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Abstract

This work presents the development of a design and analysis framework for investigating the coupling between
structural dynamics and flight dynamics in very flexible, high-aspect-ratio wings (HARW). The TU-Flex demon-
strator, a composite aircraft with slender flexible wings and conventional tail surfaces, serves as the validation
platform. The methodology integrates parametric modeling (ModGen), finite-element aeroelastic analysis (MSC
Nastran), and flight dynamics simulations (ModSiG-FMRA) to evaluate modal interactions across the flight en-
velope. Results show that increasing wing flexibility reduces structural mode frequencies, leading to coupling
between rigid-body and elastic modes. In particular, the short-period mode (1.73 Hz) and the first wing bending
mode (1.69 Hz) occur in close proximity, confirming strong interaction between flight mechanics and structural
dynamics. Subsonic flutter analysis further demonstrated that TU-Flex remains free of flutter within the oper-
ational envelope. The study highlights how the proposed procedure can be used to guide the design of very
flexible aircraft and ensure the desired dynamic behavior.
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1. INTRODUCTION AND MOTIVATION

The development of very flexible, high-aspect-ratio
aircraft presents unique challenges for both modeling
and flight control. In such configurations, the coupling
between flight dynamics and aeroelastic response
becomes significant and can strongly affect overall
performance. Reliable prediction of both static and
dynamic behavior from the preliminary design stages
is therefore essential to minimize costly redesigns
and ensure safe operation. Stability derivatives are
particularly valuable, as they enable the development
of linear aerodynamic models for early control system
design, the computation of free-response modes
(e.g., short period, phugoid, roll subsidence, spiral,
and Dutch roll), and the prediction of load histories in
complex maneuvers. A variety of methods have been
developed to assess aircraft control and stability,
relying on both experimental data and numerical
simulations [1, 2].

Previous research has highlighted the importance of
accurately capturing the interaction between struc-
tural flexibility and flight dynamics. Schoor et al. [3]
investigated the aeroelastic characteristics and con-
trol of very flexible aircraft using linearized modes that
incorporated rigid-body motions, emphasizing the
need to account for both unsteady aerodynamics and
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structural flexibility for accurate dynamic modeling.
Patil et al. [4] studied High-Altitude Long-Endurance
(HALE) aircraft and demonstrated that large wing
deformations from high-aspect-ratio structures can
significantly alter aerodynamic load distributions,
leading to substantial changes in the aeroelastic and
flight dynamic behavior. As a result, linear analyses
based on the undeformed configuration may not be
valid, particularly when nonlinear dynamic motions
occur. Similarly, Drela [5] and Shearer and Cesnik [6]
highlighted the importance of nonlinear modeling for
flexible aircraft, showing that coupling six-degree-of-
freedom rigid-body motions with nonlinear aeroelastic
equations is essential to accurately predict the dy-
namics of very flexible vehicles. Su and Cesnik [7]
further demonstrated that nonlinear effects, such as
torsional stiffness changes due to skin wrinkling or
asymmetric gust loading, can substantially influence
the response of flying-wing configurations.

Despite the advances in numerical modeling, there
remains a lack of sufficient experimental data for
validating models and testing control strategies for
very flexible aircraft. Most existing studies rely on sim-
ulations, and available experimental data are limited
to less flexible or scaled configurations. This gap in
validation makes it challenging to confidently design
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flight controllers and predict the coupled aeroelastic
and flight dynamics of very flexible aircraft.

To address this need, TU Berlin has developed the
TU-Flex demonstrator [8], a very flexible, high-aspect-
ratio wing aircraft specifically designed to investigate
the interaction between structural dynamics and flight
dynamics. Its wing has been intentionally designed
with a low bending frequency so that its structural dy-
namics fall within the range of the aircraft’s rigid-body
modes, enabling direct coupling of elastic and rigid-
body motions. Capturing this interaction experimen-
tally is the primary motivation for the demonstrator,
providing a platform to validate models, study dynamic
coupling, and develop suitable flight control strategies
for very flexible aircraft. The TU-Flex is shown in Fig
1. The primary objective of this study is to design a
process for analyzing the coupling between the struc-
tural modes of the very flexible TU-Flex wing and the
aircraft’s flight mechanical modes, thereby quantifying
the interactions and identifying the conditions under
which these couplings significantly influence the dy-
namic behavior. This analysis provides the foundation
for validating numerical models and informing the de-
sign of flight control strategies for very flexible, high-
aspect-ratio aircraft.

FIG 1. TU-Flex-FW lateral view.

2. TU-FLEX DESIGN WORKFLOW AND VERY
FLEXIBLE WING ADAPTATION

The main difference in the conceptual design of this
vehicle, compared to conventional industrial pro-
cesses, is the early-stage consideration of structural
flexibility. The TU-Flex design enables the evaluation
of how geometrical and structural design choices
influence the flight-dynamics performance of the air-
craft. The overall TU-Flex design process is illustrated
in Fig. 2. It consists of five main blocks:

« conceptual design and geometrical definition,
aeroelastic optimization,

flexible aircraft dynamics evaluation,

detailed structural design and construction, and

- experimental validation.

This research focuses on strengthening the coupling
and refining the analyses between blocks 2 and 3.
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More details on the design process can be found in
[9-12].
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FIG 2. TU-Flex design process.

The flexible aircraft flight dynamics also include the
load analysis of the aircraft. This block is closely linked
to aeroelastic optimization, detailed structural design
and manufacturing, and experimental validation. Sim-
ulations carried out at this stage guide the definition
of static, dynamic, and flight tests, verify that the wing
structures can withstand all expected loads, and as-
sess whether the configuration exhibits the intended
aeroelastic—flight dynamics coupling. Once these cri-
teria are met, the design progresses to the structural
design and construction phase.

In Block 3, the flexible flight-dynamics branch gen-
erates an aircraft model to construct a complete
simulation environment. This environment is em-
ployed to analyze the vehicle’s dynamics, plan the
flight-test campaign, and support control design as
well as real-time applications. The Modeling and
Simulation Group Toolbox created by the FMRA-TUB
(ModSiG-FMRA), provides a low-order methodology
for modeling, analyzing, and simulating very flexi-
ble/flexible wings and aircraft [13]. ModSiG-FMRA
combines nonlinear flight-mechanics equations of
motion with modal superposition of the structure, and
it accommodates quasi-steady or unsteady aerody-
namics, including aerodynamic nonlinearities such
as follower forces and/or stall effects. It further sup-
ports numerical linearization, visualization, real-time
execution, and control assessment.

The underlying mathematical formulation is based
on nonlinear mean-axis equations of motion together
with incompressible strip theory aerodynamic mod-
els. Both quasi-steady and unsteady incremental
aerodynamics can be employed, subject to specific
assumptions: structural flexibility remains moderate
with elastic displacements small enough for linear
deformations; the wing has a high aspect ratio per-
mitting two-dimensional strip-theory approximations;
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and the aircraft operates in an incompressible flow
regime [14,15].

ModSiG-FMRA framework delivers both steady-state
trim solutions and linear state-space models, com-
plemented by a nonlinear formulation suitable for
time-domain simulations in open- and closed-loop
configurations. It can be linked with flight simulators
such as X-Plane and FlightGear, allowing visualization
of the aircraft in either rigid or flexible form [16, 17].
The tool provides dynamic responses not only for
the rigid-body motion but also for arbitrary points
within the flexible structure. Moreover, it generates
pole—zero diagrams and Modal Assurance Crite-
rion (MAC) evaluations over varying flight speeds.
Combined with nonlinear simulation outcomes, these
analyses enable verification of aeroelastic—flight dy-
namics interactions, guide structural or geometrical
refinements, and support the development of feed-
back strategies to maintain stable and well-coupled
dynamic behavior throughout the operational enve-
lope. A more detailed workflow showing the interface
between Blocks 2 and 3 is shown in Fig.3. Enforcing
the high level of deformation together with the cou-
pling between rigid body and structural modes allows
to develope a framework able to design very flexible
aircraft.
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FIG 3. TU-Flex very flexible wing design workflow.

The workflow employs the complete aircraft model
to evaluate structural loads, deformations, vibration
characteristics, flutter boundaries, gust responses,
and the coupling between aeroelasticity and flight
dynamics, thereby enabling iterative design assess-
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ment.  After the optimized wing from Block 2 is
obtained [18], it is integrated with the aircraft fuselage
for system-level analysis. Nastran and ModSiG-
FMRA are then applied in combination: the modal
analysis performed in Nastran provides structural
mode shapes that are used in ModSiG-FMRA to
build the flight-dynamics model, and they also serve
as input for Nastran’s aeroelastic solvers. Specifi-
cally, Solution 144 is employed for static aeroelastic
response to determine divergence, trim, and load
redistribution; Solution 145 is used for flutter analysis;
and Solution 146 is applied for dynamic aeroelastic
response to compute gust and forced-oscillation
effects. The outcomes of these analyses, including
flutter constraints and coupled rigid-body/structural
dynamics, are fed back into the wing-design workflow
to guide re-optimization. In this way, Blocks 2 and 3
are tightly integrated, ensuring that structural—flight
dynamics coupling is consistently enforced while
the wing and complete aircraft remain capable of
sustaining all operational loads.

3. TU-FLEX-VFW AEROELASTIC ANALYSIS

The TU-Flex is a 3.6 m span aircraft with an aspect
ratio of 16, featuring a high-wing configuration and a
T-tail. The fuselage has three floors to accommodate
instrumentation and to facilitate the installation of the
wing and empennage. Its chassis is formed by two
main spars, which transmit loads between the nose
and main landing gears and provide primary structural
support for the fuselage. The rear-mounted motors
are attached to the fuselage through a series of frames
and pylons, ensuring rigid structural integration. The
T-tail spar consists of a boom inserted into the rear
floor of the fuselage, with the horizontal stabilizer fixed
to the vertical spar via two screws.

The main wing of the TU-Flex-VFW is built around two
primary spars, which carry the majority of structural
and aerodynamic loads. The wing skin contributes to
load transfer and helps maintain torsional stiffness.
The half-wings are connected through the spars using
six screws, after which the complete wing assembly
is installed under the fuselage main frame. This
frame acts as the principal structural backbone of
the aircraft, providing a rigid mechanical interface
between the fuselage and the wing while distributing
aerodynamic and inertial loads efficiently throughout
the structure. TU-Flex’s structural topology is shown
in 4.
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FIG 4. TU-Flex’s structural topology.

3.1. Structural Model

The fuselage and tail assembly finite-element (FE)
model was created in Altair HyperMesh [19]. To
reduce computational complexity, the nose and aft
sections of the fuselage were omitted. An integrated
wing structure, generated with ModGen [20, 21], was
incorporated into the fuselage together with the verti-
cal and horizontal stabilizers. ModGen is a parametric
modeling tool for aircraft structures that produces FE
models and MSC Nastran input cards for aeroelastic
analysis, developed at the Institute of Aeroelasticity in
Goéttingen. The wing skin and fuselage were coupled
using RBE2 elements, with both front and rear spars
similarly connected. Additionally, the portion of the
spars inside the fuselage was tied to the floor to
maintain structural rigidity.

The left wing, including its aerodynamic model, was
generated in ModGen, and mirrored to create the right
wing. Upper and lower skins between the spars were
connected across both wings to ensure continuity.
The optimized, very flexible wing model [18] and the
horizontal tailplane (HTP), vertical tailplane (VTP),
and fuselage models from [8, 9, 18] are employed
for the complete TU-Flex demonstrator modal and
aeroelastic analyses. Figure 5 illustrates the full FE
model and the elements used to represent each
component of the demonstrator.

@ CTRIA & CQUAD elements
[ cHEXA elements
@ CPENTA elements
@D RBE3 elements

FIG 5. TU-Flex finite element structural model.
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3.2. Aerodynamic Model

For aerodynamic modeling in Nastran, the Doublet
Lattice Method (DLM) is employed. This method
subdivides the lifting surface into small trapezoidal
panels, also referred to as boxes, which are arranged
in columns aligned with the free-stream direction.
The panel method is widely used in aerodynamic
simulations due to its balance between computational
efficiency and accuracy, particularly when viscous
effects can be neglected [22]. DLM enables the
calculation of aerodynamic loads on the upper and
lower surfaces of the wing, which are necessary to
fully stress the structure, while requiring significantly
less computational effort than a full Navier—Stokes
solver [23].

In this study, ten panels are defined using the CAERO1
card in Nastran. These cards specify the layout of the
trapezoidal panels by defining the number of boxes in
both the spanwise and chordwise directions, as well
as the positions and chord lengths of the first and last
rows of boxes. The aerodynamic model of the TU-
Flex right wing comprises a total of 780 boxes. Among
the ten panels, four trimming surfaces are defined us-
ing the AESURF entry, corresponding to specific aero-
dynamic boxes that represent the wing’s control sur-
faces. The aerodynamic mesh of TU-Flex-VFW is pre-
sented in Fig 6.

- Flaps
. Ailerons
@ Rudder
@ Etevators

s
Dy

FIG 6. TU-Flex panel mesh aerodynamic model, control
surfaces highlighted.

The aerodynamic discretization follows MSC Nastran
guidelines [24] to ensure accurate representation
of aerodynamic loads and coupling with structural
modes. Box sizes and aspect ratios were selected
to resolve the structural frequencies of interest, with
the chordwise discretization sufficient to capture the
highest frequency of 50 Hz at the cruise airspeed
considered (30 m/s). This choice ensures that the
reduced frequency remains within an acceptable
range for the DLM assumptions, providing reliable
aeroelastic loading for subsequent modal and struc-
tural analyses. The aerodynamic model is directly
coupled with the FE wing model generated in Mod-
Gen, enabling the computation of aeroelastic loads
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and the assessment of structural response under
operational flight conditions. Together, these models
form the basis for the TU-Flex modal and aeroelastic
analyses.

3.3. Aeroelastic Modelling

In the aeroelastic modeling framework, two key as-
pects are considered: the aero-structural coupling and
it’s verification. The aerodynamic and structural sur-
face grids generally do not coincide due to differences
in mesh density. While the structural model is typically
more refined, condensation of the finite element (FE)
model often results in a structural grid that is sparser
than the aerodynamic grid. To reconcile this discrep-
ancy, an interpolation scheme is employed to trans-
fer loads and displacements between the two models.
In this study, spline functions are used to map aero-
dynamic forces onto the structural grid and to project
structural displacements back onto the aerodynamic
grid.

Aero-structural coupling can be assessed by evaluat-
ing the correspondence between aerodynamic loads
and structural responses at designated monitoring
points. The structural monitoring points, defined in
accordance with the MSC FlightLoads 2024 User
Guide, serve as reference locations to verify the con-
sistency of force transfer between the aerodynamic
and structural domains. Deviations observed at these
points indicate deficiencies in the coupling procedure
and highlight the need for further refinement to ensure
reliable aeroelastic predictions.

3.4. Flutter and Longitudinal Stability Analysis

Subsonic flutter analysis of the TU-Flex was per-
formed using MSC Nastran SOL145 [24]. The
KE-method, an efficient variant of the K-method that
neglects viscous damping, was employed to com-
pute stability curves and ensure flutter-free operation
across the flight envelope. Flutter constraints were
treated separately from the wing optimization pro-
cess, allowing evaluation of modal frequencies and
damping as a function of airspeed to identify potential
aeroelastic instabilities.

Dynamic longitudinal stability was analyzed by fo-
cusing on the short-period mode about the pitch
axis. The natural frequency and damping ratio of this
mode were determined to characterize the aircraft’s
pitch response and handling qualities. These results
provide a basis for assessing the dynamic behavior of
the TU-Flex and for guiding potential improvements
in handling performance.

4. RESULTS

This section presents the key findings of the TU-
Flex aeroelastic and flight dynamics analyses. The
results are organized into three main parts. First,
the modal analysis of the complete aircraft is pre-
sented, highlighting the natural frequencies and mode
shapes of the flexible wing and fuselage structures.
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Second, subsonic flutter calculations are shown,
providing flutter boundaries and stability margins
within the operational envelope. Finally, the coupling
between structural modes and flight dynamics is
examined, illustrating how aeroelastic effects influ-
ence the aircraft's dynamic response. Together,
these results demonstrate the effectiveness of the
integrated modeling approach and provide insight
into the structural—aeroelastic behavior of the TU-Flex
demonstrator.

4.1. Modal analysis

Modal analysis, a fundamental component of dynamic
assessment, identifies a structure’s natural frequen-
cies and mode shapes. These inherent properties,
determined by the structure’s material, geometry, and
boundary conditions, dictate its response to dynamic
loads [25]. In this study, modal analysis was carried
out using MSC Nastran SOL103.

Figures 7—10 illustrate the first two eigenmodes of the
aircraft, both without and with a tip mass (TM) at the
wingtip. In both configurations, the first eigenmode
corresponds to the first symmetric out-of-plane bend-
ing mode of the wing (W1SBO) and the second eigen-
mode represents the wing second asymmetric out-of-
plane bending mode (W2ABO).

Table 1 presents the eigenfrequencies of the wing with
and without the TM. The addition of the TM signifi-
cantly decreases the lower natural frequencies, par-
ticularly the first three modes. For example, the first
mode frequency drops from 4.84 Hz without the TM
to 2.07 Hz with the TM, a reduction of 58%. This
decrease indicates that the wing becomes more sus-
ceptible to low-frequency oscillations, which can influ-
ence the aircraft’s dynamic response under turbulent
or gusty conditions. These effects must be carefully
considered when balancing weight, stiffness, and the
coupling between structural and flight-dynamic modes
of the wing.

TAB 1. First ten frequencies of the VFW, with and with-

out TM
Mode Frequency [Hz]
Without TM | With TM
1 2.95 1.64
2 5.91 4.47
3 12.26 9.25
4 13.91 9.74
5 17.41 10.04
6 17.47 12.85
7 18.45 16.9
8 22.32 22.3
9 28.67 28.33
10 34.1 28.66




Deutscher Luft- und Raumfahrtkongress 2025

4.2. Subsonic flutter calculation

Subsonic flutter analysis of the TU-Flex demonstra-
tor was performed using MSC Nastran SOL145 [24],
employing the KE-method for modal flutter analysis.
Structural eigenmodes and frequencies were obtained
from a reduced set of nodes, and aerodynamic influ-
ence matrices were calculated using standard Nastran
bulk data entries. A total of 26 eigenmodes were ex-
tracted, with 20 modes included in the flutter evalu-
ation, capturing all relevant wing, horizontal tailplane

153400 (HTP), and vertical tailplane (VTP) bending and tor-
F1G 7. Mode 1 of the TU-FI thout TM: 2.93 H sion modes. The aerodynamic model was discretized
- Mode 1 of the TU-Flex without TM: 2.93 Hz up to a maximum reduced frequency of 3.0.

TAB 2. Parameters of subsonic flutter calculation on

TU-Flex
Parameter Value
Mach number, Ma 0.1749
Air density,p 1.225 kg/m3
Dynamic pressure, q 2205 Pa
Calculated eigenmodes 26
0! Considered eigenmodes 20
FIG 8. Mode 1 of the TU-Flex with TM: 1.56 Hz Considered red. frequencies | 0.01 to 3.0 with 299
sampling points
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FIG 11. Flutter analysis: V-g and V-f plots of TU-Flex

with TM (VFA).

FIG 10. Mode 2 of the TU-Flex with TM: 4.13 Hz

Table 2 summarizes the parameters used for the
selected flight condition. The analysis indicates that
flutter occurs at 60 m/s, which is 5 m/s beyond the
design diving speed (Vp), but still within Vp + 15%,

©2026 6
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in accordance with CS25 [26]. Figures 11-13 illus-
trate the damping and frequency behavior across
airspeeds and the key eigenmodes involved. The
primary flutter phenomenon arises from the coupling
between the wing torsion mode and HTP asymmetric
bending, highlighting the interaction of structural com-
ponents that governs aeroelastic stability. Despite the
TU-Flex’s high flexibility, the demonstrator remains
flutter-free within the intended flight envelope.

FIG 12. Mode 3: Wing second asymmetric bending out-
of-plane and VTP bending mode involved in the
flutter phenomenon.

FIG 13. Mode 4:

Wing second symmetric bending
out-of-plane mode involved in the flutter phe-
nomenon.

5. COUPLING ANALYSIS: STRUCTURAL DYNAM-
ICS AND FLIGHT MECHANICS

As wing flexibility increases, the frequencies of struc-
tural modes decrease, which can lead to coupling be-
tween rigid-body and elastic modes. To investigate
this effect, ModSiG-FMRA was employed. ModSiG-
FMRA captures the full nonlinear equations of motion
and both steady and unsteady aerodynamic effects,
enabling stability analysis across the entire flight en-
velope.

In addition, the short-period mode was analyzed
using MSC Nastran to obtain approximate natural fre-
quencies and damping ratios. These approximations
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rely on linearized equations of motion and are used to
evaluate the coupling between the short-period flight-
dynamic mode and the lower-frequency structural
modes. While Nastran provides a simplified view of
the short-period dynamics, ModSiG-FMRA uses the
complete nonlinear formulation, allowing the assess-
ment of aeroelastic and flight-dynamic interactions
over a wider range of operating conditions. Pole-zero
maps were employed to visualize the frequencies
and damping characteristics, providing insight into
stability margins and the dynamic behavior of the
TU-Flex-VFW configuration.

Table 3 compares the damped natural frequencies
of the short-period mode and the first wing bending
mode of the TU-Flex, as obtained from MSC Nastran
and ModSiG-FMRA. The results show only minor
deviations: 0.17 Hz for the short-period mode and
0.29 Hz for the first wing bending mode. These small
differences arise from the approximation inherent in
the Nastran calculation, particularly the neglect of the
Cn, term in the short-period damping calculation.
Overall, the close agreement demonstrates that the
simplified Nastran approach provides a reliable esti-
mate of the short-period dynamics that can be used in
the wing optimization process, while ModSiG-FMRA
captures the full nonlinear behavior, which can be
used later for flying qualities evaluations and control
design.

TAB 3. Damped natural frequency of short-period and
1st wing bending frequency of the TU-Flex from
Nastran and ModSiG-FMRA

Parameter Nastran [Hz] | ModSiG [Hz]
wdgp (flexible) 1.56 1.73
1st wing 1.98 1.69
bending frequency

The root loci of the TU-Flex-VFW were computed
across the entire flight envelope, with velocities rang-
ing from 18 m/s to 50 m/s at a cruise altitude of 100
m. Figure 14 shows the migration of all rigid-body
modes (pure roll, short period, Dutch roll, phugoid,
and spiral) alongside the first eight structural modes
of the aircraft. The right side of the figure provides
a zoom on the lower-frequency modes, enabling
detailed observation of their interactions. Inspection
of the root loci indicates that the aircraft remains
dynamically stable throughout the considered flight
envelope, with the frequencies of all rigid-body modes
generally increasing with velocity.

The plot further highlights the coupling between struc-
tural and rigid-body modes. Twisting of the root loci
reveals mode interactions, with the short-period mode
crossing the wing first symmetric bending out-of-plane
mode (W1SBO) and approaching the wing second
asymmetric bending out-of-plane mode (W2ABO).
The pure roll mode is no longer purely imaginary,
reflecting the influence of structural flexibility on the
overall dynamic behavior.
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FIG 14. Full root loci varying the velocity from 18 m/s to
50 m/s at the cruise flight altitude of the TU-Flex
with VFW set using unsteady linear aerodynam-
ics model (top) and a zoomed-in view near the
origin (bottom) [13].

The nature of the coupling can be further analyzed us-
ing the Modal Assurance Criterion (MAC) plot shown
in Figure 15, which quantifies the contribution of each
state variable to the dynamic modes at a certain flight
condition. While the MAC is traditionally used to com-
pare finite element mode shapes with experimental
data, it can also be applied to dynamic systems to ex-
amine modal coupling and state contributions. MAC
values range from 0 to 1, with values near 1 indicating
a strong influence of the state on the corresponding
mode, and values near 0 indicating little contribution.
For instance, inspection of the short-period mode
columns reveals the typical flight-dynamic states (g
and wg) as dominant. However, due to coupling with
the structure, structural states such as 7, and 7, also
contribute significantly to this mode, showing higher
copling when increasing velocity from 22 m/s to 30
m/s. Phasor analysis of the normalized eigenvector
at 30 m/s (Fig. 16 ) shows that ¢ and n; have similar
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FIG 15. MAC map of the TU-Flex with VFW set at 22 m/s
(top) and 30 m/s (bottom), at the cruise flight al-
titude (100 m) [13].

amplitudes and are approximately in phase, whereas
7, exhibits a significantly larger magnitude. This inter-
action confirms the influence of structural dynamics
on the rigid-body dynamics and demonstrates that the
methodology is capable of capturing the aeroelastic
behavior of a very flexible aircraft.

The MAC indicators serve as quantitative measures of
the level of coupling and guide the parametric study,
supporting the design process to ensure that the air-
craft exhibits the intended flight-dynamics/structural-
dynamics interaction. Based on these indicators, it is
possible to conclude that the designed demonstrator
can be classified as a very flexible aircraft.
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6. SUMMARY AND CONCLUSION

This study presents a systematic procedure for evalu-
ating the coupling between structural modes of a very
flexible wing and the aircraft’s flight mechanical modes
within the aircraft design process. The methodology
combines parametric structural modeling with Mod-
Gen, finite-element analysis using MSC Nastran, and
flight dynamics simulations via ModSiG-FMRA. By
integrating these tools, it is possible to quantify the
interactions between structural and rigid-body modes,
identify critical coupling phenomena, and guide the
design to ensure that the aircraft exhibits the desired
flight dynamics while maintaining structural integrity.
The TU-Flex demonstrator, with its very flexible wings,
T-tail configuration, and optimized aerodynamic sur-
faces, was used to validate this approach. Modal
analysis revealed that the addition of a tip mass
effectively reduced the eigenfrequencies, enabling
significant interaction between the short-period mode
and the first wing bending mode. Subsonic flutter
analysis confirmed that the demonstrator remains
flutter-free across the operational envelope, with
flutter predicted at 60 m/s—slightly above the design
diving speed but still within the allowable safety
margin.

The coupling analysis shows that the short-period
mode has a damped natural frequency of 1.73 Hz,
while the first wing bending mode occurs at 1.69 Hz.
The close proximity of these frequencies highlights
the strong interaction between the flight mechanics
and structural dynamics of the very flexible wing,
confirming that the methodology can be used to
design and assess control strategies that account
for both aeroelastic and rigid-body behavior. MAC
analysis further validated the coupling, providing a
quantitative measure of the contributions of structural
states to the flight-dynamic modes and supporting the
classification of TU-Flex as a very flexible aircraft.
Overall, the developed workflow provides a ro-
bust framework for designing and analyzing very
flexible aircraft, enabling engineers to evaluate struc-

©2026

tural—flight dynamics coupling early in the design
process and ensure safe, stable, and well-coupled
behavior throughout the flight envelope.
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