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Abstract: As part of the global transition toward carbon-free marine fuels to meet IMO 2050 targets, liquefied hydrogen has emerged 

as a promising alternative. However, its cryogenic storage conditions requirements and explosion risks necessitate highly reliable 

pressure monitoring devices. This study applies failure modes and effects analysis (FMEA) to evaluate the reliability of pressure sensors 

and transmitters used in hydrogen-storage ship systems, which are exposed to extreme environments such as cryogenic temperatures, 

high pressure, humidity, and electromagnetic interference. Failure modes were identified through expert analysis of smart and cylin-

drical sensor structures. Severity, occurrence, and detection scores were assigned to each failure mode, and the risk priority numbers 

(RPNs) were calculated. High-risk failures were concentrated in signal processing and transmission components. To support design 

decisions, we also performed a quality function deployment (QFD) analysis. The critical user and certification requirements were 

linked to technical responses and environmental test conditions. Humidity, lifetime, and low-temperature resistance were identified as 

key factors. The combination of FMEA and QFD enables efficient resource allocation and helps prioritize design improvements, con-

tributing to enhanced sensor reliability for application in hydrogen-based marine environments. 
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1. Introduction 
Under the International Maritime Organization (IMO)’s green-

house gas (GHG) reduction strategy, the international shipping 

sector must reduce its GHG emissions by at least 20% by 2030 

and at least 70% by 2040 compared with the 2008 levels, with 

the ultimate goal of achieving net-zero emissions no later than 

2050 [1]. In response to this tightening global regulation and 

growing demands for improved marine atmospheric conditions, 

the transition from conventional fossil fuel-powered vessels to 

LNG-fueled ships has been accelerating [2][3]. However, LNG 

serves only as a transitional fuel that offers short-term GHG 

emission reductions compared with conventional fuels, and a 

complete shift to carbon-free fuels is essential to meet the IMO 

2050 targets [4]-[6]. Consequently, next-generation carbon-free 

fuels such as ammonia and hydrogen have emerged as key alter-

natives. 

Because of the inherent physical properties of ammonia and 

hydrogen, such as the toxicity and low flammability of the former 

and the high flammability and explosion risk of the latter, these 

next generation fuels require significantly higher levels of safety 

and technical reliability in their storage and handling processes 

than those implemented in conventional fuels [7][8]. In particu-

lar, ships have strict spatial constraints, making gaseous fuel stor-

age inefficient owing to low volumetric energy density. Conse-

quently, liquid-state storage is required to improve space effi-

ciency. In the case of hydrogen, storage and transfer must occur 

at cryogenic temperatures of −253 °C. Furthermore, because hy-

drogen poses a severe explosion hazard in the event of leakage, 

highly reliable monitoring devices that can operate stably under 

extreme conditions are essential for onboard storage systems. 

Monitoring systems incorporate a range of sensors that detect 

and transmit various physical properties such as pressure, tem-

perature, flow rate, level, and viscosity in real time to ensure safe 

storage and transfer of fuel [9]-[11]. Among these, pressure sen-

sors and transmitters are critical components as they continu-

ously monitor the internal pressure of storage tanks and supply 

lines, allowing for early detection of abnormalities such as leak-

age, overpressure, and blockage. 
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However, conventional pressure sensors developed for exist-

ing fuels are not designed to withstand the cryogenic tempera-

tures and hydrogen embrittlement encountered in liquid 

 hydrogen environments. Therefore, systematic failure analysis 

and corresponding design improvements are required to ensure 

sensor reliability under such extreme conditions. 

To systematically analyze the major failure modes and their effects 

on the pressure sensors used within liquid hydrogen fuel storage and 

transfer systems onboard ships, we performed failure modes and ef-

fects analysis (FMEA). In addition, a quality function deployment 

(QFD) approach was used to identify and prioritize customer re-

quirements and the corresponding test conditions for the develop-

ment of high-reliability pressure sensors. 

FMEA is a structured risk assessment method that evaluates the 

probability of failure, severity of consequences, and difficulty of de-

tection for individual components. It has been extensively utilized in 

the aerospace and automotive industries [12]-[14]. QFD serves as a 

strategic tool that incorporate customer needs into product design 

and development and has been widely adopted at the initial stages of 

product planning across various sectors [15]-[17]. 

In this study, FMEA was applied to pressure sensors that monitor 

pressure during the fuel storage and transfer process, and various fail-

ure modes that may occur in the liquid hydrogen tank environment 

were classified. Improvement strategies were proposed for high-risk 

items based on critical analysis. Subsequently, a QFD analysis was 

performed to prioritize the environmental test items required for the 

development of pressure sensors and transmitters for liquid hydrogen 

storage systems. Through these analyses, this study aims to establish 

a development direction for high-reliability pressure sensors and 

transmitters that can operate stably in cryogenic liquid hydrogen en-

vironments, thereby contributing to safety enhancement in hydro-

gen-fueled and storage ships.  

2. Methodology for FMEA and QFD
2.1 FMEA Methodology 

FMEA is a structured reliability evaluation technique that system-

atically identifies all potential failure modes that may occur during 

the design and operation of a system or equipment. It evaluates the 

effects of each failure on the overall system and establishes preven-

tive measures based on the findings [13][14]. 

Figure 1 shows a flowchart outlining the FMEA process used in 

this study. The procedure begins by clearly identifying the functional 

units that constitute the target system. Since most systems consist of 

multiple subsystems and components, it is essential to define an ap-

propriate level of decomposition that aligns with the analysis objec-

tive. This level must correspond to the degree at which the identified 

improvements can be practically applied. Once the functional units 

are determined, the potential failure modes that may occur when each 

function fails are estimated. The effects of each failure on the entire 

system or related higher and lower levels are then determined. The 

causes of failure under various conditions, such as mechanical dam-

age, thermal effects, cyclic loading, wear, and lubrication problems, 

are further identified [18][19]. 

The next step involves evaluating three parameters, namely sever-

ity (S), occurrence (O), and detection (D), each rated on a ten-point 

scale. The risk priority number (RPN) is then calculated as the prod-

uct of these values using the equation RPN = S × O × D. The RPN 

does not represent the absolute risk of a failure mode but serves as a 

comparative index to assess relative risks within the same system or 

analytical scope. This approach makes it possible to prioritize failure 

modes with severe consequences despite low likelihood, or those that 

occur frequently but are difficult to detect [12]. In particular, recent 

studies in the field of marine engineering have demonstrated the ap-

plicability of FMEA for complex ship systems, including autono-

mous engine rooms [20]. Building on this framework, the present 

study performed FMEA for pressure sensors and transmitters used in 

liquid hydrogen storage systems to identify critical failure modes and 

guide design improvements. 

Figure 1: Flowchart of FMEA 
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2.2 Functional Analysis 
In ships, pressure sensors and transmitters serve as essential com-

ponents for maintaining the safety and operational efficiency of fuel 

systems by continuously monitoring the pressure of gases, liquids, or 

the internal environment of storage tanks and providing real-time 

data [21]. Pressure sensors detect physical pressure and convert it to 

an electrical signal, whereas transmitters process this signal into us-

able data for the control system. This information plays a vital role 

in managing fuel flow within storage tanks, pipelines, and supply 

lines, as well as in identifying abnormal conditions at an early stage 

[22][23]. 

In particular, the reliability and durability of pressure sensors and 

transmitters become even more crucial in cryogenic environments, 

such as those associated with liquid hydrogen storage systems. These 

environments frequently induce phase transitions between the gase-

ous and liquid states of the fuel, and the resulting pressure fluctua-

tions can directly impact system stability [24]. Therefore, pressure 

measurement devices used under cryogenic conditions must exhibit 

high reliability and operate accurately and consistently even under 

thermal stress and external disturbances. 

Pressure sensors can be classified into various types based on their 

operating principles; however, this study focused on two sensor and 

transmitter types commonly used in marine storage systems. Figure 

2 shows the representative structure of the smart sensor type [25], 

whereas Figure 3 shows the cylindrical sensor type [26]. The func-

tional analyses of each type are summarized in Tables 1 and 2. The 

smart sensor features an integrated digital display, allowing on-site 

users to directly view measured pressure values and conveniently ad-

just settings or check system status. In contrast, the cylindrical sensor 

is a simplified model without a display. It transmits the measured 

pressure data to a control system via a transmitter and is primarily 

used for remote monitoring. 

Figure 2: Structure of the smart sensor  

Figure 3: Structure of the cylindrical sensor 

Table 1: Functional analysis of the smart sensor 

Node Item description 

1 Head unit 
1.1 Cover & Housing 
1.2 Transmitter electronics 
1.3 LCD module 
2 Process connection 
2.1 Process inlet port 
2.2 Sealing unit 
2.3 ASIC (Application-Specific Integrated Circuit) 
3 Sensor module 
3.1 Membrane 
3.2 Vacuum/reference pressure path 
3.3 Sensor chip 
3.4 Wheatstone Bridge 
3.5 Signal Output Pad 

Table 2: Functional analysis of the cylindrical sensor 

Node Item description 

1 Process connection 
1.1 Process inlet port 
1.2 Sealing unit 
1.3 ASIC (Application-Specific Integrated Circuit) 
2 Sensor module 
2.1 Membrane 
2.2 Vacuum/reference pressure path 
2.3 Sensor chip 
2.4 Wheatstone Bridge 
2.5 Signal Output Pad 
2.6 Capacitive Signal Output Path 
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2.3 QFD Methodology 
QFD is an effective tool for enhancing design quality and reducing 

late-stage development costs by systematically translating customer 

requirements into technical specifications at the early stages of prod-

uct design [16]-[17]. By converting the customer-specified needs to 

a form interpretable by designers and developers, QFD facilitates 

product development that maximizes customer satisfaction at the in-

itial phase. This makes it particularly suitable for systems such as 

high reliability sensors where the operating environments are ex-

treme and potential failures can be critical. 

In this study, QFD was applied to pressure sensors and transmit-

ters intended for use in liquid hydrogen storage environments. A total 

of eight customer and certification body requirements were selected, 

namely accuracy, maximum pressure capacity, high reliability, low 

temperature resistance, moisture resistance, vibration resistance, 

electromagnetic compatibility, and pressure containment. Addition-

ally, nine environmental test items were selected for evaluation, 

namely high temperature, low temperature, vibration, humidity, ther-

mal cycling, pressure, dielectric voltage and current, electromagnetic 

interference, and service life. These requirements were derived 

through literature review, analysis of relevant classification society 

standards, examination of existing commercial product specifica-

tions, and interviews with operators of cryogenic fuel systems [27]-

[33]. The selection process also reflected the environmental and op-

erational characteristics specific to shipboard applications and liquid 

hydrogen systems. 

QFD provides a visual representation of the priority relationships 

between user needs and the corresponding test items or design re-

quirements, offering meaningful support in establishing develop-

ment strategies beyond a simple listing of functions. In particular, the 

performance of pressure sensors and transmitters in liquid hydrogen 

systems is directly affected by variations in temperature and pressure. 

Therefore, prioritizing relevant environmental test items is a key fac-

tor in ensuring product reliability. These devices must endure high 

pressure and low temperature conditions, as well as combined 

stresses such as vibration, moisture, and electromagnetic interference 

over extended periods. Incorporating these considerations into the 

design process through QFD is essential. 

The QFD performed in this study established a foundation for 

achieving high reliability design at the early development stage by 

analyzing customer requirements and evaluating the relative im-

portance of environmental test items based on their correlation with 

design input elements. It is expected that the results of this QFD anal-

ysis can be applied throughout the full development cycle of sensors 

for liquid hydrogen-fueled ships, including technical specification 

definition, performance certification planning, and test evaluation 

strategy formulation. 

2.4 Evaluation Criteria for FMEA and QFD 
In this study, FMEA was performed on pressure sensors and trans-

mitters used in liquid hydrogen storage and supply systems, focusing 

on the failure modes that may occur during ship operation and in cry-

ogenic environments. Although the typical risk evaluation criteria in 

FMEA consist of severity, occurrence, and detection rated on a ten-

point scale, the detection score was excluded in this study as faults in 

pressure transmitters are generally highly detectable. The evaluation 

criteria, excluding detection, were reestablished with reference to 

MIL-STD-882D and existing FMEA-related literature 

[18][19][34][35], as presented in Tables 3 and 4. 

The FMEA evaluation items consisted of severity and occurrence, 

each classified into three levels. The combination of these two items 

was divided into a total of five levels as shown in Figure 4, with 

scores converted to 1, 3, 5, 7, and 9 points. The scoring system was 

categorized according to risk levels, where 9 points indicated intol-

erable, 3 to 7 points indicated As Low As Reasonably Practicable 

(ALARP), and 1 point indicated broadly acceptable. 

Severity was evaluated based on the impact of a failure on system 

safety and operational stability. Occurrence was assessed by compre-

hensively considering the actual failure frequency, structural reliabil-

ity, and environmental durability in ship operation and cryogenic  

Table 3: Evaluation criteria of severity 
Level Description 

High (3) 
Failure may cause critical incidents (e.g., ex-
plosion, leakage, fire) or lead to system shut-
down or operational halt. 

Medium(2) Sensor failure may reduce system perfor-
mance or cause equipment damage. 

Low(1) 
Failure has minimal impact; the system re-
mains operational with possible warnings or 
replaceable components. 

Table 4: Evaluation criteria of occurrence 
Level Description 

High (3) 
Sensor failure may occur multiple times dur-
ing its service life or is frequently reported in 
similar systems. 

Medium(2) Failure may occur once during the service 
life; has theoretical or practical possibility. 

Low(1) 
Rarely occurs or no known cases reported in 
practice. 
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Figure 4: Risk matrix table 

conditions. To this end, failure history data from a total of 12 vessels 

equipped with LNG cargo or fuel systems were examined. Expert 

evaluation was then carried out by a panel consisting of three field 

professionals with over ten years of experience in the design, manu-

facturing, and production of pressure sensors and transmitters. 

Meanwhile, QFD was used to link the user and certification body 

requirements of pressure sensors with test items and technical speci-

fications. The evaluation was performed in two stages. In the first 

stage, the importance scores were calculated by evaluating each fail-

ure mode against major customer requirements. A total of eight re-

quirements were selected, namely accuracy, maximum measurable 

pressure, high reliability, low temperature resistance, moisture re-

sistance, vibration resistance, electromagnetic compatibility, and 

pressure containment capability. 

In the second stage, test items associated with each failure mode 

were evaluated, and the importance scores derived from the first 

stage were used as weights to calculate the total scores of each test 

item. Nine test items were selected, namely high temperature, low 

temperature, vibration, humidity, thermal cycling, pressure, dielec-

tric voltage and current, electromagnetic interference, and service 

life. The same expert panel as in the FMEA evaluation performed the 

assessment using a four-level scoring system: 9 points (very im-

portant), 5 points (important), 3 points (moderate), and 0 points (ir-

relevant). 

The QFD results contributed to the efficient allocation of re-

sources and the selection of key performance factors during product 

design and test strategy planning. Furthermore, they were combined 

with FMEA results to establish the improvement directions for high-

risk design elements. 

3. Results and Discussion

3.1 FMEA Results 
A total of 47 and 22 failure modes were identified in the Smart 

Sensor and Cylindrical Sensor, respectively based on the FMEA re-

sults, both of which are applied to the pressure sensors and transmit-

ters used in liquid hydrogen storage systems on ships. The detailed 

failure modes are shown in Tables 5 and 6. 

The failure modes categorized as intolerable included the use of 

non-standard cable glands in the Smart Sensor, which may cause 

leakage, and structural damage to the process membrane. In the Cy-

lindrical Sensor, one case of damage to the process membrane was 

included in this category. These failures may lead to critical func-

tional losses such as failure to measure pressure or leakage. Notably, 

most of these cases were attributed to human errors such as assembly 

mistakes or failure to use standard parts. 

These results were used to establish preventive measures and de-

sign improvements for the intolerable failure modes, as summarized 

in Table 7. These include actions such as familiarization with instal-

lation guidelines and standardization of components. The second-

round RPN analysis results that reflect these countermeasures are 

also presented. 

The identified failure modes and corresponding risk assessment 

results can be used as a basis for establishing design improvements 

and preventive maintenance strategies aimed at enhancing the relia-

bility of sensors and ensuring operational safety under cryogenic and 

vibration conditions typical of liquid hydrogen environments. In par-

ticular, for high-risk failure modes, linkage with the QFD analysis 

allows for the identification of test items that require focused man-

agement, supplementation of environmental test conditions, and es-

tablishment of monitoring and diagnostic strategies to enable early 

detection and enhance sensor performance. 

3.2 QFD Result 
Table 8 depicts the results of the first phase of the QFD analysis, 

whereas Table 9 shows those of the second phase. The Cylindrical 

Sensor was evaluated using the same procedure. However, since 

most of its components overlapped and the results were similar, it 

was omitted in this study. In the first phase (Level 1), importance 
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Table 5: FMEA result of the smart sensor 
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Table 6: FMEA result of the cylindrical sensor 

Table 7: Intolerable failure modes and RPN reduction through design recommendation 

Node 
(type) 

Item descrip-
tion 

Failure 
Mode 

(Intitial) 
Recommendation 

(Revised) 
S O RPN S O RPN 

1.1.4 
(smart) Cable gland Non-compliant 

specification 
3 3 9 

Check detailed specifications and conclude, 
Ensure full understanding and compliance 
with the installation manual 

3 2 5 

3.1 
(smart) 

2.1 
(Cylindrical) 

Process Mem-
brane 

Damage 3 3 9 

Maintain protective devices during handling, 
Conduct training on handling precautions, En-
sure full understanding and compliance with the 
installation manual 

3 2 5 

Table 8: QFD result of the smart sensor (Level 1) 

S O RPN

1

1.1

1.1.1   Cover Protection of internal electronic components Crack/ Loosening external shock/ Vibration
Moisture or foreign matter may enter electronics, causing
failure

2 1 3 Visual inspection

1.1.2 Cover sealing mechanism Protection of internal electronic components Wear/ Fracture Seal degradation, temperature change	
Moisture or foreign matter may enter electronics, causing
failure

3 1 5 Visual inspection, leakage test

Loosening Insufficient tightening torque, vibration	Sensor separation 3 1 5
Visual inspection, leakage test, torque
check

Fracture Excessive/repeated tightening	 Sealing failure, Leakage 3 1 5 Visual inspection

1.2

Leakage
Insufficient crimping, damage,
degradation

Fluid leakage, contamination 2 2 5
visual inspection, monitoring pressure
chacnge

Fracture Tearing/friction during assembly	 Sealing fail, contamination 3 1 5
Visual inspection,
Leakage Test

1.3

Signal Distortion Electrical Noise, filter circuit damage	 Incorrect pressure data transmitted 2 1 3
Filter response frequency test, output
waveform monitoring

Output Instability
Capacitor leakage, transistor
deterioration

Incorrect pressure data transmitted 2 1 3
Real-time Output Tracking, Response
Graph Monitoring

Output Short
Open circuit, overvoltage, poor
soldering

Unable to transmit pressure data 3 1 5
Measurement of circuit resistance,
monitoring input/output voltage levels

Conversion Failure Clock failure, sampling error	 Incorrect pressure data transmitted 2 1 3
conversion response time, inject ADC test
signal

Accumulated Error Reference voltage degradation	 Incorrect pressure data transmitted 2 1 3 Periodic calibration

Communication Error
HART/RS485 circuit error, Electrical
noise

Unable to transmit pressure data 3 1 5 Transmit/receive ACK detection

Output Failure Driver IC damage, solder open	 Unable to transmit pressure data 3 1 5
communication port signal level, loop
back test

Abnormal  Output Waveform Buffer error, firmware fault	 Incorrect pressure data transmitted 2 1 3 Output signal CRC

2

Fracture Overpressure, fatigue	 Oil leak, Unable to measure pressure data 3 1 5
Visual inspection,
Leakage Test

Deformation
Thermal exposure, fatigue, Material
deterioration

Drift and signal error 3 2 7 calibration deviations

Damage Installer error, mishandling	 Unable to measure pressure data 3 3 9 Output Drift Trend Measurement

2.2
 Vacuum/Reference
  Pressure Path

Maintenance of reference pressure Vacuum Loss Seal degradation, temperature change	 Nonlinear output, drift 2 1 3 Monitoring output Trends

No Output Chip damage, overvoltage, bond failure	No signal, system failure 3 1 5 Monitoring output signal

sensitivity reduction Thermal stress, oil bubble migration	 Reading deviation, uncorrectable 2 1 3 error tracking,

2.4  Wheatstone Bridge Conversion of pressure to voltage difference Imbalance High temp, component  deterioration Output error, lower accuracy 2 1 3 calibration abnormalities monitoring

2.5  Signal Output Pad 	 Transmission of electrical signals to external circuits Open circuit Vibration, poor soldering, stress	 Signal loss, communication failure 3 1 5 loop back test

Sensor Module

2.1  Process Membrane Reception of pressure and transmission through oil medium

2.3  Sensor Chip 	 Pressure sensing and output based on resistance variation

1.3.2
  ADC + Temp
  Compensation Logic	

Analog-to-digital conversion and temperature compensation algorithm

1.3.3   Digital Output Driver	 Output via external protocols such as HART or RS485

  Sealing Unit

1.2.1   PTFE O-Ring Leak-tight sealing using non-gas-permeable material

 ASIC

1.3.1   Analog Front-End (AFE) Filtering and amplification of low-current pressure signals

Process Connection

 Process Inlet Port

1.1.3   Threaded Section Mechanical connection to piping using threaded standards such as NPT

Node Item desctiption Function Failure Mode Failure Cause Failure Effect
Risk Matrix

Detection of Failure

Housing
Terminal

Block
Regulator

EMI
Filter

Vacuum/
Reference

Pressure Path

Wheatstone
Bridge

                             Failure modes

Requirements

Crack/
Loosening

Delamination Fracture
Packing
Damage

Crack/
Loosening

Non-
compliant

specification
Loosening

Contact
Failure

Power
Supply
Failure

Control
Signal

Fluctuatio
n

Loss of
Control

Function

Pressure
offset
error	

Signal
Transmissio

n Failure

Signal
Transmissio

n Error

Lost circuit
protection
function

Signal
Transmiss
ion Error

Signal
Transmissi
on Failure

Display
Error

Display
Failure

Intermittent
Operation

Operation
Failure

Intermittent
Operation

Operation
Failure

Intermittent
Operation

Operation
Failure

Intermittent
Operation

Operation
Failure

Loosening Fracture Leakage Fracture
Signal

Distortion
Output

Instability
utput Sho

Conversion
Failure

ccumulated Err
Communication

Error
Output
Failure

Abnormal
Output

Waveform
Fracture Deformation Damage Vacuum Loss

No
Output

sensitivity
reduction

Imbalance

Accuracy ▲ ▲ ▲ ▲ ▲ ▲ ▲ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ - - - - - - - - - - ▲ ▲ ● ● ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ▲ ◎ ◎ ◎
Pressure Measurement Range ▲ ▲ ▲ ▲ ▲ ▲ ▲ ◎ ◎ ● ◎ ◎ ◎ ● ◎ ● ◎ - - - - - - - - - - ▲ ▲ ● ● ● ● ◎ ● ● ◎ ◎ ◎ ◎ ◎ ◎ ▲ ◎ ◎ ◎
High Reliability ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ● ◎ ◎ ◎ ● ◎ ● ◎ - - - - - - - - - - ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎
Low Temperature Resistance - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ▲ ▲ ▲
Humidity Resistance ◎ ◎ ◎ ◎ ◎ - ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ● ● ● ● ● ● ● ● ● ● ▲ ▲ ● ● ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ ● ● ● - ● ● ●
Vibration Resistance ◎ ◎ ◎ ◎ ◎ ▲ ◎ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ◎ ◎ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲
Electromagnetic Compatibility - - - - - - - ▲ ● ◎ ◎ ◎ ◎ ◎ ● ◎ ◎ - - - - - - - - - - - - - - ◎ ◎ ◎ ◎ ◎ ◎ ◎ ◎ - - - - ▲ ▲ ▲
Pressure Resistance - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ▲ ▲ - - - - - - - - ◎ ◎ ◎ ● - - -
Importance Score 33 33 33 33 33 18 33 42 44 40 48 48 48 40 44 40 48 8 8 8 8 8 8 8 8 8 8 27 27 30 30 44 44 48 44 44 48 48 48 44 44 44 23 41 41 41
Priority Ranking 25 25 25 25 25 36 25 18 9 22 1 1 1 22 9 22 1 37 37 37 37 37 37 37 37 37 37 33 33 31 31 9 9 1 9 9 1 1 1 9 9 9 35 19 19 19

Cable gland Display Up button Down button Cancel(back) button

Cover & Housing

Enter button PTFE O-Ring

Process Inlet port

RS-485 Circuit
(Analog Front-end

Interface)
MCU Hart CommunicatorCover

Reinforced
glass

Item
Sensor chip

Sensor ModuleSealing Unit

Analog Front-End (AFE) Digital Output Driver	
ADC + Temp

Compensation Logic	

ASICTransmitter electronics LCD module

나사부 Process Membrane
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scores were calculated based on the correlation between eight key 

requirements, namely accuracy, pressure measurement range, high 

reliability, low temperature resistance, humidity resistance, vibration 

resistance, electromagnetic compatibility, and pressure resistance, 

and each identified failure mode. The results showed that electronic 

components responsible for signal processing and data transmission, 

such as the signal output pad of the sensor module, ASIC, and trans-

mitter electronics, had the highest importance scores. This indicates 

that these components are critical to achieving output accuracy and 

system reliability. 

In the second phase (Level 2), the environmental test items asso-

ciated with each failure mode were identified. The importance scores 

obtained in the first phase were applied as weights to calculate the 

total scores for each test item. Among the nine test categories, 

namely high temperature, low temperature, vibration, humidity, ther-

mal change, pressure, voltage/current, electromagnetic wave, and 

lifetime, humidity test had the highest total score. This reflects the 

inherent vulnerability of sensor products, which are directly exposed 

to external environments, to performance degradation or malfunction 

Table 9: QFD result of the smart sensor (Level 2) 

High
Temperature

Low
Temperature

Vibration Humidity
Thermal
change

Pressure
Voltage/
Current

electromagnetic
wave

Lifetime

Crack/ Loosening 32 ▲ ▲ ◎ ◎ - ▲ - - ●

Delamination 23 ▲ ▲ - ◎ ▲ - - - ●

Fracture 32 ▲ ▲ ◎ ◎ - ▲ - - ●

Packing damage 29 ▲ ▲ ◎ ◎ - - - - ●

  Housing Crack/ Loosening 32 ▲ ▲ ◎ ◎ - ▲ - - ●

Non-compliant specification ▲ ▲ ◎ ◎ - - - - ●

Loosening 29 ▲ ▲ ◎ ◎ - - - - ●

Terminal Block Contact Failure 44 ▲ ▲ ▲ ◎ ▲ - ◎ ● ◎

Regulator Power Supply Failure 59 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ● ◎

Control Signal Fluctuation 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Loss of Control Function 63 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ◎ ◎

Pressure offset error	 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Signal Transmission Failure 63 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ◎ ◎

Signal Transmission Error 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

EMI Filter Lost circuit protection function 59 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ● ◎

Signal Transmission Error 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Signal Transmission Failure 63 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ◎ ◎

Display Error 14 - - ▲ ● - - ▲ - ▲

Display Failure 16 - - ▲ ● - - ● - ▲

Intermittent Operation 14 - - ▲ ● - - ▲ - ▲

Operation Failure 16 - - ▲ ● - - ● - ▲

Intermittent Operation 14 - - ▲ ● - - ▲ - ▲

Operation Failure 16 - - ▲ ● - - ● - ▲

Intermittent Operation 14 - - ▲ ● - - ▲ - ▲

Operation Failure 16 - - ▲ ● - - ● - ▲

Intermittent Operation 14 - - ▲ ● - - ▲ - ▲

Operation Failure 16 - - ▲ ● - - ● - ▲

Loosening 26 - - ◎ ◎ - ▲ - - ●

Fracture 26 - - ◎ ◎ - ▲ - - ●

Leakage 47 ▲ ◎ ● ◎ ◎ ▲ - - ◎

Fracture 47 ▲ ◎ ● ◎ ◎ ▲ - - ◎

Signal Distortion 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Output Instability 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Output Short 63 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ◎ ◎

Conversion Failure 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Accumulated Error 55 ◎ ◎ ▲ ◎ ▲ ▲ ● ◎ ●

Communication Error 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Output Failure 63 ◎ ◎ ▲ ◎ ▲ ▲ ◎ ◎ ◎

Abnormal  Output Waveform 43 ● ● ▲ ● ▲ ▲ ● ◎ ●

Fracture 42 ▲ ▲ ◎ - ◎ ◎ - - ◎

Deformation 42 ● ● ◎ - ● ◎ - - ◎

Damage 18 - - - - - ◎ - - ◎

 Vacuum/Reference Pressure Path Vacuum Loss 41 ● ● ● ▲ ◎ ◎ - - ●

No Output 45 ◎ ◎ ▲ ◎ ▲ ▲ - - ◎

sensitivity reduction 29 ● ● ▲ ● ▲ ▲ - - ●

 Wheatstone Bridge Imbalance 29 ● ● ▲ ● ▲ ▲ - - ●

 Signal Output Pad 	 Open circuit 45 ◎ ◎ ▲ ◎ ▲ ▲ - - ◎
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4 3 6 1 9 8 7 5 2
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due to moisture ingress. This was followed by lifetime and low tem-

perature, both of which also exhibited high importance scores, high-

lighting the need to ensure long term stability and reliability under 

cryogenic conditions. 

These QFD results provide a rational basis for setting priorities 

among performance requirements and allocating development re-

sources during the product design and testing strategy phase. Further-

more, when combined with the FMEA results, they provide guidance 

for establishing improvement strategies for design elements with 

high levels of risk. 

4. Conclusion
This study applied the FMEA and QFD methods to pressure sen-

sors and transmitters used in liquid hydrogen storage and supply sys-

tems to identify major failure modes, which contributes to the estab-

lishment of design and testing strategies. In particular, the correla-

tions between potential failures in each sensor component and key 

performance requirements were analyzed considering extreme oper-

ating conditions such as cryogenic environments, high vibration, and 

electromagnetic interference. 

The FMEA covered more than 30 detailed components, including 

the sensor module, ASIC, analog and digital electronic circuits, dis-

play, and input and output terminals. A total of 47 failure modes were 

identified, evaluated for severity and occurrence, and categorized 

into three levels, namely intolerable, As Low As Reasonably Practi-

cable (ALARP), and broadly acceptable. Among the total failure 

modes, two in the smart sensor and one in the cylindrical sensor were 

classified as intolerable. These were attributed to human factors such 

as the use of nonstandard cable glands and structural damage to the 

process membrane due to handling errors or improper assembly by 

workers. Risk reduction was achieved through countermeasures such 

as worker training and adherence to installation procedures. 

A QFD analysis was also performed to evaluate technical im-

portance based on the correlation between eight key user and certifi-

cation authority requirements and nine environmental test items. In 

the first stage of the QFD, the signal processing and transmission cir-

cuits, such as the Signal Output Pad, ASIC, and Transmitter Elec-

tronics, in the sensor module had the highest importance. This result 

suggests that failure in these components may cause complete sys-

tem shutdown or output errors. In the second stage, humidity, life-

time, and low temperature were identified as the most critical envi-

ronmental test conditions. This finding reflects the impact of conden-

sation caused by repeated cooling and heating cycles and moisture 

infiltration under cryogenic conditions on the product’s lifetime and 

signal stability. 

These results provide practical support in prioritizing technical re-

sponses within limited development resources for pressure sensor 

design and testing strategy. Moreover, the key failure modes and re-

sponse priorities derived in this study can be used as foundational 

data for establishing prognostics and health management systems in 

autonomous ships or high-risk fuel systems. When linked with oper-

ational failure rate feedback, Bayesian reliability assessment models, 

and lifetime prediction models, these insights can be used to establish 

quantitative reliability assurance and optimized lifecycle strategies. 

In our future work, experimental validation of the prioritized envi-

ronmental test conditions will be performed to enhance design com-

pleteness. In addition, sensitivity analysis of early diagnostic param-

eters for sensor failure will be performed to enhance the development 

of high-performance pressure sensors with long term reliability in 

extreme environments. 
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