4
" acrospace
g ey

Review

A Review of Material-Related Mechanical Failures and Load
Monitoring-Based Structural Health Monitoring (SHM)
Technologies in Aircraft Landing Gear

Kailun Deng !, Agusmian Partogi Ompusunggu 110, Yigeng Xu 2, Martin Skote 2

check for
updates
Academic Editors: Sergey Leonov

and Bosko Rasuo

Received: 28 January 2025
Revised: 4 March 2025
Accepted: 18 March 2025
Published: 20 March 2025

Citation: Deng, K.; Ompusunggu,
A.P; Xu, Y.; Skote, M.; Zhao, Y.

A Review of Material-Related
Mechanical Failures and Load
Monitoring-Based Structural Health
Monitoring (SHM) Technologies in
Aircraft Landing Gear. Aerospace 2025,
12,266. https://doi.org/
10.3390/aerospace12030266

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Yifan Zhao 1*

Centre for Life-Cycle Engineering and Management, Faculty of Engineering and Applied Sciences,
Cranfield University, Cranfield, Bedford MK43 0AL, UK; k.deng@cranfield.ac.uk (K.D.);
agusmian.ompusunggu@cranfield.ac.uk (A.P.O.)

Centre for Aeronautics, Faculty of Engineering and Applied Sciences, Cranfield University, Cranfield,
Bedford MK43 0AL, UK; yigeng.xu@cranfield.ac.uk (Y.X.); m.skote@cranfield.ac.uk (M.S.)

*  Correspondence: yifan.zhao@cranfield.ac.uk; Tel.: +44-(0)1234754729

Abstract: The aircraft landing gear system is vital in ensuring the aircraft’s functional
completeness and operational safety. The mechanical structures of the landing gear must
withstand significant operational forces, including repeated high-intensity impact loads,
throughout their service life. At the same time, they must resist environmental degradation,
such as corrosion, temperature fluctuations, and humidity, to ensure structural integrity and
long-term reliability. Under this premise, investigating material-related mechanical failures
in the landing gear is of great significance for preventing landing gear failures and ensuring
aviation safety. Compared to failure investigations, structural health monitoring (SHM)
plays a more active role in failure prevention for aircraft landing gears. SHM technologies
identify the precursors of potential failures and continuously monitor the operational or
health conditions of landing gear structures, which facilitates condition-based maintenance.
This paper reviews various landing gear material-related failure investigations. The review
suggests a significant portion of these failures can be attributed to material fatigue, which is
either induced by abnormal high-stress concentration or corrosion. This paper also reviews
a series of load monitoring-based landing gear SHM studies. It is revealed that weight and
balance measurement, hard landing detection, and structure load monitoring are the most
typical monitoring activities in landing gears. An analytical discussion is also presented on
the correlation between reviewed landing gear failures and SHM activities, a comparison of
sensors, and the potential shift in load-based landing gear SHM in response to the transition
of landing gear design philosophy from safe life to damage tolerance.

Keywords: aircraft landing gear; failure investigation; structural health monitoring; safe-life
design; condition-based maintenance; material fatigue; weight and balance measurement;
hard landing detection; load monitoring; fibre Bragg grating sensors

1. Introduction

Modern aircraft exhibit unprecedented intricacy and exceptionally high levels of
complexity. An aircraft’s proper operation depends on the coordinated functioning of
various subsystems. Among all these subsystems, the landing gear system is crucial in
ensuring the aircraft’s structural integrity and operational safety during take-off, landing,
and other ground manoeuvres, such as taxing and steering. The primary function of the
landing gear system is to support the aircraft during ground operations, encompassing
take-off and landing phases. It is also responsible for retardation and absorbing the impact
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forces encountered during landing, ensuring the aircraft’s and its passengers’ safety and
enhancing passenger comfort [1-4].

1.1. Significance of Landing Gear Failure Investigation

Aircraft are more prone to malfunctions during take-off and landing due to intense
operational demands placed on the aircraft’s mechanical systems, which must function
under high stress and frequent use during these phases [5,6]. For example, during the
landing phase, the landing gear must withstand the high-impact load of the aircraft hitting
the runway, which demands much more than supporting the aircraft’s entire weight. Addi-
tionally, these phases involve critical transitions in aerodynamic forces and require precise
handling, increasing the susceptibility to mechanical and operational errors. According to
Airbus’s statistics on commercial aviation accidents from 2003 to 2023, 74% of aeroplane
accidents occurred during the take-off or landing phases [7]. Ensuring the proper function-
ing of the landing gear is therefore particularly critical, given its vital role during these
operational phases.

Among all failures or malfunctions in an aircraft system, there are three major cate-
gories: engine or fuel system-related failures, flight control-related failures, and landing
gear failures [8]. Of all aircraft technical parts, the engines and landing gears are the most
likely to result in incidents caused by a component failure. It was reported that 43% of all
component failures of aircraft involved landing gears, 32% of failures involved engines, and
25% involved other technical part (fuselage, wings, etc.) failures [9]. Based on a statistical
analysis conducted by the National Transportation Safety Board (NTSB) of the USA, of the
370 reported commercial aircraft accidents with a system/component failure/malfunction
(SCEM) from 1988 to 2003, 115 accidents were related to landing gears or hydraulic systems.
More specifically, nearly half of the 115 accidents were caused by landing gear component
failure [8].

The repeated high operational forces that landing gear endures during service, along
with the harsh operational environment, impose significant stress and an increased risk of
failure on landing gear materials [10-14]. Consequently, the aviation sector has invested
substantial resources and efforts in analysing various failures related to landing gear
materials. Such analytical studies are crucial for identifying the root causes of these
failures and facilitating the development of targeted improvement measures to prevent their
recurrence. This paper introduces and discusses various studies on landing gear mechanical
failures, including failure modes, failure inspection methods, and failure cause analysis.

1.2. Structural Health Monitoring (SHM) in Aircraft Landing Gear

Investigation of failure incidents is essentially a reactive approach, typically employed
after a failure has occurred, to analyse its causes. However, as industrial modernisation
progresses, there has been an increasing focus on enhancing the safety of systems or
structures and reducing maintenance costs. Over the past few decades, researchers and
engineers have dedicated efforts to developing proactive methods for monitoring the
health status of systems and structures within their respective domains. These approaches
enable the real-time and continuous surveillance of a structure’s condition, detecting
early abnormal signals related to structural failure or degradation. By identifying these
anomalies, interventions can be applied promptly to prevent the structure from failing.
This proactive monitoring strategy aims to shift the focus from post-failure analysis and
preventive maintenance to predictive maintenance, thereby enhancing the safety and
longevity of critical assets and infrastructures. These monitoring methods are collectively
referred to as SHM [15-18].
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Unlike the damage-tolerance design methodology used for airframes, landing gear
systems typically follow a safe-life design strategy. The damage-tolerance strategy allows
for a certain level of damage development (such as crack propagation) as long as the
resulting stress is still below the fatigue strength while the safe-life strategy aims to achieve
a desired service life without any damage initiation and development, which can lead
to structural failures [19-23]. Components in landing gears are subjected to high stress
and very small windows for damage detection. Hence, the safe-life design principle can
minimise the risk of sudden structure failure associated with undetected fatigue cracking
or other damages. In addition, this design can simplify the landing gear maintenance and
inspection processes since the components are expected to be damage-free throughout their
designed service life. Thus, sophisticated and frequent inspections and maintenance are
unnecessary, and components are replaced when approaching the end of their designed
life span.

While the safe-life design philosophy for aircraft landing gears prioritises safety, it
comes with two major disadvantages. The first one is overdesign. Safe life is a conservative
design strategy that requires components to operate under stresses much lower than their
fatigue stress, and hence these components are often heavier than necessary to ensure they
do not fail within their designed lifespan. This can lead to increased material use and
weight, negatively impacting fuel efficiency, emissions, and the overall performance of
aircraft. The second disadvantage is the potential waste of resources. This type of design
does not account for the actual condition of components, as it strictly follows a pre-set
lifespan based on material properties. Components may still have a remaining useful life
when they reach their predetermined lifespan limit, leading to potentially unnecessary
replacements. This can result in higher maintenance and operational costs, as components
are unused to their full potential. This inefficiency in resource utilisation negatively impacts
both economic and environmental sustainability. Under this premise, performing SHM in
aircraft landing gear components under various operational conditions and predicting their
actual remaining useful life (RUL) based on collected data is highly desirable in the life-cycle
engineering and management of landing gear systems [24]. Accurately assessing the RUL
of structures is crucial for implementing condition-based maintenance (CBM) as it allows
for maintenance to be performed precisely when it is needed, based on the future actual
condition of the structures rather than on predetermined schedules [25-29]. This approach
prevents unnecessary maintenance and thus reduces associated costs. Additionally, well-
designed SHM approaches can detect early signs of malfunctions or failures in landing gear
systems, allowing for preventative maintenance before actual failures occur. Furthermore,
by analysing the collected data from different parts of landing gears, valuable insights
into the design improvement can be obtained, which can potentially alter the current
state of overdesign in landing gear and facilitate further weight reduction in landing gear
systems [30].

With rapid development in sensing technology, wireless communication, and data
processing capabilities over the past two decades, SHM technology has been significantly
promoted in the aviation industry [31-34]. This is especially true for high-value, safety-
critical aircraft structures like landing gear systems. Various sensors, such as temperature
sensors, pressure sensors, strain gauges, accelerometers, and optical fibre sensors, are
employed to continuously monitor their performance and conditions, aiming to prevent
failures and extend their operational lifespan. The application of SHM technologies facili-
tates the prediction of the RUL of components, allowing for timely maintenance actions
before catastrophic failures occur. Consequently, SHM not only enhances the safety and
reliability of aircraft but also optimises maintenance schedules and associated costs. This
paper primarily reviews a selection of representative studies concerning the application
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of load monitoring-based SHM technologies to aircraft landing gear. Given that land-
ing gear operates under repeated high loads throughout its service life, monitoring load
variations is critical for detecting load abnormalities that may lead to structural failures.
In addition, continuously recorded load data can be further leveraged to gain valuable
insights into structural health conditions. Therefore, this review focuses specifically on
load monitoring-based SHM to provide a more in-depth analysis of this targeted approach.
Critical monitoring activities, monitored parameters, and applied sensors are systematically
elaborated in this paper.

In summary, this paper reviews both material-related failure investigations and load
monitoring-based SHM studies in aircraft landing gear. In Section 2, a series of landing gear
failure cases and failure analyses are reviewed and presented, while Section 3 elaborates on
the review of typical SHM activities and applied sensors in landing gear systems.

2. Material-Related Failures and Failure Cause Analysis for Aircraft
Landing Gear

This section reviews various material-related mechanical failure investigations associ-
ated with different types of aircraft landing gear. A detailed description of the failure, the
failure cause analysis procedures, and the analysis results of each failure case are presented.

2.1. Failure Investigations Review

A nose landing-gear failure case was studied by Infante et al. [35], as depicted in
Figure la. In this case, the landing gear fork made of 5000 series aluminium alloys was
found to have failed during a landing. To investigate the causes of failure, apart from
visual inspections (VIs), the researchers also carried out a material analysis using scanning
electron microscopy (SEM). The inspection revealed that fatigue cracking appeared near
the bolted holes of the gear fork, which was attributed to the cyclic stresses to which the
fractured point was subjected.

Although a series of inspections have been performed on landing gears periodically
during their service life, some unexpected failures can happen for different reasons. A
landing gear strut bearing of a TB-20 Trinidad training aircraft fabricated from a 2000 series
aluminium alloy failed due to cracks on the bearing [36]. A dye penetration inspection
(DPI), a commonly used non-destructive testing (NDT) method, was performed to reveal
the cracks. Additionally, an optical microscope (OM) and SEM enhanced with an energy-
dispersive X-ray spectrometer (EDX) were employed for a more detailed inspection of the
fracture surface. The inspection results showed that cracks were induced by corrosion and
further developed under the joint effect of fatigue and corrosion. This type of cracking was
called corrosion fatigue (CF), a common material failure mode in metallic structures under
cyclic stresses and corrosive environments [37,38].

Another failure investigation associated with a piston rod end of a hydraulic actuating
cylinder was conducted by Asi and Yesil [39]. The piston rod, made of SAE4340 alloy
steel, was found to be broken after a landing. A systematic inspection was arranged to
evaluate the failure and analyse its root causes. Visual inspections, mechanical tests such as
tensile testing and hardness testing, chemical analysis, and microstructural examination
were carried out, and the results indicated that the fracture was caused by fatigue cracking,
which was initiated due to local stress concentration near the mechanically damaged zone.

The landing gear trunnion is a pivotal structural component that serves as the mount-
ing and pivot point for the landing gear assembly in aircraft. In a study conducted by
Infante et al. [40], two broken landing gear trunnions (see Figure 1b) made of aluminium al-
loy 7075 were systematically examined. Similar to other failure-related studies in this field,
inspection techniques such as visual examination, chemical analysis, and microstructural
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inspection were performed to uncover the potential causes of the failures. In this study,
the beach marks presented on the fracture surface were carefully examined since they
contain clues of the loading history, which can be utilised to study the crack development
processes. Upon thorough investigation, fatigue associated with abnormally high stress
was determined to be responsible for these two failures.

Zucca et al. conducted a failure investigation of fractured hinges (see Figure 1c) of a
main landing-gear door in a transport aircraft [41]. The landing gear door is designed to
cover and protect the landing gear compartment when the gear is retracted during flight.
The hinges on a landing gear door are structural components that allow the door to pivot or
rotate, enabling it to open and close to cover the landing gear compartment. In this case, the
hinges are made of aluminium alloy 7075. It was observed that the left door for the main
landing gear had fallen off due to the fracture of both the front and rear hinges. A number
of examinations, including a Leica M 205C microscope and SEM with EDX, were used to
perform a microanalysis of the fractures. Hardness testing was also conducted in this study.
The results revealed that fatigue cracks originating from pitting corrosion were the main
reason for the failures. The study also proposed that a more robust NDT technique, such as
eddy current inspection, could be adopted for the more reliable detection of fatigue cracks
at early stages.

(b)

(d)

Figure 1. (a) Fractured surface of the nose landing-gear fork [35]; (b) the failed trunnion and fractured

surfaces [40]; (c) the fractured forward hinge [41]; (d) the linkage and clevis bolt fracture caused by
abnormal shear stress [42].

In another main landing-gear failure incident, a steel linkage and its corresponding
clevis bolt experienced a fracture in a Cessna 402B aircraft (see Figure 1d) [42]. Microstruc-
tural inspection of the fractured area was performed using scanning electron microscopy
following the initial optical examination to study the causes of failure. The study confirmed
that the failure was caused by abnormal shear stress on the linkage, which was attributed
to a hard landing due to human error.

A fracture of the outer cylinder lug (aluminium alloy-based) of the landing gear was
reported in a study carried out by Azevedo et al. [43]. Figure 2a presents the fractured part
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along with a schematic diagram. The fractography inspection indicated that the ductile
intergranular fracture originating from the pitting corrosion zone could be the reason for the
failure. However, further analysis and communication with the manufacturer concluded
that an unexpectedly high load during the landing should account for this incident.

OUTER
CYLINDER

ATTAGHMENT LUG

DAMPER _}

LOWER TORQUE
UNK

verer Toraue \{ZE//

View looking forward

Region cut from trunnion
=3 =
A

4
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(b)
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\\ N N
-.~\\\\ /

(d)

Figure 2. (a) The outer cylinder lug fracture [43]; (b) the two parts of the fractured trunnion and the
two fracture surfaces [44]; (c) the cracks and cracks origins (marked with arrows) on the landing gear
truck beam [45]; (d) illustration and pictures of the fractured swinging lever [46].

Another landing gear failure (see Figure 2b) associated with the trunnion (made
of ultra-high strength steel 4340 M) was reported to have occurred in a Boeing 747-300
aircraft [44]. After the failure, a metrological measurement was first performed on the
fractured part. Following that, metallographic analysis, hardness testing and energy-
dispersive X-ray analysis were carried out to analyse the material properties of the fractured
area. Further fractography methods and microstructural examination were also involved
in this investigation. The results indicated that fatigue cracking was determined to be the
leading cause of this accident. Specifically, the observed fatigue cracks initiated due to
intergranular attack at the bottom of some deep machining grooves, which are located at
the root of the internal radius of the trunnion tube. These deep grooves were not expected
to exist since they should have been shot-peened as required during manufacturing. In
addition, the unexpected grooves were not detected during overhauls, which also indicates
the need for a more sophisticated maintenance configuration.

A landing gear truck beam (made of SAE 4340 alloy steel) cracked (see Figure 2c) in a
cargo aircraft was studied by Eliaz et al. [45]. Initially, a macroscopic examination was per-
formed, and ratchet marks were identified on the fracture surface. Further metallographic
and fractographic analyses, conducted using a stereomicroscope and SEM, indicated that
stress corrosion cracking (SCC) occurred as a result of localised overheating. This overheat-
ing altered the material properties within the fractured zone and was caused by improper
grinding during an overhaul. The root cause of this failure was improper maintenance.
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Bagnoli et al. undertook a failure analysis on a main landing-gear collapse of a civil
aircraft [46]. In this failure event, the swinging lever of the left-hand main landing gear
(made of aluminium alloys) broke (see Figure 2d) during the take-off phase. Typical beach
marks were observed by visual inspection, suggesting the occurrence of fatigue failure in
this case. Subsequent investigations using field emission scanning electron microscopy
(FESEM) along with energy-dispersive X-ray spectroscopy (EDX) and metallographic
analysis confirmed that manufacturing deficiency led to an abnormal silicon concentration,
which in turn triggered the fatigue failure.

The nose landing gear of an F-4 aircraft was reported to have failed due to a crack that
was presented in the hydraulic actuator cylinder fabricated from aluminium alloy [47]. The
crack was detected following an emergency landing, during which the landing gear tyre
exploded, and an abnormal reading of the hydraulic meter was presented. The crack that
resulted in the hydraulic pressure release was considered the primary cause of this incident.
Researchers employed several inspection approaches to identify the causes of the crack,
including chemical analysis, optical microscopy, and SEM. The examination implied that
corrosion pits at the interior of the cylinder induced fatigue cracking, leading to the final
crack. The root cause analysis of the corrosion initiation was not included in the study and
requires further investigation.

In another recorded nose landing-gear trunnion fracture in a military transport aircraft,
pitting corrosion, which facilitated fatigue crack growth, was confirmed as the cause for
the gear collapse based on a series of examinations involving visual inspection, chemical
analysis, optical microscope (OM), and SEM [48]. The researchers recommended that an
NDT technique, such as high-quality dye penetration inspection, should be employed in
periodical maintenance for early detection of minor cracks.

A lock link (made of 7175 aluminium alloy) fracture incident of the nose landing gear
in a Boeing 767-200 aircraft was recorded and investigated by Ossa and Paniagua [49].
Fractographic analysis employing optical microscopy and SEM revealed evidence of fatigue
cracks developing on the fracture surface. The metallographic analysis detected aligned
precipitation of MgZn?2 and FeAl3, which initiated fatigue cracks after cyclic loading, re-
sulting in the final fracture. It was suggested that proper heat treatment on the material can
effectively avoid the overgrowth of precipitates, thus preventing further fatigue cracking.
A cantilever spring breakage in the landing gear of a fumigation aircraft was also studied in
this research. The failure analysis demonstrated that surface corrosion, which was induced
by a damaged protective coating, contributed to this failure.

2.2. Findings from the Review of Failure Investigations

Table 1 summarises the reviewed failure cases and offers their corresponding infor-
mation, including failed structure material, aircraft and landing gear type, and applied
failure analysis methods. This table aims to provide a concise and intuitive understanding
of typical structure failures and their investigation approaches in landing gear systems.

Figure 3 presents an analysis of the failure causes of the reviewed failures in the form of
a fishbone diagram. To investigate the potential correlation between structural failures and
materials, the reviewed failures are classified into two categories based on the commonly
used metallic materials in landing gears: aluminium alloys and high-strength steels.
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Table 1. Statistics of the reviewed landing gear failures.

Failed Component Reference Failure Type Material A1rcraft/1i;r;)celmg Gear Failure Analysis Methods
Landine gear fork [35] Fracture Aluminium alloy Instruction aircraft/nose VI* SEM ** FEA ***
88 ! (series 5000) landing gear ¢ ¢
Aluminium allo TB-20 Trinidad training
Strut bearing [36] Cracking u ( AI—Léu) y aircraft/main landing VI, DPI!, OM 2, SEM(EDX 3)
gear
. . c . VI, Chemical Analysis,
. Iﬁf\i’g“ﬁ;ﬁ‘r‘gzg 4 Dl Fracture Steel (SAE4340) C“E;é‘gffafté nose SEM(EDX), Hardness testing,
Y P £8 Tensile testing, FEA
Trunnion [40] Fracture Aluminium alloy (7075) Military aircraft VI, ChermcaSlE?v?alysm, oM,
Transport military .
. .. . . . VI, OM, SEM, Chemical
Landing gear door [41] Fracture Aluminium alloy (7075)  aircraft/ lef; erz:m landing Analysis, Hardrness test, FEA
corfeshr(l)l;?igii ar;ievis [42] Fracture Steel Cessna 402B aircraft VI, OM, Optical Macrography,
P bolt & (civil)/main landing gear SEM, Hardness testing
Outer cylinder lug [43] Fracture Alumlnl:erﬁéisioy (7000 / VI, SEM (EDX)
. . . VI, Arc spectroscopy,
Trunnion [44] Fracture Steel 4340M Boeing 74.17 300/main Hardness testing, SEM (EDX),
landing gear M .
agnetic Rubber,
Truck beam [45] Cracking Steel (SAE 4340 alloy) Cargo alrcraft/maln VI, OM, SEM, Chemlcal
landing gear Analysis
ATR-42 aircraft VI, OM, Chemical Analysis,
Swinging lever [46] Fracture Aluminium alloy (civil)/left main landing Hardness testing, SEM, EDX,
gear FEA
Hydraul.lc actuator [47] Fracture Aluminium alloy F-4 aircraft/nose landing VI, Chemical Analysis, OM,
cylinder gear SEM
Steel (micro-alloyed Military transport VI, Chemical Analysis, OM
Trunnion [48] Fracture . aircraft/nose landing ! ’ !
vanadium) SEM
gear
Lock link [49] Fracture Aluminium alloy (7175) Boeing 7§7—200/nose V1, OM, SEM, Chenucal
landing gear Analysis
Cantilever spring [49] Fracture Steel (AISI 4340) Fumigation aircraft VI, SEM

* VI = visual inspection; ** SEM = scanning electron microscopy; *** FEA = finite element analysis; ! DPI = dye

penetration inspection; 2 OM = optical microscope; 3 EDX = energy-dispersive X-ray spectrometer.

Upon extensive review of the mechanical structure failure investigations in landing

gear systems, several key conclusions are drawn, as follows:

The failure analysis of structural fracture normally follows a certain procedure
(see Table 1). This typically involves a visual inspection to obtain a detailed de-
scription of the failure. This step is often followed by a microstructural examination
(fractographic investigation) using an optical microscope (OM) or SEM to reveal more
traces from fractured surfaces, which can provide indications of mechanisms of failure
initiation and development. Mechanical tests and chemical analyses are usually car-
ried out to study altered material properties associated with specific material failures,
which also complements the accurate analysis of failure causes.

Most mechanical structure fractures or cracking are associated with material fatigue
(see Figure 3). Very few of them are induced by overload, which may be attributed to
hard landing events. This finding has also been confirmed by previous research [50].
Fatigue failures in landing gear structural components (commonly made of aluminium
alloys or steel) often result from high-stress concentrations or material corrosion (see
Figure 3). Abnormally high-stress concentration can initiate fatigue cracking and
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facilitate the fatigue process. Material corrosion can create pits or micro-cracks on
the material surface, which can induce local stress concentration and initiate fatigue
cracking. Furthermore, when fatigue cracks are exposed to a corrosive environment,
the crack propagation can be accelerated by corrosion. The combined effects of corro-
sion and fatigue lead to rapid crack growth and eventual failure of the components.
This type of fatigue is referred to as corrosion fatigue in material science. Based on
this review, the failure types and causes do not exhibit any noticeable trend when
differentiated by the two typical materials. However, previous research claimed that
most corrosion fatigue failures are related to aluminium alloy structures in landing
gears, while stress-related failures are more often observed in steel components [50].
This discrepancy may be due to limited reviewed failure cases, which may not be
sufficient to reveal clear trends.

e  Local stress concentrations always accompany the initiation and propagation of fatigue
failures in metallic materials. This observation has already been confirmed in previous
studies [51,52]. Within the aforementioned structural failure analysis of landing gears,
FEA is frequently used to simulate the stress distributions in failed structures. By
identifying potential stress concentration points through simulation and comparing
these locations with the actual sites where fractures or cracking happen, the accuracy
of failure cause analysis is further validated.

Aluminium alloy components failures |

Outer cylinder lug fracture
corrosion

anomalous high load/stress

Drag Strut failure

fatigue failure

manufacturing deficiency

corrosion fatigue
Strut bearing

corrosion fatigue Trunnion fracture - 1
Right wheel flange failure fatigue failure
Design deficiency anomalous high load/stress

fatigue cracking Swinging lever failure corrosion fatigue

ATF lock links fracture abnormal silicon concentration Landing gear door hinge
manufacturing deficiency during forging stage improper maintenance

corrosion fatigue corrosion fatigue

Landing gear fork failure
Cylinder support fracture fatigue failure
stress concentration

Hydraulic actuator cylinder

Truck beam failure
cracking
abusive grinding/maintenance

high stress concentration
2, fatigue failure
Piston rod end fracture
Human error
overload/hard landing Landmg Gear Material-

Linkage and bolts Related Mechanical
anufacturing deficiency Failures
2: fatigue failure
Trunnion fracture - 2

| Steel components failures |

Undercarriage strut failure
design deficiency
Cantilever spring fracture

corrosion fatigue
damaged protective coating

Figure 3. Aircraft landing gear failures and cause analysis based on reviewed failure investigation.

Currently, early detection of landing gear material-related failures is primarily con-
ducted through scheduled inspections, using visual and NDT methods, often requiring
the disassembly of components for off-site inspection. These inspection intervals are estab-
lished according to the theoretical operating conditions and life cycles of structures and
materials. However, the frequent exposure of landing gear to high stress associated with
take-off and landing, varying weather conditions, temperature and humidity changes, and
corrosive agents like runway deicers increase the uncertainty of failure occurrence. Conse-
quently, some failures may initiate between scheduled inspections, leading to undiagnosed
issues and eventual failure. Increasing the frequency of these inspections can mitigate
such failures, but it also results in higher downtime of aircraft and associated maintenance
costs, which is undesirable in the aviation industry. Moreover, many early-stage damage
progresses do not show obvious signs, and current inspection methods may not effectively
detect all potential precursors to these failures.



Aerospace 2025, 12, 266

10 of 25

Therefore, developing a real-time SHM system for aircraft landing gear is highly
desirable. By continuously monitoring critical indicators of operational health conditions
of key structures during service, SHM systems can detect abnormal events that can lead
to potential failure and early symptoms of failure onset, allowing for timely intervention
to prevent ultimate failure. Implementing SHM systems can reduce reliance on periodic
inspections, subsequently lowering maintenance costs. Additionally, SHM systems enable
in-service monitoring without aircraft downtime, which can significantly improve opera-
tional efficiency and bring economic benefits to airlines. Though the employment of the
SHM system can bring significant benefits to the maintenance of aircraft landing gear, it
also arouses concerns. The introduction of the SHM system inevitably involves integrating
additional sensors and data transmission equipment into the landing gear systems, which
may raise concerns about the aircraft’s operational safety. Therefore, how to incorporate the
SHM functions into the existing landing gear system without compromising operational
safety requires special attention.

3. Load Monitoring-Based SHM Technologies for Aircraft Landing Gears

Due to the extremely high loads that landing gear systems are subjected to during
service, along with the significant impact of these cyclic loads on materials, monitoring
the loads experienced by landing gear structures is the dominant method for assessing
their health condition. This article also provides an extensive review of previous load
monitoring-based SHM studies in landing gear systems. The review reveals that a signif-
icant portion of these studies focuses on three critical monitoring activities: weight and
balance measurement, hard landing detection, and structural load monitoring.

Weight and balance measurement plays a preventative role in the SHM of aircraft
landing gears. It ensures that the aircraft’s weight and centre of gravity remain within the
design specifications during operation. This is critical for preventing landing gears from
experiencing excessive or unbalanced load during operations, which may lead to landing
gear structural damage. Hard landing detection relies on dynamic load monitoring of the
landing gears to determine whether the impact forces during landing fall within the design’s
allowable safety limits. If these limits are exceeded, immediate inspection arrangements
are required to assess potential structural damage from the hard landing. In contrast,
structural load monitoring employs direct load measurement techniques to monitor the
structural health of the aircraft. Traditional weight and balance assessments and hard
landing detection typically use indirect load measurement methods, such as displacement
sensors, pressure sensors, or accelerometers. These sensors measure relevant variables,
which are then converted into load estimates. Compared to these indirect approaches,
structural load monitoring focuses on measuring the local load conditions of any particular
landing gear components using direct load measuring sensors such as strain gauges or fibre
Bragg grating (FBG) sensors. By directly measuring and analysing loads on critical parts, it
can detect anomalies such as unusual stress concentrations, which are often precursors to
structural damage. Furthermore, the continuous collection of dynamic load data enables
deeper analysis, such as evaluating the actual fatigue life of landing gear components.
Notably, because direct load measurement is more straightforward than indirect load
calculations and benefits from the precision and stability of advanced sensors like strain
gauges and FBG sensors, some modern systems for weight and balance monitoring and
hard landing detection have begun adopting direct load measurement techniques.

These SHM activities are crucial for ensuring the structural integrity of aircraft landing
gear and significantly enhancing operational safety. Overall, the implementation of SHM
systems for landing gear systems allows for the continuous monitoring of key indicators of
anomalies, enabling condition-based maintenance and reducing the cost associated with
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over-maintenance. Based on this review, five types of commonly used sensors for these
three SHM activities are described in Table 2 with working principles.

Table 2. Applied sensors in the three key SHM activities.

Sensor Name

Working Principle

Pressure sensors

Pressure sensors are used to monitor the hydraulic or pneumatic pressure within the shock
absorbers of an aircraft’s landing gear [19]. The principle behind this application is based
on the correlation between the pressure within the shock absorbers and the load applied to
them. By accurately measuring the pressure, the weight supported by each landing gear
leg can be determined. The aggregate data from all landing gear legs provide a precise
measurement of the aircraft’s overall weight and distribution. A hard landing typically
generates a significant spike in pressure, which can be detected and recorded by the
pressure sensors. The data collected can be analysed to assess the severity of the landing
impact. If the pressure exceeds predefined thresholds, it indicates a hard landing event.

Displacement sensors

Displacement sensors (such as linear position sensors) are used to measure the stroke of the
shock absorbers [53]. The displacement of the shock absorber is directly related to the load
applied to the landing gear. By measuring the degree of compression, the displacement
sensors provide data that can be used to calculate the weight supported by each landing
gear leg. These displacement data, combined with the geometry of the landing gear and
the known characteristics of the shock absorbers, allow for an accurate determination of
the aircraft’s weight and balance. Similarly, hard landings cause rapid and significant
compression of the shock absorbers, which can be precisely measured by the
displacement sensors.

Accelerometers

Accelerometers are found to be used for both structural load monitoring and hard landing
identification of landing gears [54]. In these cases, sensors are positioned to the selected
load-bearing structures of landing gears through meticulous design, enabling the aimed
functions. Following the law that the force applied to a structure is equal to the object’s
mass multiplied by its acceleration, it is possible to calculate the load of specific structures
based on acceleration measurements. Accelerometers detect hard landings by measuring
the acceleration forces experienced during touchdown. These sensors operate on the
principle of detecting changes in velocity over time, which can be translated into inertial
forces. When the aircraft lands, accelerometers capture the dynamic forces in multiple
directions, primarily focusing on the vertical axis. If the recorded acceleration exceeds
predefined safety thresholds, it indicates a hard landing.

Strain gauges

Monitoring surface strain to determine the forces acting on the structure, which can then be
used to calculate the corresponding loads. Strain gauges measure strain based on the
change in electrical resistance of a conductor or semiconductor material bonded to the
structure. When the material deforms under load, its electrical resistance changes
proportionally, which can be measured and converted into strain data [55].

FBG sensors

Monitoring surface strain to determine the forces acting on the structure, which can then be
used to calculate the corresponding loads [56]. FBG sensors use optical fibres with a
periodic variation in the refractive index. When the fibre experiences strain, the
wavelength of the reflected light shifts, and this shift can be precisely measured to
determine the amount of strain [57-60]. The obtained loads of structures can be further
processed to achieve either weight and balance measurement or hard landing detection or
load monitoring of specific structures.

3.1. Weight and Balance Measurements

Weight and balance measurements are vital for maintaining proper aircraft perfor-
mance and safety [61,62]. Incorrect weight and balance measurement can lead to severe
operational issues, including inefficient fuel consumption and compromised flight stability.
Monitoring these parameters ensures that the aircraft operates within its design limits,
preventing potential abnormal structural stress and subsequent failures. Accurate weight
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and balance measurements help maintain the optimal centre of gravity, ensuring safe take-
offs, landings, and overall flight operations. The weight-on-wheels (WOWs) measurement
and centre of gravity (CG) calculation are two key monitoring activities included in the
weight and balance measurement. The WOW measurement involves determining the
aircraft’s total weight supported by the landing gear [63]. This measurement is crucial for
confirming that the aircraft is within its weight limits for safe operation. Accurate WOW
measurements ensure that the aircraft operates within its designed weight parameters,
preventing potential overload and structural damage. CG is the point where the aircraft’s
mass is balanced. Proper CG calculation is essential for flight stability and control [64].
An incorrect CG can result in poor handling characteristics, increased fuel consumption,
and even risk of loss of control. Monitoring and adjusting the CG ensures that the aircraft
maintains optimal performance and safety during all phases of flight.

One of the primary functions of the WOW system is to provide an indication or
alert when the aircraft first makes ground contact. Traditional WOW systems use linear
position sensors to measure shock absorber compression, indicating the initiation of the
ground reaction of the landing gear. However, this method can only be effective when
the impact load is high enough to trigger the shock strut displacement in millimetres.
Thus, these systems have poor resolution, and their accuracy degrades over time due to
friction in the landing gear’s moving parts. Jimenez et al. proposed a load pin-based
WOW measurement approach, which detects ground contact by monitoring load at the
critical nodes of landing gears using strain gauge-based load pins [65]. Since the detection
of the landing load by the load pin occurs much earlier than the compression of the
shock strut is perceived, aircraft braking systems are activated earlier, enabling landing on
shorter runways. With real-time and high-resolution capabilities to measure loads, this
new WOW system could optimise maintenance actions and damage control of landing
gear components, providing valuable data to calculate fatigue damage for each landing
cycle accurately. A direct load measurement method was proposed in a landing gear SHM
research study by Forrest et al. [19]. The research was supported by Naval Air Systems
Command (NAVAIR) and conducted by ES3. The advanced load pin, which was based
on strain gauge technology, replaced the drag brace pin to monitor the node loads in
this study. The collected load values were fused with data from the aircraft’s health and
usage monitoring system (HUMS), coupled with dedicated algorithms, enabling aircraft
actual weight and balance evaluation such as WOW measurement and CG calculation
as well as abnormal load status warnings of hard landings. Additionally, the continuous
monitoring of loads of critical structures or nodes facilitates the fatigue life assessment of the
landing gear structures, which enables condition-based maintenance, reducing unnecessary
maintenance and related costs.

A laboratory-based investigation of landing gear ground reaction measurement was
conducted by Skorupka using two strain gauge-based direct force measurement methods
and one indirect approach employing accelerometers [66]. The ground reaction measure-
ment of the landing gear involves the use of sensors to monitor the forces exerted on the
landing gear during ground contact. These data can be used to perform weight-on-wheels
(WOWs) calculations and to detect hard landings by measuring the impact forces experi-
enced during touchdown. In this study, one direct method achieved force measurement by
installing strain gauges on the ground plate mounted under the landing gear, while the
other method deployed strain gauges on the landing gear mounting nodes. The second
direct method is capable of performing the real-time monitoring of stress applied to landing
gears. The acceleration-based load monitoring requires a firm mounting of the sensors
to the monitored structures because accelerometers are very sensitive to mounting errors,
which can lead to incorrect measurement. Normally, the acceleration measurement is used
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together with direct force measurement for cross-verification purposes, which can minimise
measurement errors. The dynamic drop test demonstrated that both the direct and indirect
methods can achieve satisfactory accuracy and efficiency, with less than 5% error for direct
approaches and 10% for indirect methods compared with each other. Notably, the usability
of acceleration measurement data for load calculations relies on proper transducer installa-
tion and accurate estimation of environmental influences during testing. In contrast, direct
force measurement is less affected by these factors due to lower sensitivity and predefined
transducer placement based on landing gear design.

Another study of aircraft landing gears employed FBG sensors to detect strains in the
key areas of a landing gear [67]. The study aimed to develop a new FBG-based weight
and balance measurement system for aircraft landing gears to determine the actual weight
and centre of gravity during taxiing. To identify the most critical locations where FBG
sensors should be placed, FEA was carried out to simulate the actual loading conditions
of the landing gear structures. Traditional strain gauges were also attached to the same
areas to validate the proposed approach and obtain reference data. Figure 4a illustrates
the deployment of FBG sensors in the tested landing gear. The results obtained from the
two different methods showed good consistency, which verified the effectiveness of FBG
sensors in load monitoring of landing gear structures. The study also revealed that FBG
sensors installed on the wheel axle achieved the highest sensitivity. In addition, the study
found that monitoring the load/strain along the horizontal axis of the main fitting can be an
effective alternative to monitoring the wheel axle when FBG sensors cannot be installed on
the wheel axle in some cases. The researchers emphasised the FBG sensors’ strengths, which
include higher accuracy, longer stability, smaller size, and immunity to electromagnetic
interference compared to conventional systems. This study also mentioned that FBG
sensors can function properly in harsh environments due to their lightning immunity and
corrosion resistance, potentially lowering corresponding maintenance costs. In summary,
the study shows great potential for using FBG sensor technology in remote and real-time
load monitoring of aircraft landing gears.

(b)

Figure 4. (a) FBG sensors (white letters) and electrical strain gauges (black letters) installed on the landing
gear structures [67]; (b) the strain gauge measurement system for dynamic load monitoring [55].

3.2. Hard Landing Detection

A hard landing occurs when an aircraft touches down on the runway with a greater-than-
normal descent rate or vertical speed, resulting in a stronger impact on the ground [68-70].
This can be caused by various factors such as pilot error, adverse weather conditions, mechan-
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ical issues with the landing gear or shock absorber systems, or problems with the aircraft’s
hydraulics. Hard landings can cause significant stress on aircraft structures, potentially lead-
ing to damage to the landing gear, wing, fuselage, or other critical components. It is crucial to
detect and address hard landings promptly to ensure the continued safety and airworthiness
of an aircraft. Firstly, when a hard landing is detected, maintenance personnel need to carry
out a series of inspections to investigate the cause of this event, which helps eliminate potential
issues before they lead to more severe consequences. Secondly, landing gear structures can be
potentially damaged during a hard landing. Upon accurate detection of hard landings, further
inspections can be arranged to ensure the integrity and safety of the involved structures,
which can mitigate the risk of failures during service.

In an early patent, accelerometers were adopted to detect the hard landings of aircraft.
The accelerometers installed on landing gears measure the deceleration of the landing gear
structures during landings. The recorded deceleration data were compared with the prede-
termined threshold to determine whether the aircraft’s landing deceleration was within the
allowance or exceeded the limit, which suggests a hard landing was experienced [71].

Coffin et al. introduced a dedicated SHM system for identifying hard landing events
and improper fluid levels in the shock strut [72]. The system was developed by ES3
and NTT Aerospace and used precise pressure sensors to monitor the pressure of the
hydraulic system of the landing gear’s oleo/pneumatic shock strut. Incorporating with
commercial off-the-shelf (COTS) data recorders, monitored pressure data were transmitted
and processed in a wireless miniature data acquisition system. The monitored pressure was
compared with the predetermined normal range of pressure value in real-time. Abnormal
pressure values would trigger a fault signal to a fault display unit (FDU), which could issue
alarms of a hard landing or abnormal fluid level. Additionally, accurately monitored fluid
levels in shock struts can also be used to calculate the aircraft’'s WOWSs and CG.

Dziendzikowski et al. proposed an operational load monitoring system equipped with
strain gauge sensors [73]. The proposed system was enabled for hard landing detection by
analysing load data monitored from the landing gear node structure.

A load monitoring-based SHM system for aircraft landing gear was developed un-
der the European Union Clean Sky 2 Joint Technology Initiative Advanced Landing Gear
Sensing and Monitoring (ALGeSMo) project [74]. The system utilises FBG sensors inte-
grated into the landing gear’s structure to measure strains, which are then translated into
loads and torques on the landing gear wheels. These measurements are then used for
hard landing detection. With the use of a bespoke test rig, the system was rigorously
tested on an A320 main landing gear slider tube. System-level tests indicated a strong
correlation with actuator loads and conventional sensors, demonstrating accurate mea-
surement of loads across all three axes and torque around the wheel axle. The proposed
SHM system exhibited versatile capabilities, including optimised weight and balance mea-
surements (centre-of-gravity determination), overload identification such as hard landings
and ground overloads, enhanced condition-based maintenance, real-time brake control
informed by measured brake torque, and improved aircraft handling during towing and
sharp manoeuvres.

Traditionally, most hard landing detection approaches depend on pressure monitoring
of the shock absorber system of landing gears or the measurement of relative displacement
between the inner and outer cylinders of the shock absorber strut. However, a study
conducted by Brindisi et al. utilised FBG sensors for hard landing identification in a leaf
spring landing gear [75]. In this study, drop tests were performed to simulate the loading
conditions of landing gear during the landing process. Strain gauges, accelerometers, and
FBG sensors were all equipped on the test gear to compare the SHM performance. Upon
tests and results analysis, FBG sensors demonstrated several key advantages. The first
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point is the minimal size of FBG sensors, which allows them to be embedded within the
monitored structure, particularly in composite materials, enhancing robustness against
external accidents. Secondly, unlike accelerometers, which require excessive units to
capture the dynamics of the landing gear system and provide indirect stress data, FBG
sensors offer direct strain measurements. Additionally, FBG sensors can overcome cabling
impracticalities associated with accelerometers and provide a cleaner, more robust system
for aeronautic implementation. Although FBG networks are limited to a certain number
of sensors per interrogator, they can still significantly expand monitoring capacity within
SHM systems. In addition to hard landing detection, the researchers also investigated the
measurement of WOWs of aircraft by installing FBG sensors in landing gears, and the
benefits of this were reported in another paper [76].

3.3. Structural Load Monitoring

Load monitoring on aircraft landing gear structures provides real-time information
on the stresses experienced by specific components during various operational conditions,
ensuring immediate detection of any abnormal loads. This information is vital for assessing
the structural integrity of the landing gear and identifying early signs of fatigue or damage,
which enables timely preventive maintenance. Consequently, this proactive approach
reduces the risk of sudden structural failure, enhances overall aircraft safety and reliability,
and optimises maintenance schedules, thereby minimising downtime and associated costs.
In addition, continuous load data contribute to fatigue assessment and RUL evaluation,
which facilitates structural safety and enables CBM [73]. Given that the occurrence of
fatigue failures in metallic materials is always accompanied by local stress concentrations,
monitoring these stresses is of significant importance for the prognosis of fatigue failures in
landing gear structures [51,77].

Strain gauges were employed for the dynamic stress monitoring of landing gear
structures in a study conducted by Sobieszek et al. [55]. Drop tests were performed for
a medium-lift civil aircraft’s nose and main landing gears. Although this study was not
aimed at proposing SHM methods for landing gears in service, the introduction of a strain
gauge selection process and load cell measurement system design (Wheatstone bridge
configuration: bridge, half-bridge, and quarter bridge) casts light on sensor configurations
in SHM-related research of landing gears. Figure 4b presents the strain gauge configuration
of the test. Furthermore, the impact of applying different adhesives for strain gauge
installation and sensor protection approaches are also discussed in this paper, which is also
informative for other studies regarding SHM sensor integration into landing gear systems.

In a study conducted by Petrone et al. [78], FBG sensors were employed to monitor the
load exerted on landing gear components, enabling the structural integrity monitoring of a
military trainer aircraft landing gear. FBG sensors monitor local strain changes induced by
load variation with high sensitivity and precision, capturing minute strain variations that
are ideal for detecting localised damage, such as cracks and deformations. In particular, to
identify the proper areas for attaching FBG sensors, an FEA was carried out to find the most
critical stress locations in the landing gear. The researcher claimed that the drop test results
proved to be satisfactory. Finally, an approximate cost reduction evaluation associated with
the implementation of the proposed SHM system was carried out. The results turned out
to be quite promising, demonstrating approximately a 28% reduction in maintenance costs
over 100,000 flight hours.

The force measurement of mounting nodes in landing gears using strain measurement-
based sensors is discussed in a paper published in 2019 [30]. Strain measurement using strain
gauges and optical fibre sensors can continuously obtain the landing gear structures’ real-time
stress conditions. These monitored data can provide real-time indications about whether the
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landing gear structures are subjected to the normal range of stress and enable operational
lifetime extension of critical structures through proper evaluation of historical data.

A fatigue estimation-oriented study was conducted by Dziendzikowski et al. [73]
with the development of an operational load monitoring system. Strain gauges were
employed to measure the strain levels experienced by the monitored structures, enabling
a direct correlation to the loads exerted on the associated components. To establish the
reference fatigue life of the landing gear structures, a full-scale fatigue test of the target
aircraft was conducted. Subsequently, continuous load monitoring was performed on an
in-service aircraft to record the observed load cycles contributing to material fatigue. Based
on the collected data, a fatigue evaluation calculation was carried out using the classic S-N
fatigue curve and the linear cumulative Palmgren-Miner hypothesis. Additionally, another
referenced study also highlighted the effectiveness of strain-based monitoring with strain
gauges in accurately capturing load cycles of landing gear components, enabling precise
fatigue life assessment and damage analysis [65].

3.4. Key Findings from the Reviewed SHM Studies and Used Sensors

To present the reviewed SHM-related studies more clearly, the category of each study,
the monitored indicators, and the used sensors are illustrated in Table 3. It is noticeable
that strain monitoring is utilised in the majority of the reviewed studies. Strain gauges and
FBGs are the most commonly used sensors for strain monitoring.

Table 3. Overview of the reviewed landing gear SHM studies.

SHM Activities Research Monitored Indicators Adopted Sensors
[72] Pressure Pressure sensors
[65] Strain Load pins (strain gauge-based)
Weight and Balance [19] Strain II:oazll p.ins ((s;:ra.in gauge-;t))asej;
Measurement [66] Strain, acceleration oad pins isirain gauge-based),
’ accelerometers
[67] Strain FBG
[74] Strain FBG
[76] Strain FBG
[19] Strain Load p.ins (stra.in gauge-based)
[66] Strain, acceleration Load pins (stlriu;fiurge-based),
Hard Landing Detection . aeceierometers
[73] Strain Strain gauges
[74] Strain FBG
[75] Strain FBG
[71] Acceleration Accelerometers
[55] Strain Strain gauges
Structure Load Monitoring [30] Strain Pressure SEASOTS, Strain gauges, Load pins
(strain gauge-based)
[73] Strain Strain gauges
[74] Strain FBG
[78] Strain FBG

The abovementioned three monitoring activities, their corresponding monitored ob-
jects, and the adopted sensors are illustrated in Figure 5. It can be observed that either
monitoring of the shock absorption system or structural load-bearing system can per-
form hard landing detection. Pressure and displacement sensors are usually used for the
shock absorption system-monitoring scenario, while strain gauges, accelerometers, or FBG
sensors are typically employed for monitoring load-bearing structures. This review also
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observed a growing focus on using FBG sensors for various SHM activities in aircraft
landing gears.

Key SHM Activities of Aircraft Landing Gear Systems

Weight & Balance Hard Landing Structural Load
Measurement Detection Monitoring

[ ]
-
&g ® Key Monitoring
ils Activities

Accelerometers Accelerometers

. Displacement Sensors FBG Sensors
Applied Sensors Displacement Sensors \ FBG Sensors
FBG Sensors

Pressure Sensors Strain Gauges

Pressure Sensors Strain Gauges Strain Gauges

’@“‘I Monitored Objects | Shock Absorption System | | Load-bearing Structures |

Figure 5. Key SHM activities in aircraft landing gear systems and applied sensors.

4. Discussion
4.1. Correlation Between Material-Related Failures and Load Monitoring-Based SHM Activities

As reviewed, material fatigue contributes to the primary failure of aircraft landing gear
structures. Fatigue failures are primarily initiated and propagated due to cyclic fatigue load
and material corrosion. SHM systems, equipped with load sensors such as strain gauges
or FBG sensors, offer a solution by continuously monitoring the load levels experienced
by landing gear structures during operation. These sensors capture real-time data under
dynamic loads, enabling the identification of abnormal stress at unexpected locations due
to accidental damages or manufacturing defects, allowing maintenance teams to focus
inspections on these critical regions.

In addition, continuous load monitoring also facilitates actual fatigue assessment by
recording the complete load history of landing gear structures. This load-time series data
can be interpreted to the actual load spectrum, which forms the basis for calculating fatigue
accumulation through models such as Miner’s rule, where the cumulative damage caused
by varying load cycles is assessed. Numerous studies based on fatigue theories or FEA
simulations have confirmed that monitoring structural stress enables accurate calculation
of fatigue accumulation in landing gear components [79-83]. By integrating real-time
load data, advanced fatigue prediction algorithms have been developed to estimate the
actual fatigue life or RUL of components with higher accuracy [65,73,84,85]. This capability
supports CBM, allowing for targeted interventions before fatigue damage occurs, thereby
reducing the likelihood of unexpected material-related mechanical failures and optimising
maintenance schedules.

Although overload-induced failures are less common, they pose a significant risk to
aviation safety and should not be overlooked [68]. This highlights the critical role of weight
and balance measurement systems, as well as hard landing detection, in preventing such
failures or facilitating timely detection and maintenance to mitigate their consequences.
Weight and balance measurement systems can monitor the aircraft’s take-off weight and
balance, ensuring that landing gear components are not subjected to excessive loads.
Overloading can lead to critical failures by subjecting the landing gear to forces that exceed
its designed load capacity, particularly during critical phases such as take-off and landing.
This excessive loading can result in immediate structural fractures or localised damage to
key components. Unbalanced loading distribution increases the likelihood of structural
failure due to localised overloading or asymmetrical stresses. If abnormal weight and
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balance conditions are detected before take-off, the system can issue warnings or trigger
maintenance actions to rectify the issue and ensure proper loading before damage occurs.

Hard landings, characterised by higher-than-normal impact forces, are a critical con-
tributor to sudden structural damage in landing gear components. Such events can cause
immediate fractures, crack initiation, or exacerbate existing fatigue cracks. A hard landing
detection system can identify both the occurrence and severity of hard landings. This infor-
mation enables maintenance teams to respond promptly by assessing the extent of potential
damage immediately after the event. By correlating impact force data with structural load
distribution, SHM systems can accurately pinpoint areas susceptible to damage, facilitating
targeted inspections and minimising downtime.

4.2. Comparative Analysis of Sensors Used in Load Monitoring-Based SHM

Based on this review, pressure sensors, displacement sensors, accelerometers, strain
gauges, and FBG sensors are commonly used in SHM for aircraft landing gears. While
each sensor type has its specific applications, some of them are associated with significant
limitations when addressing the complex loading and operational conditions of landing
gear systems. These limitations highlight the importance of selecting appropriate sensor
technologies to ensure accurate and reliable monitoring. Pressure sensors are often installed
in the shock absorbers to measure hydraulic pressure and infer the applied load on the
aircraft landing gear. However, this method relies on indirect measurements, requiring
models or calibration curves to convert pressure data into structural load values, which can
introduce significant errors in complex or nonlinear systems. Additionally, pressure sensors
are less sensitive to localised stress variations compared to strain-based methods. They
also exhibit slower dynamic responses due to hydraulic system inertia, making them less
effective in rapidly changing loading conditions [86,87]. Similarly, displacement sensors,
such as linear variable differential transformers (LVDTs), provide valuable data on shock
strut movement but are limited by structural constraints like restricted installation space
and their reliance on indirect measurements for static loads, which can reduce accuracy in
complex systems [88]. Additionally, traditional mechanical switches which are often used to
measure displacement, require significant loads to achieve the millimetre-level movement
necessary to detect shock absorber compression [65]. This dependence on moving parts
introduces friction, wear, and calibration drift over time, further compromising the system'’s
resolution. Accelerometers, while effective in detecting dynamic forces, cannot measure
static loads, such as take-off weight, and their sensitivity is often insufficient for precise
fatigue monitoring [73].

In contrast, strain gauges and FBG sensors offer significant advantages by directly
measuring strain, which has a strong correlation with structural load. This allows for the
accurate and reliable detection of both static and dynamic loads without dependence on
indirect models or moving components, enhancing their reliability in complex operational
conditions [65]. In addition, strain-based sensors demonstrate versatility in addressing
various SHM requirements, including weight and balance measurement, hard landing
detection, and structural load monitoring. In particular, FBG sensors extend these benefits
further with several notable advantages over traditional sensors, as detailed below.

e  FBG sensors are highly versatile, making them suitable for the three primary SHM
activities mentioned for aircraft landing gears. Their ability to operate effectively in
diverse monitoring tasks showcases their adaptability across different applications.

e  PBG sensors can offer long-term durability and excellent signal stability under high-
vibration loads, which are commonly found in landing gear systems during operation.

e FBG sensors exhibit exceptional stability and resistance to electromagnetic interfer-
ence, which is particularly beneficial in the demanding operational environment of
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aircraft landing gear. This ensures reliable performance without being affected by the
electromagnetic noise typically present in aircraft systems.

e Another significant advantage of FBG sensors is their compact size. Their small
dimensions facilitate easy integration into the structural components of landing gears
without interfering with the normal functionality of the monitored parts. This is crucial
for maintaining the aerodynamic and mechanical properties of the aircraft components.

e  Perhaps the most critical advantage of FBG sensors is their ability to multiplex multiple
sensing points along a single optical fibre. This capability allows for the simultaneous
monitoring of features such as load and temperature of various locations using a single
fibre, which can significantly simplify the wiring in SHM systems and system inte-
gration to landing gears. In summary, FBG sensors’ versatility, stability, compactness,
and multiplexing capabilities make them a superior choice for SHM in aircraft landing
gears, and these advantages have made FBG sensors a growing trend in associated
research [67,74,78,89,90].

Despite the excellent usability and performance demonstrated by FBG sensors, spe-
cific considerations such as temperature compensation, installation integrity, and signal
processing must still be addressed when utilising them in landing gear SHM. Firstly, tem-
perature compensation should be handled properly, as temperature variations can affect
the Bragg wavelength and lead to erroneous strain readings. This requires implementing
effective temperature compensation techniques or using temperature-insensitive sensor
configurations. Secondly, a proper sensor installation that ensures the sensors are securely
attached to the monitored structure without introducing stress concentrations or altering
the structural behaviour is essential for precise measurement. The optical fibres should be
protected from mechanical damage and environmental factors such as moisture, chemicals,
and UV radiation, which can lead to performance degradation over time. Furthermore, the
interrogators used in FBG sensing systems must have sufficient resolution and stability to
detect the small wavelength shifts corresponding to strain changes. Multiplexing multiple
FBG sensors along a single optical fibre can significantly reduce system complexity and
cost. However, this approach necessitates the meticulous management of optical signals to
avoid issues such as crosstalk.

4.3. Aircraft Landing Gear SHM: Safe Life vs. Damage Tolerance

The safe-life philosophy requires the aircraft landing gear components to remain crack-
free throughout their service life [91,92]. Typically, the safety assurance of aircraft landing
gear components relies on a pre-scheduled, interval-based inspection strategy employing
NDT techniques, such as visual inspection, eddy current testing, guided wave monitoring,
acoustic emission analysis, ultrasonic testing, magnetic particle testing, and thermographic
inspection [88,93-99]. As discussed above, the safe-life philosophy maximises structural
safety but often leads to overly conservative designs, preventing components from being
utilised to their full lifecycle potential, and thereby resulting in resource inefficiency. Under
this premise, some studies have explored incorporating damage-tolerance principles into
aircraft landing gear maintenance, aiming to achieve reliable damage development assess-
ment and failure prevention based on operational and health monitoring data of landing
gear components.

For example, Kaplan et al. applied damage-tolerance methods to extend the lifespan
of specific landing gear components in a CASA 212 aircraft beyond their original safe-life
design limits [22]. This methodology was implemented for critical components of both the
main and nose landing gears, including the axle, outer cylinder, torque arms, and upper
and lower trunnions. Through loads, stress, and crack growth analyses, they established
tailored inspection intervals, demonstrating the potential of damage-tolerance principles to
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enhance maintenance strategies and extend the operational life of landing gear components.
Notably, the authors also mentioned that the successful application of damage-tolerance
procedures in this case was due to the specific material properties of the landing gear
components. The materials, 4130 steel and DIN 1.6747 steel, exhibited sufficient ductility,
resulting in a large critical crack size, making the monitoring and prediction of fatigue
crack development feasible.

Two additional studies have demonstrated the application of crack propagation moni-
toring based on damage-tolerance principles in landing gear structures. One study con-
ducted the real-time monitoring of crack propagation in a landing gear beam structure
(made from 7A04-T7351 aluminium alloy) using piezoelectric transducers (PZT) and guided
wave testing (GWT). By integrating these techniques with a hierarchical evolution model,
the study significantly enhanced the accuracy of damage quantification throughout the
entire service life of the component [100]. Another study reported by Qiu et al. monitored
crack propagation in a landing gear spar and wing panel, made from 7B04 super-hardness
aluminium alloy, during a full-scale aircraft fatigue test. This study also employed PZT and
GWT, combining them with a Gaussian mixture model (GMM) to account for time-varying
conditions, achieving reliable real-time monitoring and improved damage quantification
accuracy [101]. The successful implementation of crack propagation monitoring in these
studies can be attributed to several factors. Landing gear beams or spars are typically
bigger and more damage tolerant than other critical landing gear components. Cracks
in these components tend to propagate more slowly and predictably along well-defined
paths, making them more suitable for damage development monitoring compared to other
landing gear components with complex geometries and higher operational stresses.

Although these studies focus on specific materials or particular landing gear com-
ponents, they provide valuable insights and expand the possibilities for future landing
gear design and SHM. If novel materials or new designs are introduced, damage-tolerance
principle-based landing gear maintenance could become feasible. In such scenarios, the real-
time monitoring of fatigue crack initiation and propagation within landing gear structures
would become essential and critical. This shift would pave the way for the application of the
above-mentioned NDT techniques in continuous in-service landing gear health monitoring.

5. Conclusions

The complexities inherent in aircraft landing gear systems, coupled with the frequently
substantial operational stresses endured during critical phases such as take-off and landing,
underscore the pivotal role of landing gears in ensuring both the safety of the aircraft and
its passengers. The rigorous demands placed on the landing gear make it essential to
study occurred failures to identify the causes and prevent recurrence or similar incidents.
However, as the modern aviation industry increasingly focuses on cost efficiency and
sustainability, proactive approaches that are able to detect early signs of failures before they
occur instead of reacting to failures after they have happened are more desirable. In this
context, the development of SHM systems for aircraft landing gears has gained increasing
attention. Such systems enable continuous monitoring of crucial indicators, allowing for
the early detection of potential failures and preventing them from occurring. Moreover,
the real-time data provided by SHM systems facilitates CBM by performing more accurate
RUL for components using SHM data.

This paper first presents the review results of various material-related landing gear
mechanical failure investigations. It has been found that abnormal stress-induced fatigue
or corrosion fatigue accounts for the majority of failure causes of mechanical structures
in landing gear systems. The existing aircraft landing gear load monitoring-based SHM
studies are also reviewed, and weight and balance measurement, hard landing detection,
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and structural load monitoring are identified as the three most popular research topics in
this area. Detailed monitoring methods and commonly used sensors are also discussed in
this paper. Notably, FBG sensors are gathering increasing attention due to their superior
performance, which includes high sensitivity, immunity to electromagnetic interference,
compact size, and the ability to integrate multiple FBGs within a single optical fibre.
The integration potential and robustness of FBG sensors align well with the demanding
environmental conditions and operational stress experienced by aircraft landing gears, thus
positioning them as a particularly promising candidate for use in SHM systems of aircraft
landing gears.

Moreover, the article also reviews studies that explore incorporating damage-tolerance
principles into landing gear SHM. These studies underscore the possibility of extending
damage-tolerance-based maintenance to a broader range of landing gear applications, es-
pecially with the adoption of novel materials and advanced designs, paving the way for
enhanced safety and maintenance efficiency in next-generation aircraft landing gear systems.
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