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Abstract

A field-deployable structural monitoring system for helicopter landing gear based on fiber Bragg grating (FBG) sensors was 
implemented on the rear gear of a Sikorsky S-64 and exercised across taxi, take-off, hover, approach, landing, and roll-out. Four 
FBGs were interrogated at 1 kHz, and time–frequency features were extracted via segmented fast Fourier transforms to track the 
evolution of spectral content (≈0–500 Hz) associated with rotor-induced excitation, ground contact, and braking. The resulting 
families and their phase-dependent amplitudes indicate sensitivity to load-path variations and asymmetric load distribution, 
supporting inference on usage, fatigue accumulation, and hard-landing severity. The flight activity represents a direct translation 
to operational conditions of methodologies previously validated in laboratory drop tests, weight-on-wheels studies, and bonding 
durability assessments, thereby demonstrating end-to-end feasibility of FBG-based sensing for in-service monitoring. The findings 
support integration of strain-based features within Health and Usage Monitoring Systems (HUMS) for objective event detection 
and structural integrity assessment on rotary-wing landing gear.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2025.12.356&domain=pdf


450 C. Vendittozzi  et al. / Procedia Structural Integrity 79 (2026) 449–456

1. Introduction

Operational loads on landing gear dominate fatigue usage and determine maintenance actions. Objective detection 
of hard landings and reliable ground/air state inference remain challenging with conventional Weight-on-Wheels 
(WoW) architectures subject to mechanical tolerances and electromagnetic susceptibility. Classic surveys of landing-
gear dynamics detail persistent phenomena—such as shimmy and brake-induced vibrations—that complicate ground 
operation and accelerate wear, underscoring the value of objective, structure-borne indicators (Jocelyne 1999). 

Fiber Bragg grating (FBG) sensing—lightweight, passive, and multiplexable—has been advanced as a structure-
integrated alternative for event detection and usage monitoring. Broad reviews of FBGs in structural health monitoring 
document interrogation schemes, packaging, and strain/temperature cross-sensitivities, and emphasize advantages 
relevant to aeronautical installations (Majumder et Al., 2008; López-Higuera et Al., 2011). In parallel, the commercial 
perspective on landing-gear health monitoring highlights the shift toward predictive maintenance and the integration 
hurdles—both technical and business—that any sensing solution must meet to deliver safety and cost benefits (Phillips
et Al., 2012). 

Within WoW detection specifically, alternatives to stroke-based proximity sensing include strain-gauge approaches 
on load-path pins that lower trigger thresholds and mitigate temperature dependence; these systems illustrate both the 
feasibility of structure-borne detection and the cabling/protection challenges of electrical gauges on flight hardware 
(Gago Tripero e Al., 2012). 

Against this background, optical strain sensing offers immunity to electromagnetic interference, single-ended 
multiplexing, and reduced harness mass while enabling quasi-distributed measurements along critical members 
(Majumder, 2008; López-Higuera, 2011).

Complementary to sensing, active load-control studies demonstrate that reducing transmitted forces at touchdown 
can limit airframe motions and fatigue accumulation, reinforcing the centrality of accurate event quantification and 
load metrics in landing-gear design and maintenance (McGehee, 1979). 

Building on these foundations, laboratory investigations established the methodological basis for strain-based hard-
landing assessment and WoW inference: retrieval of touchdown kinematics from FBG time histories on beam impacts 
and leaf-spring gear drops; spectral/transient feature sets for event classification; WoW detection via static/dynamic 
thresholds; and bonding practices ensuring durable strain transfer under fatigue-like cycling (Brindisi et Al., 2020; 
2021; 2022; 2023; 2025(1) and 2025 (2)). These contributions collectively defined the sensing chain, feature set, and 
installation envelope used here. The present paper implements those laboratory-validated elements on-aircraft and 
assesses end-to-end performance during flight to demonstrate transferability to in-service conditions.

Nomenclature

𝜆𝜆𝐵𝐵 Bragg wavelength
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 effective refractive index
Λ grating period
𝑝𝑝𝑒𝑒 strain-optic coefficient
𝜁𝜁 thermo-optic coefficient
𝜀𝜀 strain
𝛼𝛼 thermal expansion coefficient
S1, S2, S3 and S4 gratings from 1 to 4

2. Materials and methods

2.1. Sensing principle and system overview

FBGs operate by reflecting a narrowband wavelength, as described by the Bragg condition:

𝜆𝜆𝐵𝐵 = 2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒Λ (1)



C. Vendittozzi  et al. / Procedia Structural Integrity 79 (2026) 449–456 451

Where 𝜆𝜆𝐵𝐵is the Bragg wavelength, where 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the effective refractive index of the fiber core and Λ is the grating 
period. 𝜆𝜆𝐵𝐵 shifts with strain (𝜀𝜀) and temperature (T) according to

Δ𝜆𝜆𝐵𝐵 = [(1 − 𝑝𝑝𝑒𝑒)𝜀𝜀 + (𝛼𝛼 + 𝜁𝜁)Δ𝑇𝑇]𝜆𝜆𝐵𝐵 (2)

where 𝑝𝑝𝑒𝑒 is the strain-optic coefficient, 𝜀𝜀 is the applied strain, 𝛼𝛼 is the thermal expansion coefficient, and 𝜁𝜁 is the 
thermo-optic coefficient. The approach is biomimetics-inspired, with quasi-distributed “nerves of glass” providing 
peripheral sensing along the structure, [Measures, 1989]. Advantages include very small form factor, passive 
operation, EMI immunity, and straightforward multiplexing for multi-point measurements.

2.2. Hardware

Tests were conducted with the VVF on a Sikorsky S-64 Skycrane, selected for its distinctive main-gear geometry 
and accessibility. A single-mode 9/125 µm polyimide-jacketed fiber hosted four FBGs with nominal wavelengths 
1530 (S1), 1540 (S3), 1550 (S2), and 1570 (S4) nm, in series in a single monitoring chain (sensors array). Each grating 
was bonded to the outer surface of the helicopter using acrylic glue. Interrogation and acquisition were performed at 
1.0 kHz (Aerogator, TECNOBIS), with multiplexed sensing and data streaming to an on-board PC, Fig. 1.

Two FBGs were bonded on the right and left main-gear legs; two additional gratings completed the four-sensor 
array. The optical fiber followed existing pass-throughs external to the fuselage; the interrogator was secured on a rear 
cockpit seat, Fig. 2. The entire sensor chain was protected by a layer of aluminum tape. This is a durable aluminum 
tape often used in aviation to mask, protect, and repair metal and other surfaces. The mission was framed as technology 
transfer and feasibility rather than performance-limit testing, intentionally stressing installation, cabling, handling, 
and thermo-mechanical environments to expose practical integration issues. 

Fig. 1 “FBG-based sensing chain for rotorcraft landing gear: principle of operation, sensor placement on structural members, interrogation at 1 
kHz, and data path to feature extraction.
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The test-operation encompassed taxiing, vertical take-off, hover maneuvers, altitude steps without ground contact, 
approach, touchdown events (including a brief bounce), roll-out, and braking to stop.

.

2.3. Data processing and analysis

Raw wavelength series were screened for integrity and converted to engineering units. Brief acquisition dropouts 
(≤10 samples) were interpolated locally; longer gaps were flagged and excluded from spectral statistics. Despiking 
employed a short median filter to suppress isolated outliers without distorting touchdown transients. 

Signals were segmented according to the operational sequence defined in Fig. 3 (taxi, lift-off, hover, approach, 
touchdown/rebound, roll-out, braking). Strain was obtained via calibrated sensitivity for each grating; explicit 
temperature compensation was not applied, therefore low-frequency drift during airborne phases was expected and 
later removed by high-pass detrending—an effect clearly visible in the representative time histories of Fig. 4. Within 
each phase, fixed-length analysis windows T_wwith 50% overlap were used to balance time localization and 
frequency resolution Δf. A Hann taper preceded fast Fourier transforms (FFT) to reduce leakage. The resulting short-
time FFT (STFT) produced spectrograms across windows W1–W8, where recurrent families and resonance bands are 
visualized and annotated in Fig. 5.

Feature vectors were computed per window/sensor: (i) band-limited RMS in laboratory-derived families (~20-60 
Hz, 60-120 Hz, 120-220 Hz, 350-520 Hz); (ii) dominant peak frequencies and amplitudes (fundamental, harmonics, 
super-/sub-harmonics) traced on Fig. 5; (iii) spectral shape metrics (centroid, bandwidth, kurtosis) to capture contact-
induced broadening; and (iv) touchdown transient metrics in the time domain (peak, rise time, and peak-to-baseline 
ratio) computed around the events illustrated in Fig. 4. Cross-sensor correlation and magnitude-squared coherence 
were also estimated to evaluate structural consistency during ground contact. Phase-level summaries (median and 
interquartile ranges across windows) supported the interpretation reported in §4.

Quality control required minimum per-window SNR, validity of frequency picks with respect to Δf, and an upper 
bound on the fraction of interpolated samples. Thresholds mirrored laboratory tuning and were held constant for all 
flight segments. 

Fig. 2 On-aircraft installation on Sikorsky S-64 rear landing gear: (a) sensor locations, (b) S2 bonded on the right leg; (c) S4 bonded on the left 
leg; (d) detail of S2 installed on the left leg shoulder; (e) interrogator mounting on rear cockpit seat.
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Fig. 3 Raw data (wavelength of S1, S2, S3 and S4, in nm). Intermittent corruption observed during the flight on four gratings.

Fig. 4 Acquired data processed but still in nm (wavelength of S1, S2, S3 ane S4).
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2.4. Proposed hard-landing logic (concept)

The decision chain (outlined in Fig. 6) comprises four stages:
• Pre-processing. Multiplexed FBG data are filtered and detrended as in §2.3 to yield drift-reduced time series 

and windowed spectra.
• State inference and event detection. Ground/air state (Weight-on-Wheels) is inferred from strain thresholds 

and temporal derivatives; lift-off/touch are declared when sustained crossings and derivative cues co-occur 
within a fixed tolerance. A transient detector (change-point on running RMS with a refractory window) flags 
candidate touchdowns and suppresses rebound double-counts.

• Feature extraction. Around detected events and during roll/braking, features include transient metrics, band-
RMS in laboratory families, order-related peaks, and inter-sensor consistency indicators.

• Severity estimation. A normalized, weighted severity index S aggregates features calibrated from laboratory 
campaigns. Thresholds on S partition outcomes into qualitative classes (nominal, elevated, hard-landing 
candidate). When available, a kinematic sanity check relates low-tens-of-Hz content to plausible ground speed 
to support class validation.

This modular structure supports avionics integration: high-rate WoW outputs can feed system logic, while Sand 
features are logged at window rate for HUMS/usage monitoring.

3. Results

Time-series traces captured clear signatures of taxi, lift-off, altitude steps without ground contact, and landing 
sequences. Non-thermally compensated signals showed expected low-frequency drift during prolonged hovers or 
altitude changes, and sharp transients during contact phases. 

FFT analysis across W1–W8 consistently revealed a repeating spectral family with a principal line near 18.8 Hz 
and harmonics and sub-/super-harmonic content through ~0.5 kHz. Distinct bands were repeatedly observed around 
~37.5, 56.8, 77.1, 95.5, 150.5, ~375–385, ~428–431, and ~491–494 Hz. These bands behaved like structural/local 

Fig. 5 Acquired data pos-processed and converted to engineering units for time-series inspection and frequency analysis. Only S1 and S2 plots 
are shown. FFTs were computed over sliding windows (W1-W8 segments) to track spectral content versus time.
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resonances excited by wheel orders and contact nonlinearities during touchdown, roll-out, and braking. The 
persistence and repeatability of these bands across phases support their use as indicators for health monitoring and 
event classification (e.g., band-RMS and peak-tracking features). 

A simple kinematic consistency check relates the ~18.8 Hz family to wheel-order content during ground roll rather 
than direct 1× wheel rotation, yielding plausible taxi/roll-out speed ranges. The spectral evolution between W2 (rapid 
descent and touch), W3 (lift-off), W5 (descent and harder touch), W6 (landing run), W7 (braking), and W8 (roll-
out/stop) matched the recorded maneuvers, confirming sensitivity to contact state and load-path changes. The 
evolution of spectral families across W1–W8 is depicted in Figure 5.

4. Discussion

The on-aircraft results reproduce laboratory patterns previously reported on scaled landing-gear rigs, validating 
transferability from controlled tests to flight conditions. The observed families and resonance bands provide a compact 
descriptor set for event detection and severity inference. Despite a deliberately “non-by-the-book” installation—
limited strain-relief, external routing, and no thermal compensation—the system maintained measurement continuity 
through critical phases, demonstrating robustness of FBG sensing for HUMS integration. Limitations include: (i) 
absence of synchronized aircraft state parameters for full model-based fusion and impact-speed estimation; (ii) thermal 
effects not explicitly compensated; and (iii) a limited number of sensing points. These constraints inform the next 
iteration focused on hardened installation, increased sensor count, improved routing/strain-relief, and multi-sensor 
fusion.

5. Conclusions

An FBG-based sensing chain for helicopter landing gear was demonstrated during an operational flight on an S-
64. The system captured usable strain signals end-to-end and revealed repeatable spectral families and resonance 
bands up to ~500 Hz that aligned with flight and landing events. The outcomes indicate feasibility for in-service 

Fig. 6 Short-time FFT across analysis windows highlighting recurrent spectral families (~20–500 Hz), with amplitude growth during ground roll 
and braking
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monitoring, hard-landing discrimination, and support to fatigue/health assessment. Future work will harden 
installation practices, expand sensing coverage, and implement band-energy and order-tracking metrics fused with 
aircraft parameters for objective hard-landing classification.
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