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Low-Noise Flapping Wings with Tensed Membrane
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Micro air vehicles with flapping wings have the potential to be both more efficient and
manoeuvrable than similar-sized fixed or rotary-wing aircraft. Reducing the perceived noise
produced by flapping wings without compromising or possibly enhancing their aerodynamic
performance would be crucial in surveillance and military applications. To this aim we have
designed and fabricated flapping wings whose supporting stiffeners tense the Mylar
membrane to which they are bonded. The sound produced by these wings at different
flapping frequencies has been recorded in an anechoic chamber simultaneously to the
upward thrust they create. Comparing their characteristics and performance with those of
flapping wings of conventional design suggests that tensing the wing’s membrane can

increase the thrust while decreasing the typical rustling noise of the flapping wings.

Nomenclature

f = frequency, Hz

F, = upward thrust, g

p’ = pressure fluctuation, Pa
Dref = reference pressure, uPa
t =time, s
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T = flapping-cycle period, s
@ =flapping angle

) = flapping-angle amplitude

I.  Introduction
MICRO air vehicles (MAVs) have the potential to revolutionize the sensing and information gathering
capabilities in both military and civil fields. Fixed wing, rotary wing, and flapping wing (FW) are the three main
vehicle concepts [1-6], the latter having very attractive characteristics for flight inside confined spaces, such as high
maneuverability and high efficiency at very-low speed, vertical take-off, hovering or nearly hovering. Well known
FW-MAVs are the DelFly [7, 9] from TU Delft and the RoboBee [10, 12] from Harvard University.

The wings of current FW-MAVs resemble those of insects and bats which can provide inspiration for optimizing
their aerodynamic and acoustic characteristics. Insect wings are one of nature's lightest structures; lacking bones and
muscles, these wings cannot actively change their shape since they consists of a thin panel with stiffening veins of
chitin, a tough material that also composes an insect's hard outer skin [13]. Insect wings have complex aerodynamics
as they produce highly unsteady flow in a range of very low Reynolds numbers [1, 2, 14, 15]. This makes it difficult
to mathematically quantify their characteristics and to calculate their lift. Several experimental [16-23] and
numerical [24-29] studies have been conducted to understand the aerodynamics of insect wings. Conversely, fewer
studies exist on the sound produced by flying insects [30-34], albeit its acoustic features and generation mechanisms
are relevant to the basic knowledge of insect physiology and evolution [35] and to insects’ biomimetic technologies.
The bumbling or buzzing of bees or mosquitoes are well-known sounds produced by their flapping wings. The
sound is generated by the interaction of the flow features (such as leading edge vortex, wing tip vortex, and trailing
edge vortex) around the wings [17-20, 22].

Bat’s membrane wings are mechanically the most sophisticated of animal wings. They consist of a highly
evolved and specialized arm/hand structure that allows a high degree of control of the shape and tension of the skin
membrane (patagium) it supports. This allows rapid active control of the aerodynamic and acoustic performance of
their wings in a wide range of flight conditions [36, 37].

Inspired by these, the current work explored two design variations of the standard wings of the FlowerFly, a FW-

MAV developed by the NUS Temasek Laboratories whose wings are fabricated using thin sheets of Mylar for their



membrane and carbon-fiber rods of different diameters for their supporting stiffeners [38]. Wings of this type
typically create a characteristic and undesirable rustling sound when flapping, possibly a result of the complex
flexing and twisting of the Mylar membrane, a strong and stiff material that can bend only because manufactured in
very thin sheets. In a previous study the authors explored the perceive-noise benefit of using different softer
materials for the fabrication of the wing’s membrane of a two-winged FW-MAV [39]. This study explores a
different noise-reducing approach applied to a more practical FW-MAV configuration where by slightly bending
some of the rods a tension can be induced in some portions of the membrane which can be used to tailor its
aerodynamic and its acoustic behavior. This in some ways emulates a bat’s wing albeit in a passive rather than
active way. Simultaneous measurements of the noise and of the upward thrust produced by the wings were
performed in an anechoic chamber to identify the wing configuration with lower perceived noise per unit thrust. The
wings were mounted on the flapping mechanism of the FlowerFly and were operating at flapping frequencies from 8

to 13 Hz which are representative of the flight conditions of this FW-MAV.

II. Experimental Setup
A. Flapping-wing Mechanism

The flapping-wing mechanism used in this project is the one of the FlowerFly which is described in more detail
in Ref. [38]. It suffices here to recall that it consists of a gear box which synchronously drives four wings and creates
double clap-and-fling effects during one flapping cycle.

The gear-box design, Fig. 1, combines two modules driven by a single motor placed at the center of the gear box.
Each module consists of a crank-slider and linkage (two couplers and two output links), and a pair of wings. The
flapping angle ¢ of each output link to which the wing is attached was designed to have an amplitude @ of 90° and
is plotted in Fig. 1. Accordingly, the flapping angle of the flapping-wing system is 360° for a flapping cycle, Fig. 2,
and the clap-and-fling of the wings is created at the end of each half flapping stroke: downstroke and upstroke. The
large flapping angle and clap-and-fling effect help to produce high thrust. A gear ratio of 1:20 has been chosen for

the gear box assembly to reduce the motor speed and produce a high driving torque at the output links.



B. Flapping Wings

Figure 3 shows couples of tested wings. Two couples of each type (4 wings in total) were installed in the
flapping mechanism. Wings A are the standard (reference) type used in the FlowerFly at the time of this study. Their
membrane consists of a 10 um-thick Mylar sheet supported by carbon-fiber rods of diameter 0.8 mm at the leading
edge and 0.6 mm at the wing root. The latter rods are angled 5° inward toward the trailing edge such that once
mounted straight in the flapping mechanism they create a slack of the membrane close to the wing root. This allows
alternate passive tilt of the wings in the downstroke and upstroke phases of a flapping cycle. Smaller 0.3mm
diameter rods are used as stiffeners of the wing membrane. The weight of a single wing A is 0.346 g.
Wings Al are similar to the A type except that their wing-root rods are not angled. This reduces the slack of the
membrane close to the wing root thus making the membrane more tensed during flapping which is thought to reduce
the corresponding noise. The weight of a single wing Al is 0.350 g. Wings B have a 5 pm-thick Mylar sheet
membrane supported by carbon-fiber rods of diameter 0.7 mm at the leading edge and 0.5 mm at the wing root in the
same arrangement of wing A. However the arrangement of the 0.3 mm rods is very different and comprises a curved
rod that flexes around the leading edge, the tip, and part of the trailing edge. This introduces tension in most of the
wing membrane except close to the wing root. This tension is hoped to further reduce the flapping noise. A diagonal
stiffener is also added to reduce wing flexibility when the wing rotates. This stiffener stores energy at the start of a
stroke, and releases energy at the end of the stroke to ensure faster and smaller wing fluctuation on its rotation. The

weight of a single wing B is 0.406 g.

C. Acoustic and Upward Thrust Measurements

Simultaneous acoustic and thrust measurements of the FlowerFly flapping wings in a range of frequencies
representative of its flight conditions were performed inside the acoustic anechoic chamber of the NUS Temasek
Laboratories. The inner walls of this chamber, originally designed for measurements of jet noise, are covered with
polyurethane-foam acoustic wedges (Illbruck SONEXsuper) with an absorption coefficient higher than 1.0 for
frequencies above 500 Hz. The inner dimensions between the wedges are about 2 m X 2 m x 2 m.

The flapping wing models were installed at the center of the chamber as shown in Fig. 4. They were mounted on
a supporting post firmly fixed to the chamber’s ceiling for suppressing any vibration generated by the flapping
model. This overhanging mount configuration prevents the supporting post to interfere with the downward flow

created by the flapping wings. The noise produced by the flapping wings was recorded by two 1/2 inch condenser



microphones installed at the same height of the flapping wings on a rotatable frame from the floor that allows
positioning them at different angles around the model, Fig. 4. A servo motor rotated the frame with the microphones
around the model. Measurements were taken at 45°-spaced angles as indicated in Fig. 4. The radial distance between
the tips of the flapping wings and the tips of the microphones is about 500 mm.

The microphones (Briiel & Kjar Models 4953) have a flat frequency response up to 15 kHz and thus are suitable
to measure noise in the range audible by humans. The microphones were connected to preamplifiers and a signal
conditioner (Briiel & Kjer Models 2669 and NEXUS 2690-A, respectively). Their signal was sampled at 50 kHz by
a fast analog-to-digital board (National Instruments PXI 6221) installed in National Instruments PXIe-8133
embedded controller. Each recording consists of 5x10° samples (thus the length of the signal timetrace is 10 s). The
signal was low-pass filtered at 24,899 Hz by a Butterworth filter to avoid aliasing. The narrowband power
spectrogram of the microphone voltage was computed using a 2048-point short-time Fourier transform, which
provided a spectral resolution of about 24 Hz. Using each microphone's sensitivity (about 48 mV/Pa) and accounting
for the amplifier gain setting, the voltage power spectrogram was converted to the power spectrogram of p /p,.,
where p’ is the pressure fluctuation and p,,, = 20 pPa is the commonly used reference pressure. Converted to
decibels, this becomes the spectrogram of the sound pressure level, SPL(f ), where f is the measured frequency. A-
weighting correction was applied to the SPL spectrogram to account for the relative loudness perceived by the
human ear.

Time integration of the spectrogram values provides the corresponding SPL spectrum. The overall sound

pressure level is then obtained by integrating the SPL spectrum:

0.1SPL(f)
10 df (1)

. upper

OASPL =10log ,, [

0
where the upper integration limit is the highest frequency that can be resolved, in this case 15 kHz.

The time-dependent upward thrust F, produced by the flapping wings was measured by an ATI Nanol7
Titanium load cell placed between the flapping-wing mechanism and its supporting post, Fig. 4. The range (and
resolution) of the force measurable in the thrust direction is 28.2 (+5.15- 10'3) N. The load cell is factory calibrated
and the corresponding conversion factors are stored in the acquisition units used with it such that the values of the
thrust obtained are already corrected. The load cell signal was sampled at 5 kHz by the same acquisition system

simultaneously recording the microphone signals. Each load-cell recording consists of 5-10* samples (thus the



length of its timetrace is 10 s). The reference upward thrust at each flapping frequency is the average of the
corresponding time-varying values.

The supporting post also incorporates a Hall effect sensor for detecting the passage of a small neodymium
magnet placed in the flapping-wing gearbox. This allows monitoring the flapping cycle and manually adjusting its
frequency within =1 Hz of its nominal value. It also provides a reference during each flapping cycle for aligning the
timetraces of the microphones and of the load cell which were acquired simultaneously albeit at different sampling

frequencies. This enables the comparison and correlation of the acoustic and thrust signals.

III. Experimental Results
A. Acoustic Measurements

The environmental noise and the sound generated by the motor and the flapping-wing mechanism alone are
evaluated before introducing the flapping wings and their sound.

The A-weighted OASPL measured inside the anechoic chamber with all the electric and electronic components
turned on but without any movement of the flapping-wing model is about 27 dBA. This level is typical of a quiet
bedroom and is lower than the level inside the average home.

All the wings were flapped by the same motor and flapping-wing mechanism. Measurements of its sound were
recorded at flapping frequencies from 8 to 13 Hz, i.e. from below to slightly above the reference 12 Hz flapping
frequency of the FlowerFly. The lower flapping frequencies are representative of the take-off and approach/landing
phases of flight whereas the flapping frequency of 13 Hz is representative of slight increases of thrust required to
adjust the altitude and acceleration of the vehicle. Higher flapping frequencies have not been tested to avoid
stressing and wearing the flapping mechanism so to maintain its performance as constant as possible during all the
tests.

Figure 5 shows the sound characteristics measured at 0° of the motor and flapping mechanism alone operating at
12 Hz. Fig. 5 a) shows one second of the timetrace of the fluctuating pressure where the quasi-periodic nature of the
pressure fluctuations can be distinguished. Figures 5 b) shows the corresponding A-weighted SPL spectrogram
revealing that the sound of the motor and flapping mechanism comprises components at different audible
frequencies that are steady or quasi-steady in time. The details of the spectral content can be better observed in the

A-weighted SPL spectrum of the whole timetrace, Fig. 5 ¢). The sound of the motor and flapping mechanism



comprises several peaks two of which dominate at 4340 Hz and 7180 Hz. The first peak closely matches the second
harmonic of the frequency at which the teeth of the motor’s pinion engage the teeth of the middle gear and its
intensity is quite steady in time, Fig. 5 b). The origin of the peak at 7180 Hz, which is broader and whose intensity is
somewhat less steady, is less clear. We hypothesize it is the result of some friction between mutually sliding
components but its precise identification would require specific additional investigation. Similar spectral
characteristics have been obtained at the other angles around the motor and mechanism flapping at 12 Hz.

Figure 6 a) shows one second of the timetrace measured at 0° for wings A flapping at 12 Hz. Strong pressure
fluctuations at this flapping frequency can be seen that correlate to the clap-and-fling as discussed in the successive
sub-section. Between these are smaller fluctuations corresponding to the clap-and-fling occurring at +90°. The
corresponding spectrogram in Fig. 6 b) clearly reveals that strong components at different audible frequencies
evenly repeat 12 times during one second. The spectrum of the whole timetrace in Fig. 6 ¢) shows that this wing
type has a broad, high-intensity spectral distribution consistent with the rustling noise it produces during the flapping
cycle. Small peaks emerge from this distribution of which the one at about 7200 Hz is steady in time and appears to
be related to the sound of the flapping mechanism, see Figs. 5 b) and 5 ¢).

Figures 7 shows that wings A1 have characteristics similar to those of wings A in analogous flapping conditions
but with lower pressure fluctuations and spectral amplitude. Compared to wings A and A1, the pressure fluctuations
generated by wings B flapping at 12 Hz are much reduced as visible in Fig. 8 a). Accordingly, the spectral
distributions in Figs. 8 b) and 8 c¢) show an amplitude reduction across most frequencies. As a result, the spectral
components corresponding to the sound of the flapping mechanism emerge more prominently from the lower sound
signature of this wing. Figure 9 summarizes the spectral findings discussed above by directly comparing the spectra
of the flapping mechanism without and with the three types of flapping wing.

Similar spectral characteristics have been obtained for the cases above at other angles around the flapping-wing
model. The corresponding OASPL values are presented in Fig. 10 c) whereas analogous values obtained at the
flapping frequencies of 8 and 10 Hz are presented in Figs. 10 a) and 10 b), respectively. As expected, the flapping
wings are noisier than the mechanism alone and the overall sound increases with the flapping frequency for all the
cases, consistent with the previous observations of Lu at al. [39] and of Deng et al. [40]. Also, the sound in all the
cases is quite uniform around the flapping-wing model, in agreement with what can be experienced by a listener.

This is also congruent with the double clap-and-fling of these flapping wings which creates similar sound sources



every 90°. Wings B are clearly quieter than wings Al which in turn are quieter than the standard wings A. This
seems to validate that the flapping noise can be reduced by some tensing of the Mylar membrane so to reduce its

flexing and twisting while maintaining a wing structure flexible enough for effective flapping.

B. Upward Thrust Measurements and Performance Comparison

Figure 11 shows the first 0.2 s of the timetrace of the pressure fluctuations of Fig. 6 a) together with the
simultaneously recorded timetrace of the upward thrust measured by the load cell. The latter has been low-pass
filtered at 200 Hz to remove irrelevant vibrations contaminating the significant features of the thrust. The timetraces
are properly aligned relative to each other based on the simultaneously acquired timetrace of the Hall Effect sensor.
A higher and a lower thrust peak are detected by the load cell every 0.0417 s consistent with the double clap-and-
fling at a flapping frequency of 12 Hz. Strong pressure fluctuations trail every other thrust peak by about 0.014 s
whereas smaller pressure fluctuations trail by the same amount the remaining thrust peaks. This strong correlation
between the thrust and sound events suggests that the smaller pressure fluctuations are linked to the clap-and-fling
occurring at 90° relative to the angle of the clap-and-fling associated to the larger pressure fluctuations.

The average value of the upward thrust produced by the wings at each flapping frequency is plotted in Fig. 12 a).
In all cases the thrust increases with the flapping frequency, as expected [38]. Wings B have larger thrust than wings
A1l which in turn have larger thrust than the standard wings A. This may be the result of increasing the tension of the
membrane of wings Al and, especially, of wings B. The latter also have slightly larger wing surface which can also
contribute to their thrust increase.

Since the OASPL values around the flapping wings are quite uniform, Fig. 10, their average can be used as the
reference OASPL of the sound produced by the wings at each flapping frequency which is plotted in Fig. 12 b). This
figure also shows the values of the flapping mechanism alone (no wings) and synthesizes the results of Fig. 10, i.e.
that the sound increases with the flapping frequency and that wings B are quieter than wings Al themselves quieter
than wings A.

Figure 12 c) plots the OASPL values produced by the wings at each flapping frequency as a function of the
corresponding upward thrust. Since the FlowerFly weights about 20 g, replacing its standard wings A with wings B
could reduce its noise by about 9 dBA, i.e. the FlowerFly operating with wings B would be eight times quieter than

operating with wings A.



Figure 12 d) presents the values of OASPL per unit upward thrust produced by the wings flapping at different
frequencies and clearly shows that wings B are the best performers. Similar to what previously found for flapping
wings of different types, the sound per unit thrust of each wing type decreases by increasing its flapping frequency
[39]. This is a result of the thrust increasing more steeply with the flapping frequency than the corresponding sound.
Thus, from a noise-reduction point of view, for a given wing type it is better to obtain the thrust required to fly a

FW-MAV by designing wings and mechanisms that flap at higher frequency.

IV. Conclusion

The main goal of this work was to explore if the perceived noise of the flapping wings of a MAV can be reduced
by increasing the tension of their Mylar membrane. The reference wings are the standard type used in the FlowerFly
MAV developed by the NUS Temasek Laboratories. These wings are quite similar to those used in the DelFly MAV
develop by the MAVLab of TU Delft. Increasing the tension of the wings’ Mylar membrane appears to both
increase the upward thrust and decrease the noise produced by their flapping. Wings with curved stiffeners for
tensing most of their membrane create lower noise per unit thrust than standard wings and could provide a 9 dBA
noise reduction if applied to a flapping-wing MAV. This suggests that curved stiffeners could be used in conjunction
with thin, light, and strong materials more elastic than Mylar to further reduce the noise produced by flapping wings.
Additionally, we found that the noise produced in a flapping cycle by four wings with double clap-and-fling is rather
uniform around the wings, irrespective of the wing type or flapping frequency. The noise generated by such flapping
wings increases with the flapping frequency albeit at a lower rate than their upward thrust. Thus the noise per unit
thrust of a given wing type can be reduced by increasing its flapping frequency. These observations suggest that the
flapping noise of a FW-MAV can be mitigated by designing wings with a slightly tensed membrane to reduce its
flexing and twisting during the flapping cycle and that it is preferable to achieve the required upward thrust by sizing

and operating such wings at higher rather than lower flapping frequencies.
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Fig. 1 Schematic of the crank-slider and linkages of the FlowerFly flapping mechanisms (left), and flapping

angle ¢, of the output link (right). Sinusoidal functions are for reference.
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Fig. 3 Tested wings: standard type A (top), type Al (middle), and type B (bottom). Dimensions are in mm.
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Fig. 5 Sound measured at 0° of the motor and flapping mechanism alone operating at 12 Hz: a) timetrace of

the pressure fluctuations; b) A-weighted SPL spectrogram; c¢) A-weighted SPL spectrum.
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Fig. 6 Sound measured at 0° of the A wings flapping at 12 Hz: a) timetrace of the pressure fluctuations; b) A-

weighted SPL spectrogram; ¢) A-weighted SPL spectrum.
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Fig. 7 Sound measured at 0° of the A1 wings flapping at 12 Hz: a) timetrace of the pressure fluctuations; b) A-

weighted SPL spectrogram; c¢) A-weighted SPL spectrum.
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Fig. 8 Sound measured at 0° of the B wings flapping at 12 Hz: a) timetrace of the pressure fluctuations; b) A-

weighted SPL spectrogram; ¢) A-weighted SPL spectrum.
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