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Abstract
This study describes a novel measurement approach for combined flow and structural
measurements in wind tunnels using robotic volumetric particle tracking velocimetry (PTV).
The measurement approach is based on the application of a particle tracking algorithm on
images including flow or structure tracers, where the latter are implemented by means of
fiducial markers. The main steps of the measurement procedure comprise the simultaneous
acquisition of flow and structure tracers in the same images, the distinction of the tracers leading
to separate flow and structure image sets, the application of Lagrangian particle tracking and the
further post-processing, and recombination of the obtained data. The approach is applied to the
fluid-structure interaction between a flexible plate with a span of 1.2 m and a periodic gust. The
total measurement volume amounts approximately to 150 liters. A phase-averaged description
of the FSI problem is presented, with the focus on the effects of the spatio-temporal averaging
of the flow information. The structural displacements obtained from the PTV system are
validated against a scanning vibrometer. The phase-averaged displacement of the markers is
also analyzed, assessing both the validity of the phase-averaged approach and the physical
coherence of their motion with respect to a structural model of the plate. It is found that robotic
volumetric PTV is suitable for the measurement of large-scale structural displacements, while it
should not be used to measure small-scale vibrations. Finally, a visualization of the combined
measurement is presented, together with an analysis of the consistency between the measured
structure and flow field.

Keywords: robotic volumetric PTV, HFSB, shake-the-box, aeroelasticity,
fluid-structure interaction, wind tunnel
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1. Introduction

In aeroelastic experiments, the interaction between flow and
structure governs the studied phenomena. For this reason,
static and dynamic measurements of the flow field around
the experimental model and of its structural response are
needed. A relevant requirement for experiments involving
fluid-structure interaction (FSI) is the non-intrusiveness of the
measurement system, so as to ensure that the structural prop-
erties of the model, the mass distribution of the latter as well
as the flow field are not altered by the measurement apparatus
(Ricketts 1990).

A variety of measurement devices has been used over
the years in aeroelastic experiments. In 1990, strain gauges,
potentiometers, accelerometers, and gyros were reported to be
used for structural assessments. The awareness of the need
for a proper flow characterization for the understanding of
aeroelastic phenomena was already present at that time. How-
ever, pressure transducers were the main tool for unsteady
aerodynamic measurements, as quantitative flow visualization
techniques were not yet mature enough (Ricketts 1990).

Although in the last decades particle image velocimetry
(PIV) has emerged as the main technique for quantitative flow
visualization in wind tunnels (Adrian and Westerweel 2011,
Raffel et al 2018), its use in modern aeroelastic experiments
involving large-scale test models is still very limited. Pressure
transducers are still employed as the main tool for unsteady
aerodynamic measurements and structural characterization is
still performed by means of strain gauges and acceleromet-
ers, leading to complex instrumentation of wind tunnel mod-
els (see e.g. the work of Ballmann et al 2008, Mai et al 2011,
Silva et al 2012). However, optical marker tracking has been
introduced for the measurement of structural displacements,
enabling a non-intrusive characterization of the test model’s
static and dynamic structural response (see e.g. the PicColor
system used by Ballmann et al 2008, Mai et al 2011).

Only a few studies can be found in the literature reporting
the combination of quantitative flow visualization by means
of PIV and optical structural measurements in wind or water
tunnels. Among those, the technique most frequently coupled
to PIV is digital image correlation (DIC) (Timpe et al 2013,
Bleischwitz et al 2017, Marimon Giovannetti et al 2017,
Zhang et al 2019). In these studies, DIC was used to meas-
ure the two- or three-dimensional displacement field of the
investigated test model. Regarding the flow measurements,
they were always limited to a plane and frequently to two
components of the velocity field, except for the work of
Marimon Giovannetti et al (2017), who measured three velo-
city components in one plane via the use of a stereoscopic
PIV setup.

Volumetric flow measurement was only achieved in the
work of Kalmbach and Breuer (2013) by means of the V3V
system. However, the structural characterization was per-
formed with a multiple-point triangulation sensor rather than
with a DIC system, leading to the measurement of displace-
ments only along a two-dimensional profile.

Besides the rare availability of volumetric flow meas-
urements, the mentioned works present flow and structural

measurements over domains of the order of 0.1× 0.1 m2, thus
covering only a small fraction of the size of the models typic-
ally used in wind tunnels for aerospace research and devel-
opment. Conversely, a large variety of aeroelastic phenom-
ena, such as flutter and dynamic response to gusts, involves
the presence of 3D unsteady flows and large-scale structures,
making volumetric flow and structural measurements over
large domains crucial for a holistic investigation of such FSI
problems.

Furthermore, the combined flow and structural character-
ization was always achieved with two separate measurement
systems. This led to complex setups such as the ones of Bleis-
chwitz et al (2017) andMarimonGiovannetti et al (2017), with
challenges related to the synchronization of the two systems
and their optical separation. Hence, a combined approach that
allows to simultaneously measure the flow field and structural
deformation in aeroelastic problems using a single system is
currently missing.

In the last years, volumetric PIV experiments have seen a
significant increase in the size of the measurement volume.
The reason is twofold. First, the introduction of helium-filled
soap bubbles (HFSB) for PIV experiments in wind tunnels
demonstrated the availability of flow tracers with a larger
scattering area in comparison to the traditional micron size
particles (Scarano et al 2015). Second, the development of
advanced Lagrangian particle tracking (LPT) algorithms such
as shake-the-box (STB) has made the processing of the PIV
images for volumetric measurements more computationally
affordable compared to traditional tomographic reconstruction
techniques (Schanz et al 2016).

The recent introduction of robotic volumetric particle track-
ing velocimetry (PTV) by Jux et al (2018) has permitted to
exploit the potential of HFSB and STB even further, thereby
revealing the capability of time-averaged three-dimensional
wind tunnel measurements in volumes of several cubic meters.
Robotic volumetric PTV is based on the robotic control of
a coaxial volumetric velocimetry (CVV) probe (Schneiders
et al 2018) together with the use of HFSB as flow tracers
and STB as the processing algorithm. The robotic control of
the probe is used to partition a large measurement volume
into a number of smaller volumes. Independent acquisitions
are performed for each volume. The data is then processed
by STB and recombined on a global reference frame thanks
to the positional information provided by the robotic sys-
tem. Finally, an ensemble average is performed over the
entire measurement volume, yielding the time-averaged flow
field. For periodic phenomena, the technique can be exten-
ded to obtain phase-averaged flow fields, as demonstrated by
Martínez Gallar et al (2019).

This work introduces a novel measurement approach to
obtain combined flow and structural measurements in a wind
tunnel using robotic volumetric PTV, performing for the first
time a thorough analysis of the spatial and temporal resol-
utions achievable for periodic problems, whereby a phase-
averaged analysis becomes feasible. The fundamental idea of
this approach is to use the same particle tracking algorithm
employed to track flow tracers also for the tracking of struc-
tural markers. The principles of the measurement process are
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first explained in detail, while a wind tunnel experiment is used
for demonstration and validation.

2. Measurement procedure

The proposed measurement procedure relies on the applica-
tion of fiducial markers onto the structure’s surface. These
are used as tracers of the structural motion in an analogous
way to the particles employed as tracers of the flow. The steps
of the measurement process are summarized in figure 1 and
explained in more detail below.

Step 1—Image acquisition. Images including both flow and
structure tracers are sequentially acquired with the CVV
probe for each volume comprising the measurement domain.
Acquisitions are carried out in a time-resolved fashion for the
subsequent application of an LPT algorithm.

Step 2—Tracers separation.The hypothesis for the separation
of flow and structure tracers is analogous to the one made
by Sciacchitano and Scarano (2014) and relies on the fact
that the velocity of a structural element is typically much
lower than the flow velocity. As a result, when conducting a
time-resolved measurement with sufficiently high resolution
to sample the motion of both flow and structure, a structural
marker resides at the same pixel location for several time
instants, contrary to flow tracers that occupy a pixel only in
one time instant and not in the preceding or successive ones.
When this hypothesis holds, the application of a high pass fil-
ter allows to obtain an image set including only flow tracers,
while the application of a low pass filter results in an image
set including only structure tracers. The Nyquist frequency
sampling criterion can be used to determine the minimum
acquisition frequency needed to resolve the desired flow and
structural time scales.

Step 3—Lagrangian tracking. The images acquired with the
CVV probe are processed to determine, in the Lagrangian
sense, the position and velocity of each particle in time. Both
flow tracers and surface markers are tracked independently
using the LPT algorithm STB, developed by Schanz et al
(2016). It should be noticed that, due to the different nature
of the tracers, the flow and the structure data sets require
distinct optical transfer functions (OTF, Schanz et al 2012).
The same volume self-calibration (Wieneke 2008) can be
used for both image sets. Besides, with the aim of using the
same calculation chain to extract both the flow and the struc-
tural motion (volume self-calibration, OTF, and STB), the
shape and size of the structural markers are chosen such that
their images resemble the ones of the HFSB. Using structural
markers of different shapes and/or sizes with respect to the
flow tracers would also be possible; however, this possibility
is left to future investigations.

Step 4—Tracks data reduction. In principle, the tracks
obtained from the Lagrangian tracking can be combined to
visualize the instantaneous flow field and structural motion.
For periodic problems, the phase-average approach is often
beneficial to suppress the measurement noise and enhance
the spatial resolution. In this regard, common preliminary

Figure 1. Schematic workflow of the measurement process.

steps comprise the mapping of the tracks’ positional data
from the local reference frames of the acquisition volumes to
a global reference frame and the identification of the phases
corresponding to the time instants of the tracked particles. As
far as the flow tracks are concerned, basic (Jux et al 2018)
or advanced (Agüera et al 2016) ensemble averaging meth-
ods can be employed to obtain an Eulerian description of
the flow. An extension to phase average applications of the
approach presented by Agüera et al (2016) is discussed in
section 3.2. On the structure side, the processing of the Lag-
rangian tracks results in the phase-averaged description of
the markers’ displacement, thus allowing the characteriza-
tion of the dynamic structural response.
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Step 5—Recombination of flow and structure. The phase-
averaged descriptions of flow and structure are combined
together, both for visualization and further analysis pur-
poses. This recombination step is straightforward as the two
descriptions use the same global reference frame.

3. Lagrangian tracks analysis

This section discusses the analysis of Lagrangian tracks for
the case of a periodic FSI problem, considering both the flow
tracer particles and structural fiducial markers.

3.1. Mapping of measurement time to phases

The application of LPT to both sets of flow and structure
images results in a Lagrangian description of positions and
velocities of flow particles and markers. When a periodic
FSI phenomenon is considered, a triple decomposition can be
applied to each data point representing a certain flow or struc-
tural characteristic u:

u= u+ ũ+ u ′, (1)

where u represents the time-averaged value, ũ the quasi-
periodic component and u′ the random fluctuations caused by
turbulence for example (Kalmbach and Breuer 2013). When
dealing with measurement data, u′ contains also the contribu-
tion of random measurement errors.

The summation of the global mean component u with the
quasi-periodic part ũ represents the phase-averaged term ⟨u⟩,
so that (1) reads:

u= ⟨u⟩+ u ′. (2)

As a consequence, it is necessary to define a processing
strategy for the Lagrangian tracks to calculate the term ⟨u⟩
and to obtain a phase-averaged description of the studied phe-
nomenon. The first step consists in mapping the absolute time
of the tracks onto a non-dimensional time corresponding to the
phase of the average cycle, which requires the knowledge of
the period or the frequency of the periodic phenomenon. In
fact, for periodic FSI problems it is possible to identify a char-
acteristic frequency, which is the inverse of the period. The
large scales in the flow and the structure follow this charac-
teristic frequency. The knowledge of this frequency or of the
associated period allows to resolve the phase-averaged large
scales of the flow and the structural motions. The frequency
can be either known a priori, as in the case of a forced har-
monic excitation, or it can be determined a posteriori ana-
lyzing the measured deflection or deformation of the structure
(Kalmbach and Breuer 2013).

The mentioned mapping can be summarized by the follow-
ing expression:

u(x,y,z, t)→ u(x,y,z,ϕ= t/T−Nc(t)) , (3)

where ϕ is the non-dimensional time of the average cycle,
bounded between 0 and 1, T is the reference period of the peri-
odic phenomenon and Nc is the number of complete cycles
occurred at time t.

3.2. Flow tracks

TheLagrangian description of the flow can be transformed into
an Eulerian description employing the ensemble averaging
technique. This involves the discretization of the measurement
volume into small cubic cells, also called interrogation bins,
followed by the averaging of the instantaneous velocity of the
particles falling inside each cell. In this way a time-averaged
velocity field is obtained and different approaches are avail-
able for this purpose. For example, Jux et al (2018) applied a
simple averaging in space, which can also be referred to as a
top-hat filter. Agüera et al (2016) proposed twomore advanced
methods to reduce the modulation effects caused by spatial
averaging: the Gaussian filter and the polynomial fit.

For phase-averaged flowfields, thesemethods can be exten-
ded to the temporal dimension, becoming in this way spatio-
temporal ensemble averaging methods. Analogously to the
spatial bin with a linear size lB, a temporal bin with size ϕB has
to be defined. This temporal bin consists of a non-dimensional
time window centered around a selected phase value so that
only the particles falling inside the spatial bin and the pre-
scribed temporal window are considered for the ensemble
average.

The temporal information of the particles, which is mapped
to the phases of the cycle, is used to add a time-dependent com-
ponent to the weights of the Gaussian filter and the terms of
the polynomial functions. The idea behind this is to benefit
from the temporal dimension to increase the achievable spa-
tial resolution. In fact, by increasing the temporal bin size it is
possible to reduce the size of the spatial bin, thereby increasing
the spatial resolution of the measurement.

The extension of the polynomial fit method is considered
here, being the method used for the experiment presented in
section 4. For a second-order polynomial, the velocity distri-
bution inside the interrogation bin can be expressed as:

⟨u⟩= a0 + a1∆x+ a2∆y+ a3∆z+ a4∆x
2

+ a5∆x∆y+ a6∆y
2 + a7∆x∆z+ a8∆y∆z

+ a9∆z
2 + a10∆ϕ+ a11∆x∆ϕ+ a12∆y∆ϕ

+ a13∆z∆ϕ+ a14∆ϕ2, (4)

where (∆x,∆y,∆z) indicate the spatial distance from the
bin centroid and ∆ϕ the temporal separation from the con-
sidered phase of the cycle. Similarly to Agüera et al (2016),
the unknown coefficients can be calculated by finding the
least-square solution of the system of equations formulated
using the positional, temporal, and velocity information of
the particles falling inside the spatio-temporal bin. The mean
velocity is taken from the value at the centroid of the spatio-
temporal bin, and the standard deviation σ⟨u⟩ is calculated by
taking into account the polynomial weighting of the velocity
distribution.

The uncertainty of the phase-averaged velocity ϵ⟨u⟩
depends on the velocity fluctuations due to turbulence and ran-
dom measurement errors, both included in the standard devi-
ation, and on the number of uncorrelated samplesNunc used for
the calculation of the mean (Sciacchitano andWieneke 2016):
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Figure 2. Schematic illustration of the top view of the reconstructed particle for flow and structure tracers. Actual tracers in red,
reconstructed particle in blue, z-axis of CVV system in green.

ϵ⟨u⟩ =
kσ⟨u⟩√
Nunc

, (5)

where k is the coverage factor. The random measurement
errors include also the errors related to the phase detection pro-
cess. A conservative estimate of Nunc is obtained by dividing
the observation time with the integral time-scale of the flow,
which may be taken as the average period of the studied phe-
nomenon.

3.3. Structure tracks

The application of Lagrangian tracking on the structure images
results in the instantaneous description of the markers’ pos-
ition. The related uncertainty can be analyzed following the
model discussed by Schneiders et al (2018). For a CVV sys-
tem, the instantaneous positional uncertainty of a particle
along the coaxial (z) direction is 2/β times larger than the one
along the in-plane directions x and y, β being the tomographic
aperture:

ϵz =
2
β
ϵx. (6)

Considering that in the imaging regime of CVV the mag-
nification factor varies significantly within the measurement
volume, both the uncertainties ϵx and ϵz depend on the dis-
tance z, with ϵz presenting a much larger variation due to the
tomographic angle β, which is also dependent on z.

The proportional uncertainty model (Adrian 1991) used by
Schneiders et al (2018) for 3D particles can be applied to two-
dimensional surface markers as well, with the difference that
the aspect ratio of the imaged surface marker varies with the
viewing direction. In fact, while the ideal spherical shape of
a flow tracer allows to reconstruct the same elongated particle
regardless of where it is imaged from, this does not apply for a
surface marker, as long as its size is not diffraction-limited. As
a consequence, in addition to the distance z from the probe, the
positional uncertainty is also affected by the orientation of the
probe, since it influences the size of the reconstructed particle
along both the in-plane and the coaxial directions.

This can be observed in figure 2, where the three-
dimensional reconstructions of a flow and a structure tracer
are compared, assuming the use of circular surface markers.

It is evident that for the latter the shape and size of the recon-
structed surface marker change with the angle θ, which defines
the orientation of the CVV system with respect to the marker’s
normal direction. It should be noticed that the robotic control
of the CVV probe allows to determine a full three-dimensional
orientation of the probe relative to the marker, implying amore
complex set of misalignment angles describing the shape and
size of the reconstructed particle. For the sake of simplicity and
intending to provide just an approximate estimate of the posi-
tional uncertainty of the markers, only the misalignment iden-
tified by the angle θ is considered here to derive an expression
relating the uncertainty of the surface markers to the viewing
direction.

Using the proportional uncertainty model proposed
by Adrian (1991), the relation between the positional
uncertainties along the x- and the z-direction can be expressed
in general as:

ϵz = ϵx
dz
dx
, (7)

where dx and dz are the reconstructed particle sizes along the x-
and the z-axis, respectively. These sizes can be found for the
reconstructed structure tracer analyzing the geometry of the
triangle constituting the first half of the parallelogram shown
in figure 2(b). According to the derived geometrical relations,
the ratio dz/dx reads:

dz
dx

=
cosδ
cosθ

(
2

sin2β

(
cos2 (β/2− θ)

+ cos2 (β/2+ θ)

)
− 1

)1/2

, (8)

where the angle δ is obtained as:

δ = tan−1

(
tan2

β

2
tanθ

)
. (9)

The reader is referred to appendix A for the derivation of these
relations.

Figure 3 shows the variation of the uncertainties ϵx and ϵz
along the z-axis for different values of θ. A marker with a
diameter of 1.5 mm is considered, together with the proper-
ties of the CVV system used by Schneiders et al (2018). The
marker size is based on the size of the markers used in the
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Figure 3. Positional uncertainty of a marker with dp = 1.5 mm for
the CVV system used by Schneiders et al (2018). Bounds of the
typical range of operation of the CVV system in green.

experiment presented in section 4. It can be observed that by
increasing the angle θ, the size of the reconstructed particle
along the z-axis decreases and consequently also the associ-
ated positional uncertainty. The same effect occurs along the
x-axis, although it remains bounded within 0.5 mm. Consider-
ing that the CVV probe operates at distances between 200 and
700 mm and angles up to 45 degrees (Jux et al 2018), ϵz can
be expected to vary between 1 and 9 mm, while ϵx will be in
the order of 0.1–0.2 mm.

It should be noticed that according to the characteristics
of the employed CVV system, there may be some limita-
tions related to the physical size of the marker. The propor-
tional uncertainty model becomes unreliable when the particle
image size falls below 2 pixels and other sources of uncer-
tainties, such as peak locking, become more important. As a
consequence, it may be useful to assess the range of accept-
able distance z and angle θ which ensures that a marker of a
given physical diameter covers the minimum required amount
of pixels in the images.

Figure 4 shows the variation of the particle image size dτ,x
in pixels along the coaxial direction for markers with a phys-
ical diameter of 1.5 and 0.3 mm, the latter corresponding to the
nominal size of an HFSB. As expected, the particle image size
decreases asymptotically to the diffraction-limited diameter.
Close to the probe, a large difference between the two markers
can be observed, caused by the dominant geometrical compon-
ent of the particle image diameter. As the diffraction-limited
diameter becomes more important, the difference in the num-
ber of pixels reduces. Besides, also the difference between
different viewing angles for the same marker size appears to
decrease with the distance from the probe.

In the presented case, both physical sizes ensure an image
size above the threshold of 2 pixels. However, if the require-
ment for the minimum number of pixels is increased, e.g. to 3
pixels, then using a marker size equal to the size of the flow
particles would not satisfy such a requirement over the entire
operating range of the probe, while this would be possible over
most of the range with a bigger marker. As far as the view-
ing angle is concerned, no particular restriction appears to be
needed in the operating range from 0 to 45 degrees.

Figure 4. Variation of the particle image diameter along the z-axis
of the probe for markers with a physical diameter of 1.5 mm (top)
and 0.3 mm (bottom). CVV system used by Schneiders et al (2018)
is considered. Bounds of the typical range of operation of the CVV
system in green.

An undesired but typical feature of the marker tracking pro-
cess consists in the interruption of the reconstructed marker
track at one or several time instants, thus resulting in mul-
tiple tracks for the same marker. The main cause of this can
be found in the positional uncertainty of the tracked marker,
which results in a measurement noise that can disrupt the
particle tracking algorithm, leading to the interruption of the
track. This occurrence hinders a straightforward analysis of the
instantaneous characteristics of the markers during an acquisi-
tion period since it is first necessary to identify the tracks asso-
ciated with the same marker and then join them in a unique
track. The operation of tracks connection has to be carried out
before the phase identification step described in section 3.1.
Different approaches are possible; the one used for the exper-
iment presented in section 4 is discussed in appendix B.

Furthermore, when assessing the instantaneous displace-
ment of a marker, it is possible to reduce the measurement
error employing the technique of track regularization. This
consists in the application of a sliding regression of a second or
higher-order polynomial (i.e. a Savitzky-Golay filter, Savitzky
and Golay 1964) through the measured particle positions. The
measurement error is expected to reduce proportionally to√
Np/Pwith respect to the displacement at largest time separ-

ation (Np− 1)∆t, where Np is the number of particles taking
part in the regression, P is the order of the polynomial and∆t
is the pulse separation time (Lynch and Scarano 2013). The
use of track regularization for the reduction of the markers’
measurement error is demonstrated on the experimental data
in section 5.2.

Once a unique track has been assembled for each marker
and the temporal information has been mapped to the phases
of the cycle, the phase-averaging of the displacements can take
place. When different acquisitions are considered, it is also
necessary to merge the information of corresponding mark-
ers. In order to reduce the measurement error, the mentioned
technique of track regularization can be embedded in the aver-
aging process. Analogously to the flow velocity, the standard
deviation of the markers’ displacement is calculated by tak-
ing into account the polynomial weighting introduced by the
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sliding regression. The reader is referred to appendix B for fur-
ther details about the embedding of track regularization in the
phase-averaging process.

4. Setup of the wind tunnel experiments

A wind tunnel investigation is carried out in order to demon-
strate the proposed measurement approach and assess the
related accuracy. A flexible plate excited by a continuous har-
monic gust is selected as a test case. In this way, the periodic
flow field and structural displacements can be measured in a
phase-averaged fashion.

4.1. Experimental setup

The experimental investigation is carried out in the Open
Jet Facility of TU Delft. This is a closed-loop, open test
section wind tunnel with an octagonal outlet section of 2.85×
2.85 m2. A gust generator is used to attain a periodic flow
field in the wind tunnel. The design and characterization of the
gust generator are reported in detail by Lancelot et al (2017a,
2017b).

The chosen test object is a rectangular plate with a
1217.5mm span, a 170mmchord, and a 2.5mm thickness. It is
made of aluminum alloy 7075, with a density of 2810 kg m−3

and a Young modulus of 71.7 GPa. The plate is painted black
with grey circular markers of 1.5 mm in diameter. The tests are
performed at wind tunnel speeds of 11 and 12 m s−1, corres-
ponding to a chord-based Reynolds number between 1.3× 105

and 1.4× 105.
The robotic volumetric PTV system used in the present

experimental investigation employs a LaVision MiniShaker
Aero CVV probe mounted on a universal Robots—UR5
robotic arm. The light source is provided by a Quan-
tronix Darwin-Duo Nd-YLF laser, having a light wavelength
λ= 527 nm and pulse energy of 2× 25 mJ at a pulsation fre-
quency of 1 kHz. The seeding of HFSB in the flow is provided
by a seeding rake developed by the Aerodynamic section of
TU Delft’s Aerospace Faculty. This rake is composed of ten
wings with 20 bubble generators each, and it is placed in the
settling chamber of the wind tunnel to increase the particle
concentration in the test section and to minimize the turbu-
lence intensity generated by the rake itself. With the described
configuration, the average value of particle per pixel for the
images obtained in the experimental tests amounts to 0.0018.
A summary of the technical specification of the overall system
is given in table 1.

The structural measurements obtained from the robotic
volumetric PTV system are validated using a laser Doppler
vibrometer, thePolytec PSV-500 Scanning Vibrometer1, which
can determine the vibration velocity at a selected point, as well
as displacement and acceleration through temporal integration

1 The system used is a PSV-500-B with a PSV-I-550 Scan-
ning Head Xtra. Technical specifications are available at
https://www.polytec.com/eu/vibrometry/products/full-field-vibrometers/psv-
500-scanning-vibrometer (accessed: 16 September 2021).

Table 1. Technical specifications of the robotic volumetric PTV
system used in the experiment.

Optics
Focal length 4 mm
Numerical aperture 11
Imaging
Horizontal β (z0 = 400 mm) 8 deg
Vertical β (z0 = 400 mm) 4 deg
Active sensor size 640 px × 475 px
Pixel pitch 4.8 µm
Magnification (z0 = 400 mm) 0.01
Bit depth 10
Seeding
Seeded cross-section 0.5× 0.95 m2

Control device LaVision fluid supply unit
Software
Acquisition & processing LaVision DaVis 10.0.5

and differentiation, respectively. According to technical spe-
cifications reported by the manufacturer, the resolution of the
measured velocity is 14 µm s−1.

A complete overview of the experimental setup in the wind
tunnel is given in figure 5, together with the reference frame
used for the PTV acquisitions and the marker arrangement. It
can be noticed how the scanning vibrometer (SV) is placed
on the opposite side of the test object with respect to the
robotic volumetric PTV system in order to avoid light source
contamination.

4.2. Data acquisition procedures

In order to study the response of the aluminum plate to a con-
tinuous gust excitation, a continuous harmonic gust is gen-
erated in the flow by the gust generator. The robotic volu-
metric PTV system and the SV are synchronized with the
gust generator using a common trigger signal. Additionally,
electric signals representing the angle of the gust vanes and
the measurement instants of the two systems are recorded by
means of a National Instrument acquisition station controlled
by a purpose-developed interface in the LabVIEW environ-
ment. These signals are used later for the phase identification
step.

Three different measurement sets are acquired during the
experiment. The related physical and acquisition parameters
are summarized in table 2. The first set consists of simul-
taneous robotic volumetric PTV and SV acquisition, without
HFSB seeding. This offers a clean validation case for the
structural measurements. For the second measurement set, the
HFSB generator is switched on. This is done to assess the
capability of the robotic volumetric PTV system to deliver
valid structural measurement in the presence of flow tracers.
Finally, for the third measurement set, the SV is switched off
and the robotic volumetric PTV system is used to investigate
the dynamic structural response to the gust over the entire span
of the plate.

The PTV volumes acquired for the different measurement
sets are shown in figure 6. It can be observed that only three
selected volumes along the span are measured for the first two
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Figure 5. Illustration of the experimental setup. Dimensions of markers arrangement in millimeters.

Table 2. Physical and acquisition parameters of the studied measurement cases.

PTV-SV PTV-SV-HFSB PTV-HFSB

Physical parameters
Wind tunnel speed (m s−1) 11 11 12
Gust frequency (Hz) 0.9 0.9 1.0
Gust vanes deflection (deg) 5 5 10
Acquisition parameters
PTV acquisition frequency (Hz) 200 821.7 821.7
SV acquisition frequency (Hz) 1000 1000
# gust cycles per acquisition 20 20 20
# PTV images per acquisition 4400 18 076 16 433
# PTV volumes 3 3 14
# acquisitions per PTV volume 1 1 8
# SV samples per acquisition 2200 2200
# SV points 9 6

Figure 6. Illustration of the PTV volumes acquired during the experiment and of the size of the flexible plate. All dimensions in millimeters.
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data sets. The total measurement volume for the third data
set amounts to approximately 150 liters. Finally, additional
acquisitions are performed with the PTV system to measure
the static position of the markers in wind-tunnel-off conditions
and for the two wind tunnel speeds tested.

5. Results

5.1. Flow field

The technique for the reduction of flow tracks discussed in
section 3.2 is demonstrated here, using a second-order polyno-
mial. At first, the effect of the spatial bin variation is assessed
without the use of any temporal information. Afterward, the
use of different temporal bin sizes is discussed. All comparis-
ons are performed using the PTV-HFSB data set, considering
a horizontal plane cutting the plate at half of its span at phase
ϕ= 0 and employing a bin overlap factor of 75%.

5.1.1. Effect of spatial bin size. Four spatial bin sizes are
investigated: 85.0, 42.5, 28.3, and 17.0 mm, respectively cor-
responding to 1/2, 1/4, 1/6, and 1/10 of the plate’s chord c.
Since no temporal information is considered, only the spatial
terms of equation (4) are used for the regression inside the
interrogation bins. For each phase, only the particles falling
within a non-dimensional time window corresponding to the
interval between two consecutive image recordings are con-
sidered. Each bin of the Cartesian grid is populated only when
at least 20 particles are found, otherwise the bin is considered
invalid.

The resulting contour of the streamwise velocity is shown
in figure 7 together with the surface of the plate, which is
obtained from the triangulation of the measured markers. The
investigated flow field shows two interesting features: a region
of accelerated flow close to the plate’s leading edge and a
region of decelerated flow in the wake of the plate.

As expected, it is possible to notice how a larger bin size
allows to obtain valid results in a bigger portion of the meas-
ured volume, given the higher probability of filling the inter-
rogation bins with the required minimum number of particles.
However, this happens at the cost of spatial modulation of
the velocity. In particular, the wake behind the trailing edge
of the plate is not captured. At the same time, the velocity
fields obtained with smaller bins are noisier, as small nonphys-
ical accelerations and decelerations can be detected along the
streamlines. However, higher spatial resolution is achieved,
resulting in higher streamwise velocity at the suction peak,
and a better definition of the wake. For lB = c/10, most bins
include less than 20 particles, and therefore are considered
invalid and blanked out.

The effect of bin size on the spatial resolution of velocity
can be further assessed by looking at the velocity profiles along
the y-axis. Two locations are chosen, x/c= 11.65 and x/c=
12.82 (see figure 7(a)), in order to encompass the accelerated
flow region and the wake, respectively. The resulting profiles
are shown in figure 8, where it can be observed how a smaller
spatial bin size allows to achieve a higher spatial resolution

at the cost of an increased noise level of the mean field. This
is especially evident for the velocity profiles cutting through
the wake, showing a larger velocity deficit as the bin size is
reduced.

5.1.2. Effect of temporal bin size. The benefit of using tem-
poral information is demonstrated on a spatial bin size of
lB = c/10, which was found to be too small to obtain valid res-
ults in a meaningful portion of the measurement volume using
only spatial information. Four different temporal bin sizes are
investigated: 1/32, 1/16, 1/4, and 1/2 of the cycle period. All
terms of equation (4) are used for the regression. To consider a
bin valid, the minimum number of particles inside each spatio-
temporal bin is increased to 30, in order to keep it double
the number of coefficients of the regression. Furthermore, for
each phase the interrogation bins are considered invalid if no
particle is found within a non-dimensional time window cor-
responding approximately to the interval between two consec-
utive image recordings. This is done to calculate only the por-
tion of the flow field that is truly measurable by the CVV probe
at the considered phase. In fact, the results would include a
portion of the flow field beyond the plate for large time ker-
nels if the mentioned bin detection feature was not employed.
Such an effect would be caused by the fact that the motion
of the plate becomes significant for relatively large time inter-
vals and it modifies the boundary of the flow particles’ shadow
region.

Figure 9 shows the streamwise velocity contours resulting
from the different temporal bin sizes. It is possible to observe
that in comparison to figure 7(d), the use of lB = c/10 com-
bined with temporal information returns a rather full velo-
city field. This means that the use of temporal information
successfully allows to increase the spatial resolution when
binning Lagrangian tracks in a phase average fashion. Some
regions with discontinuities are visible, especially in the upper
left corner of the plots. These are caused by the fact that in
some bins the number of particles of the ensemble is below
the threshold value. Those bins are blanked, thus causing
the observed discontinuities. Furthermore, it can be observed
that smaller temporal bin sizes produce noisier mean velocity
fields, similarly to what was noticed for the variation of the
spatial bin size.

The same velocity profiles previously investigated are stud-
ied again to assess the effect of temporal bin size on the spatial
distribution of velocity. The plots of the velocity profiles are
shown in figure 10, where an increase of the velocity peak in
the accelerated flow region and of the velocity deficit in the
wake can be noticed as the time kernel is reduced. These res-
ults also show a higher spatial resolution compared to the res-
ults of figure 8 for ϕB = 1/16 and 1/32 of the period. At the
same time, the velocity profile obtained for ϕB = 1/2 of the
period suggests that an excessive extension of the time kernel
leads to temporal modulation, which affects the spatial distri-
bution of the velocity field.

Temporal modulation can also be assessed by looking at the
change of streamwise velocity over the cycle. Similarly to the
analysis of the velocity profiles, two points on the considered
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Figure 7. Comparison of the streamwise velocity contour for different spatial bin sizes. The size of the averaging bins is shown as a square
in the top right corner of each plot.

Figure 8. Comparison of the streamwise velocity profile along the y-axis for different spatial bin sizes.

plane are chosen, [x/c,y/c] = [11.65,−0.41] and [x/c,y/c] =
[12.82,−0.35] (see figure 9(a)), in the accelerated flow region
and in the wake, respectively.

The resulting temporal velocity profiles are shown in
figure 11. The temporal modulation is evident for ϕB = 1/2
since a smaller maximum velocity in the accelerated flow
region and a larger minimum velocity in the wake are observed
with respect to the other temporal bin sizes. Furthermore, sim-
ilarly to what was noticed for the spatial velocity distribution,
the temporal profiles show a smoother evolution over the cycle
for larger temporal bin sizes.

In conclusion, it is evident that it is possible to benefit
from the temporal dimension to increase the achievable spa-
tial resolution. In fact, enlarging the temporal bin size it is
possible to reduce the size of the spatial bin so that a sim-
ilar number of particles is caught inside the spatio-temporal
bin for the calculation of the phase-averaged velocity. How-
ever, the choice of the temporal bin size has to result from
a trade-off among desired spatial resolution, smoothness of
mean flow field, and temporal modulation of the velocity.
From the presented results, it can be inferred that temporal bins
larger than 1/4 of the cycle period should be avoided in order
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Figure 9. Comparison of the streamwise velocity contour for different temporal bin sizes. The size of the averaging bins is shown as a
square in the top right corner of each plot.

Figure 10. Comparison of the streamwise velocity profile along the y-axis for different temporal bin sizes.

not to incur modulation effects such as the observed reduction
of the velocity deficit in the wake.

5.2. Structural measurement validation

In this section, the structural measurements of the robotic volu-
metric PTV system are validated against the measurements of
the SV. First, a validation of the instantaneous structural dis-
placements is performed. Afterward, the quality of the phase-
averaged approach is discussed. In this regard, two aspects

are considered: the measurement of a single marker and the
consistency of multiple markers for the representation of the
entire structure.

5.2.1. Instantaneous results. The validation of the instant-
aneous structural measurements is performed using the data
obtained from the PTV-SV measurement set. Three markers
along the span of the plate are selected: one at the tip (96% of
the span), one at the center (49%), and one at the root (9%)
of the plate. All markers are located at the center of the chord
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Figure 11. Comparison of the streamwise velocity during the average cycle at selected points for different temporal bin sizes.

Figure 12. Time history of the instantaneous displacement
measured by robotic volumetric PTV and SV for the midspan
marker (top) and of the related error (bottom). Only results from 3
gust cycles are shown.

and are measured one at a time by the synchronized robotic
volumetric PTV and SV systems.

Figure 12 shows the comparison of the instantaneous dis-
placements of the midspan marker measured by the two sys-
tems. The displacement shown in the plot is the one along
the y-axis of the PTV measurement reference frame (see
figure 5), corresponding to the surface-normal displacement
measured by the SV. The analyzed displacement is relative to
the first detected position of the marker. The reference meas-
urement (SV) exhibits a harmonic response with an amplitude
of 30 mm and a frequency of 0.9 Hz, which corresponds to the
gust frequency. The PTV measurement is found to be in good
agreement with the reference.

The bias error ϵb,∆y and the random error ϵr,∆y of the PTV
measurement relative to the SV measurement are respectively
calculated as the mean and the standard deviation of the dif-
ference between the PTV and the SV measurements. For the
calculation of this difference, the displacements of the SV are
linearly interpolated to the time instants of the PTV measure-
ment. The values resulting from 20 gust cycles are ϵb,∆y ≈
−0.09 mm and ϵr,∆y ≈ 0.38 mm, respectively corresponding
to 0.3% and 1.3% of the average displacement amplitude.

Considering an approximate distance of 400 mm between
the probe and the plate and an orientation angle of 30 degrees,
the experimental random error appears to be in between the

Figure 13. Time history of the instantaneous displacement obtained
with different time kernel settings for the Savitzky-Golay filter on
robotic volumetric PTV data for the midspan marker. Comparison
with SV measurement (top) and related error (bottom). Only results
from 3 gust cycles are shown.

values predicted for ϵx and ϵz according to the analysis of
section 3.3, so between 0.17 mm and 3.63 mm, even if closer
to the former value. This can be ascribed to the fact that the
analyzed motion of the marker has a component both along
the coaxial direction and along the in-plane directions of the
CVV system, meaning that the observed measurement error is
a combination of the measurement errors along each direction.

The PTV results shown in figure 12 are the raw results
obtained from the application of the STB algorithm and join-
ing together the tracks belonging to the same marker, which
do not include the effect of track regularization. As mentioned
in section 3.3, the latter concept can be employed to reduce
the measurement error. For this purpose, a sliding least square
regression of a second-order polynomial is applied to the raw
PTV displacements of the midspan marker, investigating dif-
ferent time kernels.

Figure 13 shows a comparison among the results for the
selected time kernels. Not much difference can be observed
among the curves obtained with kernels ranging from 1/8 to
1/2 of the nominal gust period Tgust. Modulation of the meas-
ured displacements becomes evident only when a kernel of one
gust period is used.

The results in terms of bias and random errors are sum-
marized in table 3. Bias and random errors of regularised
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Table 3. Bias and random errors for the tracking of the midspan
marker for different sizes of the temporal kernel.∆ϵ represents the
percentage difference between the errors of the raw and the
regularized displacements.

Temporal kernel ϵb (mm) ∆ϵb (%) ϵr (mm) ∆ϵr (%)

Raw measurement −0.09 — 0.38 —
Tgust/8 −0.10 +5.0 0.25 −35.2
Tgust/4 −0.10 +4.4 0.20 −47.4
Tgust/2 −0.09 −0.9 0.21 −44.0
Tgust −0.12 +34.1 2.52 +558.8

displacements are calculated excluding the initial and final part
of the signal so that calculations are not affected by side effects
of the regression. The exclusion intervals are equal to half
the regression kernel. The percentage difference of the errors
is calculated as ∆ϵ = (ϵregularized− ϵraw)/ϵraw× 100. Up to a
kernel of 1/2 of the gust period, the random error sees a sub-
stantial decrease compared to the one of the rawmeasurement,
while the bias error stays almost unchanged. For a kernel of
one gust period, both bias error and random error experience
a strong increase. The best performance in terms of random
error is obtained with a kernel of 1/4 of the gust period, result-
ing in ϵb,∆y ≈−0.10 mm and ϵr,∆y ≈ 0.20 mm, respectively
0.3% and 0.7% of the average displacement amplitude.

Besides aerodynamic and elastic loads, another important
aspect in aeroelastic experiments is given by inertial loads,
which are proportional to the structural acceleration. There-
fore, it is important to evaluate the acceleration measure-
ments performed with the robotic volumetric PTV system.
The instantaneous acceleration of the markers is calculated
from the displacement data of both systems employing a slid-
ing least square regression of a second-order polynomial and
deriving the polynomial twice in time. Based on the previous
results, a kernel of 1/4 of the gust period is used.

The comparison between the results of robotic volumetric
PTV and SV for the midspan marker is shown in figure 14.
The two curves are in good agreement, even if the PTV curve
appears noisier compared to the SV curve. The bias error
amounts to be 0.17 mm s−2, corresponding to 0.02% of the
acceleration amplitude (approximately 1100 mm s−2), and the
random error amounts to 28.81 mm s−2, which is equal to
2.6% of the acceleration amplitude.

The results of the regularized displacements and accelera-
tions of the remaining markers are summarised in table 4 in
terms of bias and random errors. The errors of the tip marker
are larger than those of the midspan marker. This can be
ascribed to the larger positional uncertainty caused in turn by
the larger displacement of the tip marker and thus by a smaller
tomographic angle far from the CVV probe. However, when
the relative errors are considered, these are of the same order
as the ones found for the midspan marker. Conversely, the rel-
ative random errors of the root marker are significantly lar-
ger. The reason can be found in the displacement amplitude
of the marker, which is approximately 0.85 mm. Both from
the theoretical predictions of section 3.3 and the experimental
evidence, it can be observed that the PTV measurement can-
not reliably resolve such a small motion, as the displacement

Figure 14. Time history of the instantaneous acceleration obtained
from robotic volumetric PTV and SV measurements for the
midspan marker (top) and of the related error (bottom). Only results
from 3 gust cycles are shown.

Figure 15. Phase-averaged structural displacements of the midspan
marker. The error bars represent one standard deviation.

uncertainty results in the order of 0.5 mm. The reader is
referred to appendix C for the displacement and acceleration
plots of the tip and root markers.

Overall, looking at the random errors of displacements in
table 4, it can be inferred that thanks to the combination of a
certain orientation of the probe relative to the markers’ motion
and the use of track regularization, it is possible to obtain
measurement errors closer to the values predicted for the in-
plane components of the CVV system (order of 0.1–0.2 mm)
rather than the ones predicted for the coaxial component
(between 1 and 9 mm).

5.2.2. Phase-averaged results. The scatter from one cycle
to the other is considered to evaluate the quality of the phase-
averaged approach on an individual marker. Three measure-
ments are compared: SV without HFSB, PTV without HFSB,
and PTV with HFSB. The previously considered midspan
marker is used here to obtain the phase-averaged displace-
ments over 20 cycles. The results are shown in figure 15, where
the scatter among the different cycles is indicated by means of
error bars representing one standard deviation around themean
values.

The mean and maximum standard deviation over the
average cycle is summarized in table 5. For each phase,
the standard deviation stems from the contribution of two
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Table 4. Summary of bias and random errors for the three markers. Relative errors are given as a percentage of the amplitude. Track
regularization is applied to raw measurements using a time kernel of Tgust/4.

Displacements Accelerations

Amplitude ϵb ϵr Amplitude ϵb ϵr

Marker (mm) (mm) (%) (mm) (%) (mm s−2) (mm s−2) (%) (mm s−2) (%)

Root 0.85 0.03 3.5 0.38 44.7 26 −0.24 0.9 47.71 183.5
Midspan 30 −0.10 0.3 0.20 0.7 900 0.17 0.02 28.81 3.2
Tip 90 0.14 0.2 0.72 0.8 2600 0.47 0.02 70.60 2.7

Table 5. Mean and maximum standard deviation of the
phase-averaged displacements of the midspan marker over the cycle.

Measurement σ∆y (mm) σ∆y,max (mm)

SV-no HFSB 0.38 0.43
PTV-no HFSB 0.52 0.58
PTV-HFSB 0.45 0.52

components: the scatter from one gust to the other and the
random error of the measurement system. It can be noticed
that the smallest value for both mean and maximum standard
deviation is obtained from the SV measurement, amounting
respectively to 1.3% and 1.4% of the displacement amplitude.
This can be explained by assuming that the random error of the
SV is negligible because of the low measurement uncertainty.
As a consequence, the resulting standard deviation can be
mainly attributed to the scatter among the gusts generated over
the different cycles. The larger standard deviation obtained
for the PTV-no HFSB and the PTV-HFSB curves includes a
non-negligible contribution given by the random error of the
robotic volumetric PTV system. Furthermore, considering the
comparable values of the mean and maximum standard devi-
ation of the measurements with and without HFSB, it can be
inferred that the introduction of flow particles does not com-
promise the accuracy of the structural measurement performed
with the robotic volumetric PTV system.

5.2.3. Consistency of markers’ motion. Complete structural
measurements by means of robotic volumetric PTV rely on
tracking multiple markers at the same time within a single
acquisition and on joining together the results of different
acquisitions. For this reason, it is important to evaluate the
consistency of the physical motion of markers belonging to
the same and different PTV volumes. The assessment is per-
formed here by comparing the position of the phase-averaged
markers with a structural model of the plate fitted to the mark-
ers themselves. Two PTV volumes belonging to the PTV-SV
measurement set and including a group of midspan and tip
markers are used for the assessment.

The plate structural model has a time-dependent compon-
ent describing the temporal evolution during the cycle and
a spatial component describing the deformed shape of the
flexible plate in the three-dimensional space. Given the har-
monic excitation, the temporal component is described by a
sine wave, while the spatial part comprises a weighted sum of

the first three natural vibration modes, corresponding to the
first and second bending mode and the first torsional mode of
the plate. The complete deformed shape of the plate in time is
then described as follows:

xi = sin(2πϕ+ ξ)
(∑3

j=1Aj∆xej,i
)
+ xs,i

yi = sin(2πϕ+ ξ)
(∑3

j=1Aj∆yej,i
)
+ ys,i

zi = sin(2πϕ+ ξ)
(∑3

j=1Aj∆zej,i
)
+ zs,i,

(10)

where [xi,yi,zi] are the coordinates of the ith point of the model
at phase ϕ of the cycle, [∆xej,i,∆yej,i,∆zej,i] is the displace-
ment vector corresponding to the jth vibration mode of the
plate at the ith point and [xs,i,ys,i,zs,i] are the coordinates of the
ith point in the static condition. A1,A2,and A3 are the weights
of the different vibration modes and ξ is the phase of the sine
wave.

The vibration modes used in equation (10) are obtained
from a FE model of the plate using the SOL 103 routine
of the commercial software MSC Nastran. The paramet-
ers A1,A2,A3, and φ are found minimizing the summation of
the squared distance between the markers measured within
the two selected PTV volumes and the surface obtained from
the triangulation of the points resulting from equation (10). An
illustration of the markers and the surface resulting from the
regression of the physical model is given in figure 16.

Once the parameters A1,A2,A3, and φ are found, it is pos-
sible to evaluate the mean absolute distance of the markers
from the surface of the structural model during the cycle. The
results are shown in figure 17, where the standard deviation
of the distances is also displayed. In the plot, the upper x-axis
shows the tip displacement of the plate during the cycle, where
the largest positive value indicates the plate’s position furthest
from the CVV probe and the largest negative value indicates
the plate’s position closest to the probe.

It can be observed that tip and midspan markers have sim-
ilar mean distance and standard deviation. In fact, considering
the average over the cycle, the distance of both tip and mid-
span markers from the surface of the structural model is equal
to 2.1± 1.2 mm. Furthermore, the evolution of the two mean
distance curves does not show any evident correlation with the
tip displacement. Thus, it can be inferred that the larger posi-
tional uncertainty at a larger distance from the probe does not
compromise the structural consistency of the tracked markers.

In conclusion, it can be stated that the measured motion of
the markers appears to be consistent with a structural model of
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Figure 16. Phase-averaged markers (light blue circles) and fitted
surface for phase ϕ= 0.

Figure 17. Mean absolute distance and standard deviation between
the measured markers and the fitted surface during the average
cycle.

the plate based on its first three vibration modes. The position
of the majority of the markers deviates at most by 3.3 mm from
the surface of the structural model, corresponding to 3.5% of
the tip displacement amplitude.

5.3. Fluid-structure visualization

The combination of the phase-averaged description of flow
and structure permits to visualize the investigated aeroelastic
phenomenon, as shown in figure 18. The results are obtained

from the PTV-HFSB measurement set. The phase-averaged
markers are found by processing one acquisition for each PTV
volume shown in figure 6(b). Regarding the flow, four inde-
pendent views in the midspan region of the plate and one in
the tip region are considered, thus representing only a part of
the total measurement volume. At least six acquisitions are
used for each view to obtain the results shown in the figure.
A spatio-temporal ensemble average is carried out, using a
quadratic polynomial fit. The spatial bin size is taken as lB =
28.3 mm, corresponding to 1/6 of the plate chord, while the
temporal bin size is taken as ϕB = 1/16 of the cycle. These
values are chosen to reduce the mean flow field noise follow-
ing the guidelines established in section 5.1.

Four different phases of the gust cycle are presented,
namely ϕ= 0, ϕ= 0.25, ϕ= 0.5 and ϕ= 0.75. The 3D view
shown in figure 18 contains the plate surface obtained from
the measured markers, a slice cut at z= 1096 mm (approxim-
ately 50% of the plate span) colored with the streamwise com-
ponent of the velocity u and illustrating the 3D streamlines,
and two iso-surfaces of the same velocity component, one for
u= 10.4 m s−1 (corresponding to u/u∞ = 0.87) and the other
for u= 13.8 m s−1 (corresponding to u/u∞ = 1.15). Similarly
to figure 9, some discontinuities can be observed in the con-
tour plots, which are caused by bins being blanked due to a
smaller number of particles than the threshold value.

It is possible to notice that for phase ϕ= 0 a coherent region
of accelerated flow can be observed over the midspan zone
in the proximity of the leading edge of the plate. For the
same zone, a coherent region of decelerated flow is formed
for phase ϕ= 0.5. The observed measurements are in line with
the expectations: depending on the phase of the cycle, the iso-
surface of the accelerated and decelerated flow can be associ-
ated with a suction and a pressure side of the plate, respect-
ively. This corresponds to the generation of a lift force that is
either opposite or concordant with the y-axis.

The iso-surface of decelerated flow can also be observed
for ϕ= 0 and ϕ= 0.5 in the wake of the plate, while for the
other two phases the velocity contour on the slice reveals a
smaller velocity deficit. For the phase ϕ= 0, the iso-surface
of decelerated flow is also visible close to the plate surface,
suggesting the presence of a region of separated flow.

As far as the combined measurement is concerned, the res-
ults of the different phases suggest that the measured flow field
follows coherently the movement of the plate, thus providing
a qualitative confirmation of the consistency between the flow
and structure measurements.

5.4. Consistency of the fluid-structure measurement

An important aspect of the proposed measurement approach
lies in the consistency between the flow and structural results.
In order to provide a quantitative assessment of this consist-
ency, the position of the plate’s surface, measured through the
markers, is compared with the position of the flow particles.
Given the orientation of the CVV probe with respect to the
plate during the experiment (see figure 6), an ideal measure-
ment producing perfectly consistent results should find flow
particles only ‘before’ the plate, while no particle should be
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Figure 18. Phase-averaged 3D visualization of the flow and structure results at four phases of the oscillation cycle. Visualisation of the
streamwise velocity components with streamlines, and iso-surfaces of u= 10.4 m s−1 (blue) and u= 13.8 m s−1 (red).

found ‘beyond’ the plate. However, because of the measure-
ment errors in the position of both structural markers and
flow particles, the latter can be found both before and beyond
the plate. In the first case they are said to be valid particles,
while in the second case they are called penetrating particles
because they penetrate the surface of the structure. The pro-
posed assessment is based on the ratio of penetrating particles

with respect to the total number of particles within a certain
distance from the plate.

The PTV-HFSB measurement set is used for this analysis.
Two regions are investigated: one encompassing the half span
of the plate and the other encompassing the tip of the plate.

The structural markers are phase-averaged and the plate
surface is reconstructed by triangulating the resulting points.
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Figure 19. Illustration of valid flow particles and particles
penetrating the solid surface of the plate.

Flow particles within a non-dimensional time window cor-
responding to the time between two successive recordings
centered on the analyzed phase are considered. This set of
particles is reduced by retaining only particles with an abso-
lute distance from the triangulated surface below a threshold,
which is defined as half of the spatial bin size. This is done to
consider the limit case of an averaging bin with the centroid
lying on the surface of the solid object. According to the size
of the averaging bin used in section 5.3, the threshold is set to
14 mm.

At this point, it is possible to distinguish between valid and
penetrating particles. An illustration of this distinction is given
in figure 19 for the midspan region at phase ϕ= 0.

Based on the distinction between valid and penetrating
particles, it is possible to define a parameter called penetra-
tion probability and to investigate its variation over the cycle.
The penetration probability is defined as the ratio between the
number of penetrating particles Npen and the total number of
particles falling within the distance threshold N thr:

Ppen =
Npen
Nthr

. (11)

Figure 20 shows the evolution of the penetration probab-
ility for both the midspan and the tip regions, providing also
an indication of the plate’s tip displacement corresponding to
each phase. It is possible to observe that the level of penet-
ration probability for tip particles is higher than for midspan
particles. In fact, the mean and maximum penetration probab-
ility of midspan particles amount to 3.5% and 6.4%, respect-
ively, while for the tip particles the corresponding values are
11.1% and 18.1%. This is in agreement with expectations, as
the positional uncertainty of the CVV probe along its imaging
direction is known to increase with the distance from the probe

Figure 20. Penetration probability over the cycle.

Figure 21. Cumulative distribution function of the penetration
distance of the markers penetrating the structure.

itself and the maximum displacement of the plate at the tip is
larger than the one at half of the span.

The penetration probability curve of midspan particles
reveals also a higher level of penetration probability when the
plate moves away from the probe (positive tip displacement).
Once again, this is in agreement with the argument that the
positional uncertainty of the CVV probe along its imaging dir-
ection increases with the distance from the probe itself. As a
consequence, it is reasonable to expect that the further is the
structure surface from the probe, the more particles penetrat-
ing the surface will be found. The same correlation between
penetration probability and tip displacement is not observed
for tip particles due to a lack of statistical convergence, given
the smaller number of particles available at the tip.

Another important aspect to consider is the amount of
penetration of the particles. This is evaluated in terms of
the penetration distance, which is defined as the distance
of the penetrating particles beyond the surface of the plate.
The cumulative distribution function of the penetration dis-
tance for both midspan and tip particles over the entire cycle
is calculated and plotted in figure 21. It can be observed that
90% of the particles in the midspan region have a penetration
distance less than 5.6 mm (20% of the bin size), while in the
tip region 90% of the particles have a penetration distance less
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than 6.9 mm (25% of the bin size). Thus, the average smal-
ler level of penetration probability for the midspan particles
also coincides with a smaller penetration distance, which is
in agreement with the argument of the increasing positional
uncertainty of the CVV probe along the imaging direction.

6. Conclusions

A novel measurement approach is proposed for large-scale
combined flow and structural measurements of periodic prob-
lems in a wind tunnel using robotic volumetric PTV. This
approach exploits the particle tracking feature of the technique
to track some fiducial markers painted on the surface of a struc-
ture in the same way as the flow particles. Image acquisition is
initially carried out including both flow and structure tracers
in the images. The two types of tracer are separated success-
ively in the image pre-processing phase. A LPT algorithm is
used to track the motion of the structural markers and the flow
tracers. Further processing of the obtained tracks allows to
achieve a three-dimensional combined measurement of phase-
averaged flow velocities and structural displacements using a
single measurement platform.

The measurement approach is demonstrated on a flexible
plate excited by a periodic sinusoidal gust field. The phase-
averaged near flow field over one side of the plate is studied,
together with its dynamic response. A known technique based
on polynomial regression for spatial ensemble averaging of
flow tracks is extended to the temporal dimension to increase
the spatial resolution of the measured phase-averaged velo-
city fields. This spatio-temporal ensemble averaging method
is tested using a second-order polynomial and the results
obtained prove the increased spatial resolution compared to
the spatial only ensemble average. Furthermore, the analysis
of the temporal kernel size reveals that a maximum value of
1/4 of the cycle period should be used to avoid a significant
temporal modulation of the velocity.

The structural measurement is validated against a scanning
vibrometer (SV). The instantaneous displacements are ana-
lyzed for three markers: one at the tip, one in the middle,
and one at the root of the plate’s span. The tip and mid-
span markers show a good agreement between the PTV and
the SV measurements, with a bias error between 0.2% and
0.3% of the displacement amplitude and a random error
between 0.7% and 0.8%. For the root marker a larger dis-
crepancy is found because the amplitude of the displace-
ment falls below the positional uncertainty of the CVV probe.
Overall, the absolute bias and random errors of the mark-
ers’ positions retrieved by robotic volumetric PTV are of
the order of 0.1 and 0.5 mm, respectively. Furthermore, the
motion of multiple markers is found to be consistent with
the motion of a structural model of the plate based on its
first three vibration modes. As a consequence, robotic volu-
metric PTV is found to be suitable for the measurement of
large-scale structural displacements typical of dynamic aer-
oelastic phenomena such as gust encounters, while it would

not be appropriate for measurements involving small-scale
vibrations. Future studies could investigate more advanced
methods for the processing of the structural tracks, such as the
use of a FEmodel obtained from the regression of the markers’
data to describe the displacement field over the entire plate,
enforcing in this way a high degree of spatial and temporal
consistency.

A study of the consistency of the fluid-structure measure-
ment is finally carried out, initially presenting a visualization
of the combined measurement that shows a good congruence
between the structure and the boundary of the measured flow
field. This is further assessed by investigating the number of
flow particles penetrating the solid surface of the plate among
the ones within a distance threshold corresponding to half the
typical averaging bin size. The mean penetration probability
over the cycle is found to be 3.5% for particles in the midspan
region and 11.1% for particles in the tip region. Future research
could be focused on the use of a flow averaging grid generated
from the measured structure, in order to discard penetrating
particles and consequently enforce hard compliance between
flow and structure.

Overall, this work successfully demonstrates the feasibility
of combined flow and structural measurement in wind tunnels
bymeans of robotic volumetric PTV and its potential for large-
scale aeroelastic experiments with measurement volumes in
the order of 100 liters.
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Appendix A. Derivation of reconstructed structure
tracer size

The relation between the size of the reconstructed structure
tracer and the viewing direction of the CVV system can be
found by analyzing the geometry of the triangle constituting
the first half of the parallelogram shown in figure 2(b). A
detailed illustration of this triangle is presented in figure A1.

The reconstructed structure tracer size along the x-axis, dx,
is given by the projection of the segment AC onto the x-axis
divided by the magnification factor:

dx =
ACsin(π/2− θ)

M
=
ACcosθ

M
. (A.1)
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Figure A1. Schematic illustration of the geometric problem for the
reconstruction of the structure particle. Structure tracer in red, z-axis
of CVV system in green.

The projection ofAC onto the x-axis corresponds to the pro-
jection of the particle image diameter dτ onto the same axis.
However, when deriving the mathematical expression of the
projection, only the geometrical diameter should be projected
onto the axis, as the diffraction-limited diameter ddiff remains
unaltered independently of the viewing direction:

ACcosθ =
√
(Mdp cosθ)

2
+ d2diff

=

√
(Mdp cosθ)

2
+(2.44f# (1+M)λ)

2
, (A.2)

where dp is the physical size of the particle, f# is the f-number
of the lens and λ is the wavelength of the illumination used.

The size along the z-axis, dz, corresponds to twice the pro-
jection of the segment BM onto the z-axis divided by the mag-
nification factor:

dz =
2BMcosδ

M
. (A.3)

The segmentBM is the median of the sideAC of the triangle
and its length can be found as:

BM=
1
2

√
2AB

2
+ 2BC

2 −AC
2
. (A.4)

The sides AB and BC follow from the sine rule:

AB=
AC
sinβ

sinγ =
AC
sinβ

sin(π/2−β/2+ θ)

=
AC
sinβ

cos(β/2− θ) ; (A.5)

BC=
AC
sinβ

sinα=
AC
sinβ

sin(π/2− θ−β/2)

=
AC
sinβ

cos(θ+β/2) . (A.6)

Substituting into (A.4), the segment BM reads:

BM=
AC
2

(
2

sin2β

(
cos2 (β/2− θ)

+ cos2 (β/2+ θ)

)
− 1

)1/2

. (A.7)

Finally, δ is the angle between the median BM and the
bisector BD and its tangent can be found as:

tanδ = tan2
β

2
tan(γ/2−α/2) = tan2

β

2
tanθ. (A.8)

As a consequence, the ratio dz/dx reads:

dz
dx

=
cosδ
cosθ

(
2

sin2β

(
cos2 (β/2− θ)

+ cos2 (β/2+ θ)

)
− 1

)1/2

, (A.9)

where the angle δ is obtained as:

δ = tan−1

(
tan2

β

2
tanθ

)
. (A.10)

Appendix B. Tracks connection and markers phase
averaging

Several methods can be used to join together tracks belonging
to the same marker. For the experiment realized in section 4,
an algorithm employing polynomials for the prediction of
the position of the marker was developed. The steps of the
algorithm are conceptually illustrated in figure B1 and are
explained in detail below.

Step 0. The first markers are initialized from the tracks
belonging to the first time step of the acquisition. After
this initialization step, the algorithm advances one time
step at a time looking for new tracks to be assigned to the
markers.

Step 1. New tracks starting at the analyzed time step are con-
sidered as candidates for the connection operation. From
the entire set of markers, only the ones having the last time
step prior to the current time step are considered for the
analysis.

Step 2. A quadratic trajectory is fitted through the points of
the first candidate marker (bold blue line in figure B1).
The radius of search rs defines the search region for the
new tracks along the predicted trajectory. For each new
track j, the mean distance µ1,j between the predicted tra-
jectory of the first candidate marker and the particles of
the track is calculated, together with the related standard
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Figure B1. Illustration of the algorithm used for the operation of track connection.

deviation σ1,j. Only the tracks having µ1,j+σ1,j < rs are
considered for the connection. If no track meets this condi-
tion, the marker is not further considered for the connection
operation.

Step 3. Step 2 is repeated for each candidate marker.
Step 4. Each candidate marker i fulfilling the rs criterion gets
assigned the track having the smallest summationµi,j+σi,j.
The tracks not assigned to any marker become new mark-
ers. The algorithm advances to the next time step and
resumes from step 1.

After the markers’ information has been mapped from
the real acquisition time to the corresponding phases of the
cycle, their phase-averaged displacements are calculated using
a technique that embeds the concept of track regularization. A
sliding regression of a second-order polynomial is carried out
over the coordinates of the markers. This step is analogous to
the fitting of a quadratic trajectory during the track connec-
tion operation, however, this time the regression takes place
over the non-dimensional time rather than the physical one,
benefiting from the presence of a larger amount of particles. A
kernel of 1/4 of the cycle was used for the results presented in
section 5.

When different acquisitions are processed, the mer-
ging of coincident markers is achieved in the following
way. A preliminary phase average is carried out separ-
ately for all markers. This means that coincident mark-
ers belonging to different acquisitions are initially kept dis-
tinct. The coincident markers are then identified by look-
ing at the mean distance between couples of phase-averaged

Figure C1. Time history of the instantaneous displacement obtained
from robotic volumetric PTV and SV measurements for the tip
marker (top) and of the related error (bottom). Only results from 3
gust cycles are shown.

markers. The ones having a mean relative distance dur-
ing the cycle smaller than a certain threshold are con-
sidered to be coincident. Subsequently, the raw information
of those markers is merged and the final phase average takes
place.

Appendix C. Instantaneous displacements and
accelerations of tip and root markers

In this appendix, the time histories of the displacements and
accelerations of the tip marker and the root marker are shown,
in comparison with the SV measurements.
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Figure C2. Time history of the instantaneous acceleration obtained
from robotic volumetric PTV and SV measurements for the tip
marker (top) and of the related error (bottom). Only results from 3
gust cycles are shown.

Figure C3. Time history of the instantaneous displacement
obtained from robotic volumetric PTV and SV measurements for
the root marker (top) and of the related error (bottom). Only results
from 3 gust cycles are shown.

Figure C4. Time history of the instantaneous acceleration obtained
from robotic volumetric PTV and SV measurements for the root
marker (top) and of the related error (bottom). Only results from 3
gust cycles are shown.
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