
ABSTRACT 

HUANG, WENBIN. Study on Strain Gradient Sensing and Flexoelectric Micro/Nano 

Structures. (Under the direction of Dr. Xiaoning Jiang). 

Flexoelectricity defines the electric polarization induced by mechanical strain gradient, 

or the mechanical strain generated under an electric field gradient. Compared with the more 

widely applied electromechanical coupling effect, piezoelectricity, flexoelectricity is free of 

the material symmetry limitation and exists in all dielectrics in principle. However, 

flexoelectricity has not attracted much of research interest until very recently, attributing to the 

experimental demonstration of large flexoelectricity in high permittivity ferroelectric 

materials.  

To demonstrate the size independence of flexoelectricity in ferroelectric materials, we 

investigated the transverse flexoelectric coefficient in cantilever structures with the thicknesses 

ranging from millimeter to tens of micrometers. Consistence of the measurement results 

indicate that flexoelectric microstructures holds great potential for sensing/actuating 

applications due to the scale effect of the flexoelectricity. On the other hand, shear flexoelectric 

coefficient of ferroelectric ceramic was measured in the converse manner for the first time. 

These work lay the foundation of attaining the comprehensive flexoelectric tensors.  

Strain gradient is regarded as a better indicator of the structural health than mechanical 

deformation or strain at some circumstances. A strain gradient sensor was designed and 

fabricated based on the barium strontium titanate (BST) micro-bar. Experimental charge output 

showed a good linearity with the average strain gradients with a sensitivity of 88 pCm. The 



strain gradient sensor was further used to monitor the curvature of mechanical structures. The 

curvature sensor provides a sensitivity of 30.78 pCm in comparison with 32.48 pCm from 

theoretical prediction. In addition, the bending stiffness can be acquired from beam moment-

curvature relationship that is derived from the curvature sensor reading and is verified by Euler-

Bernoulli beam theory. In addition, the strain gradient sensor was applied to read out the 

curvature alteration and the moment of stiffness of the structure, which lacks a sensitive 

approach by conventional fiber optic or strain gauge methods. Furthermore, the strain gradient 

sensor was employed to measure the opening mode stress intensify factor. The effect of 

constant stress component in precisely determining the stress intensity factor KI can be 

eliminated by SGS assisted measurement, attributed to the nature of strain gradient. This helps 

to diminish the measurement error to less than 5%. Given the known intensity factor the crack, 

the strain gradient sensor could be used to monitor the crack initiation and propagation status. 

Another favorable inherent property of flexoelectricity is the scale effect embedded in 

the gradient term of flexoelectric polarization. This allows the flexoelectric effect to be more 

prominent in miniaturized electromechanical systems. To overcome the fabrication 

difficulties, we developed a hybrid technique for flexoelectric micro structure fabrication by 

combining the mechanical precision dicing and wet etching. Micro pyramids with the size of 

tens micrometers were fabricated and the converse flexoelectric properties were measured 

using a laser vibrometer based system. The effective d33 were measured to be 39.8 pm/V and 

85.8 pm/V for two pyramid arrays with different sizes, as expected by the scale effect. 

Preliminary study of the nanopyramid fabrication using focused ion beam and light 

interference lithography were present. Future work will be the characterization of flexoelectric 

properties of nanopyramid using a customized atomic force microscope system.   
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Chapter 1 

INTRODUCTION 

1.1 Flexoelectricity 

1.1.1 Flexoelectric Effect  

The flexoelectric effect describes the generation of an electric polarization response under a 

mechanical strain gradient (direct flexoelectric effect) [1] or the mechanical response under an 

electric field gradient (converse flexoelectric effect). In 1964, Kogan firstly discussed the 

electric polarization induced in a symmetric crystal by inhomogeneous deformation and 

introduced the concept of flexoelectricity.[2] The effect is schematically illustrated in Figure 

1. As shown in Figure 1.1a, when the unit cell is under uniform strain, the centers of the 

negative and positive charges coincide with each other , and thereby resulting in a macroscopic 

zero net polarization. Consider the application of inhomogeneous strain depicted in Figure 

1.1b, the displacement of the centers of the negative charge and positive charge differs from 

each other, creating a dipole moment in the direction opposite to the strain gradient, and hence 

resulting in a polarization.  

In solid dielectrics, the flexoelectric effect can be written as 

 
ij

ijkll

k

P
x








  (1.1) 

where Pl is the flexoelectric polarization, µijkl the flexoelectric coefficient, 𝜺ij the elastic strain, 

and xl the position coordinate. In a paper published in 1986,[3] Tagantsev suggested that the 
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flexoelectric coefficient (µijkl) is linearly proportional to the dielectric susceptibility, which is 

given as  

 
ijkl ij kl

e

a
    (1.2) 

where χij is the susceptibility of the dielectric, γkl a constant material parameter tensor, e the 

charge of the electron, and a the atomic dimension of the unit cell of the dielectric. Based on 

the rigid ion model, Tagantsev predicted four contributors to the flexoelectric effect, including 

static bulk flexoelectricity, dynamic bulk flexoelectricity, surface flexoelectricity and surface 

piezoelectricity. Through the theoretical study of a simple elemental cubic model for 

centrosymmetric materials, Resta suggested that the flexoelectric tensor is a bulk response of 

the solid, without surface contribution in the thermodynamic limit.[4] However, surface effect 

in the more complex symmetry group still remains unclear.  

 

 

Figure 1.1 Schematic illustration of flexoelectric effect based on an ionic crystal. a) Free status 

without polarization. b) Zero net polarization under homogeneous deformation due to the 

overlap of positive and negative charge centers. c) When experienced an inhomogenous strain, 

centers of positive and negative charge would mismatch thus creating a non-zero polarization 

(red arrow) due to the strain gradient.   
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In the following part of this chapter, we will first review flexoelectricity in different materials, 

including the origin interpretations, flexoelectric coefficient definitions, and the corresponded 

experimental characterization methods. Secondly, typical structures for gradient generation 

under different flexoelectric modes will be introduced.  

1.2 Flexoelectric Materials 

As strain gradient could break inversion symmetry, flexoelectricity allows the generation of 

electric polarization from lattice deformations in every dielectric material. Unlike 

piezoelectricity which exists only in 20 point groups of systems with noncentrosymmetry, 

flexoelectricity occurs in all 32 crystalline point groups. This universal nature has inspired a 

wide range of scientific interest and potential applications of flexoelectricity. By using the 

harmonic decomposition and Cartan decomposition of the group theory, Quang et al. solved 

the problem of the number and types of all rotational symmetries for flexoelectric tensor, given 

in Table 1.1.[5] Among all these symmetry groups, cubic materials are of the most practical 

interest which provide more materials choices in a wide temperature range. The flexoelectric 

tensor for cubic group has only three independent components, i.e. µ1111, µ1122, µ1212 or in 

matrix notion µ11, µ12, µ44.  

 

 

 

 

 



 

4 

Table 1.1 Numbers of the non-zero independent components of flexoelectric coefficients for solid 

materials in different point and Curie groups.[5, 6] 

Point and Curie groups Numbers of independent components of µijkl 

1, 1  54 

2, m, 2/m 28 

222, mm2, mmm 15 

3, 3  18 

32, 3m, 3 m 10 

4, 4 , 4/m 14 

4mm, 4 2m, 422, 4/mmm 8 

6, 6 , 6/m, ∞, ∞/m 13 

622, 6 m2, 6/mmm, ∞2, ∞m, ∞/mm 7 

23, m3 5 

432, 4 3m, m 3 m 3 

∞∞, ∞∞m 2 

 

1.2.1 Flexoelectricity in Solid Materials 

Flexoelectric constants in bulk ferroelectric materials which possess high dielectric 

permittivity were suggested promising by Tangatsev and have been first experimentally 

investigated by Ma and Cross.[7-11] They obtained the transverse flexoelectric coefficient µ12 

mainly from cantilevered beam based bending experiments for different ferroelectrics 

including lead magnesium niobate (PMN), barium strontium titanate (BST), barium titanate  

(BT) and lead zirconate titanate (PZT). Experiments were conducted above the Curie 
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temperature where the materials are in paraelectric phase, thus the piezoelectric effect can be 

ruled out from stress induced polarization. For those experimental study, bulk material was 

machined into a cantilever beam with one end fixed and the other end free. A sound speaker 

or an actuator was adopted to actuate the beam at the free end. When the beam bends, linear 

distribution of the axial strain along the thickness direction would induce electric polarization, 

which could be collected by connecting the top and bottom electrodes through the lock-in 

amplifier. Shu et al. recently characterized the flexoelectricity in Ba(Ti0.87Sn0.13)O3 (BTS) 

ceramics in similar method.[12] The permittivity and µ12 values of each material near the Curie 

temperature are presented in Table 1.2. Among these ferroelectric materials, µ12 ~ 100 µC/m 

of (Ba0.67Sr0.33)TiO3  near its Curie temperature is roughly one order of magnitude higher than 

that in PMN and PZT. Longitudinal flexoelectric coefficient µ11 of 115 µC/m was obtained 

from BST trapezoid shaped ceramic samples under compressions.[1] On the other hand, Shu 

et al. recently reported the measured converse shear flexoelectric coefficient of BST ceramic 

with the value of 124 ± 14 μC/m, which is in agreement with the theoretical prediction.[13] 

However, surface piezoelectricity or tribological effects associated with grain boundaries could 

contribute to the measured charge in those analyzed ceramic samples, mingling with the 

flexoelectric contributions. Also, all those materials with high dielectric constants have the 

ferroelectric phases below their Curie temperatures, even though flexoelectricity was measured 

at paraelectric phase, the local strain effects could cause strain-induced phase transition and 

contribute to the piezoelectric polarizations. Through a three points bending test at 30-40 Hz, 

Zubko et al. investigated the flexoelectricity in paraelectric SrTiO3 single crystal which 

undergoes a cubic to tetragonal phase transition at 105 K. Flexoelectric components were 
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extensively characterized and reported to be in the order of nC/m at room temperature,[14] 

which is significantly lower than measured results of those ceramics. As no direct experimental 

comparison exists for ceramic and single crystal of the same material, those uncertainty about 

the sources of measured flexoelectric effect cannot yet be clarified.  

On the theoretical side, Sharma’s group conducted a pioneer work in predictions of 

flexoelectric coefficients for nonferroelectric crystals (GaAs, GaP, ZnS, NaCl, and KCl) and 

ferroelectric crystals (BT and STO) using ab initio and shell model methods.[15] For 

nonferroelectric crystals, the calculated flexoelectric coefficients were found to be in the range 

of 10-12 -10-11 C/m, which are significantly smaller than those estimated using Eq. 1.2, being 

in the order of 10-11 -10-10 C/m. For ferroelectrics, on the other hand, the results of the 

calculations (~ 10-9 -10-8 C/m) were found to be on the same order of magnitude of the 

experimental data obtained from SrTiO3 crystals, as shown in Table 1.2. However, great 

discrepancy exists for materials with high dielectric constant, which is unexplainable yet. 
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Table 1.2 µ12 of different materials at room temperature by experimental measurement and atomistic 

estimation. 

Materials Dielectric constant µ12 (µC/m) 

Experimental 

µ12 (µC/m) 

Ab initio 

PMN [7] 11720 3.4  

PZT [10] 2130 1.4  

BST [8] 13200 76.5  

BTS [12] 15000 53  

BT [11] [15] 2300 9 5.5×10-3 

SiTiO3 single crystal [14, 15] 300 6.1×10-3 at [001] 3.7×10-3 

SiTiO3 ceramics [16]  10-4  

Simple dielectrics [2]  5 ~10-4  

 

1.2.2 Flexoelectricity in Liquid Crystals 

Flexoelectricity is a well-known property of the liquid crystals (LC) that provides a reciprocal 

relationship between curvature distortions and electric polarization. The effect was first 

predicted and observed in 1969 by Meyer.[17] Nematic LC is typically comprised of 

orientationally ordered anisotropic molecules in pear (calamitic) or banana (bent-core) shape, 

and the uniform system is non-polar due to the free rotation of the molecules thus the even 

distribution of the dipoles, as shown in Figure 1.2(a) and (c). However, a net polarization can 

arise when a splay or a bending deformation is exerted to the materials with pear-shaped or 

banana-shaped molecules, respectively, as illustrated in Figure 1.2(b) and (d). The flexoelectric 

effect can be expressed as 
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1 3( ) ( )P e e    n n n n  (1.3) 

with P representing the flexoelectric polarization, e1 and e3 denoting the splay and bend 

flexoelectric coefficients, respectively, and 𝒏 is the director of the curvature deformations. 

Values of the sum or the difference of the coefficients can be quantified by various indirect 

methods, i.e., analyzing optical effects produced by electric field induced director distortions. 

These methods require the understanding of other various independently measured material 

parameters, e.g., birefringence, anchoring energies, dielectric and elastic constants.[18, 19] 

Commonly measured coefficients for calamitic LC based on these methods are less than tens 

of pC m-1 and depends on the techniques used, which sometimes yield different values for even 

the same material.[20] Through a direct method via the electric current produced by periodic 

bending deformation of the LC’s bounding surface, Harden et al. recently reported a giant e3 

of 35 ×10-9 C/m in the bent-core nematic LC,[21] which is three orders of magnitude greater 

than those of traditional calamitic nematic LCs. This high value shows a good agreement with 

the measurements of the converse flexoelectric effect—an electric field induced mechanical 

flexure of a nematic film.[22] Experimental setups for direct and converse measurements are 

presented in Figure 1.3. This giant flexoelectric effect has been thought to have potential 

applications for electromechanical devices, including strain gauges, actuators and micropower 

generators. However, some researchers believe that the reported values are too high for LC 

materials based on the consideration of the conversion between mechanical and dielectric 

energies.[20] 
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Figure 1.2 Mechanism of the two flexoelectric components in nematics. a) Calamitic nematic 

LC containing pear-shaped molecules and b) polarization generated by a splay deformation; c) 

Bent-core nematic LC containing banana-shaped molecules and d) polarization generated by a 

bending deformation.[20] 
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Figure 1.3 Schematic experimental setups for (a) direct [21] and (b) converse [23] flexoelectric 

effect measurement of LC. 

 

1.2.3 Flexoelectricity in Polymers 

Marvan et al. first studied the flexoelectricity in polymers in 1988.[24] A microscopic dipole 

orientation mechanism controlled by strain gradient was proposed to predict the flexoelectric 

coefficient in elastomers, which is in the order of 10-11 C/m. Value of μ11 was experimentally 

characterized to be 10-11 ~ 10-10 C/m based on a truncated pyramid structure, showing good 

agreement with the theoretical estimation. Recently, Baskaran et al. reported the giant 

flexoelectricity in α-phase polyvinylidene fluoride (PVDF) polymer films, which is composed 

of repeat unit [CH2-CF2] with strong molecular dipoles.[25-27] Mechanical strains were 

applied onto the rectangular and trapezoid shape films, respectively. Electric output of the 

rectangular shape film arises from only piezoelectric effect, while the resulting polarization in 
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the trapezoid shape film is due to a combination of piezoelectricity and flexoelectricity. By 

ruling out the piezoelectric contribution, μ11 of the PVDF was derived to be 81.5 μC/m.[26] 

However, the results undergo the criticism of poor linearity or negative slopes,[25] which 

contradicts the definition of flexoelectricity. In another work conducted by the same research 

group, effective transverse flexoelectric coefficient of PVDF films was investigated based on 

a bending test. Polymer film with a grounding electrode and top point electrode was bonded 

onto a cantilever beam to form a unimorph structure. Effective flexoelectric coefficient was 

calculated to be about 35 μC/m.[27] Different from the free standing cantilever method,[7] the 

piezoelectricity may be coupled in this unimorph structure because the asymmetric strain 

distribution in the film could not cancel out the piezoelectric effect. Chu et al. recently studied 

flexoelectricity in several thermoplastic and thermosetting polymers (including PVDF, 

oriented PET, polyethylene, and epoxy) by adopting the free standing cantilever bending test 

with a full covered top electrode.[28] The flexoelectric coefficients of these polymers are found 

to be of the order of 10-9 ~ 10-8 C/m, without an obvious dependence on dielectric constant of 

polymers.  

1.2.4 Flexoelectricity in Biomembranes 

Biomembranes constitute the basic building units of the majority of cells and cellular 

organelles. It appears that most membranes are built up according to the general principles of 

lyotropic LC structures. Membranes are usually modeled as lipids organized in a bilayer in 

which the proteins are immersed. The curvature of the membrane is equivalent to a splay of 

lipid chains (under the condition that chains remain parallel to the local director in each point 

of the curved bilayer). This similarity with LC suggests that cellular membranes will also 
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exhibit flexoelectricity, whose direct effect denotes curvature-induced area membrane 

polarization and converse effect represents electric field-induced membrane curvature 

changes. For the curvature-induced membrane polarization the phenomenological expression 

by Petrov in 1975 reads[29] 

 
1 2

1 1
( )SP f
R R

   (1.4) 

where PS is the electric polarization per unit area (in C/m), R1 and R2 are the two principal radii 

of membrane curvature[30] and f is the area flexoelectric coefficient[28], typically in the order 

of electron charge.  

Petrov et al. first experimentally demonstrated the direct flexoelectric response of a native 

locust muscle membrane in 1989 using the patch clamp technique.[31] The precleaned small 

patch of native membrane was attached onto the tip of a glass micropipette for sealing. The 

patched membrane curvature can be manipulated on micrometer scale by varying the pipette 

pressure with a sound wave, which is generated by a compression loudspeaker or a 

piezosounder, and is applied to the inside of the patch pipette by a flexible pipeline. Generated 

current or voltage was monitored by a lock-in amplifier. The radius of the patched membrane 

was theoretically calculated based on the applied pressure, patched membrane’s geometry and 

mechanical properties. The flexoelectric coefficient was calculated to be 2.5×10-18 C for the 

locust muscle membrane.[31] Optical interferometric imaging can be adopted to directly 

measure the membrane curvature,[32] by using a beam splitter to form an interferometric 

pattern which distorts upon deformation of the lipid membrane. Todorov et al. employed this 

method to successfully observe the direct flexoelectricity in artificial bilayer lipid membranes 
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(BLM).[33] Voltage-induced membrane motions in cells can be investigated by using an 

atomic force microscope (AFM).[34, 35] The setup is shown in Figure 1.4. To characterize the 

opening of voltage-gated ion channels and membrane bending of the HEK293 cell, a holding 

potential Vh (-60 mV) and AC carrier voltage of ±10 mV at 66 Hz were applied to the cell by 

the patch clamp amplifier. AFM cantilever was pressed against the membrane to monitor the 

nanometer range normal movement of the membrane.  

 

 

Figure 1.4 a) Diagrammatic sketch of the set up for direct flexoelectric effect characterization 

of HEK cell using patch-clamp method. The patch pipette holding the cell was attached to the 

piezo positioner. The holding potential, Vh, and the AC carrier voltage were applied to the cell 

by the patch-clamp amplifier. The cantilever movement was monitored by the laser and 

quadrant detector.[34] b) Micrograph of a voltage-clamped HEK cell held by patch pipette 

(PPT) with the cantilever (AFM) in place.[35] Pictures reprinted with permission. 
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1.3 Flexoelectric Structures 

In order to generate different strain gradient components and collect the corresponding electric 

outputs, specific mechanical structures and electrode configurations need to be adopted. In this 

section, three typical structures for axial, transverse and shear mode flexoelectric applications 

will be introduced, accompanied with a brief analysis.  

1.3.1 Axial FE Structures 

Truncated pyramid structures have been employed exclusively for μ11 characterization of 

various materials. As shown in the Figure 1.5(a), consider a truncated pyramid block with 

square cross-section, the upper face has a side of length a, and the lower a length b and linear 

sidewall has a depth of h. Under external loading F, strain distribution along the vertical axis 

of symmetry (x3 axis) is inhomogeneous. The flexoelectric polarization along z axis (P3(z)) can 

be derived as[1] 
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where s11 is the mechanical compliance component. To compare with the performance of 

piezoelectric materials, effective piezoelectric coefficient of flexoelectric structures ( f

33

efd ) 

could be defined as the ratio between averaged polarization and strain, which can be 

represented as 
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1.3.2 Shear FE Structures 

If a shear stress is applied onto the truncated pyramid structure instead of a normal stress, shear 

flexoelectric component can be produced based on the relationship:  

 13
441

3x
P







  (1.7) 

It should be noted that the polarization is along the x1 axis and hence electrodes need to be 

patterned accordingly for electric charge collection, as illustrated in Figure 1.5(b). Polarization 

and effective piezoelectricity of shear mode truncated pyramid has the similar expression as 

that of axial mode structure, except replacing the normal compliance and flexoelectric 

components into their shear counterparts.  

1.3.3 Flexural FE Structures 

Transverse strain gradient can be easily generated through beam bending. The axial strains in 

opposite surfaces have reverse orientations, resulting in a strain gradient along the thickness 

direction. Taking the cantilever as shown in Figure 1.5(c) for example, the effective 

piezoelectric coefficient can be estimated to be[36]  

 

2
eff 12 11

333

6

h

s l
d
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where l  ́is the length of the cantilever and h  ́the thickness. 
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Figure 1.5 Basic structures of flexoelectric accelerometers (yellow layers represent the 

electrodes on the flexoelectric components). 

 

1.3.4 Flexoelectric Composite Structures 

Composites are multiple-phase solids which combine different materials and macroscopic 

properties with the aim to produce desired structural properties. The most important aspects of 

composites are the macroscopic properties of the components, e.g., their response to 

mechanical, electric, and magnetic fields. Due to their excellent mechanical and 

electromechanical properties, piezoelectric composites have received great interest in the 

applications such as flexible actuators, sensors, ultrasound transducers, etc.[37, 38] When 

discuss or model the piezoelectric response of a composite, it was commonly assumed that at 

least one of the constituents was piezoelectric. However, Fousek proposed an idea of 

piezoelectric composites based on the flexoelectric effect.[39] For a two phase composite, if 

arranged in an orderly manner, both phases do not need exhibit piezoelectricity (as shown in 

Figure 1.6). Consider the ∞m symmetry in which cone-shaped particles are randomly 

distributed in the matrix with different elastic properties, the conical shape could automatically 

give rise to an axial stress gradient even if the composite is subjected to an uniform stress, 
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resulting in the charge separation. The first demonstration of this possibility was reported by 

Zhu et al..[40] A 3×3 BST truncated pyramid array in millimeter scale was fabricated and the 

effective d33 constant was measured to be 6.0±1 pC/N. Specifically, the effective piezoelectric 

coefficient has a scaling effect for a certain flexoelectric geometry, i.e. truncated pyramid units. 

[1] Fu et al. reported the experimental studies of the gradient scaling phenomenon in two 

flexoelectric piezoelectric composites at the microscopic scale.[41] The flexoelectric phases 

were square truncated pyramid BST units with the height of 50 µm and 100 µm. Through 

converse piezoelectric response under 100 Hz, d33 values were measured to be 41±5 pC/N and 

19±3 pC/N, respectively. The results suggest that by further decreasing the scale size, the 

flexoelectric mechanism may provide an alternative route to lead-free piezoelectricity with 

properties comparable to the widely used PZT ceramics.  

 

 

Figure 1.6 Schematic drawing of a flexoelectric composite which exhibits piezoelectricity. (a) 

Individual truncated pyramid building block.  (b) Composite arrangement, the second phase is 

air here.[1] 
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Flexoelectricity associated piezoelectric composite could exhibit different properties compared 

with conventional piezoelectric materials. Due to the thermodynamically equivalence, 

piezoelectric materials usually have direct and converse effect simultaneously. The reciprocity 

could bring lots of unwanted harmonic signals in transducer applications.[42] Flexoelectric 

piezoelectric composite, on the contrary, could be used to separately control the direct and 

converse piezoelectric effects by specifically choosing the components materials, showing the 

potential advantage over piezoelectric materials.[43] Consider a two phase flexoelectric 

piezoelectric composite, if two phases possess the same dielectric property but different elastic 

properties, only electric field gradient can be generated in the flexoelectric components, thus 

this composite exhibits converse piezoelectricity but not the direct effect. In contrast, the 

composite in which two phases own the same elastic performance but different dielectric 

properties could only exhibit direct piezoelectricity. Chu et al. proposed a flexure mode 

composite (as shown in Figure 1.7) based on BST ceramics sheet with fine tungsten wires 

asymmetrically distributed on two sides.[44] Giant non-resonance f

33

efd well beyond 

piezoelectric single crystal, being about 4350 pC/N, was measured near the Curie temperature 

of BST in a six unit/three layer composite. By further optimizing the structural design of the 

composites and attaching additional mass, the resonant frequencies could be tuned down to 

that of ambient vibrations, which endows great potential for energy harvesting 

applications.[45] 
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Figure 1.7 Cross section of a flexure mode composite using fine tungsten wires to induce strong 

transverse strain gradient.[44]   

 

1.4 Limitations of Current Studies 

The previous flexoelectricity research work mainly focused on the flexoelectric properties 

characterization of various materials at macro scale. Materials researchers have also been 

devoting to finding existing materials or fabricating new materials which exhibit higher 

flexoelectric properties. Additionally, more and more people were attracted by this interesting 

topic and have been trying to probe the real mechanism behind the large flexoelectricity in 

ferroelectric materials, both from experimental studies and theoretical analysis, as 

demonstrated by the growing publications in recent years. In contrast, rare study has been 

conducted in the practical application of flexoelectricity in sensing and actuating. For example, 

attributed to the finding of large flexoelectricity in ferroelectric materials, flexoelectricity holds 

great potential for strain gradient sensing, which had not been explored yet before this study 

started.  
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On the other side, due to the scale effect of the flexoelectricity which is embedded in the 

gradient term, flexoelectricity would become more prominent at micro/nano size. Current 

publication only involves the flexoelectricity induced polarization alternation of piezoelectric 

thin film. Study of pure flexoelectric micro/nano structures without the interference of 

piezoelectricity is not yet reported. Due to the tangling of piezoelectricity and flexoelectricity 

in those studied thin films, the real flexoelectric contribution is difficult to be clarified. To 

directly demonstrate the enhanced flexoelectric effect at micro/nano scale, non-piezoelectric 

materials should be used. In addition, other various flexoelectric nano structures exist and can 

be exploited for sensing applications.  

1.5 Dissertation Outline 

With these considerations, the main goal of this research is to investigate the strain gradient 

sensing application of flexoelectric effect with ferroelectric materials, and to demonstrate the 

enhanced properties of micro/nano flexoelectric structures which lay down the foundation of 

future flexoelectric micro/nano devices. The dissertation consists of five chapters and 

references. Each chapter is briefly described as follows.  

Chapter 1 reviews the fundamentals of flexoelectric effect, the various flexoelectric materials 

and structures. Chapter 2 presents the methods for measuring the flexoelectric properties of 

ferroelectric materials (barium strontium titanate), including the direct measurement of the 

transverse coefficient and the converse measurement of the shear coefficient. The direct 

measurement is implemented through monitoring the generated charge output under 

mechanical stimulus, while the converse measurement captures the mechanical deformation 
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under an electric field gradient. Chapter 3 introduces the strain gradient sensing applications 

of flexoelectric sensors. The flexoelectric strain gradient sensors (SGS) were designed, 

prototyped and attached close to a circular hole on an aluminum plate. It was demonstrated 

that the flexoelectric SGS could accurately read out the strain gradient information in the plate 

under loading. This also enlightened a novel application of flexoelectric SGS for measuring 

the curvature of mechanical structures. The experiment was conducted by attaching the SGS 

to the side surface of a plate under four point bending. Furthermore, strain gradient can be a 

more sensitive measurand compared with strain in crack detection application. SGS was 

successfully utilized for monitoring the location of a premade crack. In the reverse way, SGS 

could offer a new avenue for characterizing the stress intensify factors of mechanical 

structures.  

Chapter 4 reports the investigation of micro and nano flexoelectric structures, focusing on the 

pyramid structures. A novel hybrid fabrication method combining the conventional precision 

dicing and chemical wet etching was developed to generate ten micrometers level pyramid 

arrays from bulk BST samples. Converse flexoelectric property was studied and it agrees well 

with the prediction using the measured bulk size property. Chapter 5 concludes this 

dissertation, and recommendations for further research were presented at the end. Especially, 

two fabrication methods of flexoelectric nanopyramids were introduced with some preliminary 

results, including the focused ion beam milling and optical interference lithography. A novel 

characterization method for studying the flexoelectric nanopyramid was proposed using a 

customized atomic force microscope system.  
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Chapter 2  

FLELXOELECTRIC COEFFICIENTS MEASUREMENT 

2.1 Introduction 

To utilize the flexoelectric materials for sensing applications, it is essential to have 

flexoelectric coefficients of the materials corresponding to the functioning mode. Similar with 

piezoelectric coefficients measurement, the flexoelectric coefficients can be quantified through 

either direct or reverse means. In this chapter, direct transverse flexoelectric coefficient and 

converse shear flexoelectric coefficient measurement methods were investigated. The 

longitudinal flexoelectric coefficient can be measured in the similar way with the shear 

flexoelectric coefficient. The only diffidence exists in the electrode layout thus the electric 

field distribution. Based on these two methods, a comprehensive flexoelectric coefficients 

values for isotropic materials, e.g. BST ceramic, can be obtained, which can be the foundation 

for further applications.  

2.2 Direct Measurement of µ12 

2.2.1 Introduction 

Ma and Cross first proposed the cantilever associated cantilever method to measure the 

transverse flexoelectric coefficient.[7] When a cantilever beam is under a small tip excitation, 

one side of the neutral plane will undergo a tensile stress and the other side will be compressed, 

leading to the bending of the beam. The bending deformation corresponds to the axial strain 

gradient along the thickness direction, hence the flexoelectric charge can be collected on the 
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top and bottom surfaces. Even the material possesses piezoelectricity, the piezoelectric 

contribution from two sides of the neutral plane can be canceled out due to the reverse signs 

of the axial strain and the symmetric geometry. We adopted the similar method here to measure 

the BST ceramic beams with different thicknesses.  

2.2.2 Sample Preparation 

The BST ceramic beams (25 mm × 10.5 mm × 1.4 mm) with the composition of Ba:Sr= 65% : 

35% was lab-prepared by conventional solid state processing. The dielectric behavior of 

prepared BST samples as a function of temperature was measured using a HP4284 multi-

frequency LCR meter connected to a computer controlled Delta furnace. Figure 2.1 shows the 

dielectric constant and dielectric loss as function of temperature (-40~80 oC) at 1kHz and 10 

kHz frequencies, showing a Curie temperature occurring at 10 oC, with maximum dielectric 

constant at 5600. The room temperature dielectric constant and dielectric loss were found to 

be 4100 and 0.3%, respectively. 
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Figure 2.1 Dielectric constant and dielectric loss of prepared BST samples as function of 

temperature. 

 

They were diced and then lapped into different thicknesses. A 500 Å thick Cr and a 3000 Å 

thick of gold were sputtered sequentially as electrodes. The bottom surface of the sample is 

fully covered with Cr/Au while electrodes of area ranging from 1 mm2 to 10 mm2 were 

prepared on the top. The electrode design and typical electroded samples are shown in Figure 

2.2(a).  
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Figure 2.2 (a) Typical electrode configuration. (b) Experimental setup for the measurement of 

flexoelectric coefficients. 

 

2.2.3 Measurement Method 

The flexoelectricity measurements were carried out at room temperature with the experimental 

setup shown schematically in Figure 2.2(b). Strain gradient was generated in the samples along 

the thickness direction by a piezoelectric actuator, which was driven by a power amplifier 

(KH7602M) with a 2 Hz sinusoidal signal from a signal generator (AFG3000). The Polytec 

OFV-5000 laser vibrometer was used to measure the displacement at specific locations along 

the cantilever. The generated current was monitored using a lock-in amplifier (Stanford 

Research system, Mode SR830) with the reference signal from the signal generator. The 

generated polarization can then be calculated using the following equation: 

 3
2

I
P

fA
   (2.1) 
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where I is the measured alternating current, A is the electrode area, f is the driving frequency 

of the actuator, and P3 is the polarization along the thickness direction. 

By assuming the natural vibration of a cantilever beam, the nth mode shape can be written as 

[46] 
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where wn is the transverse deflection, l is the length of the beam, x1 is the axial distance from 

the clamped end to the measurement point. Here we only consider the fundamental mode (n=1), 

β1l= 1.875. A1 can be determined from the boundary condition, i.e., the measured vertical 

displacement of the beam.  

The transverse strain gradient along the thickness direction of the cantilever can be expressed 

as 
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The resultant electric polarization from flexoelectric phenomenon can be written as 
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With the measured I and w(x), transverse flexoelectric coefficient µ12 can then be calculated 

using Eq. 2.1 – 2.4.  

Figure 2.3 shows the measured µ12 of BST cantilever beams with different thicknesses. It can 

be observed that the flexoelectric polarization is proportional to the strain gradient, as shown 

in the inserts of Figure 2.3, where the slopes remain almost unchanged when the dimensional 

size is scaled down. The transverse flexoelectric coefficient, µ12, calculated from the slope of 
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the insert lines in Figure 2.3, was found to be about 8.5×10-6 C/m, which is much lower than 

the previously reported results (100 ×10-6 C/m) obtained from cantilevers with thickness of 

sub-mm to millimeters [8], due to the low permittivity (4100) of the BST material at room 

temperature. Nevertheless, the confirmed scale independent flexoelectric coefficient holds 

great potential for flexoelectric N/MEMS.  

 

Figure 2.3 The transverse flexoelectric coefficient µ12 and the measured relationship between 

flexoelectric polarization and strain gradient (insets) in the BST microcantilever with different 

thicknesses. 

 

2.2.4 Scale Effect on Flexoelectric Structures 

The scaling effect, in other words, size effect enables various physical phenomenon to be more 

useful and attractive in micro/nano domain applications.[47] It describes the relationship 
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between physical parameters to the structural feature size and explains how physics work at 

different sizes. For example, electrostatic force is negligible in macro size compared with other 

kinds of forces like gravity. However, as the size diminish into micrometer level, the 

electrostatic force starts to be comparable to and even exceed the gravity. Such unique property 

has empowered the electrostatic effect to be applied to tremendous applications in micro 

electromechanical systems (MEMS), including inertial sensing, actuating, ultrasound 

transducer applications, etc.[48]  

Flexoelectricity also exhibits such a favorable scaling effect as feature size shrinks down, 

which is inherited from the scaling nature of the mechanical strain gradient or electric field 

gradient. If the aspect ratios of the truncated pyramid and cantilever are set to be constant, the 

effective piezoelectric coefficients given in Eq. 1.6 and Eq. 1.8 will be reversely proportional 

to the structural thickness. To make a comparison between flexoelectric unit and piezoelectric 

counterpart, bending structure is used here as an example. The f

33

efd of a bimorph piezoelectric 

bender subjected to a perpendicular external tip force can be written as [49] 
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where d31 is the transverse piezoelectric coefficient of piezoelectric materials, l´́ the length of 

the bimorph and h´́ the thickness of the bimorph. The calculated f

33

efd of BST microcantilevers 

compared to those of ZnO thin film, PZT thin film (sol-gel, sputtering), potassium sodium 

niobate (KNN) thin film and lead magnate niobate-lead titanate (PMNT) single crystal 

cantilever bimorphs, are shown in Figure 2.4 as a function of thickness (The length to thickness 

ratio (l/h) was set to be a constant value of 50). Note that f

33

efd is different from the normalized 



 

29 

calculation for BT,[50] though similar size dependent effective piezoelectric properties can be 

observed. Piezoelectric coefficients of conventional piezoelectric materials are given in Table 

2.1. It can be observed that effective piezoelectric coefficient of flexoelectric cantilever 

became higher than those of well-known piezoelectric bimorphs when the thickness of 

cantilevers is scaled down to sub-micrometers, which can be further increased using optimized 

BST ceramics (e.g. µ12= 8.5×10-6 C/m [36] vs. the highest reported µ12= 100×10-6 C/m of BST 

[8]). Clearly, significantly enhanced effective piezoelectricity can be obtained with 

flexoelectric (FE) micro/nano-structures, considering the scale effect of flexoelectricity.    

 

Figure 2.4 Effective piezoelectric coefficients f

33

efd of piezoelectric bimorphs and flexoelectric 

microcantilevers as a function of thickness h under a constant length-to-thickness ratio (l/h = 

50). 
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Table 2.1 Piezoelectric coefficients of conventional piezoelectric materials.[51, 52] 

Piezoelectric materials d31 (pC/N) 

ZnO thin film -5 

PZT thin film (Sol-gel) -82 

PZT thin film (Sputtering) -53 

KNN thin film -20 

PMNT single crystal -1000 

 

2.3 Converse Measurement of µ44 

High level of direct flexoelectric effect was found in high permittivity perovskites.[53] 

Intriguingly, the enhancement is 4 to 5 order larger than that of theoretical predictions. 

Moreover, PZT thin film[54] and soft polymer polyvinylidene fluoride (PVDF)[25] were also 

reported to have a large pure polarization when being bended.  

Although significant advances have been made in the research of direct flexoelectricity, the 

investigation on converse effect is rather limited. As proposed by J. Fu and L.Cross,[55] one 

of the greatest challenges for converse flexoelectric measurement is the unavoidable influence 

from the simultaneous electrostriction effect. Conventionally, the influence of piezoelectricity 

can be readily excluded when non-piezoelectric material is selected for flexoelectric testing. 

However, both flexoelectric and electrostrictive effect can exist in all crystals without the 

symmetry limit.[56, 57] Shu et.al demonstrated that the symmetry of flexoelectric coefficient 

is lower than electrostrictive constant Mijkl.[6] This difference exists in low symmetry crystals 
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but disappears in high symmetry crystals. For example, in a triclinic crystal, the number of 

non-zero independent components of fijkl is 54 while 36 for Mijkl. But for cubic or isotropic 

crystals, both ijkl and Mijkl have the same non-zero components expressed as f1111, f1122, f1212 

and M1111, M1122, M1212. 

For most non-piezoelectric materials, Mijkl always plays a leading role for the contribution of 

strain. In terms of mathematics, a non-zero ∂Ei/∂xj must be accompanied with 2

iE , thus f1111 

component coexists with M1111 effect. In Fu’s measurement,[55] the flexoelectric strain is more 

than two orders smaller than electrostrictive strain, rendering it difficult to separate f1111 from 

M1111. However, f1212 can exist alone when 
1 3 1 3/ 0,  0E x E E    or can be a dominant 

contributor to a shear strain when 
1 3 1 3/ 0,  0E x E E    . In other words, a unidirectional 

electric field distribution is of high significance. Here, we underline the word distribution, 

which stands for the orientation variation in a board range of material. In this study, we 

experimentally verify the pure converse flexoelectric effect by applying a directional electric 

field E1, accompanied with a small E3 component, as well as a large gradient ∂E1/∂x3 so that 

the electrostrictive strain can be minimized in generating shear strain S13.  

2.3.1 Measurement Method 

The configuration to generate a directional electric field distribution is schematically shown in 

Figure 2.5a. Essentially, for a parallel plate capacitor, the electric field, as a continuous 

function, is perpendicular to the equipotential line and is reversely proportional to the effective 

distance between the two electrode plates. For the lateral plates of a truncated pyramid, 

considered as an unparalleled plate capacitor, the electric field E1 is inhomogeneously 
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distributed along the height direction x3 due to the distance variation along direction x1. The 

measurement setup was laid down on a float optical table (Newport, ATS, Irvine, CA) to 

eliminate the vibrational noise. The AC voltage was generated by a power amplifier (Trek, 

2220, Lockport, NY) under the excitation from a function generator (Tectronix, AFG3101, 

Lake Mary, FL). As suggested in [6], the symmetry of the cubic materials permits only shear 

strain S13, which is generated by ∂E1/∂x3 due to the coupling of f1212. To measure this shear 

strain, the bottom surface of the sample was clamped on the table and a reflective tape was 

attached to the top surface of the sample as a mirror for incident laser. The deformation along 

x1 direction was measured using a high resolution (<10 pm) laser vibrometer (Polytec, OFV-

5000, Irvine, CA) and a lock-in amplifier (Stanford Research System, SR830, Sunnyvale, CA). 

Based on the measured shear deformation as illustrated in Figure 2.5b, the pure shear strain 

can be calculated as 

 
5 132

x
S S

h


    (2.6) 

where x  is the detected deformation, and h is the altitude of the sample. 
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Figure 2.5 (a) Diagram of sample assembly for converse flexoelectric measurement of the 

shear strain along x1 direction generated by the electric filed gradient along x3 direction. (b) 

Schematic deformation of the trapezoid sample in the lateral mode. 

 

The theoretical analysis for the electric field distribution in this non-parallel plate capacitor is 

shown in Figure 2.6a. When a voltage V is applied across the sample, electric charge Q will be 

accumulated on two surfaces. In nature, the electric field (E) direction is dependent on the 

equipotential line ϕFor the presented situation, both two side surfaces of the sample and the 

geometric center line are equipotential. The electric field would radiate along the tangential 

lines of the arc formed by two sides of the capacitor. It can be written as  
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r

V
E

r
   (2.7) 

where r is the radius of the scallop and θ is the angle of the scallop. Thus, the electric field is 

not homogeneous in light of the space curvature of the electric field line. In this case, an electric 

filed gradient along the longitudinal direction (x3) is generated, as shown in Figure 2.6b. In 

addition, the angle between the electric field and x1 axis changes from -θ/2 to θ/2 across the 

whole region due to the geometric relationship as illustrated in Figure 2.6c. Hence, the average 

electric field component for an arc with the angle of θ at the radius of r in the transverse 

direction 1E  can be obtained as 

 
/2 /2

1

/2 /2

sin / 2
cos

/ 2
r rE d E d E

 

 


  


 

     (2.8) 

whereis the arbitrary vertex angle of the arc. In order to simply the calculation, the trapezoid 

sample was prepared with smooth side surfaces and rectangle top and bottom surfaces so that 

the average electric field 1E  along the thickness gradient is  
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    (2.9) 

where a and b are the side length of the top and bottom surface of the sample (Figure 2.5b), 

respectively.  

Eq. 2.9 can be further simplified as Eq. 2.10 when  is equal or lower than  (the coefficient 

equals to 0.95)  

 1

3

1
( )

E V V

x h b a


 


  (2.10) 
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This simplified calculation was verified using the COMSOL Multiphysics (Figure 2.7). A two 

dimensional trapezoid structure was considered in the simulation. The designated bottom and 

top lines have the length of 2.5 mm and 1.5 mm, respectively. The height of the structure is 1 

mm. Material was chosen as the BST. Ground boundary condition was assigned to one of the 

two tilted sides, while a DC voltage of 200 V was applied to the other tilted side. Electric field 

distribution along the horizontal direction (E1) can then be obtained. Further numerical 

manipulation yields the electric field gradient along the vertical orientation (∂E1/∂x3). The 

average magnitude was estimated to be 4.6×107 V/m2, matching well with the theoretical 

calculation (5.3×107 V/m2) using Eq. 2.10. There exist small singularity regions at the vertexes 

exhibiting high gradient concentrations. However, they would not make significant 

contribution to the averaged gradient value due to their small areas.  
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Figure 2.6 Schematic view of a trapezoid sample with the voltage applied from side to side, (a) 

electric field line and equipotential distribution. O is the intersection point between the two 

extension lines of the slope side of the sample; (b) electric field gradient distribution; (c) 

electric field direction variation in arbitrary pitch arc r position. 

 

Moreover, the electric field component E3 will, in principle, exist along with E1 according to 

the above analysis. Nevertheless, the product of E1•E3 is zero as interpreted in Eq. 2.11, so that 

it may not yield a shear strain coupled by electrostrictive constant M1212. 

 
/2 /2

1 3
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cos sin 0r rE E d E E d

 

 

   
 

     (2.11) 

This analysis theoretically ensures the feasibility of the above method for distinguishing 

flexoelectricity from electrostriction in converse flexoelectricity measurements. 
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Up to now, the maximum direct flexoelectric coefficient (120 C/m) was observed in 

(Ba0.67Sr0.33)TiO3 (BST) ceramic at its paraelectric state (at temperature of 23 oC, which is 2 

oC above its TC).[8] The reason of this extraordinary enhancement is not clear yet. A large 

direct flexoelectric coefficient generally corresponds to a large converse coefficient.[58] The 

aim of the present experiment is to identify the pure converse flexoelectric properties in the 

unpolarized BST ceramics. Three BST ceramic samples were prepared in specific shapes by a 

dicing saw (Disco DAD320 Mesa, AZ) and the dimensions are given in Table 2.2. It is worthy 

to note that all three samples, including one sample with all rectangular surfaces (BST-I) and 

two samples with trapezoid shapes (BST-II and BST-III), were cut from the same raw material 

along one direction in order to exclude the orientation inhomogeneous of the material. 

Moreover, only the side surface of the sample is covered by electrode so that the influences 

from other directions do not exist. Electrode surfaces of all samples were coated with 200 nm 

thickness of nickel using a plating process (Transene, RTM Process, Danvers, MA). The 

sample BST-I was prepared as a reference where the electric field gradient is 0. 
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Figure 2.7 Finite element simulation with COMSOL; areas with different color represent the 

magnitude of the calculated electric field gradient distribution within the trapezoid. 

 

Table 2.2 Dimension of BST samples. 

Sample Cross 

Section 

 Shape  

(x1-x3 plane) 

Vertex 

Angle 

(x1-x3 plane)

degree

Top 

Length  

x1 

a(mm) 

Bottom 

Length 

x1 

b (mm) 

Height  

x3 

h 

(mm) 

Thickness 

x2 

t (mm) 

BST I Rectangle 90 3.64 3.64 3.03 0.67 

BST II Trapezoid 62 1.83 5.05 3.03 0.67 

BST III Trapezoid 46 1.83 7.55 3.03 0.67 
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2.3.2 Results and Discussion 

The measured face displacements of samples BST-I, BST-II and BST-III as a function of 

voltages ranged from 200 V to 700 V at 10 Hz are shown in Figure 2.9a ,b and c, respectively. 

A visible 20 Hz response was found in all of the samples, displaying with a quadratic regulation 

in plot. In principle in this experiment, irrespective of the symmetry of the sample, all the 

possible contributions to shear strain S13 can be expressed as 

 
1

13 113 1 1212 1212 1 2 13 13 13
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 (2.12) 

where d113 is the shear piezoelectric constant and  is the driven frequency. Hereafter, the 

piezoelectric, flexoelectric, and electrostriction contribution are labeled as P, F and M, 

respectively. As interpreted in Eq. 2.12, the origin of 2-signal is only associated with M, 

while the response with frequency of is yielded by P and F. For the sample shown in Figure 

2.9a, M1212 contribution does not exist due to the absence of E3However, the clamped 

condition of bottom cannot restrict the oscillation of the top of the sample. The electric field in 

transverse direction would yield the direct displacement reflected in the mirror due to the 

coupling of the M1111, thus to cause 2-response, as seen in the measured second harmonic 

results. In addition, a non-zero first harmonic response of the BST-I sample implies the 

existence of piezoelectric effect in BST, which contradicts the fact that the symmetry of BST 

material in paraelectric phase permits no macro piezoelectricity. Nevertheless, when the 

temperature is very close to the Curie temperature, ferroelectricity may exist due to local nano 
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domains,[59] which may be one possible reason for the existence of piezoelectric responses in 

BST samples.  

On the other side, in Fu’s experiment,[55] the driven frequency of the power amplifier was 

400 Hz. It is possible that the output waveform of the power amplifier was distorted and hence, 

was not a standard cosine function at such a high driven frequency. In this case, the first 

harmonic signal is unavoidably influenced by the coupling of electrostrictive effect. As 

interpreted by Fu et al., the small DC voltage shifts n  generated by the power amplifier, 

resulting in a first harmonic response 
12 cosijklnM V t . In our experiment, the driven frequency 

was only 10 Hz and there was no detected 10 Hz background and electromagnetic noise. 

Moreover, the driving outputs of the power amplifier were cosine waveforms (a typical signal 

from sample I is demonstrated in Figure 2.8), so that M is proportional to the square of the 

electric field and would not contribute to the first harmonic response. In other words, the first 

harmonic value (V)x , in principle, does not encompass the influence from M and thus, can 

be used to calculate the contribution from P and F.  
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Figure 2.8 (a) Driving voltage, (b) measured displacement and (c) filtered displacement as a 

function of time for sample I. 

 

For rectangular sample BST-I, ( )x V  is only derived from the piezoelectric displacement 

contribution P 

 113
113 1

2
( ) 2 ( )

d h
x V d E z dz V

W
    (2.13) 

where W is the width and z is the arbitrary position in the height direction. 
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As for the trapezoid sample II and III, ( )x V  is expressed as  

 1 1
113 1 1212 113 1212

0 0

( )
( ) 2 ( ( ) ) 2 2

2( )cot

h h
E z EV

x V d E z f dz d dz f dz
z a h z z
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where  
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It is noticed that P is proportional with the angle and the bottom/top dimension ratio while F 

is reciprocal proportional with the dimension. This calculation suggests that F is likely to play 

a dominant role when scaling down the dimension. Thus, we can calculate the P and F 

proportions in each sample with the relevant sample parameters given in Table 2.2. The 

displacement information including first harmonic under different voltage direction and second 

harmonic of sample II and III are represented in Figure 2.9b and Figure 2.9c. The contributions 

from P and F are given in the legends. We mention that all types of samples were prepared 

with a counterpart and each sample was tested for three times under the same AC voltage. The 

repeatability of the displacement, measured by the laser vibrometer, is observed well due to 

the minimization of vibrational noise by a floating optical table and the absence of mechanical 

impact from electric equipment. 
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Figure 2.9 Face displacement measured using a laser vibrometer as a function of voltage in 

room temperature for BST samples: (a) rectangle; (b) trapezoid 62°; and (c) trapezoid 46°. The 

green points are the second harmonic displacement associated with the electrostrictive effect. 

The blue points stand for the displacement associated with the piezoelectric and flexoelectric 

effect. The solid line is a guide to the eye. (d) Pure converse flexoelectric coefficient f1212 

contribution extracted from the displacement subtraction in BST-II and BST-III as a function 

of voltage, respectively. The solid lines are the fitting slope of face displacement vs. voltage 

induced by net converse flexoelectric effect. 

 

Based on the above measurement results, pure F in BST-II and BST-III ceramics can be 

extracted by subtracting the associated piezoelectric displacement contribution. This 

calculation is based on an assumption that all the material constants in Eq. 2.12 are the same 

for all three samples. The identical sample preparation process ensures the homogeneity of the 
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sample. Linear fitting of the F induced displacement yields the converse flexoelectric 

coefficient f1212 to be 9.3×10-16 m2/V and 1.18×10-15 m2/V for Sample II and Sample III, 

respectively. The less common used unit m2/V can be converted to the nominal unit C/m by 

removing the factor of elastic constant. Generally, the elastic compliance constant s1212 of BST 

ceramics is around 8.5×10-12 m2/N,[60] by which the stress related flexoelectric constant 1212 

is estimated to be 110 C/m (Sample II) and 138 C/m (Sample III). We note that the minus 

slope of the high linearity line stands for the deformation direction induced by electric field 

gradient, which is different from the piezoelectric deformation direction for this material.  

This converse flexoelectric coefficient is similar to the direct result 1111 (120 C/m) observed 

in the same materials.[40] It should be noted that the materials used here exhibit much higher 

dielectric permittivity compared with that used in the previous section, thus higher flexoelectric 

coefficients. As demonstrated in previous work, the relationship among the non-zero 

dependent components of the flexoelectric coefficients in isotropic crystals is expressed as 

1212=1/2(1111-1122).[6] In this case, the value of the 1212 is half of the subtraction between 

1111 and 1122 due to the high symmetry of the materials. In rigid ceramic materials, generally, 

stretch along one dimension is accompanied with compression in another two dimensions. 

Therefore, the sign of 1122 should be opposite to that of 1111, just like the sign of elastic 

coefficient s11 is opposite to that of s12 and the sign of d33 is opposite to that of d31. Based on 

above analysis, the theoretical prediction of 1212 in the BST is estimated to be 110 C/m, 

which is comparable with the direct 1111 (120 C/m)[59] and 1122 (100 C/m)[8]. Our 
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experiment firstly observed the shear flexoelectric data, being consistent with the theoretical 

prediction. 

2.4 Summary 

In this chapter, the scaling effect of flexoelectricity was studied using BST microcantilever 

beams with the thickness down to 30 μm. The measured transverse flexoelectric coefficient μ12 

of ~8.5 μC/m remains constant for microcantilevers with various thicknesses. The calculated 

effective piezoelectric coefficient effective d33 and electrical energy density of FE cantilever 

beams using the measured μ12 increase greatly with the decreasing beam thickness, promising 

for flexoelectric microcantilever sensing applications. 

Converse flexoelectric effect of BST was investigated by generating a unidirectional electric 

field distribution along height direction of trapezoid samples. The present study clearly 

demonstrated the linear relationship between the electric field gradient and shear strain. The 

converse flexoelectric coefficient 1212 is estimated to be 124±14 µC/m, being in good 

agreement with the theoretical prediction. This result could benefit the development of 

electromechanical devices based on the flexoelectric effect. For a properly designed trapezoid 

sample, a small electric filed can generated a large electric field gradient so that a visible shear 

deformation may be dominated by converse flexoelectric effect rather than the piezoelectric 

effect, especially when the sample dimension scales down to the micro/nano level.  
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Chapter 3  

STRIN GRADIENT SENSING IN STRUCTURAL HEALTH 

MONITORING APPLICATIONS 

3.1 Strain Gradient Sensing 

3.1.1 Introduction 

Fatigue cracks are the most common form of damage in metallic structures, demonstrated in 

various inspections as well as in major aircraft fatigue tests.[61] 70% of the damage discovered 

resulted from such cracks. The holes were the second most common fatigue damage initiation 

site that leads to the major accident of aircraft between 1947 and 1983.[62] Developing sensing 

method for in-situ monitoring of the onset and growth of cracks at the early stage, especially 

near the severe strain gradient fastener areas is of growing interest. At present, existing sensing 

technology (e.g. strain gauges, accelerometers, linear voltage displacement transducers) is not 

effective for monitoring damage because of its limited sensitivity, bandwidth, and accessibility 

to the hidden localized areas, let alone damage initiation and progression.[63] The measurand 

of these techniques are mainly the deformation or strain, which change slowly along the crack 

propagation direction. Nevertheless, the strain gradient could change sharply near the crack tip 

area, because the differentiation of a parameter with a certain variation over a small length 

leads to a large number. This phenomena implies that the strain gradient could act as a sensitive 

indicator of the crack propagation. Recent research progress on flexoelectricity suggests 

exactly such a new type of sensors – strain gradient sensors (SGS), which enable highly 
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sensitive detection of strain gradient – the most sensitive measurand near the localized damage 

location.  

3.1.2 Strain Gradient Sensor Design 

To demonstrate the capability of SGS for accurately monitoring the strain gradient information 

in mechanical structures, we attached it onto a round-hole structure which has a simple and 

precise analytical expression of the stress distribution near the perimeter, resulting in known 

strain gradient values as the reference.  

The BaxSr1-xTiO3 (BST) ceramic presented the highest flexoelectric coefficients among all 

reported ferroelectric materials up to now.[8] In this study, BST with the composition of 

Ba:Sr= 64%:36% was lab-prepared using a conventional solid state processing method. The 

Young’s modulus of the BST is 152 GPa and Poisson ratio is 0.33. The Curie temperature of 

the prepared BST samples is about 18 ˚C and the dielectric constant at room temperature is 

about 14,000. Impedance analysis of the ceramic shows no resonant or anti-resonant frequency 

in the frequency range of 40 Hz to 110 MHz at room temperature, which reconfirms that the 

prepared BST samples are not piezoelectrics. By using the cantilever beam based direct 

measurement introduced in our previous paper [36], the transverse flexoelectric coefficient 12 

was measured to be about 45 C/m. In order to characterize the strain gradient sensing, a BST 

micro-bar (5 mm × 1 mm × 300 m) obtained by lapping and polishing was mounted near the 

central hole in an aluminum plate subjected to a uniaxial tension. Large strain gradient exists 

nearby the hole due to the large stress concentration.[64] Assuming that the strain gradient 

transmitted to the attached BST micro-bar is in plane, the induced charge should be collected 
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at the electrodes with the configuration shown in Figure 3.1. Coaxial wires were bonded to the 

sidewall electrodes using silver paste to eliminate the external noise. The positive wire 

connected the inner side relative to the central hole, while the ground wire to the outer side. 

Epoxy adhesive (Hysol EA 9359.3) was used to bond the BST micro-bar to the aluminum 

substrate. A pressure of 0.2 MPa was applied to ensure the flatness of the epoxy layer, which 

was measured to be about 50 μm. The epoxy layer is also essential for insulating the sidewall 

electrodes from the metal substrate. The shear strength of the epoxy at room temperature is 

1.03 GPa. The dimension of the aluminum substrate is 200 mm × 38 mm × 3.2 mm. 

 

 

Figure 3.1 Circular hole in a plate subjected to uniaxial tension. 

 

3.1.3 Strain Gradient Analysis 

The stress distribution near the open hole in polar coordinates under plane stress can be 

presented as [64] 
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where a is the hole radius, σo is the nominal stress induced by the uniaxial load at the location 

far away from the hole, r and θ are the coordinates of polar coordinate system, and σr and σθ 

are the stress in radial and tangential directions, respectively. The stress distribution in 

Cartesian coordinates can be obtained through coordinate transformation and the 

corresponding strain components can be derived as 
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  (3.2) 

where v is the Poisson ratio, E is the Young’s modulus, εx, σx and εy ,σy are the strain and stress 

in x and y directions, respectively. The aluminum substrate has the Young’s modulus of 73 

GPa and Poisson ratio of 0.3. Strain gradient tensors can then be obtained by numerical 

differentiation of the strain tensors. Normalized strain and strain gradient distribution near the 

central hole with the radius of 2.5 mm under the nominal tension stress of 1 MPa are shown in 

Figure 3.2. 
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Figure 3.2 Strain and strain gradient distribution near the central hole in a aluminum plate 

(radius = 2.5 mm) with 1 MPa nominal tension stress. Distribution of (a) normalized εx, (b) 

normalized εy, (c) ∂εx/ ∂y and (d) ∂εy/ ∂y. 

 

3.1.3.1 Shear lag effect 

Since a finite thickness adhesive layer bonds between the BST micro-bar and the aluminum 

substrate, the strain or strain gradient in the substrate cannot be fully transmitted into the BST 

bar, known as the shear lag effect.[65] The derivation of the correction factor to account for 

shear lag effects was presented by Crawley and de Luis.[65] Consider a sensor with length lc, 

width bc, and thickness tc and Young’s modulus Yc bonded onto the beam with length lb, width 
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bb, and thickness tb. Let the thickness of the bond layer be ts. Sensed relative strain (cb) has 

the solution of [65] 
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where G is the shear modulus of the bond layer material and  is defined as 
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Substituting the dimensions to the equations, the correction factors of x and y can be 

calculated individually and plotted in Figure 3.3. It can be observed that the maximum strain 

transmission happens at the center point of the sensor, while there is no strain transmitted to 

the sensor at the boundary. x at the center of the sensor was found to be on the order of 65% 

of the value in the substrate, while y degrades greatly due to the short width of the sensor. 
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Figure 3.3 Shear lag effects along sensor length and width. 

 

With the transmitted strain gradient, the generated polarization in the BST micro-bar, induced 

by flexoelectric effect, can be written as  
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  (3.5) 

where cx and cy are strain components in the BST micro-bar, bx and by are the strain 

components in the aluminum substrates, and x and y are the correction factors in x and y 

directions, respectively.   The averaged polarization is given by  
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By multiplying the correction factor with strain gradient distribution in the aluminum, strain 

gradient distribution in the sensor can be obtained. The first part of the right hand side of (7), 

which arises from the average transverse strain gradient ,cx y  , is about 0.0036 m-1 under the 

nominal stress of 1 MPa, and the average transverse strain gradient ,cx y  without considering 

the shear lag effect is about 0.0055 m-1. However, the second part of it, which is associated 

with the average longitudinal strain gradient ,cy y , is zero due to boundary condition of the 

shear lag effect. Hence the charge output (Q) can be given by  

 ,12 .y cx yc c c cQ l t P l t      (3.7) 

3.1.4 Experimental Results and Discussions 

Experiment was conducted on a hydraulic tester (Instron 1331). The charge output from the 

BST micro-bar was monitored using a charge amplifier, with the stress swept from 1 MPa to 

5 MPa at 2 Hz. Figure 3.4 shows the real time charge outputs of the BST micro-bar under a 

sinusoidal nominal stress with the peak-peak value of 3 MPa, where it can be observed that the 

charge output is out-of-phase with the load. This is because that the strain decreases along the 

radial direction under tension stress, causing the strain gradient in the BST micro-bar pointing 

from its outer side to its inner side relative to the hole center, which is opposite to the wire 

connection.   
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Figure 3.4 Real time charge outputs from a BST micro-bar. 

 

Figure 3.5 illustrates the relationship between the flexoelectric charge output of the BST micro-

bar with the average strain gradient of the substrate. The average strain gradient under 

particular nominal stress was estimated through the theoretical calculation, including the shear 

lag effect from a 50 m thick bonding layer. The slopes of the polarization versus average 

strain gradient curves can be defined as the sensitivity of SGS, with the unit of Cm. The charge 

outputs of the BST micro-bar show good linearity with the average strain gradients. The 

sensitivity of the BST micro-bar was found to be about 88 pCm, while the sensitivity obtained 

from the theoretical calculation is about 68 pCm. 
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Figure 3.5 Relationships between the theoretically estimated and measured charge outputs with 

average strain gradients of the BST micro-bar SGS. 

 

The slight discrepancy between the sensor outputs with the theoretical estimation may be due 

to several sources. Firstly, the thickness and uniformity of the adhesive bonding layer play an 

important role in the strain gradient transmission. Under 1 MPa nominal stress, with the 

thickness of the bonding layer decreasing from 60 m to 20 m, the average strain gradient 

transmitted to the BST micro-bar increases from 0.003 m-1 to 0.005 m-1, accounting for 67% 

difference. Thus, the actual sensitivity of the BST micro-bar SGS should be higher than the 

original expectation, as we assumed the thickness of the adhesive layer to be 50 m during 

theoretical analysis, where the experimental results will be in good agreement with the 
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theoretical evaluation if assuming a bonding thickness of 30 m. Secondly, deflection of the 

BST micro-bar from the tangency of the hole circumference will lead to inconsistence between 

the theoretical calculations and the real measurand. Besides, the non-ideal circular degree of 

the central hole may induce a disagreement between the theoretical strain model with the real 

strain distribution. Hence in order to eliminate the discrepancy between experimental output 

of BST micro-bar with theoretical analysis, future work will involve more precise control of 

the bonding layer thickness and uniformity, as well as better alignment of the BST micro-bar 

with the hole or other damage locations.  

Fiber-optic bragg grating (FBG) sensors have been widely applied to monitor the strain 

distribution with με range resolution based on its reflection spectrum analysis, through which 

strain gradient can be calculated.[66, 67] However, the relative large spatial resolution 

(millimeter range) of the strain measurement localization inhibits the accurate estimation of 

strain gradient. Also, FBG suffers from the spurious signal caused by thermal effect. 

Distributed strain gauges and piezoelectric sensors are the common counterparts for FBG in 

structural strain monitoring and hence could be used for indirect measuring the strain 

gradient.[68] [69] However, the bulky size of the strain gauges and piezoelectric sensors hinder 

the precise characterization of the strain gradient at localized area. Compared with those 

existing sensing methods, flexoelectric strain gradient senor could provide a direct and more 

precise way to measure the structural strain gradient.  



 

57 

3.2 Curvature Sensing 

3.2.1 Introduction 

The term “curvature” of loaded structures is always of interest in the field of strength of 

materials and structures. However, in practice this physical parameter is difficult to be 

measured directly. It is known that the structural curvature and material strain are functionally 

related and one can usually be inferred from the knowledge of the other. Therefore, material 

strain has traditionally been measured to indicate the amount of structure deformation or 

loading [70] and there are numerous commercially available strain sensing devices that can be 

used to measure strain. However, strain measurement is not necessarily the best measurand in 

monitoring curvature. For example, plate-like thin elements are frequently used in modern 

infrastructure and aerospace structures. Strain is proportional to the thickness of the structure, 

and the strain magnitude decreases with the decrease in structural thickness under fixed 

curvature, leading to difficult strain measurements. In contrast, curvatures are constant 

throughout any structural section because the structural thickness is several orders of 

magnitude smaller than the radii of the curvature. Therefore, curvature measurements can be 

performed anywhere in a cross section, including the neutral plane even where there is no strain 

under pure bending.[71] Thus, there is a need of direct measurement of curvature, instead of 

indirect strain measurement, for health monitoring of thin slender structures.[72] 

In the field of structural health monitoring, structural damage is usually reflected by a change 

in stiffness of structures. Therefore, using sensors mounted on the structure to detect structural 

stiffness changes due to cracks or damage developed at or away from the sensor location [73] 
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is very desirable. However, existing sensing technologies (e.g. strain gages, accelerometers, 

linear voltage displacement transducers) accompanied by interpretation algorithms are not 

effective for in-situ monitoring early damage because of its limited sensitivity, bandwidth, and 

accessibility to the hidden localized areas, let alone damage initiation and progression.[63] 

Apart from the above sensing techniques, if a sensor located on any location across the cross 

section can measure curvature directly, the sensor will provide an indication of any change in 

the stiffness of a structure subject to bending. Consequently, curvature sensors may be 

attractive for applications in structural integrity monitoring, such as bridges, or structural 

components of aircraft.  

To date, sensors that can measure curvature have rarely been reported. The first documented 

sensor called “curvature gauge” that can measure curvature is a fiber-optic sensor proposed by 

Djordjevich and Boskovic in 1996.[70] Since the fiber bends affects the change of the output 

light intensity, the curvature can be measured by the output light intensity. “Fiber-optic” based 

curvature sensors have been studied extensively afterwards by many researchers.[71, 72, 74-

80] Although the mostly reported fiber-optic based curvature sensors have advantages such as 

immunity to electromagnetic interference, corrosion resistance, and large bandwidth,[76] the 

complexity of measurement system using power supply required for providing light source, 

non-smooth fiber surface needed to increase sensitivity, and the complicated operation 

principle, have prohibited its practical engineering applications. In addition to fiber-optic 

curvature sensors, an inexpensive conductive ink sensor that can detect curvature with 

relatively lower measurement range was reported in [81]. The wavelength-shift technique and 
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the light interferometric technique can also be used to measure bending curvature [82, 83], yet 

these systems are complex and expensive.  

Taking account of the above considerations, flexoelectric sensor could provide a good avenue 

for the curvature sensing. In our study, a novel flexoelectric BST ceramic curvature sensor is 

proposed, for the first time, to measure bending curvature directly. It is studied theoretically 

and is tested experimentally by attaching the sensors to the side surface of an aluminum beam 

under four point bending condition to sense the beam curvature when the load monotonically 

increases. The main features of the flexoelectric curvature sensor reported include: direct 

curvature measurement, low frequency range applicability, high sensitivity, and no external 

excitation source needed. The flexoelectric curvature sensor is an alternative to strain 

measurement and is capable of on-line and in-situ structural integrity monitoring.   

3.2.2 Curvature Sensor Design 

3.2.2.1 Beam curvature  

The simplest test article to introduce curvature is through four-point bending beam tests whose 

set-up is shown in Figure 3.6. 
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Figure 3.6 Loading diagram of four point bending (ASTM Standard). 

 

In the pure bending mid-section which is the load span shown in the figure, the bending 

moment and axial strain can be given as   

 
2 4
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M     (3.8) 
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where M is the bending moment and εx is the normal strain along x direction. From simple 

beam bending theory, curvature (k =1/R) is related to the bending moment (M) via the bending 

stiffness (EI), as given by the Euler bending formula: 
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      (3.10) 

where dεx/dz is the strain gradient through the thickness direction. It can be easily seen that if 

a sensor can respond to beam strain gradient (curvature), it would be a viable candidate for 

curvature sensing.  
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3.2.2.2 Fabrication of curvature sensor   

Similar SGS in the previous section is used here as the curvature sensor. Material properties 

and dimensions of BST sensor are listed in Table 3.1. Figure 3.7 shows schematically the 

curvature sensor with electrodes on the top and bottom surfaces (5 mm×0.4 mm). he is the 

thickness of epoxy bonding layer.  

 

Table 3.1 Material and geometric properties of BST. 

Symbol Description  Value Units 

  mass density 8200 kg/m3 

E Young’s 

modulus 

153 GPa 

 Poisson’s ratio 0.33   - 

ls length 5 mm 

bs width 1 mm 

hs thickness 0.4 mm 

 

 

 
Figure 3.7 Curvature sensor configuration. 
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3.2.2.3 Beam curvature sensing 

The small size and light weight BST sensors can be attached to any location of a beam and 

exerts little impact on the host structure. In order to capture the beam curvature, two BST 

curvature sensors are attached onto the center side surfaces of an aluminum beam, located 

symmetrically with respect to its neutral axis, as illustrated in Figure 3.8. The sensor captures 

the beam curvature through strain gradient transferred through bonding epoxy. Coaxial wires 

were bonded to the top and bottom electrodes using silver paste to eliminate external noise. 

The positive wire was connected to the top electrode, while the ground wire to the bottom. The 

beam material properties and geometry are shown in Table 3.2. 

Epoxy adhesive (Hysol EA 9359.3) was used to bond the BST curvature sensor to the 

aluminum beam. The shear modulus of the epoxy at room temperature is 1.03 GPa. A pressure 

of 0.2 MPa was applied to ensure the uniform thickness of the epoxy layer he, which was 

measured to be about 60 m using a microscopy (Olympus STM6). The epoxy bonding layer 

is essential for insulating the electrodes from the metal beam. In addition, the epoxy bonding 

layer bridges the beam curvature (strain gradient) to the BST sensor for curvature 

measurement. The efficiency of the load transfer from the beam to the sensor through the epoxy 

is usually characterized by curvature transfer coefficient caused by a shear lag effect [65, 84].  
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Figure 3.8 Beam curvature sensing: BST curvature sensor attached to beam. 

 

Table 3.2 Material and geometric properties of aluminum. 

c Description  Value Units 

  mass density 2700 kg/m3 

E Young’s 

modulus 

73 GPa 

 Poisson’s ratio 0.33 - 

l length 0.1 m 

b width 0.05 m 

h thickness 0.0127 m 

    

A static FEM model is established to calculate the curvature transfer coefficient. The model 

considered is to apply a 500 N force to a four-point bending aluminum beam with a BST sensor 

attached. Under this load, a 6.25 Nm moment introduces a 0.01 m-1 beam curvature generated 

in the pure bending area of the beam. Figure 3.9 shows the average strain distribution on the 

top and bottom surfaces of the curvature sensor. The estimated average strain 
x  on the top 
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and bottom surfaces are calculated as -2.90με and 2.88με, respectively. Then the average 

sensor strain gradient can be approximated by 

 bottom top

s

s
x xx

av
z b

   
 

 
  (3.11) 

where bs is the thickness of the BST sensor. Therefore the curvature transfer coefficient   can 

be calculated by 

 

s

x

av
z






 
 
 

   (3.12) 

 

                   
(a)                                                                    (b) 

Figure 3.9 Average strain distribution (color bar) on (a) top and (b) bottom surface of the 

curvature sensor. 

 

By substituting Eq. 3.11 into Eq. 3.12, the curvature transfer coefficient is calculated as 0.582, 

which means only 58.2% of the actual beam curvature is transferred from aluminum beam to 

the curvature sensor through the bonding layer.  

With the transferred strain gradient, the generated average polarization 
3P  in the curvature 

sensor induced by FE effect can be approximated from Eq. 3.10 by  
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where ( /  )s

x avz   is the average sensor strain gradient and the electric displacement 
3D  is 

equal to the polarization density 
3P  in this case. Finally, combining Eqs. 3.12 and 3.13, the 

total average charge Q accumulated in the electrode can be written as 
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    (3.14) 

where Ae is the area of electrode. 

To investigate how the thickness of epoxy bonding layer affects the curvature transfer, a 

parametric study is performed using the same finite element model established above by 

changing the thickness of bonding layer from zero to the thickness of BST sensor thickness. 

Figure 3.10 shows the relationship between the curvature transfer coefficient and the ratio of 

the epoxy bonding layer thickness to BST sensor thickness. It is seen from the figure, the 

curvature transfer coefficient increases as the decreases of the epoxy bonding layer and thus 

the charge output (Eq. 3.14) of the sensor increases as well. Therefore, the thickness of the 

epoxy bonding layer plays a critical role in determining the sensor charge output.  
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Figure 3.10 Relationship between curvature transfer coefficient and the ratio of the epoxy 

bonding layer thickness and BST sensor thickness. 

 

3.2.3 Experimental Results 

Four-point bending tests are conducted on an aluminum beam using a hydraulic tester (Instron 

model 1331) shown in Figure 3.11. Two BST curvature sensors are attached to the two opposite 

side surfaces at the center of the beam. The load applied to the bending fixture is monotonically 

increased from 1.5kN to 11.5kN. The experiments are repeated for three times for each sensor 

in the low frequency range, from 0.5 Hz to 3 Hz with increment of 0.5 Hz, and the BST 

curvature sensors exhibited good repeatability. The charge output of the BST sensor is 

monitored using a charge amplifier and was then displayed and recorded in an oscilloscope 

(Agilent DSO7104B). Sensor sensitivity and moment-curvature relationship are discussed in 

detail in the following two sub-sections.  
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(a)                                                           (b) 

Figure 3.11 (a) Experimental set-up and (b) a close-up of the actual curvature sensor attached 

on beam. 

 

3.2.3.1 Charge output and sensor sensitivity  

Figure 3.12 shows the real time charge output of the BST sensor 1 under a sinusoidal load with 

peak-to-peak value of 1500 N at 2 Hz, and it can be observed that the charge output is out-of-

phase with the applied load. This is because the beam is bent downward causing the strain 

gradient direction of the BST sensor opposite to the wire connection. It is also found from the 

experiments that both the BST sensors exhibit similar response as shown in Figure 3.12 and 

the charge outputs from both BST sensors remain the same as the frequency varying within 

0.5 Hz to 3 Hz under the same applied load. Thus the charge output of the BST sensor is 

frequency independent at this low frequency range. The charge outputs of both the BST sensors 

with different applied loads within 0.5 Hz to 3 Hz frequency range are listed in Table 3.3. In 

the table, the moment, beam curvature and average sensor strain gradient are obtained from 

Eqs. 3.8, 3.9 and 3.12, respectively. Figure 3.13 illustrates the relationship between 
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flexoelectric charge outputs of the BST sensors and the beam curvature. The solid line is the 

theoretical charge output calculated from Eq. 3.14 by taking into account the shear lag effect 

caused by the 60 μm thick bonding layer. The red dotted points are the actual charge outputs 

obtained from Table 3.3 from both the BST sensors and with the standard deviation error bar 

added, which shows that only very minor charge outputs error appears among individual 

experiments. The slopes of the charge outputs versus beam curvature can be defined as the 

sensitivity of curvature sensor, with the unit of pCm. The experimental charge outputs of the 

curvature sensor show very good linearity with the beam curvature, and agree with the 

theoretical charge output predictions well. The experimental sensitivity of the curvature sensor 

is found to be 30.78 pCm, while the theoretical sensitivity is 32.48 pCm. From Figure 3.13, 

experimental charge outputs are a bit smaller than the theoretical prediction and the slight 

discrepancy may come from several sources. The primary source of deviation may result from 

the actual thickness and uniformity of the adhesive bonding layer that can affect the effective 

curvature transfer. As the bonding layer thickness decreases, the curvature transfer becomes 

more effective, which in turn will increase the charge output, since the charge output is 

proportional to curvature transfer efficiency. Therefore, if the thickness of the bonding layer is 

assumed to be less than 60 µm, there will be a better correlation between the experimental 

sensitivity and the theoretical prediction.  
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Figure 3.12 Real time charge output from BST sensor 1. 

 

 

Figure 3.13 Relationship between charge output and beam curvature-experimental results. 
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Table 3.3 Experimental charge outputs under different loads within 0.5Hz-3Hz frequency 

range. 

Applied 

load P (N) 

 

 

Moment  

M (Nm) 

Beam 

curvature  

M/EI (m-1) 

Average strain 

gradient transferred 

to sensor (m-1) 

Charge 

outputs Q 

(pC) 

(sensor 1) 

 

 

 

 

Charge 

outputs Q 

(pC) 

(sensor 2) 

 

1500 

  

18.75 

 

0.030 

 

0.0175 

1.02  1.02 

1.05  1.03 

1.00  1.01 

 

3000 

  

37.50 

 

0.060 

 

0.0349 

2.03  2.05 

2.10  2.12 

2.01  2.07 

 

6000 

  

75.00 

 

0.120 

 

0.0698 

3.80  3.80 

3.60  3.60 

3.50  3.50 

 

9000 

  

112.50 

 

0.181 

 

0.1047 

5.70  5.70 

5.30  5.50 

5.40  5.40 

 

11500 

  

143.75 

 

0.231 

 

0.1338 

7.30  7.10 

6.40  6.50 

7.20  7.30 

 

3.2.3.2 Moment-curvature relationship 

Bending stiffness of a structural member can be measured from the moment-curvature 

relationship EI=M/κ shown in Figure 3.14 presents the relationship between moment and 

curvature. With the experimental charge output shown in Table 3.3, the beam curvature can be 
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estimated from Eq. 3.14 by κ=Q/(ημ12Ae), while the theoretical calculation of beam curvature 

can be easily obtained from Eq. 3.9. The curvature of the beam ranges from 0.03 m-1 to 0.231 

m-1 in these tests. The red dotted points are experimental beam curvatures that the curvature 

sensor sensed under different applied moments, and the curvature standard deviation error bars 

are also included. Experimental results show a good linearity between moment and curvature 

and agree with the theoretical estimation well. The black line is the theoretical moment-

curvature relationship based on simple beam theory discussed earlier. The bending stiffness 

can be interrogated from the M - k curve by extracting the slope the curve. The theoretically 

calculated bending stiffness is 623.05 Nm2 and the experimentally derived result is 673.25 

Nm2. The slightly discrepancy between the experimental and theoretical estimation on bending 

stiffness is possibly aroused by the sources discussed above. 

 

 
 

Figure 3.14 Moment-curvature relationship. 
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3.2.4 Discussion  

The experimental results that agreed with the theoretical prediction demonstrate the feasibility 

of directly measuring curvature through electromechanical coupling of flexoelectricity. 

Control of thickness of epoxy bonding layer presents an important issue for the performance 

of curvature sensor. The sensors operate very well at lower frequency ranges, higher frequency 

performance remains to be investigated. The sensitivity of the sensor can be enhanced further 

by geometrically redesigning the sensor, e.g. bimorph or triple layer structure. The curvature 

range sensed for the tests is from 0.03 m-1 to 0.231 m-1. Since the M - k curve exhibits a very 

good linear behavior using the BST curvature sensor, in theory the BST curvature sensor can 

extend in response to smaller or larger curvature.  

Beam bending stiffness obtained from the experimental moment-curvature relation can be used 

as an indicator of structural integrity. As the initiation of crack and damage in structures often 

results in the reduction of stiffness, the BST curvature sensor which can be attached at any 

location of the structure, with little impact to the host structure may hold promise for structural 

integrity monitoring.  

Uniform distribution of curvature through structural thickness offers the advantage of 

curvature measurement over strain measurement in thin structures but this has raised a 

challenge for the size control of the curvature sensor. The BST sensor designed in this section 

is suited to thin structural applications. Its size can be further reduced by using micro-nano 

fabrication techniques which will provide even wider applications for BST curvature sensing.  

Besides, in comparison with the optical-fiber based curvature sensor, which requires power 

supply for light source, no external power sources are needed for the BST sensor because of 



 

73 

its direct curvature sensing ability. The working principle of BST sensor and the testing system 

are also much simpler than the optical-fiber based curvature sensor.    

 

3.3 Stress Intensity Factor Measurement and Crack Monitoring with SGS 

3.3.1 Introduction 

Cracks could cause a catastrophic failure of mechanical, civil, and aerospace structures. In 

reported inspections and major aircraft fatigue tests [61], 70% of the damage discovered 

resulted from such cracks. As a parameter that indicates the amplification of the magnitude of 

the applied stress by special geometry, the stress intensity factors have often been used to 

predict the stress state near the tip of a crack caused by a remote load or residual stresses. They 

are useful for characterizing the strength of the structure and providing a failure criterion with 

the aim of not exceeding the fracture toughness of materials, which is a key parameter for 

designing fracture-safe structures. Numerical analysis including finite element method is 

usually used to obtain the stress intensity factors [85], with the known stress distribution in the 

vicinity of crack tip. However, it is difficult to obtain such stress/strain distribution information 

in a practical structure due to the complexity of structural configurations, applied loads and 

crack shapes. Several experimental techniques were then investigated to quantify the stress 

intensity factors by measuring stress/strain distributions, including photoelastic method [86], 

digital image correlation method [87], acousto-elastic method [88], thermoelastic method [89], 

strain gauge method [90] and piezoelectric method [91]. Among them, photoelastic method 

determines the stress intensity factors from their functional relationship with the displacement 

distribution from the optically measured isochromatic-fringe loop parameters at the crack tip. 
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Digital image correlation method captures the real time two-dimensional crack opening 

displacement field and crack tip location during crack growth using camera, thus to deduce the 

corresponding stress intensity factors. However, the above two methods require optical 

equipment and high speed photographic recording system, which sometimes leads to a costly 

and bulky setup. On the other side, acousto-elastic method first calculates the shear stress field 

through measuring acoustic birefringence and angle, and then obtains the stress intensity factor 

from the series expansion of stress functions. It involves precise location of an acoustic 

transducer and needs a layer of viscous fluid for acoustic wave coupling between the transducer 

and the specimen. Therefore, these methods are more applicable to lab investigation instead of 

monitoring the stress intensity factors of in-service structures. Thermoelastic method utilizes 

high precision infrared detectors to record the small temperature changes (tens of mK) near the 

crack tip induced by cyclic load, and further evaluates the stress intensify factors. It has an 

assumption of an adiabatic condition which is usually achieved by high frequency cyclic 

loading. In addition, thermal resolution, temperature of air and wind are usually concerns of 

thermoelastic method. In the piezoelectric method, stress or strain information is converted 

into electric signal of piezoelectric sensors. However, constant strain/stress term is not included 

in the analysis, which could mingle with singular components and hinder the accurate 

measurement of the stress intensity factors. In strain gauges methods, analysis procedures are 

developed for Mode-I cracks.  

In this section, flexoelectric strain gradient (SGS) sensors were developed for measurement of 

stress intensity factor of opening mode cracks. In principle, constant stress term makes no 

contribution to the strain gradient distribution, thus stress intensify factor can be obtained 
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directly from measured polarizations of SGSs. Compared with strain gauge methods which 

need to be placed at certain special localizations in order to eliminate the effects of constant or 

higher order stress components, there is no such requirement for SGSs. Thus sensor mounting 

procedure may be simplified in a SGS method. In order to demonstrate this method, strain 

gradient field near the Mode-I crack tip and the corresponding SGS outputs were first analyzed. 

A specimen with Mode-I crack was then prepared with SGSs attached close to the crack tip to 

verify the analytical model for measurements of crack intensity factor.  

In the stress localized area like a crack tip, a sharp stress change within a short distance would 

result in a very high strain gradient. Hence strain gradient can be a sensitive measurand for in-

situ monitoring of initiation and progression of cracks. Flexoelectricity exactly offers a good 

avenue to directly measure the strain gradient, which should be favorable in structural health 

monitoring [92].  

For a centrosymmetric point group like m3m, the µijkl tensor has only three independent 

components µ1111, µ1122, µ2323, or in matrix notation µ11, µ12, µ44. Thus, flexoelectric 

polarization can be written as follows: 

 
11 12 44( ) ( )

jj jiii kk ki
i

i i i j k
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x x x x x

   
  

   
    

    
  (3.15) 
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Figure 3.15  A mixed-mode crack inclined to a remote tensile field where a strain-gradient 

sensor is located at (r,θ) to measure strain gradient  in the  direction.  

 

Now consider an elastic crack-tip field dominated by plane strain Mode-I crack. Suppose that 

a crack is along the horizontal orientation and the tensile crack loading is in the vertical 

direction. Hence the ratio of in-plane shear mode and opening mode stress intensity factors KII 

/ KI << 1 [93]. Assume that near the crack tip there is a flexoelectric strain-gradient sensor 

(m3m flexoelectric material) at (r,θ), which has an angle deviation of α to the radial direction. 

Polarization is then generated in this SGS due to the strain gradient in the 
1 2, orx x   direction 

(shown in Figure 3.15). In this case of plane strain the flexoelectric polarizations (P1 ,́ P2 )́ in 

SGS becomes  

 

11 22 12
1 11 12 44

1 1 2

22 11 12
2 11 12 44

2 2 1
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  (3.16) 

where the index prime indicates the coordinate system ... P1 ánd P2  ́indicate the charge density 

on two pairs of sidewalls perpendicular with 
1x and 

2x direction, respectively.  

1 2, orx x 
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3.3.2 Mode-I Asymptotic Crack-Tip  

The flexoelectric polarization can be expressed as function of r, θ, α, KI and other crack-tip 

parameters. The first three terms of the asymptotic stress field of the crack may be written as 
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here the first three terms are due to Mode-I crack loading denoting the contributions of singular 

opening mode stress, constant stress or T-stress and higher order opening mode stress. These 

three terms are denoted by the superscript , , and 3I t d , respectively, and 

 

2 3

2 3

3

3 5
5cos cos 3cos cos

2 2 2 2cos
3 5

3cos cos , sin , 5cos cos
2 2 2 2

sin cos
3 5

sin sin sin sin
2 2 2 2

I t d

r r r

I t d

I t d

r r r

  

  

   

   
   

   

    
   

 
  

        
                    
               

  
  

 
 
 
 
 
 
 
  

   

(3.18) 

Based on the coordinate transformation law, the stresses in 
1x - 2x coordinate can be expressed 

as 
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where ϕ = θ– α, and Hooke’s law gives the strain expressions 
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where E is the Young’s modulus, G the shear modulus and ν the Poisson’s ratio. Substituting 

stresses in (2.6) into (2.7), the expressions for the strain can be obtained as 
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where 
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and  
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As the above expressions for the strains are functions of (r,θ),  differential relations can be 

established 



 

79 

11 11 11 22 22 22

1 1

12 12 12 22

2 2

sin sin
cos , cos

cos
sin ,

x r r x r r

x r r x

      
 

 

   




          
   

      

      
  

    
  (3.24) 

Asymptotic strain gradient expansions near the crack tip can thus be expressed as 
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where ( , , 3 )n

ij n I t d  are given by Eq. (2.9),  the derivatives ,

n

ij  can be derived to be 
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Therefore, the polarizations 
1 2,P P  in the 

1 2andx x   directions near the mixed mode crack tip 

are obtained as 
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where  
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The expressions for the polarization includes the following parameters: three flexoelectric 

coefficients of the SGS sensor
11 12 44( , , ),    three loading parameters of the crack-tip field 

1/2( , , ),IK T A  and three geometric parameters ( , , ).r    

3.3.3 Evaluation of KI by Asymptotic Polarization Expansions  

The asymptotic crack-tip expansions of the SGS polarization provide theoretical estimation of 

the SGS polarization near the crack tip. Reversely, crack intensity factor can be evaluated given 

the flexoelectric coefficients 
11 12 44( , , )    and the relative orientation parameters ( , , )r    of 

SGS near a crack tip, stress intensity factor and other crack-tip parameters
1/2( , , )IK T A  can be 

evaluated using experimentally measured electric polarization of SGS. First two terms in the 

stress expression are considered here by ignoring the high order terms, which is commonly an 

accurate simplification of practical application.  
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Shear flexoelectricity is supposed to be trivial compared with axial and transverse components 

[15], which are in similar order and commonly assumed equal [94]. By substituting Eqs. (2.5), 

(2.9), (2.13) into Eq. (2.16), 
1 ( , )TP   can be found to be zero, and the flexoelectric polarization 

can be simplifed as 

 1 3/2 3/2

1 (1 )(1 2 )
8cos 1 ' cos
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 (3.30) 

where μ is the flexoelectric coefficient of the SGS material. Thus the effect of constant stress 

could be eliminated, which otherwise couples with KI component and suppress the accurate 

determination of Mode-I stress intensity factor. [93] Dismiss of constant stress component in 

the flexoelectric output is expected taking into account of nature of strain gradient. In contrast, 

the effect of constant stress always exists in strain measurement using strain gauges. The 

constant stress term could contribute more than 20 % for the total stress distribution in the field 

with the polar radius of 0.1a, where a is the crack length.[93] To remove the impact, strain 

gauge should be placed along a particular orientation which is a function of Poisson’s ratio. 

[90] This leads to a narrow sensor mounting area for obtaining accurate measurement. Thus 

stress intensify factor measurement results can be susceptible to the localization error of strain 

gauges. For flexoelectric SGS measurements, there is no similar limitation, due to the 

independence of SGS output upon the constant stress. SGS sensor can be placed across a large 

area, which potentially improves the accuracy of stress intensify factor measurement. 
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3.3.4 Experimental Measurement of KI 

3.3.4.1 BST SGS fabrication  

BaxSr1-xTiO3 (BST) ceramic presented the highest flexoelectric coefficients among all reported 

ferroelectric materials up to now [8]. In this study, similar BST micro-bars (4.7 mm × 0.9 mm 

× 0.3 mm) were used as previous sections. The induced charge should be collected at the 

electrodes on the sidewalls (4.7 mm × 0.9 mm) of the sensors. Coaxial wires were bonded to 

the sidewall electrodes using silver paste to eliminate the external noise. Epoxy adhesive 

(Hysol EA 9359.3) was used to bond the SGS to the aluminum substrate.  

3.3.4.2 Selection of SGS coordinates 

From the Eq. (2.17), the flexoelectric output of the SGS is a simple function of angular position 

θ and orientation ϕ. Based on this equation, the SGS would yield the maximum output when 

attached at along the horizontal direction. It is well known that strain gauge should not be 

placed very close (within a distance of the plate thickness) to the crack tip to avoid three 

dimensional effect and other factors which make the two dimensional plane stress solution 

invalid. On the other hand the strain gauge cannot be placed too far from the crack tip because 

the singular solution may not be dominant in that region.  These constrains also applied to SGS 

placement due to the same stress distribution near the crack tip.  

3.3.4.3 Effect of SGS size 

The measured flexoelectric output is actually an average effect across the whole area of the 

SGS. As the SGS has a finite area, the strain gradient varies at different spots. The expected 

output at the centroid of the SGS is used here for back calculation of KI. This could induce a 
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certain magnitude of error, especially when the SGS is amounted close to the crack tip. This 

error can be estimated as following. Consider a SGS attached along the horizontal direction 

with a distance of rc to the crack tip. The width of the SGS is w while the length is L, as shown 

in Figure 3.16. The polar angle sweeps across 2θ0 with θ0 = atan(L/2rc), r1 = rc -w/2 and r2 = rc 

+ w/2.  

 

Figure 3.16 Definition of dimension parameters with SGS placement near the crack tip. 

 

The average flexoelectric polarization can be attained through integration over the whole area, due to 

the small size of the SGS, it can be approximated to an arc shape geometry for estimation. The averaged 

flexoelectric output can be written as 
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  (3.31) 

where K is a constant value related to KI. The output at the center point has the expression of 

 3/2

1
c

c

P K
r

   (3.32) 
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The ratio between the averaged output with the center value is plotted in Figure 3.17 as a 

function of normalized SGS position (1 means that the ratio of rc to L equals to 1). The width 

of the SGS is assumed to be one fifth of the length, which is a good approximation of the real 

sensor dimension. The averaged value is found to be 10% less than the center value when the 

SGS is placed adjacent to the crack tip. As the distance enlarges, the difference decreases 

rapidly.  

 

 

Figure 3.17 Normalized shift of averaged flexoelectric output as a function of normalized SGS 

position rc/L.  

 

3.3.4.4 Crack loading test 

A specimen with width b = 76.2 mm and length of 300 mm were fabricated from a 3.2 mm 

thick plate of aluminum 2024-T851. An edge crack was generated by applying fatigue loading 
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onto a crack starter notch with the length of 34 mm prototyped on the specimen. In order to 

demonstrate the capability of SGS in measuring stress intensity factor, uniaxial load was 

applied and only the opening mode crack was considered. The critical stress intensity factor 

KIC of aluminum is given as 23 MPa·m-1/2, Poisson ratio is 0.3 and young’s modulus is 70 GPa. 

For the maximum endurable load, the plastic zone is estimated to be less than 2.7 mm in radius. 

[93] KI at the crack tip under a uniaxial stress σ can be empirically evaluated as [95] 

 

2 3 4

1.12 0.23 10.6 21.7 30.4I

a a a a
K

b b b b
a
        

            
         

  (3.33) 

where a is the crack length, and the expression is valid outside the plastic zone around the 

crack tip.  

The crack initiated along the starter notch and propagated with a final length of 3.7 mm. To 

simplify the case and make a direct comparison with theoretical estimation of KI, two SGSs 

were attached to the specimen along the horizontal direction. The distances to the crack tip 

were chosen to be about one and two times of the sensor length, respectively. In order to 

compare the strain gradient based measurement method with traditional strain associated 

approach, a commercial strain gauge (Micro-Measurement EA-06-125BB-12 was attached 

near the crack to attain KI value. The strain gauge was located at a special angle of 60˚ along 

the horizontal orientation to cancel the strain contribution from the uncertain constant stress 

component [90]. The calculation of this angle necessitates the acquirement of Poisson’s ratio 

of materials. The placement of SGS and strain gauge was shown in Figure 3.18. The locations 

of SGSs and strain gauge on the specimen are given in Table 3.4. Experiment was conducted 

on a hydraulic tester (Instron 1331). The charge output from the SGS was monitored using a 
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charge amplifier (Bruel & Kjaer 2635), with the stress swept from 2 MPa to 7 MPa at 1 Hz. 

The charge to voltage conversion coefficient was set to be 10 mV/pC and the output was read 

by a digital oscilloscope (DSO7104B, Agilent Technologies Inc.). The relative low stress level 

was chosen to prevent the crack growth by fatigue loading, as the experiment lasted for a long 

period of time which involved numerous cycles.   

 

  

Figure 3.18 Photography of crack with two SGSs attached at different locations. 

 

Table 3.4 Geometry dimensions of SGSs and strain gauge. KI results and the difference 

between theoretical and experimental results for 1500 lb load. 

 SGS-1 SGS-2 Strain gauge 

Distance from crack tip  5.4 mm 10.4 mm 25 mm 

θ 0 ˚ 0 ˚ 60 ˚ 

ϕ  0 ˚ 0 ˚ 0 ˚ 

Measured KI (MPa m1/2) 5.16 5.42 5.92 

Empirical KI (MPa m1/2) 5.73 5.73 5.73 

Difference percent -10 -5 3 
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Assume 11 has the same value of 12 (measured value of 45 μC/m) and neglect 44 [6], KI can 

be calculated from measured charge signal of SGSs based on Eq. (2.17). The voltage output 

read from the oscilloscope is in 100 mV level under high stress. Comparison between empirical 

calculation and measured results from SGSs and strain gauge were presented in Figure 3.19. It 

can be observed that measured values from SGS-2 and strain gauge match well with theoretical 

estimations. Only the first data point is off the theoretical trend, this may be caused by a non-

negligible measurement error under low loading level, i.e. the stress applied by the tester is not 

sufficiently accurate or the charge output reading is low. Small deviations exist between the 

experimental results from SGS-1 and the theoretical data with a magnitude about 10 %. Based 

on the previous error analysis, the real flexoelectric output is smaller than the center spot value 

by 10 % as the SGS is attached close to the crack tip. Since the center point dimension 

parameter was used to back estimate the stress intensity factor, the real factor value should be 

larger than the estimated one, as observed in the experiment. This error diminishes as the polar 

radius increases, explaining the decreased discrepancy between the SGS-2 results with the 

theoretical expectation. Several other sources could contribute to the experimental results 

errors. A certain measurement error lies in the locating of the crack tip which represents the 

origin of the (r,θ) coordinate system. Difficulties in identifying the location of the crack tip 

also produce errors in measuring the relative positions of SGSs. In addition, the fatigue-

initiated crack tip shows a curved crack front and has an angle with the mechanically 

prototyped regular crack starter notch. This compromises the accuracy of empirical model 

which assumes a straight crack trace line. In spite of this, strain gradient sensor attached away 

from the close area of cracks could easily provide an appropriate estimation of the open mode 
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stress intensity factor. We believe that with the consideration of all these factors, SGS offers a 

convenient approach for stress intensity factor measurement.  

 

 

Figure 3.19 Comparison of empirical estimation of Mode-I stress intensity factor KI and 

measured results from two SGSs and one strain gauge.  

 

3.3.5 Crack Detection  

On the other side, if the stress intensity factor is given, the crack tip location can be determined 

through the measured flexoelectric signal. From Eq. 3.30, the polar radius can be resolved 

directly through the output of each sensor in the previous experiment:  
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Distance between the crack tip and the strain gauge can be estimated as 
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The distance between the flexoelectric sensors and strain gauge are calculated and plotted in 

Figure 3.20. It can be observed that the calculation of strain gauge measurement yield a 

distance of 24.2 mm between the gauge and crack tip, which is close to the real distance of 25 

mm. For the SGS-2 detection, the crack tip is localized to be 10.07 mm away from the sensor, 

matching well with the direct measurement of 10.4 mm. A small discrepancy can be found 

from the comparison of SGS-1 tracing result with the designed value, which are 6.06 mm and 

5.4 mm, respectively. The small derivation is about 11 %. This discrepancy can be explained 

by the same reasons mentioned earlier.  

 

 

Figure 3.20 Comparison of crack localization results from two SGSs and one strain gauge. 
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3.4 Summary 

In this chapter, we proposed a novel flexoelectric strain gradient sensor and used it for 

curvature and crack detections.  

Frist, a type of flexoelectric sensor based on BST micro-bar was demonstrated to be capable 

of  detecting the strain gradient which is the most sensitive measurand near the localized 

damage location. The theoretical analysis of strain transfer and flexoelectric output was 

discussed in details. It is shown that the thickness of the bonding layer is critical for sensor 

charge outputs and thus sensitivity of the sensor. Experimental charge outputs of the BST 

micro-bar SGS showed good linearity with the average strain gradients with a sensitivity of 88 

pCm. The results demonstrate that the flexoelectric sensing technique is promising for 

structural health monitoring.  

Secondly, the flexoelectric curvature sensor was used to measure the curvature of mechanical 

structural directly. The thickness of epoxy bonding layer is proven to be a critical parameter in 

determining curvature transfer efficiency. FEM analysis is used to quantify how efficient the 

curvature transfers from the structure to the sensor through the bonding epoxy layer due to 

shear lag effect. Fabrication and operating principle of BST curvature sensor were presented. 

The four point bending experiments have been conducted to test the performance of the 

curvature sensor at low frequency range. The curvature sensor provides a sensitivity of 30.78 

pCm in comparison with 32.48 pCm from theoretical prediction. Furthermore, the bending 

stiffness can be acquired from beam moment-curvature relationship that is derived from the 

curvature sensor reading and is verified by Euler-Bernoulli beam theory.  
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The proposed curvature sensor offers conceptual and practical advantages over the traditional 

strain measurement, especially for thin structures so that curvature sensor can provide higher 

sensitivity. The direct curvature reading and large sensing range of BST curvature sensor make 

it feasible to sense any structural curvature. In addition, the non-embedded requirement of the 

sensor and the ability to monitor bending stiffness endow it as a promising sensing technique 

for structural health monitoring.   

Furthermore, the measurement of opening mode stress intensify factor of crack was analyzed 

by using strain gradient sensors. The effect of constant stress component in precisely 

determining the stress intensity factor KI can be eliminated by SGS assisted measurement, 

attributed to the nature of strain gradient. This unique property removes the special requirement 

for sensor coordinates required in strain gauge measurements. Experiments conducted to verify 

the theory show that the measured opening mode KI   values using strain gradient sensor match 

well with the empirical estimation and experimental results from strain gauge measurement. 

The size effect of the SGS was studied as a function of radical distance to the crack tip. The 

small measurement errors from the strain gradient sensor in the near field are due mainly to 

the finite size of SGS. Overall, SGS provides a convenient and new method for characterizing 

the opening mode stress intensity factor. Reciprocally, providing the stress intensity factor, the 

crack can be localized through the measurement of SGS. This suggests a new crack detection 

approach by monitoring the strain gradient information.  
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Chapter 4 

FLEXOELECTRIC MICRO/NANO STRUCTURES STUDY 

4.1 Flexoelectricity in Micro/Nano Domain  

4.1.1 Scale Effect Revisit 

Though flexoelectric effect is much smaller compared with other electromechanical coupling 

effect, i.e. piezoelectricity, electrostrictive, both theoretical analysis and experimental studies 

have suggested that it would play a bigger role in micro/nano domain. In experimental area, 

Fu et al. reported a gradient scaling phenomenon in microsize flexoelectric composite. [41] 

Flexoelectric pyramid structures with two sizes of 50 μm and 100 μm were fabricated through 

mechanical dicing and the converse effective piezoelectric coefficient of them were 

experimentally measured.  Electric field were applied along the pyramid structures to induce 

an electric field gradient. Generated mechanical strain were monitored by a laser interferometer. 

Measured effective d33 values of the composites were reported to be 41 pC/N and 19 pC/N for 

50 μm and 100 μm composites, respectively. The good match with theoretical calculation 

suggests that the flexoelectric mechanism may provide an alternative route to lead-free 

piezoelectricity with properties comparable to the widely used PZT compositions. By far, this 

work is the only reported study on direct observation of flexoelectric effect at microsize 

without the interference from piezoelectricity. Other published research were focused on the 

flexoelectricity induced property change of ferroelectric films, and this will be discussed in the 

next subsection.  
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On the theoretical side, Sharma pioneered the work on analyzing the enhanced 

electromechanical coupling effect due to the flexoelectricity at nanometer scale.[96-100] 

Based on the Euler-Bernoulli beam model and variational principle, effective piezoelectric 

constant of a piezoelectric nanobeam can be acquired by including flexoelectric and higher 

order tensor terms in the internal energy density expression. They reported a seven fold 

enhancement of the effective piezoelectric constant of BT nanobeam when the thickness 

reduces to 1 nm. [96] Leveraging the similar approach, they extent the study into the energy 

harvesting performance of flexoelectric nanobeam.[97] It was found that both the power 

density and the energy conversion coefficient can be greatly improved when the thickness of 

the beam decreases into sub-micrometer range.  

4.1.2 Flexoelectric Effect on Thin Film Properties 

Nanostructured materials as a subject of contemporary nanotechnology are low-dimensional 

structures comprising nanoscale building units and exhibiting size effects. Nanostructures 

building blocks can be sort out by the dimensionality: 0D, 1D and 2D. 0D nanostructures 

include quantum dots, nanoparticles, nanoshells, etc. 1D nanostructures comprise nanofibers, 

nanopillars, nanorods, etc. 2D nanostructures enclose nanoribbons, nanosheets, nanomeshs and 

thin films. Among these various nanostructures, thin films have been the most widely studied 

nanostructure since it has only one nanoscale dimensionality (e.g. thickness) thus other 

variables can be well controlled (e.g. lateral dimensions) and are comparable to bulk materials. 

Due to the similar reason, current study on flexoelectric nanostructures has been mainly 

concentrated on ferroelectric thin films.  
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Strain engineering is a method used to study epitaxial thin film systems. Lattice mismatch 

between thin film and the substrate underneath can generate the misfit strain, which enables 

modification of the properties of thin films. Thin film can be strained by a few percent at the 

interface which is far beyond the crack point for bulk materials.[101] Strain in thin films 

decreases along the thickness direction and this phenomenon is termed strain relaxation. Strain 

relaxation usually occurs within the region of tens of nanometers near the interface, resulting 

in a large strain gradient. Given a 1% strain relaxing within 10 nm, the induced strain gradient 

could reach 106 m-1, which is six to seven orders of magnitude greater than that could be 

achieved in bulk solids.[1] Owing to the flexoelectric effect, such a high strain gradient can 

induce a significant electric field inside the thin film. Catalan et al. first presented a 

phenomenological model of the effect of flexoelectricity on the dielectric constant of epitaxial 

ferroelectric thin films.[102, 103] By employing the X-ray analysis, they experimentally 

characterized the strain gradient across Ba0.5Sr0.5TiO3 epitaxial thin films with different 

thicknesses deposited on SrRuO3 electrodes. Flexoelectric coupling was demonstrated to be 

accountable for the degradation of the ferroelectric properties (e.g. dielectric constant) of films 

with decreasing thickness. This finding suggests an avenue to obtain ferroelectric films with 

bulk like properties by avoiding such strain-relaxation-induced strain gradient.  

Flexoelectric effect could also affect the domain distributions in ferroelectric materials. In the 

absence of the internal/external elastic or electric field, each polarization orientation are 

equally preferable by each domain under ferroelectric phase, resulting in a zero total net 

polarization. Nevertheless, the large electric field induced by strain gradient could break this 

randomization and hence, it can be adopted to manipulate the domain configurations in 
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epitaxial thin films. Lee et al. reported that strain gradient could affect the domain 

configurations through flexoelectricity in HoMnO3 thin films in tensile strain.[104] They 

engineered the strain gradient in thin films by varying oxygen partial pressure conditions 

during film growth. They estimated the electric field in two thin films grown under different 

oxygen pressures to be 0.7 MV m-1 and 5 MV m-1, and found that averaged ratios of up-domain  

to down-domain widths are 0.8 and 3.2, respectively, meaning preferable up-domains under 

the high strain gradient. Similarly, Catalan et al. reported that a very large strain gradient could 

occur in ferroelastic domains of a PbTiO3 thin film in both vertical and horizontal directions, 

and the associated horizontal flexoelectricity resulted in a rotation of polarization orientation 

from the normal direction.[105] P-E hysteresis loop was also observed to change from a double 

loop to asymmetric double loop, and further to a nearly biased single loop as the strain gradient 

was enlarged.[105] Other modifications of P-E loop like imprint could also be explained by 

flexoelectricity.[106] These discoveries might provide the guidelines for analyzing and tuning 

the physical properties of thin films.   

Instead of relying on strain relaxation, mechanical stimulus could be exerted externally to thin 

films for strain gradient generation. Giant electric field due to the flexoelectricity would change 

the domain configurations inside the ferroelectric thin films. Lu et al. have demonstrated that 

the stress gradient generated by the tip of an atomic force microscope can mechanically switch 

the polarization in the nanoscale volume of a BT film. [107] An electric field up to 2 MV/cm 

near the surface can be achieved by applying a compressive uniaxial stress of 3.2 GPa, 

equivalent to 1 μN of force over a circular area of 10 nm in radius. Polarization switches were 

monitored by piezoelectric force microscope and could be erased by applying a dc bias. This 
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suggests that strain gradients can be exploited for switching polarization and “writing” the 

domain bits into ferroelectric memories. High density domain patterns can be fabricated 

because the tip-sample contact area is typically less than 10 nm in radius. Attribute to the pure 

mechanical switching and deletion of voltage application during the process, leakage and 

dielectric breakdown issues are eliminated. More recently, Guo et al. investigated the strain 

dependent mechanical writing in ultrathin PZT films.[108] The threshold force was 

successfully decreased to 300 nN by reducing the in-plane compressive strain in 5 nm thick 

PZT film, providing a route to realize ultra-low mechanical writing force for non-volatile 

memory applications with a low risk of damage to both sample and the tip.  

4.2 Flexoelectric Micropyramid 

In sub-millimeter level, Fu et al. reported a gradient scaling phenomenon in microsize 

flexoelectric piezoelectric composites.[41] They used mechanical dicing method to fabricate 

truncated pyramid structures with the feature size of 50 μm and 100 μm, respectively, on BST 

substrates. The direct piezoelectric measurement method was commonly used for assessing the 

flexoelectric response of pyramid structures.[55] It can be implemented directly by using a d33 

meter which measures the generated electric current under an applied mechanical force. 

However, for micrometer level unit size, the direct piezoelectric measurement can be difficult 

because d33 meter uses a point contact and force may not be transferred onto the small unit 

effectively. Instead, converse flexoelectric measurement provides a good alternative approach 

through applying an AC electric voltage across the sample and monitoring the displacement 

signal that is phase locked at the same driving frequency of the driving voltage. The converse 
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measurement results suggested an approximately double-times effective piezoelectric 

coefficient of the 50 μm pyramid compared to that of the 100 μm one, being in good agreement 

with the scaling effect of flexoelectricity.[41] 

To realize the feasibility of flexoelectric composite as a novel piezoelectric structure, it is 

necessary to further scale down the structure size of the pyramid units to obtain enhanced 

effective piezoelectric properties. In the aspect of converse effect, a nanometer size pyramid 

structure could generate larger strain compared to the micrometer level counterpart when the 

same voltage is applied. Nevertheless, the maximum displacement that the nano scale pyramid 

could achieve is too small owing to the brittle nature of the ceramic materials, i.e. 0.7 % 

maximum allowable tensile strain for BST.[109] In this case, for a practical application which 

requires a displacement of tens nanometers, the single layer flexoelectric pyramid structure 

should have a minimum height of about 10 μm. Pyramid composites at this size level could 

both exhibit high effective piezoelectric performance and are applicable for practical usages.  

For fabricating pyramid of such scale, the conventional dicing saw would not offer a good 

avenue due to the blade size limits. Two approaches can be considered for 10 μm range 

structure microfabrication, including top-down and bottom-up methods. Top-down method is 

based on lithography, electroplating and dry etching processes. This fabrication process was 

successfully developed by Jiang et al. for fabricating high frequency piezoelectric composites 

for micro-ultrasound transducers.[110, 111] A thick layer of nickel was electroplated through 

the photoresist pattern, forming the hard mask for the further dry etching step, which involved 

the deep reactive ion etching with chlorine based gases. However, this method is labor 

consuming and expensive due to the low etching rate and multiple processing steps. On the 
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other hand, bottom-up method utilizes sol-gel technology to obtain the thick film.[112] The 

patterning procedure could rely on either the wet etching or the dry etching. The problem of 

this method lies in the inferior properties of thick films compared with bulk material.[113] To 

overcome the drawbacks of these fabrication methods, we proposed a new method to combine 

the conventional precision mechanical dicing and wet etching, generating 10 μm range 

pyramid structures using the bulk BST ceramic material. 

4.2.1 Fabrication 

The fabrication process started from a Ba0.67Sr0.33TiO3 plate with the dimension of 5 mm × 5 

mm × 600 μm. The top and bottom surfaces were both lapped and polished to obtain a good 

surface finish. A mechanical dicing saw (Disco, DAD320, Santa Clara, CA) was employed to 

cut the top surface into line arrays. The line post width and kerf width are both 30 μm, 

corresponding to a pitch of 60 μm. The line post depth is 40 μm. Then the sample went through 

a wet etching process with a recipe developed by our lab, following the work reported on BST 

thin film etching using buffered oxide etchant (BOE) with strong acids, e.g. HNO3, HCl, 

H2SO4, as the catalysts.[114-116] A solution with the composition of BOE (10:1): HCl = 80%: 

20% was prepared for the wet etching of BST in our work. However, a residue layer was 

observed on the surface after etching for a short period of time. This residue layer, acted as a 

protection layer and hindered the further etching, has not been reported before. The residue 

material was investigated through X-ray diffraction (XRD) with the spectrum image shown in 

Figure 4.1. It was found that in addition to the cubic phase BST substrate, there existed another 

material with the composition of Ba4.67Cl1.33F8 on the surface. This etching residue is not 

soluble in water. To remove this residue layer, a two-step cleaning recipe was developed by 
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dipping the sample in a pure HCl bath for 10 seconds after every 5 minutes etching in the BOE 

based etchant. It was found that the residue material can be dissolved instantly in HCl solution, 

similar to the PZT wet etching process.[117] Relying on this recipe, the etching rate was 

measured to be 100 nm/min and a clean surface finish was achieved. Two samples were 

prepared with one etched for 20 minutes and the other for 30 minutes. A third sample was used 

as a reference sample without dicing and etching treatment. The cross sections of two samples 

were captured by a scanning electron microscope (SEM) as shown in Figure 4.2. Wet etching 

is known to be isotropic for ceramic materials. The convex shape corner can be etched faster 

due to the large exposed area to the etchant, while the concave corner exhibits a slower etching 

rate because of the small exposed area. Also, the etchant in the groove area has less agitation 

compared to the top surfaces. All these factors enabled wet etching to generate pyramid shapes 

out of the diced straight line post structures. It should be noted that the observed cracks, mainly 

caused by the impact from lapping and handling, only existed near the edge of the samples. 

The main part of the structure were intact with smooth pyramid shape. The dimensions of the 

two pyramid structures were listed in Table 4.1.  
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Figure 4.1 XRD spectrum of the wet etched BST (by BOE only). 

 

       

Figure 4.2 SEM photographs of cross section of the fabricated pyramid structures with 

different sizes (blacked area are filled epoxy).  

 

 

 

(a) (b) 
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Table 4.1 Dimension of BST samples and the calculated effective d33. 

Sample Top width a1 (mm) Bottom width a2 (mm) Height d (mm) Estimated d33 (pm/V) 

BST I 18 45 35 31 

BST II 10 40 25 87 

 

In order to generate an electric field gradient along the pyramid structure, the sidewalls of the 

pyramid should be protected from the electrode coverage. Epoxy (Epo-Tek 301, Epoxy 

Technology, Billerica, MA) was casted onto the pyramids to fill the kerfs. The residual epoxy 

on the top surface was removed by lapping. Top and bottom surfaces of two samples were 

coated with Ti/Au (10 nm/100 nm) as electrodes through electron beam evaporation.  

4.2.2 Experimental Results and Discussion 

The effective piezoelectric constant of the pyramid layer can be calculated as 
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   (4.1) 

where a1 and a2 are the top and bottom width, t is the height and c11 is the elastic constant of 

BST with the value of 1.66 × 1011 N/m2. The schematic view of the 1D pyramid composite is 

plotted in Figure 4.3 with the critical feature sizes. μ11 of Ba0.67Sr0.33TiO3 has been measured 

by Cross et al. to be 120 μC/m.[1] Based on the dimension and the material properties, the 

effective d33 of two samples were calculated to be 31 pm/V and 87 pm/V, respectively.  
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Figure 4.3. Schematic view of the 1D pyramid composite.  

 

It is worth mentioning that owing to the existence of the substrate layer, only a portion of the 

electric voltage would fall upon the pyramid layer. To attain the exact amount of voltage 

percentage on the pyramid, COMSOL Multiphysics was used to simulate the electric field 

distribution in the composite structure, with the results shown in Figure 4.4. 1 V voltage was 

applied across the whole sample (geometry adopted here corresponds to BST I), and electric 

field gradient can be apparently observed in Figure 4.6a. The percentage of the voltage falling 

on the pyramid is about 15%. For the BST II, the part falling on the pyramid is 13% percent.  
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Figure 4.4. (a) The electric field distribution in the pyramid composite when 1V is applied 

across the sample (the solid line illustrates the profile of the pyramids). (b) Voltage distribution 

along the vertical line crossing the center of the pyramid unit (0.15 V out of 1 V falls on the 

pyramid unit). (The geometry used here corresponds to that of BST I.) 

 

The measurement setup was laid down on a floating optical table (Newport, ATS, Irvine, CA) 

to eliminate the vibrational noise. The AC voltage was generated by a power amplifier (Trek, 

2220, Lockport, NY) under the excitation from a function generator (Tectronix, AFG3101, 

Lake Mary, FL). To measure the small flexoelectric displacement, the bottom surface of the 

sample was clamped on the table. The axial deformation was measured using a high resolution 

(<10 pm) laser vibrometer (Polytec, OFV-5000, Irvine, CA) and a lock-in amplifier (Stanford 

Research System, SR830, Sunnyvale, CA). The applied voltage was ranged from 20 V to 60 

V, in order to avoid the saturation of the relative dielectric permittivity of BST at high electric 

field.[55] The experimental setup was illustrated in Figure 4.5.  

(a) (b) 
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Figure 4.5 Setup for measuring the flexoelectric displacement of flexoelectric pyramid 

composite. 

 

In principle, when the BST is above the Curie temperature, the material in this experiment 

should not exhibit any piezoelectric effect. Nevertheless, when the temperature is very close 

to the Curie temperature, ferroelectricity may exist due to local nano domains.[59] Also, as the 

electrostrictive effect are ubiquitous, it also contributes to the total displacement which thus 

has the following expression 
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where f1111 is the axial converse flexoelectric coefficient and should equals to μ11/c11, E1 is the 

electric field , ω is the frequency, and M1111 is the electrostrictive coefficient. Hereafter, the 
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piezoelectric, flexoelectric, and electrostriction contribution is labeled as P, F, and M, 

respectively.[118]  

As interpreted in Eq. 4.2, the electrostrictive displacement is a 2ω-signal with a DC bias. This 

can be ruled out by choosing the reference frequency of the lock-in amplifier to be ω, leaving 

alone the flexoelectric and piezoelectric displacement. Based on this setting, the measured 

displacements from the BST I, BST II and the reference sample are plotted as a function of the 

applied voltage, as shown in Figure 4.6a. The reference frequency of the lock-in amplifier was 

the same as the driving frequency from the function generator. A linear trend was observed in 

the displacement data of all three samples. To extract the flexoelectric part from the mixed 

signal, the displacement of the reference sample was subtracted from the total displacement of 

the BST I and BST II. This calculation is based upon an assumption of identical properties in 

all three samples. The same mother sample source and preparation process ensures the 

homogeneity of the samples. The remaining displacement signal should be the pure 

flexoelectric response from the pyramid structures. The effective d33 values can be calculated 

with the help of the apportioned electric potential in the pyramids discussed above, as shown 

in Figure 4.6b. The effective d33 values of the BST I and BST II are 39.8 pm/V and 85.8 pm/V, 

respectively.  
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Figure 4.6 (a) Measured displacement from two pyramid samples and the reference sample as 

the function of the electric voltage. (b) The effective d33 of the two pyramid structures under 

various electric field strength.  

 

The measured effective piezoelectric coefficients of BST I are higher than the previous 

estimation, while the measured values are close to the expectation for BST II. There could be 

several reasons for the discrepancy in the measured and estimated values of BST I. First, a 

linearly sloped sidewall was considered for estimating the electric field gradient and the 

flexoelectric response in Eq. 4.1. However, the pyramid sidewalls created by the wet etching 

process are in curved and smooth shapes. This could assist to engender a higher electric field 

gradient inside, and thus to improve the effective piezoelectric output. Second, the etching 

profile may not be uniform everywhere, and compared to the captured cross section geometry 

in Figure 4.2, larger aspect ratio of the pyramid could exist at other places. This could also 

enlarge the overall response as measured. Taking all these factors into account, the theoretical 

calculation provides a moderate estimation of the electromechanical response of flexoelectric 

(a) (b) 
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pyramid composite. On the other side, in order to further improve the effective piezoelectric 

properties, 2D pyramids could be employed due to the steeper area variation along depth 

direction over 1D pyramid structures. Instead of generating line arrays, 2D post arrays could 

be fabricated by adding a dicing trace, which will become the 2D pyramids during the 

subsequent wet etching process.[1] For actuating application, the apportion effect of the 

substrate is possible to be diminished by decreasing the substrate thickness. In addition, 

multilayer configuration of the composite structure can be employed to take better advantage 

of the applied voltage.[44]  

4.2.3 Potential of Flexoelectric Nanopyramid 

Though the flexoelectric nanopyramid could not provide large displacement due to the limit of 

the mechanical strain, it could be a good sensing structure due to the high effective 

piezoelectricity thus a high electric output under a certain stimulus. The Eq. 1.6 can be 

rearranged to be 
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where λ stands for the ratio between the bottom dimension and the top dimension of the 

pyramid, or in other words, the aspect ratio. The effective piezoelectric constant of the 

nanopyramids with different aspect ratios can be plotted as a function of the height, as shown 

in Figure 4.7. It suggests a piezoelectric coefficient up to 5580 pC/N for a pyramid with the 

height of 500 nm and the aspect ratio of 3. This value surpasses that of the most state-of-art 

piezoelectric materials, implying the great potential for piezoelectricity associated sensing 
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applications. The fabrication and characterization of nanopyramid remain as the future work. 

Some preliminary results will be introduced in the next chapter.   

 

Figure 4.7 The effective piezoelectric constant of flexoelectric nanopyramids with different 

aspect ratios as a function of the height.  

 

4.3 Summary 

In this chapter, we first reviewed the flexoelectric effect in tuning the properties of 

piezoelectric thin films. This is mainly due to the scale effect of the gradient term in the 

governing equations, rendering the flexoelectricity promising for miniaturized applications. To 

disentangle the flexoelectric effect from the piezoelectric contribution, non-piezoelectric 

materials should be studied. We focused on BST flexoelectric micro and nano pyramid 

structures.  

Fabrication of micro structures out of ferroelectric materials is difficult due to the complex 

chemical composition and incompatibility with the silicon based fabrication methods. To 

overcome these challenges, we developed a novel fabrication approach by combining the 



 

109 

precision mechanical dicing with the chemical wet etching. Pyramid arrays with the feature 

size of about ten micrometers were obtained from bulk BST material using this method. The 

converse flexoelectric properties were measured with a laser vibrometer based system. We 

investigated the effective piezoelectric properties of flexoelectric pyramid structures in ten-

micrometer-scale. A scaling effect of the flexoelectric response was demonstrated as the size 

shrinks down. The results do suggest the great potential of flexoelectric micro pyramid as a 

good alternative to lead-free piezoelectric material with properties comparable to the widely 

used PZT compositions. Future work could focus on the 2D pyramid arrays and multilayer 

composite structures, which could further promote the electromechanical output from 

flexoelectricity. In addition, the nanopyramid structure holds great potential in sensing 

applications.  
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Chapter 5  

CONCLUSION AND FUTURE PROSPECTS 

5.1 Conclusions 

Flexoelectricity is a useful and promising electromechanical coupling effect, which has arouse 

little notice until very recent. The surging research interest was triggered by the finding of large 

flexoelectric properties in ferroelectric materials with high permittivity. Different from other 

conventional electromechanical effects like piezoelectricity and electrostriction, 

flexoelectricity exhibits a scale effect due to the gradient term. This unique property causes the 

flexoelectricity to be greatly enhanced at miniaturized dimension. With awareness of that, 

researchers started to realize that flexoelectricity could play a big role in the material properties 

of nano structures. It was unveiled that flexoelectricity induced polarization in thin film 

structures due to the residue strain gradient is comparable to if not override the piezoelectric 

counterpart. On the other side, people are trying to find out the real mechanism behind the 

flexoelectricity both from the theoretical analysis, simulation and experimental studies. 

Materials exhibiting better flexoelectric properties, or possessing multiple electromechanical 

effects, or with cheaper cost for raw materials, offer many other fields to pursue.  

In this dissertation, we focused on three main topics, including flexoelectric coefficients 

characterization of ferroelectric materials, the flexoelectric strain gradient sensing and 

flexoelectricity in micro/nano structures. First, we measured the direct transverse flexoelectric 

constant of BST ceramic with the thickness ranging from millimeter to 30 µm. The 

measurement results are in good accordance, suggesting the scaling effect of flexoelectric 



 

111 

structures. The shear flexoelectric coefficient of BST ceramic was measured through the 

converse approach.  

In many situations, the strain gradient is a more sensitive measurand for interpreting the status 

of mechanical structures compared with commonly used strain or displacement information. 

Hence at the beginning of the second topic, we developed a strain gradient sensor with BST 

ceramic and used it to successfully extract the strain gradient value inside the test specimen. 

Besides, the strain gradient sensor was demonstrated to be able to monitor the curvature of 

mechanical structures and measure the bending stiffness. This offers a convenient and sensitive 

technique for thin plate shape structures applications which always have a small strain value 

but a large curvature. Furthermore, structural health monitoring requires the detection of cracks 

initiation and propagation inside. Repair or replacement of the structures should be conducted 

before the cracks grow to a critical length which would otherwise cause a catastrophe. When 

a crack appears under cyclic loading, large stress concentration would occur near the crack tip 

area and degrade sharply as distance increases. This nature of the crack leads to a large strain 

gradient magnitude nearby, implying the great potential of strain gradient sensor as a sensing 

technique. A single edge crack was fabricated on an aluminum plate and the strain gradient 

sensors were attached at different locations. The electric outputs from the sensors could predict 

the location of the crack accurately.   

Attributed to the scale effect, micro and nano flexoelectric structures are of great potential. The 

fabrication of the micro and nano structures from bulk ferroelectric materials remains as a 

challenge due to the complex chemical composition. We combined the mechanical dicing with 

the wet chemical etching to successfully obtain the ten micrometers level pyramid arrays on 
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bulk BST ceramic. Measured converse flexoelectric properties from the micro pyramids with 

different sizes confirm the enhancement of the flexoelectricity as size diminishes.  

5.2 Future Prospects 

We will first report the preliminary study of the flexoelectric nanopyramids. Later, the potential 

future work related with the other previous chapters will be summarized.  

5.2.1 Flexoelectric Nanopyramid 

Several top-down techniques can be possibly adopted to generate nano size pyramid structures 

using ferroelectric thin films or bulk materials. These nanofabrication techniques include ion 

beam milling, nano imprint, interference nano-lithography, etc. They can be categorized 

depending on whether they are used for isolated structure study or for large scale fabrication. 

We introduced one method for each category here with some preliminary results, including the 

focused ion beam and light interference lithography technique, respectively. The first approach 

allows us to study the property of nano pyramid structure individually and specifically. On the 

other hand, the large scale fabrication technique enables the future device level prototyping for 

practical applications.  

5.2.1.1 Focused Ion Beam 

Focused ion beam, also known as FIB, is a technique used increasingly in semiconductor 

industry and material science for analysis, deposition and ablation. It uses a finely focused 

beam of gallium ion that can be operated at low beam currents for imaging or high beam current 

for site specific sputtering or milling. The milling precision of the specimen can be sub 

micrometer or even better.  
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To fabricate isolated pyramid structures from both bulk and thin film ferroelectric materials, a 

FIB (FEI Quanta 3D FEG) was employed. Sub micrometer size pyramid with precise 

dimension and smooth surface can be obtained by choosing moderate ion current and etching 

time length.  

The BST thin film structure with three layers was deposited on a Si substrate sequentially, 

including the Pt/Ti bottom electrode, BST layer, and Au/Ti top electrode. The bottom electrode 

was designed with an exposed area for electric connection in characterizations. In order to 

ensure that the electric connection is not open, the bottom electrode of the BST pyramid was 

not etched through. Figure 5.1 presents the SEM pictures of typical etching results. For the 

over-etched scenario, the etch stop surface resides in the Si substrate, and the pyramid becomes 

isolated from the surrounding blanket bottom electrode layer. In Figure 5.1b, BST layer is not 

etched through, causing an unnoticeable pyramid slope. The right-etched case is shown in 

Figure 5.1c with the etching stopping at the bottom electrode layer. An obvious slope can be 

observed and the bottom electrode is not disconnected with the surrounding area. Similar 

procedures can be implemented to generate nano pyramids on bulk substrate. The concern for 

etching through the bottom electrode in thin film case does not exist due to the absence of a Si 

substrate.  
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Figure 5.1 SEM photographs of over-etched (a), under-etched (b) and right-etched BST 

pyramids by FIB.  

 

5.2.1.2 Characterization of Flexoelectric Nanopyramid 

We proposed a characterization method using a customized AFM (Bruker Dimension Icon) 

system. A cyclic force was applied onto the nano pyramids through the probe tip, and the 

flexoelectric current flowing though the sample and the conductive probe can be measured 

simultaneously. The amplitude of the applied force is determined by the spring stiffness of the 

probe and the deflection. The deflection of the probe could reach hundreds of nanometers, 

while the spring stiffness varies from 1 N/m to 100 N/m depending on the materials and 
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dimension. The multiply of them yields a force up to tens of µN, which is expected to generate 

an easily measurable electric signal due to the enhanced flexoelectricity. Nevertheless, 

potential difficulties still exist for the characterization. Taking into account of a cyclic force 

with the frequency of 10 Hz applied onto the nanopyramid, the flexoelectric current is expected 

to not exceed 1 pA, which is a small if not infinitesimal signal. A high signal to noise ratio is 

essential for the electric system of the microscope. On the other side, attributed to the small 

radius, the contact area between the tip and the nanopyramid is less than 100 nm, giving rise 

to a large stress concentration nearby. This may alter the local property of the material and 

prohibit the detection of the “macro” flexoelectric effect of nanopyramid. In order to extract 

the flexoelectric property of flexoelectric nanopyramid, all these possible difficulties should 

be overcome.  

5.2.1.3 Interference Lithography  

Lloyd’s mirror interference [119] lithography (LIL) is an effective technique for fabricating 

grating structures, as it provides relatively large exposure area.[120] The following part 

introduces the processes for generating manganese (Mn) nano-grating patterns on PMN-PT 

single crystal wafer. 

LIL system was used to create a one-dimensional array photoresist pattern over an area of 2 × 

2 cm2 using a 325 nm ultraviolet (UV) laser. PMN-PT substrate (Figure 5.2a) was first coated 

with an antireflection layer (ARC, Brewer Science i-CON-16) and a thin layer of photoresist 

(Sumitomo PFI-88A1/2) with the thickness of 95 and 200 nm (Figure 5.2b), respectively. The 

intensity pattern recorded by the photoresist has a 1D grating structure with a period Λ= λ/(2 

sin θ, where θ is the incident angle and λ is the wavelength of UV light). After photoresist 
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exposure and development (Figure 5.2c), reactive ion etching (RIE) was utilized to etch 

through the ARC (Figure 5.2d) to expose the PMN-PT substrate underneath. A Mn layer with 

thickness of 50 nm was then deposited on the PMN-PT wafer with nanostructured photoresist 

through electron-beam evaporation (Figure 5.2e). The lift-off of Mn was implemented by using 

(Figure 5.2f) RCA clean (5:1:1 water: H2OH:NH4OH) to dissolve and remove the positive 

photoresist and residual ARC layer (Figure 5.2g). After lift-off, Mn nano-grating is the only 

layer left on the PMN-PT substrate.  

 

 

Figure 5.2 Schematic of fabrication of Mn nanograting on PMN-PT substrate. (a) PMN-PT 

with polished surface. (b) Spin coat the ARC and photoresist with 95 and 200 nm respectively. 

(c) Expose by LIL system. (d) Etch the exposed ARC part by RIE. (e) Deposit the Mn layer 

with 50 nm. (f) Remove the residual photoresist by the liftoff process. (g) Remove the ARC 

layer by RCA clean.  

 



 

117 

Figure 5.3 shows the SEM pictures of the fabricated Mn nano-grating. According to the 

formula, Λ= λ/(2n sin θ), the precise pitch of 200 nm was obtained with an incident angle of 

54˚, as shown in Figure 5.3a. Figure 5.3b and Figure 5.3c show the topography SEM images 

of the wafer after the Mn deposition and lift-off process, respectively. 

It should be noted that even though the process was conducted on PMN-PT, the nano-grating 

can be patterned onto any ferroelectric material. The Mn used in this work can be replaced by 

other materials with higher etching selectivity to the substrate in the subsequent etching step. 

Through the etching procedure, the nano-grating metal acts as the mask and nano-pyramid 

patterns can be obtained. In the future work, this method will be used to fabricate flexoelectric 

nano sensors for real applications.  
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Figure 5.3 The field emission scan electronic microscope (FE-SEM) images of the Mn nano-

grating. (a) Nano-grating with precise pitch (200 nm). (b) Topography images of the Mn 

deposition. (c) The vertical view of Mn nano-grating after the lift-off process. [121] 

 

5.2.2 Other Future Work 

A glimpse of the growing publication of flexoelectric effect could convince people of its great 

potential. There are numerous fields to be explored and more efforts are needed. Several 

aspects on the basis of our previous work are listed below.  

1. Systematic experimental study of comprehensive flexoelectric coefficients of various 

ferroelectric materials are required to build a database for further applications. The direct 

and converse coefficients need to be compared both in magnitude and sign.  
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2. Wave propagation method is widely used for crack detection. Dispersion phenomena of 

the solid waves traveling inside the structure would enlarge the frequency bandwidth of the 

received waves. The existence of cracks could also alter the wave properties. Through the 

analysis of the received signal, the cracks can be localized. The interpretation algorithm 

using the sensed electric signal from the piezoelectric transducer has been maturely 

developed. To employ flexoelectric strain gradient sensors for wave analysis, the transient 

strain gradient information should be studied, and the interpretation algorithm basing on 

the strain gradient should be developed. On the experimental side, multiple flexoelectric 

strain gradient sensors can be distributed at different locations for multi cracks detection. 

The severity or the size of the crack may also be predicted.  

3. As mentioned in chapter 4, a great deal of work remains to be conducted in the future work 

in miniaturized flexoelectric structures. The nano structures are not limited to nano 

pyramids. Other 0d, 1d and 2d nano structures could also be taken into account for further 

analysis and application. In principle, as the flexoelectric nano structures exhibit high 

effective piezoelectricity, the current macro scale piezoelectric sensors, actuators and 

transducers could be replaced by the flexoelectric counterpart. The macro scale 

flexoelectric properties of large scale nano structures can be tested using the similar 

approaches introduced in chapter 1, which could also demonstrate the enhanced 

flexoelectricity. This opens up numerous application possibilities.   
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