liquid crystals: A pre-
and post-polymerization study. Macro Chem Phys, 2018, 219: 1800307

Oyen M L. Spherical indentation creep following ramp loading. J Mater Res, 2005, 20: 2094-2100

Li W, Wang K, Wang Z, et al. Optimal resin monomer ratios for light-cured dental resins. Heliyon, 2022, 8: e10554

Wang Z, Chiang M Y M. Correlation between polymerization shrinkage stress and C-factor depends upon cavity compliance. Dent Mater, 2016,
32: 343-352

Wang K, Li B, Ni K, et al. Optimal photoinitiator concentration for light-cured dental resins. Polym Testing, 2021, 94: 107039


https://doi.org/10.1016/j.jmps.2022.105156
https://doi.org/10.1016/j.jmps.2020.104041
https://doi.org/10.1016/j.jmps.2023.105350
https://doi.org/10.1039/C7SM00419B
https://doi.org/10.1016/j.eurpolymj.2010.06.002
https://doi.org/10.1016/j.eurpolymj.2010.06.002
https://doi.org/10.1016/j.tca.2022.179351
https://doi.org/10.1021/ma00056a030
https://doi.org/10.1002/macp.201800307
https://doi.org/10.1557/JMR.2005.0259
https://doi.org/10.1016/j.heliyon.2022.e10554
https://doi.org/10.1016/j.dental.2015.11.003
https://doi.org/10.1016/j.polymertesting.2020.107039

Summary for “Jit [EI AL 45 B2 ) B9 PIIATT -5 AR AL BF 5
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Photopolymerized thin films are widely used in surface coatings, adhesives, biomedicine and other applications, thanks to
their incomparable advantages such as rapid reaction, spatial and temporal controllability, and being economical and
environment-friendly. However, during photopolymerization, the polymerization-induced volumetric shrinkage generates
undesired shrinkage stress within the material and at its interfaces. This undesired shrinkage stress can adversely affect the
material properties, such as coating cracking and bonded component deformation. Therefore, accurately measuring and
predicting shrinkage stress evolution in photopolymerized thin films are crucial for optimizing material performance and
improving the service life. To address the challenges in the experimental measurement and simulation prediction of the
shrinkage stress in thin films, this study developed a real-time shrinkage stress measurement instrument setup based on the
cantilever beam theory, integrated with light source and displacement control systems. Additionally, a finite element
method based on three-dimensional viscoelastic theory was developed to predict shrinkage stress in thin films accurately.

The influence of constraint stiffness and sample thickness on shrinkage stress was systematically investigated using
ultraviolet photopolymerized materials, and the accuracy of the finite element method was validated. The results indicated
that the experimental setup demonstrated its ability to precisely control both the constraint stiffness and the thickness of the
samples, allowing for accurate real-time measurement of shrinkage stress under different conditions. Meanwhile, the finite
element method could accurately predict shrinkage stress under varying levels of constraint stiffness and film thickness. It
was observed that shrinkage stress increased with constraint stiffness. However, the increase in shrinkage stress (from
0.02621 MPa to 0.74985 MPa, representing a 28.6-fold increase) was much smaller than the increase in constraint stiffness
(from 10 N/mm to 5000 N/mm, a 500-fold increase), indicating a nonlinear relationship between shrinkage stress and
constraint stiffness. This suggested that simply predicting shrinkage stress by multiplying polymerization shrinkage by
constraint stiffness is inaccurate. Additionally, the shrinkage stress increased with the sample thickness. However, when the
thickness of the material exceeded a certain threshold (500 um), a stratified photopolymerization process occurred, slowing
the development of shrinkage stress. This phenomenon indicated that the film thickness was a critical factor influencing the
performance of photopolymerized thin films. In practical applications, it was essential to control the film thickness
appropriately to avoid incomplete curing at the bottom layers of thin films, which could negatively affect the mechanical
properties and durability of materials.

The experimental and simulation methods proposed in this study not only enable precise measurement and prediction of
shrinkage stress evolution under various conditions, but also provide a deeper understanding of the influence of factors
such as constraint stiffness and sample thickness on shrinkage stress evolution. Controlling film thickness and extending
irradiation time are crucial for ensuring the service quality of photopolymerized thin films. These insights offer valuable
scientific support for the use of photopolymerized thin films in applications, such as surface coatings, adhesives,
biomedicine, and other applications.

photopolymerized thin films, polymerization shrinkage stress, experimental method and instrument setup, finite
element method
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