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Implementation of Multiphase Piezoelectric Composites Energy Harvester on

Aircraft Wingbox Structure with Fuel Saving Evaluation

M. Akbar∗, J.L. Curiel-Sosa

Department of Mechanical Engineering, Computer-Aided Aerospace and Mechanical Engineering Research Group (CA2M), The
University of Sheffield, The Portobello Centre, Sheffield, S1 4ET, United Kingdom

Abstract

The multiphase composite with active structural fiber (ASF) has proven able to provide better optimization
between actuating and load bearing capability compared to a pure piezoelectric material. In this paper, the
multiphase composite application is further extended for energy harvesting purpose. The Double-Inclusion
model combined with Mori-Tanaka method is implemented in a computational code to estimate the effective
electro-elastic properties of the multiphase composite. The effective composite properties obtained via the
present code are in good agreement with the analytical, experimental and finite element results. The multi-
phase composite with different composition is applied to a typical jet aircraft wingbox with 14.5 m halfspan.
The energy harvesting evaluation by means of hybrid FEM/analytical piezoelectric energy harvester model
is presented. A new procedure to investigate the trade-off between the aircraft weight, the fuel saving and
the energy harvested is developed. The results pointed out that the equivalent fuel saved from the power
generated by the wingbox is more than enough for 1 hour Auxiliary Power Unit (APU) operation.

Keywords: Piezoelectric Energy Harvester, Active Structural Fiber (ASF), Multiphase Composite,
Double-Inclusion Model, Aircraft Wingbox, Fuel Saving

1. Introduction

The multifunctional material system has at-
tracted significant attention in the past decade.
Christodoulou and Venables [1] established the first
classification of the Multifunctional Material Sys-
tems. The review by Gibson [2] noted a significant
growth of publication related to this topic in its ear-
lier years, during the 2000-2009 period. Ferreira et al.
[3] stated that the structural capability along with
other functions, i.e., self-healing, actuation, shape
changing, power generation and storage, are required
in the future multifunctional material systems. In a
survey by Toprak and Tigli [4], almost 1000 articles
related to piezoelectric energy harvesting were pub-
lished during the 2013-2014 period. In the present
work, a study on the piezoelectric-based energy har-
vesting from structural vibration is focused.
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One of the earliest implementations in piezoelectric
energy harvesting was done by Anton and Inman [5].
The piezoelectric patches embedded on a remote con-
trol aircraft proven able to harvest the energy from
structural vibration during the flight. Since then,
numerous studies have been conducted on the en-
ergy harvesting potential via piezoelectric structural
vibration. Most notably, the series of work by Er-
turk and Inman [6–8] has influenced a large number
of developments on the piezoelectric energy harvester
model. Erturk and Inman in [7] developed the first
mathematical model of cantilevered piezoelectric en-
ergy harvester under base excitation.

The extension of the base excitation model is seen
in the research on the piezoaeroelastic energy har-
vester model. Various models have been developed
from the two-degree of freedoms (2DoF) airfoil until
the planar lifting surface model [9–14]. The reviews
in [15–18] provided discussions on the state-of-the-
art of the piezoaeroelastic energy harvesting. How-
ever, most of the models involved resonance effect,
i.e., Vortex-Induced Vibration, and instability condi-
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tion, i.e., flutter as reviewed in [17].

In contrast with the extensive development of the
piezoaeroelastic model, the evaluation of the nor-
mal operating condition, i.e., low wind speed on civil
structure, cruise/gust loads on aircraft, only received
small attention. In the aircraft related field, to the
authors′ knowledge, there are just a few articles pro-
posed energy harvester models under gust load. Dis-
crete gust load models are proposed in [19–21]. Mean-
while, the model for random gust loads was developed
by Tsushima and Su in[22] and further extended in
[23]. In addition, the model for post-flutter speed
limit cycle oscillation (LCO) is proposed in [24].

Akbar and Curiel-Sosa [25] proposed the hybrid an-
alytical/numerical scheme for dynamic bending con-
dition which implemented in a cruise scenario. The
extension of the hybrid scheme can be seen in [26].
Advance numerical method, i.e., isogeometric analy-
sis, is coupled with the scheme and provides better
shear locking resistance. Shear locking itself com-
monly occurs in thin shells and leads to a poor accu-
racy [27, 28]. The hybrid scheme also shows faster
computational time compared to a full electrome-
chanical finite element model [26]. Hence, it is con-
sidered a good alternative in the early design stage.

However, a crucial issue was noticed in the investi-
gation of the wingbox structure in [25]. The replace-
ment of the original material by the piezoelectric ma-
terial resulted in a massive increase in the structural
weight. Therefore, to address this issue, a novel im-
plementation of the multiphase piezoelectric compos-
ite for energy harvesting purpose is proposed herein.
The multiphase composite proposed by Lin and So-
dano in [29] is adopted.

Lin and Sodano first introduced a concept of active
structural fiber (ASF) in [30]. The ASF consisted of a
core fiber and piezoelectric shell. The core fiber ded-
icated to giving more structural capability, i.e., load-
bearing function. In contrast, the piezoelectric shell
provides more functions related to electro-mechanical
coupling. The fabrication and experimental test of
the ASF are explained in [31, 32]. Furthermore, the
ASF is embedded in a matrix to construct the multi-
phase composite model in [29].

The Double-Inclusion model was proposed in [29]
to estimate the effective electro-elastic properties of
the multiphase composite. The model was well val-
idated with FEM simulation. The Double-Inclusion
model initially derived for elastic material by Hori
and Nemat-Nasser in [33] and further improved by

Dunn and Ledbetter [34]. In order to incorporate the
full electro-elastic properties, the piezoelectric ana-
log of the Eshelby′s tensor [35] was introduced to the
Double-Inclusion model in [29].

Eshelby′s tensor [36] itself was initially established
for elastic material and further developed to the ho-
mogenization scheme, i.e., effective medium approxi-
mation, by Hashin [37] and Mori-Tanaka [38]. One
of the most well-known and the simplest homoge-
nization method is the rule of mixture. The imple-
mentation of the Eshelby′s tensor with Mori-Tanaka
method provides greater accuracy than the rule of
mixture for large volume fraction [39].

Chan and Unsworth [40] derived one of the earli-
est analytical models to homogenize the properties of
the single piezoelectric fiber composite. Dunn and
Taya [41] implemented the piezoelectric Eshelby ten-
sor with various homogenization scheme, i.e., dilute
model, Mori-Tanaka method, self-consistent model,
to predict the properties of single piezoelectric fiber
composites. Their results were compared with the ex-
perimental data of Chan and Unsworth [40]. It was
found that best comparison with the experiment′s is
provided by the Mori-Tanaka method. Odegard in
[42] also found that The Mori-Tanaka method also
gives the closest comparison with the FEM results.

Other related works with the multiphase piezoelec-
tric composite can be found in the development of the
multi-inclusion piezoelectric composite models in [43–
45] and the multiphase magneto-electro-elastic com-
posite model in [46–48]. The interested reader also
referred to a review article in [49] discussed various
works on the inclusion model.

Despite the fact that the multiphase piezoelectric
provide better multifunctional capability [29, 50], the
implementation of energy harvesting structure is not
found in the literature. In the present work, for
the first time, the multiphase piezoelectric composite
is applied to the energy harvesting structure. Fur-
thermore, the Double-Inclusion model combined with
Mori-Tanaka method is used to obtain a better ac-
curacy of the effective composite properties. A new
implementation of the multiphase composite energy
harvester to a jet transport aircraft wingbox is per-
formed. A novel procedure to evaluate the weight and
energy trade-off due to the energy harvesting struc-
ture is developed. The mathematical models, evalu-
ation procedures, validation and implementation re-
sults are explained in the following sections.
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2. Mathematical Model

In this paper, the multiphase composite with
electro-elastic constitutive matrix is concerned. The
constitutive matrix of piezoelectric material is
adopted to the multiphase composite. Two forms
of the constitutive matrix, i.e., stress-charge, strain-
charge, are used. The stress-charge form is mainly
used in The Double-Inclusion formulation. While the
strain-charge form is applied in the energy harvester
model. Based on the IEEE standard on piezoelectric-
ity [51], the stress-charge form is written as

EiJMn =




























C11 C12 C13 0 0 0 0 0 −e31
C12 C11 C13 0 0 0 0 0 −e31
C13 C13 C33 0 0 0 0 0 −e33
0 0 0 C44 0 0 0 −e15 0
0 0 0 0 C44 0 −e15 0 0
0 0 0 0 0 C66 0 0 0
0 0 0 0 e15 0 εS11 0 0
0 0 0 e15 0 0 0 εS11 0
e31 e31 e33 0 0 0 0 0 εS33





























(1)
and the strain-charge form is expressed as

FAbiJ =




























S11 S12 S13 0 0 0 0 0 d31
S12 S11 S13 0 0 0 0 0 d31
S13 S13 S33 0 0 0 0 0 d33
0 0 0 S44 0 0 0 d15 0
0 0 0 0 S44 0 d15 0 0
0 0 0 0 0 S66 0 0 0
0 0 0 0 d15 0 εT11 0 0
0 0 0 d15 0 0 0 εT11 0
d31 d31 d33 0 0 0 0 0 εT33





























(2)

In Equations (1) and (2), the symmetries due to
orthotropic, i.e., C11 = C22, d31 = d32, etc., are di-
rectly applied. In a more compact form, Equations
(1) and (2) are written as

EiJMn =









C −et

(6× 6) (6× 3)
e ε

S

(3× 6) (3× 3)









(3)

FAbiJ =









S dt

(6× 6) (6× 3)
d ε

T

(3× 6) (3× 3)









(4)

C and S are the stiffness/elasticity matrix and the
compliance matrix, respectively. The piezoelectric
coupling constants in stress-charge and strain-charge
forms are defined by e and d. The piezoelectric con-
stant, d also called as the charge constant. The
dielectric permittivity in stress-charge and strain-
charge forms are represented by ε

S and ε
T . The

dielectric permittivity of the material often written
as relative permittivity, non-dimensionalised by the
vacuum permittivity, ε0 = 8.85× 10−12 F/m.
The transformations between the stress-charge

form and strain-charge form are shown as follows

C = S−1

e = d S−1

ε
S = ε

T − d S−1 dt

(5)

2.1. The Double Inclusion Model

The illustration of the piezoelectric shell embed-
ded in a carbon fiber composite formed a multiphase
composite is shown in Figure 1. The double-inclusion
fiber made of the piezoelectric shell and the core
fiber is so called the active structural fiber (ASF).
Long-cylindrical/ fibrous composite is concerned in
the present work. The conventions presented in [29]
is adopted. The fiber direction defined as the 3-
direction. The ASF poling is taken in the transverse
directions, the 1 and 2-directions. In the present case,
for beam energy harvester model, the poling axis is
in the thickness direction and defined by 1-direction
as shown in Subsection 2.2, Figure 2.

Piezoelectric Fiber

Carbon Fiber

Matrix

Figure 1: Multiphase Composite with Active Structural Fiber
(ASF)

In the Double-Inclusion model, the effective
electro-elastic matrix of the overall composite,
EiJMn, as a function of each phase properties is
shown in Equation (6). The electro-elastic matrices
of each phase; the matrix, the piezoelectric shell, the
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core fiber are defined by Em
iJMn, E

p
iJMn and Ec

iJMn.
In the following notations, superscriptsm, p and c de-
note the components of the matrix, the piezoelectric
shell and the core fiber, respectively.

EiJMn =(V m Em
iJMn Am) + (V p E

p
iJMn Ap)+

(V c Ec
iJMn Ac)

(6)

The volume fractions of each phase to the overall
composite volume are defined by V m, V c and V p.
While Am, Ap and Ac are the strain concentration
tensors of each phase.
Lin and Sodano in [29] used the concentration ten-

sors in the dilute limit to obtain the effective electro-
elastic properties. In the present work, the Mori-
Tanaka′s method is applied to calculate the concen-
tration tensors in order to obtain better agreement
with experimental and computational results. The
dilute and Mori-Tanaka′s concentration tensors are
calculated from

Ac
dil = (I+ (Sp

MnAb Em
iJMn

−1 Ecm
iJMn))

−1

A
p
dil = (I+ (Sc

MnAb Em
iJMn

−1 E
cp
iJMn))

−1
(7)

Am
MT = I ((V m I+ V p A

p
dil + V c Ac

dil)
−1

)

A
p
MT = A

p
dil ((V

m I+ V p A
p
dil + V c Ac

dil)
−1

)

Ac
MT = Ac

dil ((V
m I+ V p A

p
dil + V c Ac

dil)
−1

)

(8)

The dilute and Mori-Tanaka′s concentration ten-
sors are denoted by Adil and AMT, respectively. In
Equation 6, A = AMT. I is a 9 x 9 identity matrix.
Ecm

iJMn and E
cp
iJMn are obtained from Ec

iJMn−Em
iJMn

and E
p
iJMn −Ec

iJMn.
SMnAb is the piezoelectric analog of the Eshelby′s

tensor. The detail derivation of the analytical form
of this tensor is referred to [35]. In the present work,
the numerical form of SMnAb [52] is used. Moreover,
for a circular cylindrical fibrous case, if the ratio of
the fiber length to its radius is very large (→ ∞), a
simplified form of SMnAb [41, 53] can be used.

2.2. Governing Piezoelectric Energy Harvester Volt-
age Equation

The piezoelectric energy harvester beam under dy-
namic bending excitation [25] is implemented for the
energy harvesting evaluation in the present work.
The governing voltage equation of the piezoelectric
energy harvester is depicted in Equation (9).

Ū(x) =
iωΓ2(x)

∂Zmech(x)
∂x

− 1
R
+ iωΓ1(x)− iωΓ2(x)

2Hαm(x)
(9)

The voltage amplitude function exerted by the me-
chanical load is defined by Ū(x). The excitation fre-
quency and the bending angle due to mechanical load
are denoted by ω and ∂Zmech/∂x. TheHαm(x) repre-
sents the admittance function of the beam which re-
lates the bending angle and the moment at the tip. In
this formulation, the admittance function is derived
as the reverse piezoelectric effect. R is the external
resistance load. While i denotes the imaginary num-
ber,

√
−1. The material properties and the geometry

are defined in Γ1 and Γ2 as follows

Γ1 =
bx

h

(

εT11 −
d231
S33

)

(10)

Γ2 =
d31(h

2
u − h2l )b

2S33h
(11)

The geometry of the beam is shown in Figure 2. The
active layer is the piezoelectric layer and the substrate
layer made of non-piezoelectric material. b and h are
the active layer width and thickness. x is the location
along the beam length. hu and hl are the active layer
upper and lower surfaces′ heights to the neutral axis.
The conventions in Subsection 2.2 is followed, the

1-direction refer to the polling in the thickness di-
rection and the 3-direction is in the longitudinal di-
rection. In the present study, the active layer made
of the multiphase composite is concerned. The layer
is assumed made of uniformly distributed compos-
ite unit cells and periodically arranged in a square-
packed or hexagonal array as shown by the illustra-
tion in Figure 3. Hence, the effective electro-elastic
properties of Equation (6) is applicable as the effec-
tive electro-elastic properties of the active layer.

𝒂𝒄𝒕𝒊𝒗𝒆 𝒍𝒂𝒚𝒆𝒓
𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆 𝒍𝒂𝒚𝒆𝒓 𝒏𝒆𝒖𝒕𝒓𝒂𝒍 𝒂𝒙𝒊𝒔 𝑴

𝑹
𝒙, 𝟑𝒚, 𝟐

𝒛, 𝟏
𝒉𝒉𝒍 𝒉𝒖
𝑳

Figure 2: Piezoelectric Energy Harvester Beam

At the tip of the beam (x = L), the voltage ampli-
tude is calculated by

Ū(L) =
iωΓ2(L)

∂Zmech(L)
∂x

− 1
R
+ iωΓ1(L)− iωΓ2(L)

2Hαm(L)
(12)
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𝑨𝒄𝒕𝒊𝒗𝒆 𝑳𝒂𝒚𝒆𝒓
𝑺𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆 𝑳𝒂𝒚𝒆𝒓

Figure 3: Cross-section of Energy Harvester Beam with Multi-
phase Composite Active Layer

From Equation (12), the maximum electrical power
generated, Pmax (Watt), could be expressed as

Pmax =
Ū2

R
(13)

2.3. Aircraft Weight Breakdown in Conceptual Air-
craft Design

In the present work, the preliminary weight break-
down on aircraft design process [54] is adopted. The
five main weight components of the aircraft are:

1. The empty weight, WE , consisted of the aircraft
structure and the installed equipment/interior.

2. The crew weight, WC , and the payload weight,
WP . The payload consisted of the passenger in-
cluded their baggage, and also the cargo. These
weight components usually defined as the design
requirements in the conceptual aircraft design.

3. The fuel weight, Wfuel, in which designed ac-
cording to the aircraft mission profile, i.e., take-
off, climb, cruise, descent, landing.

4. The take-off weight, WTO, defined as the sum-
mation of all the above weight components as
shown in Equation (14).

WTO = WE +WC +WP +Wfuel (14)

In the conceptual aircraft design, the take-off
weight initially calculated through an empirical for-
mulation or the historical data. The empty weight
ratio to the take-off weight can be determined from
the empirical formulation in Equation (15).

WE

WTO

= A WC
TO KV S (15)

A and C are varied based on the aircraft type. For a
jet transport aircraft, A = 1.02 and C = -0.06. KV S

is variable swept constant. KV S equal to 1 for the

fixed swept wing and 1.04 for the variable swept wing.
Thus, for jet transport aircraft with fixed swept, the
empty weight fraction is

WE

WTO

= 1.02 W−0.06
TO (16)

However, to be noted that the constant values in
Equation (16) are derived based on the historical data
of conventional jet transport aircraft. To the authors′

knowledge, in the past decade, the commercial air-
crafts just started to primarily utilize composites on
their structure [55]. Therefore, there is still no ade-
quate historical data to develop an empirical function
for the empty weight fraction of jet transport aircraft
with composites or advanced composites. Hence, for
the study purpose in the present work, the weight
fraction based on Equation (16) is also applied to
the modified wingbox with multiphase composite. In
a more detailed design process, some correction fac-
tors may be required to accommodate the structure
with advanced composites. The interested reader is
referred to the review in [56] for the prospective im-
plementation of composite on future aircraft.

The weight iteration procedure may be required
in the earliest design procedure. Initially, the WE ,
Wfuel and WTO are unknown. Hence, the iterative
process between Equation (14) and (15), as well as
the fuel fraction through the mission profile, need to
be conducted. However, in the present work, a refer-
ence aircraft is defined. The WE , Wfuel and WTO of
the reference aircraft are known. The changes of the
weight components exerted by a material replacement
are considered. Further detail of the weight evalua-
tion process is explained in Subsection 3.3.

3. Algorithm and Procedure: Electro-elastic

Properties Estimation, Energy Harvesting

Analysis, Weight - Energy Evaluation

3.1. Effective Electro-elastic Properties Estimation of
The Multiphase Composite

The procedure to calculate the piezoelectric
Eshelby′s tensor, SMnAb, is focused in this subsec-
tion. Once SMnAb tensor is known, the concentration
tensor is evaluated via Equations (7) and (8). Then,
the effective electro-elastic properties is obtained via
Equation (6). The numerical form of SMnAb with
Gauss integration procedure in [52] is adopted herein.
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The elastic part of SMnAb is given by

SMnAb =
EiJAb

8π

P
∑

p=1

Q
∑

q=1

(

Gpq
MJin +Gpq

nJiM

)

W pW q

with M = 1, 2, 3;

(17)

and the electro-elastic part is expressed as

SMnAb =
Em

iJAb

4π

P
∑

p=1

Q
∑

q=1

(

Gpq
MJin

)

W pW q

with M = 4

(18)

Where

Gpq
MJin = zpqi zpqn (Kpq

MJ)
−1

Kpq
MJ = Em

iJMnz
pq
i zpqn

i = 1, 2, 3; n = 1, 2, 3; J = 1, 2, 3, 4

(19)

and

zpq3 = ξp3/a3

zpq1 =
√

1− (ξp1) cos θ
q/a1

zpq2 =
√

1− (ξp2) cos θ
q/a2

(20)

The contracted Voigt′s notation (i.e., 11 → 1, 22
→ 2, 33 → 3, 23 → 4, 13 → 5, 12 → 6, 41 → 7, 42 →
8, 43 → 9) is used in Equations (17), (18) and (19).
The four subscripts denoted the row and column in a
9 × 9 matrix. Thus, for example S1111 represents the
first row - first column component of the SMnAb in
a 9 × 9 matrix form, S2243 is the second row - ninth
column component, and so on.
The capital letters, P and Q, denote the number of

the integration points. Where the superscripts p and
q relate the parameter for each integration points, ξp3
and θq, and the weight coefficients, W p and W q. The
inclusion shape is generalised by the ellipsoidal shape
with the semiaxes, a1, a2 and a3 [35]. The semiaxis
length of ellipsoid in longitudinal direction is defined
by a3. While a1, a2 are the lengths in the transverse
direction. Hence, for example, if the inclusion is a
sphere particle then a1 = a2 = a3, if the inclusion is
a long cylindrical fiber then a1 = a2 and a3 >>> a1.

The procedure to evaluate the SMnAb tensor is
given as follow

1. The electro-elastic properties of the matrix mate-
rial, Em

iJMn, and the shape aspect ratio a2/a1 and

a3/a1 as the input. As well as the number of in-
tegration points P and Q are determined. Then,
the Gauss points, ξp3 and θq, and the weight co-
efficients, W p and W q are obtained.

2. zpq3 , zpq1 and zpq2 are calculated for each combina-
tion of the Gauss points via Equation (20).

3. The Kpq
MJ matrix component is evaluated for

each combination of the Gauss points via Equa-
tion (19). The inverse of Kpq

MJ is used to deter-
mine Gpq

MJin.

4. The SMnAb matrix component is evaluated via
Equations (17) and (18).

A MATLAB c© computational code is built to deter-
mine the SMnAb matrix and as the effective electro-
elastic properties,EiJMn. The combination of vari-
ous composite configuration is determined with the
volume fraction of the ASF fiber to the overall com-
posite, Vf , and the aspect ratio of the piezoelectric
shell thickness to the ASF radius, AR. In the case of
long-infinite fiber, the shape aspect ratio of the fiber
is assumed very large, a3/a1 = 106. Moreover, the ef-
fective density, ρ, of the composite is also calculated
in the present code by the linear summation of each
phase density fraction.

3.2. Energy Harvesting Analysis via Hybrid Mathe-
matical/Computational Procedure

In this subsection, the hybrid mathemati-
cal/computational model of the dynamic bending
harvester model is presented. Figure 4 shows the flow
of the voltage and power responses evaluation. The
estimation of the structural deformation due to the
actual mechanical load and the dummy load are two
critical aspects of the energy harvesting analysis. The
key outputs to be obtained from these load cases are:

1. The complex conjugate displacement slope or the
bending angle exerted by the actual mechanical
load, ∂Zmech/∂x. The actual load can be in the
form of concentrated force, distributed pressure,
moment, or even a relative motion case such as
base excitation problem.

2. The admittance function, Hαm, is defined as the
bending angle a unit of moment. The dummy
load is given as a unit of moment on the neutral
axis of the beam tip. If the piezoelectric layers
only cover a part of the beam length, the unit
moment is given on the edge/tip of the piezo-
electric layer, not on the tip of the beam.
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Computational model

(i.e. FEM)

Actual load

(Force, Moment)

Dummy load

(1 unit of Moment at 

beam’s neutral axis tip)

Bending angle, 𝝏𝒁𝒎𝒆𝒄𝒉𝝏𝒙
Admittance 

function,𝑯𝜶𝒎
Material properties 

and geometry,Γ1 and Γ2 Set of Resistance 

load, 𝑅
Governing piezoelectric 

energy harvester

voltage equation

Voltage and Power for 

the set of 𝑅
Figure 4: Schematic diagram of the energy harvesting analysis
process

It is worth to remark that a full electro-mechanical
coupling is not required in the hybrid mathemati-
cal/ computational scheme. The actual and dummy
load simulations can be performed with standard
structural analysis software. As explained in Sub-
section 2.2, the reverse piezoelectric effect is provided
through the admittance function which obtained from
the dummy load.

The next main process is the evaluation of the volt-
age and power responses based on Equations (9) and
(13). The material properties and the geometry de-
fined in Γ1 and Γ2 are used. A set of resistance load,
R, is given as the external electrical load. A compu-
tational code is built using MATLAB c© to evaluate
the voltage and power responses.

3.3. Aircraft Weight - Energy Evaluation Procedure

In order to evaluate the aircraft weight and energy
trade-off, firstly, the weight change due to material
replacement is calculated. The empty weight, WE ,
and the take-off weight, WTO are directly affected
by this change. Moreover, the fuel weight, Wfuel,
is influenced and the new lift cruise load is applied
for the dynamic response/energy harvesting analysis.
The calculation process is depicted in Figure 5.

𝑊𝑇𝑂𝑅𝑒𝑓 ,𝑊𝐸𝑅𝑒𝑓 ,𝑊𝐶𝑅𝑒𝑓 ,𝑊𝑃𝑅𝑒𝑓 ,𝑊𝑓𝑢𝑒𝑙𝑅𝑒𝑓

𝑊𝐸𝑁𝑒𝑤 = 𝑊𝐸𝑅𝑒𝑓 + ∆𝑊𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙
Material Replacement∆𝑊𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙

𝑊𝑇𝑂𝑁𝑒𝑤 = 𝑓 (𝑊𝐸𝑁𝑒𝑤)

Empty Weight

Fraction

𝑊𝑓𝑢𝑒𝑙𝑁𝑒𝑤= 𝑊𝑇𝑂𝑁𝑒𝑤 − (𝑊𝐸𝑁𝑒𝑤 +𝑊𝐶𝑁𝑒𝑤 +𝑊𝑝𝑁𝑒𝑤)

𝑊𝐶𝑅𝑒𝑓 = 𝑊𝐶𝑁𝑒𝑤𝑊𝑃𝑅𝑒𝑓 = 𝑊𝑃𝑁𝑒𝑤 Cruise Lift = 𝑊𝑇𝑂𝑁𝑒𝑤

Figure 5: Schematic diagram of the weight change calculation

The description of the calculation process in Figure
5 is as follows:

1. Initially, the benchmark or original aircraft
weight components are defined. In Figure 5, the
original weight components denoted by the su-
perscript ”Ref”.

2. The structural weight change, ∆WStructural, due
to material replacement is concerned.

3. The new empty weight, WNew
E , is calculated

as the original empty weight, WRef
E , with the

weight change, ∆WStructural.

4. The empty fraction weight in Equation (15), or
Equation (16) for jet transport aircraft is ap-
plied. The new take-off weight, WNew

TO , is ob-
tained as a function of the new empty weight,
WNew

E .

5. The new lift cruise load is equal to the WNew
TO .

6. The payload and crew weights are fixed, as these
components are the aircraft design requirements
and independent of the aircraft materials.

7. After the WNew
E and WNew

TO are calculated, the
WNew

fuel is obtained via Equation (14).

In the present work, the aircraft structural change
is caused by different wingbox upper skin material.
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Two aircraft wings are concerned, the ∆WStructural

is twice the weight change of a wingbox. The pro-
cedure to evaluate the weight and energy trade-off is
developed. The electrical power harvested from the
wingbox is compared with the APU generated power.
The evaluation process of the fuel saving due to the
structural change and the power harvested is shown
in Figure 6.

APU power,

fuel consumption rate

𝐽𝐴𝑃𝑈 = 𝑃𝐴𝑃𝑈 × 𝑡𝐴𝑃𝑈𝑡𝐴𝑃𝑈

𝑻𝑶𝑻𝑨𝑳 ∆𝑾𝒇𝒖𝒆𝒍= ∆𝑾𝒇𝒖𝒆𝒍−𝑺𝒕𝒓 + ∆𝑾𝒇𝒖𝒆𝒍−𝑷𝒘𝒓

𝐽∗ = 𝐽𝐴𝑃𝑈𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝐽𝐻𝑎𝑟𝑣𝑒𝑠𝑡= 𝑃𝑎𝑣𝑒 × 𝑡𝐻𝑎𝑟𝑣𝑒𝑠𝑡∆𝑾𝒇𝒖𝒆𝒍−𝑺𝒕𝒓= 𝑊𝑓𝑢𝑒𝑙𝑁𝑒𝑤 −𝑊𝑓𝑢𝑒𝑙𝑅𝑒𝑓
∆𝑾𝒇𝒖𝒆𝒍−𝑷𝒘𝒓= 𝐽𝐻𝑎𝑟𝑣𝑒𝑠𝑡 × 𝐽∗

Figure 6: Schematic diagram of the fuel saving evaluation

The procedure in Figure 6 is described as follows:

1. The APU generated power (kW) and fuel con-
sumption rate (kg/s or lbs/hour) are defined.

2. A certain operation time, tAPU , is concerned.
The APU generated energy, JAPU (Joule), and
the fuel consumed are calculated.

3. The ratio of the energy to the consumed fuel, J∗

(Joule/kg-fuel or Joule/lbs-fuel), is obtained.

4. A harmonic oscillation in steady state is as-
sumed. The average power harvested, PAve, is
defined as half the maximum power Pmax.

5. For a duration of vibration, tHarvest, the energy
generated by the harvester, JHarvest (Joule), is
calculated.

6. The equivalent fuel saved due to the energy har-
vested, ∆Wfuel−Pwr, is calculated based on the
J∗ ratio.

7. The fuel change due to material replacement,
∆Wfuel−Str, is defined as the variance between
the new fuel weight the original fuel weight.

8. The TOTAL ∆Wfuel, is the summation of the
fuel change due to structure and the equivalent
fuel saved from the energy harvested.

It is critical to remark, the formulation of maxi-
mum power in Equation (13) is derived for one can-
tilever beam. In the present work, the cantilever
beam is associated with one aircraft wing. However,
the total power harvested from the aircraft is consid-
ered for the equivalent fuel saved. Thus, the power
harvested from the aircraft is twice the power har-
vested from a wing.

4. Case Study and Validation: Multiphase

Composite Electro-elastic Properties Esti-

mation

The effective electro-elastic properties of various
multiphase composite configurations obtained via the
present Double-Inclusion code is discussed in this sec-
tion. The results are compared against the analytical
method, experimental work, and computational sim-
ulation. In addition, the dynamic analyses results of
a lamina and a unimorph beam are shown in some
details. The material properties are shown in Tables
1, 2 and 3.

Table 1: Material Properties of Piezoelectric Materials

Property PZT-7A PZT-5A BaTiO3

[42] [57] [58]

C11 (GPa) 148.0 120.3 150.4
C12 (GPa) 76.2 75.2 65.6
C13 (GPa) 74.2 75.1 65.9
C33 (GPa) 131 110.9 145.5
C44 (GPa) 25.4 21.0 43.9
C66 (GPa) 35.9 22.7 42.4
e31 (N/Vm) -2.1 -5.2 -4.3
e33 (N/Vm) 9.5 15.9 17.3
e15 (N/Vm) 9.2 12.3 11.4

εS11/ε0 460 919.1 1115.1
εS33/ε0 235 826.6 1251.3

ρ (kg/m3) 7600 7750 5700

4.1. Electro-elastic Properties Comparison against
Analytical Model and Experimental Results

In the following case, the results of the present
Double-Inclusion code is compared against the ana-
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Table 2: Material Properties of Core Fiber Materials

Property Carbon SiC Glass
Fiber [42] Fiber [42] Fiber [59]

C11 (GPa) 24.0 483.7 88.8
C12 (GPa) 9.7 99.1 29.6
C13 (GPa) 6.7 99.1 29.6
C33 (GPa) 243.7 483.7 88.8
C44 (GPa) 27.0 192.3 29.6
C66 (GPa) 11.0 192.3 29.6
e31 (N/Vm) 0 0 0
e33 (N/Vm) 0 0 0
e15 (N/Vm) 0 0 0

εS11/ε0 12.0 10.0 6.4
εS33/ε0 12.0 10.0 6.4

ρ (kg/m3) 2000 4360 2550

Table 3: Material Properties of Matrix Materials

Property LaRC-SI Epoxy
[42] [59]

C11 (GPa) 8.1 8.0
C12 (GPa) 5.4 4.4
C13 (GPa) 5.4 4.4
C33 (GPa) 8.1 8.0
C44 (GPa) 1.4 1.4
C66 (GPa) 1.4 1.4
e31 (N/Vm) 0 0
e33 (N/Vm) 0 0
e15 (N/Vm) 0 0

εS11/ε0 2.8 4.2
εS33/ε0 2.8 4.2

ρ (kg/m3) 1360 1150

lytical model and experimental results of single fiber
composite by Chan and Unsworth [40]. A combi-
nation of PZT-7A, Carbon Fiber and Epoxy Ma-
trix from Tables 1, 2 and 3 is used as the compos-
ite materials. It is important to notice that Chan
and Unsworth found d33 of the tested PZT-7A is
around 163-167 pm/V, hence 167 pm/V is used in
their mathematical model [40]. In the present work,
e33 is changed to 12.3 C/m2, thus d33 is 167 pm/V
and d31,d32 are kept as -60 pm/V.

The variation of stiffness, compliance and piezo-
electric coupling parameters of the multiphase com-
posite with the ASF volume fraction and piezoelec-
tric aspect ratio are shown in Figure 7. The ”Present
Code - DI MT” denotes the results obtained by means
of the present Double-Inclusion code. ”AR1”, ”AR2”,

”AR3” and ”AR4” presented the values for 0.50,
0.60, 0.70 and 0.95 piezoelectric shell aspect ratios.
Meanwhile, the results of Chan-Unsworth single fiber
model are depicted by the solid black line.

It is clearly seen in Figure 7, the results obtained
by the present code show the similar trend as pre-
dicted by Chan-Unsworth model. As the aspect ratio
of the piezoelectric shell increases, the pattern of the
multiphase composite shifted closer to the results of
single fiber model. It can be seen at 0.95 piezoelec-
tric aspect ratio, the results of multiphase composite
and single fiber model coincide. In this case, the ASF
is 99.75% consisted of piezoelectric material. Hence,
the multiphase composite behaves almost like a single
piezoelectric fiber composite.

The stiffness component of the composite in the
fiber direction is shown in Figure 7a. As the car-
bon fiber and PZT-7A stiffness components are larger
than the epoxy matrix, the composite stiffness in-
creases with the ASF volume fraction for a particular
aspect ratio. In contrast, as the carbon fiber stiff-
ness is larger than PZT-7A, the composite stiffness
decreases while the aspect ratio increases.

In Figure 7b, the piezoelectric constant of stress-
charge form, e33, is depicted. As the aspect ratio in-
creases, the PZT-7A composition is larger. Thus, the
piezoelectric constant of the composite is increased.
As well as for a particular aspect ratio, e33 is in-
creased with the volume fraction.

The components in strain-charge form, compliance,
S31, and piezoelectric charge constant, d31, are pre-
sented in Figures 7c and 7d. To not be confused that
the negative (-) sign represents the cause and effect in
opposite direction. For example, more negative value
of d31, means larger deformation in negative direction
(compression) due to a particular positive voltage.

Interesting to note that for both S31 and d31, the
trend of the parameters for large volume fraction
(above 50%) are insignificantly changed as the vol-
ume fraction increased. In particular, for d31, shows
that at large volume fraction, a further increment of
the volume fraction will not significantly change the
electrical response of the composite due to a struc-
tural deformation.

The variation of the other compliance and piezo-
electric charge constant components, as well as the
dielectric permittivity and density of the multiphase
composite, are depicted in Figure 8. In Figure 8, the
comparison against the experimental results of Chan-
Unsworth [40] is also shown.
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Figure 7: (a) Stiffness, C33, (b) Piezoelectric Constant, e33, (c) Compliance, S31, and (d) Charge Constant, d31, vs ASF Volume
Fraction of PZT-7A-Carbon Fiber-Epoxy Composites

It can be seen that all the parameters in Figure 8
show the same trend as both the mathematical model
and experimental results of Chan-Unsworth. As dis-
played in Figures 8a and 8b, both the density, ρ, and
the charge constant, d33, of the multiphase compos-
ite at 0.95 aspect ratio are coincide with the Chan-
Unsworth model and in a close agreement with the
experimental results. As the densities of the ASF ma-
terials are larger than the epoxy matrix, the density
of the composite increases linearly with the volume
fraction at the same aspect ratio. Meanwhile, similar
with the d31 trend shown in Figure 7d, the charge
constant, d33, above 50% volume fraction almost in-
sensitive to the volume fraction increment.

Mathematically, by stiffness matrices inverse, it is
found the compliance of carbon fiber at 11-direction is
more positive than PZT-7A, while the carbon fiber′s
compliance at 12-direction is more negative. Hence,
the compliance components, S11 and S12 of the ASF
decrease and increase together with the increasing as-
pect ratio. Figure 8c shows the aspect ratio variation
is insignificant to the summation of S11 and S12.

Despite the fact that most of the parame-
ters in Figures 7 and 8 show good comparisons
between the present model and Chan-Unsworth
model/experiment′s results, some discrepancies can
be seen as depicted in Figure 8c. Chan and Unsworth
in [40] stated that the differences between the model
and the experimental results occurred due to the vari-
ations of the tested materials properties and the man-
ufacturer data. As previously explained, the charge
constant, d33, for the present and Chan-Unsworth
models is adjusted the same as the experimental
value. However, the other properties are kept the
same with manufacturer data as their deviations from
tested samples are not available in [40].

In addition, the differences between both models
may occur due to the models are derived from dif-
ferent approaches. The Chan-Unsworth model is de-
rived based on the rule of mixture, in which the ef-
fective properties are a function of the volume frac-
tion and fiber/matrix properties. While the present
model utilizes the Eshelby′s tensor with Mori-Tanaka
method where the inclusion′s shape is also considered.
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Figure 8: (a) Density, ρ, (b) Charge Constant, d33, (c) Compliance, S11 + S12, and (d) Dielectric Permittivity Ratio,
ε
T

33

ε0
, vs ASF

Volume Fraction of PZT-7A-Carbon Fiber-Epoxy Composites

Furthermore, the variation of the multiphase com-
posite relative permittivity at strain-charge form,
εT33/ε0, is shown in Figure 8d. As the permittivity
of the PZT-7A is on a larger order than the carbon
fiber and the epoxy matrix, the relative permittivity
increases with the volume fraction and aspect ratio.

It is found that at 0.95 aspect ratio, the relative
permittivity of the multiphase composite overesti-
mated than the single inclusion model but in closer
agreement with the experimental results. The math-
ematical model is heavily influenced by the permit-
tivity and charge constant of the piezoelectric fiber.
However, the present code evaluated the composite
permittivity as the function of the piezoelectric, ma-
trix and core fiber permittivity. Hence, it is more
comparable with the experimental results.

Moreover, a comparison against the experimental
results of Lin and Sodano [32] is depicted in Figure
9. BaTiO3, Silicon Carbide (SiC) and LaRC-SI are
used as the piezoelectric shell, core fiber, and ma-
trix. ”Lin-Sodano Exp” denotes the experimental
results obtained for the double inclusion composite.
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Figure 9: Charge Constant Ratio, dcomp
31 /dbulk31 , vs ASF Volume

Fraction of BaTiO3 - SiC - LaRC-SI Composites

The charge constant ratio of the multiphase compos-
ite to the bulk piezoelectric material, dcomp

31 /dbulk31 , is
investigated. The composition of 0.21, 0.42 and 0.60
piezoelectric aspect ratios are evaluated.

The present code results are generally in a good
comparison with the experimental results. The
charge constant ratio, dcomp

31 /dbulk31 , follows the simi-
lar trend of d31 as previously shown in Figure 7d. As
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the aspect ratio increases, the charge constant ratio
shifted towards the single fiber model. Moreover, sim-
ilar with Figure 7d the charge constant ratio also less
sensitive to the volume fraction increment at above
50% volume fraction. Moreover, at a small aspect ra-
tio, 0.21, the charge constant ratio is almost constant.
In detail, the variances of the present model and

Lin-Sodano′s model in [32] against the experimental
results are shown in Table 4. The maximum vari-
ances of both models occur at aspect ratio 0.21 with
variances more than 20%. These variances arise due
to some jumps in the experimental values, i.e., at the
aspect ratio 0.21 and volume fraction 23.6%.

Table 4: Table of Variances: The Present Model and Lin-
Sodano Model [32] against The Experimental Results

Table of Variances, ∆
AR Min. ∆ Max. ∆ Average ∆

Lin - 0.21 0.01 % 21.9 % 9.8 %
Sodano 0.42 1.34 % 9.13 % 5.4 %

Model [32] 0.60 4.62 % 13.0 % 9.2 %

Present 0.21 0.01 % 29.17 % 14.47 %
Code 0.42 0.01 % 11.18 % 4.81 %
DI-MT 0.60 0.04 % 4.54 % 2.40 %

4.2. Electro-elastic Properties Comparison against
Finite Element Model

In this subsection, static and dynamic analyses of
the multiphase composite performed via finite ele-
ment method (FEM) is discussed. The comparison
between the present Double-Inclusion code and the
FEM results is presented. The single lamina com-
posites in the form of long cube/unit cell, similar as
shown in Figure 1, are used in the FEM simulation.
On the static analysis, FEM results of Lin-Sodano
[29] and XFEM results of Koutsawa et al. [60] are
used as the benchmarks. The modal analysis of the
single lamina composite is performed as part of the
dynamic analysis. In addition, the dynamic response
of a unimorph beam is also investigated. The re-
sults of the modal and dynamic response analysis are
shown in some details.

4.2.1. Static analysis of single lamina composite

In Figure 10, the modulus and relative permittivity
at the longitudinal and transversal directions of the
multiphase composites consisted of PZT-7A - Carbon
fiber - LaRC SI matrix is depicted. The present code
results are denoted by the solid line with the symbols,

while the Lin-Sodano FEM results are shown by the
symbols only. ”AR1”, ”AR2”, ”AR3” and ”AR4”
denoted by the star, circle, triangle, and diamond
symbols which represent 0.2, 0.4, 0.6 and 0.8 aspect
ratios.

Various electrical and mechanical boundary condi-
tions were applied to the single lamina FEM model
in [29] to investigate the electro-elastic properties
of the composite. Static load condition was im-
plemented. Eight variations of electro-mechanical
boundary conditions were used to obtain four stiff-
ness components, two permittivity components, and
two piezoelectric coupling components. Thus, for
one combination of aspect ratio and volume fraction,
at least eight static FEM simulations are required.
The electro-mechanical boundary conditions are ex-
plained in more details in [29, 42].

It can be seen in Figures 10a and 10b, the prop-
erties at longitudinal/fiber direction, E3 and εS33/ε0,
the present code and FEM results are essentially the
same trends. Insignificant discrepancies between the
two results are seen. The Young′s modulus, E3, for
all aspect ratios increase linearly with the volume
fraction, as the composite becomes stiffer with larger
piezoelectric and carbon fiber fraction. However, the
E3 decreases as the aspect ratio increases. In this
case, the stiffness is lesser with a smaller fraction of
carbon fiber. In contrast, the relative permittivity,
εS33/ε0, increases with the volume fraction and aspect
ratio. The piezoelectric possesses the largest permit-
tivity amongst the other components. Thus, larger
piezoelectric fraction provides more permittivity.

The properties at the transversal direction, E1 and
εS11/ε0 are depicted in Figures 10c and 10d. To be
noted here, due to orthotropic condition, the proper-
ties at 1-direction and 2-direction are equal. Different
with the properties at the longitudinal direction, the
properties at transversal direction grow exponentially
with the volume fraction. The stiffness components
of the piezoelectric at the transversal direction are in
a larger order than the carbon fiber; hundreds GPa
compare to tens GPA. Thus, at large piezoelectric
fraction, the piezoelectric stiffness dominates the ef-
fective stiffness of the composite. A similar condition
is also observed in the permittivity component, as
the permittivity components of the piezoelectric at
the transversal direction are in a much larger order
than the carbon fiber and matrix.

However, it is noted for the properties at the
transversal direction; discrepancies occur between the
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Figure 10: (a) Modulus Young, E3, (b) Relative Permittivity, εS33/ε0, (c) Modulus Young, E1, and (d) Relative Permittivity,
εS11/ε0, vs ASF Volume Fraction of PZT-7A - Carbon Fiber - LaRC-SI Composites

present code and the FEM results. At the large vol-
ume fraction (>50%), the FEM resulted in larger in-
crement rate of E1. The FEM estimated an almost
similar rate of increment for the relative permittiv-
ity, εS11/ε0, to the volume fraction at all aspect ratios.
Thus, with small aspect ratio, the increment rate is
higher than the present code, while at large aspect ra-
tio the increment rate is lower than the present code.

These results aligned with the phenomena observed
in [29]. The maximum discrepancies occurred at 70%
volume fraction between the model and the FEM re-
sults in [29]. At 70% volume fraction, the model
overestimated the E1 by 31% and 39% at 0.8 aspect
ratio. While at 70% volume fraction and 0.2 aspect
ratio, it overestimates the εS11/ε0 by 39%. Despite the
fact that the maximum differences also occur at the
same ASF compositions for the present code, a bet-
ter agreement with the FEM results is obtained. At
70% volume fraction and 0.8 aspect ratio, the present
code possesses 12% variance of E1. While at 0.2 as-
pect ratio, it overestimates the εS11/ε0 by 28%.

The comparison of the present code and the XFEM

results of Koutsawa et al. [60] is shown in Figure 11.
The glass fiber is used as the core fiber, and the epoxy
is used as matrix. By means of XFEM, Koutsawa et
al. applied enrichment functions and level set method
to model different material properties at the specific
region of the multiphase composite. Thus, the mesh-
ing of the finite element is independent of the phase
of the composite [60].
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Figure 11 shows an excellent agreement between
the present code and XFEM results. Both the charge
constant ratio for 33-directions and 31-directions are
in similar trends. Initially, with small aspect ratio,
the charge constant ratio increases almost linearly
with the aspect ratio. The increment rate, however,
decreases at a larger aspect ratio (>40%). These re-
sults support the trends previously shown in Figures
7d, 8b and 9, in which the charge constants increase
with the aspect ratio. In more detail, the compari-
son of d31 ratios obtained from the present model and
XFEM can be seen in Table 5.

Table 5: Charge Constant Ratio Comparison: The Present
Model vs XFEM - Koutsawa et al. [60]

Charge Constant Ratio (dcomp
31 /dbulk31 )

AR Present Code XFEM [60] ∆ (%)

0.1 0.19 0.18 5.56%
0.2 0.35 0.33 6.06%
0.3 0.49 0.46 6.52%
0.4 0.61 0.59 3.39%
0.5 0.71 0.69 2.90%
0.6 0.79 0.78 1.28%
0.7 0.85 0.84 1.19%
0.8 0.89 0.88 1.14%
0.9 0.91 0.90 1.11%

4.2.2. Dynamic analysis of single lamina composite
and unimorph beam
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Figure 12: Natural Frequency Comparison for Different Aspect
Ratio at 50% Volume Fraction of PZT-5A - Carbon - LaRC-SI
Composites

In this section, modal analysis of a single lamina of
the multiphase composite is concerned. Two types of
model are used in the FEM simulation to compare the
displacement and voltage distribution of the lamina.
The first model is a long cube/unit-cell with detailed
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Figure 13: Natural Frequency Comparison for Different Volume
Fraction at 0.3 Aspect Ratio of PZT-5A - Carbon - LaRC-SI
Composites

3D FEM of each phase, i.e., the core fiber, piezoelec-
tric shell, matrix and their respective material prop-
erties. This model is similar as shown in Figure 1.
The second model is a simple long cube without the
detail of each phase and the effective electro-elastic
properties applied. Herein and hereafter, The first
and the second model are denoted by ”Detailed 3D
FE” and ”Homogenized FE”, respectively.

The FEM simulation is performed using COMSOL
Multiphysics c©. The piezoelectric devices module is
applied. Due to the limitation of the software, only
linear tetrahedral elements are used. The model is
fixed at one end. The observed multiphase compos-
ites consisted of PZT-5A, Carbon fiber, and LaRC-SI
matrix. The bending natural frequencies compari-
son of the ”Detailed 3D FE” and ”Homogenized FE”
models are shown in Figures 12 and 13.

Figure 12 depicted the natural frequencies of the
multiphase composites for 50% ASF volume fraction.
The first, second and third bending modes are de-
noted by ”1B”, ”2B” and ”3B”. It can be seen, the
natural frequency of the composite decreases as the
aspect ratio increases. This behaviour supports the
trend previously shown in Figures 10a and 8a. For a
particular volume fraction, the composite is less stiff
and heavier as the aspect ratio increases. Both the
”Detailed 3D FE” and ”Homogenized FE” models are
in a close agreement.

Figure 13 displayed the natural frequencies of the
multiphase composites for 0.3 piezoelectric shell as-
pect ratio. As shown previously in Figure 10a, the
composite becomes stiffer as the volume fraction in-
creases. Although the density also increases with the
volume fraction, the increment rate is lower than the
Young′s modulus increment rate. Thus, the natu-
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Figure 14: (a) Detailed 3D FE Displacement Eigenvector (b) Homogenization FE Displacement Eigenvector (c) Detailed 3D FE
Voltage Eigenvector and (d) Homogenization FE Voltage Eigenvector of The 1st Bending Mode, PZT-5A - Carbon Fiber - LaRC-SI
Composites with 50% Volume Fraction and 0.3 Aspect Ratio

Table 6: Natural Frequency Comparison for Different Volume
Fraction at 0.3 Aspect Ratio of PZT-5A - Carbon - LaRC-
SI Composites, Detailed 3D Finite Element vs Finite Element
with Homogenization Properties

Natural frequency (Hz)
Vf Mode Detailed 3D Homogenized ∆ (%)

1B 0.1189 0.1192 0.31%
50% 2B 0.7423 0.7513 1.32%

3B 2.0662 2.1166 2.44%

1B 0.1323 0.1281 3.14%
60% 2B 0.8254 0.8062 2.32%

3B 2.2950 2.2684 1.16%

1B 0.1556 0.1540 1.02%
80% 2B 0.9695 0.9657 0.40%

3B 2.6902 2.7037 0.50%

ral frequency increases with the volume fraction as
displayed in Figure 13. More details of the natural
frequency comparison for different volume fraction is
shown in Table 6. The variances between both mod-
els are insignificant (<5%).

Concerning the energy harvesting formulation, the
natural frequencies with and without activated piezo-

electric effect are compared. The algorithm for the
hybrid mathematical/computational as shown in Fig-
ure 4 is purposed in particular to evaluate the en-
ergy harvested utilizing a standard computational
method, i.e., FEM, without electro-mechanical cou-
pling. Thus, it is considered important to compare
the differences between models with and without elec-
tromechanical coupling. Table 7 depicted the com-
parison of both models for the ”Homogenized FE”.

Table 7 displayed the natural frequencies for differ-
ent aspect ratio at 50% volume fraction. ”Elec-Mech”
denotes the model with activated electro-mechanical
coupling. The model without electro-mechanical cou-
pling, pure mechanical response, is denoted by ”Pure
Mech”. The natural frequencies of both models are
in good comparison. In particular, the variances for
1st bending modes are almost negligible. Therefore,
it can be assumed the bending natural frequency is
almost not affected with/without electro-mechanical
coupling for the current multiphase configuration.

The example of the 1st bending displacement and
voltage mode shape for both ”Detailed 3D FE” and
”Homogenized FE” models are shown in Figure 14.
The models shown consisted of 50% ASF with 0.3
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Figure 15: (a) Detailed 3D FE Displacement (b) Homogenization FE Displacement (c) Detailed 3D FE Voltage and (d) Homog-
enization FE Voltage of The Static Bending Response, PZT-5A - Carbon Fiber - LaRC-SI Unimorph Beam with 50% Volume
Fraction - 0.3 Aspect Ratio and Aluminium Substrate

Table 7: Natural Frequency Comparison of Homogenized FE
for Different Volume Fraction at 50% Volume Fraction of PZT-
5A - Carbon - LaRC-SI Composites, Pure Mechanical Effect vs
Activated Electro-mechanical Coupling

Natural frequency (Hz)
AR Mode Elec-Mech Pure Mech ∆ (%)

1B 0.1521 0.1519 0.13%
0.2 2B 0.9508 0.9452 0.59%

3B 2.6470 2.6174 1.12%

1B 0.1192 0.1195 0.25%
0.3 2B 0.7513 0.7468 0.60%

3B 2.1166 2.0809 1.69%

1B 0.0926 0.0927 0.11%
0.4 2B 0.5819 0.5780 0.67%

3B 1.6345 1.6219 0.77%

aspect ratio. At this composition, the ASF is half of
the composite, and the core fiber is half of the ASF.
Both displacement and voltage contours are in good
comparison. The displacement contours in Figures
14a and 14b both depicted maximum displacements
at the tip.

The sliced contours of the voltage shown in Figures
14c and 14d. It can be seen that the voltage is max-

imum near the root and decreases towards the tip.
In the cross-sectional slice, it can be seen that the
voltage of the top and bottom part are the opposite
values. The top part exhibits tension and the bottom
part exhibits compression. Meanwhile, the voltage at
the neutral axis is zero.
The modal and dynamic response analyses of a uni-

morph beam are also performed using FEM. The uni-
morph beam commonly consisted of two layers, sub-
strate, and active layers. A non-piezoelectric material
is used as the substrate and piezoelectric material as
the active layer. In the present work, the bulk piezo-
electric material is replaced by the multiphase com-
posite as the active layer.

Table 8: Natural Frequency Comparison for The Unimorph
Beam, Detailed 3D Finite Element vs Finite Element with Ho-
mogenization Properties

Natural frequency (Hz)
Mode Detailed 3D Homogenized ∆ (%)

1B 1.5618 1.4347 8.13%
2B 7.8235 7.8421 0.24%
1T 8.5433 8.3114 2.71%

In the present case, the active layer consisted of
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Figure 16: (a) Detailed 3D FE Displacement (b) Homogenization FE Displacement (c) Detailed 3D FE Voltage and (d) Homog-
enization FE Voltage of The Dynamic Bending Response at 0.6 Frequency Ratio, PZT-5A - Carbon Fiber - LaRC-SI Unimorph
Beam with 50% Volume Fraction - 0.3 Aspect Ratio and Aluminium Substrate

three multiphase composite laminae arranged in a
row. The multiphase composite with 50% volume
fraction and 0.3 aspect ratio is used. An aluminum
layer is used as the substrate at the bottom. The
natural frequencies comparison of the unimorph with
”Detailed 3D FE” and ”Homogenized FE” is shown
in Table 8. The first bending, second bending and
the first torsion modes are denoted by ”1B”, ”2B”
and ”1T”. The variances of both models are on a
reasonable scale.

In the dynamic response analysis, a sensor-like
problem is investigated. The unimorph′s displace-
ment and voltage responses exerted by an external
mechanical load at the tip. The responses at static
condition, 0 Hz excitation frequency, is shown in Fig-
ure 15. It can be seen that the deformation of the
unimorph with ”Detailed 3D FE” is slightly lower
than the ”Homogenized FE”. The ”Detailed 3D FE”
unimorph is slightly stiffer than the ”Homogenized
FE” due to the use of the tetrahedral element. This
element is known to have a stiff characteristic in bend-
ing load case. Although coarse meshes are used for
both models, the ”Detailed 3D FE” converged at a
much higher number of elements due to its complex
geometry.

A frequency ratio is defined here as the ratio of
the excitation frequency to the 1st bending natu-
ral frequency. Figure 16 depicted the unimorph re-
sponses for 0.6 frequency ratio excitation. In this
case, 0.6 frequency ratio for the ”Detailed 3D FE”
equals with 0.6 x 1.5618 Hz or 0.9371 Hz. As the
excitation frequency increases near the natural fre-
quency, the resonance occurs, and the deformation
amplitude is largely magnified. Thus, it is consid-
ered reasonable to compare the responses below the
natural frequency, hence frequency ratio is used. It
is obviously seen that the displacement and voltage
amplitudes of both ”Detailed 3D FE” and ”Homoge-
nized FE” models are in a good comparison.

5. Wingbox Energy Harvesting Simulation

The energy harvesting simulation for a notional
civil jet aircraft wingbox is performed in the present
work. The structural dynamic response of the aircraft
due to cruise load excitation is investigated. The ex-
citation frequencies lower than the 1st bending mode
natural frequency is observed. The wingbox model is
analyzed by applying the frequency-dependant forced
excitation via a FEM module.
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The aircraft wingbox model used in the present
work is based on the model used in [25]. The dimen-
sions of the model are 14.48 m half span, 2.29 m root
chord and 0.88 m tip chord. This model is a sim-
plification of a typical civil jet aircraft wingbox for a
long-range flight in [61]. The details of the simplifica-
tion process are referred to [25]. The wingbox layout
from topside view is shown in Figure 17.

14.48

2
.2
9

0
.8
8

Figure 17: Wingbox topside view (unit in meters)

Figure 18: Wingbox model for finite element analysis

All of the wingbox components are originally made
of Aluminium Alloy, Al-2219, with Young′s modulus
73.1 GPa and density 2840 kg/m3. For energy har-
vesting purpose, the upper skin material is replaced
by a piezoceramic material, M1832 [62], with longi-
tudinal Young′s modulus 70.7 GPa and density 8100
kg/m3 in [25].
In the present case, due to the unavailability of

complete material properties in 3D form, M1832 is
replaced by a more common piezoelectric material,
PZT-5A. The PZT-5A is also selected due to its high
piezoelectric coupling parameters. Furthermore, The
PZT-5A is combined with carbon fiber and LaRC-SI
to form the multiphase composite. The multiphase

composites fiber is oriented along the span from the
root to the tip. The wingbox weight with different
bulk piezoelectric materials is shown in Table 9. Fur-
thermore, the wingbox weight with various compo-
sition of multiphase composite as the upper skin is
shown in Tables 10 and 11.
Figure 18 shows the wingbox model used for the

FEM simulation. The skins, ribs, and spars are mod-
eled as quadrilateral shell elements. In this case, the
material properties of the piezoelectric/ multiphase
composite in 3D form is reduced to 2D form. The pro-
cedure to reduce the material properties is referred to
[57]. The translation and the rotation degree of free-
doms are fixed at the root. The load for one wing-
box is equal with half of the aircraft lift during cruise
flight. In this case, the aerodynamic lift load assumed
equal to the take-off weight,WTO. Hence, the lift load
is dependent on the upper skin material used.

Table 9: Wingbox Weight: Different Upper Skin Material

Material Al-2219 [25] M1832 [25] PZT-5A

Weight (lbs) 2415 4100 3929

Table 10: Wingbox Weight: Multiphase Composites Upper
Skin, PZT-5A - Carbon - LaRC-SI 50% Volume Fraction

Aspect Ratio 0.2 0.4 0.6

Weight (lbs) 2373 2622 2800

Table 11: Wingbox Weight: Multiphase Composites Upper
Skin, PZT-5A - Carbon - LaRC-SI 0.2 Aspect Ratio

Volume Fraction 50% 60% 70%

Weight (lbs) 2373 2457 2541

The take-off weight formulation and empty weight
fraction from Equation (14) and Equation (16) are
applied to determine the empty weight and take-off
weight for the modified aircraft. The procedure in
Subsection 3.3 is used to determine the weight break-
down of the aircraft with different wingbox upper skin
material. Initially, the weight breakdown of the orig-
inal aircraft is calculated. Based on [61], the orig-
inal aircraft WTO is 170000 lbs with 41000 lbs fuel
weight. Utilizing Equation (16), 84183 lbs of empty
weight is obtained. Thus, 44817 lbs of payload plus
crew weight are found.
Table 12 depicted the take-off weight and empty

weight for the wingbox with different bulk piezoelec-
tric material. The wingbox weight with various com-
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Figure 19: Variation of Voltage Amplitude to The Resistance Load For Wingbox with Multiphase Composite Skin, Aspect Ratio
0.2, 0.4 & 0.6 at 50% Volume Fraction and Bulk PZT Skin

position of multiphase composite as the upper skin
are shown in Tables 13 and 14. It can be seen in Ta-
ble 12 the maximum aircraft empty weight and take-
off weight obtained with bulk piezoelectric materials.
Meanwhile, the minimum weight is given by the air-
craft with the smallest volume fraction and aspect
ratio multiphase composite, 50% Vf and 0.2 AR.

Table 12: Aircraft Empty Weight and Take-Off Weight: Dif-
ferent Wingbox Upper Skin Material

Material Al-2219 [25] M1832 [25] PZT-5A

WE (lbs) 84183 87553 87211
WTO (lbs) 170000 177250 176513

Table 13: Aircraft Empty Weight and Take-Off Weight: Mul-
tiphase Composite Wingbox Upper Skin, PZT-5A - Carbon -
LaRC-SI 50% Volume Fraction

Aspect Ratio 0.2 0.4 0.6

WE (lbs) 84099 84597 84593
WTO (lbs) 169820 170890 171656

The modal analysis of the aircraft wingbox is per-
formed prior to the dynamic forced excitation analy-
sis. The natural frequencies are essential to determine
the excitation frequencies to be used in the dynamic
response analysis. As explained previously, the exci-
tation frequencies lower than the 1st bending natu-

Table 14: Aircraft Empty Weight and Take-Off Weight: Mul-
tiphase Composite Wingbox Upper Skin, PZT-5A - Carbon -
LaRC-SI 0.2 Aspect Ratio

Volume Fraction 50% 60% 70%

WE (lbs) 84099 84267 84435
WTO (lbs) 169820 170181 170542

ral frequency are used. The low excitation frequen-
cies are considered more likely to occur for a typical
civil jet transport aircraft during cruise load. The
1st bending natural frequencies obtained for differ-
ent multiphase composite compositions are shown in
Table 15.

Table 15: 1st Bending Natural Frequency of The Wingbox for
Different Multiphase Composite Composition

Vf AR Natural frequency (Hz)

0.5 0.2 2.21
0.5 0.4 1.99
0.5 0.6 1.76
0.6 0.2 2.32
0.7 0.2 2.35
Bulk PZT-5A 1.61

It can be seen that from Table 15, the 1st bending
natural frequencies obtained are quite low, around
1.6-2.3 Hz. The frequency ratio defined in Subsection
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Figure 20: Variation of Power Amplitude to The Resistance Load For Wingbox with Multiphase Composite Skin, Aspect Ratio
0.2, 0.4 & 0.6 at 50% Volume Fraction and Bulk PZT Skin

4.2.2 is used. The dynamic response analysis is per-
formed with 0.5, 0.7, 0.9 frequency ratios as the exci-
tation frequencies. The lift cruise and a unit of mo-
ment are used as the actual and dummy loads for the
energy harvesting purposes. The procedure explained
in Subsection 3.2 is used to determine the voltage and
power amplitudes harvested from the cruise load.

The voltage amplitude responses for wingbox with
bulk PZT-5A and the multiphase composites at 50%
volume fraction are shown in Figure 19. The exci-
tation frequencies denoted by ”f1”, ”f2” and ”f3” are
0.2, 0.4, 0.6 frequency ratio, respectively. The voltage
responses initially increase with the resistance load
until it undergoes an asymptotic behavior at a cer-
tain point. The voltage is almost insensitive to the
resistance load started from this point. This pattern
is aligned with the results displayed in [25].

It is observed that the wingbox with bulk PZT-5A
undergoes the asymptotic behavior at the smallest re-
sistance load compared to the multiphase composites.
Meanwhile, the wingbox with the multiphase com-
posite at 50% volume fraction and 0.2 aspect ratio
undergoes the asymptotic behavior at the largest re-
sistance load. Despite the fact that by increasing the
aspect ratio, the PZT-5A fraction increases and larger
piezoelectric coupling is obtained, it goes asymptotic
at smaller resistance, hence the achieved maximum
voltage is smaller. In addition, it is seen, the largest

excitation frequency exerted the highest level of the
maximum voltage as it gives the highest displacement
amplitude.

In Figure 20, the power amplitude response for
wingbox with bulk PZT-5A and the multiphase com-
posites at 50% volume fraction are depicted. The
power responses initially increase with the resistance
load until a maximum point before declining. The
maximum power response is obtained at the first re-
sistance load before the voltage response becomes
asymptotic. This trend is also aligned with the pat-
tern observed in [25]. It is interesting to highlight
that the maximum power of all the multiphase com-
posites, including the bulk PZT-5A, are around the
same level, 40-50 kW, at 0.9 frequency ratio excita-
tion. This phenomenon is considered a positive in-
sight for the weight-energy evaluation as the multi-
phase composites are lighter than the bulk PZT.

Figure 20 shows the optimum power is varied in
a small range of resistance loads, around tens Ω.
The wingbox with bulk PZT achieved the maximum
power at the smallest resistance load as it is the ear-
liest to reach the asymptotic voltage. The wingbox
with multiphase composite at 50% volume fraction
and 0.2 aspect ratio obtained the maximum power
at the largest resistance load compare to the other
compositions. However, it is important to notice; the
power is dropped significantly outside the optimum
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Figure 21: Variation of Power Amplitude to The Resistance Load For Wingbox with Multiphase Composite Skin, Volume Fraction
50%, 60% & 70% at 0.2 Aspect Ratio and Bulk PZT Skin

power range. Therefore, apart from the structural
composition, the selection of the resistance loads is
one of the key parameters to construct an optimum
harvester design.

Table 16: Maximum Power Amplitude and Resistance Load
at Maximum Power of The Wingbox for Different Multiphase
Composite Composition with 0.9 Frequency Ratio Excitation

Vf AR Max Power (kW) R (Ω)

0.5 0.2 41.82 75.92
0.5 0.4 44.64 27.69
0.5 0.6 52.09 17.74
0.6 0.2 35.67 50.43
0.7 0.2 33.02 35.72
Bulk PZT-5A 39.13 2.73

Moreover, the power amplitude response for wing-
box with bulk PZT-5A and the multiphase compos-
ites at 0.2 aspect ratio and different volume fraction
are depicted in Figure 21. The level of maximum
power decreases as the volume fraction increases.
The composite is stiffer at longitudinal/fiber direc-
tion with higher volume fraction. Hence, it resulted
in a smaller displacement level, as well as lower level
of voltage/power harvested. In more details, the max-
imum power and the resistance load at maximum
power for the wingbox with the various multiphase
composition are shown in Table 16.

6. Aircraft Fuel Saving Evaluation

In this section, the power responses obtained from
the energy harvesting simulation as presented in Sec-
tion 5 are evaluated against the weight change of the
aircraft. In the present work, the power responses are
equivalenced with the fuel used for Auxiliary Power
Unit (APU) operation. The procedure explained in
Subsection 3.3 is applied.

The APU for long-range civil jet aircraft, i.e., the
Airbus A320 or the Boeing 737, is used as a com-
parison. The APU generator can supply the aircraft
normal electrical loads and taxiing system, around
90kW, with the 2kg/min fuel consumption [63, 64].
Thus, for 1-hour operation, the APU produces 324
Mega-Joule energy with 264.5 lbs fuel consumed or
1220 kilo-Joule per pound fuel. Based on this data,
the equivalent fuel saving from the power harvested
is calculated.

Table 17: Aircraft Fuel Saving Evaluation: Wingbox with
Piezoelectric Upper Skin in [25]

∆Wfuel−Str PAve ∆Wfuel−Pwr TOTAL

(lbs) (kW) (lbs) ∆Wfuel (lbs)

+++3880 25.24 −−−148 +++3732

Note: +/- shows fuel addition/reduction to
the original fuel weight
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Table 18: Aircraft Fuel Saving Evaluation: Wingbox with Bulk PZT-5A Upper Skin

fr ∆Wfuel−Str PAve ∆Wfuel−Pwr TOTAL

Structural (lbs) (kW) Power (lbs) ∆Wfuel (lbs)

0.5 +++3485 0.92 −−− 2 +++3483
0.7 +++3485 3.72 −−− 12 +++3473
0.9 +++3485 39.1 −−−167 +++3318

Table 19: Aircraft Fuel Saving Evaluation: Wingbox with PZT-5A - Carbon - LaRC-SI Composite Upper Skin

Vf AR fr ∆Wfuel−Str PAve ∆Wfuel−Pwr TOTAL

(lbs) (kW) (lbs) ∆Wfuel (lbs)

0.5 −−− 96 0.96 −−− 3 −−− 99

50% 0.2 0.7 −−− 96 3.90 −−− 18 −−−114

0.9 −−− 96 41.8 −−−244 −−−340

0.5 +++476 1.05 −−− 3 +++473
50% 0.4 0.7 +++476 4.24 −−− 17 +++362

0.9 +++476 44.6 −−−235 +++241

0.5 +++886 1.28 −−− 3 +++883
50% 0.6 0.7 +++886 5.26 −−− 18 +++868

0.9 +++886 52.1 −−−242 +++644

0.5 +++ 97 0.79 −−− 3 +++ 94
60% 0.2 0.7 +++ 97 3.25 −−− 16 +++ 81

0.9 +++ 97 35.7 −−−219 −−−122

0.5 +++290 0.72 −−− 3 +++287
70% 0.2 0.7 +++290 2.98 −−− 14 +++276

0.9 +++290 33.0 −−−205 +++ 85

Table 17 depicted the fuel weight - energy har-
vested evaluation for the wingbox in [25]. The
”∆Wfuel−Str” and ”∆Wfuel−Pwr” represent the
change of the fuel required due to the change in struc-
tural weight and the equivalent of fuel saving from the
power harvested. The positive/negative (+/-) signs
show the addition/reduction compare to the original
fuel weight of all Al-2219 aircraft. The average power
harvested from two wingboxes is denoted by ”PAve”.

The ”∆Wfuel−Pwr” is always negative as it is
equivalent to the fuel saving. The ”∆Wfuel−Str” can
be positive or negative depends on whether the air-
craft structure is heavier or lighter. Hence, the total
change of the fuel weight, ”TOTAL ∆Wfuel”, can be
positive or negative depends on whether the change
due to the structure is more or less than the equiva-
lent fuel saving from the power harvested.

It can be seen in Table 17, additional fuel as large
as 3700 lbs is required due to the aircraft structure
is much heavier when the wingbox upper skin is re-
placed by bulk piezoelectric, M1832. Although 25
kW of power harvested seems promising, eventually

it is only equivalent to 148 lbs fuel reduction. It is on
a much lower scale compared to the structural change
which resulted in almost 3900 lbs addition. Similar
changes also occur when the wingbox upper skin is
replaced by bulk PZT-5A as shown in Table 18.

As depicted in Table 18, the additional fuel re-
quired due to structural change is almost 3500 lbs. In
total, the extra fuel of around 3300-3500 lbs is needed
due to the wingbox upper skin with bulk PZT-5A is
heavier than the all Al-2219 wingbox. Even with the
excitation load of 0.9 frequency ratio, the equivalent
fuel saving from the power harvested is not able to
overcome the structural change. However, the struc-
tural weight is reduced significantly by replacing bulk
PZT-5A with the multiphase composite. The fuel
saving evaluation by applying the multiphase com-
posite is depicted in Table 19.

It is seen in Table 19 that the fuel weight due to the
structural change is significantly reduced. The maxi-
mum total fuel saved is obtained by applying the com-
posite with 50% volume fraction and 0.2 aspect ratio.
The aircraft weight is lighter compared to the original
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Table 20: Power Density Comparison from Different Case Studies

Case Flight/ Load Aircraft/Wing Piezoelectric Power Density
Study Condition Structure Structure kW/m3

Anton & Flight test, RC Aircraft, MFC & PFC patches: 0.001 (MFC)
Inman [5] 6 min cruise, 1.8m span, (102×16×0.3)mm3, 0.008 (PFC)

V=12.5 m/s, h=30m 23cm chord (145×15×0.3)mm3

Wang & Numerical, V=15m/s, Plate-like wing 1 Packaged 0.275
Inman [14] Assumed clear sky with 700.5mm halfspan, PZT-5A layer

0.02g RMS vibration 38mm chord (45×25.4×0.5)mm3

Tsushima Numerical model, Tapered Wing, Piezo layers cover 1.75
& Su [23] Dryden gust, Vg=30m/s, 200cm halfspan, upper-lower surfaces,

10s, V=70m/s, h=15km 15cm meanchord thickness=0.127mm

Erturk Wind tunnel test, 2DoF Wing Section, Bimorph, 4.61
et al. [9] 25s flutter, V=9.3m/s 0.5m span, Packaged PZT-5A

(critical flutter speed) 25cm chord 2×(45×25.4×0.5)mm3

De Marqui Jr. Numerical Model, Plate-like wing, Bimorph, 8.68
et al. [11] 1.5s flutter, V=41m/s 1.2m halfspan PZT-5A

(critical flutter speed) 24cm meanchord 2×(360×240×0.5)mm3

Tsushima Numerical model, Tapered Wing, Piezo layers cover 75.62
& Su [24] LCO, V=89.25m/s 200cm halfspan, upper-lower surfaces,

(post-flutter speed) 15cm meanchord thickness=0.127mm

Present Hybrid scheme, Jet Aircraft Wingbox, Multiphase composite 147.75
Work Dynamic Cruise, 14.5m halfspan as the upper skin

L=WTO, f=1.99Hz 1.6m meanchord (14.5×1.6×0.006)m3

Xiang Mathematical model, Tapered Wing, 1 layer PZT-5H 251.77
et al. [20] 1-cos gust, Vg=0.15V, 1m halfspan, at upper skin

1.05s, V=9.3m/s, h=4km 19cm meanchord (100×40×0.255)mm3

aircraft. Thus, the fuel weight is reduced by almost
100 lbs due to the structural change. Moreover, the
equivalent fuel saving around 240 lbs is achievable
from the power harvested at 0.9 frequency ratio (2.0
Hz) excitation. Therefore, in total 340 pounds of fuel
is saved by applying this multiphase composite com-
position. In this case, the entire fuel saved is more
than the fuel required for 1 hour APU operation.

In general, large volume fraction and aspect ratio
is not beneficial for fuel saving. The composite with
50% volume fraction and 0.6 aspect ratio resulted in
the heaviest structure increment and the most fuel re-
quired amongst other compositions. However, larger
volume fraction with small aspect ratio may overcome
the additional fuel weight due to structural change.

The composite with 60% volume fraction and 0.2
aspect ratio at 0.9 frequency ratio (2.1 Hz) excita-
tion harvested the power that overcame the structural
change. In total, 120 lbs of fuel are saved with this
composition or around 45% of the fuel for APU oper-

ation. The larger volume fraction may be beneficial
in terms the structural strength. However, the weight
- energy - strength evaluation yet to be investigated
further.

A comparison with the result from the references
is depicted in Table 20. The selected cases pro-
vided studies on different structural size with differ-
ent flight/load condition, i.e., gust load, cruise flight,
flutter. The maximum RMS or average power den-
sities, power per volume of piezoelectric layer(s), of
each case are compared. Table 20 ranked the power
density from the lowest to the highest.

The current case study with multiphase compos-
ite (AR 0.2, Vf 50%) provides the second highest
power density, lies between a gust load case and a
post-flutter speed LCO case. Anton and Inman [5]
obtained the smallest power density. However, to be
noted that at that time, the mathematical/numerical
model to estimate/design the energy harvester has
not yet been developed. It can be seen that the power
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density mostly varies from the order of kW/m3 to 102

kW/m3.

The variations are most likely influenced by the
assumption taken to simulate the load acting on the
wings. Even different gust types, discrete 1-cosine
gust [20] and Dryden gust/turbulence [23] resulted
in different scale of power densities. Despite the 1-
cosine gust acting at a much lower speed than the
Dryden gust, but the power density is more than a
hundred times of the Dryden gust case. Moreover, the
study in [23] and [24] despite using the same wing
structure, due to different loads, i.e., Dryden gust
and LCO vibration, different level of power densities
are obtained. The vibration amplitude due to the
Dryden gust is not constant over the time, however,
at the flutter and LCO case, a persistent oscillation
is expected.

The differences may also occur due to various re-
sistance load. Despite most of the selected case study
used the optimum resistance load, the cases in [23, 24]
only applied one resistance value and it is not men-
tioned whether that was the optimum resistance. The
current study provided the only analysis with a forced
excitation load case. A harmonic lift force is assumed
with an excitation near the 1st bending frequency. It
is important to note that at a cruise flight, the exci-
tation frequency may vary and analysis on different
frequencies is required as shown in Tables 18 and 19.
Nevertheless, the current study provides a new option
to estimate the potential of energy harvesting from
large wing structure with the multiphase composite.

In addition, considering overall flight performance,
i.e., range, it is found that the current fuel saved still
unable to provide significant improvement. For in-
stance, a conceptual mission profile analysis on the
original aircraft and the modified one with multiphase
composites (AR 0.2, Vf 50%) is performed.

The typical jet transport aircraft mission profile
with the weight fraction of each phase is shown in
Figure 22. As WTO is known and W5 is assumed
as the operational empty weight with 5% reserved
fuel, hence W2 and W3 can be calculated. The range
at cruise phase is evaluated using the Breguet′s for-
mula [54]. Without energy harvesting activated for
the modified aircraft, the range is assumed the same
for both aircraft, as well as their velocity, specific fuel
consumption, and lift to drag ratio. Thus, the range
proportional to ln(W2/W3) for each aircraft. The fuel
consumed during landing & taxiing is found around
390 lbs and ln(W2/W3) = 0.197.

If the energy harvesting ability is activated and the
harvested power is used to support taxiing system,
then the equivalent fuel saved from the harvested
power, i.e. 244 lbs, can be used to extend the cruise
range as shown in Figure 23. The extended range
is proportional to ln(W3/W

∗
3 ). It is calculated that

ln(W3/W
∗
3 ) = 1.84 × 10−3, hence it is found the ex-

tended range is only 0.93% of the original range.

If a 3000 km range of cruise is considered, then less
than 30 km of extended range is achieved with the en-
ergy harvesting ability. Therefore, from this case, the
harvested power is not providing a significant impact
on the overall flight performance. However, in the
airline point of view, more than 200 lbs of fuel saved
can be seen as a reduced cost or at least one addi-
tional passenger per flight. A comprehensive analysis
of the economic side of the operation, i.e., the trade-
off between the investment for the enhanced system
and the reduced cost/ increased profit, is required in
this case.

𝑾𝟎 = 𝑾𝑻𝟎 𝑾𝟏𝑾𝟎 = 𝟎. 𝟗𝟖 𝑾𝟐𝑾𝟏 = 𝟎. 𝟗𝟕 𝑾𝟒𝑾𝟑 = 𝟎. 𝟗𝟗 𝑾𝟓𝑾𝟒 = 𝟎. 𝟗𝟗𝟕
𝑾𝟎 𝑾𝟏

𝑾𝟐 𝑾𝟑

𝑾𝟒 𝑾𝟓𝑻𝒂𝒙𝒊 & 𝑻𝒂𝒌𝒆 𝒐𝒇𝒇 𝑳𝒂𝒏𝒅𝒊𝒏𝒈 & 𝑻𝒂𝒙𝒊
𝑪𝒓𝒖𝒊𝒔𝒆

𝑹𝒂𝒏𝒈𝒆 ∝ 𝐥𝐧𝑾𝟐𝑾𝟑

𝑹𝒂𝒏𝒈𝒆

Figure 22: Mission profile of a typical jet transport aircraft

𝑾𝟎 = 𝑾𝑻𝟎 𝑾𝟏𝑾𝟎 = 𝟎. 𝟗𝟖 𝑾𝟐𝑾𝟏 = 𝟎. 𝟗𝟕 𝑾𝟒𝑾𝟑∗ = 𝟎. 𝟗𝟗 𝑾𝟑∗ = 𝑾𝟑 − ∆𝑾𝒇𝒖𝒆𝒍−𝑷𝒘𝒓

𝑾𝟎 𝑾𝟏

𝑾𝟐 𝑾𝟑

𝑾𝟒 𝑾𝟓𝑻𝒂𝒙𝒊 & 𝑻𝒂𝒌𝒆 𝒐𝒇𝒇 𝑳𝒂𝒏𝒅𝒊𝒏𝒈 & 𝑻𝒂𝒙𝒊
𝑪𝒓𝒖𝒊𝒔𝒆𝑹𝒂𝒏𝒈𝒆 ∝ 𝐥𝐧𝑾𝟐𝑾𝟑

∆𝑹𝒂𝒏𝒈𝒆𝑾𝟑∗

𝑷𝑨𝒗𝒆𝒔𝒖𝒑𝒑𝒐𝒓𝒕 𝒕𝒂𝒙𝒊𝒊𝒏𝒈
∆𝑹𝒂𝒏𝒈𝒆 ∝ 𝐥𝐧𝑾𝟑𝑾𝟑∗ ∆𝑾𝒇𝒖𝒆𝒍−𝑷𝒘𝒓

𝑬𝒏𝒆𝒓𝒈𝒚 𝑯𝒂𝒓𝒗𝒆𝒔𝒕𝒊𝒏𝒈𝑨𝒄𝒕𝒊𝒗𝒆

Figure 23: Mission profile with energy harvesting system and
extended cruise range using the fuel saved
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7. Conclusion

A new investigation on the implementation of the
multiphase composite application for energy harvest-
ing purpose has been conducted. A computational
code based on The Double-Inclusion model combined
with Mori-Tanaka method to estimate the effective
electro-elastic properties of the multiphase composite
has been developed. The capabilities of the present
code are shown by comparison with the analytical,
experimental and finite element results.

The hybrid FEM/analytical model has been imple-
mented to perform energy harvesting simulation of a
notional civil jet aircraft wingbox. The multiphase
composites with various compositions have been ap-
plied the wingbox upper skin. A new procedure to
investigate the trade-off between the aircraft weight,
the fuel saved and the harvested energy has been de-
veloped. Based on the simulation results, a promis-
ing range of the power responses, within 30-50 kW,
is achievable. The equivalent of 340 pounds fuel sav-
ing is attainable from the power harvested. The fuel
saved is more than enough for 1 hour APU operation.

The new procedure proposed is beneficial in terms
of the aircraft design process. This method provides a
cheap and fast way to establish the sense of the energy
harvester design for the aircraft structure. However,
some issues are yet to be observed in order to obtain
more realistic results. As safety is one of the vital
points in aircraft operation, the investigation on the
strength of the structure is essential. The optimiza-
tion of the strength, the energy harvested and the
fuel saved need to be explored. Furthermore, a more
realistic load is yet to be considered. During flight
operation, the aircraft is known to have self-excited
aerodynamic loads and gust loads. In this case, an
aeroelastic approach may be required.

In addition, higher fidelity computational methods,
i.e., a sophisticated micromechanics Representative
Volume Element (RVE) model [65] or the multiscale
approach [66], may also be considered for further val-
idation/virtual testing of the effective electro-elastic
properties. In the present work, a rather conventional
approach to arrange a detailed 3D model of the com-
posite in a row has been performed. On a larger scale,
in which a ply composite may consist thousands of
fiber, the multiscale approach is more efficient and
more established. However, a multiscale approach
with a fully coupled electro-mechanical model for en-
ergy harvesting purpose is yet to be developed.
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