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Abstract

The implementation of fly-by-wire technologies on rotorcraft requires the knowledge of the loads exerted by the pilot on
the command chain during the flight; however, it is not easy to retrieve such information. In this work, a novel composite
sensorized helicopter inceptor is developed aimed at monitoring the loads applied by the pilot during the flight for the entire
helicopter lifecycle. The inceptor is produced using a soluble mandrel, and the connection elements are produced in polymeric
material, allowing the connection of the optical fiber carrying the fiber Bragg grating (FBG) sensors to the interrogation
system. Two prototypes of inceptor are manufactured, the first is produced with the aim to calibrate the Finite Element (FE)
model of the component. Then the model is exploited to perform a sensor placement optimization based on the minimization
of the condition number of the system using a Genetic Algorithm. The second prototype is produced positioning the FBG
sensors according to the output of the optimization. Results show that a satisfactory load identification capability is obtained
using only two sensors positioned according to the optimization technique. A comparison is also performed using the first
prototype equipped with four strain gauges positioned using qualitative criteria: results show that a better load identifica-
tion quality is obtained with only two sensors positioned according to the placement optimization technique. This work
demonstrates the feasibility of a composite sensorized helicopter inceptor, characterized by a complex geometry, capable to
provide satisfactory load identification quality with a limited number of sensors.

Keywords Sensor network optimization - Composite laminates - Flight controls - Helicopter cyclic - Fiber Bragg grating -
Genetic Algorithm

identify the operational loads acting on the structure during
its usage. Different techniques exist for the identification
of the loads: a simple method relies on the definition of a

1 Introduction

In the past 30 years, Structural Health Monitoring Systems
(SHMS) were deeply studied in the literature [1, 2]. Aero-
space represents a particularly relevant application field
[3—6] since SHMS provide the possibility to constantly
monitor the state of integrity of the structures, minimiz-
ing the scheduled maintenance intervals, the related costs
[7, 8], and in some cases, also the weight of the structure
[9]. The knowledge of the loads acting on the structure
represents another important aspect for the safety of aer-
ospace vehicles, as it leads to the design of the structure
and the definition of the maintenance and inspection plans
[10]. Usage Monitoring Systems (UMS) are employed to
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calibration matrix relating the strain measured in a specified
location of the structure to the applied loads. This method
was extensively applied in the literature: for instance in Ref.
[11], the calibration matrix method was applied to monitor
a composite wing spar, while in Refs. [12, 13], it was used
to monitor the loads acting on an Unmanned Aerial Vehicle.
Another widely applied technique for load reconstruction
is represented by the Kalman filter. The filter evaluates the
state of a system based on some measurements subjected
to noise, and it allows for the identification of parameters,
which in this case are represented by the loads. Some appli-
cation of the Kalman filter to aerospace structures can be
found in the literature, for instance in Refs. [14, 15], the
authors employed the filter to identify the loads acting on
a helicopter rotor blade using strain-based data. Machine
Learning techniques are also adopted with the purpose to
recognize the operational loads on aircraft, with particular
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focus on Artificial Neural Networks (ANN) [16]. Another
technique was presented in Ref. [17], where the authors
identified the loads acting on a metallic bracket connect-
ing the flap to the wing spar using strain-based measures.
The transmitted loads were identified minimizing the error
between some calibrated influence functions and the meas-
ured strain set. To reduce the number of sensors employed
in the UMS, and to maintain a proper load identification
performance, the sensor network should be optimized. Such
task is often performed in the context of wireless sensor
network [18], where the objective is to optimize the con-
nectivity between the sensors, for instance minimizing the
required power, maximize the network lifetime or maximize
the sensors network’s coverage. Considering other types of
sensors other than the wireless ones, in Refs. [19, 20], the
authors adopted the strain gauges to recognize the dynamic
loads. They optimized the performance of the dynamic load
identification minimizing the condition number of the cali-
bration matrix relating the applied loads to the measured
strains, as a function of the sensors’ placement. The case
study considered was a cantilever beam and a truss structure
in two dimensions and three dimensions, respectively.

In this work, a composite helicopter inceptor was monitored
with the aim to obtain the loads transmitted by the pilot to
the cyclic command during the flight. Such kind of data are
particularly difficult to obtain, and to the best of the authors’
knowledge, there are no information in the literature about
the acquisition of such loads during the flight. The knowledge
of the loads acting on the inceptor represents an important
aspect for the development of fly-by-wire systems, which help
the pilot to better control the helicopter [21], increasing the
reliability of the command chain, reducing the weight, and
improving the flexibility in the implementation of the control
laws [22]. Among different types of sensing techniques, like
for instance the strain gauges, accelerometers, and piezoelec-
tric sensors, fiber Bragg grating (FBG) sensors were adopted.
Indeed, being the scope of this work to permanently monitor
a composite structural element, FBG sensors resulted to be
particularly suitable, as they allow being embedded and pro-
tected inside the composite laminate. Moreover, their immu-
nity to electromagnetic disturbances allows a better quality of
the transmitted signal [23, 24]. The calibration matrix method
was employed to recognize the loads applied by the pilot to
the inceptor: to maintain a satisfactory load identification capa-
bility, the position of FBG sensors was obtained through an
optimization process based on the minimization of the condi-
tion number the calibration matrix. The process was supported
by the development of a Finite Element (FE) model of the
inceptor validated with experimental data. The novelty of this
work lies in the monitoring of a typical helicopter component,
whose monitoring was still not investigated in the literature,
although significant benefits may be achieved from it. This
work was aimed at producing a prototype of a sensorized
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composite helicopter inceptor facing the problems related to
the technological feasibility and the load identification per-
formance obtained with a limited number of FBG sensors,
necessary to reduce the production costs [25]. The work is
organized as follows: in Sect. 2, the component is presented
together with the manufacturing process and the technology
aimed at embedding the FBG sensors inside the composite
laminate. In Sect. 3, the FE model of the inceptor and the test
setup are presented together with the correlation with prelimi-
nary experimental results. In Sect. 4, the sensors’ placement
optimization technique is presented, and the position of the
sensors is found. In Sect. 5, the results about the load identi-
fication performance are provided. Eventually, in Sect. 6, the
main findings and the needs for the future works are given.

2 Inceptor and manufacturing process
description

Typically, helicopter’s commands are produced using metallic
alloys. However, the need to obtain a more balanced and light-
weight inceptor to improve pilot’s performances, combined
with the suitability of composite materials to produce complex
and double-curved parts [26, 27], led the authors to adopt com-
posites for the manufacturing. The epoxy-based pre-preg fabric
TC2003T125/M79, whose mechanical in-plane properties are
summarized in Table 1, was used to produce the component.
The cured thickness of each ply was equal to 0.2 mm.

The inceptor, which in this case was used for the cyclic
control, allows the pilot to control the pitch and the roll of the
helicopter, acting on the main rotor blades’ pitch during the
rotation period. A layout of the configuration of the incep-
tor can be observed in Fig. 1, adapted from Ref. [28], where
the inceptor is indicated as “cyclic pitch control”. It can be
observed that the pilot acts on the inceptor applying rotations
about the longitudinal and lateral axes, highlighted with yellow
arrows in Fig. 1.

To produce a composite element having such a complex
shape, a fabric was chosen due to its high capability to adapt
over double-curvature surfaces, one represented by the cross-
section and the other represented by the curved axis. The man-
ufacturing of the inceptor was possible thanks to the usage of
an external mold and an internal mandrel. Both were divided
into two halves.

The first step was the manufacturing of the mandrel,
produced by 3D printing using the soluble resin Stratasys
ST-130. Such material was chosen as it allowed the removal

Table 1 Mechanical in-plane properties of the material TC2003T125/
M79

E,, [MPa] E,, [MPa] v G, [MPa]

57,246 57,246 0.03 3871
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Fig. 1 Typical helicopter controls, where the inceptor is indicated as
“cyclic pitch control”, adapted from Ref. [28]

of the mandrel using a chemical solution. As it can be seen
in Fig. 2a, the mandrel was produced in two halves split
longitudinally; in this way, the mandrel was free to expand
its cross-section under the effect of the temperature dur-
ing the curing and to stretch the material avoiding possible
wrinkles in the pre-preg, generated by the presence of high
curvatures.

The second step was the production of the optical fiber
support, which is shown in Fig. 2b, colored blue. Such ele-
ment allowed the exit of the optical fiber from the laminate,
making the connection of the fiber with the optical interroga-
tor possible. The mandrel, presented in two halves in Fig. 2a,

Fig.2 a The two halves of the

soluble mandrel, the surfaces

splitting the mandrel are high-

lighted in red; b optical fiber

support and corresponding slot

in the mandrel a)

b)

Optical fibre channel

can be observed with the two halves assembled in Fig. 2b on
the right, with the corresponding slot colored red, needed to
host the optical fiber support. The optical fiber support was
produced in 3D printing using ULTEM 1010 resin.

The third step was the production of a protection case for
the optical fiber. Indeed, a part of the optical fiber needed
to be routed off the laminate to be connected with the inter-
rogation system. Therefore, the element presented in Fig. 3a
was produced to allow the optical fiber to be winded in the
groove, visible on the right, and to be protected by the resin
flowing during the curing cycle. As it was done for the opti-
cal fiber support, also the optical fiber protection case was
produced by 3D printing using ULTEM 1010 resin.

The final assembly of the mandrel can be observed in
Fig. 3b. The mandrel was produced with a cavity inside to
allow for the positioning of an internal vacuum bag, vis-
ible in Fig. 4a, required to apply pressure from the internal
surface of the inceptor towards the external counter mold,
which is visible colored in light blue in Fig. 4a.

Once the production of the mandrel was completed,
and the internal vacuum bag was inserted in the mandrel
(Fig. 4a), the next step consisted in the lamination of the
composite material on it. A total of three plies were used for
the lamination, with the fibers oriented along the inceptor’s
axis. The plies were cut such to be complementary with the
two halves of the mandrel presented in Fig. 2a: they were cut
slightly wider to allow their overlapping along the conjunc-
tion line of the mandrel, colored red. The optical fibers were
inserted between the first and the second ply, starting from
the mandrel’s surface. FBG sensors with a grating length
equal to 3 mm were adopted, and the optical fibers were
positioned following the inceptor’s axis. Special attention
was paid to avoid the passage of the optical fiber along the
conjunction line between the two halves of the mandrel. The
optical fibers were then inserted in the channel of the optical
fiber support, visible in Fig. 2b. After this, the optical fiber
was wounded inside the groove of the optical fiber protection
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Fig.3 a Optical fiber protection
case; b final assembly of the
mandrel

b)

mandrel

case, presented in Fig. 3a, to protect the optical fiber from
the resin flow during the curing cycle.

The next step consisted in the deposition of the laminate
in the cavity of the external counter mold, as it can be seen
in Fig. 4b. The external counter mold, colored light blue in
Fig. 4, was manufactured in two halves in polyurethane. An
external vacuum bag containing the whole mold was also
produced and connected to the internal one to allow the pres-
sure of the autoclave pushing the mandrel against the lami-
nate and, finally, on the external counter mold. The external
vacuum bag can be observed in Fig. 4c. The laminate was
then cured at a pressure of 3 bar and a temperature of 80 °C
for 4 h. The choice of such a low curing temperature was
mandatory to avoid damaging the soluble mandrel; however,
it was verified this parameter not to significantly affect the
elastic properties of the composite material. The result after
the curing cycle can be observed in Fig. 4d.

After the curing of the laminate, the mandrel was
removed using a chemical solution obtained dissolving the
powder Waterworks, containing caustic soda, in the water
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optical fiber protection case

optical fiber support

with a concentration of 22 g per liter. The obtained solu-
tion was poured into the hollow inceptor hosting the man-
drel for a time period of 10 days at room temperature. After
that time, the mandrel showed a sufficient softening, which
enabled its final removal using mechanical methods. Two
other components were produced, which allowed connecting
the inceptor to the surrounding elements: the grip, needed
to transfer the loads from the pilot to the inceptor, and the
root connection, which allowed the inceptor transmitting
the loads to the command chain. The two elements can be
observed in Fig. 5, and they were manufactured by 3D print-
ing using the resin Formlabs Tough 2000 type [29].

The grip design appears different from the typical heli-
copter command grip. This variation stems from the grip’s
design tailored specifically for testing purposes. Conse-
quently, the ergonomic shape was replaced with a cylindri-
cal form featuring a groove. This alteration was necessary to
accommodate the introduction of loads through a cable posi-
tioned at the grip’s reference point. The reference point was
arbitrarily chosen as the third finger of the pilot, where the
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Fig.4 a Internal vacuum bag
positioned in the mandrel; b
positioning of the laminated
inceptor in the external counter
mold; ¢ external vacuum bag; d
inceptor after the curing

counter mould

External vacuum bag

Fig.5 a Inceptor grip; b root
connection of the inceptor

load is anticipated to be applied by the pilot’s hand. These
two elements were linked to the inceptor via an interference-
fit connection.

3 Description of the test setup
and development of the Finite Element
model

The objective of this work was to produce a sensorized
inceptor capable to recognize the loads applied by the
pilot during the flight using a limited number of FBG

vacuum bag

Groove

Internal g v e

sensors. To do so, a FE model needed to be developed
and correlated with experimental data, with the aim to
obtain a sufficiently accurate model on which to perform
the sensors’ placement optimization. Therefore, two pro-
totypes of the inceptor were needed: the first, hereafter
named as inceptor # 1 was produced with the only purpose
to correlate the FE model; the second, hereafter named as
inceptor # 2, was produced with the FBG sensors posi-
tioned in relation to the results of the optimization. The
logical flow of the work can be observed in Fig. 6.
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3.1 Description of the test setup

An experimental test setup was designed, aimed at loading
the inceptor in two different load conditions: the first con-
dition was represented by the longitudinal force, exerted
by the pilot pulling the command lever towards himself,
the second condition was represented by a lateral force,
exerted by the pilot towards one of the knees. The two
forces were perpendicular to each other and were con-
tained in the plane whose normal was represented by the
grip axis, highlighted in Fig. 7. Under the assumption that
no other forces were applied along the direction normal
to that plane, each applied load can be expressed by the
combination of the two forces, hereafter named F),,, and
F,, for the longitudinal and lateral force, respectively,
according to Eq. 1.

Fig.6 Logical flow of the
work carried out, as it can be
observed, inceptor #1 was
only adopted to correlate the
finite element model used to
perform the sensor placement
optimization, then inceptor #2
was produced according to the
optimization results

NO

F= ﬁlongFlong + ﬁlatFlat’ (1)

Where f,,,,, and f,, represents the coefficients combining
linearly the two forces, and F represents the force result-
ant. To test the inceptor subjected to these two forces, a test
setup was designed, which is presented in Fig. 7a and b,
for the application of longitudinal force and lateral force,
respectively.

As it can be seen, for experimental purposes, another ele-
ment was introduced, hereafter named wall connection. Such
element connected the root connection to the metallic wall.
It consisted of a metallic tube welded to a metallic plate with
an angle a such that, rotating the metallic plate about the
normal of the metallic wall, different combinations of Fy,,,
and F, could be obtained without introducing any force

Test inceptor #1

Produce inceptor #1 |—>|

Create FE model |

|

Update FE model |—l|

Obtain strain field from
FE model

Obtain strain from
inceptor #1

Are they
comparable?

Perform sensors placement optirﬁization using correlated FE model

Produce inceptor #2 |

| Test load identification performance of inceptor #2

Wall connection

Loading
mass

Flony

Normal of

Rl Ral) metallic'wall

a)

Wall connection

Inceptor

Root

Grip axis
connection &

pazgl
Normal of
metallic wall

Metallic wall

Fig.7 a Sensor calibration setup for longitudinal force; b sensor calibration setup for lateral force
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parallel to the grip axis. In the experiments, the loads were
applied with a mass connected to the grip in correspondence
of the groove shown in Fig. 5a.

3.2 Development and correlation of the Finite
Element model

As the objective was to obtain a reliable FE model of the
inceptor to support a sensor placement optimization process,
a FE model of the whole test setup was developed and cor-
related with experimental data. The software used for the
FE model was Simulia/Abaqus. Due to the low thickness
of the laminate (about 0.6 mm), compared to characteris-
tic dimension of the inceptor, S4R type [30] shell elements
were adopted to mesh the component. S4R type elements
are characterized by a planar geometry and four nodes hav-
ing translational and rotational degrees of freedom, and are
used to model structures having one dimension significantly
smaller than the other two; indeed, such type of elements
relies on the hypothesis of plane stress, which is typical of
plates. The information about the thickness and the orienta-
tion of the composite plies is provided in the section of the
element, where each ply is characterized by an odd number
of integration points through the thickness: one in the mid
plane and the others located symmetrically to the mid plane.
The elements had a characteristic dimension of 3 mm all
over the component. A view of the inceptor meshed with
S4R type elements is reported in Fig. 8a, where the ply over-
lapping region is highlighted in yellow. The material was
oriented in such a way to have the local x-axis following the
curved path of the inceptor, as it can be observed in Fig. 8b,
where the x-axis is highlighted in light blue. The z-axis was
represented by the normal exiting from the plane of the shell
elements, and the software Simulia/Abaqus automatically
defined the local y-axis as the cross product between the
local x-axis and the local z-axis.

The interaction between the different parts of the test
setup modeled with FE can be observed in Fig. 8b. The wall
connection was constrained to the root connection with a
tie interaction, which prevents the relative motion between
the mesh nodes, while the posterior surface of the plate was

Fig.8 a Mesh of the incep-

tor modeled with S4R type
elements, with ply overlapping
region highlighted in yellow; b
x-axis material orientation and
interactions between the parts of
the Finite Element model

clamped. The internal surface of the root connection was
connected with a tie interaction to the external surface of
the inceptor, and the outer surface of the grip was connected
with a tie interaction to the internal surface of the inceptor.
All the components, except for the inceptor, were modeled
as rigid using C3D10 type elements [30]. The reason for
this choice was that the strain measured by the sensors of
the inceptor, under the assumption of small displacements,
was only affected by the local curvature of the inceptor itself,
and not by the surrounding parts. The whole FE model was
made by 73,184 nodes, 10,454 S4R type elements to model
the inceptor, and 33,566 C3D10 type elements to model
the connection components. The load was applied to the
grip using its reference point for rigid bodies, positioned
in correspondence of the groove, marked with color red in
Fig. 8b. Preliminary FE analyses were performed to deter-
mine the position of strain gauges needed to correlate the
FE model with experimental data. Linear static analyses
were performed applying forces equal to 100 N both later-
ally and longitudinally. The strain contour is presented in
Fig. 9 together with the chosen position of the strain gauges.

It can be observed from the strain contour that the longitu-
dinal force only generated an in-plane bending, and the maxi-
mum strain was reached in correspondence of the root. The
lateral force instead generated an out-of-plane bending and
also a torsion of the inceptor, and the maximum strain magni-
tudes were reached in the curved part and the region between
the root and the curved part, respectively. A total of three strain
gauges were applied to the inceptor. Strain gauge #1 was posi-
tioned in correspondence of the region colored red in Fig. 9a,
where the maximum magnitude of €;; was reached due to the
application of longitudinal force. The strain gauge was ori-
ented along the x-axis of the material. Considering the same
strain component g;, for the lateral force loading condition,
it was decided to position the strain gauge # 2 in correspond-
ence of the blue-colored region represented in Fig. 9b, aligned
with the local material x-direction. Eventually, due to the large
contribution of the in-plane shear (torsion) generated by the
application of lateral force, presented in Fig. 9c, the double-
grid strain gauge #3 was applied oriented at 45° with respect
the material x-axis in correspondence of the area colored blue,
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Fig.9 a Strain contour ¢, due
to the application of a 100 N
longitudinal force; b strain con-
tour g, due to the application
of a 100 N lateral force; ¢ strain
contour Yy, due to the applica-
tion of a 100 N lateral force

measuring along two orthogonal directions, hereafter named A
and B. In the third column of Table 2, the errors between the
FE model and the experimental measurements are presented.
The error was calculated according to Eq. 2.

Emeasure ~ EFE
Error = 100 x % )
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ERELL

ply 3 (top)
(Avg: 75%)

+1.243e-03
+1.041e-03
+8.386e-04
+6.365e-04
+4.344e-04
+2.324e-04
+3.032e-05
-1.717e-04
-3.738e-04
-5.75%e-04
-7.77%e-04
-9.800e-04
-1.182e-03

E, E11

ply 3 (top)

(Avg: 75%)
+2.073e-03
+1.025e-03
+7.631e-04
+5.011e-04
+2.392e-04
-2.272e-05
-2.847e-04
-5.466e-04
-8.085e-04
-1.070e-03
-1.332e-03
-1.594e-03
-1.856e-03
-2.118e-03

E, E12

SPOS, (fraction =

(Avg: 75%)
+5.380e-03
+4.031e-03
+2.682e-03
+1.333e-03
-1.571e-05
-1.365e-03
-2.713e-03
-4,062e-03
-5.411e-03
-6.760e-03
-8.109e-03
-9.458e-03
-1.081e-02

To reduce the discrepancy between the FE model and
the real component, a correlation procedure was performed
using the normalization theory [31]. Consequently, new elas-
tic moduli were calculated, according to Eq. 3.

t .
_ nominal
E, normalized — E, nominal t ’ (3)
real
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Table 2 Strain error before and after correlation for inceptor #1

Strain gauge number Force com- Error % before  Error % after

ponent correlation correlation
#1 Flong 7.29 5.97
#2 Fia 156.00 24.43
#3 direction A Fla 23.20 0.98
#3 direction B Fla 16.75 —4.48

Where E,i,a Tepresents the nominal elastic modulus
along the reinforcement fiber direction, f, ;.. represents
the nominal laminate thickness and ¢,.,, represents the real
laminate thickness. Such equation provided the normalized
elastic modulus E, . .ii,eq along the reinforcement fiber
direction considering the discrepancy in the laminate thick-
ness (nominal vs real thickness) attributed to a different resin
content. Using Eq. 3, the laminate thickness and the elastic
modulus were modified. After the normalization process,
the new errors between the FE model and the experimental
measurements were calculated, and they are presented in
the fourth column of Table 2. It can be observed that the
mismatch between the FE model and the real component
was reduced up to acceptable values. Only the error on the
strain gauge # 2 resulted to be not negligible. Overall, the
results were considered satisfactory. Indeed, based on the
experience of the authors in the field of composite struc-
tures, considering the geometrical and the manufacturing
complexity of the component characterized by a double-
curvature geometry, and the possible uncertainties related
to the position of the strain gauges, the correlation can be
judges as acceptable. Similar values of discrepancy in the
numerical-experimental correlation using the strain gauges
can be found in the literature, for instance in Ref. [6], where
the authors modeled a helicopter composite tail rotor blade
root with a nonlinear FE model obtaining an average cor-
relation error of 8.2%, which is comparable to the average
error obtained in this work equal to 8.9%.

4 Sensors placement optimization

The objective of the sensor placement optimization was to
find the combination of the sensors’ positions and orienta-
tions that maximized the quality of the identified load set.
Although different methods are presented in the Introduction
section, the calibration matrix method was chosen, the moti-
vation is that such method allows the evaluation of the load
identification quality in a very simple manner by calculating
the condition number of the system. Indeed, obtaining the
quality of the identified loads using other methods, such as
the Kalman filter or the ANN, would be complex using a FE
software, and a large number of experiments incorporating

the environmental noise and having the sensors in different
positions and orientations should be carried out to perform
the optimization. Moreover, the condition number reflects
the redundancy of the signal acquired by the sensors, which
has to be as lower as possible for a given number of sensors
and for any load identification methodology.

The calibration matrix method allows computing the
applied loads by reversing the relationship between the
strains {€}.n.ors and the loads { P} under the hypothesis of
linearity. The relationship is presented in Eq. 4.

= [K|{P}. 4)

{ 3 } Sensors

Since the calibration matrix [K] is, in general, rectan-
gular, the problem is usually solved using the least-squares
method, as shown in Egs. 5 and 6.

(IKT7IKT) " KT {€ b omsors = (P, )

{P} = [K]+ {g}sensors' (6)

Such problem is known to be ill-conditioned [11], there-
fore, a higher quality of the load set identification can be
achieved if the condition number of the system is minimized,
according to Eq. 7.

mincond((KD} = min{ |I[K1 - ||t&1||}- ™

In this work, it was decided to use the minimum number
of sensors, which in this case was equal to two; therefore, the
calibration matrix /K] had dimension 2 X 2, and the strain
set and the load set had dimension 2 X 1. Writing in full the
coefficients of matrix [K] and the components of the loads
applied by the pilot, the following Eq. 8 was obtained.

{ EFBGHI } — [kll klz] { Fia } )
E€FBG#2 ) sensors kyy ka Fiong .

The coefficients of the calibration matrix can be found
column by column, applying only one unitary load compo-
nent per time. Such procedure was followed using the cor-
related FE model and applying a unitary F,, and a unitary
Flone in two separate analyses. The strain components were
obtained for each element’s integration point of the incep-
tor in the two analyses sampling the value in the topmost
integration point of the first ply of the shell element, where
the optical fiber was embedded during the lamination pro-
cess. The optimization was performed utilizing the Genetic
Algorithm (GA) available in Mathworks’ Matlab Optimiza-
tion Toolbox. The input of the fitness function was repre-
sented by the identification number (ID) of two elements
of the inceptor (representing the position of the sensors),
ID =i and ID =j, and the sensor orientation angle, ¢(ID =)
and ¢(ID =j). Given the elements’ ID’s, the corresponding
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strain components in the material’s reference system were
retrieved from the FE analyses. Considering the FE analy-
sis with only a unitary force, the strain vector for a generic
element ID in the reference system of the material can be
expressed as in Eq. 9 for the lateral and longitudinal force,
respectively.

the orientation angle of the sensor could be represented by a
continuum variable ranging from (—90, + 90] degrees. How-
ever, due to the issues represented by the technological pro-
cess of orienting properly a FBG sensor over such a complex
double-curved geometry, the orientation angle was treated
as discrete variable allowed to assume the orientation angles

{£(ID = l?])} lat = { ex)(, lat(ID = l’]) 6)/)/7 la[(ID = l’.]) yxy7 la[(ID = ls.]) } . (9)
{E(ID = lv.]} long = { gxx,long(ID = l».]) 6yy, long(ID = l&.]) yXy, long(ID = le) }

Given the rotation angles of the sensors ¢(ID=i, j), the
corresponding rotation matrix [T(¢(ID =1, j))] can be cal-
culated as in Eq. 10, where the letter c represents the cosine
and the letter s represents the sine of the angle ¢(ID =1, j),
respectively.

2 s 2cs
[T(¢aD =i j)] =| s> & —2es |. (10)
—cs ¢s ¢ — 2

The rotation angle ¢ was defined as the angle between
the local x-axis of the material and the orientation of the
sensor. The following step consisted in the rotation of the
strain components of each element by the angle ¢(ID =1, j),
using Eq. 11.

{ {E(D = i,)}1, = [RI[T(@(D = i,j)] " [RI™ {£(ID = i, )},
{E(D = i, j)} 1o = [R[T(¢(ID = i,j))]_] [R]™{e(D = i,/)}ong
1)
Where [R] was expressed by Eq. 12, and it accounted for
the rotation of the strain vector containing the elements of
the strain tensor.

100

010 (12)
002

[R] =

The calibration matrix was then assembled considering
only the first component of the rotated strain vector: this was
done because the FBG sensor is only sensitive to 1 strain
component, which is the one directed according to the axis
of the optical fiber. The calibration matrix was then written
according to Eq. 13.

_ [{EAD =i, D}y {EAD =i, D}y,

HT= 1 (EAD = 1)) (EAD =01} | (13)

At this point, the calibration matrix was calculated, and
its condition number, which represented the output of the
GA fitness function, was computed. In total, four variables
were used for the optimization, represented by two discrete
variables for the elements’ ID’s, and two variables for the
corresponding sensors’ orientation angle ¢. Theoretically,
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equal to -45°, 0°, 45°, and 90°. The GA parameters were set
equal to the optimal options, and the constraint tolerance was
set equal to 107°. The population was created with the func-
tion “gacreationuniform”, the selection function adopted was
“selectionstochunif™, the mutation function was “mutation-
gaussian”, the crossover function was “crossoverscattered”,
the crossover fraction was equal to 0.8, the population size
was equal to 50, and the EliteCount was equal to 3.

In detail, the fitness function of the GA addressed the
following steps:

1. Take in input the IDs of the elements (position of the
sensors) and the corresponding sensors’ rotation angles:
ID=1, ID=j, ¢(ID=1), p(ID=j) with i # j;

2. Extract from the FE analysis the strain vector
{e(D =i,))} 1, and { €(ID =i,))} |y, in the material’s
reference system, defined by Eq. 9;

3. Rotate the strain vector by the sensors’ orientation
angle ¢(ID) according to Eq. 11 and obtain the rotated
strain vector in the reference system of the sensors
{E(D = i,j)}h, and {E(D = i,)}ng:

4. Assemble the calibration matrix [K] according to Eq. 13
by taking the first strain component aligned with the
strain sensing direction of the FBG sensor;

5. Calculate the condition number of the matrix, according
to Eq. 7;

6. Repeat this procedure until the condition number calcu-
lated at point 5 is minimized.

It must be remarked that such optimization was based
on the hypothesis that each element provided a strain value
representative of the strain read by the FBG sensor. At this
purpose, the characteristic length of the elements of the FE
model was set equal to 3 mm, which was comparable to the
grating length of the sensors used in this application. Only
a portion of the FE model was considered for the sensor
placement optimization; indeed, not all the regions of the
component were suitable to host the sensors, therefore the
following areas were excluded:

e Internal part of the curve
e Mold closing line
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e Overlapping region
e The two ends

All these regions are presented in Fig. 10.

The internal part of the curve was excluded due to the
difficulty of performing a smooth lay-up of the pre-preg in
that region. This was due to the fact that a surface irregu-
larity rather than a wrinkle could invalidate the sensor’s
reading. The mold closing line was also not optimal for the
sensors positioning as during the mold closing phase the
pre-preg plies may get entangled, moving the underlying
sensors. The overlapping region proved to be critical, as it
showed an irregular thickness due to the wrinkles devel-
oped in the manufacturing stage. Eventually, the two ends
of the inceptor were subjected to edge effects and also to
uncertainties in the connection with the grip and with the
root connection. These aspects could affect the identifica-
tion of the load. Therefore, the region chosen for the sen-
sor placement optimization was the one colored in green
in Fig. 10. At the end of the optimization process, the
obtained condition number was equal to 1.00735, which

Fig. 10 Inceptor surface regions
for the sensor positioning opti-
mization process

Fig. 11 FBG sensors’ positions
resulting from the optimization
process. a FBG#1; b FBG #2

can be considered a satisfactory result, as the minimum
reachable value is equal to 1. For both the sensors, the
algorithm prescribed an orientation of 0°, which meant
having the FBG sensors aligned with the local x-axis of
the material. The chosen position of the two FBG sensors
can be observed in Fig. 11, colored red. At the purpose
of identifying the position of the two sensors, two coor-
dinate systems were defined. The first was represented by
the mold closing line coordinate, which started in corre-
spondence of the end of the inceptor attached to the wall
connection with positive direction towards the opposite
end of the component. Such coordinate followed the clos-
ing line of the external counter mold in correspondence
of the outer surface of the inceptor. The other coordinate
was represented by the circumferential coordinate, which
started in correspondence of the mold closing line follow-
ing the circular path of the cross-section of the inceptor.
Both the coordinates ranged from 0 to 100%, where 0%
represented the starting point, and 100% represented the
end of the coordinate. In the case of the circumferential
coordinate, being a closed path, 0% corresponded to 100%.

region
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It can be observed that the sensor FBG #1 was positioned
at 38% of the mold closing line coordinate, and at 6.5% of
the circumferential coordinate. The sensor FBG #2 was posi-
tioned at 64% of the mold closing line coordinate and at
6.5% of the circumferential coordinate. A new inceptor was
produced hosting the FBG sensors in the positions found
during the optimization, and its performance in terms of load
identification capability are presented in the Results section.

5 Results

This section is organized in two subsections. The first pre-
sents the loads identified with inceptor #2 sensorized with
FBG sensors positioned according to the optimization strat-
egy. The second subsection presents the load identification
results obtained with the inceptor #1, without the FBG sen-
sors, using the measurements provided by the strain gauges
positioned according to qualitative criteria. Subsequently, a
comparison between the optimized (inceptor #2) and a non-
optimized (inceptor #1) solution is also presented, with the
aim to assess the effectiveness of the placement optimization
process. Though the comparison between inceptor #1 and
inceptor #2 was performed using the strain measurements
obtained with different types of sensors, strain gauges vs
FBGs, the equivalence in terms of strain sensing capabil-
ity for composite laminates was demonstrated in Ref. [32].
Moreover, the strain gauges and the FBG sensors adopted in
this study had comparable characteristic dimensions equal to
3 mm, and the experiments were conducted in a controlled
environment characterized by reduced electromagnetic
disturbances.

Before presenting the results, an observation is worth
to be made about the temperature effects on the measured
strain values. The tests were carried out in our labora-
tory at room temperature of approximately 20 °C, and the
time elapsed between the calculation of the experimental
calibration matrix and the accomplishment of the valida-
tion tests was short, this aspect contributed to limit the
temperature variation during the experimental activity.
Considering the future operational environment, the tem-
perature within the cockpit of the helicopter is maintained
stable within a narrow range of + 3 °C, even under extreme
external temperature conditions, due to the presence of
a reliable air-conditioning system [33]. According to the
Refs. [34, 35], the coefficient of thermal expansion (CTE)
for carbon fiber fabric is about 4 x 10 K~!, and consid-
ering a temperature variation of 1 K during the experi-
ments, this would lead to a thermal deformation of 4pe,
which is comparable to the environmental noise. However,
considering future research activities aimed at bringing
the inceptor to a higher technology readiness level (TRL),
the temperature compensation will be certainly needed, a
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possible solution may be achieved decoupling the thermal
and mechanical strain using a FBG sensor reading only the
strain due to the temperature variation [36]; an alterna-
tive solution could be obtained applying a high-pass filter
on the acquired data [37]: indeed, the frequency of the
load applied by the pilot is about 1 Hz, while temperature
changes occur at a lower frequencies.

5.1 Load identification on inceptor # 2

A linearity check was performed to ensure the validity of
the hypothesis of linearity made before. The results are
presented in Fig. 12. The linearity reference was obtained
considering as the first point the axis’s origin, and the
second point was represented by the first point measured
experimentally. Since the objective of this work was to
demonstrate the feasibility of a sensorized composite
inceptor, the evaluation of the measurement uncertainty
was not investigated at this stage of the work, but it will
be certainly investigated in the future.

As it can be observed, an acceptable linearity was main-
tained up to 20 N, which in this specific application case
represented a satisfactory result, as normally, the maxi-
mum force applied by the pilot during the flight is below
that threshold. The experimental calibration matrix is
expressed by Eq. 14.

—6.5877 =7.2655

KT=1 41476 —2.8300

ue/N. 14)
Such matrix was obtained applying experimentally a
pure lateral and a pure longitudinal force, the strains were
then divided by the value of the applied load. The loads
were applied using masses of 0.5 kg, 1 kg, and 2 kg, and
one calibration matrix for each load was generated. Then
the final calibration matrix was obtained averaging the
three matrices. The evaluation of the load identification
capability was performed applying a mixed load, where
both lateral force and longitudinal force were applied. A
scheme of such loading condition is presented in Fig. 13.
As it can be observed, the inceptor was rotated about
the wall normal axis (which is parallel to the grip axis),
such to obtain the coefficients f,,, and f3;, of Eq. 1 equal
to sin O and cos 0, respectively, where 0 represented the
angle between the resultant force and the lateral force,
presented in Fig. 13. The inceptor was loaded at angles
6=30°, 45°, 60°. To ensure a proper orientation angle, an
inclinometer with resolution equal to 1/20° was used. For
each orientation angle, the load identification error was
calculated according to Eq. 15 to evaluate the error on
longitudinal force and lateral force, respectively.
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Fig. 12 FBG sensors linearity
check results. a FBG #1 sub-
jected to lateral force; b FBG #1
subjected to longitudinal force;
¢ FBG #2 subjected to lateral
force; d FBG #2 subjected to
longitudinal force
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force, calculated as the resultant of the lateral and longitu-
dinal force. Load identification was performed using masses
of 0.5 kg, 1 kg, 2 kg, and 4 kg. The results are reported in
Table 3.

The results can be considered acceptable, as the aver-
age error on the longitudinal force was equal to 3%, while
the average error on the lateral force was equal to 5.89%.
It is interesting to observe that the condition number of
the experimental calibration matrix resulted to be equal to
1.985, which was higher than the one reached during the
optimization. This may be caused by the residual discrep-
ancy between the real component and the FE model used
for the FBG placement optimization. Moreover, the errors
in the positioning of the sensors may also have contributed
to the modification of the experimental calibration matrix.

5.2 Load identification on inceptor # 1

To evaluate the effectiveness of the sensor placement opti-
mization technique, we conducted a comparison of load
identification performance between the inceptor equipped
with FBG sensors positioned according to the optimization
strategy (inceptor #2, whose load identification performance
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Table 3 load identification

. . Angle Mass 0.5 kg Mass 1 kg Mass 2 kg Mass 4 kg
errors in inceptor #2 using
different masses 0 ¢F,., ex,, €F,, eF,, €r,, €, €r,,, €,
30° 0.08 16.87 0.06 13.48 1.41 5.46 3.74 1.90
45° 7.18 0.05 6.06 2.98 3.54 2.74 4.61 5.81
60° 4.16 8.02 0.20 8.44 2.24 0.02 291 5.00

Table4 Load identification errors in inceptor #1 using different
masses

Angle Mass 1 kg Mass 2 kg

0 eFIong eFImt eFIong eFm
30° 16.17 3.88 3.06 8.42
45° 11.70 8.41 12.27 10.14
60° 3.03 10.32 0.33 11.26

was assessed in the previous subsection), and the inceptor
equipped with strain gauges previously adopted to correlate
the FE model (inceptor #1). It must be remarked that, while
the number of strain sensing points on the inceptor #2 was
equal to 2, the number of strain sensing points on the incep-
tor #1 was equal to 4. The calibration matrix was obtained
experimentally with the same methodology followed for the
inceptor #2. The load identification results can be observed
in Table 4 for different force orientation angle and applying
masses of 1 kg and 2 kg.

In this case, an error of 7.76% on the longitudinal force,
and an error of 8.73% on the lateral force were obtained
averaging the error on the two loading masses. Such val-
ues resulted higher than the ones obtained using the sensor
placement optimization in the inceptor #2. Indeed, it can be
observed that the condition number obtained for the experi-
mental calibration matrix in this case was equal to 5.186,
while in the case of inceptor # 2, it was equal to 1.985. It is
clear that the two inceptors were equipped with two differ-
ent sensors, strain gauges for the inceptor # 1 and FBG’s for
inceptor #2; however, it can be observed that a significant
reduction in the load identification error was obtained with
half of the sensing points where the optimization strategy
was applied, thus remarking its effectiveness compared to a
sensors positioning according to qualitative criteria.

6 Conclusion

A composite sensorized cyclic helicopter inceptor was
developed with the purpose to acquire the loads applied dur-
ing the flight by the pilot. The usage of carbon fiber fabric
allowed embedding the FGB sensors, needed to monitor the
applied loads. The manufacturing of the component was pos-
sible thanks to the usage of a soluble mandrel, which was

@ Springer

removed after the curing cycle. The exit of the optical fiber
carrying the FBG sensors was obtained by designing a dedi-
cated insert, produced in polymeric material by 3D printing.
To obtain a satisfactory quality of the monitored loads, the
position of the sensors was optimized with the purpose to
use the minimum number of sensors, which in this case was
equal to two. The optimization was performed using a FE
model of the inceptor, correlated with the first prototype of
the component, considering four strain values obtained in
three points on the inceptor’s surface. The condition number
of the calibration matrix was chosen as a parameter to be
minimized with a GA, and the shell elements of the model
served as virtual FBG sensors. The final component, manu-
factured with the FBG sensors positioned and oriented as the
optimization process suggested, showed satisfactory results
in terms of loads identification. Moreover, it was found that
even considering the comparison with an inceptor equipped
with the double of strain sensing points, positioned following
qualitative criteria, higher performances were obtained if the
sensors’ placement was the result of an optimization process.
The condition number of the matrix obtained experimentally
for the optimized inceptor #2 was found to be slightly higher
than the theoretical one, this could be due to the mismatch
between the FE model and the real element, as well as the
possible errors in the manufacturing. Despite the complexity
of the component, the methodology to integrate the opti-
cal fiber inside the laminate demonstrated good results: the
optical fiber was not damaged during the manufacturing,
and it was easily extracted from the optical fiber protection
case after the curing cycle. To assess the sensorized inceptor
performance in a relevant application context, it is planned
to install it on board of the FRAME Sim simulation facilities
of Politecnico di Milano at Department of Aerospace Sci-
ence and Technology. A metallic root connection element
needs to be designed to assess a permanent connection with
the command chain. Moreover, a temperature compensation
system needs to be developed, aimed at maintaining a high
quality in the load identification under the effects of different
environmental conditions.

Author contributions Conceptualization: P. B., D. M.; Data curation:
D. P.; Methodology: P. B, D. P.; Formal analysis and investigation: D.
P., D. R.; Writing—original draft preparation: P. B.; Writing—review
and editing: D. M., D. R., A. Z.; Resources: A. Z.



Load monitoring of a helicopter inceptor through efficient FBG sensors placement

Funding Open access funding provided by Politecnico di Milano
within the CRUI-CARE Agreement.

Data availability Data supporting this study are included within the
article.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Farrar, C.R., Worden, K.: An introduction to structural health
monitoring. Philos. Trans. Royal Soc. A. Math. Phys. Eng. Sci.
365(1851), 303-315 (2007)

2. Sohn, H., Farrar, C.R., Hemez, FM., et al.: A Review of Struc-
tural Health Monitoring Literature: 1996-2001, vol. 1, p. 16. Los
Alamos National Laboratory, Los Alamos, New Mexico, USA.
(2003)

3. Serafini, J., Bernardini, G., Porcelli, R., et al.: In-flight health
monitoring of helicopter blades via differential analysis. Aerosp.
Sci. Technol. 88, 436—443 (2019). https://doi.org/10.1016/].ast.
2019.03.039

4. Sbarufatti, C., Manes, A., Giglio, M.: Performance optimization of
a diagnostic system based upon a simulated strain field for fatigue
damage characterization. Mech. Syst. Signal Process. 40(2), 667—
690 (2013). https://doi.org/10.1016/j.ymssp.2013.06.003

5. Panopoulou, A., Loutas, T., Roulias, D., et al.: Dynamic fiber
bragg gratings based health monitoring system of composite aero-
space structures. Acta Astronaut. 69(7), 445-457 (2011). https://
doi.org/10.1016/j.actaastro.2011.05.027

6. Ballarin, P., Sala, G., Macchi, M., et al.: Application of artificial
neural networks to a model of a helicopter rotor blade for damage
identification in realistic load conditions. Sensors 24(16), 1-25
(2024)

7. Cusati, V., Corcione, S., Memmolo, V.: Impact of structural health
monitoring on aircraft operating costs by multidisciplinary analy-
sis. Sensors (2021). https://doi.org/10.3390/s21206938

8. Biichter, K.D., Sebastia Saez, C., Steinweg, D.: Modeling of an
aircraft structural health monitoring sensor network for opera-
tional impact assessment. Struct. Health Monit. 21(1), 208-224
(2022). https://doi.org/10.1177/14759217211048149

9. Dienel, C.P., Meyer, H., Werwer, M., et al.: Estimation of airframe
weight reduction by integration of piezoelectric and guided wave—
based structural health monitoring. Struct. Health Monit. 18(5-6),
1778-1788 (2019). https://doi.org/10.1177/1475921718813279

10. Kim, S., Choi, J.: Comparative study for inspection planning of
aircraft structural components. Int. J. Aeronaut. Space Sci. (2020).
https://doi.org/10.1007/s42405-020-00319-x

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Airoldi, A., Marelli, L., Bettini, P., et al.: Strain field reconstruc-
tion on composite spars based on the identification of equivalent
load conditions, pp. 101680V. https://doi.org/10.1117/12.22601
61

Colombo, L., Sbarufatti, C., Dal Bosco, L., et al.: Numerical and
experimental verification of an inverse- direct approach for load
and strain monitoring in aeronautical structures. Struct. Control.
Health Monit. (2020). https://doi.org/10.1002/stc.2657
Colombo, L., Sbarufatti, C., Zielinski, W., et al.: Numerical and
experimental flight verifications of a calibration matrix approach
for load monitoring and temperature reconstruction and compen-
sation. Aerosp. Sci. Technol. 118, 107074 (2021). https://doi.org/
10.1016/j.ast.2021.107074

Talamo, C., Bettini, P., Rigamonti, D., et al.: Blade load recon-
struction from embedded strain measurements. In: Proceedings
of the 78th Annual Forum the Vertical Flight Society. https://doi.
org/10.4050/F-0078-2022-17521

Cumbo, R., Tamarozzi, T., Jiranek, P., et al.: State and force esti-
mation on a rotating helicopter blade through a Kalman-based
approach. Sensors 20(15), 4196 (2020)

Candon, M., Esposito, M., Fayek, H., et al.: Advanced multi-input
system identification for next generation aircraft loads monitoring
using linear regression, neural networks and deep learning. Mech.
Syst. Signal Process. 171, 108809 (2022)

Airoldi, A., Ballarin, P., Di Mauro, S., et al.: Development of an
additive manufactured fitting sensorized with optical fibres for
load recognition. In: AIAA Scitech 2023 Forum. pp. 2079
Igbal, M., Naeem, M., Anpalagan, A., et al.: Wireless sensor
network optimization: multi-objective paradigm. Sensors 15(7),
17572-17620 (2015)

Gupta, D.K., Dhingra, A.K.: Input load identification from opti-
mally placed strain gages using d-optimal design and model
reduction. Mech. Syst. Signal Process. 40(2), 556-570 (2013)
Wang, J., Law, S., Yang, Q.: Sensor placement methods for an
improved force identification in state space. Mech. Syst. Signal
Process. 41(1-2), 254-267 (2013)

Kim, C., Ji, C., Koh, G, et al.: Review on flight control law
technologies of fighter jets for flying qualities. Int. J. Aeronaut.
Space Sci. 24(1), 209-236 (2023). https://doi.org/10.1007/
$42405-022-00560-6

Jones, M., Fegely, C., Klyde, D., et al.: Handling qualities evalu-
ations of active inceptors with varying force-feel characteris-
tics. https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85184519892&partnerID=40&md5=c9440f9bc8a7f2fe871fcdd
56e590cf2

Grattan, K., Sun, T.: Fiber optic sensor technology: an overview.
Sens. Actuators A 82(1-3), 40-61 (2000)

Sala, G., Di Landro, L., Airoldi, A., et al.: Fibre optics health mon-
itoring for aeronautical applications. Meccanica 50, 2547-2567
(2015)

Ballarin, P., Macchi, M., Roda, I., et al.: Economic impact assess-
ment of structural health monitoring systems on helicopter blade
beginning of life. Struct. Control. Health Monit. 2024(1), 2865576
(2024)

Riva, M., Airoldi, A., Turconi, T., et al.: Development and manu-
facturing of flexible joints based on corrugated composite lami-
nates. Compos. Struct. 308, 116683 (2023)

Airoldi, A., Boiocchi, M., Natali, M., et al.: Feasibility of a mor-
phing rocket nozzle for thrust vector control based on corrugated
composite laminates. Appl. Compos. Mater. 30(2), 399-429
(2023)

Rotaru, C., Todorov, M.: Helicopter flight physics. Flight Phys.
Model. Tech. Technol. 10, 1948 (2018)

Formlabs: Tough 2000 resin for rugged prototyping. https://forml
abs-media.formlabs.com/datasheets/2001340-TDS-ENUS-0P.pdf
(2024)

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ast.2019.03.039
https://doi.org/10.1016/j.ast.2019.03.039
https://doi.org/10.1016/j.ymssp.2013.06.003
https://doi.org/10.1016/j.actaastro.2011.05.027
https://doi.org/10.1016/j.actaastro.2011.05.027
https://doi.org/10.3390/s21206938
https://doi.org/10.1177/14759217211048149
https://doi.org/10.1177/1475921718813279
https://doi.org/10.1007/s42405-020-00319-x
https://doi.org/10.1117/12.2260161
https://doi.org/10.1117/12.2260161
https://doi.org/10.1002/stc.2657
https://doi.org/10.1016/j.ast.2021.107074
https://doi.org/10.1016/j.ast.2021.107074
https://doi.org/10.4050/F-0078-2022-17521
https://doi.org/10.4050/F-0078-2022-17521
https://doi.org/10.1007/s42405-022-00560-6
https://doi.org/10.1007/s42405-022-00560-6
http://www.scopus.com/inward/record.uri?eid
https://formlabs-media.formlabs.com/datasheets/2001340-TDS-ENUS-0P.pdf
https://formlabs-media.formlabs.com/datasheets/2001340-TDS-ENUS-0P.pdf

P. Ballarin et al.

30.

31.

32.

33.

34.

35.

Simulia: Abaqus documentation. http://130.149.89.49:2080/v6.
14/ (2024)

Department of Defense Washington DC: Composite materials
handbook. Polymer matrix composites guidelines for characteri-
zation of structural materials, vol. 1 (2002)

Emmons, M.C., Karnani, S., Trono, S., et al.: Strain measurement
validation of embedded fiber bragg gratings. Int. J. Optomech.
4(1),22-33 (2010)

Pang, L., Luo, K., Yuan, Y., Mao, X., Fang, Y.: Thermal perfor-
mance of helicopter air conditioning system with lube oil source
(LOS) heat pump. Energy 190, 116446 (2020)

Dong, K., Peng, X., Zhang, J., Gu, B., Sun, B.: Temperature-
dependent thermal expansion behaviors of carbon fiber/epoxy
plain woven composites: experimental and numerical studies.
Compos. Struct. 176, 329-341 (2017)

Nawab, Y., Sonnenfeld, C., Saouab, A., Agogué, R., Beauchéne,
P.: Characterisation and modelling of thermal expansion coeffi-
cient of woven carbon/epoxy composite and its application to the
determination of spring-in. J. Compos. Mater. 51(11), 1527-1538
(2017)

@ Springer

36.

37.

Bettini, P., Sala, G., Di Landro, L., Tessadori, E.: Embedded fibre
optic techniques for primary structural components: strain and
temperature monitoring. In: Proceedings of the 15th European
Conference on Composite Materials, ECCM, Padova (It), ICCM
(2012)

Tan, M., Zhou, N., Cheng, Y., Wang, J., Zhang, W., Zou, D.: A
temperature-compensated fiber Bragg grating sensor system based
on digital filtering for monitoring the pantograph—catenary contact
force. Proc. Inst. Mech. Eng. Part F J Rail Rapid Transit 233(2),
187-200 (2019)

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


http://130.149.89.49:2080/v6.14/
http://130.149.89.49:2080/v6.14/

	Load monitoring of a helicopter inceptor through efficient FBG sensors placement
	Abstract
	1 Introduction
	2 Inceptor and manufacturing process description
	3 Description of the test setup and development of the Finite Element model
	3.1 Description of the test setup
	3.2 Development and correlation of the Finite Element model

	4 Sensors placement optimization
	5 Results
	5.1 Load identification on inceptor # 2
	5.2 Load identification on inceptor # 1

	6 Conclusion
	References


