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ABSTRACT 

 

NUMERICAL AND EXPERIMENTAL ANALYSIS OF A PIEZOELECTRIC 

FLAT PLATE IN FLAPPING MOTION  

 

 

Harputlu, Özgür 

M.S., Department of Aerospace Engineering 

Supervisor:  Assoc. Prof. Dr. D. Funda Kurtuluş 

 

 

January 2013, 86 pages 

 

 

The technology of unmanned aerial vehicles (UAV) has a rapid improvement and 

their use is increasing day by day for military and civilian missions. Developments 

in production technology enable the fabrication of micro aerial vehicles. Flapping 

wing systems have an important place among UAVs. These vehicles are superior to 

fixed wing aircrafts with their high maneuverability and hover capabilities and they 

can successfully perform many missions in which the fixed aircrafts are insufficient. 

 

Developments in material technology provided the use of smart materials and their 

integration to the engineering applications. Piezoelectric materials which possess the 

property of electromechanical coupling can be classified as smart materials and they 

are widely used in aerial vehicle applications. As an example to this fact, piezoelectric 

actuators which are exceptional choices to drive flapping wing micro air vehicles may 

be highlighted. 

 

The experiments are performed for different operating signal types and frequencies. 

The displacement fields obtained from the experimental analysis are used as inputs 

to the numerical analysis. The numerical simulation is performed using the structural 
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analysis and aerodynamic flow analysis components of ANSYS software.  The elastic 

deformations are inserted into the structural system and linked to the fluid flow 

system. Flow domain around the beam in flapping is then simulated. An analytical 

model is established to obtain elastic curve of the bimorph piezoelectric beam under 

actuation loading. 

 

The objective of this study is to analyze piezoelectric flat plate in flapping motion by 

experimental and numerical methods. 

 

 

 

 

Keywords: flapping flat plate, piezoelectric actuator, micro aerial vehicles, smart 

materials 
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ÖZ 

 

 

ÇIRPMA HAREKETİNDEKİ DÜZ BİR PİEZOELEKTRİK PLAKANIN 

DENEYSEL VE SAYISAL ANALİZİ  

 

 

 Harputlu, Özgür 

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölümü 

             Tez Yöneticisi: Doç. Dr. D. Funda Kurtuluş 

 

 

Ocak 2014, 86 sayfa 

 

 

Günümüzde İnsansız Hava Araçları (İHA) teknolojisi alanında yaşanan seri 

gelişmeler, bu araçların askeri ve sivil görevlerde kullanımını arttırmaktadır. Bu 

gelişmelere ek olarak imalat teknolojisi sanayisindeki yetenekler, mikro hava araçları 

olarak tabir edilen MHA sınıfı araçların üretilmesine olanak sağlamaktadır.  Çırpan 

kanat sistemleri bu sebeplerden ötürü İHA teknolojisi içinde önemli bir sınıfı 

oluşturmaktadır. Bu araçlar yüksek dönüş ve havada asılı duruş yeteneği gerektiren 

ve genellikle sabit kanat sınıfı tabir edilegelen hava araçlarının etkisiz kaldığı 

görevlerde, bu bahsedilen üstünlükleri ile ön plana çıkmaktadır.  

 

Metalurji ve malzeme bilimindeki ilerlemeler ise akıllı malzemelerin kullanımını 

yaygınlaştırmakla kalmayıp bu malzemelerin mühendislik uygulamalarına 

bütünleştirilmesine de katkılarda bulunmuştur. Havacılık ve uzay alanında da büyük 

kullanımı olan ve elektromekanik eşleşme özelliğine sahip piezoelektrik malzemeler 

de akıllı malzemeler sınıfına dâhil edilebilir. Bu gerçeğe bir örnek olarak ise, çırpan 

kanat mikro havacılık araçlarını sürme yönüyle piezoelektrik eyleyiciler, bu özelliğin 

altının çizilmesi açısından kıyaslanamaz seçeneklerdir. 
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Deneysel çalışmalar farklı sinyal tipleri ve frekanslar için gerçekleştirilmiştir. Tez 

çalışmaları dâhilinde deneysel analizler sonucu ortaya çıkarılan elastik eğriler, sayısal 

çözümlemelerin girdisi olarak kullanılmaktadır. Bunula birlikte, ANSYS yazılımının 

yapısal ve aerodinamik çözümleme bileşenleri kullanılarak sayısal benzetimler 

gerçekleştirilmiştir. Yine bu bölümün bir parçası olarak, elastik şekil değişimleri 

yapısal sistemlerin içine yerleştirilmiş, daha sonra ise akışkan sistemi ile 

ilişkilendirilmiştir. Son olarak ise bu işlemlerin ardılı olarak, çırpma eylemi esnasında 

kiriş etrafındaki akış alanının benzetimi de aynı program içerisinde kurulmuştur. 

Bimorf piezoelektrik kirişin eyleyici yükleri altındaki elastik eğrisini elde etmek için 

bir analitik model kurulmuştur. 

 

Bu çalışmada çırpma hareketindeki piezoelektrik düz plakanın deneysel ve sayısal 

yöntemler kullanılarak analiz edilmesi amaçlanmıştır. 

 

 

Anahtar Kelimeler: çırpan düz plaka, piezoelektrik eyleyiciler, mikro hava araçları, 

akıllı malzemeler  
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CHAPTER 1  

 

 

INTRODUCTION 

 

 

 

 

1.1 Flapping Wing Flight 

Flying and swimming animals have always fascinated mankind for years and many 

scientists research on this topic to explain the physics behind it. There are nearly one 

million species of flying insects and 13000 vertebrate species (bird mammals) use 

wings to make their ways to the skies [1]. Natural flyers have evolved over millions of 

years and represent the nature’s finest locomotion experiments.  

The technology of unmanned aerial vehicles (UAV) has a rapid improvement and their 

use is increasing day by day for military and civilian missions. Developments in 

production technology enable the fabrication of micro aerial vehicles (MAVs). A 

micro aerial vehicle is defined to have a maximal dimension of 15cm or less which is 

comparable to the size of small birds and insects. Flapping wing systems have an 

important place among UAVs. These vehicles are superior to fixed wing aircrafts with 

their high maneuverability and hover capability and successfully perform many 

missions in which the fixed aircrafts are insufficient. 

A fundamental dimensionless parameter in flows showing an unsteady aerodynamic 

nature is the Strouhal number (St), this number is well known for characterizing the 

vortex dynamics and shedding behavior of unsteady flows. In some St ranges, the 

flapping airfoil produces thrust, and the vortices in the wake are termed reverse von 

Karman vortices. For flapping wing flight Strouhal number is defined as; 

 

 
𝑆𝑡 =

𝑓 𝐿𝑟𝑒𝑓

𝑈𝑟𝑒𝑓
= 
2 𝑓 ℎ𝑎
𝑈𝑟𝑒𝑓

 

 

(1. 1) 
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where, 𝑓 is flapping frequency,  ℎ𝑎 is stroke amplitude, 𝑈𝑟𝑒𝑓 is the forward velocity, 

L is characteristic length.  

Many natural flyers and swimmers have Strouhal number within the range of          

0.2 ≤ 𝑆𝑡 ≤ 0.4 at which the propulsive efficiency is high. In Figure 1-1 the Strouhal 

numbers of different species of natural flyers and swimmers are shown.  

 

Figure 1-1: Strouhal number for 42 species of birds, bats and insects in unconfined, 

cruising flight [2] 

The reduced frequency is another important dimensionless parameter used to 

characterize the unsteady aerodynamics of pitching and plunging airfoils. It is a 

measure of flow unsteadiness due to the flapping motion. The reduced frequency, 

denoted by k, is defined using the relation; 
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k= 

2 π  f Lref
2 Uref

=  
 π f cm
Uref

=
 ω𝑐𝑚 

2 Uref
 

 
 

(1. 2) 

 
where ω is the wing-beat amplitude, measured in radians, 𝑐𝑚 is wing chord length. 

 

For the hovering case there is no forward speed, reference velocity is used as the mean 

wing tip velocity and can be found by the equation; 

 

 Uref = 2 𝜙 𝑓 𝑅 
 

(1. 3) 

 
reduced frequency for 3D hovering flight; 

 

 
𝑘 =

 π f cm
 Uref

=
 π  cm
2 𝜙  𝑅

 (1. 4) 

 
where,  𝜙 is the wing beat amplitude and  R is the wing span. 

The reduced frequencies of some natural flyers are shown in Figure 1-2 which shows 

the variation with the mass of animals.  

 

 

Figure 1-2: Mass versus Reduced Frequency for natural flyers [1] 
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1.2 Smart Materials 

 

Developments in material technology provided the use of smart materials and their 

integration to the engineering applications. Smart structures have the capability to 

sense, measure, process, and diagnose at critical locations any change in selected 

variables, and to command appropriate action to preserve structural integrity and 

continue to perform the intended functions. The variables may include deformation, 

temperature, pressure, and changes in state and phase, and may be optical, electrical, 

magnetic, chemical, or biological. The subject of smart materials is interdisciplinary, 

encompassing a variety of subjects of including material science, applied mechanics, 

electronics, photonics, manufacturing and biomimetics [3]. 

Piezoelectric materials, Electrorheological fluids, Magnetorheological fluids, shape 

memory alloys (SMAs), fiber optics, carbon nanotubes, self-healing materials are the 

most common smart materials that are used in engineering applications. Figure 1-3 

lists various effects that are observed in materials in response to various mechanical, 

electrical, magnetic, thermal, light inputs. The smart materials correspond to the non-

diagonal cells. 

 

 

Figure 1-3: Stimuli-Response relations indicating various effects in materials [4] 

 

Piezoelectric materials are commonly used in engineering and scientific applications 

as sensors and actuators. They have wide usage in ultrasound applications, energy 

Output 

Input 

Stress Elasticity Piezoelectricity Magnetostriction Photoelasticity

Electric Field Piezoelectricity Permittivity Electrooptic Effect

Magnetic Field Magnetostriction Magnetoelectric Effect Permeability Magnetooptic

Heat Thermal Expansion Pyroelectricity Specific Heat

Light Photostriction Photovolatic Effect Refractive Index

Strain Electric Charge Magnetic Flux Temperature Light
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harvesting, nano positioning, medical applications, active vibration control and 

precision mechanics. 

Piezoelectric materials exhibit electromechanical coupling. The coupling is exhibited 

in the fact that piezoelectric materials produce an electrical displacement when a 

mechanical stress is applied and can produce mechanical strain under the application 

of an electric field.  

When manufactured, a piezoelectric material has electric dipoles as arranged in 

random directions. The response of these dipoles to an externally applied electric field 

would tend to cancel one another, producing no gross change in dimensions of PZT 

specimen. In order to obtain a useful macroscopic response, the dipoles are 

permanently aligned with one another through a process called poling which is shown 

in Figure 1-4.  

A piezoelectric material has a characteristic Curie temperature. When it is heated 

above this temperature, the dipoles can change their orientation in the solid phase 

material. In poling, the material is heated above its Curie temperature and a strong 

electric field is applied. The direction of this direction is polarization direction, and the 

dipoles shift into alignment with it.  The material is then cooled below its Curie 

temperature while poling field is maintained, with the result that the alignment of the 

dipoles is permanently fixed [3].  

 

 

Figure 1-4: Poling Process of Piezoelectric Materials 
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1.3 Piezoelectric Constitutive Relations 

The constitutive relations are used to analyze piezoelectric material system using the 

electromehanical coupling property [5]. Applying a stress to a specimen of elastic 

material produces elongation in the direction of applied load and this is called as direct 

piezoelectric effect. 

 
𝑆 =

1

𝑌
 𝑇 = 𝑠 𝑇 

 

(1. 5) 

where T is applied stress (N/m2), S is uniaxial strain, Y is Young’s modulus (N/m2), 

and s is the reciprocal of the modulus called mechanical compliance (m2/N). 

When a piezoelectric material is subjected to a stress, it will produce a charge flow at 

the electrodes placed at the two end of the specimen in addition to elongating like an 

elastic material. This charge flow is caused by the motion of electric dipoles within the 

material.  

 𝐷 = 𝑑 𝑇 
 

(1. 6) 

 

where d is the piezoelectric strain coefficient (C/N), D is the electric displacement 

(C/m2). 

Piezoelectric materials also exhibit a reciprocal effect in which an applied electric field 

will produce a mechanical response, called converse piezoelectric effect. The 

application of an electric field to the material will produce attractions between the 

applied charge and the electric dipoles. Dipole rotation will occur and electric 

displacement will be measured at the electrodes of the material. 

 𝐷 =  𝜀 𝐸 

 

(1. 7) 

where E is electric field (V/m) and 𝜀 is the dielectric permittivity (F/m). 

The converse piezoelectric effect is quantified by the relationship between the applied 

filed and mechanical strain. Application of an electric field will cause dipole rotation 

and produce a strain in the material.  

 𝑆 = 𝑑 𝐸 
 

(1. 8) 

where d is the piezoelectric strain coefficient (m/V).  
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The basic properties of a piezoelectric material are expressed mathematically as a 

relationship between two mechanical variables, stress and strain, and two electrical 

variables, electric field and electric displacement. The expressions for the direct and 

converse piezoelectric effect can be combined into one matrix equation. 

 

 
{
𝑆
𝐷
} =  [

𝑠 𝑑
𝑑  𝜀

]  {
 𝑇
 𝐸
 } 

 

(1. 9) 

The direct piezoelectric effect, as well as the well as the converse piezoelectric effect, 

could be expressed as a relationship between stress, strain, electric field and electric 

displacement.  Relationships are expressed in the terms of matrices that represent the 

mechanical compliance matrix, dielectric permittivity matrix and matrix of 

piezoelectric strain coefficients. A coordinate system is defined in which three 

directions are specified numerically. The 3 direction is aligned along the poling axis 

of the material. Since electric field can be applied and electric displacement within the 

material can be produced in three directions, electric field and electric displacement 

can be expressed as; 

 

𝐸 = {
𝐸1
𝐸2
𝐸3

}      and      𝐷 = {
𝐷1
𝐷2
𝐷3

} 
(1. 10) 

 

The relationship between electric field and electric displacement, and the stress-strain 

relationship can be written in indicial notation; 

 𝐷𝑚 = 𝜀𝑚𝑛
𝑇  𝐸𝑛   

 
𝑆𝑖𝑗 = 𝜍𝑖𝑗𝑘𝑙

𝐸  𝑇𝑘𝑙 

(1. 11) 

 

Where T11 , T22 , T33  and S11 , S22 , S33  denotes the component of stress and strain 

normal to the surface . The shear components are denoted by  T12 , T13 , T23 , T21 , T32, 

T31  and S12 , S13 , S23 , S21 , S32, S31  .  𝜍𝑖𝑗𝑘𝑙 is the tensor with 81 mechanical compliance 

terms. 

The nine states of the strain are related to the three applied electric field terms and the 

three electric displacement terms are related to mechanical stress through the 

expressions ; 
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 𝑆𝑖𝑗 = 𝛿𝑖𝑗𝑛𝐸𝑛 

 

𝐷𝑚 = 𝛿𝑚𝑘𝑙𝑇𝑘𝑙 
 

(1. 12) 

Combining the four expressions, the complete set of constitutive equations for a linear 

piezoelectric material can be written.  The complete set of equations are defined by 81 

mechanical compliance constants, 27 piezoelectric strain coefficients and 9 dielectric 

permittivities.  

 𝑆𝑖𝑗 = 𝜍𝑖𝑗𝑘𝑙
𝐸  𝑇𝑘𝑙 + 𝛿𝑖𝑗𝑛𝐸𝑛 

 

𝐷𝑚 = 𝛿𝑚𝑘𝑙𝑇𝑘𝑙 + 𝜀𝑚𝑛
𝑇  𝐸𝑛 

 

(1. 13) 

 

The constitutive equations can be written in compact form. The stress and strain 

tensors are symmetric.  

 𝑇𝑖𝑗 = 𝑇𝑗𝑖     
     

                                               𝑆𝑖𝑗 = 𝑆𝑗𝑖 
 

(1. 14) 

Using the symmetry, stress and strain tensors have six independent elements. Defining 

the terms; 

 𝑆1 = 𝑆11         𝑇1 = 𝑇11 

𝑆2 = 𝑆22         𝑇2 = 𝑇22 

𝑆3 = 𝑆33         𝑇3 = 𝑇33 

   𝑆4 = 𝑆23 + 𝑆32         𝑇4 = 𝑇23 = 𝑇32 

   𝑆5 = 𝑆31 + 𝑆13          𝑇5 = 𝑇31 = 𝑇13 

      𝑆6 = 𝑆12 + 𝑆21       𝑇6 = 𝑇12 = 𝑇21 

 

(1. 15) 

 

Now the constitutive equations are written in more compact form; 

 

 𝑆𝑖 = 𝑠𝑖𝑗
𝐸  𝑇𝑗 + 𝑑𝑖𝑘𝐸𝑘 

 

𝐷𝑚 = 𝑑𝑚𝑗 𝑇𝑗 + 𝜀𝑚𝑘
𝑇 𝐸𝑛 

 

(1. 16) 
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where i and j take on values between 1 and 6, m and n take on values between 1 and 

3.  

  

𝑆 =  𝑠𝐸𝑇 + 𝑑′𝐸 

 

(1. 17) 

 𝐷 = 𝑑 𝑇 + 𝜀𝑇 𝐸 

 

 (1. 18) 

where 𝑠𝐸 is a 6x6 matrix of mechanical compliance coefficients, d is a 3x6 matrix of 

piezoelectric strain coefficients and 𝜀𝑇 is a 3x3 matrix of dielectric permittivity values.  

Many common piezoelectric materials are orthotropic, for which the compliance 

elements; 

 𝑠𝑖𝑗 = 𝑠𝑗𝑖        𝑖 = 1,2,3  𝑗 = 4,5,6 

𝑠45 = 𝑠46 = 𝑠56 = 𝑠65 = 0 

 

(1. 19) 

Piezoelectric materials exhibit a plane of symmetry such that elastic moduli in the 1 

and 2 directions are equal; 

 𝑌1
𝐸 = 𝑌2

𝐸 

 

(1. 20) 

Then, compliance matrix 𝑠𝐸 is reduced to; 



10 

 

𝑠𝐸 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
1

𝑌1
𝐸 −

𝜈12

𝑌1
𝐸 −

𝜈13

𝑌1
𝐸

−
𝜈12

𝑌1
𝐸

1

𝑌1
𝐸 −

𝜈23

𝑌3
𝐸

−
𝜈31

𝑌1
𝐸 −

𝜈32

𝑌3
𝐸

1

𝑌3
𝐸

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

1

𝐺23
𝐸 0 0

0
1

𝐺13
𝐸 0

0 0
1

𝐺12
𝐸 ]
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

(1. 21) 

 

 

Symmetry within the crystal structure of the piezoelectric produces further reduction 

in the number of electromechanical and electrical parameters. Electric field applied in 

a particular direction does not produce electric displacements in orthogonal directions. 

The permittivity matrix and piezoelectric strain coefficient matrix reduce to matrices 

of the form; 

 

𝜀 =  [

𝜀11 0 0
0 𝜀22 0
0 0 𝜀33

] 

 

(1. 22) 

 

𝑑 =  [
0 0 0
0 0 0
𝑑13 𝑑23 𝑑33

0 𝑑15 0
𝑑24 0 0
0 0 0

] 

 

(1. 23) 

 

Combining the above equations enables to write the constitutive equations in 

simplified form for a piezoelectric material. 
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{
 
 

 
 
𝑆1
𝑆2
𝑆3
𝑆4
𝑆5
𝑆6}
 
 

 
 

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
1

𝑌1
𝐸 −

𝜈12

𝑌1
𝐸 −

𝜈13

𝑌1
𝐸

−
𝜈12

𝑌1
𝐸

1

𝑌1
𝐸 −

𝜈23

𝑌3
𝐸

−
𝜈31

𝑌1
𝐸 −

𝜈32

𝑌3
𝐸

1

𝑌3
𝐸

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

1

𝐺23
𝐸 0 0

0
1

𝐺13
𝐸 0

0 0
1

𝐺12
𝐸 ]
 
 
 
 
 
 
 
 
 
 
 
 
 

 

{
 
 

 
 
𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6}
 
 

 
 

+ 

[
 
 
 
 
 

0 0 𝑑13
0 0 𝑑23

     0     0 𝑑33
0 𝑑24 0
𝑑15 0 0
0 0 0 ]

 
 
 
 
 

  {
𝐸1
𝐸2
𝐸3

} 

 

(1. 24) 

 

{
𝐷1
𝐷2
𝐷3

} =  [
0 0 0
0 0 0
𝑑13 𝑑23 𝑑33

0 𝑑15 0
𝑑24 0 0
0 0 0

]  

{
 
 

 
 
𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6}
 
 

 
 

+ [
𝜀11 0 0
0 𝜀22 0
0 0 𝜀33

] {
𝐸1
𝐸2
𝐸3

} 

 

(1. 25) 

 

The piezoelectric materials are commonly operated in 31 mode for actuation purpose, 

in which electric field is applied in the 3 direction and the stress and strain are produced 

in 1 direction. By using this mode extension or bending can be created in the material. 

31 operating mode has the following assumptions; 

𝐸1 = 0, 𝑇3 = 0, 𝑇2 = 𝐸2 = 0 

𝑇4 = 0, 𝑇5 = 0, 𝑇6 = 0  

Under the assumptions the constitutive relations are reduced to form; 
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𝑆1 = −

1

𝑌1
𝐸  𝑇1 + 𝑑13 𝐸3 

𝑆2 = −
𝜈21

𝑌1
𝐸  𝑇1 + 𝑑23 𝐸3 

𝑆3 = −
𝜈31

𝑌1
𝐸  𝑇1 + 𝑑33 𝐸3 

𝐷3 = 𝑑31𝑇1 + 𝜀33
𝑇 𝐸3 

 

(1. 26) 

 

1.4  Aim of the Study 

The scope of this study is to design, produce a piezoelectric bimorph beam for active 

flapping by using piezoceramics. The experimental investigation of developed system 

aims to obtain elastic curves due to piezoelectric actuation by recording images with a 

high speed camera system to acquire 3-D position information. The objective of the 

numerical studies is to simulate unsteady aerodynamic field and aerodynamic forces 

created by flapping motion. Experimental elastic curves are imported to the numerical 

analysis to define structural system and it is linked to fluid flow solver.  

Examples at developed model’s length-scale in literature use a mechanical 

amplification system in common piezoceramic actuator applications or they use piezo 

fiber composite actuators with power sources capable of providing voltage level 

around 1500 V in active flapping concept. Current study is unique by using common 

PZT elements with voltage level of 200 V in an active flapping mechanism. PONTOS 

software [6] is used for obtaining 3-D mechanical deformations. Another contribution 

of this study is that, it is the first study that uses spatial and instantaneous positions 

with a high speed camera using PONTOS software analysis in flapping wing 

applications. Computational fluid dynamics simulation that imports experimental 

optical measurement information to define deformation and motion, is first used in 

piezoelectrically actuated flapping systems.  

Previous studies in on unsteady flapping motion are performed mostly by simplified 

mathematical functions as sinusoidal motion [7], [8] using FLUENT CFD software.  

In this study, real experimental wing deflection coordinates are used in numerical 
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calculations to perform flapping motion due to piezoelectric material actuation. 

Previous studies in literature do not cover this issue in hover mode. Aerodynamic 

effects and forces can be obtained from CFD by this way.  

Besides investigating the bimorph flat plate with experimental and numerical methods, 

the study also aims to establish a base to the complete model flapping wing MAV 

which is planned to be developed in further future steps of this work . 
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CHAPTER 2  

 

 

LITERATURE SURVEY 

 

 

 

The researchers in Harvard University developed an insect scale MAV capable of 

generating sufficient lift to takeoff with external power and constrained body degrees 

of freedom. Piezoelectric materials are used as actuators. Actuators are created by 

using PZT-5H plates and passive composite materials. Bimorph bending cantilevered 

configuration is used to drive the flapping mechanism. Components of flapping 

mechanism are constructed using a new microfabrication paradigm called Smart 

Composite Microstructures. With the SCM process mechanical, aeromechanical and 

mechatronic components are constructed with very light weight, having a total body 

mass of 60 mg. The system has a flapping resonance frequency of 110Hz and 

successfully achieved lift-off by using guide wires that restrict the motion such that 

the fly can only move in the vertical direction. A custom sensor is produced for 

measuring the forces generated due to flapping motion. The robot mimics the 

trajectory of hovering Dipteran insects by using a passive hinge mechanism for 

rotational motion at stroke ends. The research is mainly focused on force measurement 

and wing trajectory detection with high speed camera. No experimental or numerical 

study is found in literature for analyzing the aerodynamic field around this flapping 

mechanism [9]. 

Ming et al. [10] developed active flapping wing mechanism using piezoelectric 

actuators. Actuators are made of piezoelectric fiber composites and embedded into 

wing structure. The mechanism is capable of flapping and feathering motions.  Active 

flapping wing does not need a mechanical amplification mechanism, however it 

requires high driving voltage to generate enough displacement for flapping motion. 

Frequency and displacement response of the system is observed at different driving 
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voltages. As the applied voltage increases, the larger displacement becomes higher. In 

addition, the higher the applied voltage is, the lower the resonance frequency becomes. 

The effect of the attack angle on mean thrust and lift forces is measured.  The system 

is shown to generate mean thrust and lift force, but the lift force is smaller than the 

weight of the wing. Minagawa et al. [11]  achieved performance enhancement of the 

active flapping wing system actuated by piezoelectric fiber composites. The effective 

wing area in downstroke is achieved to be larger than upstroke by changing the pitch 

angle, so that the mean lift force is increased. Edge-and-vein-fixed and edge-fixed 

mechanism are compared. For the edge-and-vein-fixed mechanism, besides the 

flapping motion, the flexible film moves almost symmetrically in the up-stroke and 

downstroke as feathering motion. For the edge-fixed mechanism the feathering motion 

in the up-stroke is easier than that in the downstroke so that the mean lift force is 

expected to increase. The mean lift and mean thrust are measured by driving the 

flapping wing mechanism with saturated sine wave and sine wave. Both mean lift and 

mean thrust are improved by using the edge fixed mechanism. The mean lift is 

measured to be higher in the case of saturated sine wave input than in the case of sole 

sine wave, while the mean thrust is measured to be lower in the former case than in 

the latter case. The main objective of this research group is to achieve performance 

enhancement in terms of mean thrust and lift forces, and aerodynamic flow field 

analysis is out of scope. 

Syafiuddin et al [12] have developed a flapping wing mechanism which is driven by 

lightweight composite piezoceramic actuators (LIPCA). A mechanical amplification 

is provided by four-bar linkage system. .Tests are performed for different operating 

frequencies and flapping angle, forward and vertical forces are measured. The 

maximum flapping angle is measured when the system is driven at its natural 

frequency. The system is capable of producing positive average forces in vertical and 

forward directions. Nguyen et al. [13] have developed an insect mimicking flapping 

system which is driven by a unimorph piezoelectric composite actuator and a 

compressed one. The flapper generates larger aerodynamic forces when it is actuated 

by compressed actuator. The effects of wing rotation, clap motion, corrugated and 
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smooth wing surfaces are analyzed for the LIPCA actuated flapping wing mechanism 

by Park et al. [14]. The wing clap produces more vertical force for the smooth wings. 

The wing corrugation increases the lift force for the flapping motion without wing clap 

while it nullifies the effect of wing clap due to increase in stiffness. The research is 

concentrated on production of composite actuators and obtaining the effects of 

modifications in flapping mechanism to force generation. The strain gage sensor are 

utilized for force calculations in experiments. Harvard microrobotic fly, active 

flapping mechanism by macro fiber composites and LIPCA actuated flapper are 

illustrated in Figure 2-1 (a), (b) and (c), respectively. 

 

 

Figure 2-1: Examples Piezoelectrically Actuated Flapping Mechanisms in Literature 

[9, 11, 12]  

A research group in Technical University of Delft has developed a flapping wing micro 

air vehicle driven by a brushless motor called Delfy. Delfy has a mass around 16g with 

a wing span of 280 mm. Two high speed cameras are used for obtaining trajectories of 

the wing by utilizing edge detection algorithm. Aerodynamic field analysis is 

performed experimentally by using a particle image velocitmetry (PIV) system [15], 

[16].  

Curtis et al. [17] have developed a bench test setup for flapping wing micro air vehicle. 

A thrust stand and a six component force balance are used for force measurements. 

Different wing geometries are tested which uses carbon fiber rods as spars and 

structural support, and Mylar as membrane. Four high speed cameras are used for 

capturing wing motion. Laser dot production technique is used by two laser diodes to 

  (a)   (b)   (c) 
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obtain surface shape. Photomarker 6 software is used for analyzing recorded high 

speed camera images, obtaining 3-D positions and modeling the wing surface. The 

photogrammetry method in this research is useful for obtaining elastic deformations 

during flapping motion.  

Visual image correlation (VIC) is used by Stewart and Albertani [18] to obtain elastic 

deformation characterization of flapping wing MAV. The micro air vehicle has 

flexible wing and two high speed cameras are implemented to record images. Rigid 

body motion and deformations can be obtained simultaneously by VIC. Stereo 

triangulation is used to obtain in-plane and out-of-plane motions which is processed 

by a software. Aeroelastic effects in flexible wings can clearly be obtained by VIC 

method. 

Researchers in NASA Dryden Flight Research Center have analyzed the aeroelastic 

flutter characteristics of test wing by experimental and finite element method. Test 

wing has a half span length of 45.72 cm and a chord length of 33.528 cm. Two high 

speed cameras used for experimental image recording and PONTOS software [6]is 

used for the analysis of the recorded images [19]. Although the measuring volume in 

the research is larger than the volume concerned in this thesis, it provides a good base 

for showing the feasibility of PONTOS for aeroelastic analysis. 

Bronson et al. [20] have developed flapping wings for insect-inspired robots by using 

micro fabrication techniques. The actuators are made of thin film PZT which are 

capable of generating large angular displacements with low operating voltages and the 

need for mechanical transmission is eliminated.  Experiments show that the stroke 

amplitude increases with increasing operating voltage. The thickness of the elastic 

layer significantly affects the bending stiffness which has an important effect on the 

displacement. The study reveals the possibility of MEMS flapping wings with 

piezoelectric film actuators in mm-scale mechanisms. 

Kim and Han [21] have developed a smart flapping wing with macro fiber composite 

actuator and aerodynamic tests are performed. The surface actuators embedded on the 

wing are used to change the camber of the wing. Test are performed for different 
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velocity, angle of attack, flapping frequency and actuator input voltage cases. The 

deformation generated by macro fiber composite (MFC) actuators on the wing surface 

is measured to be enough to control lift and thrust. The lift generated by the wing is 

observed to increase when the actuators are activated. 

Shen et al. [22] have explored the application of piezoelectric fiber composite actuators 

in the flapping wing for the bionic wing design. The actuators are used to improve the 

aerodynamic properties of the flapping wing. Experimental results show that the 

performance of the piezoelectric fiber composites can be improved by increasing the 

dielectric coefficient of polymer and decreasing the thickness of polymer under the 

electrode. Piezoelectric fiber composites are investigated to be appropriate actuators 

integrated in the flapping wing and they can be used to improve aerodynamic 

performance. 

Kummari et al. [23] have investigated 2-bar 2-flexure motion amplification 

mechanism for flapping wing application actuated by piezoelectric material. 

Frequency multiplied by tip displacement of the wing is introduced as performance 

criteria and it is aimed to be maximized. The length and thickness of the flexures and 

the joint angles between bars are designed optimally according to this performance 

criterion. 

Sitti et al. [24] designed and fabricated unimorph piezoelectric actuators for micro 

aerial flapping mechanism.  Performance of PZT-5H and PZT-PT actuators is 

compared. PZN-PT unimorph actuator has tip displacement around 4 time less than 

PZT-5H, but it rotates 1.25 times more. Proper transmission ratio selection enables the 

usage of PZT-5H and PZN-PT for similar flapping actuation with PZN-PT having 8 

times less weight. 

Yonn et al. [25] have developed an air vehicle with active flapping and twisting of 

wing by using voice coil motors (VCM). Two actuators made of VCM are used to flap 

the wings and actively twist the roots of wings. A linkage mechanism is used to 

transform the linear motion of the actuators into flapping and twisting motions. By 

active twisting the effective is decreased in the upstroke motion, so that positive mean 

lift force can be produced.  The effect of twist angle on resultant lifting force and 
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frequency response of the system are analyzed. The average positive vertical force is 

observed to be proportional to twist angle up to a saturation point due to mechanical 

limitations of the system. 
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CHAPTER 3  

 

 

EXPERIMENTAL STUDIES 

 

 

 

3.1 Piezoelectric Actuator Type Selection 

Piezoelectric materials have dipole structures in atomic level. Piezoceramics are solid 

mixtures of piezo crystallites and initially have randomly oriented dipoles. 

Piezoceramic materials go under a polarization process to have a surviving polarity. 

Polarization axis is in the direction of orientation of dipoles. Piezoelectric materials 

have two common operating modes which are longitudinal and transverse modes. In 

longitudinal mode piezoelectric materials create force and deflection in the direction 

of polarization axis. This mode creates small displacement and is generally used in 

stack actuators. In transverse mode, deflection and force are created out of the 

polarization axis and generally used to create axial or bending motion. The transverse 

mode is called 33 operating mode while the longitudinal mode is called 31 operating 

mode. Since the bending motion is desired in the design, the system will be driven in 

transverse mode of the actuator. The actuators will be driven with the same magnitude 

but with the opposite sign voltages, causing one actuator to contract while the other 

one expands. Voltage function has a continuous sinusoidal or square form and this 

driving method results in bending motion on the plate. The longitudinal and transverse 

modes are shown in Figure 3-1. Extension and bending of beam by using PZT 

actuators are shown in Figure 3-2. 
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Figure 3-1: (a) Longitudinal mode (b) Transverse mode of piezoelectric materials 

 

, 

 

 

Figure 3-2: (a) Extension of beam by PZT actuators (b) Bending of beam by PZT 

actuators 

 

3.2 Production Process 

A specific production process is held by ENS Piezoelectric Devices Company in 

Gebze Institute of Technology [26] according to the current study requirements of the 

designed bimorph actuator. The piezoelectric powder used in the production is mainly 

  (a)   (b) 

  (a)   (b) 
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composed of Lead Zirconate Titanete (PZT). The ceramic powder is made by adding 

a few additives in the powder materials mixed with ZrO2, PbO and TiO2.  The powder 

type is S42 material properties of which is listed in Table 3-1 and it is provided by 

Sunny-Tec Electronics Company in Taiwan [27] .Then, produced powder is 

compressed in a disc shaped mold with diameter of 48mm. Then PZT powder is 

sintered around 1350 0C and polarization process is applied.  The produced 

piezoceramic in disk shape is cut into desired rectangular shape of the actuator by using 

a diamond pinned cutter.  The poled faces are soldered to cables and the actuators are 

patched on the aluminum beam with 300 μm thickness by using epoxy.  

 

Table 3-1: Material Properties of Piezoelectric Powder Used in Production 

 

Material Type S42 

Properties Items P-42 

Coupling Coefficients (%) 

Kp 65 

Kt 68 

K31 63 

Piezoelectric Charge Constants   (𝑃𝐶 𝑁⁄ ) 
d33 320 

d31 -155 

Piezoelectric voltage constants g33 25.8 

(𝑥 10−3  𝑉 𝑚 𝑁⁄ ) g31 -12.5 

Dielectric constants (𝐸33)
𝑇/𝐸𝑜 1450 

Dissipation factor (%) tgδ 0.4 

Frequency contents(Hz.m) 

Nt 2050 

Np 2230 

NL 1650 

Elastic constants (𝑥1010  𝑁
𝑚2⁄ ) 

𝑠11
𝐸  

 
11.5 

𝑠11
𝐷  

 
10.2 

Mechanical Q Qm 600 

Curie Temperature Tc 305 

Density ( 
𝑔
𝑐𝑚3⁄ ) ρ 7.6 
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The aluminum beam has a length of 168 mm and piezoelectric actuators have 40 mm, 

the width is same for both the beam and actuator at a value of 10 mm. The actuator 

location on the beam is shown on the drawing in Figure 3-3.  The aluminum alloy used 

in the beam is 2024 type, basic material properties of which are listed in Table 3-2. 

 

 

Figure 3-3: Geometrical Constraints of Bimorph Beam-Actuator System (in mm) 

 

Table 3-2: Material Properties of Aluminum 2024 Alloy 

 

Property Unit Value 

Elastic 

Modulus 

GPa 73 

Density 𝑔
𝑐𝑚3⁄  2.77 

Poisson's Ratio   0.33 

Shear Modulus GPa 23 

Tensile 

Strength 

MPa 185-485 

 

System components weights are measured by using a 4-digit sensitive balance system. 

The measured values of components of bimorph configuration beam is listed in Table 

3-3.  

Table 3-3: Sensitive Balance System Measurement for System Components 

 

Component Name Weight [g] Quantity 

Aluminum Beam 1.6226 1 

Piezoelectric Actuator 2.5536 2 

Cable & Solder 0.4277 1 

Total Weight 7.1575  
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3.3 Experimental Setup 

3.3.1 Bimorph Beam and Test Stand 

The experimental setup consists of aluminum beam, two piezoelectric actuators, and 

iron rectangular prisms to assign boundary conditions, clamps and electrical 

components that operates the actuators.  Operating frequency is a crucial parameter for 

actuators to achieve maximum output from the system, a slight change of which can 

excessively affect the system response. For this purpose the experiments are performed 

on a vibration cancelling test stand to absorb outside disturbances and its technical 

drawing and photograph is shown in Figure 3-4.  

 

 

Figure 3-4: (a) Vibration Cancelling Test Setup (b) Its Technical Drawing (in mm) 

The bimorph beam-actuator system is planned to be used in cantilevered end 

configuration and tip displacement is observed. The shorter section before the 

piezoelectric element is placed between two iron prisms. A small portion between the 

actuators and prisms is left to avoid damage of piezoelectric components and wires. 

The sandwiched part has a length of 3.2 cm and the beam has a part with length of 16.8 

  (b)   (a) 
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cm that goes under elastic deformation.  Figure 3-5 shows the 3-D CAD drawing of 

cantilevered end configuration. 

 

Figure 3-5: CAD Drawing of Cantilevered End Configuration 

Three clamps are used to tighten the iron blocks to the test stand ensuring that neither 

the beam nor the blocks have translational or rotational motion. The only displacement 

is the elastic deformation created by the actuator loading. 

3.3.2 Electrical Circuit Components 

The actuators are operated with a function generator, a high voltage power amplifier 

and a high voltage power source. The function generator creates the signal to drive the 

piezoelectric in desired forms such as square, sinusoidal or ramp, and the power 

amplifier increases the signal voltage by 20 times so that the high voltage requirement 

for effectively driving the piezoelectric actuators are satisfied. The function generator 

can create the signal within ±5 V limit. Usage of the power amplifier unit increases the 

signal amplitude to ±100 V range, which corresponds to 200 Volts of peak to peak 

driving.  A circuit board is used to establish connection between the power amplifier 

Iron Prisms 

Beam 
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and the actuators. Figure 3-6 indicates the electrical components which are used the 

drive the actuators. 

 

 

 

Figure 3-6: Electrical Units (a) Function Generator (b) High Voltage Power 

Amplifier (c) Circuit Board 

  

3.4 Measurement System 

Experimental measurements are performed to obtain the deflection of the different 

locations of the beam by a set of system which is a product of GOM Optical Measuring 

Techniques Company which utilize TITANAR cameras, calibration plate, tripods, led 

lambs and trigger cable as hardware, and PONTOS as software [6]. 

  (a) 

  (c) 

  (b) 
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3.4.1 High Speed Camera System 

The camera system consists of two cameras located at proper angle and location. The 

lens angles and positions are arranged and calibrated such that accurate images of the 

experimental setup can be captured to obtain 3D position information. The cameras 

can capture images up to 480 frames per second (fps) with one million pixels resolution 

that enables to have case deflection values at different time steps. In current 

experiments, 200 fps recording speed with two million pixels resolution is preferred 

according to the measuring volume. The high speed camera system is shown in Figure 

3-7. The 20 mm lenses are selected for the measurement.  

 

Figure 3-7: High Speed Camera System 

3.4.2 Calibration of the Camera System 

The two key parameters for the calibration are the focal local length of the lenses and 

the measuring volume.  Firstly 20 mm TITANAR lenses are selected considering the 

capturing angle, focal length, exposure time. Then, the measuring volume is decided 
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according to the dimensions of experimental setup and the expected motion. Next, the 

calibration plate size and the measuring distance is decided. The calibration plate with 

coded points are placed on the proper angles and distances following the instructions 

in the software and snapshots are taken at the specified angle-distance combinations. 

The measuring volume is selected as 300 mm x 200 mm which requires a measuring 

distance of 41.5 mm and CP20 250x200 calibration object is used. Calibration is 

completed by checking whether the pixel deviation is in reasonable limits or not. The 

suggested pixel deviation limit in user manual is 0.5 pixels and calibrations resulted in 

0.49 pixels that is in the reasonable range. Having a well calibrated system is crucial 

for having a precise measurement. 

3.4.3 PONTOS Software and Image Capturing 

PONTOS is a non-contact optical 3D measuring system. It analyzes, computes and 

documents object deformations, rigid body movements and the dynamic behavior of a 

measuring object. A digital stereo camera system records different load or movement 

states. The software assigns 3D coordinates to the image pixels, compares the digital 

images and computes the displacement of the reference points [6]. 

The marker points consists of two concentric circles of optical white and optical black 

colors. The black circle is placed outward and optical white is inward location, center 

of which is recognized as marker element’s center location. The marker points are 

placed on the beam and stationary reference points and identified in software. The 

located marker points and their identification in PONTOS software are shown in 

Figure 3-8. 
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Figure 3-8: The Marker Point Placement and Detection in PONTOS software 

 

3.5 Modal Frequency Analysis by Finite Element Methods 

The natural frequency of the piezoelectric actuator- beam system is calculated by finite 

element methods. For this purpose, a finite element analysis software, called SAMCEF 

is used. The root section of the beam is sandwiched between to rectangular prisms 

made of iron and three clamps are used to tighten the iron blocks ensuring that the 

beam cannot rotate and translate between the blocks. This boundary condition can be 

regarded as cantilevered end thus clamped condition is assigned at the root section in 

the software.  

Three different approaches are used for the modal analysis which; 

a) Shell Model Approach 

b) 3-D Model Approach  

c) 3-D Model Approach with the effect of cables 

3.5.1 Shell Model Approach 

Since the beam thickness is less than a millimeter, it is approximated as shell geometry. 

Material properties of aluminum are assigned all along the beam. The piezoelectric 

actuators are treated as concentrated mass loads at the centroid of piezoelectric 

element. Previously obtained weight information by measurements from the 4-digit 

sensitive balance system is applied at this centroid. The major drawback of this 

approach is that elastic modulus property of the piezoelectric material is not taken into 
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account. The mesh is generated for the structural solution domain and the first three 

natural bending frequency modes are calculated.  The mesh along the beam and the 

location of the application point of weight of piezoelectric material are shown in Figure 

3-9.  Figure 3-10 demonstrates first bending mode shape and frequency of shell model 

which is calculated as 9.22 Hz 

 

 

 

 

Figure 3-9: Shell Model Approach Solution Mesh and Actuator Centroid Location 

 

 

 

Figure 3-10: Shell Model First Bending Mode Shape 

 

3.5.2 3-D Model Approach 

In 3-D model approach both the beam and the piezoelectric components are modeled 

as 3D solid objects. The starting and ending locations of piezoelectric materials on the 

Piezoelectric 

element centroid 
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beam are stated. Since the piezoelectric actuators are glued to the beam in the 

production process, glue type connection between materials are selected. The 3-D 

model of piezoelectric components and the beam is displayed in Figure 3-11.  

 
Figure 3-11: 3D Model Approach, Beam and Actuator Geometries 

 

 

The thickness, density and elastic modulus properties are assigned both for the 

aluminum and the piezoelectric material. The mesh is generated over the beam and the 

actuators and modal analysis is performed. The first natural bending mode frequency 

is calculated as 9.598 Hz and the mode shape is drawn in Figure 3-12.  

 

Figure 3-12: 3D Model Approach, First Bending Mode 
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3.5.3 3-D Model Approach with effect of cables 

Electrical connection of piezoceramics are established by soldering wires at poles of 

poles. Wires create a spring effect at solder points and this effect included. Cables are 

modeled as spring elements in software with a spring constant of 100 N/m and analysis 

resulted in 9.62 Hz first bending mode frequency. Although, modeling of wire 

elements does not create a significant change from simple 3-D approach, it can be used 

to have a more detailed model to experimental setup. 

 

3.6 Experimental Results 

The experimental setup is tested for different frequencies by scanning method from 0 

Hz to 50 Hz with 1 Hz increment steps. The maximum displacement is observed to be 

around 10 Hz frequency, so five different values from 9 Hz to 11 Hz with 0.5 Hz steps 

are selected for measurement. The actuators are operated with sinusoidal and square 

signals for each test case. Firstly, the experimental setup is prepared and the camera 

system is calibrated with a calibration plate properly considering the measurement 

volume. Then, the marker points with suitable size are placed to the locations at which 

the displacement, velocity and acceleration information are desired to be measured.  

The images of the deformation stages are recorded by simultaneously triggering the 

camera system and the function generator. The images are captured with 200 frames 

per second (fps). The recorded stages are computed and the fixed and moving 

identification points are defined. After that, the displacement fields are created and the 

position, velocity and acceleration of the marker elements are calculated at each time 

step relative to the initial reference stage.  

The experimental study consists of many steps, the flow chart of which indicated in 

Figure 3-13.  
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Figure 3-13: The Flow Chart for the Experimental Study 

 

After recording of images and defining static and moving identification points, 

displacement fields are obtained with respect to initial static reference stage.  

 

3.6.1 Displacement Field Analysis 

A sample displacement analysis for 10 Hz sinusoidal is input displayed in Figure 3-

14, which includes different time steps. The sample steps are chosen to show the 

change in the displacement field in the consecutive time steps within a period. The 

results are taken when the beam reaches quasi-steady state condition after 10 seconds 

from the impulsive start and the motion has a period of 0.1 seconds.  
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Figure 3-14: Sample Displacement Field for 10 Hz Sinusoidal Operating Signal 

Quasi Steady State Condition 

t=0.025 s 

t=0.035 s 

t=0.05 s 

t=0.065 s 

t=0.08s 
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Figure 3-14 (continued): Sample Displacement Field for 10 Hz Sinusoidal Operating 

Signal Quasi Steady State Condition 

Post-processing analysis obtains the velocity and acceleration of the marker points in 

addition to displacement information. A sample displacement, velocity and 

acceleration history is presented for the marker point that is closest to tip location for 

the above test case in Figure 3-15.  

t=0.1s 

t=0.11s 

t=0.125s 

t=0.09s 
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Figure 3-15: Displacement, Velocity and Acceleration Histories of Point closest to 

tip for 10 Hz Sinusoidal Operating Signal Quasi Steady State Condition 

 

In the displacement field analysis effects of signal type, operating voltage, initial 

actuation and driving frequency are investigated.  

 

3.6.1.1 Effect of Driving Frequency 

The frequency of the input electrical is one of the most critical parameter in 

displacement created due to elastic deformation caused by actuator loading. The tests 

are performed for ±100V and frequencies of 9, 9.5, 10, 10.5, 11 Hz are tested. The 

displacement values of the marker point closest to tip location are used in the 

comparison 

The results are plotted for sinusoidal and square signal types, and impulsive start and 

steady state cases are shown separately in Figure 3-16 to 3-19, respectively. All the 

images starts from a zero displacement point with the beam deflects downwards 

initially. 
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Figure 3-16: Impulsive Start for Sinusoidal Operating Signal 
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Figure 3-17: Impulsive Start for Square Operating Signal 
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Figure 3-18: Quasi-Steady State for Sinusoidal Operating Signal 
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Figure 3-19: Quasi-Steady State for Square Operating Signal 
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It is obvious from the displacement field analysis that input frequency is of 10 Hz gives 

maximum displacement among all other cases. As a result, it can be concluded that the 

resonant frequency of the system is around 10 Hz. Actuators should be driven at 

resonant frequency so that maximum displacement can be achieved. 9.5 Hz and 10.5 

Hz cases create tip displacement more than 9 Hz and 11Hz cases in all four possible 

signal and starting type combinations. In impulsive start cases, 10.5 Hz and 11 Hz 

signals result in more displacement than 9.5 Hz and 9 Hz signal, respectively. These 

differences gets smaller in quasi-steady state cases. The resonant frequency results in 

slightly more displacement than neighboring test frequencies in impulsive start, 

whereas this displacement difference grows up in quasi-steady cases. In quasi-steady 

state, 10 Hz operating signal has around 2.5 times more tip displacement than 9.5 Hz 

and 10.5 Hz signals. The variation of maximum displacement with operating 

frequency are plotted for experimental test cases in Figure 3-20. 

 

 

Figure 3-20: Maximum Displacement Variation with Operating Frequency 
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3.6.1.2  Effect of Signal Type 

In experiments, two different signal types are used which are sinusoidal and square 

wave forms. The test are again performed for ±100 V driving voltage. Signal type 

analysis is made for 10 Hz resonant frequency at which the effects can be more clearly 

observed. The results are drawn for impulsive and quasi-steady cases in Figures 3-21 

and 3-22.  

 

Figure 3-21:  Sinusoidal and Square Wave Inputs for Impulsive Start at 10 Hz 

 

 

Figure 3-22:  Sinusoidal and Square Wave Inputs for Quasi-Steady State at 10 Hz 
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Square wave form signal creates slightly more displacement than sinusoidal one for 

both impulsive start and quasi-steady state cases. The other test frequencies also show 

similar results. Observations during the experiment showed that sinus signal has a 

smooth continuous motion while square signal has steeper motion. Both signal types 

can be used according to whether the goal is to achieve the maximum tip displacement 

or to have a smooth continuous motion. 

 

3.6.1.3 Effect of Initial Actuation 

The measurements are performed at initial actuation and a reasonable time after the 

first input to observe whether the strokes amplitudes converges to a value or whether 

they present a varying characteristic. Figures 3-23 shows the comparison of impulsive 

start and later time measurements for 10 Hz input signal. The later time results are also 

shown for 9 Hz and 11 Hz to check their convergence to a quasi-steady state case in 

Figures 3-24 and 3-25. 

 

Figure 3-23: Impulsive Start vs Quasi-Steady State for Sinusoidal at 10 Hz Signal 
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Figure 3-24: Impulsive Start vs Quasi-Steady State for Sinusoidal at 9 Hz Signal 

 

Figure 3-25: Impulsive Start vs Quasi-Steady State for Sinusoidal at 11 Hz Signal 

 

Measurements for approximately ten seconds after initial actuation clearly displays 

that stroke amplitudes converge to an almost constant value. The system creates 

smaller strokes at first operation which arises from that system initially at rest, and this 

effect disappears when system reaches a quasi-steady state condition. The cases with 

9 Hz and 11 Hz have increasing-decreasing stroke amplitude pattern at impulsive 

measurements and they converge steady states at later time measurements. Square 

wave forms also have similar patterns to sinusoidal waves. The system can be regarded 

as having steady strokes after a time interval around 10s for all test frequencies.  
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3.6.1.4 Effect of Voltage Level 

The experiments are also performed for three different input voltage levels which are 

±100 V, ±50 V and ±20 V. The comparison state is chosen as sinus 10 Hz quasi-steady 

state case to eliminate the impulsive effects. Figure 3-26 indicates the tip displacement 

for test cases.  

 

Figure 3-26: Voltage Level Effect  

 

As expected lower voltage levels resulted in lower tip displacements and the steady 

state pattern is preserved for all three cases. There obtained an almost linear 

proportionality between input voltage level and stroke amplitude. Using an electrical 

system capable of providing higher voltage levels, one can achieve higher 

displacement. However, the possible increment is limited to piezoceramics material 

limits, common piezoceramics are usually can stand up to ±150 Volts.  

 

3.6.1.5 Low Frequency Experiments 

Measurements are also performed for long period signals. Experimental observations 

show that the piezoelectric actuation in low frequency square wave form signals 

creates similar deflections independent from the operating frequency. This situation 

loses its validity in the neighboring frequencies of natural first bending mode and 
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higher deflection values are achieved. Tip deflection results for different low 

frequency signals are listed in Table 3-4. 

 

Table 3-4: Tip Deflection for Low Frequency Square Wave Signals  

Signal Frequency of Square Wave Signal Tip Deflection (mm) 

2 Hz 0.8245 

1 Hz 0.8355 

0.5 Hz 0.871 

0.1 Hz 0.83 

0.05 Hz 0.7865 

0.01 Hz 0.735 

 

3.6.2 FFT Analysis of Experimental Data 

The driving signal is created by a function generator, its amplitude is increased by 

power amplifier and the output data is collected as mechanical displacement by high 

speed camera system.  A data set in time domain can be expressed in frequency domain 

by a Fast Fourier Transform (FFT). Since, the data is collected at discrete values of 

time domain, Discrete Fourier Transformation is applied, which expresses Fourier 

integrals as series expansion form. This DFT analysis is used to investigate the 

relationship between electric input signal and mechanical output data. A MATLAB 

code is used to transform the position information in time domain to frequency domain. 

Firstly, spatial variation of peak amplitude frequency along the beam is analyzed for a 

particular operating input signal case. Ten sampling marker points are selected 

locations of which are shown in Figure 3-27 by orange colored dots. 
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Figure 3-27: Sampling Points for Spatial Variation of DFT Analysis 

A sample analysis result for impulsive start of 10Hz sinusoidal input operating voltage 

is shown in Figure 3-28. 

 

Figure 3-28: Frequency Domain Analysis for Impulsive Start of 10Hz Sinusoidal 

Case with ±100V input 

 

Nine sampling points in Figure 3-26 from the tip section shows maximum amplitude 

at a frequency of 10Hz, which is equal to the operating signal frequency, and the 

marker point closest to the root shows maximum amplitude at 0 Hz, as it is expected. 

The results for the last point is drawn in local scale to show the response in frequency 

domain more clearly in Figure 3-29. 
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Figure 3-29: Frequency Domain Analysis for Impulsive Start of 10Hz Sinusoidal for 

Point 1024 

 

The second DFT analysis is performed for two different wave types at same operating 

frequency signal, for impulsive and periodic conditions. A sample analysis is held for 

10Hz operating voltage and with the sampling point closest to the tip at which 

maximum stroke amplitudes are observed. Obtained results are plotted in Figure 3-30.  

 

Figure 3-30: Different Signal Type Analysis for 10Hz Operating Input Voltage 

±100V at Point 1000 
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The results show that all four-cases have maximum amplitude at 10 Hz which is the 

operating input frequency. The steady-state cases have strong peaks around 10 Hz 

frequency for both square and sinusoidal cases, while wider bandwidth graphs are 

observed for impulsive start data. It can be also observed that square signal creates 

slightly bigger amplitude than sinusoidal signal.  
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CHAPTER 4  

 

 

NUMERICAL STUDIES 

 

 

 

4.1 Methodology 

ANSYS is a software used for the simulation and analysis of many engineering cases 

such as multiphysics, electromagnetic, fluid dynamics, thermal analysis and structural 

mechanics. ANSYS is commonly used in many industrial areas like aerospace, 

automotive, construction and electronics [28]. The software has a growing role in 

academic studies with the increasing usage of the computer aided engineering 

technologies in simulation. In this study, ANSYS is used for the numerical analysis of 

the experimental system configuration. 

Since the beam goes under an elastic deformation a coupled analysis between 

structural and fluid systems are performed. Deflection results of the experimental 

system are used as inputs to the ANSYS structural module.  A curve fitting procedure 

is applied to experimental displacement field results before importing to ANSYS. 

Firstly, the geometry of the system is defined and the material properties of aluminum 

alloy material properties are assigned. Then, the geometry of the solid system and flow 

enclosure are created. The locations where the deflection values are inserted are 

created. The solution meshes are created for the structural and aerodynamic analysis 

systems separately. In structural analysis, flow domain is suppressed and mesh is 

generated for the solid model while the solid section is suppressed and flow domain is 

meshed in fluid flow analysis. The elastic deformation of the beam causes the meshes 

around the interface surface to move and this mesh motion is linked between structural 

and fluid flow systems. The fixed support boundary condition is assigned for the 

screwed part in the experimental setup. The deflections are inserted by assigning 

displacements at the specified locations. Since the system requires a transient analysis, 
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the displacement values are assigned for different time steps. The flow field is solved 

by CFX component of the software [29]. In Figure 4-1 the methodology for the 

numerical analysis is shown. 

 

Figure 4-1: Numerical Analysis Methodology 

4.2 Curve Fitting Process for Experimental Results 

Previously obtained displacement field for the motion of the beam by PONTOS [6] 

post processing analysis is used to define mechanical deformation in ANSYS analysis 

[30]. It is understood that importing displacement field data with discrete points causes 

sudden jumps in force calculations of ANSYS simulations, because flow simulation 

time steps are smaller than experimental measurement recording time step. Although 

characteristics of the force diagrams define a mean profile, interior steps between the 

input data time steps exhibit high deviations from the mean profile.  

To avoid deviation of interior time steps a curve fitting process is applied to the 

experimental displacement field results. An eighth order Fourier series approach is 

used to have an accurate match with the experimental data and its equation in general 
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form is stated in Equation 4.1. Curve fitting is made for all ten displacement input 

locations separately and the constants of the Fourier expression are listed in              

Table 4-1. A MATLAB code is written to read experimental data to obtain Fourier 

constants, to plot the graphs of experimental results and to obtain fitting curves. 

Sample results for points 1000, 1011 and 1022 are displayed in Figures 4-2 to 4- 4, 

respectively. Sample point locations are chosen to check accuracy of fitting 

approximation at root, middle and tip sections. 

 

 𝑓𝑛(𝑥) = 𝑎0 + 𝑎1 cos(𝑥 ∗ 𝑤) + 𝑏1 sin(𝑥 ∗ 𝑤) + 𝑎2 cos(𝑥 ∗ 𝑤)

+ 𝑏2 sin(𝑥 ∗ 𝑤)  + 𝑎3 cos(𝑥 ∗ 𝑤) + 𝑏3 sin(𝑥 ∗ 𝑤)

+ 𝑎4 cos(𝑥 ∗ 𝑤) + 𝑏4 sin(𝑥 ∗ 𝑤) + 𝑎5 cos(𝑥 ∗ 𝑤)

+ 𝑏5 sin(𝑥 ∗ 𝑤) + 𝑎6 cos(𝑥 ∗ 𝑤) + 𝑏6 sin(𝑥 ∗ 𝑤)

+ 𝑎7 cos(𝑥 ∗ 𝑤) + 𝑏7 sin(𝑥 ∗ 𝑤) + 𝑎8 cos(𝑥 ∗ 𝑤)

+ 𝑏8 sin(𝑥 ∗ 𝑤) 

 

(4. 1) 

where n is the point number, and a, b and w are Fourier constants.  

Table 4-1: Fourier Constants of Eight Order Curve Fitting Approximation 

 

 

Constants 1000 1004 1006 1008 1011 1012 1014 1018 1020 1022

a0 0.1655 0.1485 0.1362 0.1195 0.09652 0.08499 0.07299 0.04623 0.03202 0.01484

a1 -0.01798 -0.01626 -0.01439 -0.01337 -0.01068 -0.00967 -0.00847 -0.00536 -0.00325 -0.0024

b1 -0.00281 -0.00264 -0.00222 -0.00206 -0.00174 -0.00171 -0.0012 -0.00074 -0.00012 -0.00049

a2 1.855 1.612 1.353 1.156 0.7883 0.6466 0.4818 0.2467 0.1424 0.07167

b2 -4.194 -3.646 -3.06 -2.622 -1.789 -1.46 -1.092 -0.5473 -0.3017 -0.1459

a3 0.00097 0.00152 0.00132 0.00119 0.00148 0.00084 0.00124 0.00032 0.00021 -0.0002

b3 -0.00657 -0.00597 -0.006 -0.00531 -0.00379 -0.00357 -0.00347 -0.00207 -0.00121 -0.00034

a4 -0.01446 -0.01236 -0.01145 -0.01086 -0.00964 -0.00841 -0.00784 -0.00476 -0.0025 -0.00199

b4 0.01407 0.01468 0.01199 0.01243 0.0091 0.00839 0.006 0.00326 0.00317 0.00213

a5 0.00352 0.00367 0.00305 0.00207 0.00241 0.00191 0.00195 0.00126 0.00055 0.00057

b5 0.02279 0.02038 0.01884 0.01726 0.01416 0.01242 0.01042 0.00729 0.00498 0.00284

a6 -0.00426 -0.00363 -0.00263 -0.00115 0.00037 0.00082 0.00123 -2.10E-05 0.00033 9.20E-05

b6 0.00789 0.00828 0.00851 0.00809 0.00725 0.00768 0.00529 0.00463 0.00228 0.00171

a7 -0.00905 -0.00869 -0.00789 -0.00714 -0.00565 -0.00511 -0.0046 -0.00262 -0.00189 -0.00117

b7 -0.03264 -0.02923 -0.02712 -0.02455 -0.02017 -0.0178 -0.01533 -0.0102 -0.00702 -0.00442

a8 -0.00507 -0.00526 -0.00417 -0.00365 -0.00297 -0.00153 -0.00193 -0.00108 -0.00092 -0.00043

b8 0.00105 0.00034 0.00108 0.0008 0.00226 0.00133 0.00251 0.00086 -0.00078 0.00039

w 31.41 31.41 31.41 31.41 31.42 31.42 31.42 31.42 31.42 31.42
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Figure 4-2: Fourier series approximation for Point 1000 

 

 

Figure 4-3: Fourier series Approximation for Point 1011 
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Figure 4-4: Fourier series approximation for Point 1022 

Curve fitting plots show quite accurate approximation to experimental displacement 

field for root, middle and tip section. Fourier series curve results are imported with the 

same time step size of ANSYS simulations.  

 

4.3 ANSYS Simulations 

4.3.1 Analysis Setup 

Structural and fluid flow analysis system setups are prepared separately and then 

linked to each other to make a fluid structure interaction analysis. In structural system, 

the beam is modeled in two parts which are fixed support and interface sections. Fixed 

support refers to the clamped part in the experimental setup, whereas interface is the 

section of beam that undergoes an elastic deformation with piezoelectric actuation. 

Displacement fields are imported at the selected marker point locations. Figure 4-5 

shows the coordinate system definition used in ANSYS and Figure 4-6 shows fixed 

support and interface. Figure 4-7 indicates ten input displacement locations, positions 

of which are listed in Table 4-2 with respect to the distance to cantilevered end.  
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Figure 4-5: Coordinate System Definition  

 

Figure 4-6 Fixed Support and Interface Sections of the Beam  

Fixed 

Support 

Interface 

Surfaces 
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Figure 4-7: Displacement Input Locations  

Table 4-2: X Positions of Marker Points used in CFD Analysis 

Point Number X Position [mm] 

1000 165.79 

1004 150.96 

1006 135.22 

1008 123.12 

1011 98.58 

1012 87.81 

1014 74.48 

1018 46.91 

1020 28.67 

1022 16.09 

 

The mechanical and aerodynamic analyses are coupled by the interface surface. In 

mechanical system beam is meshed by assigning a face sizing with an element size of 

2 mm and generated mesh is displayed in Figure 4-8. Mechanical stress components 

along the beam at every time step are calculated by ANSYS simulations. 
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Figure 4-8: Mesh for Structural Analysis System  

For the aerodynamic simulations, the boundary conditions are stated as static wall and 

deforming wall for fixed support and interface, respectively. Since flow analysis is 

performed for hover case, wall condition is stated at the enclosure boundaries which 

are twenty chord lengths away from the beam. The generated mesh has smaller cell 

volume in the vicinity of the beam and cell size increases as the location of it gets 

closer to the enclosure boundaries. The element size of the interface surfaces in flow 

system is 1 mm and the section view of the mesh at the beam location plane is 

presented in Figure 4-9.  

 

Figure 4-9: Sectional Plane View of CFD Mesh 
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ANSYS CFX solves unsteady aerodynamic field by deforming generated meshes. At 

every time step velocity is assigned to cell elements and mesh motion is defined 

accordingly. Spatial variation of mesh velocity of surface elements in CFX and 

experimentally obtained velocity from PONTOS analysis are plotted for two sampling 

time steps in Figure 4-10. Mesh velocity vectors in CFX are also displayed in the same 

figure. Velocity data from PONTOS analysis in Figure 4-10 is obtained at discrete 

points not necessarily on the same line as in CFX. The aim is to show that displacement 

imported as wall boundary conditions results in velocities on the beam. 

 

 

Figure 4-10: Mesh Velocity Vector and Spatial Variation at t=0.2 s 
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Figure 4-10 (continued): Mesh Velocity Vector and Spatial Variation at t=0.25 s 
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4.3.2 Simulation Results 

Coupled mechanical and aerodynamic simulations are performed for 10 Hz sinusoidal 

operating signal case results at which the resonant mode is observed and simulation 

time is selected as 0.5 s. The accuracy and computation duration of unsteady 

computational fluid dynamics analyses strongly depends on the number of mesh cells 

and time step size. A refinement study is conducted to have an optimal configuration 

of mesh density and time step size.  

4.3.2.1 Face Size Selection 

Mesh element size in the vicinity of interface section strongly affects the accuracy of 

the solution. The effect of face sizing at the interface surfaces on the aerodynamic field 

simulation is investigated by comparing three cases with element sizing 1mm, 2mm, 

3mm. Velocity curl in y direction contours are plotted in Figure 4-11 at the flow time 

0.187s, which refers to a time a few steps after the second up to down stroke reversal. 

Plots are concentrated on the beam tip region where the vortices have maximum 

values.  

 

 

Figure 4-11: Velocity Curl Y at t=0.187s for various face element sizing 

 

Face element size = 3mm Face element size = 2mm 
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Figure 4-11 (continued): Velocity Curl Y at t=0.187s for various face element sizing 

Influence of face sizing is obviously seen from the figure that 3mm and 2mm elements 

cannot accurately obtain vortex formation near tip location. For this purpose 1mm 

surface element size at the interface is defined to be used in simulations.   

4.3.2.2 Mesh Refinement Study 

Three different mesh configurations are used in mesh number refinement. All 

simulations are performed with a time step of 0.001s and 1mm sizing is applied on the 

faces of interface part. Node and cell numbers of comparison cases are tabulated in 

Table 4-3.  

 

Table 4-3: Node and Cell Numbers of Comparison Cases 

 Node # Cell # 

Coarse 50701 288267 

Medium  63999 360260 

Fine 93571 512042 
 

 

The diagrams of force normal to the stroke direction versus time are shown in Figure 

4-12. Force histories are plotted for two complete stroke periods to clearly see mesh 

density effect.  

Face element size = 1mm 
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Figure 4-12: Force in Z direction vs Time for Different Mesh Configurations 

All three mesh configurations are observed to have similar force characteristics. 

However, they show differences at the stroke reversals which have critical role for 

vortex formation in flapping motion. Fine mesh configuration is selected among the 

three comparison cases to effectively simulate aerodynamics during stroke reversals.  

4.3.2.3 Time Step Size Refinement Study 

Time step size is an important parameter that affects the simulation accuracy and 

running duration. Using a very small time step can accurately solve the aerodynamic 

field, however it results in very high analysis durations which is not effective in terms 

of computational cost. On the other, a time step with a greater value may have shorter 

simulation time while it may not successfully solve the flow field and calculate 

aerodynamic forces due to the high mesh deformation between time steps. Therefore, 

a trade study is made to choose a computationally effective time steps besides having 

an accurate aerodynamic analysis. Three comparative time step sizes are defined as 

0.0002s, 0.0005s and 0,001s. Force in z direction vs time diagram for two periods of 

motion is drawn in Figure 4-13.  
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Figure 4-13: Force in Z direction vs Time for Different Time Steps 

Results of time refinement comparison show that similar force diagram patterns for all 

time step size. The smallest time step case with a size of 0.0002s has some minor 

deviances than the other cases with steps of 0.0005s and 0.001s. However, its 

computational cost is too high when compared to the others that makes it inefficient in 

terms of simulation time. The remaining two cases have only slight differences making 

the greater time to be preferable. Further increments in step size results in a motion 

having mesh displacement in a time step with a greater value than the mesh size. This 

situation makes some mesh element to fold which is a cause of error in simulation. 

Considering the computational time, aerodynamic simulation accuracy and small mesh 

motion enough to avoid error in analysis, 0.001s is selected as optimal the time step 

size to be used. 

4.3.2.4 Results of Selected Simulation 

According to the refinement studies, results are presented for the analysis case with 

fine mesh configuration having a 1mm face sizing and 0.001s of step size. Total mesh 

displacement and force in z direction graphs are plotted in Figure 4-14 and 4-15, 

respectively.  
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Figure 4-14: Total Mesh Displacement vs Time for Fine Mesh 

 

Figure 4-15: Force in Z direction vs Time for Fine Mesh 

Plots show that there is a phase shift between the peaks of total mesh displacement and 

force in z direction. Force in the direction of the stroke plane has maximum absolute 

values at a certain amount of time after the stroke reversals.  

Figure 4-16 displays the variation of variation of y vorticity in spanwise direction at a 

constant time step. Sample time step is chosen as 0.224s which corresponds to a state 

of motion close to the end of downstroke motion. Six different plane locations are used 

in the analysis, y=0 plane corresponds to beam center plane in spanwise direction and 

y=5 mm refers to beam’s long edge. 
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Figure 4-16: Change of Y Velocity Curl in Spanwise Direction at t=0.224s 

 

y=0mm y=2.5mm 

y=5mm y=6mm 

y=7.5 mm y=10mm 
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The contours clearly show that vortex strength has maximum value at the beam center 

plane with a decrease towards to the edge location. The rate of decrement grows as the 

edge location passed. The vorticity effects almost diminish at a half-span length 

distance. The chordwise change of x vorticity is analyzed and contours are plotted in              

Figure 4-17. The same time step is used as in the spanwise analysis. Plane locations 

are states the distance from the cantilevered end. Isosurfaces of velocity curl in x 

direction are also plotted to clearly express the chordwise effects. Surfaces in each plot 

refer to different vortex magnitudes, and in each single plot a pair of vortices drawn 

having one element in counter direction of the other one. Figure 4-18 shows the 

isosurfaces of varying vortex magnitudes. 

 

 

Figure 4-17: Change of X Velocity Curl in Chordwise Direction at t=0.224s 

x=168 mm x=160 mm 

x=140 mm x=120 mm 
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Figure 4-17 (continued): Change of X Velocity Curl in Chordwise Direction at 

t=0.224s 

The vortices in x direction are observed to have a maximum absolute value at a plane 

slight near location to the edge plane rather than edge plane itself. The vortex strength 

is in a decreasing trend towards to the root section where motion with lower 

displacement exists.  

x=100 mm x=80 mm 

x=60 mm x=40 mm 



69 

 

Figure 4-18: Isosurfaces of X Velocity Curl at t=0.224s 

 

It is obtained from Figures 4-17 and 4-18 that there exist counter rotating vortices 

around two long edges. Vortices with high absolute value near to the edge and the 

beam tip location, and their presence are limited to a small region.  As the vortex 

strength decreases, their presence is persevered in a deeper field through the 

cantilevered end section.  

Variation of aerodynamics characteristics in a flapping period is analyzed in terms of 

pressure and vorticity changes. The graphs are plotted for the second period of the 

motion between 0.156 s and 0.256 s in Figures 4-19 to 4-21. 

±120 [1/s] ±100 [1/s] 

±80 [1/s] ±40 [1/s] 
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Figure 4-19: Pressure Contours in a Flapping Period 

 

t=0.156 s t=0.167 s 

t=0.178 s t=0.189 s 

t=0.2 s t=0.211 s 

t=0.222 s t=0.233 s 

t=0.244 s t=0.256 s 
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Figure 4-20: Velocity Curl Y Contours in a Flapping Period 

 

 

 

 

 

t=0.167 s 

t=0.178 s t=0.189 s 

t=0.156 s 

t=0.2 s t=0.211 s 
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t=0.244 s t=0.256 s 
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Figure 4-21: Isosurfaces of Velocity Curl X and Y ±100 (1/s) in a Flapping Period 

t=0.167 s 

t=0.178 s t=0.189 s 

t=0.156 s 

t=0.2 s t=0.211 s 
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Figure 4-21 (continued): Isosurfaces of Velocity Curl X and Y ±100 (1/s) in a 

Flapping Period 

 

Figure 4-20 and 4-21 clearly show the vortex formation in stroke reversals and traces 

of previously generated vortices. 
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CHAPTER 5  

 

 

ANALYTICAL CALCULATIONS 

 

 

 

Analytical model is established to obtain the elastic curve of the beam under 

piezoelectric actuation. Model is based on the piezoelectric constitutive relations and 

simplified for bimorph beam with cantilevered end boundary condition. Since there is 

no external mechanical loading on the beam, equations are obtained for piezoelectric 

actuation loading only. Upper and lower PZT elements are operated by the same 

magnitude, opposite sign voltages. This voltage loading causes one piezoelectric 

element to contract while the other one expands, which results in bending moment on 

the beam. Material properties of the PZT ceramics and aluminum beam, operating 

voltage, geometrical constraints of actuator locations and boundary conditions are 

inserted in the equations to obtain elastic curve. Euler-Bernoulli beam model is used 

which assumes that transverse plane sections remain plane during deformation and 

stress and strain vary linearly through the thickness of the beam [3] .  

 ℰ𝑝𝑡𝑜𝑝 = −ℰ𝑝 , ℰ𝑝𝑏𝑜𝑡𝑡𝑜𝑚 = ℰ𝑝 
(5. 1) 

 

where ℰ𝑝 is piezoelectric strain coefficient  
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ℰ𝑝 = 𝑑31  

𝑉

𝑡
 

 

(5. 2) 

 

At the interface location of the piezoelectric actuator and the passive structure, strain 

in the actuator is; 

 (ℰ𝑎)ℎ = (ℰ𝑠)ℎ − ℰ𝑝 

 

(5. 3) 

 

The strain and stress of the beam at the interface is found with the relation; 

 
(ℰ𝑠)ℎ = 

−𝑃

1 − 𝑃
 ℰ𝑝 

 

(5. 4) 

 

 𝑃 = 𝐾 𝐸𝑅 

 

(5. 5) 

 

 
𝐸𝑅 =

𝐸𝑎
𝐸𝑠

 

 

(5. 6) 

 

 
𝐾 =

−3 ℎ 𝑡𝑎(𝑡𝑎 + 2ℎ)

2 (ℎ3 + 𝐸𝑅 𝑡𝑎
3) +  3 𝐸𝑅 ℎ 𝑡𝑎2

 

 

(5. 7) 

 

where  𝑡𝑠 is beam thickness and 𝑡𝑎 is actuator thickness, h is half thickness of the beam, 

𝐸𝑎 and 𝐸𝑠 are the elastic modulus of the actuator and the beam respectively. 

The transverse displacement of the beam can be calculated using the relations; 

 𝑑4

𝑑𝑥4
 𝑊(𝑥) =  𝐶0 ℰ𝑝 [𝛿

′(𝑥 − 𝑥1) − 𝛿
′(𝑥 − 𝑥2)] 

 

(5. 8) 
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Boundaries of the piezoelectric elements are denoted by 𝑥1 and 𝑥2. Position of the 

starting point of the PZT from the cantilevered end is represented by 𝑥1, while PZT 

end point is represented by 𝑥2. 

 
𝐶0 = −𝐸𝑠

𝑃

1 − 𝑃

2

3
 𝑏ℎ2 

 

(5. 9) 

 

 
𝑊(𝑥) =   

𝐶0ℰ𝑝
𝐸 𝐼

 [
〈𝑥 − 𝑥1〉

2

2
−
〈𝑥 − 𝑥2〉

2

2
 ] + 

𝐶1𝑥
3

6
+
𝐶2𝑥

2

2
+ 𝐶3𝑥 + 𝐶4 (5. 10) 

The constants can be obtained applying the boundary conditions to transverse 

displacement, slope, moment and shear force relations; 

 𝑑𝑊(𝑥)

𝑑𝑥
=  𝜃(𝑥) = 𝐶0  

ℰ𝑝
2
  [〈𝑥 − 𝑥1〉 − 〈𝑥 − 𝑥2〉 ] +

𝐶1𝑥
2

2
+ 𝐶2𝑥 + 𝐶3 

 

(5. 11) 

 

 𝑑2

𝑑𝑥2
 𝑊(𝑥) =

𝑀(𝑥)

𝐸𝐼
= 𝐶0  

ℰ𝑝
2
 [ 𝐻(𝑥 − 𝑥1) − 𝐻(𝑥 − 𝑥2)] + 𝐶1𝑥 + 𝐶2  

 

(5. 12) 

 

 𝑑3

𝑑𝑥3
 𝑊(𝑥) =

𝑉(𝑥)

𝐸𝐼
= 𝐶0  

ℰ𝑝

2
 [ 𝛿(𝑥 − 𝑥1) − 𝛿(𝑥 − 𝑥2)] + 𝐶1 

 

(5. 13) 

where 𝐻(𝑥) is the unit step function (or Heaviside function) and 𝛿(𝑥)is the unit 

impulse function (or Dirac Delta function). 

The boundary conditions for a cantilevered beam are; 

 𝑊(0) = 0 , displacement at the cantilevered end is zero. 

 𝜃(0) =  0 , slope of the beam at the cantilevered end is zero. 

 𝑀(𝐿) = 0, the beam internal bending moment at the free end is zero. 

 𝑉(𝐿) = 0, the shear force at the free end is zero. 

Applying the boundary conditions, 
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For the first boundary condition, 𝐶4 = 0 

For the second boundary condition, 𝐶3 = 0 

For the third boundary condition,  𝐶1𝐿 + 𝐶2 = 0 

For the fourth boundary condition,  𝐶1 = 0 , so 𝐶2 = 0 from the previous relation. 

The displacement equation for the beam is obtained as; 

 
𝑊(𝑥) =  𝐶0  

ℰ𝑝

2
 [〈𝑥 − 𝑥1〉

2 − 〈𝑥 − 𝑥2〉
2 ] 

 

(5. 14) 

Using the equation set 5.1 to 5.14 and inserting the operating conditions and 

geometrical constraints elastic curve of the beam is obtained and drawn in Figure 5-1.  

 

Figure 5-1: Elastic Curve of the Bimorph Beam under Constant Voltage Loading 

Analytic model proposes a solution to case of applied constant voltage. This model 

can be compared to the low frequency square wave signal test cases. Tip deflection 

from the model of the elastic curve is obtained as 0.7103 mm while experimental test 

cases resulted in a range of 0.735 mm and 0.871 mm. Analytic model has slightly 

lower displacement values than experimental measurements results. This difference 

may arise from imperfections in production process and the effects of the non-damped 

oscillations from previous periods of motion. As the period gets longer better match is 

achieved with analytic model. Experiment with a period of 100 s resulted in 0.735 mm 

tip deflection which is very close to the result from the elastic curve calculation. The 

comparison of elastic curves of analytical model and experimental test case with 100 

0

0,2

0,4

0,6

0,8

1

0 50 100 150D
is

p
la

ce
m

en
t 

(m
m

)

X position (mm)

No Voltage Applied

Voltage Applied

PZT



79 

s period is plotted in Figure 5-2. Analytic model provides a good agreement with low 

frequency square wave test cases.  

 
 

Figure 5-2: Comparison of Elastic Curves of Analytical Model and Experimental 

Test Case with a Period of 100 s 
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CHAPTER 6  

 

 

CONCLUSION 

 

 

 

In this thesis, piezoelectric flat plate is investigated by experimental, numerical and 

analytical methods. In early stages of research a literature survey is done on 

piezoelectric materials and their applications to the flapping wing micro air vehicles.  

The piezoelectric bimorph beam is designed and geometrical constraints are defined 

for the aluminum beam and piezoelectric actuators. A production process is held for 

actuators starting from the piezoelectric powder material. Experimental setup is 

prepared with electrical and mechanical components. Tests are performed for different 

operating voltage, signal type and frequency cases and non-intrusive  optical 

measurement system is used for recording images of flapping motion with high frame 

rates. Results of measurements are analyzed by a post processing tool and 

displacement, velocity and acceleration fields are obtained for marker points placed 

on the beam.  

Next, computational fluid dynamics simulations are executed for the flapping motion 

of the beam under actuator loading. One-way fluid structure interaction analysis is 

applied which couples the mechanical and aerodynamic simulations. Displacement 

field results of the marker points from the experimental post processing are imported 

to the structural component of the numerical simulation software and mesh 

displacement in aerodynamic analysis is determined accordingly. Face element size, 

mesh density and time step size refinement studies are carried out considering the 

aerodynamic accuracy of simulations and the computational cost. CFD results are 

presented for the selected case according to refinement studies and aerodynamic 

characteristics are investigated in aspects of temporal and spatial variation.   



82 

Finally, an analytical model is established to obtain the behavior of the system under 

constant voltage input. The model is obtained for bimorph configuration, boundary 

conditions are applied for the case of cantilevered end. The mechanical properties, 

geometrical constraints and operating voltage level are inserted according to the 

system used in the experimental studies and resulting elastic curve is introduced.  

In future steps of this work, it is planned to record the experiments by time resolved 

particle image velocitmetry (TR-PIV) system to obtain aerodynamic field. It is also 

aimed to develop a full numerical model of the piezoelectric bimorph beam in ANSYS, 

which will include electrical, mechanical and aerodynamic analysis. 

Electromechanical coupling will be established to obtain mechanical deformations 

created due to piezoelectric actuation and a two-way aeroelastic analysis will be 

performed to solve aerodynamic field due to the deformation of the bimorph beam.  

Analysis of fully developed numerical model will be performed, experiments will be 

held by using TR-PIV system and force sensors and the obtained results will be 

compared. Final objective of the future works is to develop a flapping wing micro 

aerial vehicle actuated by piezoelectric materials. 
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