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Soft materials for linear electromechanical energy conversion
Antal Jákli1 and Nándor Éber2
We briefly review the literature of linear electromechanical

effects of soft materials, especially in synthetic and biological

polymers and liquid crystals (LCs). First we describe results on

direct and converse piezoelectricity, and then we discuss a

linear coupling between bending and electric polarization,

which maybe called bending piezoelectricity, or flexoelectricity.
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Piezoelectricity
Piezoelectricity is a linear coupling between electric and

mechanical properties in special non-centrosymmetric

materials. It has been known in crystals since the work

of Pierre and Jacques Curie in 1880 [1]. Piezoelectric

properties were also found in amorphous and polycrystal-

line materials, such as ferroelectric ceramics [2–4]. The

existence of piezoelectricity in certain synthetic and

biological polymers [5], such as bone and tendon has

been extensively studied [6,7]. Piezoelectric effects in

polymers are generally small, but can be increased when

they are subjected to a strong DC electric field at elevated

temperatures [8]. Owing to their flexibility and the

possibility to prepare films of large area, these materials

(especially polyvynilidene fluoride, PVDF) have been

utilized as the active element in many applications ran-

ging from infrared detectors to loudspeakers. Certain

cellular polymers internally charged by corona discharge

(ferroelectrets) have been found to behave like soft

sensitive piezoelectrics [9–11]. Similarly large and soft

piezoelectricity was found in fiber mats composed of

ferroelectric barium titanate (BT) nanoparticles dispersed

in polylactic acid (PLA) [12�].

As the type of materials with experimentally observed

piezoelectric coupling, so the definition of piezoelectricity
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extended considerably in time. Originally it was used

only for crystals in connection with compressions, but

later it was generalized to polymers and other materials

for any strains and stresses, including shear. The direct
piezoelectric effect (when electric polarization is produced by

mechanical stress) mathematically can be expressed by the

equation:

Pi ¼
X

jk

d i; jkT jk; (1)

where Pi is the ith component of the polarization induced

by the stress tensor Tjk. The third rank tensor coefficients

di,jk are called piezoelectric coefficients.

In the converse (or ‘inverse’) effect the material becomes

strained when electric field is applied. Mathematically

this is expressed as

S jk ¼
X

i

d i; jkEi: (2)

Here Sjk = @sj/@xk is the strain tensor (sj is the displace-

ment of a volume element from its equilibrium position),

and Ei is the external electric field.

By symmetry not only solids, but also liquid crystals (LC)

can lack inversion symmetry owing to the chirality of rod-

shape molecules containing carbon stereo-centers, or

owing to asymmetric packing of molecules with special

(bent, banana) shapes [13]. The chiral liquid crystal

phases are the cholesteric (N*), chiral smectic (e.g.

SmC* of rod-shape molecules [14], or SmCP of bent-core

molecules [15]) and the chiral columnar phases.

Table 1 lists the LC phases that have no inversion

symmetry, that is, which can have linear couplings be-

tween electric field and mechanical strain. We see that

several of them (SmC* of chiral rod-shape, the tilted

columnar phase of chiral disc shape and the SmCP of

achiral bent-core or tilted bowl-shape molecules) have C2

symmetry, which allows 8 independent piezoelectric

coefficients.

In the SmA* and N* phases a shear induces a tilt, which,

combined with the lack of mirror plane owing to the

molecular chirality, allows the existence of a polar vector

normal to the shear plane. This is illustrated in the upper

part of Figure 1.

The inverse effect, when an electric field is applied

perpendicular to the director, results in a shear strain,

which would also lead to a tilt of the director. The optical

consequence of this effect, rotation of the optic axis (the
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Table 1

List of the most important liquid crystalline phases with their

symmetry and non-vanishing piezoelectric coupling constants

Phase Molecular

shape

Symmetry Non-zero Piezo constants

N*, SmA* Chiral rod D1 d1,23 = �d2,13

SmAP Bent shape C2n d3,11; d3,22; d3,33, d1,13;

d2,23

SmC* Chiral rod C2 d3,11; d3,22; d3,33, d1,13;

d2,23; d1,23; d2,13; d3,12

SmCP Bent shape C2 d3,11; d3,22; d3,33, d1,13;

d2,23; d1,23; d2,13; d3,12

SmCG Bent shape C1 All 18 di,jk

Col*tilt Chiral disc C2 d3,11; d3,22; d3,33, d1,13;

d2,23; d1,23; d2,13; d3,12

Ph Bowl shape C1n d3,33; d3,11 = d3,22

P*h Chiral bowl C1 d3,33; d3,11; d3,22

Ptilt Tilted bowl C2 d3,11; d3,22; d3,33, d1,13;

d2,23; d1,23; d2,13; d3,12
director) proportional to the electric field, is known as

electro-clinic effect [16–18].

The direct piezoelectric (or linear mechano-electrical)

effect in SmC* materials is owing to the shear-induced

polarization [19,20], and is arising from the distortion of

the helix. In the ground state (no-shear) the polarization

averages out in bulk, but shear unwinds the helix and

leads to a polarization normal to the shear plane. Direct

piezoelectric effects were also observed in various bio-

logical membranes [21] and in aqueous lyotropics, where

the highly conductive water is often replaced by ethylene
Figure 1

Flexoelectricity of bent-core nematic LC

Piezoelectricity of SmA*
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Illustration of the main physical mechanism of piezoelectricity and

flexoelectricity in LCs.
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glycol [22–24]. Linear mechano-electrical effects were

also found on non-aqueous lyotropic phases [21,25]

Recently neat phospholipids were also shown to be piezo-

electric [26,27].

The converse piezoelectric (linear electro mechanical)

effect in SmC* materials [28–30] may result in audible

acoustic effects implying their possible use in electro-

mechanical transducers [31,32]. A systematic study [33]

with accurate control of the alignment revealed that the

vibrations parallel to the smectic layers and the film

surface are generally the strongest, especially if the polar-

ization is also parallel to the plates.

Linear electro-mechanical effects of free-standing ferro-

electric SmC* films were studied by light scattering while

applying AC electric fields along the film surface [34–37].

In addition, they were also investigated in ferroelectric

columnar LCs [38], SmC* elastomers [39,40] and glasses

[41], in various biological systems [42], lyotropic LCs and

in membranes [21]. Converse piezoelectricity was also

invoked [43] to explain the swelling of membranes in

response to voltage changes [44]. Converse piezoelectric

measurements in ferroelectric SmCP bent-core LCs [45]

and a summary of experimental studies in SmC* elasto-

mers [46] have been published only recently. An electro-

clinic effect related field-induced twist, whose direction

changes sign with that of the electric field, was also

reported on SmA* elastomers [47,48].

Flexoelectricity
Another linear electromechanical phenomenon, flexoe-

lectricity, connects bending and electricity. Initially it was

regarded as bending piezoelectricity [49,50], however, in

contrast to piezoelectricity, flexoelectricity does not

require the lack of inversion symmetry and the coupling

constants eijkl are given by a fourth rank tensor:

P flexo
i ¼ ei jkl

@S jk

@xl
; A

@T i j

@xk
¼ ei jkl El ; (3)

corresponding to direct and converse flexoelectricity,

respectively. Sjk (Tij) are the elements of the strain (stress)

tensor, and A is the area of the sample. In crystals the first

experiments [51] in 1988 gave e � 10�11 to 10�10 C/m. In

perovskite-type [52��] and relaxor ferroelectric ceramics

[53–55] and in polyvinylidene fluoride (PVDF) film

[56�,57�] the flexoelectric coefficients are 4 orders of

magnitude larger than in dielectric crystals, and the large

polarization induced by flexing is evidently of ferroelec-

tric origin.

In fluid LCs stresses and strains are related mostly to

orientational elasticity. R.B. Meyer predicted flexoelec-

tricity [50] for nematic LCs composed of dipolar mol-

ecules with asymmetric shapes, such as pear-shape or

bent-core. In the absence of electric fields the molecular

dipoles average out and the net polarization is zero.
Current Opinion in Chemical Engineering 2013, 2:120–124
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Figure 2
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Variation of the flexoelectric coefficient on a relative temperature scale

T–TN-I for the bent-core liquid crystal ClPbis10BB (molecular structure

seen above the graph), and for the calamitic liquid crystal 5CB measured

in cells of A = 1 cm2 active areas. The inset shows part of the figure (je3j
of 5CB) at a magnified scale.
However, when the director is subjected to splay or bend

deformations, respectively, the material become macro-

scopically polar:

P flexo ¼ e1 nðdiv nÞ � e2 n � ðcurl nÞ (4)

This effect is illustrated in the lower row of Figure 1.

Molecular statistical theories based on molecular packing

considerations [58–60] predicted for the splay and bend

flexo-coefficients e1 and e3 to be about 1 pC/m for nearly

rod-shape molecules, and about an order of magnitude

larger e3 values for banana shape molecules. Actual

measurements on rod-shape LCs [61–69] typically give

about e1 � e3 � 10 pC/m, owing to a contribution of a

quadrupolar mechanism [70]. These values are similar

to those measured on elastomers subjected to a defor-

mation gradient [51].

A ‘peculiar kind of piezoelectric effect’ was measured on

black lipid membranes (BLM) [71–73] and found that the

molecular basis of the flexoelectricity of lipid bilayers is

an asymmetric redistribution of charges, dipoles and the

splayed uniaxial orientation of their quadrupolar

moments [74]. Converse flexoelectric measurements on

BLM [75] and vesicles [76] found e1 � 100 pC/m, which is

an order of magnitude larger than typical for calamitic
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thermotropic LCs. The sensory mechanism of outer hair

cell composite membranes [77,78] can be understood by

the flexoelectric properties of the lipid bilayer [79]. The

converse of this effect, that is, voltage-generated curva-

ture has also been observed [80].

The bend flexoelectric coefficient determined from

mechanical bending induced electric current measure-

ments in bent-core LCs [81,82] show 3 orders of magni-

tudes larger values than in normal dielectric LCs. An

example on 4-chloro-1,3-phenylene bis4-[40-(9-decenyl-

oxy) benzoyloxy] benzoate (ClPbis10BB) in comparison

with a typical rod-shape liquid crystal pentyl cyano biphe-

nyl (5CB) is shown in Figure 2.

This increase is similar to that of ferroelectric ceramics

[55] and indicates the presence of ferroelectric smectic

clusters [83–85,86�] in bent-core nematics.

Conclusion
The physical effects reviewed above represent couplings

between electrical and mechanical phenomena, which

might allow energy conversion.

These concepts turned out to be useful in interpreting

some functions of living organisms, successfully devel-

oped during evolution. These effects are already utilized

in state-of-the-art sensor and actuator technologies, and

might have potential for further practical applications.

The latter hopefully prompt designing and synthesizing

more appropriate functional materials (presumably poly-

mers or elastomers) with larger coupling coefficients and

easier processability.
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no. 4 de la Societee Mineralogique de France 1880, 3:90.

2. Wul BM, Goldman IM: Dielectric constant of BaTiO3 as a
function of strength of an alternating field. Dokl Akad Nauk
SSSR 1945, 49:179.

3. Von Hippel A, Breckenridge RG, Chesley FG, Tisza L: High
dielectric constant ceramics. Ind Eng Chem 1946,
38:1097-1109.

4. Roberts S: Dielectric and piezoelectric properties of barium
titanate. Phys Rev 1947, 71:890-895.

5. Wada Y: Chapter 4. Piezoelectricity and pyroelectricity. In
Electronic Properties of Polymers. Edited by Most J, Pfister G. New
York: Wiley-Interscience; 1982.

6. Fukada E: Piezoelectricity in polymers and biological
materials. Ultrasonics 1968, 6:229.

7. Fukada E: Piezoelectric properties of biological
macromolecules. Adv Biophys 1974, 6:121.

8. Kawai H: The piezoelectricity of poly(vinylidene fluoride). Jpn J
Appl Phys 1970, 8:975-976.
www.sciencedirect.com



Piezoelectricity of soft materials Jákli and Antal 123
9. Lekkala J, Poramo R, Nyholm K, Kaikkonen T: EMF force sensor –
a flexible electret film for physiological applications. Med Biol
Eng Comput 1996, 34:67-68.

10. Sessler GM, Hillenbrand J: Electromechanical response of
cellular electret films. Appl Phys Lett 1999, 75:3405-3407.

11. Bauer S, Gerhard-Multhaupt R, Sessler GM: Ferroelectrets: soft
electroactive foams for transducers. Phys Today 2004, 57:37.

12.
�

Morvan J, Buyuktanir E, West JL, Jákli A: Highly piezoelectric
biocompatible and soft composite fibers. Appl Phys Lett 2012,
100 063901/1–4.

Biocompatible soft fibers were prepared from poly lactic acid containing
barium titanate ferroelectric ceramic particles by electrospinning. The
fibers showed two orders of magnitude larger piezoelectric constant per
weight than single crystal barium titanate films.

13. Niori T, Sekine T, Watanabe J, Furukawa T, Takezoe H: Distinct
ferroelectric smectic liquid crystals consisting of banana
shaped achiral molecules. J Mater Chem 1996, 6:1231-1233.

14. Meyer RB, Liebert L, Strzelecki I, Keller P: Ferroelectric liquid
crystals. J Phys Lett (Paris) 1975, 36:L69-L72.

15. Link DR, Natale G, Shao R, Maclennan JE, Clark NA, Körblova E,
Walba DM: Spontaneous formation of macroscopic chiral
domains in a fluid smectic phase of achiral molecules. Science
1997, 278:1924-1927.

16. Garoff S, Meyer RB: Electroclinic effect at the A-C phase
change in a chiral smectic liquid crystal. Phys Rev Lett 1977,
38:848-851.

17. Bahr CH, Heppke G: Optical and dielectric investigations on the
electroclinic effect exhibited by a ferroelectric liquid crystal
with high spontaneous polarization. Liq Cryst 1987, 2:825-831.

18. Andersson G, Dahl I, Keller P, Kuczynski W, Lagerwall ST, Skarp K,
Stebler B: Submicrosecond electro-optic switching in the
liquid-crystal smectic A phase: the soft-mode ferroelectric
effect. Appl Phys Lett 1987, 51:640-642.

19. Pieranski P, Guyon E, Keller P: Shear flow induced polarization
in ferroelectric smectics C. J Phys (Paris) 1975, 36:1005-1010.

20. Jákli A, Bata L: Mechano-electrical effects on planar SC* liquid
crystals. Mol Cryst Liq Cryst 1991, 201:115-124.

21. Blinov LM, Davidyan SA, Petrov AG, Yablonsky SV: Manifestation
of ferroelectricity in a lyotropic liquid crystal with a chiral
impurity: a structural analog of a biological membrane. JETP
Lett 1988, 48:285-288.

22. Moucharafieh N, Friberg S: Mol Cryst Liq Cryst 1979, 49:231.

23. Petrov AG, Durand G: Thermal instability in lamellar phases
of lecithin: a planar undulation model. J Phys Lett 1983,
44:L793-L798.

24. Petrov AG, Cagnon M, Galerne Y, Durand G: Thermal and
mechanical instabilities in nonaqueous lamellar lyotropic
lecithin-ethylenglycol. Mol Cryst Liq Cryst 1988, 154:179-193.

25. Kagawa Y, Hatakeyama T: Piezoelectric effect in liquid crystals.
J Sound Vibration 1977, 53:585-593.

26. Jákli A, Harden J, Notz C, Bailey C: Piezoelectricity of
phospholipids: a possible mechanism for mechanoreception
and magnetoreception in biology. Liq Cryst 2008,
35:395-400.

27. Harden J, Diorio N, Petrov AG, Jákli A: Chirality of lipids makes
fluid lamellar phases piezoelectric. Phys Rev E 2009, 79 011701.

28. Jákli A, Bata L, Buka Á, Éber N, Jánossy I: New
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