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Piezoceramic composite actuators for
a solid-state variable-camber wing

Onur Bilgen1 and Michael I Friswell2

Abstract
A solid-state piezocomposite variable-camber morphing wing is proposed for fixed-wing aircraft that operate in the low
Reynolds number regime. An experimental evaluation of the wing which employs a continuous inextensible surface, con-
tinuous boundary conditions, and surface-bonded piezoelectric actuators is presented. The partially active surface is
designed to have sufficient bending stiffness in the chordwise and spanwise directions to sustain shape under aerody-
namic loading. In contrast, the in-plane stiffness is relatively high; however, the necessary deformations that are required
to change the aerodynamic response can still be attained while maintaining the surface area constant. Coupled with the
continuous boundary conditions and the spar structure, the prototype piezocomposite wing can achieve desired change
in aerodynamic response quantified in terms of lift coefficient and lift-to-drag ratio. The experimental variable-camber,
shell-like, morphing wing sustains aerodynamic loading at the maximum tested free-stream velocity of 22.8 m/s and at a
Reynolds number of 251,000 without degradation of aerodynamic authority.
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Introduction

Recently, three review articles have been published on
the topic of shape change (morphing) of aircraft by
Sofla et al. (2010), Barbarino et al. (2011), and Gomez
and Garcia (2011). The publication of these reviews in a
2-year period and the continuing developments in mate-
rials and electronic systems are indications that morphing
in aircraft is becoming more practical and may soon be
common in small unmanned aircraft. An interesting fact
is that smooth and continuous aerodynamic control sur-
face designs have been a research interest since the begin-
ning of modern aviation—the first controlled, powered,
and heavier-than-air flight by the Wright Brothers in
1903. In the context of wing morphing, establishing a
wing configuration that is stiff enough to prevent flutter
and divergence, but compliant enough to allow the range
of available motion, has been the central challenge in
developing a smooth and continuous wing.

Significant attention in research has been given to
the use of conformal piezoelectric actuators to achieve
shape change in variable-camber wings. The review arti-
cle by Barbarino et al. (2011) showed that morphing of
camber and twist of the wing using piezoelectric materi-
als have resulted in the largest number of wind tunnel
and flight tests in aircraft when compared to other
morphing categories, such as planform and out-of-

plane morphing categories, and also when compared to
other actuation sources, such as conventional actuators,
shape memory alloys (SMAs), and rubber-muscle
actuators. In the case of piezoelectric material devices,
the rapid development and the reduced cost of small
electronics in the last decade have led to several exam-
ples of operational small unmanned (and/or remotely
piloted) fixed-wing, rotary-wing, and ducted fan air-
craft that use smart materials. The following discussion
presents a few examples of such aircraft. Eggleston et
al. (2002) experimented with the use of piezoceramic
materials, SMAs, and conventional servomotors in a
morphing wing aircraft. A series of wind tunnel tests
showed the feasibility of the smart material systems.
Barrett et al. (2005) employed piezoelectric elements
along with elastic elements to magnify the control
deflections and forces in aerodynamic surfaces. Vos
et al. (2007, 2008) conducted research to improve the so
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called post-buckled-precompression concept for aerody-
namic applications. Roll control authority was increased
on a 1.4-m span unmanned air vehicle. Kim and Han
(2006) and Kim et al. (2009) designed and fabricated a
flapping wing using a graphite/epoxy composite material
and a Macro-Fiber Composite (MFC) actuator. A 20%
increase in lift was achieved by changing the camber of
the wing at different stages of flapping motion.

Bilgen et al. (2007, 2009) presented an application
for piezocomposite actuators on a 0.76-m wingspan
morphing wing air vehicle. Adequate roll control
authority was demonstrated in the wind tunnel as well
as in flight. Bilgen et al. (2010c, 2010d) presented static
flow vectoring via an MFC-actuated thin bimorph
variable-camber airfoil and an MFC-actuated cascad-
ing bimorph variable-camber airfoil. Wind tunnel
results and analytical evaluation of the airfoils showed
comparable effectiveness to conventional actuation sys-
tems and no adverse deformation due to aerodynamic
loading. Paradies and Ciresa (2009) implemented MFCs
as actuators into an active composite wing. A scaled
prototype wing was manufactured, and models were
validated with static and preliminary dynamic tests of
the prototype wing. Wickramasinghe et al. (2009) pre-
sented the design and verification of a smart wing for an
unmanned aerial vehicle. The proposed smart wing
structure consisted of a composite spar and ailerons that
have bimorph active ribs consisting of MFC actuators.
In 2010, Butt et al. (2010a, 2010b) and Bilgen et al.
(2011a, 2013) developed a completely servo-less, wind
tunnel, and flight tested remotely piloted aircraft. This
vehicle became the first fully solid-state piezoelectric
material-controlled, nontethered, flight tested fixed-wing
aircraft. Ohanian et al. (2012, 2013) presented an exten-
sive aerodynamic comparison of an MFC-actuated com-
pliant control surface to a servo-actuated control surface
for an micro-air vehicle (MAV) application.

The examples above show the feasibility of piezoelec-
tric materials in small unmanned aircraft; however,
optimization and static–aeroelastic tailoring are
neglected in most cases. The motivation for the research
presented here is to model, optimize, and validate the
static–aeroelastic effectiveness of a variable-camber
morphing wing. This article, first, presents the motiva-
tion for the proposed variable-camber wing. Second,
the theoretical optimization of the static–aeroelastic
response is briefly presented. Next, bench top experi-
mental results are presented highlighting the deforma-
tion of the wing induced by piezoelectric excitation.
Finally, the wind tunnel experiments are presented.
This article concludes with a brief summary of results.

Motivation for the proposed concept

In general, morphing wing structures achieve shape
change in a unique fashion; however, some concepts,

more specifically the ones employing smart material
systems, may not produce enough aerodynamic effects
when compared to conventional wing structures.
Typically, morphing wings that employ piezoelectric
materials fall into this category where the main purpose
is to increase aerodynamic efficiency by achieving sur-
face continuity and by reducing the number of parts
and mass concentrations. Since most piezoelectric
materials are limited in their strain output, these mate-
rials are typically not proposed for achieving dramatic
shape change that allows an aircraft to operate in a
wide range of fluid conditions.

In the current research, the purpose for employing
piezoelectric materials is to achieve similar aerodynamic
function as conventional control surfaces while reduc-
ing the number of discrete surfaces, discontinuities, and
parts. In return, such a concept is likely to increase
aerodynamic efficiency, reduce maintenance and fabri-
cation costs, and reduce the weight of the overall aero-
dynamic surface; however, the analysis of these desired
features is beyond the scope of the current research.
Here, the attention is directed to the actuation output
of such structures, quantified roughly in terms of ability
to induce lift while causing minimum increase in drag.
The design of such a wing requires attention to the opti-
mization of (1) the piezoelectric and substrate features,
(2) the semi-solid-state (compliant) internal mechanisms
if necessary, and (3) the distributed boundary condi-
tions. A central challenge in determining the structure is
to decide on the level of complexity of the design so that
the final aerodynamic objective is met with a relatively
simple, lightweight, and easy-to-fabricate structure.

In the context presented above, a piezocomposite
semi-solid–state variable-camber airfoil, previously evalu-
ated by Bilgen et al. (2010d), is employed as a baseline.
This baseline airfoil was proposed as a replacement for the
exit guide vanes of a vertical takeoff and landing ducted
fan vehicle. The baseline variable-camber airfoil employs
two cascading bimorph actuators in the top and bottom
surfaces of the airfoil, which are pinned at the trailing
edge. These active surfaces were chosen to be MFC-actu-
ated bimorphs. A compliant parallelogram (box structure)
was used to create the desired boundary conditions to the
leading section of the curved bimorph surfaces. Wind tun-
nel experiments were conducted previously to compare the
prototype variable-camber airfoil to other similar (in
shape) fixed-camber airfoils. The results showed the clear
advantage of the lift generation by the coupled camber
and angle-of-attack (AOA, a) change induced by excita-
tion voltage. The variable-camber airfoil has comparable
lift-to-drag (L/D) performance when compared to the
fixed-camber airfoils with similar thickness.

The aerodynamic performance of the baseline air-
foil, quantified in terms of change in lift coefficient,
was as desired; however, the design failed to take full
advantage of solid-state piezoelectric material actua-
tion. First, the baseline airfoil had a small discontinuity
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in the lower surface. Another issue was that the solid-
state compliant box mechanism, formed by four com-
pliant hinges, introduced extra weight and complexity,
although structural complexity was necessary to imple-
ment the necessary kinematics. In the concept proposed
here, the authors suggest a continuous and inextensible
wing surface and a set of ‘‘simpler’’ boundary condi-
tions to remedy the two problems outlined above. The
continuity in the wing surface is achieved using a single
substrate that wraps around the wing shape. This sub-
strate forms the surface of the wing, and it serves as the
host material for the piezoelectric actuators. This wing
shell is attached to a ‘‘three-dimensional’’ (3D) spar
structure.

Optimization method and static–
aeroelastic model

The approach to determine and optimize the internal
passive structure of the variable-camber morphing wing
is based on a genetic algorithm (GA) optimization tech-
nique. The optimization is conducted for the ‘‘two-
dimensional’’ (2D) root and tip sections of the wing. It
is assumed that the aero-structural optimization of the
root and tip cross sections will provide sufficient design
guidelines to achieve a linearly tapered 3D wing proto-
type. The main drawback of this approach is that it
neglects the 3D variation of flow field and therefore the
pressure distribution.

GAs were invented by John Holland in the 1960s
and were developed by Holland and his students and
colleagues at the University of Michigan in the 1960s
and the 1970s (Mitchell, 1998). GAs belong to the
larger class of evolutionary algorithms, which generate
solutions to optimization problems using techniques
inspired by natural evolution, such as inheritance,
mutation, selection, and crossover (Goldberg, 1989).
Mitchell (1998) and others describe the formal steps of
a simple GA, which is employed in this article.

The optimization process is started with the creation
of a trial set of substrate parameters for each individual
according to the genetic methodology, based on the ran-
dom selection of a value, within the established range,
for each parameter being part of the optimization. A
NACA 0012 baseline airfoil shape is assumed for both
root and tip sections. Once the parameters of interest,
described below, are initialized, a finite element (FE)
model is constructed. The static–aeroelastic model,
described later, is used to solve the fluid–structure inter-
action (FSI) problem and is executed for each individual
of a generation. The analysis is conducted twice for each
individual, once for the case where the electrical excita-
tion is zero, and a second time where the excitation is at
a desired value, which has a nonzero value. The perfor-
mance is estimated by the fitness function, quantified in
terms of the change in lift-coefficient-per-square-root-

of-drag-coefficient, F =(Cl==Cd). This aerodynamic
fitness function is partially motivated based on the
lifting-line theory approximation of induced drag coeffi-
cient, which is proportional to the square of the lift coef-
ficient for finite aspect ratio (AR) wings. The fitness
function is chosen to favor the increase in lift and pena-
lize the increase in square root of drag. The choice of
penalizing =Cd is made so that the optimizer does not
move too far from the Clmax condition (caused by large
voltage-induced AOA). This fitness function places sim-
ilar (a more linear) emphasis on the increase of lift and
decrease of drag as a function of AOA. To maximize
the objective function, the typical steps of the GA are
applied. Selection, crossover, and mutation operators
are all executed to create a new generation starting from
the best fit individuals of the previous one. Fitness-pro-
portionate selection is employed, although it is well
known that this selection criterion may cause ‘‘prema-
ture convergence.’’ A fitness-dependent convergence cri-
terion is not employed. Instead, a fixed number of
generations, between 100 and 300, are evaluated in a
given complete set of generations, which are referred to
as runs. Multiple runs of the same optimization allow
the GA to start with different, randomly selected, initial
conditions; enabling the analysis a better chance to con-
verge to a ‘‘global’’ optimum. Since randomness plays a
large role in each run, two runs with different random
number seeds, or initial conditions, will generally pro-
duce different behaviors. As practiced often by research-
ers using GAs, approximately 35–50 runs are
evaluated for different optimization cases that are
presented next. Here, it must be noted that the GA is
not proposed as ‘‘the best’’ optimization method nor
are the results accepted as ‘‘the global optimum’’ solu-
tion. The GA is used to obtain a structure that per-
forms reasonably well in theory and also in practice
given the in-house fabrication limitations. The results
from the different runs of the GA are evaluated by
sound engineering judgment. Many physical con-
straints due to fabrication limitations cannot be
implemented in the static–aeroelastic model simply
due to modeling and computational limitations. Such
constraints are implemented by the user after optimi-
zation runs are completed. In contrast to these limita-
tions, the GA method can easily be adopted for systems
with variable complexity; therefore, it is preferred over
other optimizations processes. One must observe that
the optimal solution is not only capable of maximum
performance, according to the selected fitness function,
but also satisfies the FSI problem. The solutions which
are not capable of carrying aerodynamic loads are dis-
carded during the optimization.

Proposed wing and optimization parameters

Figure 1 shows an illustration of the proposed cross-
sectional geometry of the wing and the proposed
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geometric parameters to be optimized. The wing is pro-
posed to have spanwise taper; however, the cross-
sectional geometry is optimized considering only the
2D aerodynamic and structural effects. Note that most
of the features illustrated in Figure 1 are exaggerated to
aid visibility. In reality, the thicknesses of the substrate
and the piezoelectric material layer (lead zirconate tita-
nate (pzt)) are very small compared to the maximum
thickness of the airfoil. In order to establish a continu-
ous, inextensible surface variable-camber wing, the
upper and lower surfaces must have different curva-
tures. This article suggests a cross section with upper
surface employing a single monotonic curvature and a
lower surface employing two alternating curvatures.
An arbitrarily selected number of active regions are
originally proposed; however, analysis is conducted for
a total of one, two, and three active regions. For the
case where there are three active regions as shown in
Figure 1, the top, leading-bottom, and trailing-bottom
PZT actuators, labeled as pzt1, pzt2, and pzt3, respec-
tively, are subjected to three independent effective vol-
tage levels, Vpzt1, Vpzt2, and Vpzt3, respectively. Both
unimorph and bimorph configurations are examined.
The trailing edge is formed by pinning the two active
surfaces, and it is assumed to have a minimum thick-
ness of 0.25% chord.

The main parameters of interest are (1) boundary
conditions and their distribution, (2) substrate thick-
nesses (tsubs_le, tsubs, and tsubs_pzt), (3) end location of the
leading edge substrate (xsubs_le), (4) start and end loca-
tions of three PZT actuators (xpzt_begin and xpzt_end). The
substrate material’s Young’s modulus is initially fixed
to that of aluminum (70 GPa). The excitation voltage
of the PZT actuators can have a value in the range of
21500 to +1500 V. Note that the electric field is cor-
rected for the fact that the 33-mode interdigitated MFC
actuator is modeled as a 31 monolithic PZT ceramic in
the FE model. Here, it is also assumed that the PZT
actuator has a symmetric excitation range of 21500 to
+1500 V resulting in equivalent output in compression

and extension; however, the excitation range is 2500 to
+1500 V for an MFC actuator in reality, as suggested
by the manufacturer. The reason for the assumption of
symmetric excitation range is valid because the active
area will be implemented as a bimorph rather than a
unimorph, and this will be discussed in the following
section.

In Figure 2, the spanwise taper and the proposed
boundary conditions for a 3D structure are shown. The
cross section is nonuniform in the spanwise direction.
In this configuration, all points on the airfoil surface
that lie between the desired boundaries are constrained.
The start and end locations of the ‘‘Fixed Boundary’’
are allowed to be attached to the upper or lower (inte-
rior) surfaces of the airfoil during the optimization
process.

In addition to the location and the distribution of
the boundary conditions, the substrate thickness is an
important parameter assuming that the PZT layer
thickness (tpzt) and the chord are fixed. The MFC
actuator has a fixed ceramic thickness of 180 mm and a
total device thickness of 300 mm. The substrate is
divided into three sections to allow three different
thicknesses to be optimized while the actuator thickness
is kept constant.

Theoretical analysis with static–aeroelastic model

A shell-like variable-camber wing, with reasonable
chordwise and spanwise stiffness and displacement out-
put, is possible with an MFC actuator given that the
boundary conditions and structural features are favor-
able. Therefore, the structural parameter and the
boundary conditions for the variable-camber device are
determined here using a static–aeroelastic model
(Bilgen and Friswell, 2013). The static behavior of simi-
lar structures has previously been observed experimen-
tally (and also shown here in the following sections),
and hence, dynamic behavior is assumed to be negligi-
ble. A MATLAB (2011) based program is developed
and used to solve the static FSI problem by iterating
between a panel method software XFOIL (Drela 2001;
Drela, 1989) and a FE code ANSYS (2012). Before the
FSI iteration is started, the non-aero-loaded airfoil
shape is analyzed in XFOIL to initialize the process.
The panel method is used to calculate the 2D lift and
drag coefficients and the pressure distribution. After
the first approximation, the program enters an iteration
loop. First, the pressure distribution is applied to the
airfoil geometry in ANSYS, which calculates the aero-
loaded (deformed) airfoil shape. Second, the deformed
airfoil shape is analyzed in XFOIL to calculate the
change in the lift and drag due to the change in
pressure-induced deformation. These two steps are iter-
ated until no change is observed in the parameters of
interest (i.e. deformation and aerodynamic coefficients).

t subs
t subs_pzt

t subs_le pzt2

substrate

x subs_le
x pzt_begin

x pzt_end

pzt1
pzt2 pzt3

Figure 1. Geometric features of the variable-camber wing
cross section where the active areas are in the unimorph
configuration.
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Due to the static–aeroelastic nature of the problem, the
solution converges typically after five iterations.

Case study and experimental examination

This section presents the experimental validation of the
morphing wing concept. Before the wing was manufac-
tured, a separate optimization had to be conducted
where certain parameters were fixed instead of being
part of the optimization process. These optimization
results were presented by Bilgen and Friswell (2013)
and Bilgen et al. (2012). The optimization results are
then used as general guideline to produce a feasible,
‘‘easy to fabricate,’’ prototype—exact optimization
results could not be applied due to in-house fabrication
limitations.

Prototype and bench top tests

First, a tapered wing mold was fabricated using a 3D
printer. Next, several layers of fiberglass were laid on

the mold in the desired locations and in the desired
density. The bimorphs were placed in a nonuniform
arrangement between the ‘‘root’’ and the ‘‘tip’’ of the
wing. In total, 10 MFC bimorphs were placed on the
top and bottom surfaces of the wing, as shown in
Figure 3. Each bimorph consists of a pair of MFC
actuators. The top surface consists of a bimorph set
that is made up of 10 MFC M8528-P1 type actuators.
The bottom surface consists of a bimorph set that is
also made up of 10 MFC M8528-P1 type actuators.

The hinge connection at the trailing edge is estab-
lished by a strip of externally adhered Kapton tape that
joins the top and bottom trailing surfaces. Figure 4
shows the fabricated prototype during its peak-actuated
states. In this figure, two operational configurations are
presented. The first operational setting is by only excit-
ing the bimorphs on the top surface of the wing. The
response to such excitation is shown in Figure 4(a) and
(b). The second operational setting is by only exciting
the bimorphs on the bottom surface of the wing. The
response to this case is shown in Figure 4(c) and (d).

Figure 2. Illustration of the proposed boundary conditions for a three-dimensional configuration: (a) cross section at wing-root
and tip, (b) wing-root, and (c) wing-tip airfoil and spar structure showing boundaries.

Figure 3. Planform view of the (a) top and (b) bottom surfaces of the tapered variable-camber wing.
The dashed lines in the bottom surface indicate the boundaries near the trailing section.

TE: trailing edge; LE: Leading edge
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As seen in Figure 4, two very different spanwise and
chordwise changes in shape can be achieved by the two
choices of excitation. The third configuration is
achieved by exciting both top and bottom bimorph sets
symmetrically where both surfaces would achieve cur-
vature with the same sign—the response is presented in
Figure 5(a) and (b). Finally, a fourth possible excita-
tion configuration exists where the two surfaces are
excited asymmetrically. The response for this config-
uration is presented in Figure 5(c) and (d).

The internal structure that joins the inside surface of
the wing to the wind tunnel load balance was manufac-
tured using a rapid prototyping technique. Initial bench
top tests showed that the prototype achieved approxi-
mately 20 mm trailing edge deflection between the
2100% and +100% actuation states. The MFC

actuators have a voltage range of approximately 2500
to 1500 V. Since the wing has two surfaces, both in a
bimorph configuration, the MFCs on the opposite side
are actuated with an opposite field and with 3:1 fixed
ratio. The higher of the two excitation voltages is used
for labeling in the plots. A negative sign simply indi-
cates actuation in the reverse direction. The asymmetric
bipolar excitation to the bimorphs is supplied by a cur-
rent-direction-selective-voltage-divider circuit, which has
been introduced by Bilgen et al. (2010b).

Wind tunnel setup

Aerodynamic experiments were conducted in a low
speed, open-circuit, and closed octagonal test section
wind tunnel facility, which is capable of reaching

Figure 4. Operation of the variable-camber wing: (a and b) the response where only the top bimorph set is excited and (c and d)
the response where only the bottom bimorph set is excited.

Figure 5. Operation of the variable-camber wing: (a and b) the response where the top and bottom sets are excited symmetrically
and (c and d) the response where top and bottom sets are excited asymmetrically.
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28 m/s free-stream velocity. At the inlet, an aluminum
honeycomb flow straightener and a fiberglass mesh are
used to condition the flow. The test section is converted
into a 610 mm 3 381 mm (24$ by 15$) semi-octagonal
cross section by the use of a removable splitter plate.
The test section is configured for a semi-span experi-
ment using a splitter plate, as shown in Figure 6.

The balance assembly mainly consists of the load cell
and the rotary table. The sting is mounted to the rotary
table, and it supports the test specimen without

contacting the tunnel walls. The test section between
the upper splitter plate and the lower tunnel wall is 381
mm tall, and there is roughly a 2-mm gap between the
root of the wing and the splitter plate.

All parameters are controlled and measured auto-
matically with a National Instruments (NI) compact
data acquisition (cDAQ) system and a personal com-
puter. A total of 16 channels are monitored using four
NI 9239 four-channel, isolated, 24-bit voltage input
cards. For each test point, a 10-s data block is sampled
at 100 Hz and then averaged to get the mean value for
each measurement of interest. The output signals are
generated using two NI 9263 16-bit, four-channel vol-
tage output cards. The control signal to the wing is
amplified and buffered using a TREK 2220 high-
voltage amplifier with 200 V/V gain.

The streamwise turbulence of the flow in the empty
test section is measured by a standard Hot Wire
Anemometry technique. A Dantec 55P16 type probe is
used along with a Dantec miniCTA bridge amplifier.
The probe is placed at the center of the test section
(aligned approximately at the quarter-chord location
along the streamwise direction) for all turbulence tests.
The signal is conditioned with a Kemo VBF/24 type
elliptic filter. After proper conversion of the measured
voltages to velocity (V), the turbulence intensity (TI) is
calculated. TI is measured at several velocities for dif-
ferent filter settings. The presentation of turbulence for
different bandwidths is commonly used in the literature
(Selig and McGranahan, 2004) to show the frequency
components of the turbulence. Figure 7 presents TI for
two different high-pass (HP) filter settings and for up-
and down-sweep of the velocity.

The lowest turbulence is observed at around 5 m/s
and the highest turbulence is observed at around the
lower range of the wind tunnel. In summary, an aver-
age 0.1% TI is derived from 0.1 Hz to 10 kHz band-
pass filtered signal for the current test speed range. The
turbulence of the wind tunnel used in this article is com-
parable to other tunnels used in the research area.

Barlow et al. (1999) suggest several wind tunnel cor-
rections due to the existence of the walls around the
wing, the buoyancy caused by the longitudinal pressure
gradient, and the development of the boundary layer
along the walls. The solid blockage and the wake block-
age, which are described in Barlow et al. (1999), can be
calculated relatively and accurately for conventional
wings. Since the specimen in discussion has a noncon-
ventional geometry, the wind tunnel wall effects and
buoyancy corrections are neglected to maintain the
validity of absolute values of the reported coefficients.
The reported lift and drag coefficients, Cl and Cd , are
assumed to be equal to the uncorrected lift and drag
coefficients, Clu and Cdu, which are calculated by Cl =
Clu =Flift=(0:5rcbrv

2
qc) and Cd =Cdu =Fdrag=(0:5rcbr

v2
qc), where Flift and Fdrag are the measured lift and drag
forces, respectively; r is the density of air; c is the mean

Rotary
Table

Load
Cell

Test
Wing

Splitter
Plate

Fairing

‘Sting’

Figure 6. Wind tunnel setup showing an illustration of the load
balance and the wing structure. The upper and lower walls of
the test section and the fairing around the sting are also shown.
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aerodynamic chord; br is the reduced semi-span (due to
boundary layer displacement thickness); and vqc is the
flow speed calculated at the quarter-chord location.

The experimental measurements are prone to the
relative errors induced by the uncertainty in setting the
pitch angle, the flexibility in the balance system, and
the nonlinearity in the load cell. The absolute values
have uncertainties due to several parameters such as air
density and flow velocity measurements. The uncer-
tainty analysis of each measurement is conducted by
following the AIAA Standard (1995).

Baseline wing aerodynamic response

A symmetric tapered wing is tested for its fundamental
aerodynamic characteristics as a baseline to the piezo-
composite wing. This wing is practically equivalent to
the morphing wing in terms of planform. The span is
248 mm and the mean aerodynamic chord is 166 mm.
The complete wing structure is theoretically symmetric,
although small amount of asymmetry may exist due to
tolerance limitations caused by the rapid prototyping
processes. Figure 8 shows the baseline and the variable-
camber wings installed in the wind tunnel.

A set of aerodynamic measurements are conducted
on the baseline first. Figure 9(a) and (b) presents the
experimental 3D lift coefficient and the L/D ratio at
four different flow velocities. Figure 9(a) also presents
the theoretical 2D infinite-span and the 3D finite-span
lift curves for reference. An AR of 1.5 is assumed for
the planform of both the baseline and the morphing
wings. The AOA is calculated by fitting a known
NACA 0012 profile to the two points, 80 mm apart in
the chordwise direction, measured by a laser

displacement. The laser line is approximately 146 mm
from the root of the wing.

The experimental lift and drag measurements are
close to the theoretical predictions for a finite-span
wing. A significant velocity dependency is observed in
the baseline response. There are several aerodynamic
reasons for the differences observed in the baseline
experiments. The primary reason for a lower than
expected lift curve slope is the Reynolds number regime
in which the tests are conducted. It is well known that
‘‘at Reynolds numbers above 70,000 and below
200,000, an extensive level of laminar flow can be
obtained and therefore airfoil performance improves
although the laminar separation bubble (LSB) may still
present a problem for a particular airfoil.’’ The reader
is referred to Mueller (1999) for details. The turbulence
observed in the wind tunnel is artificially helpful in
reducing the effect of the LSB and aerodynamic hyster-
esis, although the dominant effects of the LSB are
clearly visible in the test data. The observation of LSB
in similar piezocomposite wings and its active reduction
and delay in low Reynolds number flow regime have
been demonstrated by Bilgen et al. (2010a, 2011b). As
expected, a significant increase in lift curve slope is
observed as the Reynolds number is increased in the
70,000–200,000 regime.

Another important detail is the gap between the root
of the wing and the tunnel surface. There is roughly a 2-
mm gap between the root of the wing and the adjacent
tunnel surface for the tests. This gap ensures that the
root of the wing does not come in contact with the adja-
cent surface due to transverse vibration of the ‘‘sting’’
or the rotation of the wing about the pitch axis. Mueller
and Burns (1982) show that gap sizes around 0.5% of

Figure 8. Picture showing (a) the baseline and (b) the variable-camber tapered wings installed in the test section.
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the span are usually acceptable and do not affect the
test results. For the semi-span specimens tested here,
the maximum gap height is estimated as 0.8% of the
span. Although the gap dimension is small, the gap per-
centage is still higher than the recommended value. This
gap leads to unaccounted flow as the pressure gradient
across the two surfaces of the wing increases as a func-
tion of camber and AOA.

The observations above are important because they
establish confidence in the conclusions derived from
the measurements. In Figure 9(a), a nonzero lift coeffi-
cient at the zero degree AOA indicates that there is a
fixed AOA offset, which is mainly caused by two rea-
sons. First, there is a small error in deriving the AOA
from the laser displacement measurements. Second,
the wing may have a small asymmetry due to its over-
all geometry and surface characteristics, and there-
fore, a nonzero lift is observed at zero degree AOA.
In summary, both the lift and drag coefficient mea-
surements are as expected for the Reynolds number
range that is in consideration; however, the absolute
value of the AOA should be treated carefully as this
geometric parameter is difficult to measure accurately
for the specimens considered in this article. In con-
trast, the change in AOA induced by the rotary table
and the change derived using the laser displacement
measurements are virtually equivalent.

Morphing wing aerodynamic response

The variable-camber wing is evaluated for its funda-
mental aerodynamic characteristics. The wing is tested
for its lift coefficient and L/D ratio. The evaluation is
performed by setting the voltage of the bimorph at a

fixed value and then sweeping the spar structure angle
(b) up and down. The complete list of voltages (in
order) is (1) 21500 and (2) +1500 V. Support angle is
swept from 225 to 25 and back to 225� in 0.5� incre-
ments. Once the angle sweep is completed, the voltage
is changed. The procedure outlined here is necessary
for correct identification and separation of two possible
sources of nonlinear phenomena: (1) aerodynamic hys-
teresis and (2) piezoceramic material hysteresis. Note
that the angle of the spar structure (b) is given as the
independent variable for the figures in this section, which
is necessary for clear presentation of the data. The angle
b is swept up and down for several voltage levels; how-
ever, aerodynamic hysteresis was not observed.

Figure 10 presents the experimental results for lift
coefficient and L/D ratio versus angle of support. In
this figure, two excitation configurations are examined:
(1) top surface only and (2) bottom surface only. The
purpose here is to observe the aerodynamic effective-
ness of a single surface. From the observations made
using Figure 4, two cases are selected. The first excita-
tion case is the negative peak excitation of the top sur-
face only (Figure 4(b)). The second excitation case is
the positive peak excitation of the bottom surface only
(Figure 4(c)).

As the support angle is swept up and down, no con-
clusive adverse deformation is observed due to the
change of aerodynamic load distribution on the wing—
such statement is concluded from the straightness of
the lift curve in the linear region. Figure 11 presents the
experimental results for the excitation case where both
top and bottom surfaces are excited symmetrically.
For this case, the negative peak excitation (Figure 5(a))
and the positive peak excitation (Figure 5(b)) are
considered.

Figure 9. Experimental 3D: (a) lift coefficient and (b) drag coefficent for the baseline wing in response to AOA and free-stream
velocity (ReMAC = 92,200, 146,000, 197,000, and 249,000).
AOA: angle-of-attack; AR: aspect ratio; 3D: three-dimensional; 2D: two-dimensional.
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Similar to the observations above, as the support
angle is swept up and down, no conclusive adverse
deformation is observed due to the change of aerody-
namic load distribution on the wing. The peak-to-peak
change in lift coefficient is an important measure of
aerodynamic output of the variable-camber wing. In
this context, the change in lift coefficient at three differ-
ent rotation angle conditions are deduced from the
data presented in Figures 10 and 11. These data are
presented in Table 1.

The voltage-induced peak-to-peak change in lift
coefficient is highest in the post-stall region; however,
the actuation authority, measured in terms of change in
lift coefficient due to piezoelectric actuation, remains
relatively constant at a wide range of aerodynamic

loading conditions. Although the measured change in
lift coefficient appears low in magnitude, the flow con-
ditions (e.g. transitional Reynolds number regime)
should be taken into consideration. Based on existing
evidence from the literature, a higher aerodynamic
authority is expected in a higher Reynolds number
range.

Conclusion

This article presented the experimental aerodynamic
examination of a variable-camber tapered wing that
employs surface-induced deformations with the MFC
actuators. Experimental results are presented for the
free-stream velocity range of 8.2–23 m/s, chord

Figure 10. Experimental 3D: (a) lift coefficient and (b) lift-to-drag ratio for the variable-camber wing in response to individual
excitation voltage, rotation angle, and free-stream velocity (ReMAC = 91,700 and 248,000).
AR: aspect ratio; 3D: three-dimensional; 2D: two-dimensional.

Figure 11. Experimental 3D: (a) lift coefficient and (b) lift-to-drag ratio for the variable-camber wing in response to combined
excitation voltage, rotation angle, and free-stream velocity (ReMAC = 92,700 and 251,000).
AR: aspect ratio; 3D: three-dimensional; 2D: two-dimensional.

Bilgen and Friswell 815

http://jim.sagepub.com/
http://jim.sagepub.com/


Reynolds number range of 92,000–250,000, and at a
free-stream turbulence level of 0.1%. The experimental
aerodynamic results show the feasibility of the design
and comparable lift and drag response to the baseline
wing. An important conclusion is that the variable-
camber, shell-like, morphing wing sustains aerody-
namic loading at the maximum tested free-stream
velocity of 22.8 m/s and at a Reynolds number of
251,000 without degradation of aerodynamic authority.
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