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FIGURE 5. The averaged values of P,, for the fore- (a) and hind- (b) wings as a function
of time Pronation and supination are at marked regions. The average value is taken over 50

periods. Also shown are —P¢l ;. and P, from (2.2). Time is in the unit of the flapping

period, and P,,; dimensions, power per unit length, in the unit of the ratio of the weight of
the insect and the time scale.

extent, by added mass and rotational circulation effects, with other terms playing a
minor, but discernible, role.

4. Other cases of passive wing pitch reversal

To see whether the above described passive mechanism for wing pitch reversal
occurs in other insects, we analyse kinematics for a hovering fruitfly (Fry et al.
2005), hovering hawkmoth (Willmott & Ellington 1997a), and simplified dragonfly
hovering kinematics (Wang 2000). As with the dragonfly, we calculate P,, using (2.2)
for a chordwise cross-section of the wing at 66 % the wingspan. In order to model
aerodynamic forces, we use the quasi-steady model from (2.10c¢). For the simplified
hovering kinematics, the morphological parameters of the dragonfly studied in the
previous section are used. For the fruitlfy and hawkmoth, actual morphology of the
insects is employed (Willmott & Ellington 1997b; Fry et al. 2005).

Results for P, along with each wing motion are shown in figure 8. For each of
the kinematics, we see similar results to the dragonfly kinematics. Large negative
peaks occur close to the wing pitch reversal, which is nearly coincidental with stroke
reversal. Because of the relatively light wings of dragonflies and fruitflies (figures 8a
and 8e), the aerodynamic component of P,, is comparable to the inertial one. For
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aerodynamic
figure 5.

the hawkmoth, however, the inertial component becomes dominant. This is expected,
as the hawkmoth has a large wing mass relative to its body mass.

5. Quasi-steady analysis of wing pitch reversal

The fact that passive wing pitch reversal is observed for these different wing
kinematics suggests the need for a general explanation. The passive pitching can be
intuitively explained as follows. When the wing decelerates prior to stroke reversal, the
fluid continues to move forward and pushes the centre of the wing forward causing it
to rotate about the torsion axis. This is the added-mass effect. As the wing continues
to pitch after stroke reversal, lift, drag and added mass forces on the wing will all be
directed in a way that will cause pitch reversal to occur passively. Below, we analyse
the relative importance of these terms in the framework of the quasi-steady model.
We do this by inspecting the components in the quasi-steady expression for P,, term
by term.

If the wing is thin, b/a < 1, then the added mass coefficients can be simplified as
myy — 0, mpy — m,. Hence, we can combine (2.2) and (2.10c) to write P,, in the
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co-rotating coordinate system as,

Prot = [(Iem + Ia)B — (mden + madgC)ay’ + MgV vy _dgCFyU’ +7’ +pfdgCUX’F]B' (5.1)

Inertial and added mass Dissipative Circulation

All terms in the equation appear as defined previously. We analyse (5.1) term by term,
and seek criteria that, when satisfied, result in wing pitch reversal being passive.
Near stroke reversal, the translational velocity of the wing is small, and therefore
drag and circulatory terms will be small because of their velocity dependence. The
terms (I, + 1,)BB — (mde, + Madgc)ay B are independent of velocity and dependent
on the acceleration of the wing. Therefore, when pitch reversal occurs in this region
added mass and inertial terms dominate P,,,. We therefore, first, consider the balance
of these two dominant terms. They aid the wing pitch when their sum is negative,
this occurs when
Mdey + Madge
Icm + Ia
These terms determine a limit on angular acceleration below which added mass
and inertial effects aid in pitch reversal. In figure 9, we plot B = (md., + myd,.)/
(Iem + 15)|ay| against |B| for snapshots in time during the pronation and supination
of the previously mentioned wing kinematics. Added mass and inertial effects aid
wing pitch reversal for any points that lie below the identity and oppose it otherwise.

Bl < jay|- (32)
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line is the limit where inertial and added mass effects aid in wing pitch reversal. The points
represent snapshots of the wing kinematics during pronation and supination, ie. they are
values of B(¢) and ay(t) for a particular motion at a particular ¢.

As we see from the figure, most points lie below this line. Therefore, these terms tend
to aid pitch reversal during both pronation and supination. The torque due to these
terms will pitch the wing such that the leading edge of the wing remains the edge
near the torsional axis.

As mentioned, the drag and circulatory terms are small near stroke reversal,
however, they can play a role in wing pitching if pitch reversal occurs sufficiently
for away from stroke reversal. From (2.12b), we see that t" will always oppose
wing rotation, but is negligible. The other drag term F" oc —|v|v will oppose the
translational motion of the wing. Therefore, if pitch reversal occurs before stroke
reversal, this term opposes pitching, and aids it after stroke reversal. This is in
agreement with observations in figure 7.

The circulation term can be decomposed into translational, Pf?*, and the rotational,
PP', components. Following (2.11),

vvV
|v]

This term aids pitch reversal when the sign of v, and B are the same. This occurs
when the trailing edge is rotating away from the direction in which it is moving, as
is the case when the wing pitches after stroke reversal. PfY' can be calculated from

PR = —2Crpydyedic =~ (5.3)

PPt = 2Crpydgedive . (5.4)
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Ficure 10. Torsional wave propagating along the trailing edge of the wing from base to tip
near pronation.

Because of its linear dependence in velocity, its magnitude is typically larger than either
drag or translational circulation near wing reversal. The sign of Pr is determined by
the sign of v,/, and opposes wing pitching unless the leading edge is changed from near
the torsion axis to the other edge of the wing, which can happen momentarily during
the pitch reversal (figure 4). In figure 7, we see that translational circulation aids wing
pitch reversal in the latter half of stokes, past stroke reversal. Rotational circulation
helps rotate the wing only during pronation, where the leading edge temporarily
changes away from the torsion axis. It has a tendency of opposing pitching during
supination, where the leading edge remains unchanged.

6. Signature of passive wing reversal

A signature of active versus passive wing pitch reversal is the direction of the
torsional wave travelling along the trailing edge of the wing during wing reversal.
If the wave propagates from the root to the tip, then the wing pitch reversal is
likely to be activated by the muscle, which is applied near the wing root. Such a
wave was previously observed in the study of a desert locust, Schistocerca gregaria
(Weis-Fogh 1973). If, on the other hand, the wave propagates from near the tip to
the root, then this suggests that the aerodynamic force, which is maximal near the
tip, is responsible for the turning motion. This type of torsional wave was observed
in Ennos (1988) for the wings of Diptera during passive wing rotation observed in
those insects. In figure 10, we show an enlargement of several frames captured for the
tethered dragonfly around the transition from up-stroke to down-stroke. We observe
a torsional wave propagating along the trailing edge of the wing, starting near the
wing-tip and ending near the wing base. This provides additional evidence for the
passive nature of the wing pitching as analysed above.

The torsion along the length of the wing is directly related to the angular rotation
of each wing segment comprising it. Using the blade-element approximation and the
wing shape of the dragonfly, we determine, for each segment, the torque caused by
aerodynamic forces and the insect muscle. The muscle forces act at the torsion axis
and are calculated by ensuring that the translational acceleration of the wing matches
the wing kinematics, Fjyect =ma — F gerodynamic- The torque about the centre of mass
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FIGURE 11. Spanwise dependence of AB on r, the fractional distance along the span of the
wing. AB(r) is calculated by integrating the torque about the wing’s centre of mass over
pronation and supination regions. During pronation, the wing is rotated anticlockwise. During
supination, the opposite happens. Therefore, at both pronation and supination the wing
elements closer to the wingtip have a tendency to twist ahead of those nearer to the base and
thus create a torsional wave.

of a segment is then
T = Ty + (dew — dge)(Fy cos B — Fy sin B) + (dew — d,t,)(f*’_\’;”se"’ cos B — F"™* gin B)
= Ion(r)B. (6.1)

We approximate the wing as having uniform surface mass density. Thus, the moment
of inertia of a blade element is 1., oc ¢(r)® at span r. Equation (6.1) determines the
pitching motion of each blade element independently of the others. We integrate this
equation over pronation and supination to determine how independent blade elements
would move based merely on aerodynamic force, and the prescription of the torsion
axis motion.

In figure 11, we show the results of integrating (6.1) for the fore- and hind-wings
of the dragonfly. We see that if each blade element is allowed to move independently,
then the tip of the wing will move ahead of the base. Since a wing is continuous, this
will induce a torsional wave along the wingspan during pronation and supination
that travels from the wing tip to the base (figure 10).

7. Summary

We have analysed the wing pitch reversal in observed hovering wing kinematics
for four different insects. By calculating the rotational power required to pitch the
wing using direct numerical simulation and quasi-steady analysis, we have shown
that in all these cases, the wing pitch reversal is aided by the aerodynamic torque
and wing inertia. The passive wing pitch is consistent with the observed torsional
wave which propagates from near the wing tip to wing root. Using a quasi-steady
analysis, we identified the main component of the fluid forces that is responsible for
the passive wing pitching. We have further determined the relative importance of the
aerodynamic and the wing inertial force in these different wing motions.

The observed wing pitching in these cases does not require additional power input
from the muscles. This suggests that although insects have the ability to pitch the
wing actively, during steady hovering flight, they can benefit from the aerodynamic
force and inertia to simplify the control of wing pitching.
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FIGURE 12. Comparison of the quasi-steady model to averaged calculations done using the
immersed interface method for dual-wing and single-wing runs for the fore- (a, c, e, g) and
hind- (b, d, f, h) wings.
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Appendix. Comparison of direct simulation to the quasi-steady model

In figure 12, we show a comparison of aerodynamic forces and power as
calculated using the immersed interface method and using the quasi-steady model.
The parameters are identical to those in § 3.



Passive wing pitch reversal in insect flight 337

As can be seen from the figure (with a few notable exceptions which we will discuss
below) the predictions using the quasi-steady model are rather close to those from the
direct simulations. One difference is the large peak in the drag force (figure 12¢), and
the large dip in lift force (figure 12 f) during the hind-wing’s supination, are missing
in the quasi-steady model. Accordingly, the quasi-steady model under-predicts the
average drag and over-predicts the average lift. This, in large part, is because both
wings generate a net downward jet that is not present in the quasi-steady model. The
discrepancies mentioned coincide with the hindwing crossing the shed vortices from
the forewing. As expected calculations where the wings are simulated in isolation (also
shown in figure 12) do not contain these discrepant features and therefore match the
quasi-steady model better. These wing—wing interaction effects make the peaks in
figure 5 larger and wing pitch reversal ‘more passive’.
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