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ABSTRACT

Unlike the tail of a bird, regarded as a separately controlled aerodynamic surface, the membrane tail of a bat is operated as a dynamic
trailing-edge flap. We investigate the effects of a dynamic trailing-edge flap on unsteady lift by numerically solving the Navier—Stokes equa-
tions around a bio-inspired flapping wing. The peak of the lift coefficient in the downstroke is considerably affected by the phase difference
between the dynamic trailing-edge flap and the elevation. A quasi-steady formula is proposed to model the effects of phase difference on lift.
The model is consistent with numerical results and experimental observations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146636

The brown long-eared bat (Plecotus auritus) and the Noack’s
roundleaf bat (Hipposideros ruber) have a distinct uropatagium
(tail membrane) that connects to the legs and forms an extension
to the plagiopatagium (the membrane connecting the arms, digits,
and legs),"” as shown in Fig. 1(a). The motion of the legs causes
active deformation of both the uropatagium and the plagiopata-
gium. It has been hypothesized that the aerodynamic performance
of the bat uropatagium is similar to that of a bird tail,” * but recent
experimental results have shown that the uropatagium might have
additional aerodynamic functions.”'’ Adams et al. note that the
uropatagium provides additional thrust during takeoffs and slow
flight.'" Gardiner et al.'” and Ramezani et al.'” report that the uro-
patagium of bats plays a beneficial role in increasing lift, as well as
reducing drag and controlling pitching moment.

Through biologists’ recordings of the uropatagium in bat
flight, the camber of the uropatagium is found to be affected
actively by leg motion in the dorsoventral direction.”'” The legs
move ventrally during the downstroke and move dorsally during
the upstroke.'” The phase difference between the uropatagium
motion and the plagiopatagium motion leads to a periodical
change in the camber of the membrane. The uropatagium can be
modeled as a dynamic trailing-edge flap connected to the main
wing. The effects of the uropatagium on the aerodynamic forces
can be accomplished by introducing a dynamic trailing-edge flap
to a flapping-wing model.

In this Letter, we use a bio-inspired flapping-wing model to
investigate the role of the uropatagium motion in forward flight. The
bio-inspired flapping-wing model is adapted from models used in pre-
vious literature,"” '® which accounts for the dynamic trailing-edge flap
associated with the motion of the uropatagium, as well as the elevating
and sweep morphing of the plagiopatagium, as shown in Fig. 1(a).
The schematic of the bio-inspired flapping-wing model is shown in
Fig. 1(b). The modeled wing is divided into an inner wing ABCD and
an outer wing CDE. The spanwise lengths of the inner and outer wings
are by and b,, respectively. The sweep angles of the inner and outer
wings are A; and A,, respectively. The wing rotates around the root,
as shown in Fig. 1(c). The elevating angles of the inner and outer wings
are V| and ¥, respectively. The chordwise length at the wing root is
c. The dynamic trailing-edge flap associated with the uropatagium is
modeled by the motion of the triangle ABC. The triangle ABC rotates
around the line AC during flapping. Figure 1(d) shows the spanwise
profile of the inner wing to illustrate how the morphing uropatagium
is achieved. In the spanwise profile LIT, all points on IT rotate around
the point I. The angle between the lines IT and IL is the pitching angle
of the dynamic trailing-edge flap o. The deformed spanwise profile
LIT is measured by an effective angle oo, which is defined by the angle
between the line LT and the line LI, as shown in Fig. 1(d).

Point A of the bio-inspired flapping-wing model was fixed in a
uniform upstream flow. The kinematics of the flapping flight is
described in a fixed coordinate system of 0—xyz, where the o—x axis is
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FIG. 1. (a) Schematic diagram of bat membrane (perspective view from the ventral), adapted from the work of Hendenstrdm and Johansson.” (b) Schematic diagram of flap-
ping wing with elevating and pitching (perspective view from the dorsal), where U, denotes uniform upstream velocity. (c) Sketch of the elevating kinematics. (d) Profile of the
inner wing. P is the quarter-chord point of the effective airfoil LT. The effective velocity U,z is the z-direction velocity of the global coordinate relative to point P. (€) Snapshots

of the half wing at different time (perspective view from the dorsal).

parallel to the uniform upstream flow, the o—y axis goes along the
wingspan, and o—z axis is parallel to the vertical direction, as shown in
Figs. 1(b) and 1(c). According to the work of Wang et al,”” we take
by = by = ¢,and A; = 0.35 rad. For the inner and outer wing flapping,
the specific settings of the elevating angle in Fig. 1(c) are given as follows:

W, (t) = 0.20 + 0.40 sin(27ft), (1)

W, (t) = 0.35 + 0.30 sin(27ft), )

where f = 0.24 is the dimensionless frequency. All the variables in

this Letter are dimensionless, and are normalized by the reference

length ¢, uniform upstream velocity U, and the fluid density p. The
sweep morphing of the outer wing is set as

A, = 0.30sin(27nft). (3)

For the motion of the uropatagium, the dynamic trailing-edge flap is

specified as
o(t) = g + osin(2nft + 7 — @), (4)

where 0 is the mean angle of the dynamic trailing-edge flap, o.,, is the
amplitude of the dynamic trailing-edge flap, and ¢ is the phase differ-
ence between the dynamic trailing-edge flap and the rotation around

the root; ¢ controls the time difference between the dynamic trailing-
edge flap and the elevating motion into the downstroke. For example,
when ¢ = 0°, the uropatagium and the inner wing start the down-
stroke and upstroke at the same time; when ¢ = 180°, the inner wing
starts the downstroke and the uropatagium starts the upstroke.

The unsteady flows and aerodynamic forces of the flapping-wing
model are obtained by numerically solving the Navier—Stokes equation
for incompressible flow by using an in-house code. We set the
Reynolds number at Re = U,,c/v = 300, where v is the fluid kine-
matic viscosity, with the assumption that separation at the sharp
leading-edge is not sensitive to the Reynolds number, in accordance
with previous work."”'? *' Details of the numerical method and vali-
dations can be found in our previous paper.”' >’ Limited by the length
of this Letter, this work focuses on the unsteady lift influenced by the
dynamic trailing-edge flap associated with the uropatagium morphing.

We take the phase differences in Eq. (4) as —45°, 0°, 45°, 90°,
135°, and 180°. At the same time, we take the mean angle of attack
(AoA) at 25° and oy = o, = 10° for the movement of the dynamic
trailing-edge flap. To investigate the effects of the dynamic trailing-
edge flap, we also simulated a baseline case without uropatagium
morphing, where oy = o, = 0°. The lift coefficient of the model is
defined as
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FIG. 2. Lift coefficients at different phase differences. The gray and white blocks
denote the downstroke and upstroke, respectively.
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where S* is the area of the entire wing, and L is the lift. Figure 2 shows
the lift coefficient at different phase differences of the dynamic
trailing-edge flap compared to that of the baseline case. The lift coeffi-
cients for the two cases with ¢ = 0° and —45° are close to each other
and higher than those of the other cases. The lift coefficients for the
two cases with ¢ = 180° and 135° are close to each other and lower
than those of the other cases. The result shows that it is beneficial to
increase lift when the start time of the downstroke of the dynamic
trailing-edge flap and the elevating motion is close.
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The results in Fig. 2 indicate that the dynamic trailing-edge flap
with appropriate phase difference can increase the peak lift coefficient
on the downstroke. We also investigate the effects of the dynamic
trailing-edge flap at different o, o, and AoA to confirm that the rela-
tionship between ¢ and Cy still holds for different parameters. Figure 3
shows the lift coefficients corresponding to the phase difference
(¢ = 0° and ¢ = 180°), while setting different AoA or amplitudes of
dynamic trailing-edge flap o,,,. In Fig. 3(a), a,,, changes, and all the cases
are fixed at AocA = 10°. When og= o, = 20°, the lift coefficient of the
case with ¢ = 0° is greatly improved during the downstroke compared
with the case with o= o, = 10°, but the lift coefficient of the case with
¢@ = 180° does not vary noticeably on the downstroke with the change
of amplitude. The lift peak of the case with ¢ = 180° is very close to the
baseline at the same AoA, and its lift coefficient is only slightly improved
during the upstroke owing to the greater amplitude. From Fig. 3(b),
it can be noted that the lift coefficient corresponding to the case with
¢@ = 0° is higher than those corresponding to the case with ¢ = 180°
for both angles of attack in Fig. 3(b), whether AoA = 25° or AoA
= 10°. Thus, the relationship between ¢ and C; cannot be affected by
amplitude, the mean angle of the dynamic trailing-edge flap, or AoA.

To quantify the amount of chordwise deformation in a similar
manner to that evaluated by Li et al.”* and Dai et al.,”” an effective
airfoil and effective pitching angle are introduced, as illustrated in
Fig. 1(d). The quarter-chord point P is approximated here as the
aerodynamic center of the effective airfoil LT. To account for
the effect of the dynamic trailing-edge flap on the motion of the
inner wing (more details of the considerations can be found in
the supplementary material), we define the z-direction velocity of
the global coordinate relative to point P at the spanwise position
y = 0.25 as the effective velocity Ues. The effective velocity can be
expressed as

d¥
Ueff(t/T7 <P) = - —1)’ COs lIIl

dt
d[agjf(t/T7 (/J)] l
+ — 7% [t (t/T, @) 4+ AoA], (6)
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FIG. 3. Lift coefficient curves with two types of phase difference ¢ = 0° and ¢ = 180° after changing the amplitude of the dynamic trailing-edge flap o, or AoA, where the
baseline denotes no dynamic trailing-edge flap, with changes in AoA only. The gray and white blocks denote the downstroke and upstroke, respectively. (a) Changing the
amplitude «, for two types of phase difference. (b) Changing AoA for two types of phase difference.
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where AoA is the angle of attack, which is a constant for the wing
model used in this work. [ is the chord length of the effective airfoil
LT. Equation (6) shows that Uy consists of the flapping of the inner
wing and the pitching of the effective airfoil, respectively. The detail of
the derivation of Eq. (6) can be found in the supplementary material.
It can be seen from Fig. 4 that the z-direction relative velocity of
point P at the spanwise position y = 0.25 shows a similar trend in
magnitude for the phase difference cases of the lift curves. It can be
seen that the Uy curve for ¢ = 0° has the maximum peak compared
to the other cases. From the view of the lift mechanism of the thin
wing during unsteady motion, lift is definitely related to the incoming
velocity as well as the deformation velocity of the wing. Hence, this is
now a metric that can be used to quantify the deformation of the inner
wing. As shown in Fig. 2, the cases produce significantly different lift
coefficients because of the difference in the phase difference of the
dynamic trailing-edge flap, and it is this difference in phase difference
that leads to the difference in Uy of the effective airfoil shown in
Fig. 4. As a result, Uy is considered physically reasonable as a means
of measuring the morphing speed of the wing. Furthermore, the lift
coefficient can also be corrected by introducing Uy to derive a new
lift coefficient (hereinafter referred to as corrected lift coefficient),
given by
C=p———. @)
Sp(Usy + US

As shown in Fig. 5, the corrected lift coefficient formula, Eq. (7),
indicates that the effective velocity can be used to explain the effect of
the dynamic trailing-edge flap on the lift of the flapping-wing model.
It is observed that the different curves in Fig. 2 almost coincide when
using Eq. (7) in Fig. 5. The corrected lift coefficients at different pitch-
ing amplitudes also coincide with each other (see the details in Sec. V
of the supplementary material). The numerical results show that the

i downstroke

S
o
I

velocity
o

T Tyr rrrr1r 717

FIG. 4. The z-direction incoming velocity U at the quarter-chord point of the
effective wing at the spanwise position y = 0.25 for three phase-difference cases.
The gray and white blocks denote the downstroke and upstroke, respectively.
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FIG. 5. Corrected lift coefficients at different phase differences. The gray and white
blocks denote the downstroke and upstroke, respectively.

corrected lift coefficient formula can be used as a simplified model for
predicting trends of lift.

According to Eq. (7), the lift formula can be expressed as
L(t/T,¢) = 1/2pC1S* (Uyg + U_ )%, where Ue can be considered
as a function Uy = Uy (t/T, @), with t/T and ¢ as independent var-
iables. Then, the phase difference achieving the maximum U is
obtained as —8.41°, and according to the previous conclusion, the
maximum lift of the wing model can be reached approximately when
¢ = —8.41°. The details of the estimation of the phase difference cor-
responding to the maximum lift can be found in the supplementary
material. This numerical result is obtained under the condition
(¢ = —8.41°, AoA = 25°, ap= o, = 10°); the average lift coefficient
Crayg = 1.60, and the peak lift coefficient Cy ma = 4.06. The average
lift coefficient and the peak lift coefficient in this case have been
improved by 6.29%, and 7.06%, respectively, compared with those in
the baseline. In the case with ¢ = 0°, there are 6.17% and 6.81%
improvements for Cy 4, and Cp may, respectively, compared with the
baseline. Hence, both from the analytical and numerical results, it is
found that a suitable negative phase difference is beneficial to improve
the lift. Likewise, Cheney et al."* observed uropatagium morphing of
fruit bats during steady flight, and it can be found that there is a nega-
tive phase difference in uropatagium pitching compared to shoulder
elevating. In other words, the uropatagium starts the downstroke ear-
lier compared to shoulder elevating during the steady flight of bats.

In summary, this work extracts kinematic characteristics from
bat flight to construct a flapping-wing model with a dynamic trailing-
edge flap. A series of unsteady lift coefficient with changes in the phase
of the dynamic trailing-edge flap are obtained by calculating the flows
around the bio-inspired flapping-wing model. After obtaining the rela-
tionship between the phase difference of the dynamic trailing-edge
flap and the lift, it is found that the phase difference corresponding to
obtaining maximum lift is not 0°, but a negative phase difference
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closer to 0°. A simplified model is proposed to predict the effect of
dynamic trailing-edge flap on lift and to explain the relationship
between the phase difference of the dynamic trailing-edge flap and lift.
Using this model, it can be concluded that the phase difference corre-
sponding to the maximum lift is a negative value close to 0°, which
means that the dynamic trailing-edge flap starts from the downstroke
slightly earlier than shoulder elevating to obtain the peak of lift, this
phase difference is also consistent with the observation reported in the
experiment of bat flight.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed derivation of the
effective velocity U, discussion of the phase difference ¢ correspond-
ing to the maximum lift, and the corrected lift coefficient at different
flapping parameters.
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