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Bat wings contain dozens of joints that enable the animal to perform aggressive maneuvers by means of
changing the wing shape during flight. There is evidence that the inertial forces produced by their wings during
flapping have a key role in the attitude movements of the animal, i.e. aerial rotations. In fact, bats efficiently
generate net body forces to manoeuvre by taking advantage of their large wing-to-body mass ratio. In this
paper, the following question is formulated: Could a Micro Aerial Vehicle (MAV) inspired by the biomechanics
of bats take advantage of the morphing-wings aimed at increasing net body forces? Using BaTboT, a novel
bat-like MAV with highly articulated wings actuated by shape memory alloy actuators, our goal is to quantify
the effects of different wing modulation patterns on the generation of net body forces. Experiments are carried
out to confirm the important physical role that changing the wing shape enables: the contraction time of the
wings (upstroke) should be faster than the extension time (downstroke), taking about 37.5% of the wingbeat
period. This modulation pattern has enabled a lift force increment of 22% (from L = 0:92N to L = 1:12N),
abrupt drag reduction (from D = 0:22N to D = 0:11N) and also an increase of net body forces (Fnet) about
28% compared to those wing modulation patterns defined with equal periods for contraction/extension. These
findings can be useful for accurate dynamics modelling and efficient design of flight controllers applied to

morphing-wing micro aerial vehicles.

1 INTRODUCTION

Morphing-wing aircrafts have emerged as a direction
to enhance the efficiency of flight by changing the
wing profile (Gomez and Garcia, 2011). There is
a growing interest in the energy cost of flight and
learning from nature is the key to optimise efficiency
(Lentink and Biewener, 2010), (Hedenstrom et al.,
2009). Unlike insects or birds, bats have heavy mus-
cular wings with joints that enable higher degree of
dexterity (Swartz et al., 2012).

This allows bats to save energy during flight
than any other flying creature (Winter and Helversen,
1998), (Riskin et al., 2012). Also, their massive wings
undergo large accelerations that are caused by inertial
forces with a significant contribution for maneuvering
(Iriarte-Diaz et al., 2011), (Riskin et al., 2010). This
opens the path to a different way of attitude control for
Micro Aerial Vehicles (MAV) that currently manoeu-
vre either by means of multiple rotating-propellers
(like helicopters) or moving appendices such as flaps
and rudders as in the case of fixed-wing MAV. In-
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Figure 1: BaTbot, a bat-like morphing-wing MAV based on
Bahlman et al., robotic wing design (Bahlman et al., 2013)
but driven by Shape Memory Alloy (SMA) artificial mus-
cles.

ertial forces are significant in bats because the mass
of their wings comprise a significant portion of total
body mass (large wing-to-body mass ratio) (Tholles-
son and Norberg, 1991).

Inspired by the morphology of the Cynopterus
brachiotus, (Bahlman et al., 2013) proposed the de-
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Figure 2: Lift, drag and thrust are measured as a function of the airflow speed (Vajr) and angle of attack (a); a) end of
downstroke shown from the simulation dynamic-model, b) end of upstroke shown from the real setup.

sign of a multi-articulated wing structure from which
the robotic model in Figure 1 was based. Results
from (Bahlman et al., 2013) reported experimental
measurements that detail the inertial and aerodynamic
power involved in the cost of flapping and the contri-
bution of the wing inertia in the overall cost of flight.
Bahlman’s original wing design was modified in pre-
vious work (Colorado et al., 2012) so the robot could
be actuated by Shape Memaory Alloy (SMA) artificial
muscles. Table 1 shows morphological parameters of
BaTboT. Each wing of the robot has six degrees of
freedom (dof): two-dof at the shoulder driven by a
standard DC-motor, one-dof at the elbow driven di-
rectly by the SMA actuators, and three under-actuated
dof at the wrist joint. The body is a six-dof floating
base with rotations designated to roll, pitch and yaw
following aerodynamic conventions. In this paper,
we aim at identifying how to properly modulate the
wing geometry for increasing net body forces (Fnet)
that generate propulsion (Colorado et al., 2013) (cf.
Figure 2b).

2 METHODS

Force measurements have been used for analysing the
effects of applying different wing modulation patterns
on lift generation, drag reduction and net body force
production. By using data acquired with a wind-
tunnel setup (Colorado et al., 2012; Colorado et al.,
2013), our goal is to quantify how net body forces
can be increased by changing the wing’s geometry in
a proper way, using the morphing-wing mechanism
presented in prior work (Colorado et al., 2012). To
change the wing shape, we have used Nickel Titanium
(NiTi) shape memory alloy actuators manufactured
by Migamotors (cf. Figure 1). The very light struc-

Table 1: Morphological parameters.

Parameter [unit] BaThoT
Total mass m; [g] 125
Extended wing length B [m] 0.245
Body width |, [m] 0.04
Body mass my [g] 18
Extended wingspan S = I, +2B [m] 0.53
Extended wing area A, [m?] 0.05
Humerus length I, [m] 0.055
Humerus average diameter 2ry, [m] 0.006
Radius length I, [m] 0.070
Radius average diameter 2r, [m] 0.005
Wing mass®my, [g] 8.2
Membrane thickness [m] 0.0001

1 Wing mass is composed by: humerus, radius, digits-111,IV,V
and SMA actuators.

ture of the SMA actuators make them suitable for the
construction of light wings with muscle-like actuation
similar to the one found in bats. The morphing-wing
mechanism is composed by an antagonistic pair of
SMA actuators acting as artificial triceps and biceps
muscles, which enable BaTboT to track bio-inspired
wing motion trajectory patterns. More details regard-
ing the SMA actuation mechanism can be found in
(Colorado et al., 2012). Basically, the SMA act di-
rectly on the elbow joint (Qejpow), thus enabling BaT-
boT to change its wingspan from 40:8cm (wings re-
tracted) to 53cm (wings fully extended). As shown in
the inset of Figure 1, the SMA actuators are connected
to the elbow and wrist joints, allowing the wings to
contract and extend at each wingbeat cycle. During
the downstroke, wings are fully extended in order to
maximise the area and increase lift, whereas during
the upstroke, wings are folded in order to reduce drag.
These modulation patterns for wing contraction and
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extension are generated by applying a heating signal
(electrical current) that actives the contraction stage
of the SMA actuators.

To accelerate during forward flight, BaTboT must
produce a net force to counteract gravity and over-
come drag. As shown in Figure 2b, this force can
be decomposed into a net force component in the di-
rection of flight that corresponds to the difference be-
tween thrust (fr) and drag (D), and a perpendicular
component that corresponds to the difference between
lift (L) and weight (f;). Thus, net body forces can be
calculated as:

Fret =(fr D)+ (L f); 1)
In (1), both lift (L) and drag (D) force components
depend on the angle of attack a as shown in Figure
2b. Equation (2) shows these force components.

L= f.cos(a) fpsin(a) @)
D = fpcos(a) + f_sin(a)
3 RESULTS

Could a Micro Aerial Vehicle (MAV) inspired by the
biomechanics of bats take advantage of the morphing-
wings aimed at increasing net body forces?. To test
such hypothesis, we controlled the SMA actuators to
apply three different morphing patterns for the wings,
as shown in Fig. 3a. The plots show a close-up to a
wingbeat cycle described by the elbow joint (Qeibow)-
Such profiles differ in the proportion that the wing
takes for contraction and extension during a wingbeat.

Firstly, we can note that the aerodynamic response
is clearly affected by changing the wing modulation
pattern. Figure 3b shows the lift (C.) and drag (Cp)
coefficients that correspond to each wing modulation
pattern of column (a). Both coefficients have been
calculated as:

CL=2L V2 A, 5

Co=2D rV2A,

where r = 1:2(Kgm?) is the air density, Ap, =
0:05(m?) is the wing area, L and D are the measured
lift and drag forces at an angle of attack of a = 10°.
We measured aerodynamic data using this configu-
ration since the lift-to-drag ratio (L=D) is maximum
at that angle of attack (see the inset at the top plot
of Fig. 3b). On average, the corresponding lift L
and drag forces D are 1:12N and 0:112N respectively.
These measurements correspond to the wing modu-
lation pattern described by the top plot in Fig. 3a.
Table 2 details the numerical values. Despite keep-
ing the same flapping frequency and airspeed within

®)
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the wind-tunnel, note how lift and drag are affected
after applying the wing profile described in both mid-
dle and bottom plots in Fig. 3a. The lift coefficient
decreases whereas the drag coefficient increases de-
pending on the angle of attack.

Similarly, net body force production is affected by
changing the wing modulation patterns. We observed
from the Fig. 3c that the upstroke portion of the wing-
beat generates less drag due to the fact that the wing
contracts sufficiently to reduce the area at minimum
span. The experiments have confirmed that the gen-
eration of net body forces (Fnet) decreases when the
wing modulation pattern is defined with equal pro-
portions of contraction/extension during a wingbeat.
The readings are even worst when the contraction dur-
ing upstroke takes longer, as described by the bottom
plots in Fig. 3.

To respond the question formulated at the begin-
ning of this section, experimental results show that
the contraction time of the wing (upstroke) should be
faster than the extension time (downstroke), taking on
average 37.5% of the wingbeat period. We performed
extensive experiments with different wing modulation
patterns; the three presented in Fig. 3a are the most
representative of the studied cases. By comparing the
bias of the net body forces between the middle and
top plots of Fig. 3c, net body force production is in-
creased by 28%. Table 2 summarises the numerical
data corresponding to the experiments carried out in
Fig. 3.

4 CONCLUSIONS

Our findings support the idea that by properly con-
trolling the modulation of the wing geometry, more
efficient flight can be achieved, just as bats efficiently
generate net body forces taking advantage of their
large wing-to-body mass ratio. In fact, we have
demonstrated that with the proper wing kinematics,
lift and net body forces can be increased whereas drag
can be reduced. This leads to a significant increase
in flight efficiency at the benefit of energy consump-
tion. This approach opens the path to the development
of novel attitude controllers (flight control) applied to
flapping MAV, where the inertial forces produced by
the wings are vital on the production of net body ac-
celerations. The possibility of controlling the shape
of the wings has great potential to improve the ma-
neuverability of micro aerial vehicles for operating in
confined spaces.
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Table 2: Influence of wing modulation on flight performance.

Experiment a(deg) Var(ms 1) f(Hz) C_ Cp L(N) D(N) f;(N) Fuet(N)
Top 10 5 2 25 15 0152 112 0411 0777 0115
Middle 10 5 2 25 123 03 092 022 077 0:09
Bottom 10 5 2 25 048 017 036 012 077  0:021
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Figure 3: (Experimental) influence of wing modulation patterns (geinow) 0N lift, drag and net body force production (airspeed
of Vair = 5(ms 1) and wingbeat frequency of f = 2:5(Hz)): a) close-up to a wingbeat with changes on wing modulation
patterns, b) impact of changing wing modulation patterns from (a) on the lift coefficient C| and the drag coefficient Cp, c)
impact of changing wing modulation patterns from (a) on net body force production Fet.
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