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Abstract

Ground vibration testing (GVT) plays a key role in the validation of numerical models
and the assessment of aeroelastic stability in lightweight aircraft structures. This study
presents an experimental and numerical investigation of a full-scale composite flying wing
unmanned aerial vehicle (UAV) intended for vertical take-off and landing operations. Due
to its low structural mass and highly integrated configuration, the aircraft exhibits increased
sensitivity to modeling assumptions, boundary conditions, and measurement uncertainties.
A finite element model was developed in Ansys, incorporating detailed laminate definitions
and the internal sandwich structure. Experimental modal testing was performed under free-
free boundary conditions using an electrodynamic shaker and a distributed measurement
consisting of 94 response locations. Frequency Response Functions (FRFs), coherence
analysis, and the Complex Mode Indication Function (CMIF) were employed to identify
the dominant structural modes. Particular attention was given to the bending and torsional
modes that govern aeroelastic behavior. Comparison of experimental and numerical results
showed good agreement in mode shapes, while discrepancies in natural frequencies ranged
from 10.4% to 20.1%. The results demonstrate that the model adequately captures the
dynamic behavior of the aircraft and provides a reliable basis for future aeroelastic and
flutter analyses of lightweight composite flying wing.

Keywords: ground vibration test; flying wing; UAV; composite structure

1. Introduction
The rapid proliferation of unmanned aerial vehicles (UAVs) has led to their increasing

operation in close proximity to populated areas. Applications such as urban monitoring,
infrastructure inspection, and last-mile delivery require UAV platforms to operate directly
over people, where structural reliability becomes a critical safety concern [1–6]. At the
same time, market pressure enforces shortened development cycles, limiting the extent of
experimental validation typically performed during the design process.

Lightweight structural design has become a fundamental requirement for modern
UAV systems, driven by the need to maximize flight endurance, payload capacity, and over-
all operational efficiency [7–9]. For this reason, composite materials are widely adopted,
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offering high stiffness-to-weight ratios and enabling the development of slender and aero-
dynamically efficient configurations [10]. However, the use of composites introduces
additional challenges related to structural integrity and safety. Unlike isotropic materials,
their behavior is strongly dependent on fiber orientation, layup configuration, and internal
structural design [11,12]. In ultra-lightweight configurations, even minor modeling inac-
curacies or experimental uncertainties may lead to substantial errors [13], making precise
assessment of dynamic properties essential for safe operation.

Ground vibration testing (GVT) is foundational for ensuring the aeroelastic stability,
structural integrity, and certification of modern aircraft, particularly those employing
innovative flying wing configurations and advanced composite materials. The unique
structural and aerodynamic characteristics of flying wings demand precise characterization
of their dynamic behavior to prevent catastrophic failures such as flutter and to optimize
performance [14]. In lightweight UAV structures, achieving reliable modal identification
is particularly challenging due to low natural frequencies, high sensitivity to boundary
conditions, and environmental disturbances. In composite aircraft structures, additional
uncertainty arises from manufacturing variability, including deviations in fiber orientation,
material property dispersion, and bonding quality in sandwich structures. These factors
can significantly affect stiffness distribution and, consequently, the dynamic response of
the structure. From an aeroelastic perspective, accurate identification of structural dynamic
properties is essential for flutter prediction, which arises from the interaction between
bending and torsional modes. The relative proximity of these modes in frequency domain,
as well as their correct spatial representation, directly influences the stability boundaries of
the system.

GVT is typically undertaken on entire aircraft—such as fighter jets, civil airliners, and
unmanned aerial vehicles or on specific components like helicopter blades [15]. The main
goal of these tests in aerospace is the extraction of modal parameters, which are used to
update finite element models (FEM). Normally, the FEM is coupled with an aerodynamic
model to predict aeroelastic behavior [16]. To achieve accurate correlation between the FEM
and the physical structure, the FEM must be carefully tuned using GVT results, ensuring
that the final design reflects the correct dynamic response and aeroelastic properties [17,18].
In the context of ultralight composite UAVs, where minor modeling errors or measurement
uncertainties can have a significant impact, this tuning is critical both for safety and for
reducing costly experimental testing. Similar approaches can be found in fluid-coupled
structures, such as underwater glider wings, where the experimentally or numerically
identified structural modal characteristics constitute the basis for subsequent hydroelastic
analyses, resonance assessment, and vibration mitigation strategies [19]. While experimen-
tal modal analysis has been widely applied in conventional aeronautical structures, studies
focusing on the validation of numerical models using experimental data for lightweight
composite UAV configurations remain limited. Existing research has primarily addressed
individual components, such as wings [20–22], often under simplified assumptions re-
garding boundary conditions and structural behavior. Although some work on blended
wing–body UAVs [23] provides initial insight, the overall representation of ultralight, fully
integrated configurations in modal analysis literature is still insufficient. Chakravarty [24]
performed an experimental and numerical modal analysis of a flexible composite micro air
vehicle (MAV) wing, combining non-contact measurement of membrane prestrain using vi-
sual image correlation with finite element simulations. Pavan Kishore et al. [25] conducted
a finite element-based free vibration analysis of a composite aircraft wing, investigating
the influence of design parameters such as fiber orientation, stacking sequence, and ply
thickness on the natural frequencies and mode shapes. Tandel et al. [26] investigated the
fluid–structure interaction and aeroelastic behavior of a high-aspect-ratio GFRP composite
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wing through a combined numerical and experimental approach, integrating modal and
aeroelastic analyses.

This gap is particularly significant in the case of flying wing structures, where the
airframe acts as a single, load-carrying system rather than a set of distinguishable compo-
nents. Such configurations introduce additional challenges in both experimental testing
and numerical modeling, including the definition of appropriate boundary conditions, the
implementation of representative excitation methods, and the accurate representation of
composite sandwich structures with strong material anisotropy. These issues are further
exacerbated by the low structural mass, where even small disturbances or modeling in-
accuracies can significantly affect the identified dynamic response. Within this context,
Ji et al. [27] developed a high-fidelity CFD/CSD/6DOF coupling framework for body
freedom flutter prediction of a flying-wing aircraft, where the structural dynamic char-
acteristics were obtained from a finite element modal analysis and subsequently used in
aeroelastic simulations without experimental modal validation. Guo et al. [28] performed
a finite element-based modal analysis of a composite flying-wing configuration as part
of an aeroelastic investigation of a passive gust alleviation device, without experimental
validation of the structural dynamic model. These studies highlight that, despite increas-
ing complexity of aeroelastic simulations, experimental validation of modal behavior for
integrated flying wing configurations remains limited.

Addressing these challenges is essential for improving the reliability of numerical
simulations and ensuring safe operation under dynamic and aeroelastic loading conditions.

The aim of this study is to perform GVT of a fully composite flying wing and to de-
velop a corresponding finite element model capable of accurately reproducing its dynamic
behavior. Particular attention is given to the challenges associated with ultralight integrated
structures, including suspension conditions, excitation strategy, and detailed representation
of composite materials. The validated numerical model is intended to support reliable
dynamic analysis while reducing the reliance on extensive experimental testing.

2. Materials and Methods
2.1. Test Object Description

The test object is a tailsitter flying wing UAV designed for vertical take-off and landing
(VTOL) operations (Figure 1a). The aircraft is intended for rapid deployment missions,
specifically for the delivery of automated external defibrillators (AEDs) in emergency
scenarios. The structure has a wingspan of 1.9 m and a total structural mass of about
3 kg. Such a low mass relative to its size results in a highly flexible structure, making it
particularly sensitive to dynamic effects and external disturbances.

The aircraft is constructed as a semishell composite structure. The composite shell
is primarily responsible for carrying torsional loads, with fiber orientations in the wing
sections arranged predominantly at ±45◦, enhancing torsional stiffness. A detailed de-
scription of the laminate configuration and material properties is provided in Table 1. The
internal structure (Figure 1b) consists of spars and ribs manufactured from lightweight core
materials (Herex), and is primarily responsible for carrying bending loads. The spars and
ribs have a thickness of 5 mm. This internal framework provides the necessary stiffness
while maintaining minimal mass.

Additionally, an internal aluminum cage with a thickness of 4 mm is integrated into
the structure to accommodate and secure the AED payload.
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Figure 1. Test object. (a) isometric view of the aircraft. (b) internal structure of the aircraft.

Table 1. Lay-up configuration on the plane.

Ply (From Mold Side to Inner Surface) Wing Section Fuselage Section

1 CFRP CBX90 [±45◦] CFRP Torayca [0◦/90◦]
2 CFRP CBX90 [±45◦] CFRP Torayca [0◦/90◦]
3 Sandwich material Sandwich material
4 CFRP CBX90 [±45◦] CFRP Torayca [0◦/90◦]
5 GFRP Interglass [0◦/90◦]

2.2. Finite Element Model

The FEM was employed to investigate the dynamic behavior of the analyzed com-
posite flying wing structure. The reliability of such simulations strongly depends on the
appropriate definition of material parameters, geometric fidelity, and model calibration. It
is well recognized that numerical models tend to overestimate structural stiffness; there-
fore, experimental validation is essential to ensure accurate representation of the physical
system [29,30].
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Numerical simulations were performed using the ANSYS 2024 R2 Workbench envi-
ronment, with particular emphasis on the Ansys Composite Prep/Post (ACP) module.
This tool enables detailed modeling of laminated composite structures, allowing precise
definition of material properties, layer thickness, and fiber orientation for each ply. The
ability to reproduce complex layup sequences is critical, as fiber orientation significantly
influences the global stiffness and dynamic response of the structure. In the present study,
a fully composite sandwich configuration was modeled, accounting for both skin laminates
and internal structural components.

The modeling process began with the development of a CAD model representing the
flying wing geometry. Due to the high geometric complexity of the structure, simplifica-
tions were introduced to ensure numerical tractability and solver stability. Non-essential
geometric details were removed while preserving the overall stiffness distribution and load
paths. The simplified geometry was then imported into the simulation environment, where
further preprocessing steps were conducted.

The wing structure was modeled using a combination of shell and solid elements.
The composite skins were represented using shell elements (SHELL181), divided into
upper and lower surfaces to reflect the actual manufacturing process and enable accurate
assignment of laminate stacking sequences. The internal structure, including ribs and spars,
was discretized using solid elements (SOLID186). A mesh size of 8 mm was applied to the
shell model, while a finer mesh size of 2 mm was used for internal structural components
to ensure adequate resolution of stiffness variations. The mesh on the structure is shown
in Figure 2. The final model consisted of 242,309 elements, with an average mesh quality
of 0.92.

  
(a) (b) 

Figure 2. Mesh on the structure of drone. (a) Shell structure consisting of 37,268 elements. (b) The
internal structure consisting of 205,041 elements.

The orthotropic behavior of each layer was considered through the definition of fiber
orientations and stacking sequences. This approach allows for capturing the anisotropic
stiffness characteristics that are critical for accurate dynamic analysis. The layup with
direction of plies is shown in Figure 3.

To ensure realistic interaction between structural components, contact definitions
were introduced between the shell model and internal structural elements, as well as
between individual structural parts. Since the components are physically bonded in the
manufacturing process, a bonded contact formulation was employed. Specifically, the
bonded contact was implemented using the Multi-Point Constraint (MPC) algorithm with
the Nodal-Projected Normal From Contact detection method and Dual Shape Function
formulation. This approach enforces displacement compatibility across the contact interface
and transfers loads without allowing relative motion or separation between the connected
surfaces. The material properties assigned in the numerical model were determined based
on an experimental material characterization conducted in accordance with ASTM D3039,
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ASTM D6641, and ASTM D7078 standards [31–33]. These tests provided the mechanical
properties required for the orthotropic material definition of the composite laminates used
in the finite element model. The resulting material parameters are summarized in Table 2.
Herex properties were assigned based on Ansys library. A Herex thickness of 1.2 mm was
assigned according to manufacturing value.

Figure 3. Direction of the plies assigned. Green arrows shows direction of ply.

Table 2. Material properties assigned in Ansys.

Property CBX90 Torayca Interglass

Ex, Ey [MPa] 38,093 50,952 10,000
Gxy [MPa] 3130 4883 2800

Density [g/cm3] 1.51 1.62 1.27
Thickness [mm] 0.10 0.12 0.07

The modal analysis was conducted under free–free boundary conditions to replicate
the unconstrained state of the structure during flight. This approach avoids the introduction
of artificial stiffness that could distort the dynamic response. To prevent numerical issues
associated with rigid body modes, the lower frequency threshold of the solver was set to
1 Hz.

2.3. Experimental Campaign

Experimental modal testing was performed on an aircraft suspended using a flexible
support system to approximate free-flight boundary conditions (Figure 4).

The structure was supported at four suspension points using elastic cords, each charac-
terized by an estimated stiffness of approximately 100 N/m. Assuming a parallel configu-
ration of the suspension system, the equivalent stiffness is approximately 400 N/m. For the
tested aircraft with an approximate mass of 3 kg, the resulting rigid-body natural frequency
of the suspension system is about 2 Hz. Excitation was introduced with an electrodynamic
shaker DEWESoft DS-MS-440, 440 N, 0–5 kHz (manufactured in Trbovlje, Slovenia).
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Figure 4. Experimental testing.

This approach ensured controlled and repeatable input signals (excitation point and
signal is constants) while reducing the risk of structural damage that can occur when using
an impact hammer. The excitation input was monitored and controlled using a Dytran
5860B IEPE impedance head (manufactured in Chatsworth, CA, USA), which integrates
both a force transducer (100 mV/lbf) and an accelerometer (100 mV/g) within a single unit.
The acceleration signal from the impedance head served as the feedback parameter in a
closed-loop control system for the shaker amplifier. The structural response was captured
using a lightweight, miniature triaxial piezoelectric IEPE accelerometer (PCB Piezotronics
356A03, 10 mV/g sensitivity, manufactured in Depew, NY, USA). The structure was excited
using a sine sweep in the frequency range of 0–220 Hz. A two-stage sweep strategy was
applied to ensure uniform energy distribution across the investigated frequency band. In
the low-frequency range (0–40 Hz), a constant excitation level of 0.1 g was applied with a
sweep rate of 1 Hz/s. In the higher frequency range (40–220 Hz), the excitation amplitude
was gradually increased from 0.1 g to 2 g with a sweep rate of 5 Hz/s, in order to maintain
sufficient signal-to-noise ratio while preserving linear system behavior.

Data acquisition was performed with an analog channel sampling rate of 10 kHz.
The frequency resolution was set to 0.5 Hz, corresponding to 10,000 spectral lines. This
configuration ensured adequate spectral resolution for accurate identification of modal
parameters within the investigated frequency range.

The excitation location should be chosen to provide strong mechanical coupling be-
tween the structure and the exciter, allowing efficient transmission of vibrational energy. It
is also essential to firmly mount the equipment at this point to eliminate any local looseness,
as such imperfections may introduce nonlinear effects or cause unwanted resonances in the
mounting system, ultimately compromising measurement accuracy.

During the selection of the excitation point, preliminary verification tests were con-
ducted by measuring responses at critical locations. This ensured that the input energy was
properly transmitted throughout the structure and that the chosen point was suitable.

A total of 94 measurement points were distributed across the upper surface to accu-
rately represent the structural layout. The measurement grid was defined with considera-
tion of the expected dominant deformation patterns of aircraft wing structures, in particular
bending and torsional modes. For this reason, sensors were placed along both the leading
and trailing edges as well as near the wing tip regions, where the largest modal displace-
ments were anticipated. Additionally, local geometric constraints of the structure, including
access limitations and cut-outs, required exclusion of several regions from measurement.

https://doi.org/10.3390/app16136572
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As a result, the final set of 94 measurement points was obtained as a practical compromise
between spatial resolution, structural accessibility, and experimental feasibility.

The elevons were excluded from the measurements following recommendations from
studies such as the NASA X-56A aircraft research [34]. The elevons were secured at a neutral
(0-degree) position to minimize issues like drooping and measurement inconsistencies,
thereby improving the reliability and repeatability of the test conditions.

Representative FRFs and coherence functions measured at selected response locations
are shown in Figures 5 and 6 below. The observed responses confirm that the excitation
energy is effectively transmitted across the entire structure. These results validate the se-
lected excitation location, excitation signal parameters, and measurement point distribution
adopted for the experimental modal analysis.

Figure 5. FRF for 3 measured points.

Figure 6. Coherence for 3 measured points.
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3. Results
The Complex Mode Indication Function (CMIF) obtained from the experimental

measurements is shown in Figure 7, with the identified natural frequencies indicated. The
CMIF is a modal parameter estimation tool based on the singular value decomposition of the
FRF matrix. It facilitates the identification of natural frequencies by highlighting resonant
peaks associated with the structural modes while reducing the influence of measurement
noise and closely spaced modes.

45.8 Hz 
50.3 Hz 

59.5 Hz 

111.9 Hz 

125.0 Hz 

159.1 Hz 

184.9 Hz 

198.8 Hz 

Figure 7. CMIF obtained from experimental testing.

From an aeroelastic perspective, the most important modes are the bending and
torsional modes of the wing, as their interaction can lead to dynamic instabilities such as
flutter. Therefore, particular attention was given to identifying and characterizing these
modes during the modal analysis process. The experimentally and numerically identified
bending and torsional modes are compared in Table 3.

Table 3. Comparison of experimental and numerical results.

Mode Type Experiment [Hz] Simulation [Hz] Difference [%]

1st bending 50.3 60.4 20.08
2nd bending 111.9 97.8 12.6
1st torsional 125.0 138.0 10.4

The comparison of the mode shapes is presented in Figure 8 below.
Generally good agreement is observed for all identified modes, particularly in terms

of mode shape correlation, which confirms that the numerical model captures the global
dynamic behavior of the structure. Nevertheless, noticeable discrepancies in natural
frequencies are present, reaching up to approximately 20% for the first bending mode.

Such differences are typical for lightweight composite structures and can be attributed
to several modeling and experimental factors. First, the finite element model exhibits
a tendency to overestimate structural stiffness, which is a common issue in simplified
composite modeling approaches. In particular, the numerical representation assumes a
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continuous and idealized structural layout, whereas the real structure contains cut-outs,
local discontinuities, and manufacturing imperfections such as resin-rich areas resulting
from the hand lay-up process, which locally alter stiffness and mass distribution. Moreover,
the actual structure is not perfectly symmetric due to manufacturing tolerances, which
further contributes to deviations between the numerical and experimental results. This
leads to an overall stiffening of the numerical model and, consequently, higher predicted
natural frequencies for selected modes.

Figure 8. Mode shapes comparison: (a) 1st bending—simulation; (b) 1st bending—experiment;
(c) 2nd bending—simulation; (d) 2nd bending—experiment; (e) 1st torsional—simulation; (f) 1st
torsional—experiment.

Secondly, the mass distribution differs between the experimental and numerical config-
urations. In the physical test, the fins were mounted on the structure during measurements,
introducing additional concentrated mass. This configuration was not fully reflected
in the numerical model, which further contributes to deviations in both bending and
torsional modes.

Additionally, the experimental procedure relied on a single accelerometer setup,
requiring sequential measurements across multiple points. As a result, the structure
was subjected to approximately 90 excitation cycles during the test campaign. Although
no significant damage was observed, such repeated loading may have introduced minor
changes in boundary conditions or local stiffness, which could have slightly influenced the
final measured response.

In addition, a mesh convergence study was performed to ensure the numerical stability
and independence of the results with respect to the finite element discretization. The
results of this analysis, including the corresponding mesh sizes, predicted frequencies,
and computational time, are summarized in Table 4. The study was carried out for the
shell-based part of the model, which represents the most computationally demanding
region due to its large spatial extent and higher element count.
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Table 4. Mesh convergence study.

Shell Mesh Size [mm] 8 6 4

1st frequency [Hz] 60.4 60.3 60.1
2nd frequency [Hz] 97.8 97.3 97.0
3rd frequency [Hz] 138.0 137.5 137.1

Computational time [s] 55 109 204

It can be observed that further mesh refinement has a negligible influence on the iden-
tified natural frequencies, with variations below approximately 0.5% across all investigated
modes. In contrast, the computational cost increases significantly with mesh refinement.

4. Conclusions
This study presented an experimental and numerical investigation of the dynamic be-

havior of a full-scale composite flying wing UAV. Ground vibration testing was performed
to identify modal properties of the structure, with particular emphasis on bending and
torsional modes relevant for future aeroelastic analyses and flutter prediction.

A finite element model of the structure was developed and validated against exper-
imental results. Overall, a good agreement in mode shapes was achieved, confirming
that the numerical model correctly captures the global dynamic behavior of the flying
wing configuration. However, noticeable differences in natural frequencies were observed,
reaching up to approximately 20%, particularly for the first bending mode.

It should be emphasized that the investigated configuration represents a full-scale,
hand lay-up composite flying wing structure, which inherently introduces additional un-
certainty compared to idealized or laboratory-scale structures. Manufacturing-induced
imperfections, such as resin-rich regions, local stiffness variations, and geometric asymme-
tries, as well as structural discontinuities including cut-outs and assembly-related devia-
tions, are difficult to fully capture in numerical modeling and contribute to the observed
discrepancies. In addition, during the experimental GVT campaign, the fins were installed
on the structure, which introduced additional concentrated mass and altered the overall
mass distribution compared to the numerical model, further influencing both bending and
torsional natural frequencies.

Despite these limitations, the obtained level of correlation is considered sufficient
for preliminary aeroelastic assessment and provides a reliable basis for further dynamic
investigations. In particular, the validated modal basis ensures that the most critical
global deformation mechanisms, namely the dominant bending and torsional modes, are
accurately represented in the numerical model.

The study also confirmed that mesh refinement beyond the selected discretization level
has negligible influence on the predicted modal parameters, while significantly increasing
computational cost. This supports the robustness of the adopted modeling approach and
confirms the adequacy of the selected finite element mesh for modal analysis purposes.

From a methodological perspective, the results highlight the importance of combining
experimental modal testing with numerical model updating in lightweight composite
airframe structures, where simplified modeling assumptions can lead to stiffness overesti-
mation. The presented workflow demonstrates a practical approach for correlating experi-
mental GVT data with finite element predictions under realistic engineering constraints.

For future work, the model can be further improved by incorporating more detailed
representations of local structural features, refined mass distribution modeling, and ad-
vanced experimental techniques such as multi-sensor or non-contact measurements to
eliminate potential measurement bias. Additionally, the validated model provides a solid

https://doi.org/10.3390/app16136572

https://doi.org/10.3390/app16136572


Appl. Sci. 2026, 16, 6572 12 of 13

foundation for subsequent aeroelastic analyses, including flutter prediction and dynamic
stability assessment under coupled aerodynamic loading conditions.

Overall, the presented results contribute to the understanding of dynamic behavior in
ultralight composite flying wing UAV configurations and demonstrate the applicability of
combined experimental–numerical approaches for structural dynamics characterization in
complex aerospace systems.
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