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ABSTRACT

With advancements in modern technologies, self-monitoring and autonomous control are
challenging tasks, especially for crucial structures in the civil, military, and aviation industries. For
such challenges, piezoelectric materials are highly efficient, both in actuation and sensing
capabilities. In this work, the 'smart' beams are confined to the piezoelectric-based slender beam-
like structures. Splitting of the original 3D nonlinear problem for 'smart' beams results in a linear
2D cross-sectional analysis and a geometrically exact 1-D smart beam analysis over the reference
line. The major challenge in the research of modeling any piezoelectric transducer lies in capturing
the coupling effects, both electromechanical and structural coupling.

The present work begins with developing an 'electromechanically coupled mixed
variational formulation' to meet the future design challenges of piezoelectric-based slender beam-
like sensors. One-dimensional finite element equations are derived based on this formulation,
capable of dealing with sensor-beam problems undergoing large displacements and rotations. An
extra electrical degree of freedom is added to the sensor elements. Later, the approach is extended
to deal with multiphysics problems having both actuation and sensing portions on the same beam.
Though 3D finite element analysis can handle such geometrically nonlinear and complex
multiphysics problems, they are computationally expensive. At the same time, reduced models
like the present one maintain simplicity and acceptable accuracy while being computationally
efficient.

FE computational code has been developed on the FORTRAN platform and can study both
static and dynamic problems. Newton-Raphson method is used to deal with geometric

nonlinearity. The stiffness and mass matrices are obtained directly from the already developed



cross-sectional analysis tools for smart beams. Initially, the results obtained are validated with the
benchmark problems of large displacement and rotations of passive beams, active and sensing
beams present in the literature. Validation of mechanical and electrical outputs from 3D FEM
software only proves the efficacy of the code. The run-time comparison tables provided prove the
computational efficiency. Later, the Eigenvalue analysis in open and close circuit conditions of
sensory beams have been done. Also, the Newmark method is used to generate the time marching-
based dynamic behavior. Follower force condition is also studied, and an example of dynamic
instability is also explored, depicting the versatility of the present theory.

After that, numerical strategies dealing with complex structures having multiple, distinct
sensor and active links have been provided. These multiphysics-multilink structures can be
thought of as many smart beams joining at particular connection points, such as truss and satellite
bae-type linkages. Finally, a complete chapter is dedicated to the study of rotating smart beams.
The effect of rotation on several parameters of a rotating sensor is studied. The impact of
simultaneous actuation and rotation is also studied. This platform's future version can be utilized
for more practical applications like monitoring and active control of flexible smart multilink

structures like swept wings, multi-bae space structures, and rotating helicopter blades.

Vi



E

AT Toh1hi § ST o BT, T~ T ST S FRimor et ot et 8, foriy &9
§ ArTiR, &1 3R fomme et # weeut dwret  fow TE SRRt & fa, dsieafies
arft |fsraar 3t Hogm amarstl AT 7 sTcfies Ferd 2 39 % H, ‘Wi’ i deisafies-
AT e s Sl STl 7ok & Wi € 'S’ st o foie g die-3Rm JH-efifE
U % faTSi o oaEeEy Tk SR S-SRt S-S fasdwer o de e w s

ST |t Ueh-SArrHt TH1E oA forsdwor Biem 21 forell ot disTigcifereeh Jieger & il &
e H Y I fSrR[a ST SETeHe T o A Tl ol ke | fHfed 2

T e ot et S-S e B wfersy <1 o SR B g
F % T ‘seag i &7 § g fiees afteeme wilorm’ fosfid # & ama e g
21 T ST Wi dee SHRT 36 B % STTER T 0T T 8, S o forema iR ot
§ o ATt SR wenedt ¥ fued § e g 8| SO del § Tt i T Sl fawga
feaft St STt &1 ae #, w & i W e o S ST e arer Ao aree
& e o6 fore gfentor sh foreae forarm 1T 21 @retifen di=-remt afefira qea forsoreor Uelt sanfireta
IE 3R Sfeer Tg-+ifdehl THensty 1 TuTe bl €, o FFRRYHE §9 & 7S §) |,
A HiSe Y (gHS HISA FHILRHE &Y § R M o a1 Hratt i e aeiendr s
@ @

TS HFISIA IS I BIgH wiehH T faerfaa foram mam & o7k a7 R i wifoefiar
ST FHEATSAT ol ST L HehdT ol —eA-XHHA e 1 2 s sffgendr @ Houed &

Vii



fore fora ST 21 T ofi o g weet & foren i shig-SamTet frsdwor 7ot & Faral 31K 5dH
ffeaa @Y T foRg SITa 81 s F, s ot 6 wnfee § Hieg Pt i, afe ok dftm
i % g e SR U AT Sk el % @ 2 foRar San @1 off-2 -3
HIRERR & Heohfehet SR Foifagehcl STTITE 1 HTI halcl IS sh! SHIAEHTIAT 2l HTToId T
8| S&H 1 T3 TG T ATICTohTY, PSR S&TdT hl |TfoiT Ll &) ae H, Hofdl il ol
A 3R FA "iohe Ruft § stgm-deg fsawor foram o 31 @y &, ergw wifsr-smaria
TTiRier SRR a1 i o foTC =qHTeh TE i T ITART foRaAT SITaT 21 ST st o feafer ar off

eI o ST 8, R Fqu fgia st Sl SiasT i GRid 8 Taeiiel SRR 1 T
EHEUIRCIS IS IGHE

IqH d1E 3 fafTe T AR whr i aa Sfea gt & fue ard dernas
Wit wa 1 T 8 37 A -nei s TEret w foreiy e feigei e g
AT g TS SH o FG H WHT T HhdT 2, S 26 IR HATEE o-2r39 fofohstl 37 |, T QU
A U W S o A o ¢ gufia 2| oo e o 3 HIIeS! WO % T 1
eI Topam SITaT 81 Uk | R STR HU o ST T ol ST TR ST 8 §9 wiewid o
I o EEHLOT hT TN STk SRR STTANT o fIq, T ST EehdT @ S foh Treiicl T
Tedifeis weamTett il Rt o afr frior S8 @ fow, sed-a @ wgar o aefer
ERICIEACSE

viii



CONTENTS
CERTIFICATE

ACKNOWLEDGEMENTS
ABSTRACT
LIST OF FIGURES
LIST OF TABLES
NOMENCLATURES
CHAPTER 1 INTRODUCTION
1.1 Preface
1.2 Literature review
1.2.1 Smart beam models
1.2.2 Cross-sectional analysis
1.2.3 One-dimensional beam formulation
1.2.4 Follower forces and dynamic instability
1.2.5 Smart multilink structures
1.2.6 Recent developments and exciting applications of piezo-based smart structures
1.3 Motivation and objectives
1.4 Organization of the thesis
1.5 Discussion

CHAPTER 2 FORMULATION

111

Xiii

xvii

XX

11

12

14

16

17



2.1 Introduction

2.2 Sensor beam
2.2.1 Mixed variational formulation for sensor beam
2.2.2 Finite element equations

2.3 Smart beams composed of actuators and sensors
2.3.1 Mixed formulation
2.3.2 Finite element equations

2.4 Discussion

CHAPTER 3 STATIC ANALYSIS: BENCHMARK VALIDATIONS FOR LARGE

DISPLACEMENTS, ACTUATION AND SENSING
3.1 Introduction
3.2 Benchmark tests for large displacements: passive beam
3.3 Actuator model validation
3.4 Sensor model validation
3.5 Discussion
CHAPTER 4 DYNAMIC ANALYSIS OF SMART COMPOSITE SENSOR BEAMS
4.1 Introduction
4.1.1 Newmark time marching
4.1.2 Eigenvalue problem

4.2 Results

17

18

18

28

32

33

37

41

42

42

42

47

50

54

56

56

56

58

59



4.2.1 Eigenvalue analysis 59

4.2.2 Transient dynamic response: dead periodic load 65
4.2.3 Transient dynamic response: periodic follower load 71
4.2.4 Dynamic stability analysis 75

4.3 Discussion 76
CHAPTER 5 SMART MULTILINK STRUCTURES: ACTIVE AND SENSOR LINKS 77
5.1 Introduction 78
5.2 Clamped-clamped swept beam 80
5.3 Tree type 82
5.4 Closed four-link model 85
5.5 Response due to harmonic actuation 89
5.6 Impulse actuation 92
5.7 Discussion 93
CHAPTER 6 ROTATING SMART BEAMS 94
6.1 Introduction 94
6.2 Effect of rotation: sensor beam 94
6.3 Effect of actuation: rotating smart multilink structures 97
6.4 Discussion 104
CHAPTER 7 CONCLUSION & FUTURE SCOPE OF WORK 104

7.1 Introduction 105

xi



7.2 Major contribution

7.3 Observations

7.4 Future scope of work
APPENDICES

REFERENCES

PUBLICATIONS FROM THIS RESEARCH WORK

VITA

xii

105

106

107

109

125

133

135



LIST OF FIGURES

Figure 1.1 The decoupling of slender 3D continuum into 1D beam and 2D cross-sectional
analysis

Figure 1.2 Dead (dashed red line) and follower forces

Figure 2.1 High fidelity smart beam modeling

Figure 2.2. The representation of the reference frames

Figure 2.3 Finite element description of the i element

Figure 2.4 Multiphysics straight beam

Figure 3.1 Elastic curves of the passive cantilever under increasing end shear load

Figure 3.2 Elastic curves of the cantilever beam under increasing end moment

Figure 3.3 A three-layer actuator beam

Figure 3.4 Transverse displacement along the normalized length of the beam (substrate:
Aluminium) (CH: Chee et al., 1999; SR: Saravanos and Heyliger, 1995, EL: Elshafei and
Alraiess, 2013)

Figure 3.5 Transverse displacement along the normalized length of the beam (substrate:
T300/934[0]°%)

Figure 3.6 Convergence test

17

18

28

33

44

45

48

50

50

51

Figure 3.7 Electric potential along the length compared to the literature (Neto: Augusta Neto et

al., 2009; CH: Chee et al., 1999; SR: Saravanos and Heyliger, 1995)
Figure 3.8 Deflection plot of sensor composite beam

Figure 3.9 Transverse displacement of the slender smart beam
Figure 3.10 Electric voltage output for the slender smart beam

Figure 4.1 Convergence test

Xiii

52

52

53

54

62



Figure 4.2 Short (left) and open circuit (right) conditions 64

Figure 4.3. Forcing function on the tip of the senor cantilever beam 66
Figure 4.4 Linear time history 68
Figure 4.5 Nonlinear time history 68
Figure 4.6 Transverse displacement obtained at 0.5 m from the fixed end 69
Figure 4.7 Transverse displacement obtained at 0.2m from the free end 70
Figure 4.8 Electric potential obtained at 0.5 m from the fixed end 70

Figure 4.9 Transverse displacement obtained at the free end when forcing frequency is 10Hz 70
Figure 4.10 Electric potential obtained from the 1°' element near the fixed end when forcing

frequency is 10Hz 71
Figure 4.11 Time history validation of the present work with the ABAQUS for follower dynamic
Load 73
Figure 4.12 Transient time responses for dead and periodic follower forces 74

Figure 4.13 Imaginary and real eigenvalues for open and short circuit condition flutter

phenomena (Inset has zoomed picture at the critical point) 75
Figure 5.1 Schematic of multilink system 79
Figure 5.2 Clamped-clamped swept smart beam 80
Figure 5.3 Validation of the deformed structure 81
Figure 5.4 Electric potential obtained from the sensor link 82
Figure 5.5 Rotation parameter along the normalized length of the sensor link 82
Figure 5.6 Deformed shape of clamped-free-clamped tree model (scaled: 100x) 83

Figure 5.7 Voltage obtained from sensor links (starting from the common point of all the links)

83

Xiv



Figure 5.8 Rotation parameter (about d, ) for sensor links in the clamped-free-clamped model 84

Figure 5.9 Mechanical deformation in the clamped-clamped-clamped tree model (scaled: 1000x)
84

Figure 5.10 Voltage produced by sensor links (starting from the connection point of all the links)

85
Figure 5.11 Schematic of the four-link smart model 86
Figure 5.12 Piezoelectric layer arrangement in ABAQUS for in-plane actuation (Joint 2) 86
Figure 5.13 Deformed shape validation (deformation scaled: 50x) 87
Figure 5.14 Validation of voltage produced at sensor links 1 & 2 (SL1 & SL2). 87
Figure 5.15 Rotation parameters for sensor links 1 & 2 (SL1 & SL2). 88
Figure 5.16 Out-of-plane actuation 88
Figure 5.17 Electric potential obtained from sensor links 1 & 2 (SL1 & SL2). 89
Figure 5.18 Time history of the point lying on mid of the beam axis of actuator. 90
Figure 5.19 Time history of the junction of actuator and sensor links. 90
Figure 5.20 The voltage output from the 5 electrode of the sensor link. 91
Figure 5.21 The voltage output from the 10" electrode on the sensor link 91
Figure 5.22 The voltage output from the 17" electrode on sensor link 91

Figure 5.23 Schematic of swept beam under direct voltage loading (left), and applied voltage for

0.00001 s (right) 92
Figure 5.24 Axial and transverse displacements at the connection point/joint 92
Figure 5.25 Axial and transverse displacements at the free tip of the swept smart beam 93
Figure 6.1 Sketch of a rotating sensor beam 94

XV



Figure 6.2 Steady-state behavior of smart beam under various rotating speed (Electric Potential
vs angular speed) 96
Figure 6.3 Steady-state behavior of smart beam under various rotating speed (Moment at the
root/fixed end vs angular speed) 96
Figure 6.4 Steady-state behavior of smart beam under various rotating speed (Rotation parameter
at the free end vs angular speed) 96

Figure 6.5 Steady-state behavior of smart beam under various rotating speed (transverse

displacement vs angular speed) 97
Figure 6.6 Schematic of a rotating swept smart beam 97
Figure 6.7 Rotation parameter at the mid-point of the actuator link 98
Figure 6.8 Transverse displacement at the mid-point of the actuator link 98
Figure 6.9 Rotation parameter at the free tip of sensor link 99
Figure 6.10 Transverse displacement at the free end of the sensor link 99
Figure 6.11 Rotation parameter at the mid-point of the actuator link 99
Figure 6.12 Transverse displacement at the mid-point of the actuator link 100
Figure 6.13 Rotation parameter at the free tip of sensor link 100
Figure 6.14 Transverse displacement at the free end of the sensor link 100
Figure 6.15 Rotation parameter at the mid-point of the actuator link 101
Figure 6.16 Transverse displacement at the mid-point of the actuator link 101
Figure 6.17 Rotation parameter at the free tip of sensor link 101
Figure 6.18 Transverse displacement at the free end of the sensor link 102
Figure 6.19 Rotation parameter at the mid-point of the actuator link 102
Figure 6.20 Transverse displacement at the mid-point of the actuator link 102

XVi



Figure 6.21 Rotation parameter at the free tip of sensor link 103

Figure 6.22 Transverse displacement at the free end of the sensor link 103

XVii



LIST OF TABLES

Table 2-1 Terms expressed in various frames of references. 28
Table 2-2 Shape functions. 40
Table 3-1. Material and geometric properties of homogeneous passive beams 42

Table 3-2. Axial (U) and transverse (W) deflections of the cantilever tip under the influence of
end shear force 43
Table 3-3. Axial (U) and transverse (W) tip deflections of the cantilever beam under the

influence of end moment 45

Table 3-4. Error percentage {(|Sze-Present| / Sze)xlOO} in Axial (U) and transverse (W) tip

deflections of the cantilever beam under the influence of end shear load 46

Table 3-5. Error percentage {(|Sze—Present| / Sze)xloo} in Axial (U) and transverse (W) tip

deflections of the cantilever beam under the influence of end moment 46
Table 3-6. Geometric and material data of three-layer actuator beam 47
Table 3-7. Cross-sectional values 49

Table 3-8. Comparison of time consumption for the present model and ABAQUS simulation for
increased slenderness. 54
Table 3-9 Summary of the analysis 54
Table 4-1. Validation of natural frequencies (Aluminium bonded with a single layer of PZT4) 60
Table 4-2. Geometric and material data of three-layer composite beam 62
Table 4-3. Natural frequencies (transverse bending) for open circuit condition obtained from the

present method and the ABAQUS 63

XViii



Table 4-4. Natural frequencies (lateral bending) for open circuit condition obtained from the

present method and the ABAQUS 63
Table 4-5. Open and short circuit: natural frequencies (transverse bending). 64
Table 4-6. Open and short circuit: natural frequencies (lateral bending). 64
Table 4-7. Time consumption for the present model and ABAQUS simulation. 69

Table 4-8. Time consumption for sinusoidal follower & dead loading for transient time histories

recorded for a second. 72
Table 4-9. Critical flutter load and the flutter frequency for SC and OC condition 76
Table 5-1. Hierarchical description of terms involved 78
Table 5-2. Computational time comparison for the computer system and the present code 81

XiX



- m S & 7 O |

-

Pu)

nw AR X

NOMENCLATURES

Global body attached frame

Undeformed reference frame

Deformed reference frame

Electromechanical enthalpy

Second-order 3-D strain tensor

One dimensional strain (comprising of both force and moment strains)

Electrical potential

Electric field
Locus of the centroid of the cross-section in the undeformed state

The position vector of any arbitrary material point in the undeformed cross-section

Locus of undeformed material points (I') in the deformed configuration

The position vector of any arbitrary material point in the deformed cross-section

One-dimensional force-strains
One-dimensional moment-strains

Stiffness matrix

XX



|%‘XC%%CZTII'US{Q<<—

e

Mass matrix

Linear velocity in deformed frame

Linear velocity in undeformed frame

Angular velocity in deformed frame

Angular velocity in undeformed frame

Linear momentum

Angular momentum

Internal force vector

Internal moment vector

Displacement vector in undeformed frame

Rodrigues parameter

Variational symbol

One-dimensional strain energy

One-dimensional kinetic energy

Virtual work equivalent

Virtual displacement vector

Virtual rotation vector

XXi



o ( ) Overbar indicates ‘not an exact variation’ of any function

Subscripts
Terms related to actuator
Hac
Terms related to Sensor
I:'Sn
O Terms represented in the body-attached frame
a
. Terms represented in the undeformed frame
b
O Terms represented in the deformed frame
B

Superscripts

Dba The transformation from frame ‘a’ to ‘b’
0 Bb The transformation from frame ‘b’ to ‘B’
|:|T Transpose of that matrix

(l:l), Derivative in X;
(D) Derivative in time (Temporal derivative)

(l’j Tilde operator or cross-product operator

XXii



	Thesis of P M G BASHIR ASDAQUE.pdf
	THESIS_REVISED_DEC_2021_FINALsq




