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The Robird is an bird-like drone that flies by flapping its wings. It closely resembles a
peregrine falcon in appearance, size and weight, but more specifically in its flapping flight
performance. Drones like the Robird could might useful purposes such as bird control at airports,
but their development is currently hampered by a limited understanding of the aerodynamics
involved. The present study aims to identify the role of attached vortical structures on the
flight performance of the Robotic bird. Particle Tracking Velocimetry (PTV) measurements
were performed on a relatively large volume (200 mm × 500 mm × 600 mm) around the flapping
Robird wing. The measurement data shows two significant attached vortical structures: one on
the lower side of the wing during the upstroke, and a smaller one on the upper side of the wing
during the downstroke. The vortex on the lower side is accompanied by significant spanwise flow
near the wing surface. The magnitude of this spanwise flow depends on the Strouhal number,
which is a dimensionless measure for the flapping frequency.

I. Introduction

The Robird [1] is an ornithopter-type drone that generates thrust and lift using flapping wings only. It has been
developed by a spin-off company of the University of Twente, and it was designed to look like a peregrine falcon

during its flight, as seen in Fig. 1. The Robird has been used successfully for bird control at airports and garbage dumps.
Ideally when developing a bio-inspired robot, one applies lessons learned from nature. Two successful examples of this
bio-inspired engineering process are the Delfly [2] and the Robobee [3]. When the Robird was first developed, this
bio-inspired approach was only applicable to a limited extent since the majority of available literature focused on insects.
Even though there is an overlap in Strouhal number between birds of any size and large insects [4], the Reynolds number
has a different order of magnitude. Because of this, there is a significant knowledge gap between the flapping wing
aerodynamics of large ornithopters (i.e. the Robird, the Festo Smart Gull [5], the Robo Raven [6]) and smaller ones
such as the Robobee.

It has been well-established that Leading Edge Vortices (LEV’s) play an important role in the generation of lift for
insects [7, 8]. These vortices are typically stable, which can be attributed to the angular acceleration of the fluid induced
by the flapping motion of a wing [9]. The phenomenon of LEV’s has been studied more thoroughly for insects than for
birds and bats [10]. More recently in-vivo measurements have revealed LEV’s in vertebrates as well. Particle Image
Velocimetry (PIV) measurements on hovering hummingbirds [11] and slow-flying pied flycatchers (small birds) [12]
showed these lift-enhancing vortical flow structures on the wings of both sorts of birds. From an energy perspective,
one would expect the LEV to be a transitional phenomenon between forward and hovering flight. Exactly this has been
confirmed for small bats (lesser long-nosed bats) [13]. A contradicting result was found on a flapping model of a goose,
where LEV’s were also found for cruise conditions [14]. Numerical work (2D uRANS) for an oscillating Robird airfoil
shows similar results [15]. Experimental work on the Robird, however, has mainly focused on the wake [16, 17].

Previous research on an insect scale could benefit from powerful particle based measurement methods such
as tomographic Particle Image Velocimetry (PIV). With commonly used micrometer-sized seeding, the maximum
interrogation volume achievable in air is approximately 50 cm3 [18]. This is perfect for insect-scale flows, but too
small for the flow around larger birds. A novel solution to this issue is using Helium-Filled Soap Bubble seeding.
Helium-Filled Soap Bubbles (abbreviated as HFSB) are significantly more reflective than commonly used oil-droplet
seeding in wind tunnels [19]. This allows for an increase of interrogation volume size of three orders of magnitude
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Fig. 1 The Robird [1]

[20]. In addition, a newly developed PTV method called Shake-The-Box has become commercially available [21]. This
method allows for volumetric analysis of flows with seeding densities as high as 0.125 ppp (particles per pixel) [22].
These two developments have paved the way for new measurements on the flow about birds that could bridge the gap
between insect scale research and bird scale research.

In the present study, a wing flapping device resembling the port-side of the Robird was placed in a half open wind
tunnel section. The flow was seeded with HFSB. Four high-speed cameras acquired images of the flapping wing at a
rate of 2 kHz, resulting in time-resolved data. The novel Shake-The-Box algorithm was used to calculate particle tracks.
These tracks were plotted and colored according to the local normalized velocity magnitude or normalized spanwise
velocity.

The objective of the present study is to identify vortical structures around the flapping wing of a Robird in cruise
flight conditions. The Robird provides an excellent research platform since it is a configuration that has proven to be
able to fly in a natural environment.

The present work is structured as follows: In section II the materials and method of this research are described. In
section III some first results are presented. Section IV gives the main conclusions of this research and provides an
outlook to future work.

II. Materials and Method
The wind-tunnel model has been designed to match the exterior shape of the portside of the Robird wing and

fuselage. The model does not include the tail of the Robird. A standard Robird wing was connected to the flapping
device via the two main spars that run along the span of the Robird wing as seen in Fig. 3b. Contrary to the design of the
Robird, each spar is driven by its own brushless DC motor (Fig. 3a). The wing has a half-span from wing root to wing
tip of 520 mm. The device can flap 30◦ downward and 45◦ upwards. The setup was placed in the half-open test section
of the University of Twente Aeroacoustic Wind Tunnel [23] (width 0.9 m, height 0.7 m). The wing is somewhat large
for this test section, so interactions between wing aerodynamics and the wall and/or jet shear layer are to be expected.
This was accepted because the trade-off guaranteed similarity in aeroealastic behaviour of the wing, which is believed to
play a significant role in the flight characteristics of the Robird.

The flapping device has a maximum flapping frequency of 3 Hz. Since turbulence levels of the wind tunnel are
unknown for speeds lower than 5 m/s, a velocity of 6 ms−1was taken as the lower limit for the velocity of the air stream.
The experiment matrix is given in Table 1. In this table, the Strouhal number and the Reynolds number are listed. These
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(a) (b)

Fig. 2 (a) Overview of University of Twente Aeroacoustic Wind Tunnel. The HFSB nozzles, mounted on 4
arrays per 20 , are shown at point A. The flapping wing model is not drawn to scale and shown at location C.(b)
Top view of flapping device in half-open section of wind tunnel. Camera’s are shown in yellow, wing in orange
and illuminated volume in green. All dimensions are given in mm.

Table 1 Matrix of all experiments and their parameters

𝑈∞ [m/s] 𝑓 [𝐻𝑧] St Re
6 3 0.33 6.9 · 104

8 3 0.24 8.5 · 104

10 3 0.19 1.08 · 105

variables are defined as:

St =
𝑓 · (2𝐴)
𝑈∞

(1)

Re =
𝜌∞𝑈∞𝑐

`∞
(2)

respectively, with 𝑓 the flapping frequency in Hz, 2𝐴 equal two times the amplitude of the wing tip,𝑈∞ is the free-stream
velocity, 𝜌∞ and `∞ air density and viscosity of the air and 𝑐 the average chord of the Robird wing. The Strouhal
numbers achievable are within the relevant range of 0.2 <St< 0.4 [4]. However, to stay in this range a compromise had
to be made on the Reynolds number. The Reynolds number could not be varied independently of the Strouhal number.

The flow was seeded with HFSB of approximately 300 `m in diameter by 80 nozzles in the settling chamber of the
wind tunnel. The seeded volume that could be achieved was approximately 500 mm high, 200 mm deep and 600 mm
wide. The interrogation volume depth is smaller than the maximal excursion of the wing, which is 630 mm. By moving
the seeding generator laterally between wind-tunnel entries, the full stroke could be measured in just two volumes. The
seeding density achieved was approximately 0.12 ppp.

Four high speed cameras (2 Phantom V611, 2 phantom VEO 710L) were mounted next to the open section in
an in-line configuration with an opening angle 𝛽 of approximately 50 ◦. The measurement volume was illuminated
by a ND-YLF laser at a repetition frequency of 2 kHz. The coherent beam was guided to the downstream portion of
the wind-tunnel with a LaVision articulated optical arm. Finally, the laser light beam was transformed into a cone
with the help of volume forming optics, which conisted of a variable zoom lens and a concave 𝑓 = −50 mm lens. The
measurement volume had a size of 200 mm × 500 mm × 600 mm (depth, height, width). The placement of the camera’s
and laser optics can be seen in Fig. 2b.

To perform measurements on the upper side of the flapping Robird wing, the flapping mechanism was rotated 180
degrees around its span axis and a starboard Robird wing was mounted on the flapping mechanism. The kinematics of
the movement remain similar, however, it should be noted that the aerodynamic shield faced backwards, as shown in
Fig. 3c. This may affect the airflow in the root region of the wing.
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Fig. 3 (a) A 3D model of the flapping device used in this study, including a model of the Robird wing. (b) Two
Robird wings. The unpainted version on the right shows the placement of the leading and trailing edge spars. (c)
A starboard side wing mounted backwards on the wing flapping mechanism.

The data was acquired and processed with LaVision’s DaVis 10.1 software package. All data was pre-processed
with a temporal subtract-time filter with a filter length of 5 images. Subsequently, a local normalization filter and
sliding minimum filter were applied. The Shake-The-Box tracking algorithm [22] was used to find suitable particle
tracks. In the cases for which particle tracks were converted to vector fields on a structured grid, a binning strategy was
used. The volume was subdivided in sub-volumes of 32 voxels × 32 voxels with a 50% overlap, and a voxel is 2 mm3.
Them minimum required amount of particles within a sub-volume was set to two. The velocity in each grid point was
calculated with a Gaussian weighing function.

The vector fields were used to derive the _2-criterion to assist vortex identification when the tracks themselves
did not clearly show vortical structures. This metric identifies vortex cores even with an added convective velocity
component in the velocity field [24].

III. Results and Discussion
The most notable feature identified in all experiments is an attached vortical structure that forms at the lower side

of the wing during the upstroke. Near this structure the fluid gains a significant velocity component in the spanwise
direction. As illustrated in Fig. 4, the relative magnitude of this flow is proportional to the Strouhal number, where
�̄�𝑠𝑝𝑎𝑛 increases for increasing Strouhal number. The cross-sectional images in Fig. 5 show that the structure starts near
the end of the arm-wing section of the wing, and increases in size proportionally with the distance from the root. Near
the end of the upstroke, this structure detaches or breaks down in all cases.

A secondary feature can be found on the upper side of the wing. This was particularly easy to spot for St=0.24. The
three cross-sections in Fig. 6 show that the flow does not remain attached over the entire span during the downstoke of
the wing. In this case however it is less clear if a vortical structure is present. For further clarification, iso-surfaces of the
lambda-2 criterion are plotted in Fig. 7 This indicates that the vortical structure detaches before reaching the wing-tip.
However, it should be noted that hardly any particles were tracked at the tip, so conclusions from this figure should be
drawn with appropriate reserve. In addition one should note that this structure could not be observed for St = 0.33.

Both structures appear to be the same phenomenon, despite being on opposite sides of the wing. The LEV is defined
as an attached vortical structure that appears beyond the static stall angle of attack. Both structures fit this definition.
However, it is important to note some differences between the two. The upper side structure features a clearly discernible
area of reversed flow nearest to the wing surface. This cannot be observed on the upper surface of the wing. In addition,
the structure on the upper surface of the wing is significantly smaller.
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(a) Zoomed out view of the wing with location detail in red
frame, color bar is valid for (b),(c) and (d) (b) St = 0.19

(c) St = 0.24 (d) St = 0.33

Fig. 4 Flow field in volume below wing. Particle tracks have length of 5 timesteps. Tracks are plotted for t/T = 0
during the upstroke for three different Strouhal numbers:(b) St = 0.19 (c) St = 0.24 (d) St = 0.33
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(a) all three sections as seen from the lower side of the wing (b) y/0.5b ∈ [125 mm, 175 mm]

(c) y/0.5b ∈ [250 mm, 300 mm] (d) y/0.5b ∈ [375 mm, 425 mm]

Fig. 5 Sectioned view of particle tracks for St = 0.33 during the upstroke at 𝑡/𝑇 = 0. Particle tracks have a
length of 5 timesteps.
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(a) (b) y/0.5b ∈ [125 mm, 175 mm]

(c) y/0.5b ∈ [250 mm, 300 mm] (d) y/0.5b ∈ [250 mm, 300 mm]

Fig. 6 Sectioned view of particle tracks for St=0.25 during the downstroke at t/T=0.5. Particle tracks have a
length of 5 timesteps.
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Fig. 7 Isosurface of the _2-criterion at _2 = 5000 for St=0.24 during the downstroke at t/T = 0.5. Surface is
colored by streamwise vorticity 𝜔𝑥 .
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IV. Conclusion and Outlook
The formation of a LEV on the lower side of a robird wing during its upstroke is in line with results from previous

2D uRANS simulations performed on a Robird-like airfoil. The high spanwise velocity could be a sign that this vortex
is indeed moving with the wing, as a significant spanwise flow is known to stabilize leading edge vortices. It is not clear
if such a structure forming at the lower side of the wing is beneficial. Leading edge vortices are known to enhance lift
when attached to the upper side of the wing. Inversely, such a structure that is attached to the lower side of a wing should
decrease lift. This raises the question if same structure is present during the free-flight of the Robird. One important
difference between free flight conditions and this experiment is the body angle of attack. The Robird flies at a slight
angle of attack, whereas this experiment is performed at zero angle of attack. This difference may be significant, as the
formation of an LEV is widely believed to be related to the effective angle of attack.

The relatively low seeding density inherent to PTV made it more difficult to interpret the flow on upper side of
the wing. It is not quite certain if the flow exhibits a leading edge vortex. Especially noteworthy is that either an
LEV or flow detachment is to be expected for St=0.33, but this was not observed. This too could be related to the
relatively low seeding density, combined with relatively low amount of particles tracked. In addition, the absence of
force measurements makes it difficult to quantify the effects of both structures on the lift and drag generated by the
flapping wing. Future work will have to incorporate simultaneous force measurements and PIV measurements on the
surface of the flapping wing to further clarify what flow phenomena are present and how they affect the forces generated
by the flapping wing.
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