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Abstract
Optical fibre strain and shape measurement sensors were deployed on a 5-m long rotor blade
during a full-speed (rotation rate 6.6 Hz) helicopter ground run, with real-time data wirelessly
streamed from rotor hub-mounted sensor interrogators. In Part 1 of a 2-part paper series, the
strain sensing capabilities of the two optical fibre-based sensing techniques, optical fibre Bragg
grating (FBG) and fibre segment interferometry (FSI), are compared, while Part 2 (Kissinger
et al 2022 Smart Mater. Struct. accepted) specifically investigates the blade shape measurement
based on the FSI approach. In part 1, the rotor hub-mounted instrumentation is described, and
data on the dynamics of the blade obtained from a sequence of controlled pilot inputs are
analysed both in the time and spectral domains. It is shown that this can provide insights into the
aeroelastic properties of the blade. Noise standard deviations of 0.2 nϵ/

√
Hz and 30 nϵ/

√
Hz for

the FSI and FBG-based sensing approaches, respectively, were observed over a strain range
of 3500 µε.
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1. Introduction

The potential for the use of optical fibre sensors (OFSs) for
the measurement of strain on aircraft structures has been well-
documented [1]. OFS offer several advantages over conven-
tional sensors, including their flexibility, low weight, electro-
magnetic immunity and small dimensions (diameter of order
0.2 mm), and the absence of a requirement for electrical con-
nection to the sensor elements. These features can allow their
use as surface mounted sensors on aerodynamic surfaces, as
has been shown for fixed wing applications [2, 3]. In addition,
optical fibres can be embedded within fibre reinforced com-
posite structures and components during fabrication [4].

Rotor blades are considered to be one of the most safety
critical systems of a helicopter, being susceptible to fatigue,
impact damage and absorption of moisture, with the res-
ulting structural degradation leading to reduced perform-
ance or potentially causing catastrophic failure [5]. Currently,
the condition of the main rotor blades of a helicopter is
assessed mainly during maintenance processes, via routine
visual inspection and tap testing [6]. During track and balance
procedures, information can be gained via measurements of
the 1/rev vibration signal coupled from the rotor to fuselage-
mounted accelerometers, and by blade position monitoring
[7, 8]. While there is interest in the deployment of sensors on
the blade [5], currently available sensing technologies are not
suited to the direct measurement of main rotor characterist-
ics in-flight. Accelerometers, along with the associated wir-
ing loom, are typically bulky and their mounting in the rotat-
ing frame could interfere with the aerodynamics and structural
dynamics of the blade. In addition the accelerometer meas-
urements comprise a superposition of the desired vibration
measurements with the signals corresponding to the centri-
fugal acceleration of the blade and overall helicopter move-
ment. Electrical strain gauges have been employed in-flight
to monitor the structural deformation of rotor blades [9–11].
However, in addition to the deleterious influence of the wiring
on the aerodynamics and the dynamic behaviour of the blade,
long installation times, and their sensitivity to temperature and
water ingress can also limit their utility. It has been noted that
strain gauges often fail during testing and that the quality of
the data can be compromised by noise on the electrical slip
rings that are often used to transfer the data from the rotating
frame to the fixed frame [12].

To-date, aerospace applications of OFS have predomin-
antly concerned their use on fixed-wing aircraft [2, 3, 13–
17], with examples of flight tests with OFSs bonded to the
wings of a twin turboprop aircraft, Jetstream 31 [3], and to
the wings of an aerobatic single propeller aircraft, Scottish
Aviation Bulldog [2], measuring strain during extreme man-
oeuvres including banked turns [3], stall turns, barrels rolls,
loops and spins [2]. The use of OFS on rotorcraft has been
been less widely reported. In laboratory settings, OFS have

been used to detect damage on a rotor blade [6] and have been
deployed in a ground vibration test of a bearingless main rotor
(BMR) blade to characterise the blade’s structural dynamics
[18, 19]. OFS have been deployed on a scaled helicopter rotor
operated in a wind tunnel to estimate its tip displacement by
using a shape reconstruction algorithm [20], and have been
integrated into the root of a BMR blade [21], where the meas-
ured strain was used in the calculation of the useful remain-
ing life of the blade. Recently, fibre optic strain sensors were
used for in-flight measurements on a T-22 helicopter [22]. Six
sensorsmultiplexed in a single length of optical fibrewere con-
nected to a battery-powered interrogator located at the top of
the rotor mast. To measure the strain in the lead-lag direction,
sensors were mounted either side of the neutral axes in the
chord-wise direction, while monitoring the through-thickness
(flapping) strain was achieved by mounting sensors near the
leading and trailing edges, oriented along the span of the blade.
Two OFS were oriented at +45◦ and −45◦ to the span-wise
axis to provide information on the torsional modes. It was
reported that lead-lag, flap and torsion deformations could be
detected, and it was suggested that signals related to rigid body
motion could be distinguished from the blade’s aeroelastic
behaviour. A recent publication proposed a method for the
structural health monitoring of helicopter blades exploiting the
difference of strain or shape signals between rotor blades [5],
for which optical fibre based measurement approaches would
be ideal.

This 2-part paper presents research undertaken as part of the
BladeSense (Measurement of Dynamic Rotor Blade Deform-
ation) project [23], which aimed to investigate the use of
advanced optical fibre-based sensors on helicopter rotor blades
to provide data to enhance the understanding of aerodynamic
and aeroelastic phenomena, and with a view to exploring the
feasibility for routine in-flight deployment, to facilitate rotor
blade predictive maintenance. The ability of OFS technology
to allow the analysis of the the vibration characteristics of a
rotor blade in a stationary reference frame during a ground
vibration test under laboratory conditions has been established
previously by the authors [19]. In these papers, the use of the
technology in the rotating frame is assessed during a series of
helicopter ground runs, with OFS-instrumented rotor blades
and the associated interrogation instrumentation mounted on
a helicopter rotor hub. The project explored the use of OFS to
monitor strain, which is the subject of Part 1, and to measure
directly changes in the shape of the rotor blade, which will be
detailed in Part 2 [24].

In this paper, Part 1, the deployment of two types of
intrinsic OFS strain sensing technologies, fibre Bragg grat-
ings (FBGs) and fibre segment interferometry (FSI), on a BMR
blade of an Airbus Helicopters H135 helicopter during a full-
speed ground run is described. Data were streamed wirelessly
from rotor hub-mounted sensor interrogators to a ground sta-
tion. The dynamics of the blade were monitored during a
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sequence of controlled pilot inputs, providing insights into the
aeroelastic properties of the blade and facilitating a compar-
ison between the performances of the sensing systems.

2. Instrumentation

2.1. Sensing technologies: FBGs

The previously reported rotorcraft applications of OFS sum-
marised in section 1 employed FBGs, which are in-fibre strain
sensors of typical gauge length 5 mm. An FBG takes the form
of a hologram formed in the core of the optical fibre that acts
to reflect a narrow band of wavelengths (typically < 0.5 nm)
back along the optical fibre when interrogated by a broad-
band optical source or widely tuneable laser. The reflection
band is centred on the Bragg wavelength, which is related to
the period of the grating and the effective refractive index of
the propagating mode. Perturbations of the fibre that alter the
period and/or refractive index result in a change in the reflected
Bragg wavelength, the measurement of which forms the basis
of operation of the sensing technology [25]. The change in the
Bragg wavelength is directly proportional to the applied strain.
FBG sensors are often deployed in a serial array within an
optical fibre, with multiplexing achieved by fabricating each
sensor with a distinct Bragg wavelength that can be uniquely
resolved by the interrogator over the range of anticipated oper-
ating conditions. FBGs represent a relatively mature techno-
logy that is commercially available, with the flight-certified
SmartScan Aero Mini interrogator deployed here allowing the
simultaneous interrogation of sensors contained in four optical
fibres, with each fibre containing up to 16 wavelength division
multiplexed FBG sensors, at a data rate of 2.5 kHz, with quoted
strain resolution of 1 µε [26].

2.2. Sensing technologies: FSI

FSI [27] is a new, optically and mechanically robust approach
to the demodulation of the signals from an array of intrinsic
interferometric strain sensors, which is capable of providing a
strain resolution of sub nϵ/

√
Hz at high data rates, up to 100 s

of kHz. The approach, illustrated in figure 1, uses an optical
system comprising a telecommunications distributed feedback
(DFB) laser, a fibre optic circulator and a photo-diode to inter-
rogate fibre segment interferometers formed between an array
of in-fibre reflectors, exploiting the range resolved interfero-
metry (RRI) signal processing technique [28].

In RRI, the sinusoidal modulation of the optical frequency
of the output from the DFB laser, achieved by direct modu-
lation of the injection current, imposes a range-proportional
phase modulation on the interferometers formed between each
in-fibre reflector and a reference reflector, typically the cleaved
end face of the optical fibre. This generates a unique range-
dependent carrier signal for each reflector that allows the phase
measurement and multiplexing of the corresponding interfer-
ometer signals. Subtraction of the signals obtained from adja-
cent reflectors results in a measurement of the integrated strain
signal between the two reflectors, i.e. over a fibre segment [27].

Figure 1. Typical FSI setup.

2.3. Sensor deployment

The rotor blades were instrumented with OFSs positioned
along the leading edge. The sensor arrays were termin-
ated at approximately 55% of the rotor length, which
corresponds to the section of the leading edge that is
routinely covered by a blade protection tape to avoid dam-
age caused by minor impacts and erosion due to rain,
sand, dirt, or other debris. All fibre optic sensors were
covered by the blade protection tape to ensure safe oper-
ation during the ground runs and to simplify the certi-
fication process undertaken to obtain approval for ground
testing.

Four FBG sensor arrays, each containing 10 wavelength-
division-multiplexed FBGs, were fabricated in-house in
hydrogen loaded SMF 28 optical fibre, with the sensors optim-
ally distributed along a 2.1 m length of the fibre to ensure that
the aeroelastic modes of interests could be captured with the
number of sensors available. Arrays of FBGs were positioned
35 mm chordwise from the leading edge (equivalent to 12%
of the mean aerodynamic chord of the blade) on the upper
and lower surfaces of two rotor blades, with the final sensor in
each array located at approximately 2.8 m from the centre of
rotation. The sensors were bonded to the blade using cyanoac-
rylate adhesive. The locations of the sensors are illustrated
in figure 2. The arrays were interrogated using a commercial
FBG interrogator, SmartScan Aero Mini (SmartFibres, UK).

Arrays of 11 ultra short and low reflectively fibre Bragg
gratings (LR-FBGs) were fabricated in-house in eight lengths
of hydrogen loaded SMF 28, with adjacent LR-FBGs separ-
ated by 190 mm. The LR-FBGs were not interrogated in the
spectral domain as FBG sensors typically are, but actedmerely
as the reflectors to form an array of low finesse Fabry–Perot
cavities, the fibre segment interferometers. The reference was
provided by the Fresnel reflection from the cleaved fibre end,
located 95 mm from the final LR-FBG, which was protected
from contamination and damage by encasing within a plastic
tube. The interferometers were interrogated and demodulated
using the RRI approach outlined in section 2.2. The LR-FBGs,
each of length 250 µm and reflectivity 10 to 100 ppm, exhib-
ited a broad reflection bandwidth, with FWHM 5 nm, which
ensured that a reflection was achieved at the laser wavelength
irrespective of the overall strain and/or temperature experi-
enced by the LR-FBG. The spectral characteristics were sim-
ilar to those presented in [29], and so are not presented here.

For the interferometric strain sensors discussed in this
paper, the fibre of interest was one of a set of four optical
fibres that were integrated within a flexible plastic rod that was
designed to facilitate direct fibre optic shape sensing (DFOSS),
which will be discussed in detail in Part 2 [24]. In Part 1 of
this work—this paper—the strain signals from fibre string C,
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Figure 2. Diagram showing positions of the fibre sensors deployed on the lower surface of the rotor blade, with FBGs G1 to G10 and FSI
sensing segments S1 to S10 shown. The black dots in the FSI sensor array represent the locations of the FSI reflectors, R1 to R11.

which was located close to the helicopter blade surface in the
plastic rod assembly, was evaluated purely as an array of FSI
strain sensors, while in Part 2 [24], strain signals from mul-
tiple fibre strings integrated within the plastic rod are used to
perform DFOSS.

The fibres were bonded using cyanoacrylate into slots
machined along the length of the rod, described in Part 2. The
rod itself was attached to the blade using cyanoacrylate adhes-
ive. The locations of the FSI sensor elements in the span wise
direction along the blade are shown in figure 2, with reflectors,
R1 to R11, and the corresponding segments, S1 to S10, formed
between them, indicated. The DFOSS sensor rod was located
approximately 15 mm from the leading edge, attached to the
lower side of the blade. In this way the the surface disturb-
ance was positioned ahead of the expected peak blade suction,
reducing its influence on the aerodynamic performance of the
blade. For the remainder of this paper, the FSI sensors and
instrumentaion are referred to as FSI/DFOSS.

For redundancy, two blades were instrumented with the
OFS, but only one blade was monitored during each ground
run. To minimise potential issues with the balance of the
4-rotor blade assembly, the other two blades were prepared
in the same way, but the optical fibres and sensing rods did
not contain sensors.

2.4. Hub instrumentation assembly

Two customized hub support cap assemblies were construc-
ted, one for the FBG sensing instrumentation, the other for
FSI/DFOSS instrumentation. Each hub support cap assembly
contained the appropriate sensor interrogator, a computational
unit (in the form of a ruggedised miniature PC) and dedicated
Wi-Fi card for data telemetry, an SSD drive that was used to
store data locally as a backup and a Li-ion battery offering up
to 6 h running time.

A schematic of the assembly is shown in figure 3. All
optical fibres deployed on the blade were connected to the hub
support cap assembly using Radial LuxCis® ARINC 801 con-
nectors via bulkhead adapters.

Each hub support cap assembly also contained a power
management unit (PMU) that controlled the LI-ion battery
cells. The PMU was designed to allow the power to the instru-
ment to be cut (through control signals sent over the Wi-Fi
link) by the pilot in an emergency, and to be cut autonomously
if the battery temperature rose above a predefined threshold or
if Wi-Fi connection to the ground station was lost. Prior to
the ground test, all components were tested rigorously under

Figure 3. (a) Illustration of the layout of the hub support cap
assemblies, (b) image of the Smartscan Aero Mini FBG sensor
interrogator, (c) image of the FSI /DFOSS sensor interrogator. The
width of the top cover of top cover plate was 360 mm, while the
overall height of the assembly was 400 mm and the weight was
approximately 11 kg.

vibration conditions analogous to that which would be experi-
enced during the ground run, and the functionality of the units
and Wi-Fi telemetry, when operated in the rotating frame at
representative rotation rates, was assessed. In addition, the
hub support caps were balanced by attachment of weights
to the assembly, prior to installation on the helicopter. The
FSI/DFOSS hub support cap assembly contained an in-house
designed and constructed FSI/DFOSS interrogator for four
input fibres, which allowed the real-time interrogation of 11
reflector signals, i.e. ten fibre segments, per fibre input. This
instrument, shown in figure 3(c), comprises a DFB laser, fibre-
optic components, photo detectors, an A–D converter, and a
field-programmable gate array to provide the modulation sig-
nal to the laser drive current and to undertake processing of the
phase of the returned signals from each interferometer. While
the instrument is capable of resolving interferometric band-
widths up to 100 kHz, in this experiment, in order to lower
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noise, a reduced interferometric bandwidth of 33 kHz was
chosen. Furthermore, the interferometric data was decimated
to a data rate of 3.2 kHz in order to lower the real-time data
transfer load over the wireless link. Fibre optic patch cords
connected the FSI/DFOSS interrogator to bulkhead adapters
that were mounted in the hub support cap assembly.

The FBG hub support cap assembly housed a 4-channel
SmartScan Aero mini interrogator [26] (shown in figure 3(b)),
operating at a data rate of 2.5 kHz. The interrogator was
selected due to its low profile, its performance specifica-
tions and its airworthiness certification standard, equivalent
to MIL-STD 810G. The interrogator was connected to the
bulkhead adapters mounted in the hub support cap assembly
using patchcords terminated with Radial LuxCis® ARINC 801
connectors.

The helicopter was equipped with a range of other sensing
technologies, including a health and usage monitoring system,
Helitune’s HT-VHM, incorporating a RT-TipTrak camera sys-
tem to measure the blade tip deflection and a 6-axis sensor that
monitored acceleration and rotor speed. An aspect of the pro-
ject involved the demonstration of the ability to stream data to
the HT-VHM from the ground station PC.

Figure 4(a) shows a hub support cap assembly mounted
on the rotor mast. The optical fibre connections to the instru-
mentation via the bulkhead connectors can be seen. The route
of the FSI/DFOSS sensing rod under the blade protection
blade is also visible. The Airbus H135 helicopter, seen in
figure 4(b) was fitted with large tanks that were filled with
water to provide sufficient weight to prevent the helicopter tak-
ing off even when operated at full rotor speed.

3. Experimental conditions: ground runs

To assess the performances of the OFS technologies, ten
ground runs of the helicopter were undertaken over 3 d, as
detailed in table 1. The assessment of each sensing technology
involved the installation of the relevant balanced hub support
cap assembly onto the mast, shown in figure 4 and undertak-
ing two short track and balance runs to adjust and verify the
balance of the blades. A series of ground runs, GR1, GR2 and
GR3 was then undertaken. The rotor was initially run up to its
idling speed of 5 Hz, which was maintained for up to 2 min,
before running up to full speed of 6.6 Hz.

Here the results from the 3rd ground runs (GR 3) with
the FSI/DFOSS and FBG hub support caps installed will be
presented, with the aim of providing data that is representative
of the performance of the sensors.

3.1. Pilot inputs

When the rotor was operating at full speed, the pilot made dis-
crete inputs to the collective and cyclic controls, with the set of
inputs repeated three times during each ground run. The col-
lective control changes the pitch angle of all the main rotor
blades simultaneously, changing the lift uniformly across the
rotor disk. In the collective manoeuvre, the collective was first
stepped in the manner indicated in figure 5(a), which used

Figure 4. (a) Hub support cap assembly mounted on the rotor mast,
(b) helicopter with hub support cap and instrumented blades during
a ground run.

flight torque measurement as an indicator of the collective set-
tings. The collective was also subject to two movements to
80% torque, figure 5(b)), termed a collective doublet.

The cyclic control changes the pitch angle of two oppos-
ing main rotor blades causing either a pitch attitude or roll
response due to the resulting non-uniform lift distribution. It is
used to introduce longitudinal or lateral movement. The cyc-
lic control was subjected to a doublet cyclic lateral and doublet
cyclic longitudinal. During the doublet cyclic lateral, the cyclic
stick, originally in the neutral position, was moved to the right,
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Table 1. Details of the test campaign.

FSI/DFOSS Hub Support Cap Installed

Run Length Notes

T&B 1 8 min Track and Balance
T&B 2 8 min Track and Balance

GR 1 20 min Ground run with pilot inputs to
collective and cyclic controls

GR 2 20 min Ground run with pilot inputs to
collective and cyclic controls

GR 3 20 min Ground run with pilot inputs to
collective and cyclic controls

FBG Hub Support Cap Installed

T&B 1 8 min Track and Balance
T&B 2 8 min Track and Balance

GR 1 20 min Ground run with pilot inputs to
collective and cyclic controls

GR 2 20 min Ground run with pilot inputs to
collective and cyclic controls

GR 3 20 min Ground run with pilot inputs to
collective and cyclic controls

Figure 5. Planned pilot input pattern to the collective and cyclic
controls; stepped collective (0–100 s), collective doublet (100–150
s), cyclic (160–250 s), N—neutral, L—left, R—right,
B—backward, F—forward.

returned to the neutral position, before being moved to the left
and finally returning to the neutral position. Similarly, dur-
ing the doublet cyclic longitudinal, the cyclic stick was moved
backwards from the neutral position, returned to the neutral
position before moving forward and finally returning to the
neutral position.

Results and discussion

4.1. Raw data

Figures 6 and 7 show the raw data obtained from the FBG
and FSI sensors [30]. Figure 6(a) shows the measured changes
in the wavelengths of each of the FBG sensors in the array
bonded to the lower side of the blade. The step changes in
wavelengths observed as the rotor transitions from stationary
to idling are a result of a combination of the centrifugal forces
and the change in shape of the blade as it rises from its initially
drooped state. The further increase in wavelengths during the

Figure 6. FBG sensor data. (a) Wavelength shift exhibited by the
sensors mounted on the lower surface f the blade, G1–G10.
(b) Rotation rate determined from the data from G3. (c) and (d),
detailed time series data for the FBGs during idle and full speed
operation of the rotor, respectively.

transition from idling to full speed operation are predomin-
ately a result of the additional centrifugal forces. The features
in the time series observed during full speed operation corres-
pond to the three repetitions of the pilot input sequence shown
in figure 5. Analysis of the time series allows the determ-
ination of the helicopter rotation rate, shown in figure 6(b).
This was calculated from the zero-crossings of the character-
istic once per revolution signal, apparent in the 0.5 s duration
slices of the time series shown in figures 6(c) and (d), which
correspond to idle and full speed operation, respectively. The
rotation rates in the idle condition and full speed conditions
were 5 and 6.62 Hz, respectively, matching the measurements
from the HMV system. Observation of data during idle and
full speed operation (figures 6(c) and (d)) suggests the pres-
ence of a richer vibration frequency spectrum, which will be
discussed in section 4.3.

In the case of FSI, figure 7(b) shows the phase changes
measured for the interferometers formed between the each of
the reflectors R1 to R11 and the reference reflection from the
cleaved fibre end. As the FBG and FSI data were obtained
during separate ground runs (because the interrogators were
mounted in different hub support cap assemblies), the dura-
tions of idle and full speed operation sections of the runs differ,
but the features of the data are similar. The data indicates that
the interferometer with the longest length, corresponding to
that between reflector R11, which was closest to the root of the
blade, and the cleaved fibre end, exhibits the largest cumulat-
ive phase excursion. The amplitude of the phase excursion can
be seen to reduce with decreasing interferometer length. The
FSI data could also be analysed to allow the rotation rate to be
determined, as shown in figure 7(b), with the measurements
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Figure 7. FSI sensor raw data. (a) Phase measurements from the
interferometers formed between the reflectors (R1–R11, with R1
closest to the cleaved fibre end) and the reflection from the cleaved
fibre end. (b) The rotation rate determined from the phase data.
(c) and (d) detailed time series data for the interferometers during
idle and full speed operation of the rotor, respectively.

matching that obtained from the FBG sensors. Comparison
of the 0.5 s data slices at idle and full speed from the FBG
(figure 6(c)) and FSI and (figure 7(c)) suggests that the FSI
has significantly lower noise, which will be established in
section 4.2.

4.2. Strain measurements

In the case of the FBG sensors, the strain, ε, is determined from
the measured wavelength shift, ∆λ, using equation (1)

∆λ

λ
= (1− p)ϵ (1)

where p is the strain optic coefficient of the fibre, typically of
value 0.22 [31].

For FSI, the strain within the segments formed between
adjacent reflectors is determined by subtracting the phases of
the interferometers formed between each of the reflectors and
the cleaved fibre end. The strain is then related to the phase
change, ∆θ, in the fibre segment interferometer via equation
(2) [32]

ϵ=
∆θ ·λ

2lg · 2π · neff · k
. (2)

Here λ is the vacuum wavelength of the laser light and k is
the strain sensitivity factor of the fibre. We take k to be 0.795
for SMF-28 type fibre [33] and the effective refractive index of
the fibre core as neff = 1.45. An additional factor of two in the
denominator is included because the light passes through the
sensor gauge length, lg, twice. It should be noted that, since

both the FBG and FSI measurements are dependent on the
same glass properties of the optical fibre, for homogeneous
structural strains no principle differences in the readings are
expected if the strain transfer to the sensing fibres is equally
well established.

Figure 8 shows the time-series of the strain measurements
obtained from the two systems during comparable ground runs
and for approximately co-located sensor positions, where a
sequence of controlled pilot inputs, shown in figure 5, were
applied with the aim of exciting the blade dynamics. It is
important to note that the data presented represents two sep-
arate ground runs, as the FBG and FSI/DFOSS interrogators
were mounted in two separate hub support caps, which were
swapped between runs. However, it can be seen that the overall
strain magnitudes achieved with both systems are comparable,
as can be seen from themeasured strain distributions (averaged
over 20 s) during idle and full speed operation sections of the
ground run, plotted in figure 9. The small, typically<10%, dif-
ferences are attributed to the different positions of the sensors,
and it is suggested that differences are to be expected when
comparing highly localized FBG sensors, with gauge lengths
of 4 mm, with FSI sensors with gauge lengths of 190 mm.

In figure 9, to reflect the fact that the FSI measurements are
integrated over the length of each segment, the FSI-measured
strain is plotted as being located at the centre of each segment.
The maximum rate of change of strain is observed between
1 and 1.5 m along the blade, corresponding to the location
where the pitch control cuff merges with the main structure
of the blade [19]. The maximum strain, which is predom-
inantly a result of centrifugal tensile loading, is experienced
around one third of the rotor length, which then continuously
decreases towards the blade tip. The sensor elements closest
to the centre of rotation (FBG sensors G1 and G2, and FSI
segments S1, S2 and S3) are mounted on the cuff, a section
of the blade that is designed not to flex and not to carry the
centrifugal force [34], and thus experience significantly smal-
ler loads, and, in the case of G1, S1 and S2, even compress-
ive loading. This is a result of the change in the rotor blade
state from non-rotating to rotating, since the baseline measure-
ments were recorded when the blade was in the drooping, non-
rotating condition. The generally very good mutual agreement
between the FSI and FBG sensor measurements exhibited in
figure 9, where FBGs measure local strain over their 4 mm
gauge lengths while the FSI sensors measure averaged strain
values over a 190 mm long segment, as well as the continuous
nature of the measured strain function without obvious outly-
ing data points, provides a strong indication that strain transfer
is likely to be well-established for both types of sensor.

In figure 8(b), the time series for segment S10 reveals a
discontinuity at ≈900 s, which leads to a persistent error in
the strain measurement for this segment. As discussed previ-
ously, the real-time acquisition was performed at a reduced
interferometric bandwidth of 33 kHz. Unfortunately, in this
singular case, the chosen bandwidth proved too low to resolve
the rapid fringe rates that occurred, as segment S10 was loc-
ated furthest away from the interferometric reference, the fibre
tip, and therefore exhibited the highest interferometric fringe
rates of the array of interfeometers. In future experiments, the
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Figure 8. Strain data, time-averaged to an equivalent of a 5 Hz data rate, obtained during two separate ground runs for all of the sensors in
(a) the array of FBGs attached to the lower surface of the blade (G1–G10, FBG sensors) and (b) the array of FSI sensors attached the lower
surface of the blade (S1–S10, fibre segment interferometers).

Figure 9. Distribution of measured strain along the blade under idle
and full speed operation. The strain from the FSI sensors is plotted
at the centre of each FSI segment.

safety margin in the interferometric bandwidth setting should
be increased, to prevent such issues occurring.

It should be noted that the measurements presented here
are not corrected for the influence of temperature. A com-
putational fluid dynamics study of the aerofoil section (not
presented) suggested that under the test conditions, the local
air temperature at the location of the sensors closest to the
centre of rotation, would be raised by <5◦, with a corres-
ponding thermal apparent strain of <50 µϵ, while at the loc-
ation of the sensors furthest from the centre of rotation the
change would be <10◦ with a corresponding thermal appar-
ent strain of <100 µϵ. The time series shown in figure 8 do
show positive changes in strain between the starts and ends of
the idling and full speed sections of the trial, which may be
caused by an increase in the temperature of the blade. There
are a number of approaches to the discrimination between tem-
perature and strain for FBG sensors [35]. In this case, how-
ever, as the main focus of the analysis is on the blade dynam-
ics, it is less critical to compensate for temperature in these
measurements.

To provide a direct comparison of the signals obtained by
the two fibre optic sensing approaches, figure 10 shows plots
of comparable 1 s duration sections of the data time series (at
full data rate), encompassing approximately six rotations of

Figure 10. Strain data at full data rate, extracted from the time
series shown in figure 8, representing six rotations of the rotor at
full speed. (a) FBG sensor G7 attached to the lower surface of the
blade 1.4 m from the centre of rotation and (b) FSI sensor S7
attached to the lower surface of the blade, with its centre located
1.4 m from the centre of rotation.

the rotor at full speed, for FBG G7 and FSI segment S7. These
sensors were approximately co-located. The higher quality of
the measurements provided by the FSI technique, compared to
that provided by the FBG interrogation approach used here, is
clearly visible when comparing figures 10(a) and (b).

The FBG and FSI sensor responses to the three repeated
sequences of pilot control inputs are shown in more detail in
figure 11. For the 2nd repeat of the pilot input sequence, the
specific pilot input is indicated in the time series. The steps in
themeasured strain in response to the stepped inputs to the col-
lective (SC) are clear in each data set. The responses to the col-
lective doublet (CD) input are also clearly visible in figure 11,
with top-hat changes of strain of amplitude approximately 150
µϵ apparent in the data from both the FSI and and FBG sensors.

8



Smart Mater. Struct. 31 (2022) 075014 S W James et al

Figure 11. Strain data at full data rate, extracted from the time series
shown in figure 8 for (a) FBG sensor G7 and (b) FSI sensor S7. The
data include that recorder during the sequence of pilot collective and
cyclic control inputs: SC—stepped collective, CD—collective
doublet, DC (lat)—doublet cyclic lateral, DC (lon)—doublet cyclic
longitudinal. For clarity, only the responses to the 2nd repeat of the
sequence of inputs are labelled explicitly.

Figure 12. Changes in the strain distribution over a single rotation
of the blade, relative to the average strain distribution during
normal, 6.6 Hz rotation rate, operation. (a) Collective input and
(b) cyclic input.

The responses to the cyclic inputs recorded can also be seen
in figure 11. With reference to the inputs shown in figure 5,
it can be concluded that the strains induced by movement of
the cyclic control from neutral to left and back to neutral, and
from neutral forward and back to neutral are clearly visible, but
movement to the right and backwards are less apparent. Aswill
be seen in section 4.3 the cyclic inputs induce a measurable
dynamic behaviour to the blade.

The pilot input induced changes in the strain distribution
along the blade over one rotation, relative the average distri-
bution during normal, 6.6 Hz, rotation rate (plotted in figure 9),
can be represented by a polar plot, as shown in figure 12 for
the FSI data. This provides a clearer means for interpreting the
responses shown in figure 8. The plots were generated by per-
forming a cubic spline interpolation of the strains measured

by each fibre segment over a single time sample to gener-
ate the strain profile, from which the average strain distribu-
tion during normal operation was numerically subtracted. This
was repeated over the time samples comprising a single rota-
tion and a polar plot of the strain distribution was generated.
Note that the choice of the reference azimuth is arbitrary. The
response to the collective input indicates a largely rotationally
symmetric strain change, as would be expected as the pitch of
the blade is constant over the entire rotation. Radially, it can
be seen that the effect of the change in pitch is to increase the
loading, with the maximum change at the location where the
pitch control cuff merges with the main structure of the blade,
suggesting that the blade is bending further upwards than it
does when there is no collective input. The fine structure in the
plot is indicative of the excitation of vibration modes of the
blade. During the cyclic excitation, where the blade changes
pitch over the rotation cycle, the response is no longer ration-
ally symmetric, with the location where the pitch control cuff
merges with the main structure of the blade exhibiting a cyc-
lical variation in loading relative to the average strain distribu-
tion for normal operation.

4.3. Frequency analysis

As is evident from the data presented, the time series contain
rich information on the dynamics of the rotor blade. The spec-
tra of the strain data time series were computed using Welch’s
method [36] over 50 s long sections of the time series, to
estimate the power spectral density and then, by taking the
square root of the spectra, to yield the strain amplitude spec-
tral density. Figures 13(a) and (b) show the frequency spectra
of the data from the FBG and the FSI segment, respectively,
under two conditions: during the sections of the two ground
runs at full rotation rate (avoiding sections containing pilot
inputs to the controls) (black trace) presented in figure 11,
and with the rotor stationary, but with the engine powered up
(grey trace).

In the data captured at full rotation rate, the 1/rev rotor
frequency and its harmonics (indicated by the dotted vertical
lines) are present, as are a number of discrete frequencies
that correspond to the aeroelastic flapping, torsion and lag-
ging modes. The identification of the natural frequencies of a
non-rotating BMR rotor blade via analysis of data recorded by
FBG and DFOSS sensors during ground vibration tests under-
taken in a laboratory was reported in [18, 19]. In the case of
the data reported here, recorded with the blade rotating, the
blade’s stiffness changes resulting from the centrifugal forces
and aeroelastic loading would be expected to alter the blade
vibration frequencies [37]. Thus the sources of the observed
frequency components are not discussed here, but their iden-
tification is the subject of on-going work.

The difference between the noise floors of the two instru-
ments is clear in the data obtained with the rotor stationary,
represented by the grey traces in figure 13. The excitation of
natural modes of the stationary blade by environmental per-
turbations and by the vibrations from the engine (all the way
up to modes at ≈50 Hz) can be clearly observed in the FSI
data whereas above 4 Hz these vibration amplitudes are below
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Figure 13. Strain amplitude spectral density of the strain signal
determined using Welch’s method (a) FBG sensor G7 and (b) FSI
sensor S7. In each plot, the black trace represents the data acquired
at full 6.6 Hz rotation speed, while the grey trace represents the data
acquired when the rotor was not rotating, but with the helicopter
engine powered up. The dotted lines indicate the first 20 1/rev rotor
frequency harmonics.

the noise floor of the FBG system. The typical noise stand-
ard deviation of FSI data is 0.04 µε over an interferometric
bandwidth of 33 kHz (decimated to 3.2 kHz data rate), approx-
imately corresponding to 0.2 nϵ/

√
Hz, in line with previous

results [29]. Because decimated data is used for the compu-
tation of figure 13(b), high frequency noise will be aliased
into the baseband and consequently the noise floor that can be
observed in figure 13(b) of 1 nϵ/

√
Hz is higher by approxim-

ately a factor of the square root of the ratio of the bandwidths,
i.e.

√
33/1.6≈ 4.5, and remains consistent with the value of

0.2 nϵ/
√
Hz over the full 33 kHz bandwidth stated above.

For FBG strain data, typical noise standard deviations of
1.5 µε over the 2.5 kHz bandwidth were obtained, corres-
ponding approximately to 30 nϵ/

√
Hz. This shows that, in this

implementation, FSI has a sensitivity more than two orders of
magnitude larger than that of the FBG interrogation system
used here. This can be explained partially by the integration of
the strain signal over the longer gauge length of the FSI sensor,
but it also due to the inherently higher strain sensitivity of FSI
even for comparable gauge lengths, a result also recently con-
firmed for fibre optic pressure sensing applications [38]. It is
also worth noting that the FSI measurement principle delivers
the exact integral of the strain data [27] and is therefore not
negatively affected by strain gradients across the gauge length.

This difference in performance is also clear in the data
recorded at full rotation rate, where, above a frequency of
approximately 200 Hz, figure 13(a) shows that for the data
recorded by the FBG sensor the modal excitation is lower than
the instrumental noise floor. Meanwhile, figure 13(b) shows
that, for the data from the FSI sensor, higher order vibration
modes can be resolved all the way down to the Nyquist fre-
quency of 1.6 kHz.

Figure 14. Strain amplitude spectral density of the strain signal
from FSI sensor S7 determined using Welch’s method at full rotor
speed. (a), (d) Normal full rotation rate operation (6.6 Hz) with no
pilot inputs. (b) Shows the spectral density of the signal during the
collective input while (c) shows the modulus of the numerical
difference between the spectra in (a) and (b). (e) Shows the spectral
density of the signal during the cyclic input while (f) shows the
modulus of the numerical difference between the spectra in
(d) and (e).

It is informative to plot the changes in the frequency spec-
tra induced by the pilot inputs to the collective and cyclic
controls. Here, the data from FSI sensor S7 are analysed.
Figure 14 shows the frequency spectra of the measurements
recorded under full speed, normal operation ((a) and (d)), com-
pared with those obtained during the collective and cyclic
pilot inputs, (b) and (e) respectively. The pilot-input-induced
changes to the full-speed spectrum are shown in figures 14(c)
and (f), for the collective and cyclic inputs, respectively.

Under all three flight conditions, it is believed that the
1st and 2nd lagging frequencies are observable at around 4.8
and 25 Hz. The redistribution of energy within the spectrum
revealed by figure 14(c) provides evidence of the excitation
of flapping structural modal frequencies, at 36.5 Hz (3rd flap-
ping mode), 50 Hz (4th flapping mode) and 78 Hz (6th flap-
ping mode), during the pilot inputs. In particular, the stepped
collective input (figures 14(b) and (c)) are observed to have
excited the first flapping mode, which is close to the first
rotor harmonic. Due to the high aerodynamic damping, it was
expected that the excitation of this mode would be difficult.
During the cyclic control inputs (figures 14(e) and (f)), in addi-
tion to changes in the spectra at the frequencies noted above,
there is a significant broadening of the peak at the fundamental
1/rev frequency. It should be noted that the ability to observe
the aeroelasticmodes in the frequency spectrum is highly sens-
itive to the location of the sensor element relative to the neutral
axes of the underlying structure, which was discussed in a pre-
vious publication [18, 19].

To observe the operational vibration modes induced by
each class of pilot input to the controls, the dynamics can
be visualised using the spectrograms shown in figures 15(b)
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Figure 15. (a) and (d) Time series of the strain measured by fibre segment FBG G7 during ground run GR3. (b) Corresponding
spectrogram. (c) Time series of the strain measured by FSI sensor S7 during ground run GR3, (d) corresponding spectrogram. Spectrograms
determined by use of a short-time Fourier transform of the data time series.

and (d) for the FBG and FSI data, respectively, determined by
taking the logarithm of the short-time Fourier transform of the
time series (figures 15(a) and (b)), to localise the frequency
components excited in time. The rotor harmonics are visible
as the sharp lines in the plot. The blade vibration modes are
broader and show a small dependence on the helicopter rota-
tion speed. The frequencies of these natural modes increase
with higher rotor frequency due to the subsequently larger
blade stiffness that is a result of the additional centrifugal
forces and aeroelastic loading. The excitation of the natural
modes of the blade by the pilot inputs is revealed by observa-
tion of the changes in the distribution of energy in the spec-
trum, for example during the stepped collective pilot input
sequence centred at approximately 650 s in the FSI data series
in figure 15(b). Here the peak at 4.8 Hz can be seen to be
more apparent and the broadening around the 4th, 5th and
6th harmonics of the rotation frequency can be seen, match-
ing the observations in figure 14. During the the cyclic inputs,
centred at 850 s in figure 15(b), the local broadening of the
peaks at the rotation frequency, along with the blade’s 1st flap-
ping mode’s vibration frequency, apparent in figure 14(e), are
visible as the sharp vertical features. It is interesting to note
that the responses to all of the pilot inputs to the cyclic con-
trols are clearly visible in the spectral response in figures 15(b)
and (d) (the two sets of four vertical features centred around
the 1/rev rotation frequency, for example between 800 and
950 s in figure 15(b), corresponding the movements neutral—
right, right—neutral, neutral—left and left—neutral, and from
neutral—forward etc), while in the time series the movements
to the right and backwards were obscured by the 1/rev signal.

The dependence of the blade’s natural vibration frequencies
on the helicopter rotation rate is apparent in figures 15(b) and
(d), in the regions of the spectrograms corresponding to the

reduction in rotor speed (>1350 and >1650 s, respectively).
Here the sharper lines corresponding to the rotor harmonics
fall rapidly to 0 Hz, while the diffuse lines characteristic of
the blade’s natural frequencies fall to their values measured
when the blade is not loaded. Observing the modes in this way
may allow the generation of the complete Campbell diagram
of the helicopter blade, which presents the blade’s response
spectrum in terms of the rotation oscillation rate, providing
useful information for blade characterisation and health mon-
itoring, with changes being indicative of damage [39]. The use
of highly localized strain measurements and of methods based
on curvature mode shape was reported to be very effective
for damage localisation [40], which is the subject of further
studies.

5. Conclusions

The deployment of two optical fibre-based strain sensing
approaches, FBG and FSI, on the main rotor blades of a heli-
copter during a series of full rotational speed ground runs has
been described. It has been shown that the fibre optic sensors
were capable of providing measurements of the strain exper-
ienced by the blades and of the characterisation of the blade
dynamics, excited by specific pilot inputs to the collective
and cyclic controls. Both sensing approaches were capable of
detecting the 1/rev rotation frequency, and its harmonics, and
of detecting the operational aeroelastic modes excited by spe-
cific pilot inputs. The FSI system was demonstrated to have
a two orders of magnitude lower noise floor than that exhib-
ited by the FBG system, with strain noise standard deviations
of 0.2 nϵ/

√
Hz for the FSI and 30 nϵ/

√
Hz for the FBG-based

sensing approach. The superior performance of the FSI system
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be explained partially by the longer gauge length of the FSI
sensor, and it also demonstrates the inherently higher strain
sensitivity of FSI.

In general, for applications such as the evaluation of blade
dynamics, it can be concluded that highly localized strain sens-
ing provided by the FBG system is not required, and that the
averaging of strain over longer gauge lengths is beneficial due
to the increase in sensitivity, due to the improvement in signal
to noise ratio. In addition, long-gauge length sensing makes
the measurement less sensitive to local structural inhomogen-
eities or local non-idealities in strain transfer. Both systems
have been demonstrated to be sufficiently rugged for deploy-
ment in the hostile environment of a rotating helicopter hub,
providing powerful tools for the validation of blade designs
and for in-service blade condition monitoring. Relating the
data to the aeroelastic properties of the blade will be the sub-
ject of future publications.
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