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Synopsis The effect of wing flexibility in hoverflies was investigated using an at-scale mechanical model. Unlike dyna-
mically-scaled models, an at-scale model can include all phenomena related to motion and deformation of the wing
during flapping. For this purpose, an at-scale polymer wing mimicking a hoverfly was fabricated using a custom
micromolding process. The wing has venation and corrugation profiles which mimic those of a hoverfly wing and the
measured flexural stiffness of the artificial wing is comparable to that of the natural wing. To emulate the torsional
flexibility at the wing-body joint, a discrete flexure hinge was created. A range of flexure stiffnesses was chosen to match
the torsional stiffness of pronation and supination in a hoverfly wing. The polymer wing was compared with a rigid, flat,
carbon-fiber wing using a flapping mechanism driven by a piezoelectric actuator. Both wings exhibited passive rotation
around the wing hinge; however, these rotations were reduced in the case of the compliant polymer wing due to
chordwise deformations during flapping which caused a reduced effective angle of attack. Maximum lift was achieved
when the stiffness of the hinge was similar to that of a hoverfly in both wing cases and the magnitude of measured lift is
sufficient for hovering; the maximum lift achieved by the single polymer and carbon-fiber wings was 5.9 x 10°uN and
6.9 x 10°uN, respectively. These results suggest that hoverflies could exploit intrinsic compliances to generate desired
motions of the wing and that, for the same flapping motions, a rigid wing could be more suitable for producing large lift.

Introduction

Hoverflies are well known for their remarkable flight
capabilities including hovering and agile manoeuvres
(Ellington 1984b; Brodsky 1994; Fry 2003). Hence, this
species is attractive not only to biologists but also
to aerodynamicists and engineers who aim to build
small flying robots inspired by biological designs
(e.g., Wood 2008). Unlike conventional fixed-wing
aircraft, a hoverflies’ wings are flexible which results
in nontrivial deformations during flapping flight
(Ellington 1984b; Ennos 1988b; Walker et al. 2009).
Although wing flexibility presumably has several ben-
efits for flapping-wing flight such as minimal inertia
due to reduced material in the wing and the ability to
passively pronate and supinate to reduce the angle of
attack, the effects on the flow structure around the
wings and the resulting performance is still unclear.
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Wing flexibility can be structurally divided into
two parts: flexural compliance of the wing surface
(both in the spanwise and chordwise directions)
and torsional flexibility at the joint connecting the
wing and the body. To highlight the importance of
wing compliance, the deformation of the wing
during flapping depends entirely upon the wing
structure since insect wings do not contain muscles
that actively change the wing shape. Wings of most
flying insects, including hoverflies, consist of tubular
veins supporting thin membranes (reviewed by
Brodsky 1994; Wootton 1992). Combes and Daniel
(2003a) measured the flexural stiffness of various
insects wings and found that spanwise flexural stiff-
ness was 1-2 orders of magnitude larger than chord-
wise flexural stiffness. They also showed that the
stiffness changed as a function of the vein stiffness
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using a finite-element model analysis. Actual defor-
mation of the wing of a free-flying hoverfly, Eristalis
tenax, was recently measured in detail with multiple
high-speed video cameras by Walker et al. (2009)
showing that the wing surface twists and generates
cambered profiles during flight. The torsional wing
stiffness of E. tenax was measured by Ennos (1988a).
This study showed that stiffness in pronation was
larger than that in supination. However, measure-
ments of the torsional angle at the base of the wing
during free flight are scarce. It is also unknown whether
the rotation of the joint is actively caused by the
direct flight muscles or passively by joint flexibility,
or both.

For a parametric study of the aerodynamics of
hovering flight, a dynamically-scaled flapping
mechanism with a rigid flat wing was previously
used (Dickinson et al. 1999; Birch and Dickinson
2001). Using mechanical models instead of live
insects, precise control of wing kinematics and high
repeatability were achieved, revealing various
unsteady features of the aerodynamics of hovering
insects (reviewed by Sane 2003). Recently, dynami-
cally-scaled models recreated the flexibility as well as
the kinematics of insect wings to some extent.
Ishihara et al. (2009) used a wing model with a
plate spring at the rigid leading edge and demon-
strated that appropriate torsional flexibility maxi-
mized the mean lift coefficient of a crane fly. Zhao
et al. (2010) used a wing model consisting of a rigid
leading edge and a flexible plastic plate, and showed
that the lift coefficient can be increased by the sur-
face flexibility when the angle of attack of the wing
was >50° at a Reynolds number of 2000.

Dynamically-scaled models, however, are unable
to recreate passive deformation of the wing caused
by the combined inertial and aerodynamic forces
experienced during flight. Inertia of the wing is
thought to play an important role in deformation
of the wings of flying insects (Ennos 1988b;
Combes and Daniel 2003b). To model the ratio of
the inertia of a natural wing to fluid inertial force
which can be represented by a mass density ratio of
the wing material to fluid (not just the ratio of fluid
dynamic pressure to fluid viscous force which can be
represented by Reynolds number), using a large
dynamically-scaled model would require a material
with an unachievably high density (Ishihara et al.
2009). For example, Ishihara’s dynamically-scaled
model would require a density of >140gcm™ for
a wing material in order to dynamically scale the
density ratio of the wing to the fluid, which is 100
times more dense than the wing material (polyethy-
lene terephthalate) used in the model. For
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comparison, the densest element, Osmium, has a
density of only 22.59gcm . Therefore, the effect
of wing inertia in a large-scale model is much smaller
than that in real insects.

At-scale models operating in air have the potential
to simulate the aerodynamic phenomena of compli-
ant flapping wings since the structure, inertia, oper-
ating frequency, and trajectories are similar to those
of insects in free flight. A hoverfly-sized mechanical
robot with flapping wings has been realized using
meso-scale manufacturing techniques and piezoelec-
tric actuation (Wood 2008; Whitney and Wood
2010). This device flaps at greater than 100Hz at a
flapping amplitude of 100° and generates lift greater
than body weight. A fabrication method for insect-
sized flexible wings was also introduced by Tanaka
and Wood (2010). These wings, made of a flexible
polymer, have venation and corrugated profiles simi-
lar to those of a hoverfly (Fig. 1).

In this article, we explore the effect of flexural and
torsional flexibility of a hoverfly wing on lift genera-
tion by actuating compliant and rigid at-scale wings
with trajectories appropriate to hoverfly flight while
measuring the resulting lift force. The compliant
wing was created to match the morphology of a
hoverfly wing using the process described in ‘At-
scale model of a hoverfly wing’ section. This wing
matches shape and surface features and stiffness of a
natural hoverfly wing. A flexure hinge (the ‘wing
hinge’) at the interface between the wing and
thorax was used to enable passive wing rotation
and its stiffness was tuned to the measured torsional
stiffness of a hoverfly wing. A rigid carbon-fiber (CF)
reinforced wing was also fabricated for comparison.
Using these at-scale models, we examined our
hypothesis that enough lift for hovering can be
achieved with passively rotating wing in hoverflies
and studied the lift generated by both wings as the
wing hinge stiffness was altered. Detailed fabrication
methods and experimental results are described in
the following sections.

Materials and Methods
At-scale model of a hoverfly wing

Corrugation profiles have been documented for a
hoverfly (Rees 1975) as well as a dragonfly
(Okamoto et al. 1996; Jongerius and Lentink 2010).
Figure 1 illustrates the venation and corrugation pro-
files of E. tenax captured by a photograph and an
X-ray CT, respectively. Design of our at-scale model
is shown in Fig. 2A and B. The venation and outline
were the same as those of E. tenax, and the corru-
gated surface was designed with 3D CAD based on
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Fig. 1. (A) Venation of a right wing of a hoverfly, Eristalis tenax.
(B) X-ray CT image of a corrugated cross-section of a right wing
of Eristalis tenax.

the X-ray CT scans. The cross-sectional shape of the
artificial veins is a solid ellipse while the natural wing
has tubular veins. This is due to the limitation of the
fabrication method described below. The width and
height of the artificial veins ranges from 36 to
120pm and 18 to 180pum, respectively (Fig. 2A).
Triangular features at the outline of the wing were
used as registration marks for motion tracking. The
thickness of the membrane was <10 pm. The corru-
gation of the artificial wing runs from the wing base
to the tip branching in the middle (Fig. 2B) with a
maximum height of 150 pm. These design values
were chosen to achieve a stiffness similar to that of
the natural wing (using the measurement process
described below) through multiple revisions.
Although the corrugations presumably affect the flex-
ibility of the wing surface and its deformation during
the flight, the actual effect of the wing stiffness on
aerodynamic performance during flapping is still
unclear.

The at-scale corrugated wing was created by mold-
ing a thermosetting resin with a pair of micromolds:
a bottom silicon mold and a top PDMS (polydi-
methylsiloxane) mold (Fig. 3). The 3D shapes of
the solid veins and membrane of the corrugated
wing were simultaneously formed by a single mold-
ing process. Complex 3D profiles of the molds for
the veins and corrugations were realized by laser-
scanning ablation with a pulsed DPSS (diode-
pumped solid state) UV laser. The mold surface
was etched layer-by-layer with average step height

H. Tanaka et al.
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Fig. 2. (A) A flexure hinge and venation of a polymer corrugated
wing. The thickness of the wing membrane was ~10 um. A
L-shape CFRP (Carbon fiber reinforced polymer) plate was
embedded at the wing base to reinforce the connection with the
wing hinge. (B) Perspective view of the corrugated surface
profile created with a 3D CAD software (left) and the cross
sections of the wing (right). (C) Design of a flat carbon fiber
reinforced wing.

of 3um, resulting in arbitrary 3D shapes. The
PDMS mold was created by casting PDMS resin on
another positive silicon mold made by the laser abla-
tion. For the wing material, a commercially-available
thermosetting resin (Tuffalloy 4282, Hapco, Inc.) was
chosen for its ease of use and high Young’s modulus
(3.2GPa, as quoted by the manufacturer). This is
comparable to the previously reported Young’s mod-
ulus of the cuticle of insect wings with ranges from 1
to 20GPa (Smith et al. 2000; Vincent and Wegst
2004; Song et al. 2004, 2007). Details of the fabrica-
tion process are described by Tanaka and Wood
(2010) with some minor modifications: the bottom
mold in the current study has not only corrugations
but also veins, resulting in the ability to form
veins on both sides of the wing membrane. The
cross-sectional shape and sizes of the veins and
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Fig. 3. Schematic representation of the process flow for a corrugated polymer wing. Liquid thermosetting resin was pressed with a pair
of molds (1 and 2). After the resin was cured, the top mold was peeled off and a wing outline was cut with a laser (3). Finally the wing

was released from the bottom mold in water (4).
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Fig. 4. Locations of the point at which force was applied for flexural stiffness measurements.

corrugations were also modified to achieve stiffness
similar to that of the natural wings.

To clarify the effect of wing flexibility, a rigid wing
with the same planform shape as the corrugated
polymer wing was created (Fig. 2C). The rigid wing
consists of an ultra-high-modulus CFRP frame and
1.5 um-thick polyester film membrane. The CFRP
frame was laser-machined from a pre-cured CFRP
laminate and bonded to the polyester film with a
laser-machined adhesive film. The thickness of the
frame was 90 um, including the adhesive, and the
‘vein’ width ranges from 75 to 150 pm. The slit at
the trailing edge was removed in the rigid wing to
avoid fluttering of the membrane. This change of the
planform shape increases the wing area and the
second moment of wing area around the base only
by 0.7% and 0.1%, respectively. It was reported that
the mean lift in the quasi-steady analysis is propor-
tional to the second moment of wing area (Weis-
Fogh 1973; Ellington 1984a)

The flexibility of both wings were measured by
applying a point force to bend the wing in a similar
manner as described by Combes and Daniel (2003a).
The reduced flexural stiffness EI was approximated
from the applied force and the displacement of the
wing using simple beam theory, where E is Young’s
modulus of the beam and I is the second moment of
area of the cross section. The setup for the

application of a point force to bend the wing was
the same as that used by Tanaka and Wood (2010).
A point force was applied from the ventral side at
approximately 70% of the wing length on the leading
edge for spanwise stiffness, and at 70% of the chord
width at half the wing length for the chordwise stiff-
ness of the polymer wing (Fig. 4). For the CF wing,
the point was adjusted to apply the force to the vein,
not the film, in order to prevent damage to the film.
The flexural stiffness EI (Nm?) was calculated as

1,
T 3d
where f is the applied force, [, is the distance
between the applied point force and the proximal
mount, and d is the displacement of the wing at
the point which force was applied. For chordwise
stiffness, we assume that the thick leading edge
does not bend.

The torsional stiffness of the artificial wing was
controlled by the wing hinge (Fig. 2A). The hinge
consists of rigid CFRP sheets and a polyimide film,
which was fabricated by a process similar to that
used in making the CF wing. The torsional stiffness
G (Nm radian™") can be changed with the hinge
width, length, and thickness as

EI

_ EhWhtZ
o121,
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Fig. 5. Photos of a fabricated polymer corrugated wing (A) and a rigid carbon-fiber wing (B). (C) Example of a polyimide flexure hinge.

Small lateral and vertical beams were used for motion tracking.

where Ej, is Young’s modulus of the flexure hinge
(2.5GPa for the polyimide film) and wy, I, 1, are
the width, length, and thickness of the hinge, respec-
tively (Fig. 7A). The flexion line of the hinge was set
at the root of the thickest vein (Fig. 2A).

At-scale flapping mechanism

Figure 5 shows the fabricated wings and an example
hinge. The wings were connected to the flapping
mechanism via the wing hinge (Fig. 6). A thermo-
plastic (Crystalbond 509, Electron Microscopy
Sciences) was used for temporary bonding so that
the wings and hinges were replaceable. To strengthen
the connection between the wing and the wing hinge,
a CFRP reinforcement was bonded to the polymer
wing with a cyanoacrylate adhesive (Fig. 5A). The
tethered flapping mechanism, similar to that used
by Whitney and Wood (2010), was driven by a
piezoelectric actuator at 150 Hz which is a typical
flapping frequency of hovering E. fenax (Ellington
1984b; Walker et al. 2009). The sinusoidal input vol-
tage to the piezoelectric actuator was the same in all
experiments. The wing motions were captured by
two high-speed video cameras (Phantom v7.3,
Vision Research) from lateral (front) and vertical
(top) perspectives (Fig. 6) using a frame fate of
10,000 fps and an exposure time of 4 ps. Flapping
angles, ¢, and ¢,, are defined by the hinge line and
a wing base-tip line in the top view, respectively
(Fig. 7B). &, and ®, are stroke amplitudes corre-
sponding to ¢, and ¢, Wing pitch angles at the
base and 75% of the wing length, v, and v, were
measured using a frontal projection view (Fig. 7A
and C). Lift was measured using the custom force
sensor shown in Fig. 6 at a sampling rate of 10kHz

| piezoelectric actu

-

; i
lift f top camera view

parallel eantilever

- i i flapping
frontal camerajVie wing

| ™ displacement sensor

Fig. 6. The tethered flapping mechanism driven by a piezoelectric
actuator and flexure-based transmission. Lift was recorded by
measuring deflection of a parallel cantilever beam to which the
mechanism was attached.

(Wood et al. 2009). The sensor output was filtered a
posteriori with a cutoff frequency of 750 Hz. Average
lift per flapping cycle was calculated as a time-aver-
aged value during 100 flapping cycles. Five measure-
ments were carried out for each combination of wing
and hinge.

Our flapping mechanism has only a single wing
while a natural hoverfly has a pair of wings that
potentially interact both mechanically and aerodyna-
mically. However, in this study, we focus on a single
wing, independent of induced flows or disturbances
arising from the contralateral wing, the head, thorax,
abdomen, or legs.

Results and discussions

Wing flexibility

The measured reduced stiffness, EI, and mass of
the fabricated wings and a dried specimen of
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Fig. 7. (A) Schematic representation of wing hinge with pitch
angle, v, and perspective view of wing flapping. (B) Top view
with flapping angle, ¢. (C) Cross-section view of the wing flapping
showing wing pitch angle, ¥, and chordwise deformation.

E. dimidiata are shown in Table 1. Both spanwise
and chordwise stiffness of the corrugated polymer
wing achieved the same order of magnitude as
those of E. dimidiata. On the other hand, the chord-
wise stiffness of the CF wing was more than three
times larger than that of the natural wing. It should
be noted that desiccated wing tends to be stiffer and
lighter than fresh wing (Steppan 1996; Mengesha
2011). The mass of both polymer and CF wings
are approximately equal (~0.9 mg). Since the mass
of the artificial wings includes the base attachment,
the actual mass of the wing surface should be smaller
than the values shown in Table I.

Five different hinges (very soft, soft, intermediate,
rigid, and very rigid) were fabricated with dimen-
sions and calculated stiffnesses quantified in
Table 2. Stiffness of the soft and very soft hinges
fall between that of E. fenmax in supination and in
pronation.

Wing motion

Observation with a high-speed camera proved that
the flexure hinge passively rotated according to the
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Table 1. Surface flexural stiffness of artificial and natural wings.

Wing

length Mass Spanwise Chordwise
Wing type (mm) (mg) El (Nm?) El (Nm?)
polymer 11.7 0.84 34x107 68x107°
CF (carbon fiber)  11.7 0.88 6.2x 1077 1.7 x1078
sristalis 9.32 053° 54x1077* 48x10°"

*The values are taken from Tanaka and Wood (2010) for a dried wing
of Eristalis dimidiate.

®The value is taken from Ellington (1984a) for a fresh wing of Eristalis
tenax.

stiffness during tethered flapping. It was also found
that the surface of the polymer wing had non-negli-
gible deformation in the chordwise direction,
whereas the CF wing behaved as a rigid plate.
Figure 8 shows a time sequence of wing pitch
angles at the wing base and 75% of the wing
length (¢, and v,) of the polymer wing and CF
wing with an intermediate stiffness hinge. The
graphs were smoothed using a nine-point moving-
average method to eliminate the error due to manual
tracking. For the polymer wing, the magnitude of ¥,
is larger than v, due to the chordwise deformation
of the surface (Fig. 8A and C, left). The peak differ-
ence of the angles was as large as 30°. In the case of
the rigid CF wing, difference between v, and v, was
less than 9° (Fig. 8B and C, right).

Figure 9A shows mean values and standard devia-
tions of stroke amplitudes for each combination of
the wings and hinges. The flapping amplitude of the
wing base, &, ranged from 82° to 92° and that of
the wing tip, ®, ranged from 96° to 112°, respec-
tively. These values for the flapping amplitude of the
wing tip are similar to those reported for E. ftenax,
which range from 67° to 131° (Ellington 1984b;
Walker et al. 2009). &, tended to be larger than
®,. This is due to the offset of the location of the
wing tip from the rotational axis of the hinge. Since
the offset of the wing tip is larger than that of the
base (Fig. 2C), passive pronation at the hinge
increased the flapping angle of the wing tip
(Fig. 8C) and the supination decreased it, resulting
in the greater flapping amplitude of the wing tip.
The wing tip flapping amplitude @, of the polymer
wing was greater than that of the CF wing despite
the fact that the base flapping amplitude @, of the
polymer wing was less than that of the CF wing. This
is possibly due to the chordwise and spanwise bend-
ing of the polymer wing and phase matching
between pitch rotation and flapping angles.

Passive pronation and supination was governed by
the torsional stiffness of the wing hinge. Figure 9B
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Table 2. Torsional stiffness of the wing hinge for the artificial
wings and total torsional stiffness measured from natural wings

th Wh ly G
Hinge type (um) (um) (um) (Nm radian™")
Very soft 125 124x10° 14x 10> 35x107°
Soft 125 143x10° 13x 10> 46x107°
Intermediate 125 148x10° 1.0x 10> 59x10°°
Rigid 125 1.73x10° 097 x 10* 7.2x107°
Very rigid 125 207 x 10° 1.07 x 10> 7.9 x 107°
Eristalis (in supination) — - - 11 x107¢
Eristalis (in pronation) — - - 52x107%

H. Tanaka et al.

“The values are taken from Ennos (1988a) for a fresh wing of Eristalis
tenax.

shows maximum and minimum wing pitch angles at
the wing base (Y pmax and ¥ pmin) in pronation (posi-
tive value) and supination (negative value). For the
polymer wing, ¥yma and Yy, ranged from 13° to
50° and from —18° to —45°, respectively. In the CF
wing, Ypmax and ¥pm;, ranged from 23° to 78° and
from —25° to —71°, respectively. Rotation of the
hinge in the polymer wing was smaller than that of
the CF wing across all values of hinge stiffness. This
is thought to be due to the chordwise deformation of
the surface of the polymer wing. Chordwise deforma-
tion reduces the angle of attack of the wing, which
presumably decreases drag resulting in reduction of
the torque around the wing hinge axis.

The measured average lift is shown in Fig. 9C. A
maximum average lift of 6.9 x 10*uN was achieved
by the CF wing with a soft hinge (4.6 x 10°Nm
radian™'). The maximum lift generated by the poly-
mer wing was 5.9 X 10? uN, recorded with the soft
hinge. Both wings generated reduced lift with very
soft (3.5x107°Nm radian™') and very hard
(7.9 x 10"°Nm radian™') wing hinges, indicating
the presence of a (at least local) maximum in lift
generation as a function of wing hinge stiffness.
Between the soft hinge (4.6 x 10" °Nm radian™)
and the hard hinge (7.2 x 10°°Nm radian™"),
mean values of average lift were relatively constant:
5.9 x 10*uN for the polymer wing, and ranging from
6.6 x 10> to 6.9 x 10°uN for the CF wing. Given a
typical mass of E. tenax of 110 mg (Ellington 1984a;
Walker et al. 2009), the magnitude of lift produced
in these experiments is appropriate for hovering
flight. Within this range of torsional stiffness for
the greatest lift (4.6x107° to 7.2x10 °Nm
radian™'), the pitching magnitude at the wing base
was between 20° and 33° for the polymer wing, and
between 28° and 51° for the CF wing (Fig. 9B),
which indicates that the compliant surface of the
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Fig. 8. Time sequence of wing pitch angles at the base and 75%
of the wing’s length, v, and v, of a polymer wing (A) and CF
wing (B) with an intermediate hinge. t’ is a dimensionless time
which was normalized by duration of a single flapping cycle.
Timing of stroke reversal was determined as the time when the
sign of angular velocity of the flapping angle at the base, ¢y,
changes. (C) Top view of the polymer wing (left) and CF wing
(right) with the intermediate hinge at t'=0.2. See also
Supplementary movies.

wing causes the passive rotation of the wing hinge
to be less sensitive to the torsional compliance at the
joint. The range of torsional stiffness which exhibited
the greatest lift in the current experiment (4.6 x 10~°
to 7.2x107° Nm radian™') overlaps the torsional
stiffness of a similarly sized E. tenax wing, as mea-
sured by Ennos (1988a), which ranges from
1.1 x 107° to 5.2 x 10~° Nm radian". It should be
noted that Ennos’s results include not only torsion at
the wing joint but also torsion of the wing surface to
some extent due to them method of measurement.
Therefore, the actual torsional stiffness at the wing
joint of a hoverfly may be larger than the values used
in this article.
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Fig. 9. (A) Flapping amplitude of the wing base and the wing tip,
®;, and .. (B) Maximum and minimum angle of wing pitch at the
wing base, ¥, max and ¥y min. (C) Average lift per flapping cycle.
Flapping frequency was 150 Hz in all cases. Line plots and bars
show mean values and standard deviations for five trials.

The current experiments confirm that sufficient
lift for hovering can be achieved with passive prona-
tion and supination when the torsional stiffness of
the wing joint is similar to that of a natural wing.
However, the more rigid CF wing generated on aver-
age higher lift than the polymer wing which mimics
the flexibility of a natural wing. This suggests that a
rigid wing could be more suitable for high lift gen-
eration than a flexible wing. However, these experi-
ments do not consider input power (either electrical
power to the actuator or mechanical power to the
wing transmission) and only use lift as a metric for
performance. To more fully understand the effect of
wing flexibility for flapping-wing flight, the drag
force and efficiency also need to be investigated.
Furthermore, the polymer wing used in these experi-
ments was not optimized for generation or efficiency
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of thrust; it is reasonable to expect that performance
would be improved by appropriate choice of design
(biomimetic or otherwise). For example, negative
camber appeared in our current polymer wing
during flapping, whereas positive camber was
reported in natural wings during free flight (Walker
et al. 2009).

Conclusion

To evaluate the effect of flexural and torsional com-
pliance on lift generation in dipteran flight, a flexible
polymer wing and multiple compliant hinge joints
were created to have similar dimensions as natural
hoverfly wings. The polymer wing mimicked the
venation and surface corrugations of a hoverfly,
E. tenax, at the scale of the insect. The 3D veins
and membranes were formed simultaneously by a
single molding process using laser-machined micro-
molds. Measured spanwise and chordwise stiffnesses
EI were 3.4 x 107 Nm” and 6.8 x 10° Nm® respec-
tively, which were the same order of magnitude as
those of a dried E. dimidiata. A single flexure hinge
was used to control the torsional flexibility of the
joint connecting the wing and the body. The artificial
wings and hinges were tested with an at-scale teth-
ered flapping mechanism driven by a piezoelectric
actuator. It was found that the flexure hinge passively
pronated and supinated during tethered flapping
when the stiffness of the hinge was similar to the
torsional stiffness of fresh Eristalis tenax wings. By
comparing the flexible polymer wing with a rigid
carbon-fiber (CF) wing, it was found that the rota-
tion of the wing hinge for the polymer wing was less
than that for the CF wing, which is thought to be
due to chordwise deformation of the polymer wing.
When the stiffness of the hinge was between
46x107° and 7.2 x 107°Nm radian™!, both the
polymer and the CF wing produced sufficiently
large lift for a hovering Eristalis. The maximum lift
achieved with the CF wing, 6.9 x 10% UN, was greater
than that of the polymer wing, 5.9 x 10°uN. These
results suggest that hoverflies can utilize passively
pronation and supination during hovering flight,
and that for similar wing flapping motions and
wing planforms, a rigid wing can produce larger
lift. The effect of wing flexibility on drag and effi-
ciency, however, require further investigation.
Finally, a key demonstration of this work is that
the use of at-scale test apparatus—including biomi-
metic wings, flapping mechanism, and associated
instrumentation—provides unprecedented capabil-
ities for the study of structure—function relationships
for insect-like flapping wings. Such experiments
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require no scaling assumptions and can use a large
variety of artificial wings or freshly excised insect
wings.
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