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Abstract: The T-WING project, a CS2-CPW (Clean Sky 2 call for core partner waves) research initiative
within FRC IADP (Fast Rotor-Craft Innovative Aircraft Demonstrator Platform), focuses on develop-
ing, qualifying and testing the new wing of the Next-Generation Civil Tilt-Rotor (NGCTR). This paper
introduces a case study about a methodology for refining the stick-beam model for the NGCTR wing,
aligning it with the GFEM (Global Finite Element Model) wing’s dynamic characteristics in terms of
modal frequencies and mode shapes. The initial stick-beam model was generated through the static
condensation of the GFEM wing. The tuning process was formulated as an optimization problem,
adjusting beam properties to minimize the sum of weighted quadratic errors in modal frequencies
and Modal Assurance Criterion (MAC) values. Throughout the optimization, the MAC analysis
ensured that the target modes were tracked, and, at each iteration, a new set of variable estimates
were determined based on the gradient vector and Hessian matrix of the objective function. This
methodology effectively fine-tunes the stick-beam model for various mass cases, such as maximum
take-off weight (MTOW) and maximum zero-fuel weight (MZFW).
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1. Introduction

The T-WING consortium designed and manufactured the wing of the Next-Generation
Civil Tiltrotor Technology Demonstrator, shown in Figure 1, to take it to TRL6 through an
experimental flight.
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Figure 1. NGCTR-TD.

A tiltrotor is an aircraft that combines the capability to hover, typical of helicopters,
with the possibility for cruising flight at high speeds, like propeller-driven aircraft. It repre-

Aerospace 2024, 11, 116. https://doi.org/10.3390/aerospace11020116 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace11020116
https://doi.org/10.3390/aerospace11020116
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0002-4681-9957
https://orcid.org/0000-0002-1089-447X
https://doi.org/10.3390/aerospace11020116
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace11020116?type=check_update&version=2


Aerospace 2024, 11, 116 2 of 16

sents a concrete possibility to overcome the main limitations of helicopters and propeller
aircraft by matching together the peculiarities of both of them [1,2].

Since the improvement of the performance in an aircraft mode is one of the focus
points for the future developments of new tiltrotors, non-conventional configurations have
to be investigated in order to preserve the performance in a helicopter mode.

The design and architecture of a tiltrotor configuration make it, from a general point
of view, a step beyond the state of the art in terms of performance, design, architecture and
product supportability. This aspect was confirmed by the US Government Accountability
Office, according to which the tiltrotor was identified as a vehicle for the future long-range
assault aircraft (FLRAA) [3].

A relevant point for improving the global permeance in both operative modes is
related to the structural efficiency that can be achieved only through a radical change in
the structural architecture and methodology design approach based on the use of different
analysis techniques closely linked to each other. Owing to such a new design approach,
it was possible to define a completely new structural architecture like the one presented
below.

The present work was performed in the framework of the T-Wing project that aims
to qualify the wing structure, shown in Figure 2, which includes the moveable surfaces,
encompassing design, manufacturing and ground tests up to flight, in compliance with the
technical specifications set by the Work Area Leader Leonardo Helicopters.
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The main innovations regarding the wing structure concern the highly integrated
composite concept [4–6] and the presence of two mobile surfaces: one is an external
flaperon while the other is a so-called morphing surface, which has the function of reducing
the exposed wing area on the wing of the propellers’ slide in a helicopter mode. All of these
characteristics lead to a rather compact wing structure since the largest moving surface
extends to almost half of the wing chord.

The several requirements to be fulfilled, often in conflict with each other, make the
tiltrotor wing one of the most critical airframe subsystems of the entire aircraft. Indeed, like
in any airworthy structure, the wing subsystem needs to guarantee the minimum weight
requirement while meeting the strength, buckling and stiffness requirements [7].

Another specific concern of tiltrotors is the airframe mode placement [8]: the modes
that involve significant movements of the hub center in the rotor disc plane directions
(usually caused by the local deformation of the rotor and nacelle supporting structure)
shall have their frequency outside of prescribed bands to avoid forced-response oscillations.
In addition, the frequency of the lowest elastic airframe mode shall not be lower than a
prescribed value to avoid coupling with aeromechanical modes.

The wing design needs to consider the interaction between wing, pylon and rotor
systems to achieve aircraft aeroelastic stability [9]. In aircraft mode, wing flexural and
torsional stiffness has a fundamental role in pitch-whirl stability.

Indeed, the structural sizing of the wing for the Next-Generation Civil Tiltrotor Tech-
nology Demonstrator (NGCTR-TD) requires careful consideration of aeroelastic instabilities,
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specifically whirl flutter, which is inherent to tiltrotors [10]. Aeroelastic and dynamic anal-
yses play a crucial role in sizing, design and obtaining approval for flight permits. The
reliability of the dynamic model of the wing is paramount in this context.

Throughout the design evolution, aeroelastic analyses were initially conducted on
a finite element (FE) beam-like model with 1D elements. This model was manually con-
structed and updated iteratively until the design was finalized. As the design progressed,
a coarse FE model consisting of 2D elements (GFEM) was developed. While this GFEM
provided a high level of reliability in terms of structural frequencies and mode shapes, it
proved computationally burdensome, especially with an increasing number of calculation
cases. The time required for a single run with the GFEM model could be more than ten
times longer compared to a run with a simpler stick-beam model.

Stick-beam models, commonly employed in civil aircraft design and multidisciplinary
design optimizations (MDOs) [11], offer a quicker alternative for dynamic analysis, but
at the cost of reduced result fidelity. The accuracy of stick-beam models depends on
the evaluation of stiffness properties, including the main structure and the elastic axis
of the beam elements. Various methods, such as those outlined in Refs. [11–13], have
been proposed for stiffness and mass matrix reduction, but they often lack precision in
determining the physical distribution of parameters along the real structure.

To address these limitations, Ref. [14] introduces a method incorporating two displace-
ment contributions: the motion of a reference section of the beam and a three-dimensional
warping field. Ref. [15] provides a general solution for the cross-section without assuming
a redundant displacement field, while, starting from a known wing structure, Ref. [11] re-
viewed different methodologies to create wing stick-beam models. However, these methods
still face challenges in accurately determining the real physical distribution of parameters.

This paper presents a methodology developed to tune the structural stick-beam model
of the NGCTR-TD’s green wing (identifying as green wing the standalone wing structure,
with no movable surfaces installed and with no system masses). The objective is to achieve
a precise match, in terms of mode shapes and modal frequencies, between the original
GFEM and the reduced-order stick-beam model. This alignment is essential to enable the
use of the stick-beam model in activities such as massive load computation via aeroelastic
simulations. While significantly reducing simulation time, the methodology ensures that
the reliability and fidelity of the analyses remain comparable to those conducted with the
higher-resolution GFEM. Figure 3 illustrates both the GFEM and the stick-beam green-
wing models.
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The tuned green-wing stick-beam model, the output of the tuning process, is then
exploited for the dynamic analysis performed to support the vibration tests of the wing and
for speeding up the aeroelastic analysis performed with a full model for load computation.

2. Methodology

The primary objective of the developed tuning process, as outlined in the present
paper, is to align the behavior of a stick-beam model of the wing with that of the GFEM
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wing, focusing on eigenfrequencies and mode shapes. This alignment is achieved by
adjusting the structural properties of the beams within the stick-beam model. The tuning
process is formulated as an optimization problem, starting from an initial guess derived
from the output of a static condensation applied to a stick-beam model.

It is noteworthy that the structural mass of the green wing has not been factored into
the tuning process. This decision was made due to the adoption of identical distributions
of concentrated masses for both the GFEM and the stick-beam green-wing models. This
approach simplifies the tuning process, as it ensures consistency in the consideration of
mass properties between the two models.

2.1. GFEM Dynamic Model

The GFEM that has been considered as a reference for the tuning of the stick-beam
model, shown in Figure 4, is a high-fidelity model of the wing composed mainly of 2D
membrane elements (MSC Nastran [16] CQUAD4 elements) used to model the composite
parts of the wing as panels, spar webs and ribs and 1D bar elements (MSC Nastran CBAR
elements) used to model the spar caps.
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In total, 83760 nodes, 73232 CQUAD4 elements and 1923 CBAR elements have been
used to model the wing. The fasteners connecting, for example, the wing panels to the
spars and the ribs have been modeled using CBUSH elements connected to the components
via MPC elements. The average element size considered in the wing FE model is equal to
50 mm. Such a value has been defined according to a convergence mesh study (not reported
in this context for the sake of brevity) which aims to evaluate the best ratio between stress
distribution detail and computational cost.

The elements used to model the wing do not have any density assigned since the
structural mass has been modeled using concentrated masses (MSC Nastran CONM2 ele-
ments) which have been connected to the wing-box, as shown in Figure 5, via interpolation
elements (MSC Nastran RBE3 elements).
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Some details of the GFEM wing-box, like the models of the connections between the
wing-box and the fuselage or the tip rib of the wing, which represents the connection to the
nacelle, are shown in Figure 6.
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The mechanical properties of the adopted materials are reported in Tables 1–4. The
reported material properties are derived from experimental test campaigns, performed
by Magnaghi Aeronautica, and they represent the material data adopted for the wing
design. Therefore, they include all standard knockdown factors for aeronautical application
(statistics, environmental conditions, damage, etc.) [17].

Table 1. Mechanical properties of fabric CFRP-CYTEC 977-2-42-3KT300D-8H-372-1524.

Elastic Moduli: CFRP Fabric

Longitudinal Elastic Modulus: E1 (psi) 811,000
Transversal Elastic Modulus: E2 (psi) 791,000
In-Plane Poisson Ratio: ν12 (/) 0.05
In-Plane Shear Modulus: G12 (psi) 570,000

Allowable: CFRP Fabric

Longitudinal Tensile Strength: F1T (psi) 113,260
Longitudinal Compressive Strength: F1C (psi) 98,100
Transversal Tensile Strength: F2T (psi) 102,070
Transversal Compressive Strength: F2C (psi) 97,700
In-Plane Shear Strength: S (psi) 13,233

Table 2. Mechanical properties of UD CFRP.

Stiffness Moduli: CFRP UD

Longitudinal Elastic Modulus: E1 (psi) 2,170,000
Transversal Elastic Modulus: E2 (psi) 1,230,000
In-plane Poisson Ratio: ν12 (/) 0.3
In-Plane Shear Modulus: G12 (psi) 660,000

Allowable: CFRP UD

Longitudinal Tensile Strength: F1T (psi) 306,000
Longitudinal Compressive Strength: F1C (psi) 194,000
Transversal Tensile Strength: F2T (psi) 6000
Transversal Compressive Strength: F2C (psi) 5100
In-Plane Shear Strength: S (psi) 13,500

Table 3. Mechanical properties of honeycomb in sandwich structure.

Stiffness Moduli—HC Allowable—HC

E1 (psi) 1 Tensile 0◦ (psi) 0.02166
E2 (psi) 0 Compressive 0◦ (psi) 0.01926
ν12 (/) 0 Tensile 90◦ (psi) 0.01936

G1Z (psi) 6500 Compressive 90◦ (psi) 0.06219
G2Z (psi) 3400 Shear in plane (psi) 0.03482
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Table 4. Mechanical properties of Al7050-T7451.

Mechanical Properties

Young Modulus (ksi) 10,400
Poisson Ratio: ν12 (/) 0.3

Ultimate Tensile Strength (psi) 76,000
Yield Stress (psi) 68,000

Elongation at Failure (%) 11

Moreover, several parts, like the nose rib, the leading edge, and the tip and root ribs,
are made of aluminum alloy Al7050-T7451 (Table 4).

2.2. Stick-Beam Dynamic Model

The stick-beam model of the wing-box, the object of the tuning process described in
the present paper and shown in Figure 7, is composed of 1D beam elements (MSC Nastran
CBEAM elements) and rigid elements (MSC Nastran RBE2 elements) distributed along the
span in the chord direction for visualization purposes, in order to ease the recognition of the
torsional modes clarifying the rotation of the sections of the wing-box. In total, 285 nodes,
82 CBEAM elements and 96 RBE2 elements have been used to model the wing-box.

Aerospace 2024, 11, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 7. Stick-beam model of the wing-box. Top: 3D view; BoĴom: top view. 

The stiffness of the different beams has been defined using Nastran PBEAM cards, 
directly specifying the structural properties of the beam (i.e., area of the beam cross-sec-
tion A, out-of-plane area moment of inertia I1, in-plane area moment of inertia I2, area prod-
uct of inertia I12 and polar moment of inertia J). 

Coherently with the GFEM wing-box, no density has been defined for the stick-beam 
elements since the mass has been applied to the structure by means of concentrated 
masses (same CONM2 elements used for the GFEM) connected to the wing-box via inter-
polation elements (MSC Nastran RBE3 elements). In Figure 8, it is possible to see the wing 
concentrated masses, highlighted in green, connected to the wing beams (blue lines) by 
means of RBE3 elements (pink lines). 

 
Figure 8. Stick-beam model mass connection to the wing-box beams. 

2.3. Structural Tuning as an Optimization Problem 
In order to achieve the goal, the tuning process has been set up as an optimization 

problem where the variables (x ∈ Rn, n is the number of variables) of the problem are the 
beam structural properties in terms of cross-section area moments of inertia: out-of-plane 
area moment of inertia I1, in-plane area moment of inertia I2, cross-product I12 and polar 
moment of inertia J. These properties subsequently drive the stiffness properties of the 
beams of the model. On the other hand, the objective function (f ∈ R) has been defined as 
the sum of the weighted quadratic errors of both frequencies and MAC values. 

The percent error between the eigenfrequency of the i-th mode (fi) and the target ei-
genfrequency of the i-th mode (fi*) is computed as shown in Equation (1), while the MAC 
values are computed as shown in Equation (2), where ϕi is the modal vector of the i-th 
mode and ϕi* is the target modal vector of the i-th mode. 

𝜀௙% =  
(𝑓௜ −  𝑓௜

∗)

𝑓௜
∗ × 100 (1) 

𝑀𝐴𝐶௜ =
|{𝜙௜

∗}ு {𝜙௜}|ଶ

{𝜙௜
∗}ு {𝜙௜

∗}{𝜙௜}ு {𝜙௜}
 (2) 

The definition of the objective function is shown in Equation (3): 

Figure 7. Stick-beam model of the wing-box. (Top): 3D view; (Bottom): top view.

The stiffness of the different beams has been defined using Nastran PBEAM cards,
directly specifying the structural properties of the beam (i.e., area of the beam cross-section
A, out-of-plane area moment of inertia I1, in-plane area moment of inertia I2, area product
of inertia I12 and polar moment of inertia J).

Coherently with the GFEM wing-box, no density has been defined for the stick-beam
elements since the mass has been applied to the structure by means of concentrated masses
(same CONM2 elements used for the GFEM) connected to the wing-box via interpolation
elements (MSC Nastran RBE3 elements). In Figure 8, it is possible to see the wing concen-
trated masses, highlighted in green, connected to the wing beams (blue lines) by means of
RBE3 elements (pink lines).
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2.3. Structural Tuning as an Optimization Problem

In order to achieve the goal, the tuning process has been set up as an optimization
problem where the variables (x ∈ Rn, n is the number of variables) of the problem are the
beam structural properties in terms of cross-section area moments of inertia: out-of-plane
area moment of inertia I1, in-plane area moment of inertia I2, cross-product I12 and polar
moment of inertia J. These properties subsequently drive the stiffness properties of the
beams of the model. On the other hand, the objective function (f ∈ R) has been defined as
the sum of the weighted quadratic errors of both frequencies and MAC values.

The percent error between the eigenfrequency of the i-th mode (fi) and the target
eigenfrequency of the i-th mode (fi*) is computed as shown in Equation (1), while the MAC
values are computed as shown in Equation (2), where ϕi is the modal vector of the i-th
mode and ϕi* is the target modal vector of the i-th mode.

ε f % =
( fi − fi∗)

fi∗
× 100 (1)

MACi =

∣∣∣{ϕi∗}H {ϕi}
∣∣∣2

{ϕi∗}H {ϕi∗}{ϕi}H {ϕi}
(2)

The definition of the objective function is shown in Equation (3):

f =
m

∑
i=1

wi( fi − fi∗)2 +
2m

∑
i=m+1

wi(MACi−m − 1)2 (3)

where fi is the eigenfrequency of the i-th mode, wi are the error weights, MACi is the MAC
value of the i-th mode and qi* is the target eigenfrequency of the i-th mode.

The MAC values are calculated as a function of ϕi and ϕi* (mode shapes of target
modes), while the error weights are defined manually by the user and satisfy the constraint
shown in Equation (4).

2m

∑
i=1

wi = 1 (4)

Once the objective function has been minimized, these weights are useful for defining
the best trade-off among the errors of the final model (see Ref. [18] for further details and
applications).

In this particular case, due to the fact that the objective function f is expressed in a
non-explicit formulation (Nastran must be run and frequencies must be read from the result
files at each iteration), the calculation of the function f is considered as a black box where
only the inputs (x) and output (f ) are known. Since gradient-based algorithms work well for
continuous variable problems [19] (continuous variable problems are usually smoother and
differentiable, meaning that a gradient-based algorithm could be used to find a solution
efficiently, i.e., fast and accurately enough even for problems with many variables), a
gradient-based solver has been used. The gradient vectors and Hessian matrices of the
function f must be calculated numerically: the derivative terms have to be evaluated
through finite differences or similar methods at each iteration.

2.4. Tuning Process

Due to the fact that at each iteration the beam structural properties change with respect
to the previous one, the structural model is technically different, and the order of the modes
could change. For this reason, to preserve the coherency between target modes and current
modes of the tuned model, it is necessary to properly track the modes at each iteration
using a MAC analysis that permits the identification of the correct modes whose frequency
and shape have to be addressed for the computation of the objective function f .
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The methodology adopted for the tuning process is summarized in Figure 9. The
optimization starts with an initial guess of the variables (beam properties contained in
the stick-beam model output of a static condensation), re-writes the Nastran model with
these variables, runs a modal analysis (Nastran Sol-103) and reads the eigenfrequencies
and mode shapes. Finally, it selects frequencies and mode shapes of the modes of interest
(target modes) via a MAC analysis and computes the new objective function. In case the
iteration does not comply with the convergence criteria, a new guess of the variables is
estimated as a function of the gradient and Hessian of the objective function.
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Figure 9. Tuning methodology flowchart.

Considering the geometry of the stick-beam model (i.e., no sweep, dihedral and
incidence angles), bending modes are mainly driven by the out-of-plane area moment of
inertia I1, fore–aft modes are mainly driven by the in-plane area moment of inertia I2 and
torsion modes are mainly driven by the polar moment of inertia J. Therefore, as shown in
Figure 10, the optimization tool has been set up to perform, as a first step, three parallel
tunings (1.A, 1.B and 1.C) which help to find a better guess of the variables I1, I2 and J. As a
second step, a main tuning (2.Final) is performed, involving all the variables of the problem
(I1, I2, J, I12) simultaneously.
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2.5. Target Modes

For the definition of the objective function, only some of the modes of the GFEM
green wing are selected as targets, picking only the most important and relevant modes in
terms of the dynamic characterization of the wing. The eigenmodes of both the stick-beam
green wing and GFEM green wing have been computed considering the models free–free,
thus unconstrained.

In fact, a correct representation of the wing dynamics is fundamental for performing
aeroelastic analysis with a sufficient level of reliability, with the coupling between the
aerodynamics of the wing and the wing’s structural deformation being the key point of this
activity. Nevertheless, exploiting the knowledge gained from the studies that have been
conducted during the years [20–22], it is possible to identify which modes of the wing are
the drivers of the aeroelastic behavior and which modes can be neglected. For example, the
bending modes and the torsional modes can dangerously couple and generate aeroelastic
instabilities like flutter. Furthermore, as the rotors of this machine are installed on the
tips of the wing, the fore–aft modes can be drivers of whirl-flutter phenomena since these
modes involve a significant movement of the wing tips.

On the other hand, the high-frequency modes (frequency above 120 Hz) can be safely
considered negligible in terms of impact on the aeroelastic behavior of the wing: consid-
ering the nominal cruise speed of this type of machine and its mean aerodynamic chord,
according to the definition of reduced frequency reported in Equation (5) where c is the
mean aerodynamic chord and V is the flight speed, these modal frequencies would translate
into unreasonably high reduced frequencies, way outside of the range of coupling between
the structure and aerodynamics.

k =
ω c
2 V

(5)

In fact, the physical meaning of a very high reduced frequency corresponds to a
significant offset between the characteristic frequency of the aerodynamics of the wing and
the frequency of the structural vibrations, denying the possibility of coupling between the
two of them.

The eight modes that have been pre-selected as target modes are shown in Table 5
together with their modal frequencies and description.

Table 5. Target mode optimization process.

Mode Freq (Hz) Description

1 20.2 1st Bending Sym
2 42.7 1st Fore–Aft Sym
3 51.3 1st Bending Anti
4 67.3 1st Torsion Anti
5 85.8 2nd Bending Sym
6 95.0 1st Fore–Aft Anti
7 101.5 1st Torsion Sym
8 117.5 2nd Bending Anti

2.6. Results

The results of the tuning process in terms of frequency percent error and MAC values
for each target mode are shown in the following tables. Table 6 reports the results of the
initial guess model (output of the static condensation) while Table 7 reports the results of
the tuned green wing.
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Table 6. Errors in frequencies and MAC values of the initial guess.

Mode Freq (Hz) Freq Error (%) MAC

1 20.7 2.5 1.00
2 43.1 0.9 1.00
3 54.7 6.7 1.00
4 68.7 2.1 0.98
5 100.8 17.5 0.94
6 101.6 7.0 0.99
7 112.2 10.6 0.95
8 147.9 25.9 0.88

Table 7. Errors in frequencies and MAC values of the tuned green wing.

Mode Freq (Hz) Freq Error (%) MAC

1 20.0 0.6 1.00
2 42.1 1.4 0.99
3 51.8 1.0 0.97
4 66.9 0.6 0.99
5 87.7 2.3 0.94
6 96.1 1.1 0.98
7 101.7 0.3 0.96
8 125.2 6.6 0.93

A comparison between some mode shapes of the target modes of the GFEM and the
tuned stick-beam model is shown in Figures 11–14.
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The very low frequency percent errors and MAC values of the stick-beam wing model
show a very good result in terms of the dynamic representativeness of the GFEM wing. Of
course, it was not possible to achieve frequency errors close to 0 and MAC values close to
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1 for all the target modes since a trade-off was necessary during the optimization phase in
order to provide the best possible results for all the modes, and to increase the results of
some modes, it was necessary to penalize some others. Nevertheless, the tuning process
was able to provide satisfactory results in terms of the dynamic representation of all the
target modes of the GFEM wing.

3. Verification

To validate the developed methodology for tuning the stick-beam green-wing model,
three distinct steps have been undertaken. The first step involves assessing the dynamic
behavior, considering modal frequencies and mode shapes, through a comparison between
the full aircraft model incorporating the target GFEM wing and the aircraft model with
the tuned stick-beam wing. The second step includes an aeroelastic check, examining the
aeroelastic behavior, specifically through V g diagrams, of the two aforementioned aircraft
models. The third and final check comprises a comparison of the static behavior between
the GFEM green wing and the tuned stick-beam green wing.

The details of each validation step are elaborated in the following paragraphs.

3.1. Full Model Dynamic Check

The first check that has been performed is based on the comparison between frequen-
cies and MAC values, for the target modes, of the two full aircraft models with the target
GFEM wing and the tuned stick-beam wing integrated.

The comparison, in terms of frequencies and MAC values for both full-fuel and zero-
fuel mass conditions, is shown in Tables 8 and 9, respectively.

Table 8. Full A/C target mode verification—full fuel.

Mode Freq Error (%) MAC

1st Bending Sym 2.6 0.99
1st Torsion Sym 3.0 0.96
1st Torsion Anti 2.5 0.99

1st Fore–Aft 5.3 0.97
1st Bending Anti 11.9 0.87
2nd Bending Sym 0.1 0.99
2nd Bending Anti 3.1 0.78

Table 9. Full A/C target mode verification—zero fuel.

Mode Freq Error (%) MAC

1st Bending Sym 2.5 0.99
1st Torsion Sym 3.3 0.96
1st Torsion Anti 2.5 0.99

1st Fore–Aft 5.6 0.97
1st Bending Anti 1.1 0.99
2nd Bending Sym 2.3 0.99
2nd Bending Anti 18.3 0.87

The observed increase in the relative error in frequency, compared to the results
presented in the previous section, can be attributed to the absence of consideration for
the link between the fuselage and wing during the tuning process of the isolated wing.
As a result, a dedicated complete aircraft tuning becomes imperative to enhance these
results, especially if the application demands coupled wing–fuselage dynamics. It is
acknowledged that the tuned stick-beam model of the isolated wing may exhibit limitations
in accurately replicating the complete aircraft’s dynamic behavior due to the exclusion
of fuselage interactions. However, it is important to highlight that the validity of the
tuned stick-beam model for the isolated wing remains well suited for its intended purpose,
which is to faithfully replicate the dynamic behavior of the GFEM wing. This suitability is



Aerospace 2024, 11, 116 12 of 16

particularly valuable for conducting component experimental vibration tests. In scenarios
where coupled wing–fuselage dynamics are crucial, further tuning efforts involving the
complete aircraft model would be necessary to achieve a more comprehensive and accurate
representation of the dynamic characteristics.

3.2. Full Model Aeroelastic Check

Flutter calculations have been performed with the full aircraft models with the target
GFEM wing and the tuned stick-beam wing integrated.

The calculations have been carried out at Mach number 0.40 at sea level, and all the
modes with frequencies smaller than 40 Hz have been considered. The V g diagrams of the
GFEM model and the stick-beam model, considering for the plots the target modes only, are
shown in Figures 15 and 16, where the blue lines and the red lines represent, respectively,
the modal damping and the modal frequency of each mode depending on the flight speed.
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The diagrams depict a commendable alignment in terms of frequency and damping
variations as the flight speed increases, especially for modes characterized by a small
relative frequency error and high MAC values. Consistent with expectations, modes
exhibiting a larger relative frequency error and smaller MAC values, such as the fifth mode
on the V g diagram, demonstrate less precise matching of frequency and damping variations
with respect to the flight speed. This outcome aligns with anticipated results, reinforcing
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the understanding that modes with greater discrepancies in frequency and lower MAC
values may exhibit less accurate alignment in response to changes in flight speed.

3.3. Static Check

For a comprehensive analysis, a static assessment was conducted by comparing the
static responses to unitary loads (vertical and horizontal forces applied to the wing tip)
among the GFEM wing (referred to as GFEM), the pre-tuning stick-beam wing (referred
to as Stick: Initial guess) and the tuned stick-beam wing (referred to as Stick: Tuned).
The objective was to evaluate any errors introduced from a static perspective due to the
dynamic tuning of the wing.

It is essential to note that the initial guess for the stick-beam model is derived from
a static condensation of the GFEM wing, inherently representing the best possible ap-
proximation of the static behavior. Consequently, the adjustments made to the beam
structural properties by the optimizer, aimed at enhancing the dynamic behavior of the
wing, naturally impact its static response.

This static check provides valuable insights into the compromise between dynamic
and static performance resulting from the tuning process. While the initial guess stick
beam excels in static representation, the tuned stick beam, designed for improved dynamic
behavior, may exhibit variations in static response due to the introduced modifications
in structural properties. This assessment contributes to a holistic understanding of the
trade-offs associated with the dynamic tuning of the wing.

The wing displacements in the vertical direction of the different models caused by a
vertical force applied to the wing tip are shown in Figure 17.
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Figure 17. Vertical displacement on the wing tip. (Left): green-wing leading edge. (Right): green-
wing trailing edge.

Table 10 summarizes the percent errors in the vertical displacements of the wing tips
of the different models, reporting the percent errors in terms of the difference between the
vertical wing tip displacements on the leading edge and trailing edge of the initial guess
stick-beam model and tuned-wing stick-beam model with respect to the vertical wing tip
displacement of the GFEM wing.

Table 10. Percent error in wing tip vertical displacement.

Initial Guess Tuned Wing

LE −2% +4%
TE −3% +2%

The wing displacements in the horizontal direction of the different models caused by
a horizontal force applied to the wing tip are shown in Figure 18.
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Table 11 summarizes the percent errors in the horizontal displacements of the wing
tips of the different models, reporting the percent errors in terms of the difference between
the horizontal wing tip displacements on the leading edge and trailing edge of the initial
guess stick-beam model and tuned-wing stick-beam model with respect to the horizontal
wing tip displacement of the GFEM wing.

Table 11. Percent error in wing tip horizontal displacement.

Initial Guess Tuned Wing

LE 0% +12%
TE 0% +12%

As expected, the pre-tuning stick-beam green wing outperforms the tuned stick-beam
wing from a static standpoint. This outcome is in line with expectations and can be
attributed to the fact that the initial guess is derived from a static condensation of the
GFEM wing. Consequently, the initial guess stick-beam model provides the most accurate
representation of the static behavior of the GFEM wing. The tuning process, focused
on aligning the stick-beam model with the dynamic behavior of the GFEM, naturally
compromises the static representativeness of the model. It is crucial to reiterate that the
primary objective of the optimization process is the enhancement of the dynamic behavior
of the model, specifically for dynamic simulations. Therefore, the trade-off involving a
reduction in static fidelity is considered an acceptable compromise in pursuit of improved
dynamic performance. The tuned stick-beam wing is tailored for dynamic simulations, and
any sacrificed static representativeness is deemed reasonable given the targeted application
and objectives of the optimization process.

4. Conclusions

This paper introduces a methodology developed to create a tool capable of fine-tuning
a stick-beam model with the specific objective of matching predefined modes, both in terms
of frequencies and mode shapes, with a more intricate GFEM model. The structural tuning
optimization tool was applied to refine the stick-beam model of the green wing of the
NGCTR-TD, yielding commendable results in terms of modal frequency matching and
MAC values. Notably, percent errors in frequencies ranged between 2% and 5%, while
MAC values were consistently high, ranging from 0.96 to 0.99 for most modes. Slightly
higher errors were observed only for one very-high-frequency mode. This successful tuning
process accurately represents the dynamic behavior of the GFEM wing, enabling the use
of the stick-beam green wing to support the dynamic test campaign conducted on the
isolated wing.

Subsequently, the tuned stick-beam model of the green wing was integrated into the
complete aircraft stick-beam model to evaluate its representativeness from an aeroelastic
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standpoint, targeting the overall aircraft GFEM behavior. The assessment yielded positive
results in terms of matching. However, for a more reliable tuned stick-beam full aeroelastic
model, it is essential to perform wing tuning considering the entire aircraft, encompassing
the dynamic models of the fuselage and the wing-to-fuselage junction.

Finally, an analysis of the static behavior of the tuned stick-beam dynamic model
was conducted to evaluate any deviations introduced from a static perspective during the
dynamic tuning of the wing. Given that the initial guess of the stick-beam model is derived
from a static condensation of the GFEM wing, it inherently provides the best possible
representation of the static behavior. As anticipated, modifications to the beam structural
properties introduced by the optimizer, aimed at enhancing the dynamic behavior, naturally
incur a penalty in terms of static response. While the dynamically tuned model does not
exhibit superior static performance, this compromise is deemed acceptable, given that
the optimization process’s primary goal is the improvement of the dynamic behavior for
limited application in dynamic simulations.
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FE Finite Element
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