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Abstract: Optical glass presents significant challenges for strain - stress measurement, and full-field syn-
chronous acquisition remains difficult to achieve. An opposed dual-path measurement system based on Dig-
ital Speckle Pattern Interferometry (DSPI) is developed. Synchronous triggering is realized using signals
from a tensile testing machine, with a maximum acquisition delay of less than 2. 2 s. System accuracy is

evaluated through Finite Element Analysis (FEA). Parallel reflective and transmissive optical paths are
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employed to extract surface speckle and birefringence phase information. Axial tensile tests are conducted
on quartz glass specimens under loads ranging from 50 N to 170 N, enabling synchronous acquisition of
full-field strain and stress data. Repeatability tests confirm the stability and general applicability of the re-
sults. An equal-scale finite element model is established, and experimental results are systematically com~-
pared with simulations. Measurement errors and their sources are analyzed in detail. Experimental contour
maps show strong agreement with simulation results. The average relative error in strain over the full
range is 9. 2% , while the stress measurement error is controlled within 7. 8% . Measured values are slight-
ly higher than simulated ones. The discrepancies are primarily attributed to loading eccentricity, fixture
preload, and geometric coupling effects induced by oblique incidence. Additional bending moments and de-
flections are captured by the proposed system but are absent in idealized FEA models. The system satisfies
engineering analysis requirements and demonstrates distinct advantages in full-field synchronous measure-
ment. It provides effective support for failure analysis and optimization of optical components and exhibits
strong adaptability to complex force - optical coupling environments.

Key words: digital speckle pattern interferometry; simultaneous stress and strain measurement; dual-path

optical system; optical glass
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Fig.1 Principle of opposed dual-light-path measurement

and specimen surface treatment
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Fig.2 Photograph of tested glass and clamping for tensile
testing
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Fig. 3 Digital speckle interferometry dual-path measure-

ment system
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Fig.4 Schematic diagram of camera aperture and imag-

ing field of view for dual-light-path
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Fig. 5 Measured results of full field of view coverage in

effective measurement area
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Fig. 6 Flowchart of stress-strain synchronous extraction
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Fig.7 Laser beam expander offset

P A DB oL 5 A B WS AR [R]—
B, DA 00 3 355 3 11 A5 O Sy it s 8 57 — 4k 1
HARIRR AR A AR
(z,y)Fon, IF AR 2 5O pY BE = 15 58 P &b
LA i ASTRR Ny
Jat
JEFs
Horr s R o G 3 A g B 3 3R V- T oy 1Y TE B
FEES s MY R G MABIE S . R isf &MY
P SR B ] DL AR — A p (2, ) YA
o Kz AR AR (D) #1728 1R E A -
B % 5% 4, A0 22 1 AT AT OO0 BB 1R () 3 5w
s, DT £ 5 7% 37 i S8 B M PR o S R H 28
Vi) 288 10 6 A AR HCAR T /I 9 BB 0 T, 28 1 ik
U AE A7 B HR LR N Ak R D f B B O 1 I 4
Yy ¥ 2 WAL o A o RS AN JS I AL RS OC R X
RS 0% I5 , AR 5K & 1) 2% 0] 43 5 0] 38

(2)

{ = arctan

o L 52 R Bl s 5 278
_ g (3)
ey—ay.

i A AR B AR, AR GE RS AT RN R S
PRI TP B LAY 0, 3R 5 W B A 3 i 1 AR )
Aii 18
2.5 MAMNERE

JO7 3 000 4y L il 5 T A R (A 9B
) TR T J 7 A B L g AT 5 R0, RIS 5
RO o A7 SEBEEE A TC I )RS 2oL 7 4% 1 [
P, — B2 25N T A RT, H P BT S 3 03 A R

A UAE o HESE T S SRR R 0 S Ay 1 S R
FmEA, B RZES EN ) ZZBIEW,
Tl I T -5
An=C(0,—0,)=Co, (4)
Horr: Co MR R 7 0658, 00 F 0, 53 501 R i
F105 1 B, o R FE 0 T
A F G0 R i B 0 1 45 5 R 5 st T
MG BT an 4 PR | G Ak 6 A Al
NS AEE BN d W3R B, T
INE 3 BT 5 8800, G IR 43 i Sk T A 43 S 32 8 )
J7 1l i P LA 1 30 B RN W] 1Y 43 i o DGR EEA B
MR )2 5 A 18 R I 7K 25 2ok 3 8 R iR [l
FEZ AR AE IR 3 72 v, P O R 43~ 4k AR 3R A9 R X AH
PEAER 5 0 ) 22 R AT KRR N
6:4Trd(n/{*ne):47ch(:1*02), (5)
Horv s, F1n 43 00 o JE A e SEI AT 5 2, d Ry T
N34 B85 ) JEE 32, A ARG D o
H AR O R SRS A IE S A A A A
RE W54 RN
Ao (x,y)

ng—sin’i(x,y)
4ndCn,
He.o(a,y ﬂﬂﬁ?%ﬂ‘]ﬂ?ﬁﬁ?*ﬁﬁif i(x,y)
R B AR o 3 i B 9 AR B A G
JMWMW<ﬁﬂm S [R]85 I AR H HUIE A2 i 41
BN N R 12 K VA% TR 1 I 3 N e o =7 R A T
R HET S A 3 (6) , 5B A7 5 3% 55 N
3 1 AR I

E 3 I Y G A T E U S RO R A
SRV AN s [ I DO VA By N - = SO DA N £
T LA o A Z 8 R A AR G 8% b 04 i B 9 61
AL B S B il )RS o o ARG SR R E , Y
N5 2 Al 4R ' 04 D 4% 1) 5 3 g O 1] — B,
AN 7 A AR R 43 (8] 0 AR ST AR A AE SR o SEEG
o & B HL IR 3k B R (HWP)
0°~180" N Jig #% , ekt 28 A 56 04 i ik 5 62 1 5, O
] 25 R 4 — & 5 J5 Ih S0 B BE T 95 B . R AR
0°~180° PN 114 Ji & HICBE T 9 (&1, SR A R) B hy 17, 3
SO PR A RE TR 04 D G FRORE T 0 P A B 8 TR o

%ﬁ%ﬁ%%%ﬁ?%é%%ﬁ%ﬁm
ALK 2 35 2 SO ) LE B A B 1 B AT A

, (6)

olx,y)=



W A5 BT EOERE T VB R T AR (R A5 1385

0° 20°

60° 80° 100°

120° 140° 160°

8 AN [alfi 4k A BE T A DA HORE T 14

Fig. 8 Original speckle interferogram at different polariza-

tion angles

N(=;obS/ IR DS DA B VA e =X 11 ) I A s S
s 4% FA € &% 22 1407, 4 3 T W ot o Gk B AR K
{8, B 060 2 1207 0 A R R AR S TR R — A
ESVPIp AT
2.6 ZEEGEHEMREEAR

1 DN ERL R LB T B ] rp S 4 A 4
B ARG G AT 25 A 2B 7 B B R o i
AR A% O AE T8 2 51 A 00 25 (] 15 00 400k, F
T DU AH 57 7 27 00 R PN 5 A0 00 8 5 M 7 0 5
45 o P8 R G R (PMF) B9 S5 & A
B 250 5 Y06 #E CCD T b s i/ 92 £
AH I o K A B L OB S oA A — R
AR B 25 (8 R0 . CCD R4 2 A HOBE + 3 K 1%
JG5R IA l RoRh

Iz, y)=1,(x,y)+

B(I,y)cos[¢(x,y)+Zch}.erZn]ﬂ,y}, (7)
Ho I, (2, y) A=, B(a, y) AR HIRE,
(o, y) R AL B IR A8 58 I 4% 8L 04 R DU AR
DF, [ R0 f, 53 ) R e 2 Ay O 1) BB 28 1) 2%
LT

XF R A B Y T v o B Gk AT 4R L
1) eV /T I 1| B W (51 B B o S
O3 H AR A | e AR PR AR BT Q. 3 A A
Tk 25 () 1Y) 3 B R P R 38 O BT DR U A B
HRIE P, DN A S8CHE B 2 55 2% 8001 AR A5 e P

E ibgiﬁlﬁ

P(&n)  A&n)  OEn) e

PO 25 ()33 K oo A3 AH A6 43 473
Fig.9 Spatial spectrum and high-frequency component

phase distribution

BT, aniEl 9 o, 8 2k B O 5 1 v ) e A
51 I VE A7 48 Bk 39 47 3 (Inverse Fourier Trans-
form, IFT) , K45 X N (1 & 15 5 , Rl H B I U bR
BT 2 AL . 7R SERR N A, AR
A AT B8 O 38 2 43 ) Tk S0 R S PR T v [
P AR S 5 I 7 3E SR i TR AR 40 i e 8 ) 25 A L 43
S 2 O g 3k Ty ) (140°) 5 1E 38 77 19 (95°) 11
AR 38 2k AR 57 A R O 67 2515 8

3 FBRZER5H5M

3.1 EWHEIESH

K10 JE R T A e 3638 il 1 7F 50~170 N(2&
HE 30 N il 1] v i 8 far 38 3 % ) SO % DSPI
F YL AR W) N AR 55 N 3 AR AL A3 A BR . B 2
[i] 48 ar A9 38 0, 10778 AH 7 25 4% BORL B 5 2 M Y
T, 25 BCa3 At H 3450 AT 3 W ) I KR v 25, W
B W T BT RN o N AR AR A Al sk T
HI AT SR 00 51 B9 AR AL AL IR T R G
5] B B R X 85 03T M5 5 0 R e R R
AR

T k2 A BT 4R O 1 X R T 5 N AR Y

Interference phase
induced by stress

Interference phase
Load/N  induced by strain

P10 [l 2 im 48 i 728 55 1A 37 3 AR A2 43 A 3 iR

Fig. 10 Comparison of phase distribution between syn-

chronously loaded strain and internal stress



1386 e K TR

34 %

B B ILRE 7, BEH 80 N Fth [ 7 A 28 A A/ Sy LAY T
B, VRN R 7R 46 T 9515 5 204 22 5 534 19 58
BB A B AR o B X R A AR A B P A A Y B
BUBLBE MR P, R P A 8 5 A sR R AR 45 & 1Y
J5 W E AT B M AR B/l A A (R B B B A
(0, 2m) P, I FH R YD 3 30 47 X B00AE 7 A 4 2%, 8
J 4 7 1 22 0 AR A A3 A o 38 S A A 2R A A 1A
55 B ) B S OC R | g 2R B B AR A RS -
5t sl mE LR, B’ 11(a) b A
BRpEgamE SMEENEN S MAE., =
PT 1 35 DX 3% iz A 8 0 5 s W A L B Y AR AR v r
iy 1) Clilr 1) ) 38 K, 0 B o 2 3% 2 B B SC A
0 A R AE 5 IR0 0 i A 24 SR A v DR R, e
5 it 1) P 249 SRl i A A8 D 1) B e 45 i XS8R A
e R SO R AR S B R Y .
B 11(b) frzn , B S i 2s [ oy A S50 e 3 2
FAE M 6 o AT e F i 18 L DX 38 X N A 8 g
{E, Bl Y A T ) A A, N T R R R, 3X
— 28 LB 2 g B B A v s A (1 ) 5 AR
BLIE L) BRE T A48 3 5 0 5 0 1 2 A —
M AR BT BOBRE T VB R X ) 2 i 3 1 H [
FAFRE

= B R A X A R AR A A 25 4%
2 1) Je F i 25 A B G BLED IR, AR TR e R i

Displacement field Stress field

2
200 1.8 200 :
400 1.6 400/
600+ 1.4 600 25

- £ 4 <

3 800 {[{122 5 80 ) €

B § 3 » S

=1000 I g 21000 2

2 g 153

81200 08 = '

S a

>1400 0.6 1

1600 0.4
0.5
1 800 02
100200300 200 400
X direction/pixels X direction
(a) M = ) AN HEH

(a) Strain-displacement coutour map ~ (b) Stress distribution map

Rl AGae g

Fig. 11 System measurement results

B HAF K B ST AN o X T S X
e P AR 32 DX R SRy AR T T A A
A X &5 TR I i A SR B A A A B R e
PER R LB AT S B W R AE T i A4
FG| K T 2 0 O] R AT, 26 B 25 2R B R AF
fY AT HEPE
3.2 FEZWHSH

SR T B I S 6 4 R B E A L T
S5 B WA ) B £ At e R R A IR OT
200 A7 9 338 A AE AN R 2R Aar T 09 g 27 ) o gk
17 7T BUERL . A BE5EFITH SolidWorks B A4 Xt
A1 BE B B AT A LA AR B R LA
B AN ANSY S #E47 A BRIy B . AR A 9 3k
HE W R R A R PR AR B E=70. 43 GPa, i1
Py b v=0. 17, R 7S & 32 5 0 A8 %15 05
2, X ) A A e DXk (A A X)) R AT A T
LR O PR STy MR i o =R 7 Y
P AL 1 52 B o 28 T 000 o 3k A S o 2 Sy D 24
IR, T s it 0 9 Al D 1) Citt ) 9 4 2 e F
2 fr T80 158 B A LA 30 N A k8] 1, 7 F1 50
NI 170 No {5 BL45 5 R I 4 > 80 N
B 285 5 12 B o PR 280 2 X I
A B4 SR rp b X R N A v A R R A

s N Bl e O . N
N EAE T A i 5 % b B AR AR, N ) 1 4G
Type:Total deformation Type:Equivalent(von-Mises) Stress
Unit:mm Unit:MPa
Time:1l s Time:1l s
0.003 540 1 Max 2.635 6Max
0.003 146 8 23428
0.002 753 4 2.05
0.002 360 1 1.7572
0.001 966 7 1.464 4
0.001 573 4 1.171 6
0.001 18 0.878 74
0.000 786 7 0.585 93
0.000 393 35 0293 12
0 Min 0.000 300 93 Min
() BB TEESR (b) RIATEEER

(a) Strain simulation results (b) Stress simulation results

K12 ARToPras R

Fig. 12 Finite element analysis results



9 3]

R, A BT R T R N g A [ A5 1387

BB T ARSI RS R S RGN =45
1 AR G — B,
3.3 XWHERSWXTLE

TR VAL X 1 RO i DSPTIN & R 48 1Y
W W AN R AT T 225 RS AN-
SYS A R e BAE H AT X 3B . B 13 JE 7R
T AR N T 56 N B ) AR L
Pl o 5206 T A5 4 g 7 55 0 ) i 48 er A8 Ak Y it 2k
PRI = R B L X 5 A R T LA A
AL S FE W) A o 7E 50~170 N Ay 7 f oo 7%
rh I A B YN ) N s 2R (] AP G KOG
F A A0 B B AR 9 4 AR R AE 38 E
T RGN A RE T 24T R 0 v

100 — T
—e—Simulation
80} —®—Measurement
g 60t
]
g
2 407
20+
0 " " " " L
50 80 110 140 170
Load/N
8 - .
—e—Simulation
g —&—Measurement
<
S
= 4
8
w2 2 L
ol— 2 . . 1
50 80 110 140 170
Load/N

Pl 13 956 0k {5 05 B R L
Fig.13 Comparison of experimental measurements and

simulation values

P TR A T, W00 6 7 A W = 5 B AR
S BRI A X R 22 29 9. 206 . W N ) Y 4t
X B 38 e T 05 BB 2 0. 1~0. 4 MPa, F X%
ZEVEHIAE 7. 8% LA o NI UE L 56 25 R IF AR o —
BE SRR R HL A i S n] A M X [
U R LA 250 RN T T2 05— ek
T A AT T e B A TR A MR G . AH R 2
AR I Y e KR BN T 1.6 %6, I
1B 1Y e KPS/ T 0. 8%, ik B 28 45 %) £7 D B 7

PRI B R R A S RRE N SR A
R H A T AR — R IR A . SE R
2 R 5 0 OB AR 2 1) B i 22 32 R T ) B
T FR BT L AR 2 R A 25 S B G, i 2 g
5 TR )R W R T BOBE ) I R
A BR TS B 5 T AR T W 7 RS HE AT Bl 1) L 0
717 5% 6 v 7 A AL e L afle LS5 B 4 % v Jin 2k, 7
A RS S B AR S B A T Y
i A% 73 A 5 ) IR S5 56 SR 41 5 ofiE i) e B 2 A7 A8
R AL B 5 g, A S 0 g /AR A 3 e T
D7 H AR o LU, L% R GE i LA % 25 Al 2
W WYL —E MRS =R Bl
[ 437 A% 76 A A7 48 B B A S 1 AR 23 88 AL S
Vo s < IR ORI (RIS 2 N X [ NS | o
6 AT o B RCBE R 7 L, e 2 i I 2 R
F4 7 A i 22

A SCER X 2 O AE T - R A T T R
JEE TR W R B T 3 Tk e 5RO
BP0 0 AR 2 [R) 25 D i vk R T
BRI RGN R T ZRGE R IAT A
5P R 25 AR R, 3l 2 S RS L AR
TE AL 55 0O s TR AR R A BN B T R G
JUA] 158 26 37 > iy 0 3 A 25 . AR T RS O %
F I P AR 5 3 S X e I 9 O 8% 0 P
L 3 A R B, O 5 A RST A IR T L2
T R XE RGBT T A G e B BUE
T3 R BN G LA #E S SRR 22 W A LB . SE R
GERFW] L TE 50~170 N 4R i & RN, 235 0 22
DN ) 1 B R R 3R 22 292 9. 2% 5 R R I o
AT i 22 B I TE 7. 8% LA . X R G RE IS 745
P ARSI Sk DL AR B4 25 it 0 RS LA 3 O R,
AR R 2 B 4 3 N g N AR [ 2 I TR
BOR

EETTmt A= A
WET  Fh A RE0T, RBERL A7,k
XHMEESMBES ;
FEEY RS, FR T, LB
HERDEY . RBRRERE;
X B B BT, BATE KT



1388 e K TR 4 34 %
e R, et al. High strain rate studies for different lami-
nate configurations of bi-directional glass/epoxy and
(1] Z&%. ABARAGHAENLAGFLLD] carbon/epoxy composites using DIC [J]. Struc-
TIPS B W 5% B BT tures, 2020, 27: 2451-2465.
2014 (9] sB%, B A&, Ak, % MROEZ AT
LI CH Y. Study of High-Precision Glass Stress 15 1 84 1 75 [J] % E LA, 2024,
Testing Technology [D]. Xi'an: Xi'an Institute of 32(12): 1812-1823.
Optics and Precision Mechanics, Chinese Academy ZHANG ZH H, CAO X, ZHAN W H., e al. Su-
of Sciences, 2014. (in Chinese) per-resolution strain measurement in phase-contrast
(2] s L WA, HAK, FOEFIORELLR L optical coherence elastography[J]. Optics and Preci-
P PR AT SR S B R ). k5 A T sion Engineering, 2024, 32 (12) ; 1812-1823. (in
#2, 2018, 26(10): 2475-2483. Chinese)
ZHANG XM, TIAN SH, FU W J, et al. Effects 1151 71100 N, ZHANG H C, LU I, et al. Photoelas-
of thermal history on reflector formation in an optical ticity-based stress field analysis of glass under 1064
glass centrifugal casting process[J]. Optics and Pre- nm laser irradiation[J]. Optics and Lasers in Engi-
cision Engineering, 2018, 26(10) : 2475-2483. (in neering, 2024, 181: 108367.
Chinese) , [11] TAKASAKIH, UMEDA N, TSUKIII M. Stabi-
(3] CAMICIH C, GUERINEAU T, LAROCHELLE lized transverse Zeeman laser as a new light source
S, et al. Optical investigation and thermal stabiliza- for optical measurement [J]. Applied Optics,
tion of germanium-gallium-containing bismuthate 1980, 19(3): 435.
glasses towards NIR-MIR applications [J]. Optical [12] MIYOSHI R, WADA M, HIIIYA H, ef al. A
Materials, 2025, 168: 117511. comparison of photoelastic constants of disk- and
[4] ABDULLAH M, ABEDIN M Z, BAKAUL S R. square-shaped glasses using the heterodyne meth-
A review on synthesis and characterization of com- od: an empirical approach[J]. Journal of the Ce-
posites reinforced with nanoparticles, glass fiber, ramic Society of Japan, 2024, 132(3): 104-108.
and jute fiber for aerospace applications[J]. Results [13] 2k 3, ALk k, 315 . T B 3 A o7 32
in Surfaces and Interfaces, 2025, 19: 100492. W EOC G DI RS [T]. hd s
[5] #/0A, B2, %P L s R & ot 22,2018, 26(8): 1954-1959.
Trhp kR BROLEAT LR IRLT]. b Bk, 2021, NIU H SH, ZHU L Q, LIU N. Laser feedback
48(4): 0401014. stress measurement system based on Fourier trans-
JIANG X W, LONG X W, TAN ZH Q. A review form phase extraction method [J]. Optics and Pre-
of material removal mechanism in ultra-precision pol- cision Engineering, 2018, 26(8) : 1954-1959. (in
ishing of optical glass [J]. Chinese Jowrnal of La- Chinese)
sers, 2021, 48(4): 0401014. (in Chinese) [14] 5%, o, Bi3%, 5 ETHOLYEEE
[6] SONG ZF, GONG K Q, SHIZJ, et al. Coupled SR A 1 BT S A AR TT]. e A
in situ monitoring and nonlinear thermomechanical # T4, 2023, 31(18): 2647-2655.
modeling of stress evolution in glass-to-metal seals LIKW, QUUYF, CULZH Y, et al. Measure-
[J1. Materialia, 2025, 44: 102615. ment of two-dimensional distribution of stress bire-
(7] AT, BEK, R2, F . 2020 A2 & &R fringence based on dual photoelastic modulators
%ﬁ&ﬁ(ﬁﬁﬂ‘ﬁﬁ [J]. # & F®|, 2025, 46 cascade difference frequency modulation [J]. Op-
(2): 204-212. tics and Precision Engineering, 2023, 31 (18) :
ZHOU N, FENG J M, SONG H, et al. Research 2647-2655. (in Chinese)
on metrology calibration technology for the multi- [15] f 3% £, & % , Mashimango Sem Mukingilwa,
points pasted strain-gauges system on-line[J]. Acta & OBBRBIRL Y 4 35 0 R0 R AR 43 A A A D
Metrologica Sinica, 2025, 46 (2) : 204-212. (in T, BF 53R, 2025, 45(21): 2112002.
Chinese) JIAN Z W, LI H, MUKINGILWA M, et al.
[8] NARESH K, SHANKAR K, VELMURUGAN Method for synchronous measurement of full-field



9 3]

AR T A5 BT ORI g A [ A

1389

[16]

stress and strain distribution in photoelastic model
[J]. Acta Optica Sinica, 2025, 45 (21)
2112002. (in Chinese)

K= L 7 75 A | 3 Yl oA e R
ZID]. AR BT RHE R, 2023,

YU P F. Non-Contact Stress-Strain Monitoring
Research in Special Environment [D]. Chengdu:

University of Electronic Science and Technology of

fEE @It

BE2F(2001—), B, dbnT A, 4 F
g8, BN F RSB T I Ty
B BF5E . E-mail: 2023020322@bis-

tu. edu. cn

[17]

China, 2023. (in Chinese)

X RAR, R &d, 4. RIS 4008
BT W RS [I]. & Bk, 2020, 47(9) :
904001.

LIUT CH, WU SJ, LI W X. Spatial carrier digi-
tal speckle pattern interferometry system with large
field of view[J]. Chinese Journal of Lasers, 2020,
47(9): 904001. (in Chinese)

RN

i\ 1984—) L, mdb A K E N,
(15 T e S YN =R oy R B
J7 1 B W 5E o E-mail: niuvhs@buaa.

edu. cn



