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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

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 

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 
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 

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

E11 [MPa] E22 [MPa] ν12 G12 [MPa]

57,246 57,246 0.03 3871
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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, 

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 

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

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
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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 

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 

Fig. 3   a Optical fiber protection 
case; b final assembly of the 
mandrel
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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 

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.

Fig. 4   a Internal vacuum bag 
positioned in the mandrel; b 
positioning of the laminated 
inceptor in the external counter 
mold; c external vacuum bag; d 
inceptor after the curing

Fig. 5   a Inceptor grip; b root 
connection of the inceptor
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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 Flong and 
Flat , for the longitudinal and lateral force, respectively, 
according to Eq. 1.

Where �long and �lat 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 � such that, rotating the metallic plate about the 
normal of the metallic wall, different combinations of Flong 
and Flat could be obtained without introducing any force 

(1)F = �longFlong + �latFlat,

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

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 

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 ε11 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 ε11 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, 

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
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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.

(2)Error = 100 ×
�measure − �FE

�FE
.

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.

(3)Enormalized = Enominal

tnominal

treal
,

Fig. 9   a Strain contour ε11 due 
to the application of a 100 N 
longitudinal force; b strain con-
tour ε11 due to the application 
of a 100 N lateral force; c strain 
contour γ12 due to the applica-
tion of a 100 N lateral force
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Where Enominal represents the nominal elastic modulus 
along the reinforcement fiber direction, tnominal represents 
the nominal laminate thickness and treal represents the real 
laminate thickness. Such equation provided the normalized 
elastic modulus Enormalized 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 {�}sensors and the loads {P} under the hypothesis of 
linearity. The relationship is presented in Eq. 4.

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

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 × 2, and the strain 
set and the load set had dimension 2 × 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.

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 Flat and a unitary 
Flong 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, ϕ(ID = i) 
and ϕ(ID = j). Given the elements’ ID’s, the corresponding 

(4){�}sensors = [K]{P}.

(5)
(
[K]T [K]

)−1
[K]T{�}sensors = {P},

(6){P} = [K]+{�}sensors.

(7)min{cond([K])} = min
{
||[K]|| ⋅ |||

|||[K]
−1|||

|||
}
.

(8)
{

�FBG#1
�FBG#2

}

sensors

=

[
k11 k12

k21 k22

]{
Flat

Flong

}
.

Table 2   Strain error before and after correlation for inceptor #1

Strain gauge number Force com-
ponent

Error % before 
correlation

Error % after 
correlation

#1 Flong 7.29 5.97
#2 Flat 156.00 24.43
#3 direction A Flat 23.20 0.98
#3 direction B Flat 16.75 −4.48
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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.

Given the rotation angles of the sensors ϕ(ID = i, j), the 
corresponding rotation matrix [T(ϕ(ID = i, 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 ϕ(ID = i, j), 
respectively.

The rotation angle ϕ 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 ϕ(ID = i, j), 
using Eq. 11.

Where [R] was expressed by Eq. 12, and it accounted for 
the rotation of the strain vector containing the elements of 
the strain tensor.

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.

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 ϕ. Theoretically, 

(9)
{

{�(ID = i, j)} lat =
{
�xx, lat(ID = i, j) �yy, lat(ID = i, j) �xy, lat(ID = i, j)

}T

{�(ID = i, j} long =
{
�xx,long(ID = i, j) �yy, long(ID = i, j) �xy, long(ID = i, j)

}T .

(10)
�
T(�(ID = i, j))

�
=

⎡⎢⎢⎣

c2 s2 2cs

s2 c2 −2cs

−cs cs c2 − s2

⎤⎥⎥⎦
.

(11)

{
{E(ID = i, j)}lat = [R]

[
T(�(ID = i, j))

]−1
[R]−1{�(ID = i, j)}lat

{E(ID = i, j)}long = [R]
[
T(�(ID = i, j))

]−1
[R]−1{�(ID = i, j)}long

,

(12)[R] =

⎡⎢⎢⎣

1 0 0

0 1 0

0 0 2

⎤⎥⎥⎦
.

(13)[K] =

[
{E(ID = i, 1)}lat {E(ID = i, 1)}long
{E(ID = j, 1)}lat {E(ID = j, 1)}long

]
.

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 

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 10–6. 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 = i, ID = j, ϕ(ID = i), ϕ(ID = j) with i ≠ j;

2.	 Extract from the FE analysis the strain vector 
{�(ID = i, j)} lat and {�(ID = i, j)} long in the material’s 
reference system, defined by Eq. 9;

3.	 Rotate the strain vector by the sensors’ orientation 
angle ϕ(ID) according to Eq. 11 and obtain the rotated 
strain vector in the reference system of the sensors 
{E(ID = i, j)}lat and {E(ID = i, j)}long;

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:

•	 Internal part of the curve
•	 Mold closing line
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•	 Overlapping region
•	 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 

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%.

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
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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 × 10–6 K−1, and consid-
ering a temperature variation of 1 K during the experi-
ments, this would lead to a thermal deformation of 4με, 
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 

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.

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 βlong and βlat of Eq. 1 equal 
to sin θ and cos θ, respectively, where θ represented the 
angle between the resultant force and the lateral force, 
presented in Fig. 13. The inceptor was loaded at angles 
θ = 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.

(14)[K] =

[
−6.5877 −7.2655

4.1476 −2.8300

]
��∕N.
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Where ||Fcomputed|| represents the modulus of the applied 
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 

(15)

⎧⎪⎨⎪⎩

eFlong
=

�Flong, computed−Flong, actual�
��Fcomputed�� × 100

eFlat
=

�Flat, computed−Flat, actual�
��Fcomputed�� × 100

,

Fig. 12   FBG sensors linearity 
check results. a FBG #1 sub-
jected to lateral force; b FBG #1 
subjected to longitudinal force; 
c FBG #2 subjected to lateral 
force; d FBG #2 subjected to 
longitudinal force

Fig. 13   experimental setup for mixed load application



	 P. Ballarin et al.

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 

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.
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Table 3   load identification 
errors in inceptor #2 using 
different masses

Angle Mass 0.5 kg Mass 1 kg Mass 2 kg Mass 4 kg

θ eFlong
eFlat

eFlong
eFlat

eFlong
eFlat

eFlong
eFlat

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 2.91 5.00

Table 4   Load identification errors in inceptor #1 using different 
masses

Angle Mass 1 kg Mass 2 kg

θ eFlong
eFlat

eFlong
eFlat

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
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