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Design of a Conformable Rotor Airfoil Using Distributed
Piezoelectric Actuators
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Pennsylvania State University, University Park, Pennsylvania 16802

In the present study, several design methodologies are developed for determining the optimal distribution of a
limited amount of piezoelectric material aft of the spar in a conformable rotor airfoil section. The design objectives
are to maximize the trailing-edge deflection under actuation loads and simultaneously minimize the airfoil deflection
under aerodynamic loads. Energy-like functions, mutual potential energy (MPE) and strain energy (SE), are used as
measures of the deflections created by the actuation and aerodynamic loads, respectively. The design objectives are
achieved by maximizing a multicriteria objective function that represents a ratio of the MPE to SE. Several design
optimization techniques are evaluated including topology, geometry, sequential topology-geometry, and concurrent
topology-geometry optimizations. The results of the study indicate that the optimized conformable airfoil section
obtained using the concurrent topology-geometry optimization can produce a downward trailing-edge deflection
equivalent to 4.24 deg of effective flap angle from the actuation loads, with the peak-to-peak deflection being nearly
twice the downward deflection. The airfoil deformation caused by the aerodynamic loads alone is extremely small
(less than 0.24 deg). Key features of the optimized airfoil are arrangement of actuators near the spar that act to
stretch and shrink the skin and a bimorph like mechanism from midchord to the trailing edge. Additional results
include a strain analysis, aerodynamic lift-and-drag increment study, and an examination of the effects of skin
thickness and volume constraint of the active material.

Nomenclature

cross-sectional area of active element
maximum limit of cross-sectional area
minimum limit of cross-sectional area
» pressure coefficient

c = airfoil chord
dx; = piezoelectric constant
E; = modulus of elasticity
Faet = global load vector (actuation)
Fipro = global load vector (aerodynamic)
Fqummy = global load vector (dummy)
t = axial loading in a piezoelectric actuator
J = objective function
K = global stiffness matrix
l; = length of an active element
4 = aerodynamic pressure
I = thickness of piezoelectric layers
u = displacement field caused by actuation force
Ugp = downward tip deflection
Vi = applied voltage
Voo = airfoil velocity
Vol = volume of active material
Vol,.x = maximum allowable volume of active material
v = displacement field caused by dummy load
w = displacement field caused by aerodynamic load
Xj = x coordinate of a node
yj =y coordinate of a node
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Ax; = change in x coordinate

Ay; = change in y coordinate

Sref = reference trailing deflection
) = air density

L

HE blades of a helicopter main rotor are long and slender and
flexible along the span but relatively rigid along the cross sec-
tion. The airfoil cross section is rigid because any change in the
airfoil shape caused by loading could significantly affect the aero-
dynamic performance. Although an uncommanded change in airfoil
profile would obviously be undesirable, a deliberate change in air-
foil shape induced intentionally could be exploited, for example,
to ensure optimal performance, even as the flight condition varies.
In addition to improving performance, a cyclic change in the air-
foil profile over every rotor revolution could be used to generate
unsteady aerodynamic loads that could cancel the vibratory loads
on the rotor blades. In this respect, a continuously deformable, or
conformable rotor blade airfoil would be a successor to rotor-blade
airfoils with trailing-edge (TE) flaps, which are already being exten-
sively considered for helicopter vibration reduction (for example,
see Refs. 1-11). Virtually all of the research efforts focusing on ro-
tor TE flaps for vibration reduction have used actuators constructed
from piezoceramic material to deflect the flaps, because these actu-
ators are solid state, compact, and can produce the required force
at high frequency. However, the stroke of piezoelectric actuators is
usually very small, so that a mechanical amplification of the stroke
is necessary. Examples of these actuator-amplifier mechanisms in-
clude double-L piezostack actuators,’ C-block actuators,®” X-frame
actuators,® and bimorph-lever benders.!° Continuously conformable
rotor airfoils will also be required to use a piezoelectric-based actu-
ation system to meet the frequency requirements (other solid-state
actuation concepts based on “smart” materials such as shape mem-
ory alloys do not have the required frequency bandwidth even though
they can provide a larger stroke), whereas design optimization of
the actuator and amplication mechanism could produce the required
stroke amplification. Actuation mechanisms based on recently de-
veloped ferromagnetic shape memory alloys can also be of consid-
erable interest in the future because the materials can produce large
induced strain at high frequency.!?
Continuously deformable airfoils have already been considered
to improve performance and handling qualities (low-frequency
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actuation) of fixed-wing aircrafts. For example, Saggere and Kota'?
suggested the use of passive compliant structures with a generic
force actuator to produce static shape control of an airfoil camber,
and Lagoudas and Strelec!* considered the design of a reconfig-
urable wing actuated by shape memory alloy (SMA) wires in order
to maximize lift-to-drag ratio. A flexible flap system using active
deformable rib structures was studied as a part of DLR’s Adaptive
Wing Project and camber variations of +15 deg were achieved us-
ing an SMA tube.'> Kudva et al.,'s as a part of DARPA’s Smart
Wing program, developed deformable airfoil surfaces using ultra-
sonic piezoelectric motors and demonstrated that the airfoil could
achieve trailing-edge deflections of up to 20 deg. Raney et al.'” de-
signed and tested a smooth adaptive wing with a variable thickness
skin using SMA actuators. Achievable deflections were 8 and 3 deg
for the trailing edge and leading edge, respectively. Despite the sig-
nificant deflections, the SMA-based actuators would not be suitable
for rotor vibration reduction because of their bandwidth limitation.

The philosophy for the design of a conformable airfoil can be
adapted from the design of compliant mechanisms, which also
achieve desired motion by undergoing elastic deformation.'® One
approach for designing compliant structures is to apply a topology
design optimization method that determines the optimal distribution
of available passive and/or active material within a design domain.
Ananthasuresh et al.!® has employed topology optimization for the
design of compliant micro-electro-mechanical systems (MEMS). To
maximize the geometric advantage or to maximize the mechanical
efficiency, Frecker et al. developed a multicriterion topology op-
timization approach that had been applied for designing compliant
hand-held devices? and compliant mechanical amplifiers for piezo-
electric stack (d33-type) actuators.?! For multiple materials, a mate-
rial interpolation scheme was developed for topology optimization
of compliant mechanisms.?? A two-stage optimization process was
introduced by Kota et al.,>* who proposed a second-stage size and
shape optimization procedure that incorporated stress constraints on
passive compliant elements. Additionally, several researchers have
studied the topology optimization of different actuators, including a
two-phase compliant actuator designed to maximize the work per-
formed on an elastic workpiece?* and flextensional actuators with
piezoelectric material, where the topology of the passive material is
optimized.?

II. Focus of the Present Study

The primary focus of the present study is to develop a design
methodology for a smart material-based conformable rotor airfoil
that could be used to provide cyclically controllable camber for
helicopter vibration reduction. Methodologies using topology and
geometry optimization for calculating the optimal distribution of
active material within the airfoil section are developed and imple-
mented. Key considerations are that the optimized airfoil section
should produce significant trailing-edge deflection under actuation
load while maintaining its shape under aerodynamic loading. The
optimal designs are evaluated, and the mechanism by which the
distributed active material produces the deformation is examined.

III. Analytical Model

In the present study the rotor blade is assumed to have a NACA-
0012 airfoil section,?® an aluminum skin of 1-mm thickness, and a
chord length of 0.50 m. A rigid D-spar, the primary load-carrying
member, extends from the leading edge of the airfoil to quarter-chord
(Fig. 1a). The rigid D-spar is assumed not to undergo any deforma-
tion, and consequently, the section aft of the D-spar is clamped at
quarter-chord, as presented in Fig. 1b.

To actuate the airfoil section at high frequency (in the range of
20 Hz for full-scale applications and higher frequencies for scaled
model rotors), the active elements are chosen to be of piezoelectric
ceramic material because of its fast response time. The stack actu-
ator configuration, using the ds; effect, is chosen for its high force
output. The active elements are distributed symmetrically about the
centerline within the structure (as shown in Fig. 2), because both
upward as well as downward deflections are necessary to gener-
ate the required unsteady aerodynamic loads to reduce vibration.
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Fig. 1 Schematics of a) an NACA-0012 airfoil section and b) airfoil
section with very rigid D-spar.
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Fig. 2 Distribution of active elements within the ground structure.
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Fig. 3 Aerodynamic pressure distribution of the NACA-0012 at a 5-
deg angle of attack.

The internal structure is modeled as a network of active elements
called a ground structure. Each active element in the ground struc-
ture represents an individual stack actuator. Finite element mod-
eling is employed to analyze the structure, with the skin modeled
as frame elements that allow both bending and axial deformations,
whereas the actuators are modeled as truss elements that have only
axial deformation, with pinned connections between the successive
frame-truss or truss-truss elements.

The equivalent axial loading generated by actuation of the ith
active element can be expressed as follows:

o = EiAidss Vi [t (1)

Equal and opposite voltages are applied to actuators located in the
top and bottom sections of the structure to effectively generate bend-
ing loads on the structure. The displacement field induced by the
active elements u is calculated using Eq. (2):

Ku = Fp 2

Aerodynamic loading of the airfoil section is calculated numeri-
cally using a linear-strength vortex panel method.?” Figure 3 shows
the variation of pressure coefficient C, on the airfoil surfaces for the
NACA 0012 airfoil at 5-deg angle of attack. The resulting aerody-
namic pressure p at any point on the surface can then be calculated
from this pressure coefficient using Eq. (3):

p=1pViC, A3)
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Fig. 4 Aerodynamic load distribution on the airfoil structure.
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Using this surface pressure, the aerodynamic forces acting on a skin
element can be determined by multiplying the surface pressure and
the surface area of the skin element. Based on the aerodynamic
forces, the aerodynamic loads acting at each node on the skin can
be calculated. (The vertical nodal aerodynamic forces are shown
graphically in Fig. 4.) The displacement field induced by these aero-
dynamic forces w is expressed in Eq. (4):

Kw = Feo (€]

Although the aerodynamic loading would undergo variation as
the airfoil deforms under the actuation loading, these variations are
not considered in calculating F,e,, in Eq. (4). This can be justified
in the following terms: The reason for calculating the displacement
in Eq. (4) is to ensure that when the material distribution within
the airfoil section aft of the spar is varied during the design opti-
mization process, the airfoil does not become overly flexible un-
der aerodynamic loading. In this regard, the baseline aerodynamic
surface-pressure distribution is adequate considering the perturba-
tions in pressure distribution caused by variation in camber are not
expected to a provide different conclusion. The differences in pres-
sure distribution caused by the actuation voltage will be provided
later in Sec. V.F for comparison. In addition, the results presented in
Appendix A show that the differences in deflections obtained using
the baseline and modified pressure distribution are small.

IV. Optimization Problem

A. Objective Function

The problem of achieving camber change is modeled as one of
maximizing the vertical deflection at the trailing edge. The struc-
ture with maximum trailing-edge deflection, however, might be too
flexible to withstand the aerodynamic loads, and so a multicriteria
optimization problem is considered. The objective of the optimiza-
tion problem is to simultaneously 1) maximize the vertical deflection
at the trailing edge of the airfoil section caused by actuation load
and 2) minimize the deflection of the entire airfoil section caused
by aerodynamic load.

The first objective can be achieved by maximizing the mutual
potential energy (MPE) of the structure.”® Essentially, the MPE is
a measure of ability of the actuation force to produce a specific
deformation field. The MPE is defined as follows:

MPE = v'Ku = v Fy (5)

where v is a reference displacement field created by a dummy load,
which will be described by Eq. (7) defined later in this section,
and u is the displacement field induced by the actuation force F,
[Eq. (2)]. Thus the first objective function can be written as

max(J, = MPE) (6)

To model the deflection at the trailing edge, the unit dummy load
method is used. A unit load is applied in the downward vertical
direction in order to deflect the trailing edge downward (Fig. 5), and
a virtual displacement field v is calculated using Eq. (7):

K = Faummy (7

Although this first objective is to maximize downward deflec-
tion of the trailing edge when the actuators in the top section are
positively charged and the actuators in the bottom section are neg-
atively charged, because of the design’s symmetry, an equivalent

F, dummy

Fig. 5 Unit dummy load on the structure.
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Fig. 6 Topology network of active elements, with different sizes.

upward deflection of the trailing edge can be obtained by reversing
the polarity of the actuation voltage. This will be demonstrated in
Sec. VE.

For the second objective, strain energy (SE) is introduced as a
measure of the deflection caused by the aerodynamic loads. The SE
is defined as follows:

SE = %wTKw 8)

where w is described in Eq. (4). To facilitate the inclusion of this
objective into one multicriteria objective function, it is desirable to
modify this minimization of the SE into a maximization problem.
The modified objective function can be expressed as

max(J, = 1/SE) (&)

The two objective functions are combined to form one multicriterion
objective function using a ratio approach first proposed in Ref. 20
for passive compliant mechanisms. The objective function is defined
as

max(J = MPE/SE) (10)

This type of objective function requires the use of a nonlinear opti-
mization solution process.

B. Optimization Variables

Both the topology and the geometry of the ground structure shown
in Fig. 2 are to be optimized. Topology optimization can be thought
of as determining the optimal connectivity of active structural ele-
ments within the airfoil cross section. Geometry optimization con-
sists of adjusting the location of the connection points between ele-
ments, while leaving the topology unchanged. In topology optimiza-
tion, the cross-sectional areas of the active elements A; are adjusted
to maximize the objective function. This topology optimization will
effectively increase the cross-sectional area of actuators that are
highly effective and reduce the size of actuators that are less ef-
fective. Each variable A; is bounded between a minimum and a
maximum allowable value as follows:

0<Amin§Ai§Amax (ll)

where A, is nearly zero. An example of a topology network is
shown in Fig. 6. The actuators that have reduced in size to reach
the minimum limit are not shown in the figure but are included
in the finite element analysis. The cross-sectional area of the skin
elements is unchanged during this topology optimization. Another
optimization constraint is the total amount of active material, which
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is represented by active material volume defined as follows for M
total active elements:

M
Vol = Zl,-A,- (12)

i=1

The volume constraint is expressed in terms of percentage of the
maximum possible active material volume (e.g., Vol = 0.50 Vol,x),
where

M
Volpax = Z li Amax (13)

i=1

In geometry optimization, the nodal coordinates (x;, y;) of the ac-
tive element network are modified to maximize the objective func-
tion. In essence, this geometry optimization will move nodes con-
necting the active elements to maximize their effectiveness (defined
by the objective function). Modification of one nodal coordinate in
an actuator network is shown schematically in Fig. 7. The change
in nodal coordinates Ax; and Ay; is confined within coordinates of
the neighboring nodes as described in Eq. (14):
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Fig. 7 Schematic of geometry modification of actuator network.
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Axiery < AXj < AXyign
Aylower = ij = Ayuppe:r (]4)

It is possible that the nodal coordinates of one node can coincide
with those of another node. Nodal coordinates of the skin and the
centerline elements are not modified in this geometry optimization.

In both topology and geometry optimization, the symmetry of the
conformable airfoil structure about the axis of symmetry must be
maintained because a similar amount of downward and upward de-
flections of the airfoil are required to produce the aerodynamic force
for helicopter vibration reduction. This can be satisfied by imposing
the symmetry condition as a constraint in the optimization process.
This symmetry constraint could not be imposed in the structural
analysis (using only half of the structure for analysis) because the
aerodynamic loads are not symmetric.

C. Optimization Techniques

Several optimization techniques are considered in the present
study. Topology optimization (Appendix B) followed by geome-
try optimization (Appendix C) is considered. Two more techniques
combining the topology and geometry optimizations are exam-
ined: 1) sequential topology geometry and 2) concurrent topology-
geometry optimizations. All of these techniques are explained in
detail in this paper.

The flowchart of the topology optimization is presented in Fig. 8.
This nonlinear optimization problem is solved using the sequential-
linear-programming (SLP) algorithm, which is a gradient-based op-
timization method (requiring linearization of the objective function).
Gradients of the objective function with respect to the topology vari-
ables are calculated analytically and are presented in Appendix B.
The procedure starts with an initial topology, then the algorithm
calculates the update in topology within a small move limit. The
topology is updated iteratively until a convergence criterion is satis-
fied. Usually, the algorithm is converged when a change in objective
function is less than 0.1% of its previous value.

The geometry optimization problem is also solved using the SLP
algorithm, and the flowchart is given in Fig. 9. The procedure is

Calculate displacements
(u, v, w)

l

Calculate J and Gradient
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Constraints

Linear Step Size
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I
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l

Initial : :
Geometry e E Calculate displacements i
l e i (u, v, w) ;
Geometry : l . E
Update : Calculate J and Gradient |

E Calcule_lte Lmear_ Step Size ;

! Constraints Programming i

: l Axi, Ay :

é Update i

1 Geometry i

{ Geometry Update Y

Fig. 9 Flowchart of the geometry optimization process using the SLP algorithm.
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Fig. 10 Flowcharts of a) sequential and b) concurrent geometry-
topology optimizations.

similar to that of the topology optimization. Again, the algorithm
begins with an initial topology and geometry, and an appropriate
change in the geometry is calculated using a small step size, while
the topology remains fixed. The geometry update process repeats
until the objective function is converged.

A sequential topology-geometry (STG) optimization is intro-
duced to further improve the optimization process. Figure 10a shows
the flowchart of this STG optimization. The algorithm starts with
an initial configuration, and the topology optimization is performed
on this initial configuration until it is topology optimized. Then
the topology-optimized structure is used as an initial structure for
the geometry optimization, which is carried out until converged.
The geometry-optimized structure is sent back to the topology opti-
mization, and the whole process repeats until a convergence criterion
is met.

Another approach using concurrent topology-geometry (CTG)
optimization is also introduced, and the flowchart of this CTG opti-
mization is given in Fig. 10b. The algorithm is similar to that of the
STG optimization, but instead of allowing the topology and geome-
try optimizations to converge to a suboptimal configuration the CTG
optimization updates the topology and geometry of the structure a
fixed number of iterations, N and M, respectively.

V. Results and Discussion

A. Ground Structure

The ground structure for the topology and geometry optimizations
is shown in Fig. 2 and is made up of a network of truss and frame
elements, with the properties presented in Table 1. The structure has
656 active truss elements representing piezoelectric ceramic stack
actuators and 62 aluminum passive frame elements to model the
skin. The topology optimization will determine the optimal cross-
sectional area of the 656 active elements, but because of the sym-
metry of the problem there will be only 328 design variables for the
topology optimization. After the optimization process it is expected
that a number of active elements will have reached the lower limit,
that is, the number of remaining active elements will be much less
than the starting number of more than 600 elements.

B. Topology Optimization

Topology optimization is performed using the ground structure
defined in Fig. 2. Five randomly generated sets of initial values
of the design variables, the cross sections of the active elements,
are used to avoid local minima. Each variable must be bounded
within the allowable limit [see Eq. (11) and Table 2], and the total
active material volume is constrained to 50% of Vol [defined in
Eq. (13)]. The geometry of the structure is unchanged during the
topology optimization.

Table 1 Properties of airfoil structure

Airfoil structure Parameter Value

Piezostack Young’s modulus E 60 x 10° N/m?
actuators Applied voltage V; 4150 V(upper)
(Truss elements) —150 V(lower)

Piezoelectric 640 x 10712 m/V
constant d33
Thickness of 0.00011 m
piezoelectric layers ¢,
Airfoil section Chord ¢ 0.50 m
Span 0.1 m
Airfoil skin Young’s modulus £ 30 x 10° N/m?
(Frame elements) Cross-sectional area A 6.35 x 1079 m?
Moment of inertia / 5.3 x 107183 m?
Aerodynamic Air density p 1.225 kg/m?3
properties Airfoil velocity Vi 200 m/s

Table 2 Topology optimization constraints

Constraint Value
Amax 2.6 x 1075 m?
Amin 1 x 107 m?
Volume constraint 50% Vol max
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Fig. 11 Topology optimization results with a volume constraint of 50 %
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A setof results from the topology optimization is shownin Fig. 11.
On average, it is observed that the optimization converges to an
optimal topology, well within 100 iterations as shown by an example
convergence history in Fig. 11a. The optimal topology is shown in
Fig. 11b in grayscale. In this figure the active elements that have
reduced in size to reach the minimum limit A,;, are not shown,
whereas those that have increased in size to reach the maximum limit
Amax are shown as black thick lines, and the intermediate elements
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are in shades of gray. For simplicity of interpretation, the airfoil
section is divided into four regions: 1) an area close to quarter-chord,
2) an area near midchord, 3) an area from midchord to %-chord, and
4) an area from %—chord to the trailing edge (see Fig. 11b). The result
shows that the active elements that are increased in size to reach A .«
are concentrated in areas close to the skin in regions 1 and 2 and
are less concentrated in region 3 and 4. The active elements that are
reduced in size toreach A, are in areas near the skin in regions 3 and
4, in area near the centerline in region 3, and are less concentrated
throughout the areas near the symmetry axis in regions 1 and 2.
As a physical observation, the active elements in regions 1 and 2
are arranged such that they produce a downward deflection of the
trailing edge by stretching the upper skin and shrinking of the lower
skin, and the arrangement of the active elements in regions 3 and
4 resembles a bimorph bender. Figures 11c and 11d, respectively,
show the deformations caused by the actuation and aerodynamic
loads of the optimized topology with corresponding axial strain
level (color coded) in all of the elements. The displacement fields in
Figs. 11c and 11d are exaggerated by a factor of 7 (7 x) to improve
the visualization of the deflections. With only the actuation loads,
a downward tip deflection u;, of 5.3 mm (8.33% of the thickness)
was achieved. To compare this tip deflection with a flapped airfoil
(with a hinge at 15% chord from the trailing edge), an equivalent
flap angle (EFA) is introduced as follows:

EFA = atan(u,/0.15¢) (15)

The calculated EFA for this optimized topology is 4.05 deg. The
strain level in the skin varies between 0.15-0.3% with the highest
level occurring near the spar and the trailing edge. When subject to
only the aerodynamic loads, very small deformation of the airfoil is
observed, and the deflection is equivalent to 0.54-deg EFA.

The resulting optimized topologies obtained using randomly gen-
erated initial conditions (as well as a uniform distribution, all active
elements are 50% of Ay.y) are nearly identical. This demonstrates
that the topology optimization likely converges to the global optima
and that the solution is independent of the initial guess provided.

C. Geometry Optimization

Geometry optimization is performed using the geometry shown
in Fig. 11b as an initial configuration, which can produce an EFA
of 4.05 deg (and a J of 0.13). The cross-sectional areas of all el-
ements are kept unchanged during the geometry optimization pro-
cess. The results of the geometry optimization are shown in Fig. 12.
The process converges after approximately 300 iterations as shown
in Fig. 12a, with objective function increasing to 0.27 (a 100% in-
crease from the original geometry), and the optimized geometry is
shown in Fig. 12b. The geometry optimization produces an effective
flap angle of 3.42 deg, which represents a 20% reduction from the
original value.

The corresponding airfoil deflection caused by the aerodynamic
loads alone is 0.24 deg. This suggests that the significant increase in
objective function is caused primarily by reduction in the strain en-
ergy associated with the increase in stiftness of the structure. Using
the four regions described earlier, the result shows little qualitative
change in the distribution of the active material in regions 3 and 4.
The active elements in regions 1 and 2 are shifted toward the skin
emphasizing the mechanism that stretchs and shrinks the skins. The
area between region 2 and 3 is a transition section connecting the
bimorph-like mechanism (regions 3 and 4) to the active skin mech-
anism (region 1 and 2). The deformations and strain level caused by
the actuation and aerodynamic loads are presented in Figs. 12¢ and
12d, respectively. In Fig. 12c, the skin strain level increases from
0.1% in regions 1 and 2 to 0.3% near the trailing edge.

D. STG Optimization

Results using the STG optimization are presented in this section.
Essentially, the STG optimization is performing three complete se-
ries of topology-geometry optimizations (at which point conver-
gence is achieved). To complete this, two more complete series of
topology and geometry optimization are performed on the structure
resulting from a complete topology-geometry optimization shown
in Fig. 12b, which originally produced an objective function of 0.27,
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Fig. 12 Geometry optimization results with a volume constraint of
50% Volpax-

and EFA of 3.42 deg. In the second and third topology-geometry
optimization, the sizes and locations of all of the 656 active ele-
ments are still available to be optimized. The results of the STG
optimization are presented in Fig. 13.

Figure 13a shows the convergence history of the additional se-
ries of topology-geometry optimizations, and it is observed that the
STG optimization converges after three complete series of topology-
geometry optimizations, with a maximum objective function of 0.35.
The optimized structure (Fig. 13b) can produce the EFA of 3.83 deg
(as opposed to 3.42 deg for the geometry optimized structure in
Sec. V.C) under the actuation loads, and it is deflected 0.22-deg
EFA under the aerodynamic loads. This again implies that the in-
crease in the objective function is caused mostly by reduction in
the strain energy. From Fig. 13b, the active elements that have
reached A, again are concentrated in areas close to the skin in
regions 1 and 2 forming the active skin mechanism and in areas
parallel to the skin in regions 3 and 4 forming a complex mech-
anism. The active elements that have reached A,,;, are scattered
throughout the areas near centerline in regions 1-3. Similar to ear-
lier observations, the arrangement of active elements in regions 1
and 2 is such that they produce a downward deflection of the trail-
ing edge by stretching the upper skin and shrinking the lower skin.
A slight difference in topology is observed when comparing the
results from the geometry optimization (Fig. 12b) and STG opti-
mization (Fig. 13b). The STG-optimized structure has more active
elements inregions 3 and 4, especially near the skin, and the arrange-
ments of the active mechanism near the centerline in region 1 are
different.
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Fig. 13 Sequential geometry-topology optimization results with a vol-
ume constraint of 50% Volyax.

E. CTG Optimization

The concurrent optimization is performed using cycles of 21 iter-
ations of topology optimization followed by 21 iterations of geom-
etry optimization (i.e., N, M equal to 21). The initial configuration
is the ground structure shown in Fig. 2 with a random distribution
of active material. Results from the CTG optimization are presented
in Fig. 14.

The convergence history (Fig. 14a) shows that the CTG optimiza-
tion process converges after 1260 iterations (30 repetitions of the
geometry and topology optimization cycles). The optimized struc-
ture, illustrated in Fig. 14b, can produce an EFA of 4.24 deg with
an objective function of 0.35. The airfoil deformation caused by
the aerodynamic loads is 0.24 deg. The CTG optimization results
in a conformable airfoil that outperforms the airfoil obtained using
the STG optimization in term of actuation angle. In comparison,
the results obtained using STG and CTG optimizations are slightly
different. The main distinction is that the CTG optimized structure
has more active elements near the centerline in region 3. Deflection
and axial strain level caused by only the actuation loads is shown in
Fig. 14c. The skin strain level in region 1 is in the order of 0.1%, and
the skin strain level increases along the chord with the maximum
level of 0.4% near the trailing edge.

Because of the symmetry, for any of the optimized designs if the
actuation voltages are reversed, that is, the actuators in the upper
section receive negative voltage and the actuators in the lower sec-
tion are positively charged, the conformable airfoil can produce an
equal deflection in the opposite direction. This is seen in Fig. 15 for
the CTG solution. An EFA of 4.24 deg is achieved in the upward
direction, and this suggests that the conformable airfoil is capable
of producing a peak-to-peak deflection of 8.48 deg.
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Fig. 14 Concurrent geometry-topology optimization results with a
volume constraint of 50% Volpyax.
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Fig. 15 Deformation (7x) caused by actuation loads with reverse
polarity, color-coded axial strain level (CGT optimization with 50%
Volpax)-

Even after concurrent topology and geometry optimization, the
optimized structure is still complex and can be difficult to construct.
The following sections present an effort to simplify the design by
reducing the amount of active material and changing the thickness
of the skin.

1. Effect of Active Material Volume Constraint

The effect of the volume constraint of the active material is ex-
amined in this section. All of the optimized structures are obtained
using the CTG optimization at various volume constraint levels.
Figure 16 shows optimized airfoil sections when the amounts of
active material are 40, 30, 20, and 10% of Vol,,,.

The complexity of the optimized structure is reduced as the
volume constraint reduces. The active skin mechanism near the
spar is only observed in the high (40 and 50%) volume constraint
cases, whereas the bimorph-like mechanism is seen in all optimized
structures with various volume constraint levels. The actuation and
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Fig. 16 Concurrent geometry-topology optimization results with vol-
ume constraints of a) 40, b) 30, ¢) 20, and d) 10% of Volay.
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Fig. 17 Variations of actuation and airload angles obtained using CGT
optimization.

airload angles (EFA) are presented in Fig. 17. As the volume con-
straint reduces from 50 to 10% of Vol,.x, Fig. 17 shows that the
actuation angle is decreased from 4.3 to 2.4 deg while the airload
angleisincreased from 0.2 to 0.8 deg. The structures with higher vol-
ume constraint have more active material and thus more weight. For
example a conformable airfoil section with 20% of Vol,x weighs
about 0.38 kg/cm, and a section with 50% volume constraint weighs
0.96 kg/cm.

2. Effect of Skin Thickness

The influence of skin thickness on the optimized topology is ex-
amined for the 20% volume constraint case. All of the optimized
structures are obtained using the CTG optimization. Figures 18a—
18d show the optimized structures when the skin thickness is 0.8,
0.6, 0.4, and 0.2 mm, respectively. In general, the optimized struc-
tures contain similar bimorph-like mechanisms running parallel to
the skin. The actuation and airload angles for these structures are
presented in Fig. 19. As the skin thickness decreases from 1 to 0.2
mm, the actuation angle is increased from 3.1 to 6.2 deg, and the
airload angle is also increased from 0.42 to 0.88 deg. In the next
section the conformable airfoil optimized with 20% volume con-
straint and skin thickness of 0.4 mm is chosen for further study on
aerodynamic lift-and-drag increment.

d)

Fig. 18 Concurrent geometry-topology optimization results with skin
thickness of a) 0.8, b) 0.6, ¢) 0.4, and d) 0.2 mm (20% Volyay).
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Fig. 19 Variations of actuation and airload angles obtained using CGT
optimization as functions of skin thickness (20% Volpyax)-
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Fig. 20 Deformation (7 X) caused by actuation loads, color-coded axial
strain level (CGT optimization with 20% Vol,ax and skin thickness of
0.4 mm).

F. Aerodynamic Lift-and-Drag Increment

This section investigates the aerodynamic lift-and-drag increment
created by flapped and conformable airfoil sections from the base-
line NACA 0012 airfoil section. The flapped airfoil section is fitted
with a 15% chord trailing-edge flap, and the conformable airfoil sec-
tion assumes a configuration shown in Fig. 20. (The airfoil section
is obtained using CTG optimization with 20% volume constraint
and skin thickness of 0.4 mm.)

The conformable airfoil can produce downward trailing-edge de-
flection of 5.7 mm (1.1% c) or 4.34-deg EFA. This trailing-edge
deflection will be referred later as §¢. The increases in aerody-
namic lift and drag are calculated using XFOIL ver. 6.94 (Ref. 29).
In Ref. 29, the the pressure distribution is obtained by solving cou-
pled inviscid/viscous flow equations over the airfoil simultaneously.
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Fig. 21 Aerodynamic pressure distribution of airfoils at a 5-deg angle
of attack for the baseline airfoil and conformable airfoil (when deflected
at Oref) calculated by using XFOIL.
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Fig. 22 Aerodynamic pressure distribution of the conformable and
flapped airfoil at a 5-deg angle of attack (when deflected at &.¢), calcu-
lated by using XFOIL.

The inviscid flow is modeled using linear-vorticity stream function
panel method with a Karman—Stein compressibility correction, and
the viscous flow in boundary layer and wake are accounted for us-
ing a surface transpiration model. The calculation is carried out at
Reynolds number of 8.3864 x 10°, Mach number of 0.6, and 5-deg
angle of attack. Figure 21 shows the pressure distribution of the con-
formable and baseline airfoil sections. The lift-and-drag coefficients
of the baseline airfoil are 0.6681 and 0.00703, respectively.

The profile of the pressure distributions is similar, but the magni-
tude of the pressures produced by the conformable airfoil is larger.
The difference in the pressure distribution results in an increase in
sectional lift of 25% from the baseline airfoil. The pressure distri-
butions of both the flapped and conformable airfoils that have the
same trailing deflection &, are presented in Fig. 22. The pressure
distributions from both airfoils are very similar except that the pres-
sure for the flapped airfoil is slightly higher and there are variations
in pressure near the flap hinge caused by the more sudden change
in profile of the flapped airfoil.

Figure 23 shows the increment in sectional lift from the base-
line airfoil for the flapped and conformable airfoils when they have
the same trailing-edge deflection ranging from 0-100% of §,¢. For
both flapped and conformable airfoils the increments in sectional
lift are increased linearly as the trailing-edge deflection increases,
but the flapped airfoil always produces more lift than a conformable
airfoil with the same trailing-edge deflection. For instance, when
the trailing-edge deflection equals d,.f, the flapped airfoil produce a
lift increment of 35%, whereas the conformable airfoil can only in-
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Fig. 23 Increment in lift caused by the flapped and conformable air-
foils, calculated by using XFOIL.
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Fig. 24 Increment in drag caused by the flapped and conformable
airfoils, calculated by using XFOIL.

crease the lift by 25% of the sectional lift of the baseline airfoil. The
airfoil drag increment generated by the flapped and conformable
airfoils is presented in Fig. 24. Aerodynamic drag caused by the
flapped and conformable airfoils is increased almost linearly as the
trailing-edge deflection increases. In general, the drag increment
caused by the flapped airfoil is higher than that caused by the con-
formable airfoil for the same trailing-edge deflection. For example,
when the trailing edge is 8¢ the drag increment caused by the flapped
and conformable airfoils is 16 and 11% of the baseline airfoil,
respectively.

G. Power Requirement

This section examines the power requirement of the conformable
airfoil section assuming a configuration shown in Fig. 20 (CTG op-
timized with 20% volume constraint and skin thickness of 0.4 mm).
The conformable airfoil produces downward trailing-edge deflec-
tion of 5.7 mm (9.2% of airfoil thickness) or 4.34-deg EFA under
actuation loads and deflects upward 0.62-deg EFA under the air-
loads. The work done by the aerodynamic force is equal to the
strain energy [Eq. (8)], and the work done by the actuation loads is
equal to energy stored in the structure caused by the displacement
generated by the actuation loads:

Waew = 3u" Ku (16)

The work done by the aerodynamic and actuation loads is calculated
to be 0.02 and 0.5950 J, respectively. The estimated power require-
ment is simply the total work done as a result of the aerodynamic
and actuation loads multiplied by the actuation frequency. Thus, for
an actuation frequency of 20 Hz, the calculated power requirement
is 12.3 W. However, the actual power required would be higher
than this because of losses in the structure, actuators, and electrical
circuits.
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VI. Conclusions

Several optimization strategies for a conformable rotor airfoil us-
ing distributed piezoelectric actuators are developed and evaluated.
The design optimization techniques determine optimal distribution
of piezoelectric material aft of the rotor spar that simultaneously pro-
duce significant trailing-edge deflection under actuation loads, but
minimal airfoil deflection under aerodynamic loads. This is achieved
by optimizing a multicriteria objective function that contains a ratio
of energy functions: mutual potential energy and strain energy, rep-
resenting the deflections caused by the actuation and aerodynamic
loads, respectively. Actuator topology and geometry are optimized
using several techniques including topology, geometry, sequential
topology geometry, and concurrent topology-geometry optimiza-
tions. Some of the key observations of the present study are sum-
marized next.

Using the topology optimization, the optimized airfoil structure
could produce a trailing-edge deflection equivalent to 4.05-deg ef-
fective flap angle (EFA) under actuation loads. The airfoil deflection
caused by aerodynamic loads was small (0.54-deg EFA). Physically,
the active elements near the spar were arranged such that they pro-
duced trailing-edge deflection by stretching and shrinking the skin,
and the arrangement of the active elements from midchord to the
trailing edge resembled a bimorph bender.

A slight improvement over the topology optimized structure was
achieved using the geometry optimization, which produced an air-
foil structure that underwent substantial smaller deformation (of
0.24 deg) under the aerodynamic loads, but also generated a slightly
reduced EFA (of 3.42 deg) under the actuation loads. In the geom-
etry optimization, the active elements near midchord were moved
toward the skin, and the active elements between midchord and
the trailing edge were almost unchanged. The sequential topology-
geometry (STG) optimization produced an airfoil structure that was
similar to the geometry optimized structure, except that more active
material was added near the skin in the region between midchord
and the trailing edge, and the arrangements of the actuators near the
centerline close to the spar are different.

The optimized airfoil section using concurrent topology-
geometry (CTG) optimization could produce an EFA of 4.24 deg
under the actuation loads, and the deformation under the airload was
0.24 deg. Key features of this structure were similar to that of the
STG optimized airfoil except that the CTG optimized structure had
more active material near the centerline in midchord region.

The complexity of the actuator arrangement could be reduced
by reducing the volume constraint of the active material, but the
optimized conformable airfoil produced less actuation angle and
deformed more under the aerodynamic loads. The reduction in ac-
tuation performance caused by less active material could be offset
by decreasing the skin thickness, for example, the airfoil with 20%
volume constraint and skin thickness of 0.4 mm could produce ac-
tuation angle of 4.34 or 8.86 deg peak to peak, but at the expense of
deflection under airload (0.62 deg).

Appendix A: Effect of Aerodynamic Loads

This section investigates the effect of aerodynamic loading on
the deflection generated by the actuation loads. The conformable
airfoil section has a displacement field shown in Fig. 20. (The air-
foil section is obtained using CTG optimization with 20% volume
constraint and skin thickness of 0.4 mm.) The conformable airfoil
can produce downward trailing edge deflection of 5.7 mm or 4.34-
deg EFA without any aerodynamic loading. Using the vortex panel
method,?” pressure distributions of the baseline undeformed and the
conformable airfoils are obtained and presented in Fig. Al. Then
the total airfoil deflection is calculated using both the actuation and
aerodynamic loads. The total deflections of the airfoil using the base-
line pressure distribution are presented in Fig. A2a and Fig. A2b for
the normal and reversed voltages, respectively. The total deflection
using the baseline pressure distribution is equivalent to 3.68 deg,
whereas the total deflection with pressure from the conformable
airfoil is 3.12-deg EFA.
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Fig. A1 Aerodynamic pressure distribution of airfoils at a 5-deg angle
of attack for the baseline airfoil and conformable airfoil (when deflected
at Oyep), calculated using panel method.?’
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Fig. A2 Total airfoil deflection caused by both actuation and aerody-
namic loads with baseline pressure distribution using a) normal voltage
and b) reversed voltage.
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Fig. A3 Total airfoil deflection caused by both actuation and aerody-
namic loads with pressure distribution from conformable airfoil using
a) normal voltage and b) reversed voltage.

Appendix B: Sensitivity Analysis
for Topology Optimization

The sensitivity or gradient of the objective function [Eq. (10)] with
respect to airfoil topology variables A; is provided in Eq. (B1):

aJ dMPE d0SE 5
=|(SE—— - MPE— SE

9A, 9A, DA,

dMPE v’ ;K . du

—_—= —KM + vV —UuU + v K—
3A; A A, 3A,

9SE 1 [ , 9K 9
D8 (W w4 2wk 2 (B1)
aa, 2 \" a4 A,
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Equation (B1) requires calculation of the derivative of the displace-
ment fields and structural stiffness with respect to the topology vari-
ables, and they are given in Eq. (B2):

du _ i (8Fa _ 0K
ou _ Ola _ OR
IA; dA;  0A;

0V _ o (aqummy B %U>

0A 04, 0A;
2 0F K Kk
S0 g (e 22 ), =2 B
04, oA, A, 0A; A

Here, k; is the elemental stiffness matrix of the ith element. The
derivatives of the active, aerodynamic, and dummy forces are pro-
vided in Eq. (B3):

aFact _ fa[q’ aqummy _ 0’ aFaero -0 (BS)
A, A 9A; DA,

After substituting Eqs. (B3) and (B2) into Eq. (B1), the derivatives
of the MPE and SE with respect to the topology variables are given
by Eq. (B4):

dMPE i ki dSE 1 ki

—— =T 2Ty, — =——w'—"w (B4)
dA; A; A; A, 2 A

Appendix C: Sensitivity Analysis
for Geometry Optimization

Similar to the approach discussed in Appendix B, the gradient of
the objective function [Eq. (10)] with respect to geometry variables
Ax; and Ay; can be calculated. This section provides only the
derivation of the gradient with respect to Ax; because an identical
method can be applied to obtain the gradient with respect to Ay;.
The derivative of the objective function with respect to Ax; is given
by Eq. (Cl):

aJ dMPE oSE 2
— = | SE — MPE SE
0 AX/' 0 A.Xj d A.Xj

OMPE  dv” , s ou
= u—+v u—+v
Hij 8ij' 8ij' 8ij'
9SE 1 ( , 9K ro dw
==—|w w+2w' K (C1)
E)Ax_,- 2 8Ax_,- BAx,-

Again, the derivatives of the displacement fields and structural stiff-
ness (with respect to Ax;) are required, and they can be calculated

using Eq. (C2):
ou _ g 0 F et B 0K "
BAX/' BAX_/' BAx_/-

v o { Faummy 0K
=K _— — v
Bij 8ij' BAXj

(823

where k is the elemental stiffness matrix of the active elements that
connect to the jth node. The derivatives of the active, aerodynamic,
and dummy forces seen in Eq. (C2) are defined as follows:

aFacl _ Z afd]\ct 8qummy 8Faem

_ , =0, Z=o_g (3
anl P’ 3A.Xj 3A)C/ anj

where fX, is the elemental load vector of the active elements that
attach to the jth node. By substituting Egs. (C3) and (C2) into
Eq. (C1), the derivatives of the MPE and SE with respect to Ax; are

summarized in Eq. (C4):

OMPE  , 0Fq . 0K
=V — u
3AXj anl anl

dSE 1 oK
=——u’ w (4
BAX/' 2 aA)&/

Detail derivations of 0F,/dAx; and 0K /dAx; are not provided
here.
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