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Deep-sea optical windows must withstand extreme hydrostatic pressure while maintaining optical transmittance, requiring a
balance between mechanical rigidity and optical performance. Increasing thickness enhances structural strength but reduces
transmittance. This study proposes a design method for deep-sea optical windows using domestically developed sapphire.
Three-point bending tests were conducted on sapphire and silicon specimens, and B-criterion strength was derived using
Weibull distribution to account for brittle material properties. Optical transmiftance measurements established key design
characteristics. Using theoretical formulations for rectangular planar optical windows under uniform external pressure, the initial
design was based on experimentally derived sapphire properties. Finite element analysis of the optical window assembly
confirmed sufficient structural stability margins above critical thresholds. Linear interpolation was applied to evaluate the
continuous design space across discrete thickness values. A compromise solution was identified that satisfies both structural
rigidity and transmittance objectives. By integrating experimental material characterization with numerical analysis, this study
provides an effective framework for determining the optimal thickness of deep-sea optical windows and confirms the applicability
of domestically developed sapphire as a reliable optical window material for high-pressure underwater environments.
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Table 1 Mechanical properties of window material

Properties Sapphire Silicon
Elastic modulus [GPa] 375 130
Poisson’s ratio 0.25 0.22
Density [g/cm’] 3.96 233
Compressive strength [MPa] 2,000 1,000
Tensile strength - 120
Transmission wavelength 0.15-5.5 1.2-7.0

@ (b)

Fig. 2 3-point bending test configuration. (a) sapphire specimen, (b)
silicon specimen
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Table 2 Statistical strength characteristics results

Properties Sapphire Silicon
Weibull coefficient [m] 12.42 52
Weibull variance [R2] 0.94 0.96
B-basis strength [MPa] 282.97 74.63
B-basis coefficient [Py] 0.96 0.96
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Fig. 3 Transmittance experiment setup. (a) Sapphire specimen, (b)

Silicon specimen, (¢) Specimen transmittance measurement
configuration

Skl o Feh A2 Aladlol 'AE dE719 3-8 9
2} W ]7} 600-900 nmz} 3400-5100 nm T <lo] STkala )
T RS SHorE FaeS SA5H

ZF AHES A% 11 (inch) 2712 FAE = 2k 2704 A
e glom, skt EAS Hastsly] e e Y Avtst
of |5 Abgtolo] AlHofl= 3F WHel WhApEA] AE
(Anti-reflection Coating, AR)S Z|-&35}3on, A& A|dH
O] 7% 2z} Hof| WhApdA] 2”3} thojopm = fAF B 5
(Diamond-like Carbon, DLC)S #-8-3}%c}. o]+ EWH HRA}

EUE AR YA Y Y A 2UE RSP Figpolnt

é 9!
o] T4 JJr J°l 7504 4,350 nmoﬂxu Tﬂr Ex

32 AAskct
AgHoR 5 Bk M4 eAN HY BE b
ot A A RS Shustich. olejet Fuke vlolgi Wt 3
of 7 Wt L AR Ae] M Y AE 44 EHS A
o2 Hrlsher] BEE. Fig 4= 2 A@Re] s} 53

Fils 4] glolE (Raw Data)s YR it

Aol Bile 24 A3 Algolofe] A FAZE 2004
18 mmz Z7}3to]| wet 750 nm ko] Fahg-o ok 15.4% 7+
23101, 4,250 nm TP A = 2F 15.3% 743t Alg]
9] 7 600-900 nmuFY th o= Fif EAdo] FA] grof
3,400-5,100 nm I} theoflAut £} S48 2Rlsqict. o
o FA7E 2014 40 mmz SRRl wheh B ofF 12%
2381glth. Abholof= Al Hroh FAFT| wE B 4
a7F Aoz aA yebgon, AeE2 600-900 nm vHg

ool A= FHEAJO] $A] AR, 3,400-5,100 nm 2H7Hed o
o FA WSt whE Faks FATE A 2R 54 1o
AL QUek. ZF Al o] Bk E/4J23 Table 30 AJAISHIH-

3.1 RIAIZKs st &L S MAO| CHE O|2& 2

AajziE Bake] Bt Aol Aea 2R 4t sl o
gt 2 A%-S T o]E(Kirchhoff-love Plate Theory)ol] 7]wHst
o]24 off 2712 o= ke o= qlok st o] A

oﬁl‘
)
~
B

to
of



720/ July 2026

Transmittance(EO)
95-
Sapplure (2mm)_AR =1
Sapphire (2mm)_AR =2
Sapphure (18mm)_AR 71 [\
1 Sapphire (130m)_AR #2
90 4
L ',
g
_-:8.‘)
2
3
R
£60-
=
75+
70 ] } ,
600 650 700 750 800 850 900
Wavelength(nm)
(a)
Transmittance(IR)
100 — )
Sapphire (2mm) AR #1
S S S S— s S —"— Sapphire (2mm)_AR 22
T | e — Q| Sapphure (15mm)_AR =1
~__ Sapphire (13mm)_AR 2
80 - ~
S
z 60
-
z
E
£ 104
=
20
0 ; ;
3,500 4,000 4,500 5,000
Wavelength(nm)
(b)
Transmittance(IR)
100+ e
prapm—— 3 ey Sicoe (40ozz) l.xn.“
S 0w (400¢ 'l C&AR
95
g
= 90
-
z
E
2 85- -
=
80
&) ; :
3,500 4,000 4,500 5,000

Wavelength(nm)

()

Fig. 4 Raw data of transmittance test. (a) 0.6—0.9 um sapphire
transmittance, (b) 3.4-5.1 pum sapphire transmittance,
(c) 3.4-5.1 pum silicon transmittance
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Table 3 Transmittance characteristics of the specimen

Transmittance [%]

Material Thickness
ateria [mm] Wavelength Wavelength
(0.75um) (4.25um)

Sapphire 2 91.06 91.13
Sapphire 18 75.66 75.79
Silicon 2 - 98.69
Silicon 40 - 86.67
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Fig. 5 Geometry information of the optical window assembly

Table 4 Constituent materials of the optical window assembly

No. Part name Materials
1 Optical window frame TC4
2 Retainer TC4
3 EO window Sapphire
4 IR window Sapphire
5 Gasket NBR 70

(a) )

Fig. 6 Finite element model information of the optical window
assembly. (a) Front view of the assembly (mesh geometry
information), (b) Boundary conditions of the assembly, A’
hydrostatic pressure load condition, B' fixed support
constraint condition
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Table 5 Constituent materials of the optical window assembly

Properties TC4 Sapphire
Elastic modulus [GPa] 106 375
Poisson’s ratio 0.3 0.25
Density [g/cm?] 4.55 3.96
Yield strength [MPa] 824 -
Compressive strength [MPa] - 2,000
Tensile strength [MPa] - 282.97

(a) (b)
49.045 Max 94.869 Max
39.934 78952
30.822 63.034
211 47117
12.598 31.199
34857 15.281
-5.6263 -0.63608
-14.738 -16.554
-23.85 -324M
-32.962 Min -48.389 Min
© : @ (
0.00013251 Max 0.00021175 Max
0.00011627 0.00018451
0.00010002 0.00015728
83774e-5 0.00013005
6.752%9e-5 0.00010281
5.1283e-5 7.5579e-5
3.5038e-5 4.8345e-5
1.8792e-5 21111e-5
2.5467e-6 -6.1226e-6
-1.3699%-5 Min -3.3356e-5 Min

Fig. 7 Finite element analysis results. (a) EO Window maximum
principal stress, (b) IR Window maximum principal stress,
(c) EO Window strain, (d) IR Window strain
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Table 6 Design scope and experimental results

Thickness [mm] M [t] T [t]
2 - 0.91
5 - 0.91
15 -0.52 -
16 -0.33 -
18 -0.17 0.76
20 -0.1 0.70
22 0.2 -
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Fig. 8 Safety margin and transmittance according to optical window
thickness derived through interpolation

Table 7 Optimal solution obtained from interpolation
Type T [mm] f[M] f[T]
Optimal solution 20.2 0.03 0.694
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