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In this article, we address the question of how the ftight efficiency of Micro Aerial Vehicles with variable wing geometry can be inspired 
by the biomechanics of bats. We use a bat-Iike drone with highly articulated  wings using shape memory alloys (SMA) as artificial 
muscle-Iike actuators.The possibility of actively changing  the wing shape by controlling  the SMA actuators, Jet us study the effects of 
different wing modulation pattems on lift generation, drag reduction, and the energy cost of a wingbeat cycle.To  this purpose, we 
presentan energy-model for estimating the energy cost required by the wings during a wingbeat cycle, using experimental aerodynamic 
and inertial force data as inputs to the energy-model. Results allowed us determining  that faster contraction of the wings during the 
upstroke, and slower extension during the downstroke enables to reduce the energy cost of ftapping in our prototype. 
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l.  Introduction 
Micro Aerial Vehicles (MAV) are a class of unmanned aerial 
vehicles whose size is usually of the order of few centime- 
ters of wingspan  and mass less than few hundred  grams 
(cf. Figure 1). Thanks to their small size and high maneu- 
verability, MAVs are ideal for  many applications  such as 
reconnaissance  in confined spaces,  search and  rescue, or 
hazardous environment exploration. Because of their size, 
however, the design of MAVs implies important techno- 
logica l challenges, such as, maniobrability  and low power 
consumption. 

Recently, roboticists have started to demonstrate  a spe- 
cial interest in learning from nature as the key to optimize 
flight efficiency.[1-4] The concept of morphing-wing Micro 
Aerial Vehicles comes from nature.[5,6] Unlike insects and 
birds, bat wings are provided with a complex musculature 
and articulations that enable a high degree of dexterity.[7,8] 
This  allows  bats  to save  more energy  during  flight than 
any other flying creature.[9-12] Also, their massive wings 
undergo large accelerations that are caused by inertial forces 
with a significan!contribution for maneuvering.[l3] 

One of the first works that attempted  to reproduce bio- 
inspired  bat flight using SMA was presented  in [14]  and 
[15]. Later in [16,17], it was carried out a study of different 
materials for the wing membrane: n ylon, spandex, and si li- 
cone.  Aerodynamic  measurements  demonstrated  that 
silicone-made membrane  achieved  higher  lift-to-drag  ra- 
tios. Recenti y, in [18] it was proposed the design of a highl y 

articulated  wing structure  inspired  by the m orphology  of 
the Cynopterus  brachiotus  bat speci men. They chose  that 
species  because  its well-studied  in-vivo wi ng kinematics 
and  aerodynamics.  Results  from  [18]  report experimen- 
tal measurements  that detail the inertial and aerodynamic 
power involved in the cost of flapping and the contribution 
of the wi n g inertia in the overall cost of flight. 

In this article, we useBaTboT, a bat-l ike drone inspired 
by the articulated  wi ng design  from Bahlman et al. [18], 
and origi nall y developed  with the collaboration  of Breuer 
et al. [19]. BaTboT has highl y articulated wi n gs using shape 
memory alloys (SMA) as artificial  muscle-like  actuators. 
Due to size and weight  limitations,  classical servo-motor 
technology  m ay n ot be the most suitable actuation technol- 
ogy for the purpose of morphi ng-wi n g control. In fact, most 
of the prototypes designed in this field adopt altemative ac- 
tuation technology based onfunctional (or smart) materials. 

Based on the possibility of actively changi ng BaTboTs 
wing shape  by controlling the SMA actuators, here we in- 
troduce an energy-cost modeling framework for providing 
insights on the energy consu mption of the robot during a 
wingbeat cycle. We aim to study how different wi ng modu- 
lation patterns (wing extension/retraction) affect the energy 
consumption,  lift, drag, and net body force production. As 
a result, we expect to find the most suitable  wi ng m odu- 
lation pattem that enables our robot to generate  more lift, 
thrust, and reduce drag at the expense of acceptable energy 

consumption. 











Table 1. BaTboT’s morphological and modelling parameters.

Parameter Symbol (unit) Robot

Body mass (with battery) Mb (g) 125
Wings mass (with membrane) mw (g) 46.15
Wing membrane thickness (m) 0.0001

Extended wing length B (m) 0.245
Body width lm (m) 0.04
Body moments of inertia [Ib,xx , Ib,yy, Ib,zz] (gcm2) [1, 0.07, 0]
Extended wing span S = lm + 2B (m) 0.53
Extended wing area Ab (m2) 0.05
Humerus length lh (m) 0.055
Humerus moments of inertia [I2,xx , I2,yy, I2,zz] [gcm2] [0.03, 0.37, 0.93]
Radius length lr (m) 0.070
Radius moments of inertia [I3,xx , I3,yy, I3,zz] (gcm2) [0.07, 0.92, 0.37]

friction. During wing contraction and extension, the lifting
area varies from 0.0385 to 0.05 m2. Table 1 describes the
numerical values for modelling parameters.

The column (a) of Figure 6 summarizes the results of
applying three different wing modulation patterns (elbow
joint profile θelbow). Such profiles differ in the proportion
that the wing takes for contraction and extension during
the wingbeat cycle. The wing modulation patterns are not
periodic due to the behavior of the SMA actuators. First of
all, the elbow position is indirectly calculated by measuring
the changes on SMA wire electrical resistance: it changes
almost as a linear function of the angular position of the el-
bow joint [25]. One might expect that the resistance-motion
relationship provides a feasible measurement of the elbow
angle at any condition, but instead, accumulative errors are
introduced during the estimation of θelbow. This issue intro-
duces serious disturbances to the morphing-wing controller
that are difficult to reject and it also causes variations on the
motion range of the elbow joint.

The column (b) of Figure 6 shows the aerodynamic data
corresponding to the applied wing kinematics from column
(a). The aerodynamic data has been captured within a wind-
tunnel using a force sensor attached to the body of the
robot, as shown in Figure 5. The lift (CL ) and drag (CD)
coefficients have been calculated from the aerodynamic
force measurements in (6), as:

CL = 2L
(
ρV 2

air Ab
)−1

CD = 2D
(
ρV 2

air Ab
)−1

,
(11)

with air density ρ = 1.2(Kgm3) and wing area Ab =
0.05(m2). Measuring 16 data points of CL and CD has
taken one minute per angle of attack. In other words, the
robot remained fixed at the corresponding angle of attack
for one minute of continuous operation. Once the SMA
wires were cooled again, the actuator raised the maximum
operating frequency for another minute (fatigue issues).
As it can be observed from the mid and bottom plots of
the Figure 6(b), the lift coefficient decreases and the drag

coefficient increases depending on the wing modulation
pattern applied. In both cases, the upstroke portion of the
wingbeat cycle takes longer (see mid and bottom plots of
the Figure 6(a)), which means the wings generate more drag
and less lift compared to the modulation pattern described
by the top plot of the Figure 6(a).

The column (c) of Figure 6 shows how the net body forces
(see Fnet in (7)) are also affected by changing the wing mod-
ulation patterns from column (a). Comparing the bias of the
net body forces between the mid and top plots of Figure 6(c),
Fnet is increased by 28%. Table 2 summarizes the numerical
data. The experiments have confirmed that the net body
forces decrease by applying wing modulation patterns with
equal proportions of wing contraction–extension (medium-
plots) or when the wing contraction during upstroke takes
longer (bottom plots). However, despite the elbow joint mo-
tion is not periodic due to the SMA actuators, Fnet remains
periodic because the flapping motion of the robot is periodic.
Actually, the flapping motion (driven by the shoulder angle)
is the only one that is periodic, as shown in the blue plot of
Figure 5 (θflap). In free flight, the robot should pitch forward
and backward following the natural oscillation produced
by the wingbeat (downstroke/upstroke). This is why Fnet

oscillates periodically.
In general, the wing modulation pattern depicted in the

top plot of Figure 6(a) enables more performance in terms
of lift, net body force generation and drag reduction than
the other ones (medium and bottom plots). This is achieved
thanks to the fact that the elbow joint contracts faster dur-
ing upstroke and sufficiently to reduce the wing area at
minimum span: on average, the upstroke should take about
37.5% of the wingbeat period. Despite aerodynamic loads
are mostly produced in the upstroke due to drag forces, our
goal is to apply a wing modulation pattern that reduces the
energy consumption during the upstroke phase. The energy
profiles can be observed in Figure 7. The top plots show
the kinetic energy calculated with the model described in
Section 3. Note that the columns (a), (b) and (c) correspond







vision about the path that we need to follow on pursuing 
free flight. 
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Appendix 1. Morphing-wings driven by SMA muscles
Shape memory alloy actuators acting as biceps and triceps arti-
ficial muscles are connected to the elbow joint, providing direct
actuation over θelbow and enabling an elbow rotation range of
60◦. The Migamotor actuator consists of six wires of SMA with
150 mu of thickness which are attached to metal strips stacked in
parallel. Each SMA strip pulls when heated to make a stroke of
4mm. SMA actuators provide powerful linear actuation to control
the wing modulation by means of reproducing the functioning
of the biceps and triceps muscles. Basically, SMA wires contract
upon the heating that is produced by an electrical current and then
recover the original length when cooled. This is known as the
shape memory effect. The more input power is applied to SMA,
the faster will contract, but the lower will extend. Besides, over-
stressing the NiTi wires might cause physical damage to the shape
memory effect.[26]

Figure A1(a) details the experimental setup for SMA dynamic
characterization based on the frequency response methodology
presented in [26]. In general, the applied heating power uheating =
a+b sin(2π f t) is converted to a current signal using the nominal
value for the SMA wire electrical resistance provided by the man-
ufacturer (Rsma = 8.5 
). The output force (F) is measured using
a sensor with 0.318 gram-force of resolution and then mapped to
a torque value corresponding to the elbow joint torque. Note in
Figure A1(a) that an antagonistic configuration composed by two
SMA actuators are required for actively controlling the direction
of the elbow joint rotation. Each SMA actuator produces an output
pull-force that subsequently generates a torque acting on the elbow
and wrist joints (τelbow).

The magnitude and phase of the sine wave component of the
signal F are measured over a frequency range from 0.1 to 100 Hz in
order to characterize the SMAactuation.Aleast-squares methodol-
ogy is used for extracting the sine wave component in the recorded
force data (F). Figure A1(b) shows that the SMA frequency re-
sponse is similar of a first-order linear system, where the frequency
at which the change of slope in magnitude occurs is known as a
pole (s = −2.857). Several measurements have indicated that the
suitable transfer function that fits the experimental data are:

τelbow = 0.016(0.35s + 1)−1uheating (A1)

The first-order linear system in (A1) is validated by comparing
its time-response against the experimental data measured using the
force sensor. That comparison is shown in the bottom plot of Figure
A1(b). The measured output torque was generated by applying an
input power of the form: uheating = a + b sin(2π f t) with a DC
bias of the input power of a = 3.06 W, an small-signal amplitude
of b = 2 mW and a driven frequency of f = 2 Hz. The applied
input power corresponds to an input current of Isma = 600 mA.
Table A1 reports operation data of the SMA actuators.

Once the model in (A1) is validated, we propose a control
architecture for regulating the wing shape (see Figure A2). The
control strategy is driven by a Proportional-Integral-Derivative
(PID) controller of the form: uheating(s) = K p + Ki s−1 + Kd s
with parameters tuned based on the actuation dynamic model from
(A1). Such parameters are K p = 35, Ki = 0.006 and Kd = 0.08.

In Figure A2, the module called morphing-wing joint trajec-
tories generates modulation patterns for both shoulder and elbow
joints. The shoulder reference is mapped to a DC motor that drives
the primary flapping motion whereas the elbow reference is an
input to the PID controller. The position error is determined by
comparing the elbow reference against the feedback of the elbow
joint position, which in turn is estimated by means of measuring the
electrical resistance of the SMA wires (Rsma) within the control
loop. SMA can be used not only as actuators, but also as sensors
[27]. The electrical resistance of the SMA wires (Rsma) changes
linearly with the SMA strain that is kinematically coupled to
the rotation of the elbow joint (θelbow). Further details about the
morphing-wing controller can be found in [19].
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Figure A3. (Left) elbow joint trajectory profile at f = 2.5 Hz, the dashed line highlights how the amplitude changes during each wingbeat
cycle. (Right) close-up to a wingbeat cycle: a set of elbow joint profiles depending on SMA actuation uncertainties.




