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Unmanned aerial vehicles (UAVs) have evolved from
specialized military applications to a widely used
technology in inspection, surveying, logistics,
agriculture, research, and defense. As range, flight
duration, and payload capacity increase, so do the
demands on flight stability, structural reliability, and
certifiability. In particular, fixed-wing and hybrid UAVs
with high aspect ratios utilize lightweight composite
materials and slender structures—both of which
increase susceptibility to aeroelastic effects such as
flutter.

OBJECTIVE OF THIS APPLICATION NOTE

A | i C a t i O n a re a . 1 Fixed-wing UAV with visualized This application note is intended for development engineers, test
p p . /bending / torsion and managers, product managers, and R&D directors in the field of

g 1l aneimodos UAV/drone and aerospace development. It explains how Polytec

U n m a n n e d a e ri a | scanning laser vibrometers support the development of un-

. manned aerial vehicles, with a particular focus on structural and
Ve h I C | e S wing vibrations and the phenomenon of flutter. It combines mea-
"Polytec, “Aerospace vibration X
) surement fundamentals, typical measurement tasks through-
testing - Research accelerated
by laser Doppler vibrometry” out the development cycle, and an anonymized case study to
(Application Note), polytec.com provide a practical overview.
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| 1 Automated modal testing with RoboVib

Problem: flight
stability and
flutter //

STRUCTURAL VIBRATIONS IN UAVS

During flight operations, UAV structures are subjected to com-
plex and, in some cases, high-frequency excitations: rotational
harmonics and subharmonics of the drive motors, aerodynam-
ic loads, propeller and rotor interactions, as well as gusts and
turbulence. For example, a recent study of a UAV during ground
operation testing identified the first two wing bending natural
frequencies at approximately 12.3 Hz and 17.5 Hz, as well as a
pronounced subharmonic at 23 Hz near the drive frequency of
45 Hz—a typical pattern for the interaction between the drive
system and the airframe. 2

Even small propeller imbalances can cause disproportionately
higher vibration levels as rotational speed increases. Studies on
UAV propellers show that, for example, a 14-inch propeller with
an imbalance generates approximately 33 % higher vibration
velocities at 5,000 rpm than a balanced propeller; starting at
around 4,000 rpm, the vibration levels rise sharply. ®

12.5 Hz

2 Sensors (MDPI/PMC), “Structural
Vibration Analysis of UAVs Under
Ground Engine Test Conditions,”
pmec.ncbi.nim.nih.gov

3Unmanned Systems Technology,

"“How Imbalanced Propellers Cause
UAV Vibration,”
unmannedsystemstechnology.com


https://pmc.ncbi.nlm.nih.gov/articles/PMC12845824/
https://www.unmannedsystemstechnology.com/feature/how-imbalanced-propellers-cause-uav-vibration/

THE PHENOMENON OF FLUTTER

Flutter is a self-excited aeroelastic instability in which at least two
natural modes of the structure (typically a bending mode and a
torsional mode of the wing) are coupled by the incoming airflow in
such a way that the structural damping becomes negative. Above a
critical speed (flutter speed), the vibration amplitudes grow diver-
gently. Possible consequences include loss of control, accelerated
fatigue, increased noise levels, and even structural failure.

In UAVs, in addition to classic bending-torsion flutter (BTF), addi-
tional forms of instability occur, such as body-freedom flutter (BFF),
in which the short-period rigid-body mode couples with the first

bending mode of the wing. BFF is particularly relevant for flying-wing
and high-aspect-ratio configurations and can only be inferred to a
limited extent from conventional, clamped flutter tests.

2 Operating vibration mode and
averaged response spectrum

“Polytec, “Noise and modal analysis for quiet
and reliable drones”, magazine.polytec.com

Challenges in experimental
practice //

Slim, thin-walled load-bearing structures and
lightweight materials are sensitive to additional
sensor masses and cabling—contact sensors
distort natural frequencies and mode shapes.

Restricted access: Propeller blades, the inner
surfaces of tail units, and integrated antenna
areas are barely accessible for accelerometers. “

High mode density and frequency ranges
extending into the kilohertz range require fine
spatial and spectral resolution.

Complex 3D mode shapes (bending, torsion,
coupled modes) cannot be adequately recon-
structed with just a few discrete transducers—
as a result, safety-critical modes are often over-
looked.


https://magazine.polytec.com/en/optical-testing-of-drones

Measurement tasks in
the UAV development
process //

Vibration analysis accompanies UAV projects throughout
the entire development cycle. The requirements for mea-
surement accuracy, point density, and speed vary signifi-
cantly depending on the phase.

E Modal test with a 3D scanning vibrometer on a quadcopter

CONCEPT AND DESIGN PHASE

FLUTTER AND STABILITY TESTS

*Experimental modal analysis for the validation and, if necessary,
updating of FE models (FE model correlation).

+ldentification of natural frequencies, damping, and mode shapes
for the wings, fuselage, tail assembly, and propeller blades.

«Evaluation of design variants (e.g., wingspan variants, stiffening
concepts, material changes) based on objective dynamic
characteristics.

PROTOTYPE AND INTEGRATION PHASE

*Ground Vibration Tests (GVT) as a basis for aeroelastic stability
analyses and certification documentation. ®
*Determination of critical mode pairs (bending/torsion,
wing/tail) and their frequencies and damping ratios as input for
flutter calculations.
*Validation of flutter suppression measures
such as mass balancing, stiffeners, or active control.

FATIGUE STRENGTH AND NVH

*Operational Deflection Shapes (ODS) under realistic excitations
from engines, propellers, aerodynamic loads, or shakers.
*Evaluation of the structural effects of add-ons such as sensor
pods, camera gondolas, or additional antennas—current UAV
studies show, for example, measurable shifts in natural
frequencies caused by wing pods.

ldentification of local resonances and interactions between the
powertrain, avionics tray, and airframe.

4  Selected operational mode

|ldentification of potentially harmful vibration modes that can
lead to fatigue at adhesive joints, spars, or component
connections. ®

*Noise source analysis for quiet and socially acceptable drones,
particularly in urban airspace (UAM) and for inspection
applications.

5AZoM, “Utilizing Laser Doppler Vibro-
metry in Aerospace Vibration Testing”,
azom.com

¢ Polytec, “Aerospace vibration testing -
Research accelerated by laser
Doppler vibrometry” (Application Note),
polytec.com
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Scanning laser vibrometer

from Polytec //

OPERATING PRINCIPLE OF
LASER DOPPLER VIBROMETRY

ADVANTAGES OF SCANNING TECHNOLOGY

A laser Doppler vibrometer measures the vibration velocity of a
point on the structural surface without contact. A coherent la-
ser beam is directed at the measurement object; the reflected
beam is superimposed on a reference beam in an interferome-
ter. The Doppler frequency shift caused by the movement of the
measurement point is directly proportional to the vibration
velocity. The result is a high-resolution velocity or displacement
signal with bandwidths extending into the megahertz range.

Scanning vibrometers, such as the compact VibroScan QTec,
automatically guide the laser beam across a freely definable
measurement grid using computer-controlled mirrors. The
point density can be adjusted to the expected mode shapes —
from a few dozen points on a small propeller to several thou-
sand points on a complete UAV structure. Optionally, a 3D
system (three sensor heads) captures both out-of-plane and
in-plane components of the vibration.

SPECIFIC ADVANTAGES FOR UAVS AND DRONES

Measurements are performed without additional masses or
cabling, ensuring that the structural response is recorded un-
adulterated—a decisive advantage, particularly for lightweight
wings and tail surfaces. At the same time, the method enables
access to sensitive, thin-walled, or hard-to-reach areas such as
propeller blades, the inner surfaces of wings, and tail surfaces.
Thanks to its very wide frequency range (from DC to 32 MHz, de-
pending on the model), the method is suitable for both low-fre-
quency structural modes and high-frequency phenomena such
as propeller and ultrasonic vibrations. QTec® multipath
interferometry significantly improves the signal-to-noise ratio
on real technical surfaces, typically enabling measurements up
to ten times faster than conventional LDV systems. In addition,
robot-assisted 3D setups enable automated 360-degree scans
of complex drone structures, in which data from various per-
spectives is combined to form a complete 3D vibration model.
The derotator also allows rotating
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components, such as propellers in operation, to be measured
as if they were stationary. This is particularly useful for ODS
measurements under operating conditions.

INTEGRATION INTO THE DEVELOPMENT PROCESS

The measurement results are animated directly on import-

ed CAD or FE geometries, which significantly simplifies the
interpretation of complex mode shapes. Using professional
CAE interfaces, natural frequencies and mode shapes can be
directly compared with simulation results to update FE models
in a targeted manner (model updating). For example, a compar-
ative analysis of an adaptive wing slat prototype documented
a reduction in test duration from 13 days (using the conven-
tional stepped-sine method with contact sensors) to 5 days,
with comparable data quality, through the use of a scanning
vibrometer. ’

7 Polytec Magazine, “Dynamic characterization of adaptive
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https://www.polytec.com/en/vibrometry/know-how/laser-doppler-vibrometry

Generic case
study //

The following anonymized scenario illustrates a typ-
ical application of Polytec scanning vibrometers in
UAV development. It is derived from publicly docu-
mented studies on UAV modal analyses and flutter
investigations and does not correspond to any specif-
ic customer project. Customer projects of this kind

are generally confidential.

INITIAL SITUATION

A manufacturer is developing a medium-sized fixed-
wing UAV (wingspan approx. 3 m, takeoff mass
approx. 12 kg) for combined inspection and mapping
missions. Initial flight tests reveal elevated vibration
levels on the wings and horizontal stabilizer at
moderate cruise speeds. In certain speed ranges,

pronounced, slowly decaying vibrations occur — an
initial indication of a critical approach to aeroelastic
stability limits. Data logs from the onboard avionics
show elevated gyroscope readings, which may be a
possible indication of aeroelastic instabilities near
the design limit speed.

Measurement Task //

Determination of the first 10-15 natural modes
of the wing, tailplane, and fuselage, including
natural frequencies and modal damping.

Identification of mode pairs potentially critical
for flutter (bending/torsion in the wing and hori-
zontal stabilizer).

Determination of ODS under operational
excitation (running engines, simulated gusts)
in the relevant.

FE model update as the basis for an extended
aeroelastic analysis and flutter simulation.

Measurement Parameters /

Parameter Value (typical)

System Polytec VibroScan QTec Xtra 3D
Scanning Vibrometer

Measurement Approx. 1,500-3,000 distributed
Points across the wing, tail, and fuselage

Frequency Range 0.5 Hz - 2 kHz (structural modes),
up to 10 kHz for detailed
propeller analyses

Excitation Shaker (burst random, MIMO),
SAM1 automatic modal hammer
(NV-Tech), operational excitation
via motors

Evaluation Experimental modal analysis,
ODS visualization, export to
FEA tools

Measurement Setup //

The UAV is mounted on a soft, elastic suspension in
the laboratory in a free-free configuration to achieve
boundary conditions close to those encountered in
flight. An electrodynamic shaker serves as the
excitation source, supplemented by an impulse
hammer for local verifications. The Polytec Vibro-
Scan QTec Xtra 3D scanning vibrometer is posi-
tioned on tripods or a 6-axis robot so that the upper
and lower surfaces of the wings, the horizontal and
vertical stabilizers, and the central fuselage are opti-
cally accessible.

TAKEOFF MASS

/12 kg




O1

Results /

The analysis provides a complete mode
database with clearly separated bend-
ing and torsion modes. In the typical
UAV frequency range, wing bending
modes are identified between approx-
imately 12-25 Hz and wing torsion
modes between 35-60 Hz; comparable
orders of magnitude are documented
in published UAV studies. 8

Identification of a critical coupling between the first wing
torsion mode and the second wing bending mode with a
narrow frequency spacing and low modal damping.

ODS analysis under operational excitation shows a
significantly increased response at the wing tips as well
as a secondary resonance at the horizontal stabilizer—
both are flutter-relevant regions.

Comparison with the FE model: after the model update,
the frequency deviation of the relevant modes is in the
single-digit percentage range—similar to published
examples using Polytec systems (e.g., < 6.5% on an
aeroelastic slat prototype). ¢

DESIGN MEASURES AND
VALIDATION

* Local stiffening of the wing spar in the outer third to
increase torsional stiffness and widen the frequency gap
between the bending and torsional modes.

» Adjustment of the mass distribution on the horizontal
stabilizer to reduce coupling with the wing modes.

* Re-measurement using an identical measurement grid to
ensure direct comparability; updated FE models serve as
the basis for the final flutter analysis and flight certification.

BENEFITS FOR THE PROJECT

* Reduction of the measurement campaign from a typical
duration of 2—-3 weeks using accelerometers to just a few
days with the scanning 3D system.

- High spatial resolution (>1,500 measurement points)
allows for the reliable identification of even closely spaced
modes—a prerequisite for robust flutter predictions.

* A robust data foundation for internal approvals as well as
for presenting arguments to customers and regulatory
authorities in the context of certification and operating
permit procedures.

Conclusion J

Scanning laser vibrometers from Polytec GmbH
provide non-contact, full-field, high-resolution
vibration analysis in UAV and drone develop-
ment. They make critical natural modes, mode
couplings, and ODS visible and quantifiable—on
lightweight, thin-walled structures where con-
ventional contact sensors would oticeably distort
the system.

In this way, they support the reliable detection
and control of flutter, enable a robust compar-
ison between FE simulations and experiments,
and significantly reduce development times and
risks—as demonstrated by publicly documented
applications on UAVs and aeroelastic prototypes.

For development engineers, test laboratories,
and R&D managers, this means: faster iterations,
more robust designs, lower testing costs, and a
reliable data foundation for internal approvals as
well as for communication with customers and
regulatory agencies. QTec® technology and the
modular product portfolio (VibroScan QTec, 3D
systems, robotics integration) can be flexibly
adapted to structure size, frequency range, and
project phase.
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