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The present research concerns the design and wind tunnel testing of a medium-scale tandem
flapping wing setup. As first step, tests were conducted with simple wings (rectangular flat
plates at 0° of pitch). This provided a basic understanding of the key parameters for these types
of flows as well as a general understanding of the aerodynamic response. A first series of tests
focused on the semi-flapping case, where only the front wing was flapping, while the aft one
remained at a fixed dihedral angle. It was found that the front wing’s lift was heavily degraded
when the aft wing’s dihedral was important. The aft wing was also shown to generate thrust in
all situations evaluated. For tandem flapping situations, the phase offset between the two sets of
wings revealed to be a critical factor in the aerodynamic response. Finally, it was shown that
increasing the horizontal distance between the two sets of wings lead to a significant decrease in
the mean lift produced by both sets; and most notably by the front one.

I. Introduction

With recent advances in micro-electronics, battery technologies and the miniaturization of high performance brushless
motors, it is now easier than ever to build and fly flapping drones. Over the years, the complexity of such systems has
increased significantly. Currently, research efforts focus on the down-sizing of components and the development of
micro-scale, high frequency systems (entomopters, hummingbirds) [[1H5]. Due to their small size and weight, such
setups are bound to low Reynolds numbers. Although higher Reynolds flappers [6H8]] have been built, they are often
limited to low reduced frequency due to energy and structural constraints. Currently, most applications concern only
single wing flapping systems. Multi-wings systems, while repeatedly found in nature, are often neglected. The little
work being done on such setups focuses on very small dimensions (dragonfly-like); and almost nothing is being done for
medium-scale systems.

Thanks to advances in motor technology and manufacturing processes, it is now possible to study the impact of
tandem-flapping wings at a larger scale and higher reduced frequencies. The present research aims at analyzing the
aerodynamic phenomena that take place for larger Reynolds numbers (O(5 x 10%)) at moderate reduced frequency
(~ 1). This will be done through the design of a medium-scale tandem flapping wing system called the MECHARAPTOR.
This system’s region of interest is shown in Fig.[l| which plots the Reynolds number against the reduced frequency for
a number of biological and mechanical flyers. The present paper covers the first stage (prototyping and preliminary
results) of this experimental study. Tests results are presented in the range of Reynolds numbers and reduced frequencies
commonly used for other mechanical fliers (k ~ [0.02 — 0.2] and Re ~ [3 x 10° — 3 x 10%]).

The aerodynamics of tandem wing systems are of interest in all Reynolds number ranges. Indeed, as it has already
been demonstrated for steady configurations, the relative position of the two sets of wings can have a significant impact on
the aerodynamic loads acting on the system [9]]. The idea is therefore to determine if there are some attitude parameters
that can be coupled in order to ensure the maximum efficiency for the whole system.

Finally, a better understanding of the flapping kinematics of tandem wing systems could also provide interesting
insight for paleo-biologists. According to recent findings, the earliest flying animals may have been four-winged [[10} [11].
As none of these species has survived, it seems that there was an obvious biological incentive to shift to two-winged
flight instead. A better understanding of the aerodynamic properties of tandem wing flapping bodies may therefore shed
some light on the evolution of animal flight.

#Ph.D. Student, Aerospace and Mechanical Engineering Department, University of Li¢ge, Quartier Polytech, Allée de la découverte 9, 4000
Liége, Belgium, AIAA Student Member. t.lambertQuliege.be

FAssociate Professor, Aerospace and Mechanical Engineering Department, University of Liege, Quartier Polytech, Allée de la découverte 9,
4000 Lieége, Belgium, AIAA Senior Member.



100

1 Goose ¢ Stork
10° 4 o Hubel
1 Hawk e Siarling
Y] -
= . Bate DelFly
= —
2 1077 Skeeter NUS-Roboticbird
3 ] Dragonfly Bee
ﬁ |
)
g 10% 4
E E Blowfly
102 - Drosophilia
] | e Birds/Mammals Mosquito
] Insects
. Mechanicals
101 T T T T T T T T T
0.01 0.1 1 10

Reduced frequency, &

Fig.1 Relationship of Reynolds number and reduced frequency for various animals and mechanical systems.
The grey rectangle indicates the range of interest for the MECHARAPTOR. Adapted from [8].

A. Non-dimensional parameters

In order to better understand and compare the results obtained for different flight parameters, it is important to define
dimensionless numbers. Besides the Reynolds number, the two most important parameters for flapping flight analysis
are the reduced frequency and the Strouhal number.

1. Reduced frequency

The reduced frequency is one of the most important parameters in unsteady aerodynamics. This quantity represents
the degree of unsteadiness of the flow:
_nfc
=0
where £ is the reduced frequency, f is the wingbeat frequency, c is the wing chord and V,, is the freestream velocity. As
the same wings are for all tests presented in the present paper, this reduced frequency can only be modified by changing
the flapping frequency or the air speed.

According to Ames et al. [12], the reduced frequency can be used to differentiate flows based on their (un)steadiness.
Following this, we can distinguish three regimes:

* Quasi-steady: 0 < k < 0.03. Wakes effects are not very significant.

* Quasi-unsteady: 0.03 < k < 1. Wake effect are significant but added-mass effects are not very important.

e Fully unsteady: k£ > 1. Flow is dominated by added-mass effects.

As shown in Fig. [1} the fully-unsteady region is often only observed for very small insects. Most animals and
many mechanical flappers operate in the quasi-unsteady flow regimes. The MECHARAPTOR setup follows this trend by
operating for the most part at reduced frequencies between 0.02 and 1.
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2. Strouhal number
In flapping wing aerodynamics, the Strouhal number characterises the vortex shedding dynamics in the wake of the
flapping wings. It is thus defined as
_fA

Voo

where A is the flapping amplitude. According to Nudds et al. [13]], the optimal propulsive efficiency for bird flight is
obtained when 0.2 < St < 0.4. The MECHARAPTOR will be analyzed for St between 0.03 and 0.5, in order to cover this
optimal propulsive range.

St 2)

B. Previous work

The present study is a continuation of a previous experiment study of a steady tandem wing system [9]. One of the
main outcomes of this work was to show that the lift of the overall system was negatively impacted as the two sets of
wings were brought closer to each other. A second important observation was that the system benefited from a larger lift
when the two sets of wings were placed at very different dihedral angles. This result suggested that a dynamic system
should experience best results when the two wings are flapping out of phase.

I1. Experimental setup

A. Wind tunnel

This research and the experiments were conducted in the large low-speed wind tunnel of the University of Liege in
November 2022. The MECHARAPTOR experiments were conducted in the aeronautical engineering test sections, whose
dimensions are 2 X 1.5 X 1.5 m (width X height x length). While the facility is able to reach speeds up to 60 m/s, the
tests were limited to 15 m/s in static conditions and 10 m/s in flapping conditions to match realistic applications for
flappers of this size. Future testing sessions will be carried out at higher airspeeds in order to cover a wider range of
reduced frequencies and Reynolds numbers.

B. Flapping wing model

The mechanical system designed for this study is composed of two completely independent sets of flapping wings.
Each set is made of an electric motor, a gearbox/crank mechanism and two half-wings, as seen in Figure 2] The two
modules are then placed on a rail inside a fairing to assemble the whole system. To clearly differentiate the performance
of each module, each one is placed on a different 6-component load sensor (in blue on Fig. [2a). The two modules are
therefore completely separated and independent from one another.

(a) Complete setup without fuselage. (b) Single isolated module.

Fig.2 MECHARAPTOR base geometry.

The design of the mechanism focuses on modularity to accommodate a wide range of testing conditions. As such,
the wing geometry (main dimensions, profile) and angles can be adapted easily without calling for major redesign of the



setup. One of the key aspect in tandem wing kinematics is the distance between the two sets of wings. To analyze this
effect, the modules are placed on a rail that allows the precise setting of the horizontal distance between the front wing’s
trailing edge and the aft wing’s leading edge.

Motor

Each module is powered by its own brushless DC motor (Plettenberg Advance 30). This very powerful (1.5kW)
motor was picked mostly to future-proof the test rig and allow the analysis of wings of different inertias without difficulty.
Thanks to its active cooling, it will also allow testing at large flapping frequencies with less risks of overheating.

Gearbox and crank mechanism

As the motor operates at a high nominal velocity (6000 to 7000 RPM), a fair amount of reduction is required to
attain the desired frequency. This is achieved using simple spur gears of appropriate size. A ratio of approximately
10:1 is thus applied between the motor shaft and the wing driver gears. This eventually leads to a nominal frequency of
approximately 10 Hz for the MECHARAPTOR. Obviously, it is also possible to run the motor at a lower rate to achieve
lower frequencies. However, the engine speed controller imposes a limiting bound to the rotation rate of the motor
to prevent any damage. In the present setup, this lower limit is approximately equal to 900 RPM, which results in a
minimum frequency of around 1.5 Hz.

The motion of the wings is imposed through a dual-crank mechanism. This improves the compactness of the
modules, which allows the fuselage to be as narrow as possible. The dual-crank system also ensures a better symmetry
in the motion of the two wings. Finally, since the crank is operating in the same plane as the flapping arc, regular ball
bearings can be used, which reduces the friction in comparison to transverse shafts. This dual-crank mechanism is
designed as two four-bar linkages. Due to space constraints and minimum lever length, the wing-pivot point had to
be shifted slightly from the vertical position of the driver shaft. This resulted in a non-symmetrical amplitude for the
flapping motion. The flapping amplitude thus obtained was between —12° and 38°.

Wings

The goal of this first study is to gain a deeper knowledge of the base aerodynamic phenomena. To reduce the number
of design parameters, the first series of tests use simple uncambered wings (i.e., rectangular flat plates). Each half-wing
measures 0.2 X 0.05 m. In the present experiment, the wings are always fixed at 0° of angle of attack. Thanks to the
modularity of the setup, more complex wing geometries (cambered wings, sweep, different pitch, etc.) will be studied
in a second phase of the project.

The wings used for these simulations are made out of thick acrylic (PMMA) in order to guarantee rigidity and
minimal deformation during the motion. More flexible wings will be used in the future to investigate the effect of
flexibility on the aerodynamic loads.

The instantaneous flapping angles are measured using 12-bits magnetic rotary encoders (precision ~ 0.08°). For
redundancy and reliability, each half-wing is equipped with one encoder. This also guarantees the proper assembly of
the system and the symmetry between the two half-wings of each set.

Fuselage

The fuselage is kept as small as possible to prevent any major perturbation of the flow. One of the key elements
for the fuselage is that it completely encases the modules alongside with their load sensors. As such, it shields the
sensors from the flow, ensuring cleaner measurements and a better overall precision. The fuselage was printed in PLA
in different parts than can be assembled around the main components of the system. Middle sections of different lengths
were printed to accommodate the different horizontal distances between the two sets (see Fig. [3a).

C. Kinematics

As the goal of this first phase of the study is to understand the basic physics of the flow, the model will only undergo
pure flapping motion (i.e., no active pitching during the motion). The mechanism can then be kept simpler, more
lightweight and more compact than active pitching devices.

In order to vary the operating conditions as much as possible, a sweep of frequencies from 1.5 to 3.5 Hz is carried
out. Airspeeds of 0, 3, 5 and 8 m/s were tested at each frequency.



(a) CAD representation of the full system. (b) Complete setup in the wind tunnel.

Fig.3 MECHARAPTOR complete setup.

Unfortunately, perfect synchronization of the two modules was found to be difficult to achieve. Analysis of the
measurements of instantaneous angles reveals a frequency difference of approximately 0.5 % in average between the
two sets over the full cycle (see Fig.[d). In addition, it was observed that the frequency was not rigorously constant
during the entire test and some small oscillations were observed around the main frequency. This was likely caused
by friction in the gearbox system and heating of the sleeve bearings that support the different shafts/axles. Although
these frequency variations were not very significant in themselves, they led to loss of synchronization between the two
modules and introduced phase differences.

In order to compare results properly and quantify the phase influence, each test is run for a significant amount of
time (>200 periods). For each run, the phase difference is measured between the two sets of wings at every instant
(based on the angle measurement). The forces are then averaged over a single period for any given phase offset.
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Fig. 4 Comparison of the frequency measured at each set in all test cases. Each individual point represents one
experimental test case. Dashed line represents perfect match between the two frequencies.

III. Test results

A. Wind-off testing (inertia measurement)
In unsteady aerodynamics, the loads measured by the load sensors are a combination of aerodynamic, inertial and
added mass effects. It is thus important to quantify the inertial and added mass contributions and subtract them from the



overall measurement in order to retrieve only the aerodynamic contribution.

For each test case (i.e., each different separation distance between the wings and each different flapping frequency),
the inertial contribution is measured by flapping the wings at wind-off conditions. Figure 5] plots the difference between
the vertical forces measured at wind-off and wind-on conditions for one test case. It shows that the wind-on and wind-off
load responses follow the same trends but the magnitudes of these loads are different.
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Fig.5 Vertical force measured in wind-on and wind-off conditions and their difference.
Dy =0.1m,f =2.66Hz and V., = 4.6 m/s (k = 0.09) .

The loads and load coefficients presented in the rest of this paper are all the aerodynamic ones (i.e., the difference
between the raw wind-on forces and the inertial wind-off contribution).

B. Wind-on testing
The results presented in the following sections are all formulated in terms of lift and drag coefficients (Cz, and Cp).
These are defined from the difference between the raw measured forces and the inertial forces as:

Fz, tot — FZ, wind-off Cr = Fx, tot — Fx, wind-off
e e w D=
0.5pV2A 0.5pV2A

CL= 3)
where A is the total wing area per set (= 0.02 m?). For semi-flapping tests, the steady wing has obviously no inertial
contribution. For all flapping wings, the load coefficients presented are cycle averages.

1. Semi-flapping

A first series of test was conducted by flapping only one module, while the other remained steady. Note that in order
to compare results that are independent of the dihedral angles, the steady wing loads are normalized by taking into
account the projected surface, A*.

CL * CD
Cr =
D7 cosA

“

C*
L™ cosA
where A is the dihedral angle.
As expected, the case where the first wing is steady and only the aft one flaps does not present any interesting results.
The lift and drag of the front wing remain constant, irrespectively of the aft wing kinematics. The aft wing does not



seems to experience any noticeable impact either. Still, a more detailed study could be conducted in order to see if these
observations remain true when the front wing is heavily separated for instance.

The most interesting case in semi-flapping is the one where the front wing flaps and the aft wing lays statically
behind it at some fixed dihedral angle. Results for such a case are resented in Fig.[6] These results exhibit a very
interesting phenomenon, which was not necessarily anticipated. The figure shows shows that the lift of the front wing is
heavily impacted by the dihedral angle of the aft wing. A large reduction in lift is observed with increasing dihedral at
all frequencies tested (1.25 and 2 Hz), for all horizontal spacings (0.03 and 0.05 m) and at all airspeeds (2.5, 4.6 and
7.7m/s). The drag of the front wing on the other hand remains relatively stable.
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Fig. 6 Comparison of the lift and drag coefficient variation with the aft wing dihedral angle.
Dx =0.05mand V,, =7.7m/s (k = 0.04 — 0.05).

As with the front wing, the lift of the aft wing decreases substantially with increasing dihedral angle. Figure [6]also
shows that placing the aft wing at 0° of dihedral and lead to an increase in lift in some instances ( fgont = 1.25 Hz) or
remain relatively constant (font = 2.00 Hz). The same behavior was observed in the other test cases. However, this
sharp lift increase is heavily linked to the reduced frequency and the horizontal distance between the two sets. This
suggest that at some specific conditions, the interactions between the front wing’s unsteady wake and the steady aft
wing can benefit the entire system. An even more surprising observation is that in all test conditions, the aft wing seems
to produce thrust. Further analysis should be carried on in order to explain this apparent thrust generation.

2. Tandem flapping
Tandem flapping tests were conducted at 7 different flapping frequencies and 3 different airspeeds (besides the
wind-off tests). The tests were repeated for 3 different horizontal spacings (corresponding respectively to 0.6¢, 1¢ and



2c).

TableT] presents the various control parameters used for these experiments. Note that, as discussed in Section [[I.C|
the true frequencies were not exactly the same as the ones presented in the table. The actual frequencies measured
during the tests are the ones presented previously in Fig. 4]

Table 1 Settings for the flapping experiments.

Flapping frequencies [Hz] 1.25,1.5,1.8,2,2.5,3,3.5
Airspeeds [m/s] 2.5,4.6,7.7
Horizontal spacing [m] 0.03, 0.05, 0.10

As explained previously, the aft wing is expected to be significantly impacted by the phase difference between the
instantaneous flap angles of the two wings. Figure|7|shows the variation of cycle averaged lift and drag coefficients for
each set of half-wings at different phase offsets. A first notable point is that for all phase differences, the first wing is the
most important contributor to the overall lift of the system. In most instances, the aft wing is actually producing negative
lift, which seriously impacts the overall performance. The mean drag is also lower for the aft wing in comparison to the
one produced by the front one. This difference may be explained partially by a reduction of the induced drag component.
The interaction with the fuselage may also result in an increase of the drag and the instabilities. A better characterisation
of the flow field around the fuselage will be conducted at a later stage of the research to quantify this phenomenon more
precisely.
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Fig. 7 Lift and drag coefficient variation with the phase difference between the two sets for the front and aft
wings. A positive offset indicates that the front wing is leading the movement.
Dy =0.03m,f =3.25Hzand V., =4.6m/s (k = 0.11) .

Figure[/|also shows that the phase difference plays a crucial role in the aerodynamic forces produced by the wings.
In the situation depicted here (D, = 0.03m, k£ = 0.11) the aft wing experiences a significant loss of lift when the front



wing leads the motion by approximately 270 degrees. In contrast, when the two sets are completely out of phase (180°
offset), the aft wing generates the most lift.

Perhaps more interestingly, the front wing is also impacted by the phase difference. Its lift appears to vary more or
less as a mirror image of the lift of the aft wing. It is also worth noting that the drag of the front wing follows almost
perfectly the variation of its lift. This suggests that drag variation with phase angle is mostly due to the induced drag
contribution. This is not necessarily true for the aft wing. In that case, it is clear that the drag does not follows as closely
the lift curve. Moreover, the standard deviation in the measurement data is much larger for the aft wing, which tends to
hint at stronger instabilities in the flow. Viscous effects (separation, dynamic stall, wake interactions) seem to play a
more important role on the aft wing.

It is interesting to note that, while the general behaviour is the same for most test conditions, the location of the
optimum phase difference shifts with reduced frequency. This phenomenon is illustrated in Fig.[§] In this example, a
lower lift is obtained when the front wing leads the aft wing by just a few degrees.
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Fig. 8 Lift and drag coefficient variation with the phase difference between the two sets for the front (top) and
aft (bottom) wings. A positive offset indicates that the front wings are leading the motion.
Dy =0.03m,f =2.67Hzand V., = 4.6 m/s (k = 0.09) .

As shown by the static tests carried out in [9]], the separation distance between the two modules plays an important
role in the magnitude of the measured loads. Figure [9] presents the loads measured on the system when the horizontal
distance between the two sets of wings is 0.1 m. These results should put in perspective with the ones presented in
Fig[8] which present the exact same flow conditions, but with a spacing of 0.03 m. A first interesting observation is
that the front wing’s lift decreases when the horizontal distance is increased. The reduction in lift can be quantified to
almost 50% in some cases. On the other hand, the drag of the front wing does not seems to be impacted in a meaningful
way. For the aft wing, the lift remains relatively constant, irrespectively of the horizontal separation. It is however
interesting to note that the phase offset that leads to a negative lift is shifted when the separation distance changes. A
small reduction in the drag of the second wing is observed with the largest horizontal distance. This may be due to
weaker tip vortices shed by the front wing.
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Fig. 9 Lift and drag coefficient variation with the phase difference between the two sets for the front (top) and
aft (bottom) wings. A positive offset indicates that the front wings are leading the motion.
Dy =0.10m,f =2.66 Hz and V., = 4.6 m/s (k = 0.09) .

IV. Conclusions and future work

This paper presented the design and preliminary testing of a mechanical system able to flap a pair of tandem wing
under various operating conditions and with different setup geometries. Preliminary results show a good behavior of the
experimental setup and highlight interesting flow phenomena that will require more scrutiny at the next stages of the
research.

The preliminary tests conducted in semi-flapping conditions (only one module active) already gave some valuable
information. It was found that the front wing is heavily impacted by the presence of a steady aft wing. In all cases tested,
the front wing experienced a significant reduction in lift when the front wing was placed at its maximum dihedral angle.
Similarly, the aft wing itself was producing much less lift when it was in this same maximum dihedral angle. It was also
observed that the aft wing produces thrust irrespectively of its dihedral angle.

For tandem flapping, the results presented here show a unambiguous influence of the phase difference between the
instantaneous flap angles of the two wings on the lift and drag generated by each module. While the aft wing is the most
impacted by this phase offset, some influence was also detected on the front wing. As expected, changes in reduced
frequency or the separation distance were linked to a shift in the load response with respect to the phase offset. This is
due to the geometry of the problem, as the position of the front wing’s wake with respect to the aft wing is directly
linked to these parameters. It was also clearly shown that the lift of the aft wing is always significantly lower than that of
the front wing. Often, the aft wing does not generate mean lift at all, or worse, it generates a downforce. On the other
hand, the drag of both sets of half-wings is of comparable magnitude. This suggests that the aft wing’s drag is mostly
due to viscous and friction effects. Finally, it was also demonstrated that the front wing’s lift was significantly reduced
when the separation distance between the two sets was increased.

The next phase of the research will focus on a more extensive test campaign, where the impact of all geometric and
kinematics parameters will be quantified precisely.
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Appendix

The entirety of this research is open-source. The CAD files, controller code, setup documentation, experimental

data and the processing scripts are all available freely under the permissive MIT license. These materials can be found
online at: https://gitlab.uliege.be/mecharaptor,
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