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Investigation of the 2312 
flexoelectric coefficient component 
of polyvinylidene fluoride: 
Deduction, simulation, and 
mensuration
Shuwen Zhang1, Kaiyuan Liu1, Minglong Xu1, Hao Shen2, Kai Chen2, Bo Feng1 & Shengping 
Shen1

Flexoelectric effects hold promising applications in sensing, actuating, and energy capturing, and thus 
it is demanded to measure the flexoelectric coefficient tensors of dielectric materials accurately. In 
this work, an approach to measuring the effective flexoelectric coefficient tensor component μ2312 of 
polymeric materials is developed by imposing a torque load upon a half cylindrical specimen. It is proven 
that μ2312 can be calculated by assessing the electric charge on the axial plane and the strain gradient 
along the radial direction, both induced by the torque. To overcome the difficulty in experimental 
measurements, the relationship between the strain gradient and torque is deduced theoretically and 
further verified with finite element analysis. This approach is applied to testing bars machined from 
bulk polyvinylidene fluoride (PVDF). Potential errors from the piezoelectric effects and the non-uniform 
strain gradient are discussed to verify the validity of the measurement. The experimental results show 
good reproducibility and agreement with other measured effective flexoelectric tensor components 
of PVDF. This work indicates a potential application of PVDF-based mechanical sensors and provides a 
method to investigate the effective flexoelectric coefficient component of polymers.

Flexoelectricity describes the electric polarization induced by strain gradient in dielectric materials. The fourth 
rank tensor fle oelectric coeffici t, μijkl, measures the electric polarization vector produced by a gradient of the 
2nd rank strain tensor, which is expressed by the following equation, considering the coupling of fle oelectricity 
and piezoelectricity:
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where Pl, εij, xk, d33 and Ppiezo are the electric polarization, applied strain tensor, position coordinate, the piezoelec-
tric induced polarization, respectively. The theoretical predictions and discussions on fle oelectricity in crystals 
have been given by Tagantsev et al. since 1980s1–4. According to the simplifi d model5, the fle oelectric coeffici t 
is estimated to have a magnitude of e/a ≈ 10−10 C/m, where e is the elementary electric charge and a is the crystal 
lattice parameter. First principles theory has been employed to calculate the full fle oelectric coeffici t ten-
sors6. The effective fle oelectric coeffici t tensor components of SiTrO3 are further discussed by Zubko et al.7, 8  
Ma and Cross developed the cantilever beam bending and four-point bending approach, which were soon 
adopted and optimized by other researchers, to study the fle oelectric effects in crystalline materials such as 
BaSrTiO3

9, BaTiO3
10, BaSnxTi1−xO3

11, Pb(Mg1/3Nb2/3)O3
12, and PbZr1−xTixO3

13. The fle oelectric coeffici ts of 
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these perovskite ceramics are measured to be four or five orders of magnitude higher than the simplifi d model, 
and therefore fle oelectricity based sensing devices are proposed and demonstrated14–21. However, such applica-
tions are greatly limited by the brittleness of ceramic materials. Polymers, on the other hand, have been proven 
to be an appealing alternative, for its combined excellent fle oelectric and mechanical properties22–25. Although 
its fle oelectric coeffici t may be lower than the perovskite ceramics, it sustains much higher shear and bending 
strains than most of the bulk ceramics.

In order to deepen the understanding and advance the applications of the fle oelectricity in polymers, accu-
rate and systematic measurements of fle oelectric coeffici ts are in great demand. It has been recognized that 
the fle oelectricity in polymers may be different and more complicated than that in inorganic crystals. Quang 
et al. deduced and specified the number and types of all possible rotational symmetries for the flexoelectric ten-
sors in inorganic crystals26. Polymers, however, are composed of carbon chains, which are formed by strong 
carbon-carbon covalent bonds. Hydrogen, oxygen, nitrogen, fluorine, sulfur, and/or phosphorus atoms are linked 
with the carbons by polarized covalent bonds as well. Between different molecular chains, van der Waals forces 
exist, which are essential for the mechanical and physical properties of polymers but much weaker in strength 
than the intramolecular covalent bonds27. When imposed under the external deformation, intermolecular rota-
tion, rather than classic displacive deformation, will take place easily under a relatively lower stress level, without 
changing the angles and lengths of the covalent bonds. Therefore, the centric symmetry breaking may not exist in 
polymers. Chu et al. studied the fle oelectricity of several thermoplastic and thermosetting polymers by testing 
their dielectric polarization responses under bending deformation23. Baskaran et al. proposed a giant fle oelectric 
coeffici t measurement of polyvinylidene fluoride (PVDF) by exerting tensile load on a specimen with inho-
mogeneous section shape24, 25. In our previous work, experimental approaches have been developed to assessing 
the fle oelectric coeffici t components μ1211 and μ3121 of polymers. As an example, these methods were applied 
to PVDF, and μ1211 and μ3121 were measured in the magnitude of 10−10 C/m and 10−8 C/m, respectively28–30. It is 
worth emphasizing that all those measured values are effective fle oelectric coeffici ts, for the following reasons. 
First of all, for most of the polymers, single crystals are hard to obtain. Therefore the subscripts of the coefficients, 
unlike the ones in inorganic crystals, do not represent specific crystalline directions. Instead, the subscripts are 
just refl cting the geometric parameters 23–25. Secondly, unlike inorganic crystals in which elastic and plastic 
strains can be clearly defi ed, the deformation mechanism in polymers, as stated previously, is more complicated, 
and thus the measured strain εij is not directly related to the chemical bonding configur tions.

In this work, we adopted the previous subscripts denotation method and propose a novel way to measure 
the effective shear fle oelectric coeffici t tensor component μ2312 by imposing a torque upon a half cylindrical 
shaped specimen, and by setting the electrodes on the axial plane. By this means, the μ2312 component of PVDF 
was successfully measured. We believe this method is also applicable to other polymeric materials, and thus shed 
light on the design and fabrication of polymeric dielectric materials based mechanical sensing devices.

Results
To prove that the coefficient component we measured is μ2312, a cylindrical coordinate system is established, as 
shown Fig. 1a. The radial, azimuthal, and longitudinal directions are denoted as ρ, φ, and z, respectively. Based on 
Eqn. 1, to obtain the fle oelectric coeffici t tensor component μ2312, a non-uniform shear strain γφz needs to be 
generated, and its gradient along ρdirection should be measured. In the meanwhile, the electric polarization Pφ 
along φdirection has to be monitored.

According to this analysis, a twisting moment M is imposed upon a continuous half-cylindrical solid, as indi-
cated in Fig. 1b. The three-dimensional torsion can be simplifi d into plane stress analysis due to the constant sec-
tion, according to the Saint Venant’s Principle31, 32. According to the Prandtl stress function, the shear stress meets:

ψ α∇ = − G2 , (2)2

where ψ is the Prandtl stress function, G is the shear modulus, and α is the torque angle per unit length, which is 
assumed to be constant along the longitudinal axis.

Under the cylindrical coordinate system, Eqn. 2 is re-written as:
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Figure 1.  (a) The coordinate defin tion presented in this work. (b) The strain gradient generating method of the 
half cylindrical shaped specimen with the electrode setting.
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where R is the radius of the half cylinder.
Expanding the stress function and −2Gα to Fourier sine series, and applying the boundary conditions, the 

Prandtl stress function ψ is solved to be:
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Therefore, the shear stress along the radial direction τφz can be calculated from the stress function as
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where φ equals to 0 or π for the plane under discussion, which is parallel with the longitudinal axis of the cylinder. 
Here we take the half plane that is under positive shear stress, therefore φ is 0 and cos(nφ) = 1.

An advanced thermodynamic description is presented for the identifi ation of the thermodynamically related 
converse effects and set up a base of a proper foundation for the research of energy stability of the specimen33, 34.  
In this description, the gradient of the electric polarization-induced stress contributes to the deformation of the 
material, and enhances the general deformation, especially in the dielectrics with high dielectric constants and 
in smaller scales. Considering the low dielectric constant, the macro-scale of the designed specimen, and the 
previously measured electric polarization magnitudes28–30, this coupling effect is negligible in this study, hence 
Hooke’s law is adopted for the analysis of the stress-strain relationship. In the elastic regime, the shear strain γφz 
is proportional to the shear stress simply by applying the shear modulus G31, 32
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Substituting Eqn. 6 into Eqn. 7, the shear strain gradient along the radial direction is calculated as
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The torque angle α is related with the torsional moment M according to the following equation:
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, so that Eqn. 9 can be re-written as:
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Substituting Eqn. 10 into Eqn. 8 and replacing shear modulus G by Young’s modulus E and Poisson’s ratio v, it 
is deduced that the strain gradient can be calculated as:

∑
γ ρ

ρ
ν

π

∂

∂
=

+
−

− −

−
.φ

ρ

= ...

∞
−( )M

ER

n

n

( ) 32 (1 )
( 8)

( 1) 1

4 (11)
z

n

R

n

4 2
1,3,5,

2

2

For simplicity, Eqn. 11 is re-written as
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The theoretical deduction proves that a shear strain gradient is generated in the half-cylindrical speci-
men under pure torque. To meet the requirement of Saint Venant’s Principle, a half-cylindrical specimen was 
machined, and its diameter and length were designed to be 15 mm and 40 mm, respectively (Fig. 2a)31, 32.

To cross-check the strain gradient, fin te element analysis (FEA) was carried out with ABAQUS. Referring the 
simulations and the analytical calculations of deformations, Abdollahi et al. developed an advanced computa-
tional evaluation of the fle oelectric effect in dielectric solids to more accurately evaluate the electro-mechanical 
coupling effect in micro scales with smooth mesh free methods35. According to their research results, the 
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macro-scale and bulk geometric shapes of the specimen induce less coupling. The physical properties of this 
material, including mass density, Young’s modulus, Poisson’s ratio, and yield stress were measured by ourselves 
and listed in Table 1, which all agreed with previous reports reasonably24–26. The geometric center of the octagonal 
prisms and the testing specimen coincided, to ensure that a pure torque was imposed upon the testing specimen. 
Because the experimental frequency range (which is less than 25 Hz) lied far away from the torsional resonance 
frequencies of the designed specimen (the 3rd mode of frequency of the specimen is calculated as 2664.1 Hz,), a 
static analysis was considered to be reasonable. Hence, for FEA simulation, a torque of static 1 Nm (59.5% of the 
upper limit of the elastic range) was imposed upon the bar.

The shear strain distribution calculated by theory and by FEA on the half cylinder plane of z = 20 mm is 
demonstrated in Fig. 2b. The general strain gradient of the whole plane calculated by FEA is observed inhomo-
geneous at the edges of the specimen, which is probably due to the edge effects in elastic mechanics (Fig. 2c). In 
general, the results obtained in both methods are consistent. The most significant discrepancy appears less than 
6%, where the FEA output is lower than the theoretical prediction. Th s tiny difference is proposed to result from 
the plain hypothesis employed in the theoretical deduction, and the boundary conditions and unit type/size 
selection used in the FEA simulation.

The electrode areas for polarization measurement were marked in Fig. 2c. The regions on the half cylinder 
plane where |ρ| < 0.5 mm or > 5.5 mm, and |z − 20| > 15 were excluded for the sake of non-uniform strain gradi-
ent distribution. The c in Eqn. 12 is then simplifi d due to the good linearity, as c’:

∫ ρ ρ

ρ ρ
′ =

−
ρ

ρ

c
c( )d

,
(13)o i

i

o

where ρi and ρo are the inner and outer radius of the electrode coated boundary.

Figure 2.  The design of the specimen with its mechanical properties analysis. (a) The shape of the specimen 
with the geometric center and (b) the comparison of the theoretical and FFA strain distribution on the section 
of z = 20 mm, and (c) the general strain distribution of the whole measured surface.

Material
Mass density 
(kg/m3)

Young’s 
modulus (MPa) Poisson’s ratio

PVDF 2.1 × 103 1.73 × 103 0.38

Epoxy 2.3 × 103 20 0.38

Table 1.  Measured physical properties of PVDF.
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The general electric polarization along φ direction, which is denoted as Pφ, can be readily computed by meas-
uring the electric charge density on the plane parallel with the z coordinate direction and the potential contribu-
tions from the residual piezoelectricity:

µ µ= + = ′ + = ′ +φ φ φ ρφQ P A Q c MA Q c MA Q , (14)e p z e p e p2312

where Qφ, Qp and Ae are the induced general electric charge, the piezoelectricity induced charge, and the coated 
electrode area, respectively, and then the effective fle oelectric coeffici t μ2312 is calculated from the experimen-
tal measurement:
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Th ee identical specimens are measured and the average slope of (Qφ − Qφ)/M is obtained. The contribution 
from the residual piezoelectricity is fi ally ignored due to the lower magnitudes from the general polarizations, 
based on the discussion below. Hence, the calculated effective fle oelectric coeffici t μ2312 is shown in Table 2. 
With unsuspected reproducibility, the measured effective tensor is independent of frequency in the investigated 
frequency range. The precision of the results is ideal. By statistics, the effective fle oelectric coeffici t component 
μ2312 of PVDF is (1.1 ± 0.1) × 10−8 C/m at room temperature, which is in good accordance with the currently 
reported magnitudes of the other effective flexoelectric coefficient tensor components of the un-polarized PVDF.

Discussions
Potential impacts from residual piezoelectricity.  Under the experimental conditions, when pure 
torque was applied, shear, compressive, and tensile stresses might all exist, and thus polarizations might be gener-
ated by not only fle oelectricity, but also piezoelectricity. Therefore it is necessary to evaluate the possible impacts 
from the residual piezoelectric effects and the induced charge Qp.

The shear stress induced electric polarization from the piezoelectric effect is analyzed and demonstrated in 
Fig. 3a. An infin tesimal length from position x to x + δx on the coated electrode is considered. When the shear 
stress is exerted, electric polarization δQp will be induced. Similarly, on the opposite side of the electrode, an equal 
amount of deformation and electric charge will be generated in the identical length from −x to −(x + δx). Hence, 
it is apparent that identical amount of electric charges are induced on both electrodes due to the piezoelectric 
effect. Therefore, although the shear stress-induced polarization due to the piezoelectric effect may alter the bias 
of the real time waveform, the peak-to-peak value, and thus our measured flexoelectric constant, will not be 
influenced.

FEA is carried out to assess the magnitude of normal stress (including both compressive and tensile stresses) 
induced by the applied torque load on the PVDF half-cylindrical bar with the same dimensions of the tested 
specimens (Fig. 3b). When a torque of 1 Nm is imposed upon the bar, compressive and tensile stresses only exist 
close to the edges of the specimen (within no more than 1 mm along the z direction). In our experiment, the 
electrodes are not coated in these areas, thus the influence from the compressive and tensile stresses can be largely 
excluded (Fig. 3c). Moreover, the exact contribution of the compression/tension stress induced piezoelectricity 
is also measured experimentally. A cylindrical PVDF specimen with uniform cross-section area (Fig. 3b) is fab-
ricated and measured under compressive load. To reduce the measurement error, the compressive load exerted 
is 10 MPa, which is over 60% of the elastic limit, and its electrode area is identical with that of the half cylinder 
shape-sectioned specimen. The electric polarization is measured to be approximately 0.05 pC. According to the 
FEA result, the maximum normal stress of the half cylinder section specimen is 0.008 MPa under the torque. 
With a linear assumption, 0.008 MPa can only induce a polarization of approximately 1.5 × 10−5 pC, 4–5 magni-
tudes lower than the experimental measurements. Consequently, the polarizations induced by the normal stresses 
can be ignored.

The strain gradient non-uniformity.  From FEA results (Fig. 3c), the shear strain gradient is discovered 
not strictly uniform along the ρ direction. To verify the potential impact from the non-uniformity of the strain 
gradient, uniform shear strain gradient is generated by designing another sandwich-structured specimen, which 
consists of two identical half cylindrical specimens with the electrodes coated in the similar way (Fig. 3d). Epoxy 
with low stiffness is applied to insulate the electrodes and to glue the two parts together. Because the thickness 
of the electrode is two orders of magnitude lower than that of the epoxy, the influence of the electrode onto the 
deformation behavior is ignored. When a small twisting moment is imposed upon the sandwich specimen, shear 
strain is generated in both PVDF parts and the rectangular epoxy. According to theoretical deduction, the shear 
angles φ of the PVDF parts and the epoxy can be calculated using the following equations30, 31:

Frequency 
(Hz)

μ2312 (×10−8 C/m)

Specimen 1 
(C/m)

Specimen 2 
(C/m)

Specimen 3 
(C/m)

0.5 1.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.1

1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1

1.5 1.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.1

2 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1

Table 2.  Measured values of fle oelectric coeffici t component μ2312 of PVDF.
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where M, I, G, and the subscripts c and r are the magnitudes of torque, the polar moment of inertia, shear modu-
lus, the cylindrical parts and epoxy, respectively. l and D represent the length and diameter of the cylindrical bar, 
while h and b defi e the long and short side of the rectangular electrode.

With the applied conditions, we have φ φ=c r and + =M M Mc r n, where Mn is the torque that is experimen-
tally applied. Substituting these boundary conditions to Eqn. 16 and 17, we have:
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The basic properties of PVDF and epoxy are experimentally measured and listed in supplemental materials. 
The detailed method is described in the Supplementary Information. The shear moduli of PVDF and epoxy are 
computed to be Gc = 0.63 GPa and Gr = 7.97 MPa using =

ν+
G E

2(1 )
, where E and v are Young’s module and 

Poisson’s ratio, respectively. With the calculated shear moduli and measured specimen dimensions, it suggests 
that the torque distributed on the epoxy is less than 1‰ of the one on the PVDF bar. As a result, in the following 
deductions the contribution from epoxy is ignored.

The shear strain γφz in the effective region of the specimen is expressed as:

γ ρ φ ρ= =φ
d
dz

M
GI

,
(19)

z
n

p

where Ip is the polar moment of inertia of the PVDF bar. The strain gradient along the ρ direction is uniform. 
Since Mn, G, and Ip are all constants, Eqn. 1 can be greatly simplifi d as:

µ
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,
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z n

p
2312 2312

and thus the effective fle oelectric coeffici t μ2312 can be obtained through:

Figure 3.  The discussion of the potential residual piezoelectric induced polarization. (a) The analysis of the 
possible impact on the shear stress induced residual piezoelectricity, (b) the FEA result of the inhomogeneous 
compression/tension stress concentration on the specimen, (c) the experimental method of the normal stress 
induced residual piezoelectricity, and (d) the sandwich structure of the verifi ation of non-uniformity of strain 
gradient.



www.nature.com/scientificreports/

7Scientific Reports | 7: 3134  | DOI:10.1038/s41598-017-03403-7

µ = = .φ
γ

ρ

φ
∂

∂
φ

P Q
A

G I
M

(21)e

c p

n
2312 z

As described in Supplementary Materials, the effective flexoelectric coefficient is measured to be 
(1.1 ± 0.1) × 10−8 C/m in the sandwich specimens, which is identical with the result obtained from the 
half-cylindrical ones, suggesting that the strain gradient non-uniformity in the half-cylindrical specimens do not 
impose a severe impact on the fle oelectric coeffici t measurement. Moreover, it is more convenient to use the 
half-cylindrical geometry than the sandwich structure. Firstly, the specimens are easier to fabricate. Secondly, the 
influence from epoxy can be completely excluded. Finally, the deformation model is simpler.

Conclusions
In this work, an experimental process to measure the 2312 component of the fle oelectric coeffici t is proposed 
and applied to investigate the fle oelectricity of un-polarized polymer PVDF. It is verifi d in the cylindrical coor-
dinate system that μ2312 can be obtained by measuring the electric charge in the axial plane of a half-cylinder 
shaped bar induced by pure torque. The relationship between the shear strain gradient along the radial direc-
tion and the torsional moment is presented through a simple method of elastic mechanics deduction based on 
the plain stress assumption due to the application conditions. Such hypothesis and theoretical deduction is ver-
ified by FEA simulation, in light of the experimentally measured physical parameters. Cyclic torque loading 
is imposed upon three identical PVDF samples at various frequencies from 0.5 Hz to 2 Hz at room tempera-
ture, and in the meanwhile the electric charge is monitored. μ2312 is thus measured accurately, and it is found a 
frequency-independent constant in this frequency range. The possible impacts from the piezoelectric effect and 
strain gradient non-uniformity are proved negligible to the measurement. It is believed that the assessment pro-
cedure proposed here, including the deduction, simulation, and measurement, can be applied to a wide range of 
polymeric materials.

Methods
Our PVDF material was obtained from GEHR Plastics Inc., and its X-ray diffraction pattern indicates that 
the un-polarized material was a partly crystalized of mainly α- phase, which was generally considered to be a 
non-polarized phase (Supplementary Materials). The electrode material used in this study was the Humi Seal® 
948-06 G, which had excellent electrical conductivity and low attached stiffness.

The experimental setup is demonstrated in Fig. 4a. All tests were carried out at room temperature, which was 
by far below the reported Curie’s point of PVDF (103 °C)36. Dynamic torque load with bias value was generated 
and imposed with low frequency (MTS TM 858 testing machine) on the specimen. The cyclic torque M in unit of 
Nm varied as the following sine function with a bias magnitude of 1.0 Nm and amplitude of 0.5 Nm:

π= . + . ⋅M f t1 0 0 5 sin(2 ), (22)

Figure 4.  The experiment procedure of the measurement. (a) The schematic of the experimental system,  
(b) the real time waveform of the induced polarization with its relating applied torque load measured from the 
specimen 3, and (c) the effective fle oelectric tensor component obtaining procedure.
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where f is the load frequency of the dynamic torsional loading. It is worthy to emphasize that the maximum 
torque (1.5 Nm) is about 30% lower than the elastic limit of the material, and thus it is ensured that all the signals 
recorded are from elastic response. To exclude the coupled heat from the higher frequency loads on the specimen, 
the load frequencies are considered to be as low as quasi static. Hence, in this study, the tests were carried out 
under four various frequencies, where were 0.5 Hz, 1.0 Hz, 1.5 Hz, and 2.0 Hz, respectively.

The electric polarization was measured by amplifying the electric charge induced by the shear strain gradient 
(B&K-2962A charge amplifie , 1 V/pC setting). The dedicated electric charge shield and grounding design was 
applied for signal transmission, and the waveforms of the mechanical loading and voltage signals were displayed 
in real time and recorded using an oscilloscope. The experimentally obtained data is filtered by the MATLAB 
for further reducing the noises and the potential zero drift (Butterworth 2nd order low pass filter with upper 
frequency 2 f for reducing the noise, and excluding the trend terms from the zero drift). The comparison of the 
filtering effect is shown as the Supplementary Materials. One of the processed examples is shown in Fig. 4b, with 
the loading frequency f = 1 Hz, on the specimen 3.

For data processing, the strain gradient was calculated from the linear relationship with the torque as expressed 
in Eqn. 12. The electric polarization was obtained by dividing the charge by electrode area, the (Qφ − Qp)/M is 
calculated from Fig. 4c, and then the effective fle oelectric coeffici t tensor componentμ2312 is computed and 
listed in Table 2.

References
	 1.	 Tagantsev, A. K. Theory in fle oelectric effect in crystals. Sov. Phys. JETP 61, 1246–1254 (1985).
	 2.	 Tagantsev, A. K. Piezoelectricity and fle oelectricity in crystalline dielectrics. Physical Review B 88, 5883–5889 (1986).
	 3.	 Tagantsev, A. K. Pyroelectric, piezoelectric, fle oelectric, and thermal polarization effects in ionic crystals. Sov. Phys. Usp. 30, 

588–603 (1987).
	 4.	 Tagantsev, A. K. Electric polarization in crystals and its response to thermal and elastic perturbations. Phase Transitions 35, 119–203 

(1991).
	 5.	 Lefki, K. et al. Measurement of piezoelectric coeffici ts of ferroelectric thin films. Journal of Applied Physics 76, 1764 (1994).
	 6.	 Hong, J. et al. First-principles theory and calculation of fle oelectricity. Physical Review B 88, 174107 (2013).
	 7.	 Zubko, Z. et al. Strain-Gradient-Induced Polarization inSrTiO3 Single Crystals. Physical Review Letters 99, 167601 (2007).
	 8.	 Zubko, Z. et al. Erratum: Strain-Gradient-Induced Polarization inSrTiO3 Single Crystals. Physical Review Letters 100, (199906 

(2008).
	 9.	 Ma, W. et al. Flexoelectric polarization of barium strontium titanate in the paraelectric state. Applied Physics Letters 81, 3440 (2002).
	10.	 Ma, W. et al. Flexoelectricity of barium titanate. Applied Physics Letters 88, 232902 (2006).
	11.	 Shu, L. et al. Enhanced direct fle oelectricity in paraelectric phase of Ba(Ti0.87Sn0.13)O3 ceramics. Applied Physics Letters 102, 

152904 (2013).
	12.	 Ma, W. et al. Large fle oelectric polarization in ceramic lead magnesium niobate. Applied Physics Letters 79, 4420 (2001).
	13.	 Ma, W. et al. Flexoelectric effect in ceramic lead zirconate titanate. Applied Physics Letters 86, 072905 (2005).
	14.	 Bhaskar, U. K. et al. A fle oelectric microelectromechanical system on silicon. Nature Nanotechnology 11(3), 263–266 (2016).
	15.	 Chu, K. et al. Enhancement of the anisotropic photocurrent in ferroelectric oxides by strain gradients. Nature Nanotechnology 

10(11), 972–U196 (2015).
	16.	 Hu, S. D. et al. Distributed fl xoelectric structural sensing: Theory and experiment. Journal of Sound and Vibration 348, 126–136 

(2015).
	17.	 Kalinin, S. V. et al. Multiferroics: Focusing light on fle oelectricity. Nature Nanotechnology 10(11), 916–917 (2015).
	18.	 Narvaez, J. et al. Enhanced fle oelectric-like response in oxide semiconductors. Nature 538, 219–221 (2016).
	19.	 Yan, X. et al. A sensor for the direct measurement of curvature based on fle oelectricity. Smart Materials and Structures 22, 085016 

(2013).
	20.	 Huang, W. et al. Flexoelectric strain gradient detection using Ba0.64Sr0.36TiO3 for sensing. Applied Physics Letters 101, 252903 

(2012).
	21.	 Zhu, W. et al. Piezoelectric composite based on the enhanced fle oelectric effects. Applied Physics Letters 89, 192904 (2006).
	22.	 Zhang, S. et al. A fle oelectricity effect-based sensor for direct torque measurement. Journal of Physics D: Applied Physics 48, 485502 

(2015).
	23.	 Chu, B. et al. Flexoelectricity in several thermoplastic and thermosetting polymers. Applied Physics Letters 101, 103905 (2012).
	24.	 Baskaran, S. et al. Giant fle oelectricity in polyvinylidene fluoride films. Physics Letter A 375, 2082–2084 (2011).
	25.	 Baskaran, S. et al. Experimental studies on the direct fle oelectric effect in α -phase polyvinylidene fluoride films. Applied Physics 

Letters 98, 242901 (2011).
	26.	 Quang, H. et al. The number and types of all possible rotational symmetries for flexoelectric tensors. Proceedings of the Royal Society 

A 467, 2369–2386 (2011).
	27.	 Price, C. C. Geometry of Molecules. McGraw-Hill, New York, Ch. 2, 24–33 (1971).
	28.	 Zhang, S. et al. Shear fle oelectric coeffici t μ1211 in polyvinylidene fluoride. Journal of Applied Physics 117, 204102 (2015).
	29.	 Zhang, S. et al. Shear fle oelectric response along 3121 direction in polyvinylidene fluoride. Applied Physics Letters 107, 142902 

(2015).
	30.	 Zhang, S. et al. Experimental method research on transverse fle oelectric response of poly(vinylidene fluoride). Japanese Journal of 

Applied Physics 55, 071601 (2016).
	31.	 Lin, Y. Strength of materials, Vol. 1 Ch. 3, 37–47 (Xi’an Jiaotong University Press, 1986).
	32.	 Bisplinghoff, R. L. Statics of Deformable Solids, Vol. 3 Ch. 7, 194–198 (Dover Publications, Inc., 2002).
	33.	 Zubko, P. et al. Flexoelectric Effect in Solids. Annual Review of Materials Research 43, 387–421 (2013).
	34.	 Yudin, P. V. & Tagantsev, A. K. Fundamentals of fle oelectricity in solids. Nanotechnology 24, 432001 (2013).
	35.	 Abdollahi, A. et al. Computational evaluation of the fle oelectric effect in dielectric solids. Journal of Applied Physics 116, 093502 

(2014).
	36.	 Inderherbergh, J. Polyvinylidene fluoride (PVDF) appearance, general properties and processing. Ferroelectrics 115(1), 295–302 

(1991).

Acknowledgements
Th s work is supported by the National Natural Science Foundation of China (Grant No. 11672352 and 51671154), 
the National Key Research and Development Program (Grant No. 2016YFB0700404), and the National Basic 
Research Program of China (“973” Program) (Grant No. 2015CB057400). M.X. appreciates the support from the 
State Key Laboratory for Strength and Vibration of Mechanical Structures, School of Aerospace, Xi’an Jiaotong 
University. K.C. appreciates the support from the International Joint Laboratory for Micro/Nano Manufacturing 



www.nature.com/scientificreports/

9Scientific Reports | 7: 3134  | DOI:10.1038/s41598-017-03403-7

and Measurement Technologies, the Collaborative Innovation Center of High-End Manufacturing Equipment, 
and the Fundamental Research Funds for the Central Universities (Grant No. 2015gjhz03).

Author Contributions
S.Z. and K.L. designed the project, and conducted the whole research. M.X., K.L. and S.S. deduced the theory 
procedure. S.Z., K.C. and H.S. designed and analyzed the discussions on the residual piezoelectricity and the non-
uniformity of the strain gradient. B.F. helped design the experiment procedure. S.Z. and K.C. wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03403-7
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03403-7
http://creativecommons.org/licenses/by/4.0/

	Investigation of the 2312 flexoelectric coefficient component of polyvinylidene fluoride: Deduction, simulation, and mensur ...
	Results

	Discussions

	Potential impacts from residual piezoelectricity. 
	The strain gradient non-uniformity. 

	Conclusions

	Methods

	Acknowledgements

	Figure 1 (a) The coordinate definition presented in this work.
	Figure 2 The design of the specimen with its mechanical properties analysis.
	Figure 3 The discussion of the potential residual piezoelectric induced polarization.
	Figure 4 The experiment procedure of the measurement.
	Table 1 Measured physical properties of PVDF.
	Table 2 Measured values of flexoelectric coefficient component μ2312 of PVDF.




