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1 INTRODUCTION

Architecture is critical for fundamental functions and bio-physical characteristics of biological
materials. For instance, the shape and arrangements of material building blocks at various levels,
from nano- to macroscale, deliver superior mechanical properties, such as extreme hardness of teeth,
ultra-high specific stiffness of wood (comparable to steel), and extraordinary strength of nacrel2,
These and other examples inspired researchers to develop advanced technological materials with
functionalities driven by their structure rather than constituents — metamaterials®. As a result, there
emerged ultra-lightweight metallic materials*, extremely stiff> and fluid-type® cellular materials, strong
and recoverable nano-structured lattices”. In acoustics and wave dynamics, bio-inspired designs
have opened a way to achieve broadband® and tunable® manipulation of structural and acoustic
waves.

Yet, the functionality of architecture goes even further by allowing biomaterials to act as mechanisms
that enable adaptation to changing environmental conditions and various load combinations. A
prominent example is insect wings. These are lightweight structures (of a mass lower than 2% of an
insect's total weight) that have a high load-bearing capacity, can cope with attacking aerodynamic
forces!® and accelerate the surrounding air to enable flight'l. Multiple studies have shown that these
abilities originate exclusively from the structure and distribution of a building material10.12.13.14,15.16,

The advances in finite-element techniques enabled to reproduction of complex aerodynamic
conditions of different types of flight and to investigate the influence of the material architecture on
mechanical and aerodynamic characteristics of insect wings1718.1920_ For example, it was found that
intricate venation patterns of the dragonfly and hoverfly wings help to minimize the mass of the wing
and to ensure the balance between flexibility and rigidity?!. The latter delivers a required lift force!?
and reduces peak driving forces and power consumption822, The three-dimensional configuration of
a wing is responsible for its stability and appropriate operation?. Besides, it appeared that wingbeat
frequency is not linked to the structural resonant frequency of the wing'4. Yet, the existing studies pay
little, if not at all, attention to the vibro-acoustics of a wing, i.e., to the sound generation process during
flight23. This aspect is relevant in light of applications of bio-inspired concepts to the design of artificial
wings for micro-robotic devices?+25,

This work aims at filling in this gap and presents an in-depth analysis of noise radiation conditions
and their dependence on the mechanical and material characteristics of a wing. We consider the
flapping flight of an artificial flexible wing with an architecture of a dragonfly wing. The aerodynamics
of flapping flexible wings is especially promising for flying robots due to their wind tolerance, efficient
lift power, and the possibility to stop during flight?4. Our goal here is to understand how the material
and morphological parameters of a wing can be manipulated to minimize the radiated sound by
simultaneously preserving the attractive features of flexible wings. In other words, we want to verify
whether the metamaterial concepts implying tailored design of individual material elements can be
used to modify the vibroacoustic characteristics of bio-inspired wings.

The remaining text is structured as follows. First, we introduce a model of a flapping artificial wing
and our analysis approach (Section 2). Then, we study the structural dynamic and vibroacoustic
characteristics of the wing and estimate the influence of mechanical and material properties on the
radiated sound (Section 3). Next, we demonstrate how local variations of the mechanical and material
properties can be used to control the generated noise which opens a promising way towards the
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design of “quiet” wings (Section 4). We finalize the work with concluding remarks and by speculating
on possible future research directions.

2 MODEL AND ANALYSIS
2.1 Model of a Wing

Our wing model reproduces a real dragonfly wing, M. septendecim (Figure 1, left). The model is 40

mm long, 15.25 mm breed and has a surface area of 414 mm?, that is very close to original dimensions
of the wing?s.

The shape and the structure of the wing are important as governing its structural, aerodynamic and
acoustic characteristics!?1827 Therefore, we accurately reproduced the in-plane configuration of
veins and membranes, while the out-of-plane structure can be simplified by assuming a uniform

varying thickness from 0.45 mm to 0.1 mm (Figure 1, right)828, The top of the wing is thus naturally
reinforced by its three-dimensional structure.
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Figure 1 Geometric model of an insect wing. The indicated dimensions are in mm.

We consider a flapping flight that can be described by a simple load case ignoring the angle of
attack!®12, The body of an insect can be omitted from consideration as it has a negligible effect on
the wing dynamics and airflow!8. These simplifications allow us to identify the role of individual
structural components avoiding multi-scale modeling, despite the complex venation pattern.

To imitate flapping, we assign a harmonic loading Ao sin(21rft) perpendicular to the wing surface from
below to induce rotations along the dorsal-ventral direction (the x-axis in Figure Ala). The rotations
occur at close to a realistic flapping frequency f =100 Hz and amplitude Ao =70° within 0.15 sec. These
values correspond to an angular velocity of 4.884 rad/s and a tangential velocity of 0.195 m/s at the

top of the wing. The nodes at the base are fixed to exclude translational motions. The initial conditions
imply zero displacement and zero velocity at all nodes.

The real dragonfly wing consists of chitin with a mass density of 1200 kg/m3, Poisson’s ratio of 0.25,

and Young’s modulus of about 6 GPa'%12.29 |t is reasonable to assume isotropic mechanical behavior
and uniform distribution of the mass within the wing?8.

To investigate the relationship between the material and mechanical properties and sound radiation

conditions, we consider a model of an imaginary wing with varying Young’s modulus and mass density
values, as described below. Poisson’s ratio has a small effect on the wing dynamics and is fixed.
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2.2  Modelling Approach

The flapping flight conditions are reproduced numerically by means of the finite-element method in
ANSYS (Ansys® Academic Research Mechanical, Release 19.3). A full modelling cycle includes (1)
a modal analysis to study admissible structural deformations of the wing; (2) a harmonic analysis to
estimate excitation amplitudes; (3) a transient analysis to model strong interactions between induced
deformations of the wing and the surrounding air. The transient analysis based on fluid-structure
interactions (FSI) implies the use of a common moving mesh for the air and the wing?8.

The total simulation time of the full cycle is about 27 minutes at a desktop computer (7 cores, 3.40
GHz, 16 GB RAM). In particular, the modal analysis for the model with Tet10 finite elements runs for
about 1 min. The harmonic analysis includes a harmonic response (about 11 min) and a harmonic
acoustics (about 3 min) for the same mesh. Finally, the transient analysis is composed of a transient
structural analysis (Tetl0, Hex20 and Wed15 elements with the average simulation time of about 1
min), a transient fluent analysis (Tet4 elements; about 1 min), and a system coupling (about 10 min).

The finite-element model is represented by the wing model meshed by thin-shell elements and a
surrounding cubic box of 300 mm length filled with air. This size of the box is sufficient to exclude the
influence of boundary conditions at the box edges'®. The mesh sensitivity analysis showed that the
results obtained for normal (29844 elements) and fine (95204 elements) meshes differ by less than
1%. Hence, the normal mesh was used for the simulations (Figure Alb).

3 STRUCTURAL DYNAMICS AND SOUND GENERATION BY AN
ARTIFICIAL WING

The modal analysis delivers structural eigenfrequencies and eigenmodes essential tointerpret the
results of transient simulations.

- 450 1200 — - | 5
= (E, E, )IGPa] '
—65  y % (61) ul (€, Ey)iGPal 1000 E ¥
% 60 " N (2'2'5) 400 . (4.1) 800 | ; 3
5 " . 55\? : o)  F
%‘55 ®m (51.5) * > B4 | eoo §
= > (52) 350 !
. 400
1 , 3 4 5 6

Figure 2 The effect of the Young’s moduli variations for the veins E, and membranes, Ex, on
the first six eigenfrequencies of the wing.

We consider the first six eigenfrequencies and assume E, to be equal to 6 GPa,5 GPa or
4 GPa. In each of these cases, Em equals to either 2 GPa, 1.5 GPa, or 1 GPa. The
eigenfrequency values are given in Figure 2. As can be seen, they are below 1200 Hz that will
be considered as an upper liming frequency in the transient analysis. The first eigenfrequency
varies between 53 Hz and 68 Hz for the analyzed values of E, and En. Expectedly, a stiffer wing,
i.e., with larger values of E, and Em, has larger eigenfrequencies.

The eigenmodes appear to be insensitive to the considered variations of Ey, En. For example,
Figure 3 shows six eigenmodes for E, = 6 GPa and En = 1 GPa, which arevery similar to
the modes for the other values of E, and En (not shown). The color indicates the deformation
distribution from zero (dark blue) to a maximum value (red). The first two and the fourth mode
shapes describe bending motions, while the otherthree correspond to flexural modes.
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Figure 3 The mode shapes of the first six eigenmodes of the wing.
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Figure 4 Effect of material property variations on the FRF of the
bioinspired modelfor E, = 6 GPa, Em =1 GPa

We proceed by analyzing the frequency response function (FRF) that indicates the efficiency of
the mode excitation under the applied loading. Figure 4 shows the modal amplitudes at the
beginning of a flapping cycle for E, = 6 GPa, En = 1 GPa. One can see that only the first
three eigenmodes are efficiently excited. The first mode has the strongest with the amplitude
exceeding that of the other modes by at least two orders.This occurs due to a match between
the modal shape and the applied loading, butalso due to a low damping for this mode, as
discussed below. Note that the excitation efficiency is preserved in time.

The trends of the FRF curves for the other values of the Young’'s moduli exhibitonly small
differences with respect to those shown in Figure 4, and thus, are not presentedhere. We can
conclude that the considered variations of E, and En do not influence the efficiency of the mode
excitation. Hence, one can expect the strongest contributionof the first eigenmode into the
noise generation process during the flight.
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Figure 5 Pressure areas on the bioinspired model E, = 6GPa, Enm =1 GPa

Further, we investigate the pressure distribution near the wing surfaces. This can be done by
coupling structural motions calculated by the energy method?3° with the fluent analysis results by
means of the FSI. The FSI is introduced by a pressure-velocity coupling and using a transient
pressure-based solver?4. Since our approach does not allow controlling aerodynamic forces,
we apply a damping factor to stabilize the model'2. The calculations show that a constant value
of 0.004 for the damping factor, corresponding to the Mach number of 0.000569, is sufficient to
reduce high-frequency vibrations and agrees well with the data reported elsewhere3?.
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Figure 6 Sound pressure level (SPL) at each eigenfrequency at in different moments of
time: E, = 6 GPa, En, = 1 GPa (left) and E, = 4 GPa, En = 2 GPa (right)

The pressure was estimated by extracting drag and lift forces in different moments of time. The
calculations reveal that the maximum pressure is achieved at the beginning of a flapping cycle. For
example, Figure 5 shows the pressure at the top and bottom surfaces of the wing at 0.01, 0.02 and
0.03 s after the start of a cycle. The top (unloaded) surface, obviously, has a lower pressure
magnitude than the bottom surface. The pressure at the bottom surface is concentrated mainly at
the tip which agrees with the measurement results for a real insect wing18. At the top surface, the
pressure is larger near the base of the wing, where the real insect wing is reinforced by thicker veins.
The results in Figure 5 are for E, = 6 GPa and E,, = 1 GPa. Can we expect different pressure
distributions if the mechanical properties are changed? The simulations show that by
increasing the stiffness of membranes, the overall pressure can be slightly reduced but is
distributed over a wider area (see Figures A2 and A3 for details).
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An intrinsic product of the oscillating pressure is sound. To get insight into the sound
generation process, we estimated the maximum sound pressure level (SPL) around the
wing. Figure 6 shows representative time-dependencies of the SPL at the eigenmodes for
the two specified sets of Ey, Em. For the other Young’s moduli, these dependencies are very similar
to those in Figure 6 and are not shown. This means that the radiatednoise is almost independent
of the stiffness of the veins and membranes.

The first mode, indeed, generates strong sound monotonically decreasing in time. Surprisingly, the
third eigenmode radiates the same amount of sound. We remind you that the third mode is the lowest
flexural mode (Figure 3). Hence, the total noise is produced by two fundamental modes equally
contributing to this process, despite large differences in their excitation amplitudes (Figure 4 left).
The second and higher modes produce much less sound, at least by 10 dB. This sound also
decreases in time, sometimes non- monotonically that can be explained by changes in the areas of
the maximum pressure distribution over the wing surface (Figure 5).

(a). SPL at 53.16 Hz (b). SPL at 338.65 Hz (c). SPL at 469.49 Hz

(d). SPL at 613.56 Hz (e). SPL at 722.85 Hz (f). SPL at 874.47 Hz

Figure 7 SPL distribution in (dB) for each modal frequency of the bioinspired model, E, = 4
GPa, Em = 1 GPa, after 0.01 second from the start of the flapping cycle

The sound distribution in the air around the wing is shown in Figure 7 for each eigenmode at the
beginning of a flapping cycle. It is clearly non-uniform and decreases with the distance from the wing.
To estimate preferred propagation directions, we consider three normal cross-sections A, B and C in
the chord direction with eight measurement points located at a circle of radius 15 mm and a 45- angle
between neighboring points (Figure 8). As these points, the maximum SPL values are calculated as
shown in Figure 9 for two representative cases.

The results reveal that the strongest sound is radiated perpendicular to the wing plane, regardless of
the distance from the base. Note that the further from the center of the wing, the lower the SPL. Since
the base contains more veins compared to the tip, we conclude that a stiffer part of the wing generates
more noise. However, the overall sound level seems to be independent of the variation of E, and En,
as follows from the comparison of Figures 9a and 9b. The sound distribution above and below the
wing is not fully symmetric that can be explained by the non-symmetric pressure distribution at the
flexural mode (Figure 3).
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Figure 8 Directional noise: (left) Positions of the A, B, and C cross-sections at 10 mm, 20 mm, and
30 mm distance from the base of the wing. (right) The analysis points at the radius of 15 mm in
various angles around the model in each cross-section

We remind that in this study the noise is generated solely by structural motions and not by the surface
viscosity effects, as the surface of the wing is assumed to be smooth. The surface of the real dragonfly
wing is not smooth; thus, the related viscosity effects can substantially influence the sound radiation
conditions?’.
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Figure 9 SPL in each cross-section of A, B and C around the wing in various angles

Finally, we evaluated the effects of the material density variations on the structuraldynamics and
the noise radiation of the wing. We considered a “soft” wing with E, = Em = 2 GPa and
used the same value of p for the veins and membranes. As can be expected, a heavier wing
has lower eigenfrequencies (Figure 10) in opposite to the effect of increasing stiffness (Figure
2). The harmonic analysis indicates a strong excitation of the first mode and a much lower
excitation level of the second and third modes(Figure A4), similarly to the cases of varying
stiffness (cf. Figure 4). The corresponding SPLvalues shown in Figure 11 reveal a simple
dependence between the radiated sound and thematerial density: the heavier the wing, the lower
is the noise level induced during theflapping. The largest contribution comes again from the first
and third eigenmodes.
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Figure 11 Effect of density variation on the radiated noise by the wing

4 DISCUSSION AND TOWARDS METAMATERIAL-BASED
ARTIFICIAL WING

The obtained results provide useful insights into the process of sound generation by structural motions
of a flapping wing.

We observed the highest level of noise at the beginning of a flapping cycle that gradually decreases
in time. Though the applied excitation matches the modal shape of the fundamental bending mode,
the same level of sound is generated by the first flexural mode having a two-order lower amplitude.
This suggests that the flexibility of the wing is crucial not only for its aerodynamics but also for the
vibroacoustic properties.

We also found out that various parts of the wing generate different levels of noise. The strongest
noise is radiated closer to the tip of the wing and propagates perpendicular to the wing surface in both
directions.

Our analysis clarified that, different mechanical properties for the membranes and veins influence
eigenfrequencies of the wing, but not the mode shapes and the efficiency of the mode excitation.
Moreover, the radiated sound levels are also almost insensitive to the variations of the Young’s
modulus. In contrast, the increase of the mass density allows for reducing the SPL, but the weight of
the wing becomes large which requires larger lift power and load-bearing capacity, and thus, is
disadvantageous for applications.
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Figure 12 The wing model with different Young’s modulus areas

So far, we have analyzed simultaneous variations of the mechanical and material parameters for the
whole wing. Yet, since the sound generation is nonuniform along the wing surface, it seems promising
to control the noise radiation by applying the metamaterial principles, i.e., by introducing local
variations of the parameters.

To verify this idea, we divided the wing into three areas and assigned to them different Young’s
modulus values as indicated in Figure 12. In the two cases (Figure 12 top), the veins are soft with Ey
= 2 GPa, while the membranes at the wing’s tip are either soft, En = 2 GPa, or stiff, En = 4
GPa. The remaining two wing areas have either different (case 1) or identical stiffness (case
2). In the other two cases (Figure 12 bottom), the veins are stiff with E, = 4 GPa (case 3) or
Ev = 6 GPa (case 4), while themembranes are soft, En = 2 GPa at the tip and stiff near the
base with En, = 3 GPa and En = 4 GPa, respectively.

To understand how the heterogeneous mechanical properties influence the wing’s (aero-)dynamics,
we calculated the eigenfrequencies (Figure 13) and the radiated SPL. (Figure 14).
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Figure 13 Effect of density variation on modal frequencies of insect wing

The variations of the eigenfrequencies obey the same rules as derived above for the “homogeneous”
wing (Figure 13 cf. Figure 2). Namely, softer wings have lower eigenfrequencies, and stiffer wings
have larger eigenfrequencies. Note that since the overall stiffness of the wing in cases 1 and 2 is
almost identical, the corresponding wing models have almost the same eigenfrequencies.
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Figure 14 Effect of gradient local variation of Young’s modulus of wing on theradiated
noise

The SPLs associated with each eigenfrequency in cases 1-4 undergo much larger variations as
compared to those for the “homogeneous” wings (Figure 14 cf. solid lines in Figure 6). In particular,
the differences for the first and third eigenmodes reach 2 dB, while for the fourth mode, they are
around 7 dB. Despite comparatively small absolute values, even 1 dB noise reduction is considered
as a big gain in vibroacoustic problems32. Therefore, we conclude that local variations of mechanical
(and material) properties can be used to control sound radiated by structural motions of an artificial
wing and are promising to develop low-noise artificial flapping wings.

Note that the results reported in Figure 14 demonstrate the possibility of noise control by tailoring the
mechanical properties of different parts of the wing but give no guidelines on how to minimize
generated noise. The latter is a complex problem that requires a systematic study of how local
variations in the wing’s morphology beneficial for noise reduction influence the overall aerodynamics
of the wing, including the flight efficiency, power consumption, and the balance between rigidity and
flexibility. This analysis should be performed separately by applying proper optimization techniques,
e.g., as proposed in Refs.33:343536 and is, thus, out of the scope of the present work.

5 CONCLUSION AND OUTLOOK

This work numerically studied the structural and vibroacoustic characteristics of a flapping artificial
insect wing with different mechanical and material properties. The obtained results provided insights
into sound radiation conditions by oscillating wings and demonstrated how local modifications of the
properties of various wing areas can be used to manipulate the level of radiated noise.

The latter idea has recently been applied to enhance control over acoustic waves in randomly
structured metamaterials®”. For bio-inspired applications, it opens new horizons for sound control in
artificial wings. We envision several possible research directions, e.g., the application of topology
optimization techniques to minimize noise radiation®, the implementation of non-smooth pre-
stretched membranes with large surface viscosity to reduce generated noise, or the modification of
the wing morphology by introducing locally resonant response, which is, surprisingly, naturally present
in real insect wings®®. These studies require a comprehensive analysis of the complex interrelated
aerodynamic, mechanical, and vibroacoustic characteristics to achieve a required functionality of a
wing. Once performed, they will deliver fruitful results for further developments in robotic devices with
flexible flapping wings.
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6 APPENDIX A. SIMULATION DETAILS AND SUPPLEMENTARY
RESULTS

t(z

Figure A1l (a) Center of rotation (root of the wing) (b) the finite-element mesh of the wing
model. Different gray colorsare used to highlight the wing structure.

(a) om_zso 5.00_7.50 10.00 (mm) (b)

0.01s 0.02s 0.03s

bottom

Figure A2 Pressure areas on the bioinspired model E, = 6 GPa, En =1.5 GPa.

top

bottom

Figure A3 Pressure areas on the bioinspired model Ey, = 6 GPa, En, = 2 GPa.
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Figure A4 Effect of density variation on FRF of the wing, Ey = 2 GPa, En =2 GPa.
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