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Abstract

This study presents a comprehensive experimental and numerical investigation of a rotat-
ing propeller using three-dimensional Digital Image Correlation (3D DIC), Computational
Fluid Dynamics (CFD), and Finite Element Method (FEM) analysis. The main objective
was to assess the applicability and accuracy of 3D DIC for full-field displacement and
strain measurements under centrifugal loading conditions. The propeller geometry was
reconstructed using 3D scanning and implemented in a numerical model with material pa-
rameters identified through mechanical testing. Experimental measurements were carried
out on a dedicated test stand, enabling controlled rotational speed and synchronized image
acquisition. Particular attention was devoted to measurement uncertainty, including cali-
bration errors, motion effects, and coordinate system alignment. The obtained displacement
and strain fields were compared with FEM predictions after proper spatial transformation
for rotational speeds of 4110, 6045, and 6940 rpm. The results demonstrate good agreement
between numerical and experimental data in selected regions, confirming the potential of
3D DIC for validation of rotating structures, while also highlighting limitations related to
dynamic effects and optical constraints.

Keywords: Digital Image Correlation; DIC/FEM validation; CFD-FEM analysis; rotating
components; aerodynamic loading; UAV propellers; energy-conversion systems

1. Introduction
1.1. Measurement Challenges for Rotating Components

Rotating components such as turbine blades, drivetrain elements, fans, and propellers
operate under conditions where centrifugal, aerodynamic, and inertial loads, along with
vibrations, are superimposed on the structural response. Consequently, in design practice,
the reliable determination of displacements and strains under operational conditions is
essential for both the validation of computational models and the verification of strength
criteria. At the same time, conventional contact-based methods face significant limita-
tions: they require the installation of sensors on the rotating part and the use of a signal
transmission path (slip rings or telemetry), which increases the complexity of the test rig,
raises costs, and introduces additional sources of error [1–3]. Strain-gauge measurements
are typically point-based, and the number of channels is often limited, resulting in an
incomplete representation of the deformation field in the case of complex geometries and
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non-stationary strain distributions. Furthermore, both resistive strain gauges and Fiber
Bragg Grating (FBG) sensors may exhibit increased intrusiveness (alteration of local stiff-
ness, mass, or aerodynamics) due to the presence of sensors, adhesive layers, protective
coatings, and wiring/optical fibers [4,5]. Examples of strain-gauge telemetry applications in
real rotating systems confirm the utility and maturity of this technique but simultaneously
highlight its high cost and organizational difficulties in implementation [6–8].

1.2. DIC Attempts in Rotating-Element Measurements

In response to the limitations of contact-based measurement systems, several non-
contact techniques have been developed for rotating-component investigations, including
holographic and moiré interferometry, laser vibrometry, and Blade Tip Timing. In practical
applications, however, these methods often provide point-wise measurements or informa-
tion restricted to selected displacement directions. For example, Blade Tip Timing (BTT)
enables the simultaneous monitoring of vibrations of multiple blades, but the measurement
is generally limited to blade-tip displacement and does not directly provide full-field strain
distributions [9–11]. Similarly, Laser Doppler Vibrometry (LDV) is highly effective for
vibration measurements, although its application to rotating objects typically requires
precise point tracking and knowledge of the system geometry and is often restricted to a
single motion component [12].

Against this background, three-dimensional Digital Image Correlation (3D DIC) is par-
ticularly attractive because it enables the simultaneous determination of three-dimensional
displacements and surface strains while preserving the full-field character of the measure-
ment [13,14]. In addition, rigid-body motion may be compensated by defining a local
coordinate system attached to the rotating component. This capability is essential for
distinguishing the global rotational motion, run-out, or shaft movement from the local
deformation induced by centrifugal, aerodynamic, and inertial loads.

Despite these advantages, only a limited number of studies have investigated the ap-
plication of DIC to rotating components [15–26]. The reported test cases include helicopter
rotor blades, wind-turbine blades, marine propellers, fans, and smaller rotating laboratory
specimens. Most of these investigations used phase-locked image acquisition, in which the
camera shutters were triggered at a selected angular position during each revolution. This
approach makes the rotating object appear approximately stationary in consecutive images
and enables deformation measurements under repeatable operating conditions.

One of the earliest significant examples was presented by Sirohi and Lawson [18],
who applied 3D DIC to rotating helicopter blades with rotor diameters of 24 and 39 inches.
Maximum displacements of approximately 10.16 mm were recorded, while the reported
displacement accuracy was approximately 0.096 mm. The measurement procedure was
validated using a stationary cantilever beam and a laser displacement sensor. Although the
model and metrological characteristics of the reference sensor were not reported, the study
demonstrated the feasibility of using stereoscopic DIC for measuring rotating-blade deformation.

In subsequent research, Rizo-Patron and Sirohi applied 3D DIC to the operational
modal analysis of a 2 m long rotor blade rotating at 900 rpm [17]. The cameras were trig-
gered once per revolution using a Hall-effect sensor mounted on the rotor shaft. The study
focused primarily on out-of-plane blade motion and reported a measurement accuracy of
approximately 60 µm. The first three natural frequencies and corresponding mode shapes
were determined, showing agreement with FEM predictions, with reported differences
ranging from approximately 0.2% to 10%. This work demonstrated that phase-locked DIC
may be applied not only to static deformation measurements but also to the identification
of repeatable vibration patterns.

https://doi.org/10.3390/app16157754

https://doi.org/10.3390/app16157754


Appl. Sci. 2026, 16, 7754 3 of 28

Sousa et al. investigated rotating blades of an RC helicopter at rotational speeds of
approximately 600–1200 rpm [15,16]. Synchronization was achieved using a laser sensor
that detected the instant at which the blade crossed the laser beam. Two different colour
high-speed cameras, Photron FASTCAM SA4 and SA3, were used. Differences in sensor
characteristics and pixel sizes complicated the matching of exposure and image quality
between the stereoscopic views. This observation emphasized the importance of using cam-
eras with comparable optical and sensor parameters in 3D DIC systems. Three-dimensional
blade displacements ranging from several to more than ten millimetres were successfully
recorded. However, no detailed uncertainty analysis or comparison with an independent
reference measurement was provided.

A different concept was proposed by Stasicki et al. [21], who mounted a stereoscopic
camera system directly on the rotor axis. Since the cameras rotated together with the
investigated object, the blade remained approximately stationary within the camera field
of view. This approach could reduce the need for high-speed cameras and external phase-
locking systems, although it introduces significant mechanical, data-transfer, and balancing
challenges. The prototype was tested at rotational speeds of up to 2700 rpm and acquired
34 stereo image pairs per second. Nevertheless, the publication did not present quantitative
displacement or strain fields or provide an experimental assessment of measurement accuracy.

Further studies have extended DIC measurements to wind-turbine blades, marine pro-
pellers, rotating fans, and phase-locked high-speed applications [19,20,22–26]. Collectively,
these studies confirm that DIC can be applied to rotating structures over a broad range of
dimensions and rotational speeds. However, the majority primarily demonstrate measure-
ment feasibility or focus on displacement and vibration analysis. Systematic validation
against independent reference measurements, detailed uncertainty assessment, and the
quantitative evaluation of material strains remain comparatively limited.

Consequently, further investigation is required to establish the accuracy, repeatability,
and practical limitations of 3D DIC under rotating operating conditions. In particular,
the influence of image resolution, exposure time, stereoscopic geometry, triggering accu-
racy, rigid-body-motion compensation, and strain-processing parameters requires further
clarification. The present work contributes to this area by proposing a practical procedure
for selecting the key measurement parameters and by comparing the obtained displacement
and strain results with reference measurements and corresponding numerical analyses.

1.3. FEM Modeling of Rotating Elements

Classical modelling of rotating components, such as propellers, rotor blades and turbo-
machinery elements, is typically based on a combination of analytical, aerodynamic and
structural numerical approaches. In propeller design, blade-element and momentum-based
methods are commonly used to estimate thrust, torque and efficiency, while more advanced
formulations account for induced losses and radial-flow effects [27]. For structural assess-
ment, finite element modelling is widely applied to evaluate stresses, deformations, natural
frequencies and the influence of centrifugal and aerodynamic loads. In more complex cases,
aerodynamic calculations are coupled with structural FEM analysis through one-way or
two-way fluid–structure interaction procedures, allowing the deformation of propeller
blades under combined aerodynamic bending, torsion, shear and centrifugal loading to
be assessed [28]. These conventional approaches provide the basis for the numerical eval-
uation of rotating elements, although their accuracy strongly depends on the assumed
boundary conditions, material models, load-transfer procedure and validation against
experimental data.

In the present study, the numerical model of the APC 8×3.8SF propeller was developed
using the reconstructed 3D geometry obtained from optical scanning of the investigated
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specimen. The aerodynamic loading was first determined by CFD analysis using a steady
Multiple Reference Frame (MRF) approach, in which the propeller region was treated as a
rotating subdomain and the surrounding air as a stationary domain. The incompressible
flow was solved using the finite volume method with Reynolds-averaged turbulence
modelling and the SST turbulence model. The pressure distribution obtained from the CFD
simulation was then transferred to the structural model as an external load acting on the
blade surfaces. The subsequent FEM analysis was performed in ANSYS Mechanical 2024
R2 using higher-order TET10 elements, material parameters identified from tensile tests.
Therefore, the numerical approach adopted in this work can be regarded as a one-way
CFD-FEM coupling procedure, in which aerodynamic pressure loads and rotational velocity
are combined to estimate the displacement and strain fields of the rotating propeller.

Recently, artificial intelligence (AI) and machine learning algorithms have been increas-
ingly integrated with conventional computational frameworks to accelerate the analysis
and prediction of complex physical phenomena [29,30]. In computational fluid mechanics,
data-driven models can be trained using results obtained from high-fidelity CFD simula-
tions, thereby reducing the computational cost of subsequent flow-field predictions [29,30].

Physics-informed neural networks (PINNs) represent another promising approach in
which the governing physical equations are incorporated directly into the neural-network
training process. This enables the solution of forward and inverse problems governed by
nonlinear partial differential equations while combining physical constraints with available
numerical or experimental data [31]. Such methods may also facilitate the development
and calibration of reduced-order or surrogate models by linking high-fidelity numerical
simulations with full-field experimental measurements, including data obtained using
3D DIC.

Consequently, the integration of data-driven modelling, PINNs, and coupled CFD–
FEM analyses may provide a basis for faster prediction and optimization of the aerodynamic
and structural behaviour of rotating components [30,31]. However, the application of
these approaches specifically to the deformation analysis of rotating propellers requires
further investigation.

2. Materials and Methods
2.1. Test Object and Experimental Setup

The developed experimental setup is intended for the investigation of UAV propellers
under real rotational operating conditions. In this study, an APC Propellers 8×3.8SF pro-
peller was selected as the test specimen, allowing the analysis of rotating components at
rotational speeds of up to 7000 rpm. One of the main objectives of the setup was to verify
the synchronization between camera triggering and the rotational phase of the propeller
in order to effectively freeze the motion during image acquisition. Such synchroniza-
tion is essential for capturing images at well-defined angular positions during rotation.
In addition, the setup enables the assessment of the feasibility of full-field deformation
measurements during continuous rotation, which is crucial for evaluating the accuracy and
applicability of the Digital Image Correlation (DIC) method in dynamic measurements of
rotating structures.

2.1.1. Test Stand

The experimental setup consists of a drive system, an image acquisition system, and a
phase synchronization system. The investigated propeller was driven by a REDOX BL
650/1000 brushless motor with a rated power of 285 W, controlled by a REDOX EVO
60 A electronic speed controller and powered by a 3s Li-Po battery (Redox RC Products
Technology Co., Ltd. 2/F, 140 Lu, 523641 Dongguan City, Guangdong Province, China).
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In the designation 650/1000 kv, the parameter relevant for rotational speed is the 1000 kV
constant, corresponding to approximately 1000 rpm per volt. For a 3s battery pack this
results in a no-load rotational speed on the order of 11,000 rpm, while under load the
achievable speed is lower. The applied power supply allowed the tested propeller to reach
rotational speeds of up to 8000 rpm.

The trigger synchronization was based on a cRIO-9063 real-time controller, a high-
speed digital NI-9402 module (operation time up to 55 ns), and a SICK KTX Prime contrast
sensor with a response time of 10 µs and a response-time jitter of 5 µs. A jitter of 5 µs
corresponds to a phase error of approximately 0.21◦ at the highest tested speed of 7000 rpm.
This value represents the uncertainty in reproducing the angular position of the propeller
in consecutive images. During the tests, no artefacts or other undesirable effects associated
with phase variation were observed.

The code implemented on the cRIO controller allowed the introduction of a pro-
grammable delay, enabling the cameras to be triggered at the desired rotational phase.
The sensor was also used for rotational speed measurement. Image acquisition was per-
formed using two Phantom T4040 high-speed cameras (color sensor 4.2 Mpx, up to 9350 fps
at full resolution, minimum exposure time 1 µs). The cameras were connected to the
computer via an Ethernet switch, with additional LED illumination and a shared trigger
line according to the scheme. Figures 1 and 2 present a photograph and schematic diagram
of the assembled test stand.

Figure 1. Photograph of the experimental setup used for full-rotation measurements of the propeller
deformation. The system consists of a BLDC motor, a trigger contrast sensor for phase synchroniza-
tion, two Phantom T4040 high-speed cameras, and two LED illumination units.

2.1.2. Test Object and Its Material Characteristics

To obtain accurate mechanical properties for subsequent finite element (FE) modelling,
tensile tests were performed on the Complet LGF60-PA6 material sourced from a propeller
manufactured by APC Propellers–Landing Products Inc. (1222 Harter Ave., Woodland, CA,
USA). The investigated component was a two-bladed APC 8×3.8SF propeller manufactured
from Complet LGF60-PA6 material (Figure 3). In the propeller designation, the value
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8 denotes the nominal diameter expressed in inches, corresponding to approximately
203.2 mm, whereas 3.8 denotes the geometric pitch, also expressed in inches, corresponding
to approximately 96.5 mm. The blade geometry incorporates a gradual transition between
the E63 and NACA 4412 airfoil profiles. The abbreviation SF refers to the Slow Fly propeller
series. The mass of the investigated propeller was 7.09 g [32].

Figure 2. Schematic diagram of the measurement system. The cameras are connected to the PC via
an Ethernet switch, while the propeller rotation and camera triggering are controlled using a NI
cRIO-9063 controller with an NI-9402 digital input/output module and a contrast sensor.

Figure 3. Photograph of the APC 8×3.8SF propeller specimens prepared for the measurements.
A stochastic speckle pattern was applied to the blade surfaces to enable Digital Image Correlation
(DIC) analysis.

The material parameters used in the analysis were determined in our previous study
and are adopted here without modification [33]. A detailed description of the material
characterization procedure and the corresponding experimental validation can be found
in that work. The measured Young modulus ranged from 10,259 MPa to 10,794 MPa,
and the ultimate tensile strength ranged from 105 MPa to 119 MPa. The Poisson ratio was
determined as 0.49.

A stochastic pattern (also called a speckle pattern) was applied on the propeller surface
using white and black matte spray paint. The pattern was created such that the typical
diameter of a single speckle corresponded to approximately 4 pixels, which falls within the
recommended range of 3–5 pixels per speckle reported in the literature [34].
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Considering the image scale factor for the adopted optical configuration, this require-
ment corresponded to a speckle diameter of approximately 0.34 mm. Three propeller
specimens were prepared, and the one exhibiting the speckle pattern closest to the assumed
characteristics was selected for further analysis (Figure 3).

2.1.3. 3D Scanning of the Propeller

To perform the FEM and CFD analyses, an accurate geometric representation of the
propeller was required. Therefore, a 3D scan was performed directly on the same propeller
specimen that had previously been investigated in the 3D DIC experiments. The scanning
process was carried out using a Creality CR-Scan Raptor Pro 3D scanner, which offers a
metrology-grade accuracy of up to 0.02 mm in blue laser mode [35].

During scanning, the propeller was suspended above a reference plane covered with
tracking markers. Additional reference markers were placed on the upper half of the
propeller to facilitate alignment during scanning. The lower half of the propeller was
intentionally left without markers in order to capture its surface geometry as accurately
as possible. The scanning process was therefore performed primarily on the marker-free
lower side of the blade. Figure 4 shows the scanning setup.

Figure 4. Setup used for 3D scanning of the 8×3.8SF propeller. The scanning process was performed
using a Creality CR-Scan Raptor Pro 3D scanner.

The scanner projects a set of blue laser lines onto the object, while two cameras record
their deformation from different viewing angles. Based on optical triangulation, the system
reconstructs a dense three-dimensional point cloud, which is subsequently converted into a
triangulated surface mesh and exported in STL format [35]. The obtained point cloud was
reduced to 49,187 points (below 50,000) to simplify further processing and enable efficient
export to a STEP model required for FEM analysis. The STL model was then converted to
the STEP format using Autodesk Fusion. Finally, the complete propeller geometry was
reconstructed by applying a mirror operation to the scanned lower half of the propeller,
resulting in the full symmetric propeller model.

2.2. Numerical Analysis

The numerical analysis was performed based on the 3D geometry of the propeller
obtained from the scanning procedure described in the previous section. In order to
determine the aerodynamic loads acting on the propeller blades, a CFD analysis was first
conducted. The pressure distribution on the blade surfaces was computed in a single
iteration for each of the three tested rotational speeds: 4110, 6045, and 6940 rpm.
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Subsequently, the obtained pressure fields were applied as external loads in a structural
analysis to evaluate the resulting displacements and strain distribution of the propeller
blades. The structural calculations were performed using ANSYS Mechanical 2024 R2.

2.2.1. CFD-Based Aerodynamic Load Determination

The first stage of the study involved the development of a numerical model of the
flow field around a rotating propeller. A three-dimensional computational domain was
prepared to represent the blade geometry and the surrounding air region. Spatial discretiza-
tion was refined in areas where strong velocity and pressure gradients were expected,
particularly near the blade surfaces and domain boundaries. This approach ensured ac-
curate determination of aerodynamic loads, which were subsequently used to evaluate
propeller deformations.

The flow was modeled as incompressible and governed by the Navier–Stokes equations:

∇ · v⃗ = 0, (1)

ρ

[
∂v⃗
∂t

+ (⃗v · ∇)⃗v
]
= −∇p + µ∆v⃗ + ρ f⃗ . (2)

where ρ is the air density, v⃗ is the velocity vector, p denotes the pressure, f⃗ is the body-force
vector, and µ represents the dynamic viscosity.

To model the rotational motion of the propeller, the Multiple Reference Frame (MRF)
method was applied (Figure 5). In this approach, the computational domain is divided
into a rotating subdomain containing the propeller and an external stationary subdomain
representing the surrounding fluid. The governing equations are solved under steady-state
conditions, with the rotor domain formulated in a non-inertial reference frame rotating at a
prescribed angular velocity Ω, while the external domain remains in an inertial frame of
reference [36].

Figure 5. Numerical domain with the MRF zone highlighted.

Within the rotating subdomain, the momentum equations are extended with additional
source terms accounting for centrifugal and Coriolis forces. The formulation of relative
velocity introduces apparent body forces of the form

−2ρ Ω × v⃗rel − ρ Ω × (Ω × r⃗), (3)
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where r⃗ denotes the position vector. At the interface between rotating and stationary
regions, appropriate frame transformations are applied to ensure conservation of mass
and momentum fluxes. The MRF method provides a steady approximation of the mean
rotational effects and is widely used in propeller and turbomachinery simulations due to
its favorable balance between accuracy and computational cost [36,37].

The governing equations were discretized using the finite volume method. Reynolds
averaging was adopted to describe the turbulent flow field. Turbulence closure was
achieved using the two-equation Shear Stress Transport (SST) model, known for its robust-
ness in flows characterized by adverse pressure gradients and near-wall effects [38].

The computational mesh was designed to provide adequate resolution in the boundary-
layer region. An inflation polyhedral layer was generated along the blade surface to
accurately capture viscous effects. The height of the first cell was selected to maintain
y+ < 1, allowing resolution of the viscous sublayer and improving prediction of wall
shear stress and pressure loads. Similar near-wall treatment strategies are recommended in
numerical studies of rotating propellers and fans (Figure 6) [36,37].

Figure 6. Numerical domain and propeller mesh.

The CFD solution provided detailed spatial distributions of pressure and shear stresses
on the surface of the propeller blades. These aerodynamic loads were transferred to the
structural model to calculate blade deformation under rotational conditions. The numerical
approach adopted in this study is consistent with methodologies commonly used in rotating
machine simulations and propeller analyses reported in the literature [37]. The resulting
deformation fields were subsequently compared with experimental measurements to
evaluate the predictive capability of the numerical model.

The obtained CFD results were used to determine the aerodynamic pressure dis-
tribution acting on the propeller blades. Figure 7 presents the pressure distribution on
the suction side of the APC 8×3.8SF propeller for the highest tested rotational speed of
6940 rpm.

2.2.2. FEM Analysis

Implicit structural analysis was performed using ANSYS Mechanical 2024 R2. Second-
order finite elements were employed to improve the geometric representation and numeri-
cal accuracy through quadratic interpolation of the shape functions. Higher-order 10-node
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tetrahedral elements (Figure 8), corresponding to the ANSYS SOLID187 formulation, were
used throughout the model.

The spatial discretization of the numerical model was carefully controlled to ensure
reliable finite element computations. The maximum and minimum element edge lengths
in the volumetric mesh were set to 20.493 mm and 0.205 mm, respectively, allowing for
adaptive refinement in geometrically complex regions of the propeller. The maximum
element aspect ratio was limited to 5, while the maximum skewness was restricted to 0.9.
Furthermore, the minimum element quality and the minimum Jacobian ratio, evaluated
at both the corner and Gauss points, were set to 0.05. These criteria ensured that the
initial solid mesh satisfied the adopted geometric-quality requirements and provided an
appropriate basis for the nonlinear structural analysis.

Figure 7. Pressure distribution on the suction side of the APC 8×3.8SF propeller obtained from CFD
analysis for the rotational speed of 6940 rpm.

Figure 8. Geometrical scheme of the TET10 finite-element representation.

Due to the nonlinear behaviour of the thermoplastic material observed during the
uniaxial tensile tests, the true stress–strain curve was implemented in the material model
within the plastic deformation range. However, the maximum von Mises stress obtained in
the numerical analysis did not exceed 8.5 MPa, which was significantly below the onset of
plastic deformation. The Young modulus determined from the tensile-test data was equal
to 10.50 ± 1.35 GPa, while the Poisson ratio was assumed to be 0.49.

The Large Deflection option was enabled in the analysis. This formulation accounts for
changes in structural stiffness resulting from updates to the geometry during deformation.
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In the present simulation, a complex stress state developed due to the combined action
of aerodynamic pressure and rotational loading. The aerodynamic pressure was applied
directly to the blade surfaces and acted normally to their local geometry.

The numerical solution was controlled using the L2-norm convergence criteria, with tol-
erances of 0.5% for the force residuals and 5% for the displacement increments. During the
solution process, the solver was automatically switched to the Sparse direct solver, and time-
step bisection was applied when required. The model subsequently achieved full conver-
gence, with the final force and displacement residuals decreasing below the corresponding
convergence criteria of 0.010 N and 0.055 mm, respectively.

Comparable results were reported by Nowicki [39]. In that study, a propeller with
a diameter of 240 mm generated a thrust of 2.9 N at 7500 RPM, whereas the propeller
investigated in the present study had a diameter of 203 mm and generated a thrust of ap-
proximately 2.29 N under comparable operating conditions. The experimentally measured
deformation reported by Nowicki was also lower than that predicted using the combined
CFD and FEM analysis. The author indicated that the exact cause of this discrepancy was
unclear, although imperfect propeller balancing and wobbling on the motor shaft were
identified as possible contributing factors.

The calculated thrust values also support the physical plausibility of the applied
aerodynamic model for a 203 mm, or 8-inch, propeller. The predicted thrust values were
approximately 0.8 N at 4110 RPM, 1.86 N at 6045 RPM, and 2.56 N at 6940 RPM. Their
increase was consistent with the approximately quadratic relationship between rotational
speed and aerodynamic thrust typically observed for small UAV propellers operating under
hover conditions. The obtained values were also comparable with the experimental and
numerical results reported for propellers of a similar size [39]. Therefore, the calculated
thrust magnitudes indicate that the aerodynamic and centrifugal loads transferred to the
structural FEM analysis were representative of realistic operating conditions.

Figure 9 presents the relationship between the thrust calculated from the numerical
analysis and the rotational speed. The complete displacement and strain fields of the
propeller, together with the corresponding deformation maps, are presented in the section
devoted to the comparative analysis of the FEM and 3D DIC results.

Figure 9. Calculated thrust as a function of rotational speed.

2.3. 3D DIC Measurement
2.3.1. DIC Setup

Two Vision Research Phantom T4040 high-speed cameras equipped with a 4 Mpx color
sensor were used for the measurements. Due to the lack of availability of monochrome
cameras at the time of the experiments, color cameras were used instead. Nevertheless,
the higher sensor resolution (4 Mpx) allowed the acquisition of images with sufficient
spatial resolution for the Digital Image Correlation analysis. Figure 10 presents the stereo
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camera setup used during the experiments. The detailed parameters of the cameras and
the stereo configuration are summarized in Table 1. The DIC analysis was performed using
GOM Correlate 2018 software.

Figure 10. Side view of the experimental setup used for 3D Digital Image Correlation measurements.
Two Phantom T4040 high-speed cameras were arranged in a stereo configuration and synchronized
with the rotation of the propeller to capture deformation.

Table 1. 3D DIC system configuration parameters.

Left Image Right Image

High-speed camera Phantom T4040 Phantom T4040

Lens Nikon Nikkor 50 mm f/11 Nikon Nikkor 50 mm f/11

Sensor type CMOS BSI (color) CMOS BSI (color)

Sensor dimensions 23.7 mm × 15.4 mm 23.7 mm × 15.4 mm

Pixel size 9.27 µm 9.27 µm

Frame Rate Trigger synchronized with the rotation. Frequency consis-
tent with the rotational speed.

Exposure time (global shutter) 5 µs 5 µs

Set resolution 1024 × 1664 1024 × 1664

Stereo angle 24.6◦

Image scale factor ≈0.0852001 mm/pixel (measured on the left camera in the
measurement plane)

Cameras to object distance ≈0.55 m

Illumination 2× GsVitec Multiled MX 60,000 lm

Calibration target CP40-200 (Manufacturer: GOM Correlate, a ZEISS com-
pany; Carl-Zeiss-Strasse 22, Goslar, Germany)

Calibration deviation 0.069 pixel

Measurement volume 85/140/125 mm

Subset parameters Size = 32 pixels; Step = 12 pixels

2.3.2. Experiment Methodology

It is important to emphasize that in the presented experiments the DIC analysis was
performed using phase-locked (stroboscopic) image acquisition synchronized with the
rotational motion of the propeller. The camera shutter was triggered at a fixed rotational
phase, resulting in the acquisition of exactly one image per revolution of the propeller.
This approach effectively freezes the rotating blade in the same angular position for each
recorded frame.

Because the synchronized acquisition provided one image per revolution, correspond-
ing to approximately 116.6 Hz at 7000 rpm, this measurement approach was not intended
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to resolve high-frequency propeller vibrations. Vibration components not adequately sam-
pled relative to the rotational frequency may be averaged, aliased, or remain undetected.
The method was therefore used to determine repeatable steady-state propeller deformation
at selected rotational speeds.

This measurement strategy allowed the analysis to be focused on only one half of the
propeller blade by positioning the cameras closer to the measurement region and limiting
the field of view to a smaller area of interest. As a consequence, a smaller image scale factor
was achieved compared to configurations in which the entire propeller must remain within
the camera frame. The reduced field of view increases the spatial resolution of the recorded
images, which directly improves the accuracy of the displacement and strain measurements
obtained using the DIC method.

For the APC 8×3.8SF propeller, the nominal diameter of 8 inches corresponds to a
blade-tip radius of R = 101.6 mm. Assuming an exposure time of texp = 5 µs and an
image scale factor of S f ≈ 0.0852001 mm/px, the estimated blade-tip displacement during
a single exposure is approximately (2.57) pixels at 4110 rpm, (3.77) pixels at 6040 rpm,
and (4.34) pixels at 6945 rpm. These values represent a conservative estimate of the
maximum tangential displacement of the blade tip, as its projection onto the camera sensor
depends on the instantaneous blade position and viewing geometry.

The selected exposure time was a compromise between the available illumination,
object velocity, required lens aperture, sensor sensitivity, and proper image exposure.
Under the applied conditions, exopsure time of 5 µs provided an acceptable balance of
these parameters. This trade-off should be considered when designing DIC measurements
of rotating components. The complete configuration of the 3D DIC system is provided in
Table 1.

Before each test, the stereoscopic camera system was calibrated using the CP40-200 cal-
ibration panel. The obtained calibration deviation was 0.069 pixels, confirming the correct
calibration of the stereo system, as the manufacturer recommends that this value should not
exceed 0.1 pixels. During calibration, the intrinsic and extrinsic camera parameters were
determined, including the relative position and orientation of the cameras. The procedure
also accounted for and compensated for lens distortion, thereby reducing geometric image
distortions. The defined measurement volume was 85/140/125 mm, and the stereo angle
between the cameras was 24.6◦ (Table 1).

After the calibration of the 3D DIC system using the calibration panel and prior to
each test, a sequence of 5–7 images of the unloaded propeller was recorded. These images
constitute the reference state for the subsequent DIC analysis. Based on these images,
the reference frame was defined in the GOM software, relative to which displacements and
strains were calculated. Importantly, the acquisition of the reference images was performed
without any changes to the camera settings or the geometry of the measurement system.

Three experimental tests were performed for the selected steady rotational speeds
of 4110, 6045, and 6940 rpm. After recording the reference images corresponding to the
unloaded state of the propeller, the acquisition of the actual measurement data was initiated.

During each test, the propeller was first accelerated to the prescribed rotational speed.
After approximately 10 s of operation at the target speed, the image acquisition from the
cameras was started. This approach ensured that the transient effects associated with the
acceleration phase were eliminated and that the measurements were performed under
stable operating conditions.

2.4. Displacement and Strain Uncertainty Assessment

For the purpose of validating the DIC-based displacement and strain measurements,
a dedicated validation setup (Figure 11) and measurement procedure were developed.
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Their purpose was to assess the measurement uncertainty of the assembled 3D DIC system
for the specific experimental configuration used in this study, including the field of view,
camera set, and stereo angle. The setup was based on a PC-ABS cantilever beam subjected
to controlled bending with a micrometer screw. Two bonded strain gauges, previously
verified with a certified decade resistor through an NI 9237 acquisition module [40,41],
were used as reference sensors, while virtual strain gauges (VSGs) were defined at the
corresponding locations in the DIC analysis. A random speckle pattern was applied on the
opposite side of the beam to enable image correlation. A similar validation-oriented setup
and uncertainty-focused approach were reported in recent DIC studies [33].

Figure 11. Validation setup used for DIC strain measurement verification based on the procedure
described in [33]: (a) Validation setup used for DIC strain measurement verification: I. Strain gauge 1,
II. Strain gauge 2. (b) III. PC-ABS beam with speckled pattern applied. IV. Micrometer screw inducing
the deflection of the beam. (c) GOM Correlate analysis screenshot. Two marked VSGs correspond to
strain gauges 1 and 2.

2.4.1. Validation Procedure

The displacement and strain validation procedure was performed using the same
optical configuration as in the main experiment, including identical camera positioning,
field of view, and stereo angle (Table 1). The stereo angle directly affects the relative
measurement sensitivity in different displacement directions. Increasing the stereo angle
generally improves sensitivity and measurement resolution in the out-of-plane direction,
corresponding to the (z)-axis in the present study. However, an excessively large stereo
angle may reduce the common field of view, increase perspective differences between the
camera images, and adversely affect subset matching and in-plane measurement accuracy.
Therefore, the applied stereo geometry was selected as a compromise between out-of-plane
sensitivity, in-plane accuracy, and reliable image correlation [34].

During the validation procedure, suitable DIC correlation parameters were also de-
termined. A subset size of 32 pixels and a step of 12 pixels were selected as a satisfactory
compromise between the spatial resolution of the measurement points, measurement noise,
the number of points included in the analysis, and computational time. A smaller sub-
set may improve spatial resolution but increase correlation noise, whereas a smaller step
increases the density of measurement points and consequently the computational cost.
The same subset parameters were subsequently applied in the main propeller experiment
and are included in Table 1.
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Prior to the measurements, the 3D DIC system was calibrated using a certified calibra-
tion panel according to the software-guided procedure [34,42].

Subsequently, the validation rig was adjusted to a set of predefined micrometer screw
positions corresponding to out-of-plane displacements of 0, 1, 2, 3, 4, and 5 mm. For each po-
sition, a series of several dozen images was acquired with the 3D DIC system to enable a sta-
tistical (Type A) estimation of repeatability. In parallel, strain-gauge signals were recorded
using a CompactDAQ-based acquisition system equipped with an NI 9237 bridge/strain
module [40].

For strain validation, virtual strain gauges (VSGs) were defined in the DIC analysis at
locations corresponding to the bonded strain gauges, and the strain values were compared
at each load increment. For displacement validation in the z-direction, the displacement of
markers placed directly on the micrometer screw head was evaluated, thus eliminating any
influence of beam bending on the reference displacement.

Finally, the measurement uncertainty was assessed by comparing DIC results with
reference measurements, i.e., micrometer readings for displacement and strain-gauge
measurements for strain, following the GUM-based uncertainty framework [41].

2.4.2. Validation Results

Validation results for displacement and strain measurements are summarized in
Tables 2 and 3.

Table 2 presents the results of the displacement measurement error analysis using
the 3D DIC method in a range from 0 to 5 mm. The mean value x was calculated from a
series of 30 measurements for each imposed displacement. The obtained results indicate a
consistent level of random error across the entire measurement range, with no significant
degradation of accuracy for increasing displacement values. The total error was evaluated
using the root mean square error (RMSE), defined as

RMSE =

√
1
n

n

∑
i=1

(xi − xref)
2, (4)

where xi denotes the measured value and xref is the reference value.

Table 2. Parameters of displacement measurement error analysis using the 3D DIC method (4 MPx
color cameras).

Imposed Value Mean Value Systematic Error Random Error Total Error
xset [mm] x [mm] b [mm] σ [mm] RMSE [mm]

0 0.00061 +0.00061 0.00417 0.00421
1 0.99826 −0.00174 0.00452 0.00485
2 1.99985 −0.00015 0.00463 0.00463
3 2.99910 −0.00090 0.00486 0.00494
4 4.00155 +0.00155 0.00491 0.00515
5 5.00117 +0.00117 0.00458 0.00473

Table 3. Parameters of strain measurement error analysis using the 3D DIC method with respect to
strain gauge 2 measurements (SG2) for five beam deflections (4 MPx cameras).

Beam
Deflection

w [mm]

Mean Strain
(Strain Gauge)
εgauge [µm/m]

Mean Strain
(3D DIC)

εDIC [µm/m]

Systematic
Error

b [µm/m]

Random
Error

σ [µm/m]

Relative
Error
δ [%]

1 −349 −373 23 15 −6.7
2 −707 −772 64 16 −9.1
3 −1057 −1153 96 18 −9.1
4 −1411 −1540 128 16 −9.1
5 −1734 −1891 158 22 −9.1
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To ensure a conservative estimation of displacement measurement uncertainty,
the maximum total error (RMSE) observed in the dataset, equal to 0.00515 mm, was
adopted. Based on this value, the expanded uncertainty of the 3D DIC method for a
coverage factor k = 2 was determined as

U = 2 · 0.00515 mm = 0.0103 mm. (5)

Thus, for the applied 4 MPx color camera system, the displacement measurement
uncertainty can be estimated as 10.3 µm.

In the case of strain measurements, two main components of measurement uncer-
tainty were identified based on the comparison with strain-gauge measurements (Table 3).
The random error exhibits an approximately constant additive character, with a standard
deviation typically in the range of 15–22 µm/m. In contrast, the systematic error shows
a multiplicative behavior, increasing proportionally with the measured strain and corre-
sponding to a relative error of approximately 9.1%.

According to the GUM guidelines [41], the combined standard uncertainty was esti-
mated as

uc(x) =
√

u2
A + uB(x)2, (6)

where uA ≈ 17 µm/m and uB(x) = 0.091 |x|. The expanded uncertainty for a coverage
factor k = 2 is therefore expressed as

Uc(x) = 2 ·
√

122 + (0.091 x)2. (7)

Although the measurement accuracy is improved, the systematic component remains
significant. Therefore, the application of a correction factor is still recommended in order to
reduce the overall uncertainty and improve agreement with reference measurements.

It was observed that for strain values below approximately 200 µm/m, regions where
no physical strain concentration is expected, often near the edges of the measured field,
may exhibit artefacts in the form of artificially elevated strain zones, which can lead to the
misinterpretation of the results.

3. Results and Discussion
3.1. Propeller Deformation Results

In this section, analysis of the displacement and strain results obtained using the
3D Digital Image Correlation (DIC) method and the Finite Element Method (FEM) is
presented for the APC 8×3.8SF propeller. The objective of this comparison is to evaluate
the consistency between experimentally measured deformation fields and the numerical
predictions obtained from the structural simulations.

For the purpose of quantitative comparison, three characteristic points (P1, P2, and P3)
located on the surface of the propeller blade were selected. The locations of these points are
shown in Figure 12. Point P1 was placed near the blade tip, where the largest displacements
are expected due to centrifugal forces and dynamic effects occurring during rotation. Point
P2 was located in the mid-span region of the blade, which represents an area subjected
alternately to bending and stretching during blade deflection. Point P3 was positioned
close to the blade root, in a region of reduced cross-section where increased strain levels
may occur.

The positions of the selected points were defined with respect to the propeller rotation
center so that they could be easily defined both in the DIC measurements and in the
FEM model. This approach ensured that corresponding locations were analyzed in both
experimental and numerical datasets.
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It is also important to note that the coordinate system adopted for the analysis is
shown in the lower-left corner of Figure 12. In the FEM model, the reference (x)-(y) plane
was defined using the planar surface of the propeller hub sleeve. In the DIC analysis,
the corresponding plane was established from reference markers placed on a flat washer
mounted directly against the same hub-sleeve surface. The origin of both coordinate
systems was located at the propeller rotational axis.

The (y)-axis was defined along the line connecting the tips of the two opposite blades,
the (x)-axis represented the transverse direction within the reference plane, and the (z)-
axis was aligned with the axis of rotation. This procedure provided the most accurate
correspondence between the coordinate system of the physical propeller measured using 3D
DIC and that of the scanned geometry used in the FEM model. The origins and principal
directions of both systems were therefore aligned using clearly identifiable geometric
features common to the experimental and numerical models.

Figure 12. Left-camera view. Location of the characteristic comparison points (P1, P2, and P3) on the
APC 8×3.8SF propeller blade used for quantitative comparison between FEM and 3D DIC results.
Color maping represents the z direction displacement amplitude.

3.2. Comparative Analysis of FEM and 3D DIC Results

This section presents a comparative analysis of the deformation results obtained using
the 3D Digital Image Correlation (3D DIC) method and the numerical predictions obtained
from the Finite Element Method (FEM). The objective of this comparison is to evaluate
the consistency between experimentally measured deformation fields and the structural
response predicted by the numerical model of the APC 8×3.8SF propeller.

Four deformation parameters were analyzed in detail: strain in the y direction, strain
in the x direction, displacement along the z axis, and the absolute displacement magnitude.
These quantities were selected in order to capture both the local strain behavior of the blade
material and the global deformation of the propeller during rotation.

For each analyzed parameter, full-field deformation maps obtained from the DIC mea-
surements and FEM simulations are presented and compared. In addition to the qualitative
comparison of the deformation fields, a quantitative analysis was performed at three char-
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acteristic locations on the blade surface (P1, P2, and P3), previously defined in Figure 12.
The values extracted at these points allow a direct comparison between the experimental
measurements and the numerical predictions, providing insight into the accuracy of the
FEM model in reproducing the deformation behavior of the rotating propeller.

Points P1 and P2 were used for the comparative analysis of out-of-plane (uz) and
absolute displacements, while points P2 and P3 were employed for the comparative analysis
of directional strains in the x and y directions.

For clarity of presentation and to optimize the overall length of the manuscript, the full-
field maps of displacement and strain are shown only for the highest investigated rotational
speed. The deformation fields obtained for the lower rotational speeds exhibit a similar
distribution of the deformation gradients, differing primarily in the amplitudes.

3.2.1. Displacements Results and Analysis

Figures 13 and 14 present the deformation maps obtained for 6940 rpm, illustrating
the total displacement field and the displacement component along the z-axis. The results
corresponding to the remaining rotational speeds are summarized in the comparative
Table 4, containing the values measured at the characteristic points P1–P3.

Figures 13 and 14 present a comparison between the displacement fields obtained
from the FEM simulation and the experimental measurements using the 3D DIC method
for a rotational speed of 6945 rpm. The maps illustrate the total displacement field as well
as the displacement component along the z-axis.

Both displacement maps indicate a visibly stronger torsional deformation of the blade
in the experimental results obtained with the 3D DIC method, as evidenced by the direction
of the displacement-gradient vector, which is more steeply inclined along the blade span
than in the FEM prediction.

This difference originates from the assumptions adopted in the FEM analysis. In the
numerical model, a single pressure distribution corresponding to the undeformed blade
geometry and the target rotational speed of 6945 rpm was applied. In reality, however,
the propeller undergoes progressive deformation as the rotational speed increases. This
deformation modifies both the magnitude and the spatial distribution of aerodynamic
pressure on the pressure and suction sides of the blade. As a consequence, the real blade
experiences a stronger twist than predicted by the single-step FEM analysis.

Figure 13. Absolute displacement map of the propeller blade obtained from (a) FEM simulations and
(b) 3D DIC measurements for a rotational speed of 6945 rpm.
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Figure 14. Displacement in the z direction obtained from (a) FEM simulations and (b) 3D DIC
measurements for a rotational speed of 6945 rpm.

To account for this effect more accurately, the FEM analysis would require an iterative
aeroelastic approach, in which the blade geometry is updated after each deformation step
and a new pressure distribution is recalculated for the modified geometry.

The influence of this phenomenon is also visible in the displacement field along the
z-axis shown in Figure 14. In the experimental results, the mid-region of the trailing
edge exhibits negative displacement values, whereas the corresponding region in the FEM
simulation remains close to zero. This discrepancy further indicates a stronger torsional
deformation in the experimental case.

The observed differences in the deformation pattern also contribute to the discrepan-
cies in the displacement values measured at the characteristic points P1–P3, as summarized
in Table 4, which presents the measured values for all investigated rotational speeds (4110,
6040, and 6945 rpm). The table also includes the absolute difference between the FEM and
DIC results as well as the relative error calculated according to the following expressions:

Absolute Difference =
∣∣∣DDIC

z − DFEM
z

∣∣∣. (8)

Relative Difference =
DDIC

z − DFEM
z

DFEM
z

× 100%. (9)

In Table 4, the FEM predictions are compared against the stereo 3D DIC measurements
at points P1–P3 for all investigated rotational speeds (4110, 6040, and 6945 rpm). A clear
trend can be observed at point P1: as the measured displacement magnitude increases
with rotational speed, the relative error decreases. This behavior is consistent with a
measurement chain in which a portion of the DIC uncertainty and/or systematic offset acts
approximately on an absolute scale (in mm), so that the same order of absolute discrepancy
becomes less significant when normalized by larger reference values.

Moreover, the sign of the FEM–DIC discrepancy at P1 changes with rotational speed.
At 4110 rpm, the DIC-measured displacement is approximately 35% higher than the FEM
prediction, suggesting that the FEM model underestimates the local (z)-direction displace-
ment associated with blade bending. At higher rotational speeds of 6040 and 6945 rpm,
the trend reverses, and the DIC values become lower than the FEM results. The full-field
displacement maps suggest that this reversal may be associated with a more complex
deformation pattern and a greater contribution of blade twist in the experiment. However,
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this explanation should be regarded as a qualitative interpretation of the observed dis-
placement fields rather than as a quantitatively verified relationship based on a uniquely
defined torsion angle. The discrepancy may also be influenced by the limitation of the FEM
model, in which a single pressure distribution corresponding to the undeformed blade
geometry was applied and aerodynamic-load redistribution caused by blade deformation
was not considered.

Table 4. Comparison of displacement values obtained from FEM simulations and 3D DIC measure-
ments at characteristic points P1–P2.

Speed 4110 RPM 6040 RPM 6945 RPM

Point P1 P2 P1 P2 P1 P2

FEM Displacement Z [mm] 0.3467 0.0044926 0.71888 0.014885 0.91997 0.02322

DIC Displacement Z [mm] 0.469 −0.007 0.599 −0.003 0.841 −0.083

Absolute Difference Z [mm] 0.1223 0.0115 0.1199 0.0179 0.0790 0.1062

Relative Difference Z [%] 35.3 −255.8 −16.7 −120.2 −8.6 −457.5

FEM Total Displacement [mm] 0.383 0.005 0.799 0.017 1.016 0.026

DIC Total Displacement [mm] 0.544 0.017 0.629 0.077 0.863 −0.064

Absolute Difference Total [mm] 0.161 0.012 0.170 0.060 0.153 0.090

Relative Difference Total [%] 42.0 240.0 −21.3 352.9 −15.1 −346.2

3.2.2. Strains Results and Analysis

Figures 15 and 16 compare the normal strain fields in the y- and x-directions obtained
from FEM and 3D DIC at 6945 rpm. In contrast to the displacement maps, the match
between both methods is noticeably worse for the strain fields, which is expected because
strain is calculated from spatial gradients of displacement and is therefore more sensitive
to measurement noise.

Figure 15. y-direction strain distribution obtained from (a) FEM simulations and (b) 3D DIC measure-
ments for a rotational speed of 6945 rpm.

For the εy field (Figure 15), both methods show several common features, including a
concentration of positive strain near point P3 at the blade root and a region of negative strain
in the mid-span area, associated with the combined effect of bending and twist. However,
the DIC result at point P1 is noticeably higher than the FEM prediction. This discrepancy is
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likely related to the relatively low strain magnitude in this region, which approaches the
practical resolution limit of the DIC system and may lead to local overestimation.

Figure 16. x-direction strain distribution obtained from (a) FEM simulations and (b) 3D DIC mea-
surements for a rotational speed of 6945 rpm.

For the εx field (Figure 16), the FEM map exhibits a distribution qualitatively similar to
that of εy, but with the opposite sign and lower amplitude. In contrast, no clear agreement
is observed between the FEM and DIC results for εx. This is attributed to the very low
magnitude of the εx component, which remains close to or below the practical strain
resolution of the applied DIC configuration. In addition, the local strain concentration
visible at point P1 in the DIC map should be interpreted as a measurement artefact, typical
of edge regions and low-level strain measurements. Similar artefacts can also be observed as
localized concentrations of negative strain along the leading and trailing edges of the blade.

Table 5 summarizes the comparison between the strain values obtained from FEM
simulations and 3D DIC measurements at characteristic points P2–P3 for all investigated
rotational speeds. In contrast to the displacement results, the discrepancies between FEM
and DIC are significantly larger for strain. This is expected, as strain is derived from
spatial gradients of the displacement field and is therefore inherently more sensitive to
measurement noise.

Table 5. Comparison of strain values obtained from FEM simulations and 3D DIC measurements at
characteristic points P2–P3.

Speed 4110 RPM 6040 RPM 6945 RPM

Point P2 P3 P2 P3 P2 P3

FEM Strain X [µm/m] 28 −116 50 −244 58 −318

DIC Strain X [AVG] [µm/m] −148 −247 −76 −102 −623 −688

Absolute Difference X [µm/m] 176 131 126 142 681 370

Relative Difference X [%] −628.6 112.9 −252.0 −58.2 −1174.1 116.4

FEM Strain Y [µm/m] −55 245 −101 515 −118 671

DIC Strain Y [AVG] [µm/m] 192 −279 654 −86 −197 660

Absolute Difference Y [µm/m] 247 524 755 601 79 11

Relative Difference Y [%] −449.1 −213.9 −747.5 −116.7 66.9 −1.6
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Moreover, the measured strain values are relatively low in magnitude and, in many
cases, approach the practical strain measurement resolution of the 3D DIC system (approxi-
mately 200 µm/m). As a result, even small absolute deviations lead to large relative errors
and noticeable differences between FEM and DIC results.

At points P2–P3 and across different rotational speeds, not only large relative differ-
ences but also changes in the sign of the strain values can be observed. Given the complex
strain distribution within the blade, these discrepancies are further amplified by differences
in the predicted torsional deformation between FEM and DIC. Consequently, even slight
variations in the deformation pattern may lead to significant differences in the locally
evaluated strain values at the selected measurement points.

3.2.3. Propeller Leading Edge Deformation

In order to investigate the differences in blade twist observed in the displacement
results, a comparative analysis of the propeller leading-edge deformation was performed.
For this purpose, an identical curve with a length of 90.6 mm was defined along the leading
edge in both FEM simulations and 3D DIC measurements, for the unloaded state and three
rotational speeds: 4110 rpm, 6040 rpm, and 6945 rpm. In both analyses, the starting point
of the curve was located at the blade root, while the endpoint was defined at the blade tip.
The coordinate system origin was established at the starting point of the curve.

Due to the requirement of subset interpolation in the DIC method near boundaries,
the deformation maps do not fully cover the exact blade edge. Therefore, the analysis line
was offset by 2 mm from the leading edge to ensure reliable and consistent data extraction.

Figure 17 presents the comparison of deformation results obtained from FEM and DIC
along the defined curve.

Figure 17. Comparison of the deformation distribution along the leading-edge curve obtained from
FEM and 3D DIC for the unloaded state and selected rotational speeds. The analysis was performed
along a curve of length 90.6 mm, offset by 2 mm from the blade edge to ensure reliable DIC data
extraction near the boundary.
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Based on the presented results, noticeable differences in the deformation character-
istics of the leading edge can be observed between the numerical FEM analysis and the
experimental DIC measurements.

For all analyzed rotational speeds, a clear discrepancy is visible in the terminal region
of the blade, above approximately 80 mm of the span. The DIC results reveal a different
deformation pattern compared to the FEM predictions. This behavior is consistent with
earlier observations indicating a greater blade twist in the experimental analysis.

Furthermore, the DIC results exhibit a distinct change in the slope of the curve around
50 mm of the blade span, which is not present in the FEM results. The curve obtained from
the FEM analysis shows a smoother gradient without local extrema, suggesting that the
numerical model does not capture the localized deformation inhomogeneities observed in
the experimental measurements.

Differences in deformation behavior are also evident near the blade root, at approx-
imately 10 mm of the span. In this region, the DIC results indicate more pronounced
deflection compared to the FEM predictions. This may suggest an underestimation of
structural compliance in the numerical model or the influence of boundary conditions.
Additionally, this discrepancy may be attributed to limitations in the material model repre-
sentation. The injection-molding process of LGF60-PA6 in the root region could have led to
a local redistribution of glass-fiber orientation, differing from the assumed distribution in
the remaining part of the blade.

3.2.4. Propeller Tip Displacement During Acceleration

In this part of the study, the testing procedure was modified by recording the pro-
peller spin-up from 0 to 7034 rpm with the shutter synchronized to the rotational motion.
The purpose of this section was primarily to demonstrate the capabilities and versatility
of the DIC method in capturing transient phenomena in rotating structures. The objec-
tive of the measurement was to evaluate the relationship between blade deformation and
instantaneous rotational speed during acceleration, and to determine the displacement
characteristic as a function of propeller rotational speed.

The acceleration phase was not recorded without phase-lock synchronization, as it
lasted approximately 5 s. At a frame rate of 9300 fps and a resolution of 2048 × 1664, this
would result in roughly 52,000 frames per camera and a data volume of about 250 GB for a
single camera. Such an approach would substantially increase both the processing time
and the computational demands of the GOM Correlate software. For comparison, a single
test performed using the adopted configuration (with shutter synchronization) produced a
total of 17.48 GB of data from both cameras.

In contrast to the measurements performed at stabilized rotational speeds, the record-
ing in this case started from the unloaded propeller state at 0 rpm. Therefore, it was not
necessary to prepare additional reference images prior to the measurement. The analy-
sis of the recorded image sequence in the GOM Correlate environment is illustrated in
Figure 18, while the resulting relationship between blade tip displacement and rotational
speed during propeller acceleration is presented in Figure 19.

It should be noted that the displacement curve presented in Figure 19 reveals noticeable
oscillations in the range of 0–5000 rpm. These oscillations can be attributed to inertial effects
occurring during the acceleration phase of the propeller. It is important to emphasize that
each data point was acquired once per revolution at the same angular position of the blade,
which allows for consistent tracking of the blade-tip motion. The recorded displacement
response is consistent with the values obtained in previous measurements performed at
stabilized rotational speeds, confirming the reliability of the applied experimental approach.
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Figure 18. Screenshot from GOM Correlate 2018 software showing the analysis of the propeller
spin-up test (measurement with shutter synchronization) and the displacement response of the
blade tip.

Figure 19. Blade-tip displacement as a function of rotational speed during propeller acceleration,
with a trend line approximated using a 6th-order polynomial.

4. Conclusions
This study investigated the application of high-speed 3D Digital Image Correlation

(DIC) for measuring displacement and strain fields on a rotating propeller. The experimen-
tal results were compared with numerical simulations performed using the FEM approach.
Particular attention was paid to the ability of the DIC method to capture complex deforma-
tion mechanisms, including bending and torsion of the rotating propeller. The comparison
between experimental and numerical results allowed for the assessment of both the capa-
bilities of the DIC technique and the limitations of the applied FEM model. The study also
highlighted the challenges associated with strain measurements in dynamic conditions,
especially for low-magnitude strain levels close to the measurement uncertainty.

Based on the research conducted, the following conclusions were drawn:

• A good qualitative match between FEM and DIC displacement maps was observed
(see Figures 13 and 14), confirming the validity of the applied measurement approach.
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• The FEM model, based on a single pressure distribution corresponding to the unde-
formed blade geometry, does not fully capture the real aeroelastic response of the
propeller. In particular, the lack of coupling between blade deformation and pressure
redistribution leads to the underestimation of blade twist. The experimental results
obtained using the DIC method reveal the actual deformation behavior of the blade,
highlighting these discrepancies. Employing more advanced numerical approaches,
such as transient sliding-mesh simulations or two-way CFD–FEM coupling, would
likely improve the correlation between numerical predictions and DIC measurements,
although at the cost of significantly increased computational effort. Therefore, such
approaches may be considered in future work to improve the accuracy of deformation
prediction for rotating propeller blades.

• The maximum absolute displacements and z-direction displacements were observed
at the blade tip, reaching 1.016 mm (FEM) and 0.863 mm (DIC) for total displacement,
and 0.920 mm (FEM) and 0.841 mm (DIC) for the z-direction component at 6945 rpm.
This is consistent with the behavior of a cantilever-like rotating structure subjected to
aerodynamic and centrifugal loading (see Figures 13 and 14).

• The comparative analysis of the leading-edge deformation confirms that the main dis-
crepancy between FEM and DIC results is associated with differences in the predicted
blade twist, which strongly affects the spatial distribution of displacements along the
span. While the FEM model provides a smooth and continuous deformation profile,
the DIC measurements indicate localized variations and stronger torsional effects,
particularly in the tip region. This suggests that the applied one-way CFD–FEM
approach is sufficient for a qualitative comparison of deformation fields but may not
fully reproduce the complex aeroelastic response of the rotating blade.

• Full-field analysis revealed the complex deformation pattern of the propeller, which
cannot be fully captured by point-based evaluation alone. The strain field indicates a
combined effect of bending, torsion, and axial deformation of the blade.

• The accuracy of strain measurements using DIC was significantly lower than for
displacement measurements. This is expected, as strain is calculated from spatial
derivatives of displacement and is therefore more sensitive to noise and local correla-
tion differences. As an example, the relative difference for displacement at point P1 is
typically within 10–30% (see Table 4), while for strain at point P3 it increases to the
order of 102–103% (see Table 5).

• When measuring strain values below the practical strain resolution limit of the DIC
method, determined based on the combined measurement uncertainty obtained dur-
ing the 4 MPx camera validation (see Section 2.4.2), GOM Correlate 2018 shows an
increased tendency to produce artefacts in the form of localized and non-physical
strain concentrations, particularly near the edges of the measured surface. For the
applied measurement configuration and based on the validation results of the 4 MPx
camera system, this corresponds to an approximate practical strain resolution of
200 µm/m. However, the practical strain resolution may vary depending on image
quality, speckle-pattern visibility, surface curvature, and proximity to the boundaries
of the evaluated area.

• In regions where the strain magnitude falls below the effective resolution limit deter-
mined from the combined measurement uncertainty of the validated 4 MPx camera
system (see Section 2.4.2), the applied DIC measurement system fails to provide physi-
cally reliable strain results. In these areas, GOM Correlate 2018 may generate localized,
non-physical strain concentrations, particularly near the boundaries of the evaluated
surface. For the applied measurement configuration, the practical strain resolution
was approximately 200 µm/m. Strain values below this threshold should therefore
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not be interpreted quantitatively. The exact resolution limit may vary depending on
image quality, speckle-pattern visibility, surface curvature, and proximity to the edges
of the evaluated area.

• The conducted research confirms that the DIC method is a useful tool for the ex-
perimental analysis of deformation in rotating components, especially in terms of
displacement measurements.

• At the same time, strain measurements obtained using DIC show significant potential
for improvement. The measurement difference of the applied system limited the ability
to fully resolve strain distributions consistent with FEM predictions. Although high-
speed 4 MPx cameras were used in this study, they were equipped with color sensors.
In general, monochromatic sensors exhibit lower noise levels, which is beneficial
for strain measurements [34]. Therefore, improved accuracy could be achieved by
employing cameras with lower sensor noise and higher resolution, as well as by
reducing the scale factor through a closer measurement setup.
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