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This study analyzes watertightness failure modes and
their effects on the reliability of underwater sensor
module interfaces under repeated depth-cycling
conditions. The scope of the interface analysis is
considered in terms of connector fastening, cable inlet,
O-ring/sealing section, molding-material interfaces,
and internal electrical interfaces. The effects of cyclic
hydrostatic pressure, flow-induced vibration, cable
bending, connector micro-loosening, and molding
degradation are reviewed. The analysis indicates that
watertightness failure is likely to result from the
combined effects of structural and environmental
loading and material degradation rather than a single
factor, while subsequent moisture ingress may lead to
electrical reliability degradation. In particular,
connector micro-loosening may immediately reduce
sealing compression and cause rapid loss of
watertightness integrity. This study uses basic
engineering relationships for hydrostatic pressure and
drag as analytical framework and suggests future cyclic
pressure testing and FMEA-based quantification.

2= MM 2E(Underwater Sensor Module),
2= 13 H7L|S(Watertightness Failure
Mechanism),

B 423K Repeated Depth Cycling),
7{4lef 0|4 £&(Connector Micro-Loosening),
A 2| = (Reliability)
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Fig. 1. Analysis scope of the underwater sensor module
interface
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Fig. 2. Conceptual operating environment of the under-
water sensor module under repeated depth cycling

© FR g AdE ny 2Y, 4Y R 2
AT}, BYA Lok, A e, S 3

e
(T

T

1038 2026; 9(3); pp. 1037-1045

A5 43}
AL A AR A A%, 5H AAY
FALLNY, AP 71 TFBRE AH D S5

ol

Shin and Ahn& ZI Y& datAE
ST EA4S 245t ESE" A
SF AN 7158 ArE EE&E
StATH1]. Wang 52 %ﬂ—c’r I5 A

Eot}2]. Josyula &
A" 22 7] ]74501] l
AN E4sERAIL[3],

e dge 29
Taourit 52 chain scission I}& of A —f-:._‘—Fl]—,—Eﬂ =}
EYT 72 25 /1A 549 BAE A
A4l oS AL TYA +2 FLo AR B4
9 AW 40 M 44 R U FHoko] JL
2154 L REARG

Tran and Le= &5
O-ringS &-8§3% 5+ et Al
A e, Am AH, 29

< A5 tH[5]. An 52
oz g3t g As) Tt E}%%% Eﬂ‘ﬂ—%
Ay 1A 9 gE 7 Al

ST, B T FEE B A7 45 A

A BE &S HEAT, 55 H4 PR A A
3t 72 AHEE G e sof ek Foj A
37437k gheh.

Journal of the KNST



Jun Jeong et al., Analysis of Watertightness Failure Mechanisms and Their Effects on the Reliability of Underwater ... KNST

Table 1. Previous studies and technical references related to the present study

Study / Reference Main Findings and Application to This Study
] Study on the Underwater Acoustic Properties of Underwater acoustic properties of polyurethane elastomer
Polyurethane Elastomer — Basis for acoustic applicability of molding/protective materials

Water Transport Mechanism and Performance Evaluation  Water transport mechanisms and performance changes in polyurethane

in Polyurethane Materials: A State-of-the-Art Review — Basis for moisture ingress and long-term performance analysis
3 Modelling the Influence of Moisture on the Mechanical Moisture-dependent mechanical behavior of crosslinked PU adhesives
Behaviour of Crosslinked Polyurethane Adhesives — Basis for interfacial property and adhesion assessment

Relationship Between Network Structure and Ultimate
4 Properties in Polyurethane During a Chain Scission
Process

Network structure and ultimate—property changes during chain scission
— Basis for material-property changes associated with degradation

Research on a Sealing Solution Using O-Rings in the

5 Design and Manufacture of Underwater Observation O-ring—-based sealing design for underwater observation devices

— Basis for watertight sealing and pressure—condition assessment

Devices
6 Analysis of the Reliability of Subsea Clamp Connector Sealing and structural reliability of subsea clamp connector
Based on Multiple Response Surface Methodology — Basis for integrated sealing/structural reliability assessment
7 Dielectric Strength of Polymeric Solid-Solid Interfaces Factors affecting dielectric strength of solid-solid interfaces
under Dry-Mate and Wet-Mate Conditions — Basis for dielectric degradation after moisture ingress

Fastener design, torque, locking, fatigue and corrosion considerations

8  Fastener Design Manual . . ) .
— Basis for connector fastening and micro-loosening assessment

Methodology for planning FMEA and identifying failure modes, effects,

9 |IEC 60812:2018, Failure Modes and Effects Analysis causes, and relative importance
(FMEA and FMECA) — Methodological basis for classifying connector—interface failure modes
and qualitatively prioritizing key vulnerabilities
23 A AR AA W A7 A AAH AL HEgeR olg 805 8ot 2 LRI A
e JFdS EAT A7 Al A o] it 7 A
Barrett2] NASA Fastener Design Manual2 H 2 = o]83t QA E HWHE 4] HI S0 A 9 HEH
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Y Ae4e AEse o BT 4+ A ER ol ek
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Table 2. Actual connector geometry-based interface configuration and key vulnerabilities

Component Function Key Vulnerabilities
Sensor Module Supports the bulkhead receptacle and transfers Molding cracking, metal-to-molding interfacial debonding,
Body external loads to the sensor module structure localized load concentration

Bulkhead Connector  Mounted on the sensor-module side, mates with the  Damage to mating surfaces, load concentration at the fixed

Receptacle cable plug, and supports electrical contacts region, leakage risk due to reduced sealing compression
O-ring Sealin Compressed at receptacle—plug interfaces to Compression set, surface damage, assembly defects, reduced
g 9 prevent seawater ingress compression ratio

Engaging Nut Maintains engagement between the cable plugand  Micro-loosening from vibration/cable loads, loss of clamping

bulkhead receptacle force, reduced sealing compression
Cable Connector Plug Supports contacts and insulation and provides Housing or mating-surface damage, contact misalignment,
Body electrical/mechanical mating with the receptacle sealing—surface degradation
- . Retains the engaging nut and prevents axial Deformation, damage, or loss of retention can reduce
Retaining Ring . . o
displacement connection stability
. Seals the cable termination and relieves Cracking or interfacial debonding from repeated bending,
Cable Molding : : . ) - -
bending/tensile loads degradation of strain-relief function
Transmits signals/power and can transfer external Repeated bending/twisting, jacket damage, moisture
Cable . C T
loads to the interface migration along the cable

1040 2026; 9(3); pp. 1037-1045 Journal of the KNST
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ability of the connector interface dE uA EH2 Z7FE3HA Qlo] A FHAQA S8
o _ AT ARE F4T > o0, BY4 dae Aw
nfluencing Factor escription _ -
~ = et 7| FE 5 PAHo 2 »U AHYL F
Flow and = Drag and vibration ind_ucgd by flow 7FA 2 4= 9T},
o = Repeated load transmission to the
Vibration ;
connector interface
Cable . Strgss concentration at the _cable inlet 6. :ﬂ?ﬂ‘%“% l;_l ‘;1:‘,9. _;Hg]':,l_il_ E A_:']
Bendi = Fatigue damage and formation of leakage
ending paths
- _ H 1o AL IEC 608129 FMEA 4] S
Connector = Reduction in clamping force - . .
Micro-Loosening Decrease in sealing compression — rapid 5te] &Eo uAGE, Y B9, 59 9l 1
degradation of watertightness = =
9 9 g iAUZ L A=E JFe TRACHI]. 1EC
Molding Material = Hardening and embrittlement due to L B AOAFS LA Q A T 7] r}o x
Degradation moisture and aging 60812= TANYE 7484 Ee 7T EAE A
oot 1489, 149 L 2HLAL A

= Reduction in adhesion at material ’
Interfacial interfaces o At|d =95 &

=]
b = o R

Debonding = Formation of micro-gaps — moisture -

ingress paths o 2 d3E= AR 334E 2 A9 HolH7F gl
i=iyed vl A A H A =] H}A Al 7F A=
Cyclic = Repeated compression and recovery of o OJ— 7] ‘l— é é s "_1 o] u=, g gl:'— I RARUSEE EEOH
Hydrostatic the sealing section _ _ w2 RPN A 7= $51A] a1 AA-AH
Pressure = Repeated loading on the fastening section B e . ~ o

and interfaces o B4 B 7o kA AT o] gt 7| o BE F
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Table 4. Qualitative FMEA of connector-interface failure modes associated with watertightness degradation

Failure Mode Location Main Cause Failure Mechanism Reliability Effect

Repeated vibration, cable Reduced sealing compression Rapid loss of

Connector Micro—- Connector Fastening L L . watertightness and
. ) bending, insufficient and formation of gaps at S ;
Loosening Section . . significant moisture
tightening torque contact surfaces ;
ingress
Cable Inlet Flow mducgd Ioads,. Jacket damage and degradation Moisture mlgr.atlon allong
Cable-Sensor Interface  repeated bending, tension . . - the cable and intermittent
Damage . of strain-relief function .
and torsion failure
. . . Material-property mismatch, . . . . .
Interfacial Molding Material-Metal/ ) . Reduced interfacial adhesion Formation of moisture
: moisture ingress, repeated . . .
Debonding Cable Jacket Interface . and growth of micro-debonding ingress paths
shear loading
Sealing . . . Compression set, surface Reduced contact pressure and Degradation of
t O-ring / Sealing Section : :
Deformation damage, assembly error localized leakage watertightness

Moisture absorption, Degradation of protective

Molding Sensor Molding Body / hardening/ Initiation and growth of . )
. . . : function and acceleration
Material Cracking Interface Area embrittlement, repeated micro—cracks of interfacial leakage
loading 9
Internal Electrical Pin-Socket Contacts . . . Degradation of |r)sulat|on Signal anpmalles,
. Moisture ingress and salinity performance and increased malfunction, and
Interface Damage and Insulation ) ) .
contact resistance functional failure
55930 50 FGYH A JFLS Tabled A F2 L Tejdto] FFHA RPN Brh 293
ol st ie. A 3, 5l A S5, BA ol E, I E J A
% e ol% RES /| F0 8 8 FHopre] 34
6129 Z|OFH 0 120 A A=A E Bt A
ol FAEHE #E JH £, &A HolEx, AF
B ApodL A4 2% LA Holert guy E QP L e ol UgEE FAHoR 1
4 o)), %A JAUE H4E JuatA &
ot
Table 5. Qualitative rank of key vulnerable areas and ra— =
tionale
7. Al F = oAskEA] 712k
Rank Vulnerable Area Rationale Lﬂ ° ‘}: ©
Connegtor Micr.o—loosening can r.apidly r.educe 71715 A F % 9
1 Fastening sealing compression, increasing the
Section likelihood of rapid watertightness loss.
2H 1EL 2O = Z 5t 2 Al T are
Flow and bending loads are repeatedly e AFs A= I7h A= At R A2 g5S
2 CableInlet  concentrated, and damage may lead to LuFst 4= 9lth. 27| = 7+d & A5 o] o 2 e
moisture migration along the cable. -
WARE, AZEo]l AU 75 AsE B Vs AAE
Molding . _
- BF A 8F &~ o
Material-Metal/ Early-stage damage is difficult to detect =l el
3 and may develop into a long-term
Cable Jacket . )
moisture ingress path.
Interface
Z al x A [o=ke)
A critical watertightness component 7272 AARAHE TF
4 O-ring / Sealing manageable through proper
Section compression, surface condition, and 2O o ulg] 2 AlgE HEo AAHo
assembly inspection. =3 4, ﬁ]_“ el LA W - jj_'_'_A
— T2 AR ABAZITh ¥ 4 W5} 3k o A
Internal Functional failure usually follows e oo B o
5 Electrical moisture ingress and is therefore a L&A 207 ord Walo| et vrEgo s g1
Interface consequence, not a primary cause, of S| HA S8 AE Azt dgE 2= 9ok e d

watertightness failure.
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Table 6. Future test, evaluation and quantification plan

Test Item

Cyclic Pressurization /
Depressurization Test

Test Method

Apply repeated pressure corresponding to the specified
operating-depth range

1 HAHYS H

r=

2|

08
oot
FI
1z

Evaluation Criteria

Leakage, external damage, and changes

in insulation resistance

Fastening Loosening Evaluation

Compare initial tightening torque with residual torque
after repeated loading

Change in residual torque and
effectiveness of the locking structure

Comparison of Mass, Hardness, and
Mechanical Properties Before and
After Immersion

Compare mass, hardness, and tensile properties before
and after immersion in seawater or artificial seawater

Moisture absorption, hardening,
cracking, and degradation of
mechanical properties

Interface Observation

Cross-sectional observation after testing using
microscopy or CT inspection

Identification of debonding at molding
material-metal/cable jacket interfaces

Electrical Performance Evaluation

Measure insulation resistance and signal quality before
and after cyclic pressure loading

Insulation resistance degradation,
intermittent failure, and signal
anomalies

Assess Severity (S), Occurrence (0), and Detectability

Quantitative prioritization of vulnerable

FMEA Refinement (D), and calculate RPN based on test results areas
S wE ugRGE 124 ET AgEel £U E, AF A AE g 48 Bast e Aol
9P 2 714l 9102 i Ao H™sl} 2 QgRolE 2B DX 225 H g3}l §
£ 05237 5150 A& To] AFH A FES o}
7.3 A7) w2 Au)g 4 gt O-ring/APF= F5HE, T 3, YU 25,
Y 34 9 AR JEE $A nelojor vt BY
47t MR ArlARoE AESE BAXNY A A% FS EE AR W Aol YA, B
S, rAAR S/ WY FA W HEAGZALE A, 48 §4 L AR B4 Mol s AA
QY5 Aol 1R dpon 2 gasty]  Dasi.
oY1, U At Ful7t 44D S ek BY E
L% TR SR AY FAADEH TA g gu) 1wy
Qul o} o u]E 48 F7} o o 4 2 itk
JeAATORE 27] AW v, A FHE A
8. 3% AW} 0 Aeks vk S, % 48 W52 A5 ol Fr] A AY
B A 24H, Ad B2, A58A AH, AlolE 4
2 AF= 2 71N G £A40lER, AT 44 5 S GAsjor . dAAT SAHAR A
T 5 Fol]7] A= FF A Y 7|89 H 5ol a5t FEA A= BYoIH 27 & IF E= HWF A7
o 5 APS 53 1F golHE FHe Fo AW oS 27| BAD & A v 4 s}
IEC 608120] A A A|5t= A7 (severity), WY &= o|go] FHH HEL i AFRAIZHE of Y gt Y
(occurrence) ¥ HEI (detectability)E 7|HtO 2 Aol Z old S 7|Hto = HeT B 7t ok B3k
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