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Giant flexoelectric response of uniformly
dispersed BT-PVDF composite films induced
by SDS-assisted treatment

Yujie Wei,1 Ying Yu,2,5,* Yuxin Zuo,3,* Zhikun Li,1 Zhiqing Gu,2 Hongli Chen,1 Yang Yang,4 and Chuncheng Zuo2,4

SUMMARY

Polymer-ceramic composites are commonly used as flexoelectric films. In existing studies, the flexoelec-
tric effect of composites are generally improved by adjusting the material structures or adding ferroelec-
tric materials. Further improvement of flexoelectric response has encountered a bottleneck. Considering
from a new perspective, this study innovatively proposes to prepare the uniformly dispersed BT-PVDF
composite films with giant flexoelectric response by surfactant SDS-assisted treatment. According
to the engineering applications, tilt sensors have been fabricated with the SDS/BT-PVDF composite films.
The prepared tilt sensors can accurately sense the tilt change in a small-angle range (0–10�) between the
coaxial connecting parts, the response signal changes significantly (49.25–72.35 mV/�), and the response
speed can reach 0.166 s. The research provides a new idea for improving the flexoelectric response and
also paves a way for developing tilt sensors through a low-cost, facile, and reliable method, showing po-
tential applications including bending sensing and structural health monitoring.

INTRODUCTION

The flexoelectric effect is an electromechanical coupling between strain gradient and polarization. The bending deformation will induce a strain

gradient inside theflexoelectric filmandthengenerateapolarization response.1–3Theflexoelectriceffect has theadvantageof ‘‘small size,’’4–7 and

it is sensitive to the small-scale bending deformation. Polymer films are with excellent flexibility and mechanical reliability, but the flexoelectric

response is not significant.8 Ceramic materials have superior flexoelectric effects, but their brittleness and poor mechanical properties severely

limit the further applications in the fieldof flexible electronics.9 Existing studies have shown thatpolymer-ceramic compositespreparedbymixing

ceramics andpolymers couldhavebothexcellent flexoelectriceffect andmechanical flexibility.10–12 Studies focusingon theflexoelectric effect are

devoted to improving the flexoelectric response of composite films. Scientists tried to increase the flexoelectric response by adding ferroelectric

materials, adjusting the structureofmaterials, and changing the size of the composite.13–15 The flexoelectric coefficient is an importantparameter

to characterize the response performance. Research by Huang et al.16 has pointed out that the flexoelectric coefficient is directly proportional to

thedielectricconstantof thecompositefilm. Improving thedispersionuniformityof ceramicmaterials inpolymers isaneffectivemeans to increase

the dielectric constant of the polymer-ceramic composites.17,18 Therefore, it is reasonable to infer that improving the homogeneity of the ceramic

materials in the composites can increase the dielectric constant of the films and then obtain a greater flexoelectric response.

Based on engineering practice, we found that the structural damage caused by the failure of the coaxial connection is often catastrophic in

the fields of aerospace, bridges, construction machinery, etc. For example, the tilting of the components at the coaxial joints of the bridge

caused by structural aging or damage will lead to collapse accidents.19,20 In harsh environments, aircraft components are prone to damage

such as bolt loosening and cracking, whichwill threaten the flight safety.21 It has been realized that real-timemonitoring, timely detection, and

early diagnosis of the structural damage is an extremely important task. Tilt sensors based on accelerometers, capacitors, gyroscopes, or fiber

Bragg grating are commonly used to monitor the tilt angles between the coaxially connected components.22–26 The accuracies of the accel-

erometer-based tilt sensors in low and high frequency are 10� and 18�, respectively, and it is difficult to accurately capture the small-angle tilt.

Capacitive tilt sensors aremore suitable for themeasurement of large-angle (<60�) tilt. The fiber Bragg grating tilt sensor can detect the small-

angle tilt, but the change of the response signal is not obvious. Methods such as gyroscopes and laser scanning have high precision, but the

algorithms are complex and the equipment is cumbersome, making it difficult to achieve real-time monitoring. Because the structural health

monitoring of bridges and construction machinery focuses on the tiny tilt, it is crucial to find amethod suitable for real-timemonitoring of the

structural health of coaxial connection components within a small-angle range.27
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Considering the characteristics of the flexoelectric effect and the practical needs of structural health monitoring, we believe that the flexo-

electric response could be applied tomonitor the small-angle changes of coaxially connected structures. If the flexoelectric film is attached at

the junction of the two coaxially connected components, the structural damage caused by the tilt of one of the components will inevitably

induce the bending deformation of the flexoelectric film, thus resulting in a polarization response. SDS (sodiumdodecyl sulfate) is a commonly

used surfactant. Previous studies have shown that themodification of ceramic nanoparticles by SDS can effectively improve the dielectric con-

stant of composite films.28 Some theoretical studies have also confirmed that the improvement of the flexoelectric effect can be achieved by

increasing the dielectric constant of the composites by simulation.8,29 However, there is no relevant experimental research to establish the

relationship between particle dispersion, dielectric constant, and flexoelectric effect clearly at present. This paper innovatively proposes

to prepare the uniformly dispersed BT (BaTiO₃, barium titanate)-PVDF (polyvinylidene fluoride) composite films induced by SDS-assisted

treatment. It is fully confirmed that the particle distribution in the composite film optimized by SDS can improve the dielectric properties

and obtain excellent flexoelectric response. Based on engineering applications, tilt sensors sensitive to small-angle tilt would be fabricated

by utilizing the SDS/BT-PVDF composite films with giant flexoelectric response. The study will provide new ideas for the application of the

flexoelectric response and the development of tilt sensors.

RESULTS

Morphological, structural, and dielectric characterizations

The XRD diffraction peaks of BT and PVDF in Figure 1A are consistent with the studies in Refs.30,31, fully proving that BT particles are success-

fully embedded in PVDFwith good crystallinity. In addition, the diffraction peaks of SDS/BT-PVDFwere almost the same as those of BT-PVDF,

indicating that the addition of SDS did not change the crystal phase of the composite.28 Figures 1B and 1D are the SEM images of BT-PVDF

and SDS/BT-PVDF composite films, respectively. Defects (such as pits and cavities) and aggregated BT particles can be clearly seen in the BT-

PVDF films. BT particles with high surface binding energies tend to separate from the polymers and aggregate, so multiple defects can be

observed on the surface of the BT-PVDF film.32 However, the SDS/BT-PVDF film has a smooth and even surface with uniform distributions.

Figures 1C and 1E show the distribution of Ba element in BT-PVDF and SDS/BT-PVDF composite films. The figures further prove that the

addition of SDS effectively promotes the uniform distribution of BT particles. This can be explained by the following two aspects as shown

in Figure 1F. Firstly, the SO4
� of SDSwill combinewith Ba+ or Ti+ of the BT. The adsorption of SDS on the surface of BT particles will reduce the

surface energy of BT particles, which could reduce the difference in surface energy between BT and PVDF, thereby optimizing the interface

between BT and PVDF. Secondly, the C12H25OSO3
� groups of SDS will also be adsorbed on the surface of BT particles in the form of micelles,

and the electrostatic repulsion between them can effectively avoid the clustering of BT particles.17,33 The uniformdistribution of BT particles in

PVDF improves interfacial compatibility. The schematic diagrams are shown in Figures 1G and 1H.

The Zeta potentials of BT and SDS/BT (BTmodified by SDS) in DMSO are shown in Figure 2. The results showed that the Zeta potentials of

BT and SDS/BT were �18.9 mV and �21.9 mV, respectively. The negative of Zeta potential indicates that the surface of BT nanoparticles is

negatively charged. The increase in the absolute value of Zeta potential indicates that the C12H25OSO3
� groups of SDS have formedmicelles

on the surface of BT successfully. These groups could enhance the electrostatic repulsion between BT nanoparticles and promote a more

uniform dispersion of BT. This further explains the optimized distribution of BT nanoparticles modified by SDS in Figure 1.

The dielectric properties are closely related to the particle distributions in the composite films. It can be seen from Figure 3A that the addi-

tion of BT particles makes the composite film obtain a larger dielectric constant at frequencies less than 104 Hz. At low frequencies, electrons

and ions in the dielectric have sufficient time to shift in response to the changes of the electric field, forming the space-charge polarization.

Whereas at high frequencies, the rotational motion (orientation polarization) of the dipolar groups in cured PVDF is extremely difficult, result-

ing in the prolonged dielectric relaxation. The BT-PVDF film with more defects hinders the space-charge polarization, weakens the polariza-

tion response of BT, and further prolongs the dielectric relaxation time. Therefore, as the frequency increases, the dielectric constant de-

creases and the dielectric loss increases. The addition of surfactant SDS improves the clusters of BT, optimizes the interface between BT

and PVDF, reduces film defects, and shortens the dielectric relaxation. This further proves that the main reason for the lower dielectric con-

stant of BT-PVDF is the defects of the film at high frequencies. After adding SDS, the dielectric constant of SDS/BT-PVDF film is significantly

improved, which is higher than that of the pure PVDF or BT-PVDF film. From Figure 3B, it can be concluded that the addition of SDS reduces

the dielectric loss of the composite films. The dielectric properties of the SDS/BT-PVDF film with uniform particle distributions are better than

those of the BT-PVDF film obviously. This conclusion was also confirmed in the study of Mahato et al.28

Response characteristics of the composite films

The tests of the response characteristics were based on the cantilever beammethod. Coaxially connected building blocks were used to simu-

late the adjacent components in bridges or other structures as shown in Figure 4A. The prepared tilt sensor was attached above the junction of

the two blocks. Then, a tilt angle a was formed between the two blocks as shown in Figure 4B. The response voltage of the tilt sensor was

reflected by the KEITHLEY 2450 source meter.

The flexoelectric response performance of the composite films was carried out on the self-built platform. When the tilt angle of the two

connected blocks is fixed at 4�, the response voltages Vp-p of the composite films are shown in Figure 5A. The Vp-p of pure PVDF and BT-PVDF

films is about 96 mV and 190 mV, respectively. After modified by SDS, the response voltage Vp-p of SDS/BT-PVDF composite film was signif-

icantly increased to 335 mV.When a tilt angle is formed between two connected blocks, the composite films will be bent, which will cause the

strain gradient in the composite film. The strain gradient forces the symmetrical charge-centers to separate. The positive and negative
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charge-centers move to the two sides of the films respectively. Thus, the flexoelectric response will be generated in the composite films as

shown in Figure 5B.

The flexoelectric coefficient is an important parameter to characterize the performance of flexoelectric response. The flexoelectric coef-

ficient m of the composite film can be calculated based on the cantilever beam model.34

m =

Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+

�
Slu � 1

2
Su2

�2
s

A

�
Sl � 1

2
Su

� (Equation 1)

Figure 1. Physical characterization analysis of BT-PVDF and SDS/BT-PVDF

(A) XRD patterns of PVDF, BT-PVDF, and SDS/BT-PVDF films.

(B and C) SEM images and the corresponding EDS elemental mappings of BT-PVDF. Yellow mark is Ba element. Scale bar represents 500 nm.

(D and E) SEM images and the corresponding EDS elemental mappings of SDS/BT-PVDF. Yellow mark is Ba element. Scale bar represents 500 nm.

(F–H) Schematic diagram of the SDS surface modification.
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whereQ is the current integral area, u is the effective length, and l is the distance between the fixtures. S can be expressed by the following

equation:

S =
12y

l3
(Equation 2)

where y is the deflection. The flexoelectric coefficients of different films are shown in Figure 5C. The flexoelectric coefficient of pure PVDF and

BT-PVDF composite films are 0.13 and 0.55 nC/m, respectively. The SDS/BT-PVDF film has the highest flexoelectric coefficient, which is about

2.11 nC/m. This reflects the same flexoelectric performance as the response voltage shown in Figure 5A. In addition, we found that the flexo-

electric coefficient is positively correlated with the permittivity. Taking the frequency of 1 kHz as an example, the relationship between the

flexoelectric coefficient and the dielectric constant of the three materials is also clearly reflected in Figure 5C. The flexoelectric coefficient

increases with the dielectric constant of the composite films. This fully verified that improving the dielectric properties of materials can effec-

tively improve their flexoelectric effect.8,29,35

In order to clarify whether the response signal comes from the flexoelectric effect, we polarized the SDS/BT-PVDF composite film at 70�C
with a voltage of 24.5 kV for 35min. The response voltage of the SDS/BT-PVDF composite film before and after polarization is comparedwhen

the bending angle is 10�. As shown in Figure 6, the values of the response voltages of the polarized and unpolarized SDS/BT-PVDF films are

almost equal. Polarization can promote the directional arrangement of dipoles in the composite film, and the piezoelectric effect and tribo-

electric effect of the film will be significantly enhanced after polarization.36,37 The flexoelectric response originates from the separation of

charge-centers caused by the strain gradient and is independent of the orientation of the dipoles. The response voltage of the composite

film before and after polarization does not change significantly, which fully proves that the output signal in this study is the response of

the flexoelectric effect.

Performance of the tilt sensors

According to the above discussion, the tilt sensor with SDS/BT-PVDF film is taken as the research object, and the sensitivity of the tilt sensor is

tested within a small range of 2–10�. Figure 7A shows the response voltage Vp-p of the tilt sensor at a frequency of 1 Hz. It can be clearly seen

Figure 2. Zeta potential of SDS/BT and BT in DMSO

Figure 3. Test of the dielectric performance

(A) Dielectric constant of different composite films.

(B) Dielectric loss of different composite films.
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from the figure that the response voltage increases with the increase of the tilt angle between the two connecting blocks. Therefore, it can be

concluded that the tilt sensor has good sensitivity and can recognize the tilt angle accurately according to the magnitude of the response

voltage. The bending strain gradient caused by different tilt angles makes the sensor generate different polarization responses. The strain

gradient increases as the tilt angle increases, so the flexoelectric response voltage will also increase. The relationship among the bending

Figure 4. Method for flexoelectric response test

(A) Coaxially connected components in bridges.

(B) Schematic diagram of the structural damage testings.

Figure 5. Performance and mechanism of flexoelectric response

(A) Comparisons of flexoelectric responses of the composite films.

(B) Schematic of the flexoelectric response.

(C) The dielectric constant and the flexoelectric coefficient of different composite films. Data are represented as mean G SEM.
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strain gradient, response voltages, and the tilt angle is shown in Figure 7B. The response time of the tilt sensor is shown in Figure 7C. When

different tilt angles are formed between the connecting blocks, the response signal changes significantly (49.25–72.35 mV/�), and the

response speed can reach 0.166 s. Compared with the existing studies about sensors based on flexoelectric effect, the response time of

the prepared tilt sensor in this study has obvious advantages.38,39

In addition, the tilt sensors used tomonitor the structural health should have excellent sensitivity and durability. The performance of the tilt

sensor has been verified by detecting the continuous damage to the coaxial blocks at different tilt angles with the frequency of 1 Hz. Figure 8

shows the response voltage of the tilt sensor when the tilt changes continuously for 3000 s. It can be seen from the figure that the voltages of

the tilt sensors respond obviously to different tilt angles. This fully proves that the sensors have excellent sensitivity and can accurately reflect

Figure 6. The response voltage of the SDS/BT-PVDF composite film before and after

polarization

Figure 7. Tilt sensor performance test

(A) Flexoelectric responses at different tilt angles.

(B) The effects of the tilt angles on the strain gradients and the response voltages. Data are represented as mean G SEM.

(C) The response time of the tilt sensors.
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the tilt angle generated between the connecting blocks. In addition, the response voltage for the same tilt angle is stable in the continuous

tests, indicating that the prepared tilt sensor exhibits excellent stability.

DISCUSSION

In summary, this study prepared the uniformly dispersed BT-PVDF composite films induced by SDS-assisted treatment. The experimental

results showed that the distribution of BT particles in the composite films modified by the surfactant are more uniform, the dielectric prop-

erties are improved, and the flexoelectric response characteristics are significantly improved. In addition, tilt sensors were fabricated with the

uniformly dispersed composite films. It is verified by experiments that the prepared tilt sensor can accurately reflect the change of tilt within

small range and that it has strong sensitivity, fast response rate, and excellent stability. This work provides a simple and reliable architectural

design for preparing the flexoelectric sensor, suggesting the application potential in the fields of bending sensing and structural health

monitoring.

Limitations of the study

This study shows that the dispersion uniformity of nanoparticles can be improved by adding surfactants, the dielectric constant of the com-

posite film could be increased, and a significant flexoelectric effect could be obtained. Based on the research of this paper, we believe that

there are still some factors that can affect the flexoelectric effect of the composite film, such as the composition ratio of the composite film and

the preparation methods. It may be possible to obtain a more significant flexoelectric effect by optimizing the composition ratio and prep-

aration method. We will continue to explore in future research.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ying Yu (yingyu@
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Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This work did not need any unique experimental model.

METHOD DETAILS

Preparation of the composite films

To prepare the composite film, 0.7 g BaTiO₃ (barium titanate, BT) was evenly distributed in cathodic surfactant CH3(CH2)11OSO3Na (SDS)-

based aqueous solution, and then stirred with a magnetic stir-bar for 120 min at 60�C. Note that the concentration of the SDS modification

solution should be kept at the critical micelle concentration of 8.12310-3 M,28 so that all particles can be functionalized. Then the mixed so-

lution is filtered and washed, and after being dried and ground at 60�C, the SDS-modified BT powder could be obtained. 0.5 g SDS-modified

BT powder and polyvinylidene fluoride (PVDF) were dispersed in 5.5 ml dimethyl sulfoxide (DMSO), and magnetically stirred for 120 min at

60�C to obtain a uniform SDS/BT-PVDF precursor solution. In addition, 0.5 g BT and PVDF were added to 5.5 ml of DMSO, and then mixed

evenly to form the BT-PVDF precursor solution of the comparison group. The prepared precursor solutions were uniformly poured into glass

dishes, and vacuum-dried for 10 h at 60�C to remove the excess solvent to obtain the composite SDS/BT-PVDF films and BT-PVDF films. The

thickness of the prepared film was about 0.1mm.

Copper foils were attached on both sides of the composite film as electrodes. After packaging with the insulating PI tape.

Characterizations of the composite films

A scanning electron microscope (SEM, Hitachi SU 8020) was used to study the surface morphology of the composite films. An X-ray diffrac-

tometer (XRD, Bruker, D8 Advance) with Cu Ka as the irradiation source (l = 0.154 nm) and energy-dispersive X-ray spectroscopy (EDS, Ultim

Max, Oxford Instruments) detectors with an incident electron beam energy of 300 keV were used to analyze the crystalline structure and

elemental distribution, respectively. Zeta potential was tested by Zetasizer Nano analyzer (Malvern, Zetasizer Nano ZS90) with a Universal

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

barium titanate (BT) Shanghai Macklin CAS # 12047-27-7

Polyvinylidene fluoride (PVDF) Shanghai Macklin CAS # 24937-79-9

dimethyl sulfoxide (DMSO) Shanghai Macklin CAS # 67-68-5

sodium dodecyl sulfate (SDS) Shanghai Macklin CAS # 151-21-3

Conductive copper foil tape 3M N/A

PI tape 3M N/A

Software and algorithms

OriginPro 2022 OriginLab https://www.originlab.com/2022
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’Dip’ Cell Kit (Malven, ZEN1002). The dielectric properties of the composite films were tested with a sweep signal from 100 Hz to 1 MHz using

an impedance analyzer (WK6505B).

Flexoelectric response testing

The tests of the response characteristics were based on the cantilever beammethod. Coaxially connected building blocks were used to simu-

late the adjacent components in bridges or other structures. The prepared tilt sensor was attached above the junction of the two blocks. Then,

a tilt angle a was formed between the two blocks. The response voltage of the tilt sensor was reflected by the KEITHLEY 2450 source meter.

QUANTIFICATION AND STATISTICAL ANALYSIS

The chart shows the average or representative results of multiple independent SEM/electrical experiments. Analyses and plots were per-

formed with OriginPro 2022 software.
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