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Perspective on an Unusual
Electromechanical Coupling

The ability of certain materials to convert electrical stimuli into mechanical deformation,
and vice versa, is a prized property. Not surprisingly, applications of such so-called pie-
zoelectric materials are broad—ranging from energy harvesting to self-powered sensors.
In this perspective, written in the form of question-answers, we highlight a relatively
understudied electromechanical coupling called flexoelectricity that appears to have tan-

talizing implications in topics ranging from biophysics to the design of next-generation
multifunctional nanomaterials. [DOL: 10.1115/1.4032378]

What Is Flexoelectricity and How Does It Differ From
Piezoelectricity?

A uniform mechanical strain electrically polarizes a piezoelec-
tric material. There is extensive literature on the formal develop-
ment of the phenomenological theory of piezoelectricity;
however, simply put, this phenomenon may be described by
the following linearized relation between the components of the
polarization vector (P) and the strain tensor (¢): P;~ d;jx&j. The
piezoelectric property tensor (d) is third order. Group theory states
that only noncentrosymmetric crystals may exhibit properties dic-
tated by third-order tensors [1], and accordingly, common insula-
tors which possess a centrosymmetric crystal structure, such as Si
and NaCl, are nonpiezoelectric.

However, as schematically alluded to in Fig. 1, a nonuniform
strain may break the mirror symmetry even in otherwise centro-
symmetric crystals. The relation of the polarization to the extent
of the nonuniformity of the strain field, or strain gradient, is
known as flexoelectricity: P; ~ dyej + fiju (O /0x;), where fi
are the components of the so-called flexoelectric tensor. While the
piezoelectric property is nonzero only for selected materials, the
strain gradient-polarization coupling (i.e., flexoelectricity tensor)
is in principle nonzero for all (insulating) materials. This implies
that under a nonuniform strain, a/l dielectric materials are capable
of producing a polarization. The reader is referred to the following
articles for further information: Refs. [2-9].

What Are Some Examples of Real Materials in Which
Flexoelectricity Has Been Observed?

The flexoelectric mechanism is well-illustrated by the nonuni-
form straining of a graphene nanoribbon—a manifestly nonpiezo-
electric material (Fig. 2(a)) [10,11]. Several works have now
appeared [12—15] that have addressed 2D materials, e.g., boron
nitride and carbon nitride, among others. As another widely stud-
ied two-dimensional soft material, biological membranes also
show flexoelectricity (Fig. 2(b)) [16]. A review on flexoelectricity
in 2D materials has recently been provided by Ahmadpoor and
Sharma [9]. Flexoelectricity has been experimentally confirmed in
several crystalline materials such as NaCl, strontium titanate, and
ferroelectrics like barium titanate, among others [17-21]. Some
recent experiments have also measured a flexoelectric response in
several polymers [22-24].
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How “Significant” Is the Flexoelectric Effect?—Is It
Just an “Exotic” Phenomenon or Something That May
Have Some Compelling Implications?

The jury is still out on how important flexoelectricity may turn
out to be. Even though all dielectrics are flexoelectric, the effect
may be negligibly small and is dictated by the strength of the flex-
oelectricity tensor (f). In other words, symmetry considerations
guarantee that flexoelectricity exists but not how important it will
be in a given material. Flexoelectricity becomes important when
one or more of the following (sometimes overlapping) situations
occur:

(1) The material’s flexoelectricity coefficients are unusually
large: This is usually the case for high dielectric constant
materials like ferroelectrics and complex oxide ceramics,
cf. Refs. [4] and [17-21].

(2) The more traditional form of electromechanical coupling,
e.g., piezoelectricity, is absent: In such a case, flexoelectric-
ity then provides perhaps the only significant route to
couple mechanical deformation and electrical stimuli. For
example, biological membranes have no crystalline sym-
metry that would permit piezoelectricity. Accordingly,
flexoelectricity—which relates changes in curvature to the
development of polarization—becomes quite important.

(3) The feature size in the structure of interest is “small”: Large
strain gradients can induce a strong flexoelectric response
even if the magnitude of flexoelectric coefficients is not
large. For a given strain field, large strain gradients are
generated easily only at the nanoscale. Here we mention
that the precise scale at which this effect becomes

Fig. 1 lllustration of induced polarization due to nonuniform
deformation of a centrosymmetric (nonpiezoelectric) material
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Fig. 2 Flexoelectricity in membranes (a) Bending of a (dielec-
tric) graphene nanoribbon: bending deformation leads to sym-
metry breaking of the electron distribution at each atomic site
leading to the development of a dipole moment normal to the
ribbon plane. (b) Bending of a lipid bilayer membrane: Due to
bending, the asymmetry in both the charge and dipole densities
in the upper and lower layers causes the normal polarization in
the bilayer membrane. (Reproduced from Deng et al. [26] with
permission from Elsevier.)

prominent depends (largely) on the relative strength of the
elastic properties, dielectric coefficients, and flexoelectric
coefficients. Usually, sub-10 nm characteristic length scales
are required, cf. Refs. [8,9,25]; albeit in some contexts
(e.g., soft materials or ferroelectrics), this effect can also
manifest with feature sizes of several hundreds of nano-
meters [18,26].

(4) Soft materials: Strain gradients scale inversely with the
elastic stiffness. Experiments appear to indicate that the
flexoelectric coefficients of soft materials (such as poly-
mers) are at least the same order of magnitude as hard crys-
talline materials, if not stronger [22-24]. However, the
elastic stiffness of soft materials can be several orders of
magnitude smaller than hard ceramics. Accordingly, there
is an expectation that flexoelectricity will be important for
soft materials. Preliminary analysis of Deng et al. [26,27]
appears to confirm this where flexoelectricity was shown to
create artificial piezoelectric materials whose apparent pie-
zoelectric strength is nearly 20 times larger than the hard
ferroelectrics like barium titanate.

What Is the Connection Between Nanotechnology
and Flexoelectricity?

As alluded to in the response to the previous question, strain
gradients are most easily achievable at the nanoscale, and accord-
ingly, for appreciable flexoelectricity, nanostructures and nanoma-
terials are highly relevant. For example, Ref. [28] provides a
study of how the dynamic and energy harvesting response of a
flexoelectric beam changes with size—nontrivial results are usu-
ally obtained only at nanoscale dimensions.
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Fig. 3 The first figure depicts a nonpiezoelectric 2D sheet with
circular pores. Under uniform stretching, strain gradients
develop in the vicinity of the holes, and therefore, the local
polarization due to flexoelectricity is nonzero; however, the net
or average polarization remains zero, and thus, overall there is
no emergent piezoelectric response. The second figure shows
the same sheet with triangular pores. In this case, again, locally,
in the vicinity of the triangular holes, polarization develops.
Unlike the previous case, however, there also exists nhow a net
nonzero polarization, and thus, this hypothetical material with
triangular holes exhibits an apparent piezoelectricity even
though the native material itself is nonpiezoelectric. (Repro-
duced from Ahmadpoor and Sharma [9] with permission from
the National Center for Nanoscience and Technology (NCNST)
and The Royal Society of Chemistry.)

How Can Be Flexoelectricity Be Exploited to “Design”
Multifunctional Materials?—How to Create
“Apparently Piezoelectric Materials Without Using
Piezoelectric Materials”?

Arguably, one of the most interesting applications of flexoelec-
tricity is to create apparently piezoelectric materials without using
piezoelectric materials [29]. The central idea underpinning this is
quite simple: Consider a material consisting of two or more differ-
ent nonpiezoelectric dielectrics—as a concrete example that has
been studied in the past we may think of a (dielectric) graphene
nanoribbon impregnated with holes (Fig. 3) [11]. Upon the appli-
cation of uniform stress, differences in material properties at the
interfaces of the materials will result in the presence of strain gra-
dients. Those gradients will induce polarization due to the flexo-
electric effect. As long as certain symmetry rules are followed,
the net average polarization will be nonzero. Thus, the artificially
structured material will exhibit an electrical response under uni-
form stress behaving, therefore like a piezoelectric material.
Regarding symmetry, topologies of only certain symmetries can
realize the aforementioned concept. For example, circular holes
distributed in a material will not yield apparently piezoelectric
behavior even though the flexoelectric effect will cause local
polarization fields. Due to circular symmetry, the overall average
polarization is zero (Fig. 3(a)). A similar material but containing
triangular shaped holes (or inclusions), for example, and aligned
in the same direction, will exhibit the required apparent piezoelec-
tricity. In a similar vein, a finite bilayer or multilayer configura-
tion may also be used (Fig. 3(b))—see the discussion in Ref. [25].
Zelisko et al. [13] characterized graphene nitride nanosheets
(g-C5Ny) both experimentally and via ab initio simulations.
Intrinsically, pristine graphene nitride nanosheets are nonpiezo-
electric; however, in one of its stable form, the sheets are riddled
with triangular holes, as shown in Fig. 4. In their work, it
was confirmed that indeed flexoelectricity, together with triangu-
lar defects, causes graphene nitride to exhibit an apparent
piezoelectricity.

What Are Some Possible Implications and
Applications of Flexoelectricity?

The idea of designing artificial piezoelectric materials has
already been explained in the response to the preceding
questions. Here are some other implications and applications of
flexoelectricity:
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Fig. 4 Graphene nitride nanosheet, riddled by triangular holes,
was experimentally and computationally shown to exhibit an
apparent piezoelectric response (Reprinted with permission
from Ahmadpoor and Sharma [9] with permission from the
National Center for Nanoscience and Technology (NCNST) and
The Royal Society of Chemistry.)

(1) Energy harvesting: To date, research on energy harvesting
is centered around piezoelectric materials, e.g., Ref. [30].
Several recent works have appeared that have illustrated
the potential for the use of flexoelectricity in energy har-
vesting [28,31-33]. More recently, Deng et al. [28] have
developed a complete theoretical continuum model for
flexoelectric nanoscale energy harvesting (Fig. 5). When a
cantilever beam, covered by conductive electrodes on its
top and bottom surfaces, undergoes bending vibrations, an
alternating potential difference is generated across the elec-
trodes. Many conventional piezoelectrics (which are often
ferroelectrics) loose their piezoelectricity above the
so-called Curie temperature. Flexoelectricity, in contrast,
can persist to fairly high temperatures and can be fruitfully
exploited to circumvent this limitation of conventional pie-
zoelectrics [34]. In that context, flexoelectricity is a possi-
ble solution in situations where piezoelectric materials
cannot be used.

Fig. 5 A centrosymmetric flexoelectric energy harvester under
base excitation can function in a manner similar to a piezoelec-
tric harvester

Journal of Applied Mechanics

(2) Material behavior: Flexoelectricity has been found to play
a prominent role in a range of phenomena exhibited by fer-
roelectric nanostructures or bulk specimens with nanoscale
features. Some examples are: polarization rotation in thin
films [35], indentation size effect [36], fracture toughness
[37], and defects [38], among others.

(3) Sensors and actuators: Very few works have actually
exploited the concept of flexoelectricity to create sensors
and actuators—a natural application of any multifunctional
coupling. Some examples are: Bhaskar et al. [39] who have
created the so-called electromechanical strain diode as well
as an MEMS device on silicon [40] and Wang et al. [41]
who fabricated a ferroelectric micromachined diaphragm.

What Is the Role of Flexoelectricity in Biology?

Two representative examples of nonuniform strain modes are
bending and torsion. Relatively, little energy is required to
induce curvature in soft biomembranes whose bending modulus
is only slightly higher (10-20kzT) than the thermal energy scale.
In the context of biomembranes, flexoelectricity takes the fol-
lowing form: P =fkn, where n is the normal vector to the mem-
brane midplane. Given the absence of any plausible
micromechanism for piezoelectricity, flexoelectricity is most
likely the key mechanism underpinning the electromechanical
coupling in biomembranes. It has been found to be relevant for
studying ion channels, thermal fluctuations, equilibrium shape of
the vesicle, and electromotility [26,42-47]. Based on several
hypotheses and experiments [48-55], the mammalian hearing
mechanism appears to be one of the most exciting implications
of flexoelectricity in biology. Hair cells are the primary sensory
receptors in the auditory system that transform the mechanical
vibrations of sound into sensible electrical action potential.
Though the corresponding mechanism is still not ful/ly under-
stood, one possible explanation is that flexoelectricity is the
electromechanical coupling mechanism in the outer hair cells of
the mammalian ears (Fig. 6).

What Are Some Open Areas of Research in
Flexoelectricity?

Despite the emergence of active interest in this area in both the
mechanics and physics community, the topic of flexoelectricity is
wide open. We mention here just a few topics that may be of inter-
est to the mechanics community.

The connection of flexoelectricity to traditional mechanics
topics such as defects and fracture is only just being touched
upon. Likewise, while a few works (cited elsewhere in this article)
have exploited flexoelectricity to design novel forms of multifunc-
tional materials, this path has hardly been exhausted.

A tantalizing future direction in the case of flexoelectricity is
in the realm of soft materials. As indicated previously, larger
strain gradients are easily possible in soft materials, and thus,
the prospects of a stronger flexoelectric response along with the
possibility of large deformations are attractive. While flexoelec-
tricity, both from a quantum view point (cf. Ref. [56]) as well
as classical (cf. Ref. [7]), appears to now be well-understood, a
clear microscopic picture underpinning flexoelectricity in soft
materials is still lacking. Perplexingly, experiments appear to
indicate flexoelectricity to be both large and small in a variety
of polymers [22-24]. Currently, the Maxwell stress effect is
exploited for electromechanical actuation in soft materials. How-
ever, the latter suffers from some disadvantages: the Maxwell
stress effect is a one-way coupling, i.e., mechanical deformation
does not produce an electric field, large electric fields are
required for actuation, and finally, reversal of electric field does
not reverse the direction of the deformation. In contrast, appro-
priately used flexoelectric response will not suffer from any of
these disadvantages.
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Fig. 6 Hair bundles consist of several stereocilia that are con-
nected by thin fibers called tip links and organized in rows of
decreasing height. The axes of hair bundles point away from
the center of the cochlea. Mechanosensitive ion channels are
located within the wall of the stereocilia near the top and teth-
ered to adjacent stereocilia by tip link tension. Bending of the
hair bundle toward the tallest row imposes tip link tension on
channels in the shorter neighbor causing them to open and
make the cellular inner environment more electrically positive.
Similarly, bending the bundle in the opposite direction closes
the channel, causing the cell to become more negative. During
these processes, a voltage difference emerges across the thick-
ness of the stereocilia membrane, and due to the flexoelectric
response of the cellular membrane, the radius of the stereocilia
changes. Accordingly, the height of the stereocilia increases
(or decreases) to maintain the fixed volume. Caption quoted
from the text of Ahmadpoor and Sharma [9].

Perhaps the biggest need currently is in the development of
flexoelectricity-based applications and careful materials character-
ization experiments. In general, theoretical and computational
work has far outpaced experimental efforts in this direction.
Having said that, even from a computational viewpoint, atomistic
calculations of flexoelectric constants are nontrivial due to the fact
that periodic boundary conditions make the imposition of strain
gradients rather difficult.

With the exception of graphene, boron nitride and (to some
degree) graphene nitride [12—14], a characterization of the flexoe-
lectricity in other 2D materials is still missing. In particular, we
note that to date, flexoelectricity has not been experimentally
evaluated for any of the 2D inorganic materials—however, as
described in the main text, considerably more progress has been
made in the case of lipid bilayers [57-61].

Finally, the connection of flexoelectricity to other multifunc-
tional materials, such as magnetoelectrics and liquid crystal elas-
tomers, is wide open.

Acknowledgment

Financial support from NSF CMMI Grant No. 1463339 and the
M.D. Anderson Professorship was gratefully acknowledged.

030801-4 / Vol. 83, MARCH 2016

References

[1] Nowick, A. S., 2005, Crystal Properties Via Group Theory, Cambridge Univer-
sity Press, New York.

[2] Tagantsev, A. K., 1986, “Piezoelectricity and Flexoelectricity in Crystalline
Dielectrics,” Phys. Rev. B, 34(8), p. 5883.

[3] Maranganti, R., Sharma, N. D., and Sharma, P., 2006, “Electromechanical
Coupling in Nonpiezoelectric Materials Due to Nanoscale Nonlocal Size
Effects: Green’s Function Solutions and Embedded Inclusions,” Phys. Rev. B,
74(1), p. 014110.

[4] Cross, L. E., 2006, “Flexoelectric Effects: Charge Separation in Insulating
Solids Subjected to Elastic Strain Gradients,” J. Mater. Sci., 41(1), pp. 53—-63.

[5] Tagantsev, A. K., Meunier, V., and Sharma, P., 2009, “Novel Electromechani-
cal Phenomena at the Nanoscale: Phenomenological Theory and Atomistic
Modeling,” MRS Bull., 34(9), pp. 643-647.

[6] Zubko, P., Catalan, G., and Tagantsev, A. K., 2013, “Flexoelectric Effect in
Solids,” Annu. Rev. Mater. Res., 43(1), pp. 387-421.

[7] Yudin, P. V., and Tagantsev, A. K., 2013, “Fundamentals of Flexoelectricity in
Solids,” Nanotechnology, 24(43), p. 432001.

[8] Nguyen, T. D., Mao, S., Yeh, Y.-W., Purohit, P. K., and McAlpine, M. C.,
2013, “Nanoscale Flexoelectricity,” Adv. Mater., 25(7), pp. 946-974.

[91 Ahmadpoor, F., and Sharma, P., 2013, “Flexoelectricity in Two-Dimensional
Crystalline and Biological Membranes,” Nanoscale, 25(7), pp. 946-974.

[10] Dumitrica, T., Landis, C. M., and Yakobson, B. L., 2002, “Curvature-Induced
Polarization in Carbon Nanoshells,” Chem. Phys. Lett., 360(1), pp. 182—188.

[11] Chandratre, S., and Sharma, P., 2012, “Coaxing Graphene to be Piezoelectric,”
Appl. Phys. Lett., 100(2), p. 023114.

[12] Kalinin, S. V., and Meunier, V., 2008, “Electronic Flexoelectricity in Low-
Dimensional Systems,” Phys. Rev. B, 77(3), p. 033403.

[13] Zelisko, M., Hanlumyuang, Y., Yang, S., Liu, Y., Lei, C., Li, J., Pulickel, M.,
Ajayan, P. M., and Sharma, P., 2014, “Anomalous Piezoelectricity in Two-
Dimensional Graphene Nitride Nano Sheets,” Nat. Commun., 5, p. 4284.

[14] Naumov, L., Bratkovsky, A. M., and Ranjan, V., 2009, “Unusual Flexoelectric
Effect in Two-Dimensional Noncentrosymmetric sp>-Bonded Crystals,” Phys.
Rev. Lett., 102(21), p. 217601.

[15] Duerloo, K.-A. N., and Reed, E. J., 2013, “Flexural Electromechanical Cou-
pling: A Nanoscale Emergent Property of Boron Nitride Bilayers,” Nano Lett.,
13(4), pp. 1681-1686.

[16] Petrov, A. G., 2002, “Flexoelectricity of Model and Living Membranes,” Bio-
chim. Biophys. Acta, 1561(1), pp. 1-25.

[17] Fu,J. Y., Zhu, W., Li, N., and Cross, L. E., 2006, “Experimental Studies of the
Converse Flexoelectric Effect Induced by Inhomogeneous Electric Field in a
Barium Strontium Titanate Composition,” J. Appl. Phys., 100(2), p. 024112.

[18] Fu,J. Y., Zhu, W., Li, N., Smith, N. B., and Cross, L. E., 2007, “Gradient Scal-
ing Phenomenon in Microsize Flexoelectric Piezoelectric Composites,” Appl.
Phys. Lett., 91(18), p. 182910.

[19] Ma, W., and Cross, L. E., 2002, “Flexoelectric Polarization of Barium
Strontium Titanate in the Paraelectric State,” Appl. Phys. Lett., 81(18),
pp. 3440-3442.

[20] Zubko, G. P., Catalan, A. R., Buckley, P., Welche, L., and Scott, J. F., 2007,
“Strain-Gradient Induced Polarization in SrTiO; Single Crystals,” Phys. Rev.
Lett., 99(16), p. 167601.

[21] Ma, W., and Cross, L. E., 2003, “Strain-Gradient Induced Electric Polarization
in Lead Zirconate Titanate Ceramics,” Appl. Phys. Lett, 82(19),
pp. 3923-3925.

[22] Chu, B., and Salem, D. R., 2012, “Flexoelectricity in Several Thermoplastic
and Thermosetting Polymers,” Appl. Phys. Lett., 101(10), p. 103905.

[23] Baskaran, S., He, X., Chen, Q., and Fu, J. Y., 2011, “Experimental Studies on
the Direct Flexoelectric Effect in o-Phase Polyvinylidene Fluoride Films,”
Appl. Phys. Lett., 98(24), p. 242901.

[24] Baskaran, S., He, X., Wang, Y., and Fu, J. Y., 2012, “Strain Gradient Induced
Electric Polarization in «-Phase Polyvinylidene Fluoride Films Under Bending
Conditions,” J. Appl. Phys., 111(1), p. 014109.

[25] Sharma, N. D., Landis, C. M., and Sharma, P., 2010, “Piezoelectric Thin-Film
Superlattices Without Using Piezoelectric Materials,” J. Appl. Phys., 108(2),
p. 024304.

[26] Deng, Q., Liu, L., and Sharma, P., 2014, “Flexoelectricity in Soft Materials and
Biological Membranes,” J. Mech. Phys. Solids, 62, pp. 209-227.

[27] Deng, Q., Liu, L., and Sharma, P., 2014, “Electrets in Soft Materials: Non-
linearity, Size Effects, and Giant Electromechanical Coupling,” Phys. Rev. E,
90(1), p. 012603.

[28] Deng, Q., Kammoun, M., Erturk, A., and Sharma, P., 2014, “Nanoscale Flexo-
electric Energy Harvesting,” Int. J. Solids Struct., 51(18), pp. 3218-3225.

[29] Sharma, N. D., Maranganti, R., and Sharma, P., 2007, “On the Possibility of
Piezoelectric Nanocomposites Without Using Piezoelectric Materials,”
J. Mech. Phys. Solids, 55(18), p. 2328.

[30] Sodano, H. A., Inman, D. J., and Park, G., 2004, “A Review of Power Harvest-
ing From Vibration Using Piezoelectric Materials,” Shock Vib. Dig., 36(3),

pp. 197-206.
[31] Jiang, X., Huang, W., and Zhang, S., 2013, “Flexoelectric Nano-
Generator: Materials, Structures and Devices,” Nano Energy, 2(6),

pp. 1079-1092.

[32] Majdoub, M. S., Sharma, P., and Cagin, T., 2008, “Dramatic Enhancement in
Energy Harvesting for a Narrow Range of Dimensions in Piezoelectric Nano-
structures,” Phys. Rev. B, 78(12), p. 121407.

[33] Majdoub, M. S., Sharma, P., and Cagin, T., 2009, “Erratum: Dramatic Enhance-
ment in Energy Harvesting for a Narrow Range of Dimensions in Piezoelectric

Transactions of the ASME

Downloaded From: http://nanoengineeringmedical .asmedigital collection.asme.or g/ on 04/25/2016 Terms of Use: http://www.asme.or g/about-asme/ter ms-of-use


http://dx.doi.org/10.1103/PhysRevB.34.5883
http://dx.doi.org/10.1103/PhysRevB.74.014110
http://dx.doi.org/10.1007/s10853-005-5916-6
http://dx.doi.org/10.1557/mrs2009.175
http://dx.doi.org/10.1146/annurev-matsci-071312-121634
http://dx.doi.org/10.1088/0957-4484/24/43/432001
http://dx.doi.org/10.1002/adma.201203852
http://dx.doi.org/10.1039/C5NR04722F
http://dx.doi.org/10.1016/S0009-2614(02)00820-5
http://dx.doi.org/10.1063/1.3676084
http://dx.doi.org/10.1103/PhysRevB.77.033403
http://dx.doi.org/10.1038/ncomms5284
http://dx.doi.org/10.1103/PhysRevLett.102.217601
http://dx.doi.org/10.1103/PhysRevLett.102.217601
http://dx.doi.org/10.1021/nl4001635
http://dx.doi.org/10.1016/S0304-4157(01)00007-7
http://dx.doi.org/10.1016/S0304-4157(01)00007-7
http://dx.doi.org/10.1063/1.2219990
http://dx.doi.org/10.1063/1.2800794
http://dx.doi.org/10.1063/1.2800794
http://dx.doi.org/10.1063/1.1518559
http://dx.doi.org/10.1103/PhysRevLett.99.167601
http://dx.doi.org/10.1103/PhysRevLett.99.167601
http://dx.doi.org/10.1063/1.1570517
http://dx.doi.org/10.1063/1.4750064
http://dx.doi.org/10.1063/1.3599520
http://dx.doi.org/10.1063/1.3673817
http://dx.doi.org/10.1063/1.3443404
http://dx.doi.org/10.1016/j.jmps.2013.09.021
http://dx.doi.org/10.1103/PhysRevE.90.012603
http://dx.doi.org/10.1016/j.ijsolstr.2014.05.018
http://dx.doi.org/10.1016/j.jmps.2007.03.016
http://dx.doi.org/10.1177/0583102404043275
http://dx.doi.org/10.1016/j.nanoen.2013.09.001
http://dx.doi.org/10.1103/PhysRevB.78.121407

Nanostructures [Phys. Rev. B, 78, 121407 (R)(2008)],” Phys. Rev. B, 79(15),
p. 159901.

[34] Mbarki, R., Baccam, N., Dayal, K., and Sharma, P., 2014, “Piezoelectricity
Above the Curie Temperature? Combining Flexoelectricity and Functional
Grading to Enable High-Temperature Electromechanical Coupling,” Appl.
Phys. Lett., 104(12), p. 122904.

[35] Catalan, G., Lubk, A., Vlooswijk, A. H. G., Snoeck, E., Magen, C., Janssens,
A., Rispens, G., Rijnders, G., Blank, D. H. A., and Noheda, B., 2010,
“Flexoelectric Rotation of Polarization in Ferroelectric Thin Films,” Nat.
Mater., 23(1), p. 963.

[36] Gharbi, M., Sun, Z. H., Sharma, P., and White, K., 2009, “The Origins of
Electromechanical Indentation Size Effect in Ferroelectrics,” Appl. Phys. Lett.,
95(14), p. 142901.

[37] Abdollahi, A., Peco, C., Millan, D., Arroyo, M., Catalan, G., and Arias, 1.,
2015, “Fracture Toughening and Toughness Asymmetry Induced by
Flexoelectricity,” Phys. Rev. B, 92(9), p. 094101.

[38] Mao, S., and Purohit, P., 2015, “Defects in Flexoelectric Solids,” J. Mech.
Phys. Solids, 84, p. 95.

[39] Bhaskar, U. K., Banerjee, N., Abdollahi, A., Solanas, E., Rijnders, G., and
Catalan, G., 2016, “Flexoelectric MEMS: Towards an Electromechanical Strain
Diode,” Nanoscale, 8(3), pp. 1293—-1298.

[40] Bhaskar, U. K., Banerjee, N., Abdollahi, A., Wang, Z., Schlom, D. G., Rijnders,
G., and Catalan, G., 2015, “A Flexoelectric Microelectromechanical System on
Silicon,” Nat. Nanotechnol. (in press).

[41] Wang, Z., Zhang, X. X., Wang, X., Yue, W., Li, J., Miao, J., and Zhu, W.,
2013, “Giant Flexoelectric Polarization in a Micromachined Ferroelectric Dia-
phragm,” Adv. Funct. Mater., 23(1), pp. 124-132.

[42] Liu, L. P., and Sharma, P., 2013, “Flexoelectricity and Thermal Fluctuations of
Lipid Bilayer Membranes: Renormalization of Flexoelectric, Dielectric, and
Elastic Properties,” Phys. Rev. E, 87(3), p. 032715.

[43] Petrov, A. G., and Mircevova, L., 1986, “Is Flexoelectricity the Coupling Factor
Between Chemical Energy and Osmotic Work in the Pump? A Model of
Pump,” Gen. Physiol. Biophys., 5(4), pp. 391-403.

[44] Petrov, A. G., 1975, “Flexoelectric Model for Active Transport,” Physical
and Chemical Bases of Biological Information Transfer, Springer, New York,
pp. 111-125.

[45] Rey, A. D., 2006, “Liquid Crystal Model of Membrane Flexoelectricity,” Phys.
Rev. E, 74(1), p. 011710.

[46] Gao, L.-T., Feng, X.-Q., Yin, Y.-J., and Gao, H., 2008, “An Electromechanical
Liquid Crystal Model of Vesicles,” J. Mech. Phys. Solids, 56(9),
pp. 2844-2862.

Journal of Applied Mechanics

[47] Zhang, P.-C., Keleshian, A. M., and Sachs, F., 2001, “Voltage-Induced Mem-
brane Movement,” Nature, 413(6854), pp. 428-432.

[48] Reichenbach, T., and Hudspeth, A. J., 2014, “The Physics of Hearing: Fluid
Mechanics and the Active Process of the Inner Ear,” Rep. Prog. Phys., 77(7),
p. 076601.

[49] Sachs, F., Brownell, W. E., and Petrov, A. G., 2009, “Membrane Electrome-
chanics in Biology, With a Focus on Hearing,” MRS Bull., 34(09),
pp. 665-670.

[50] Raphael, R. M., Popel, A. S., and Brownell, W. E., 2000, “A Membrane
Bending Model of Outer Hair Cell Electromotility,” Biophys. J., 78(6),
pp. 2844-2862.

[51] Spector, A. A., Deo, N., Grosh, K., Ratnanather, J. T., and Raphael, R. M.,
2006, “Electromechanical Models of the Outer Hair Cell Composite Mem-
brane,” J. Membr. Biol., 209(2-3), pp. 135-152.

[52] Breneman, K. D., and Rabbitt, R. D., 2009, “Piezo- and Flexoelectric Mem-
brane Materials Underlie Fast Biological Motors in the Inner Ear,” MRS Proc.,
1186, p. 1186-JJ06-04.

[53] Brownell, W. E., Spector, A. A., Raphael, R. M., and Popel, A. S., 2001,
“Micro-and Nanomechanics of the Cochlear Outer Hair Cell,” Annu. Rev.
Biomed. Eng., 3(1), pp. 169-194.

[54] Breneman, K. D., William, E. B., and Richard, D. R., 2009, “Hair Cell Bundles:
Flexoelectric Motors of the Inner Ear,” PLoS One, 4(4), p. ¢5201.

[55] Abou-Dakka, M., Herrera-Valencia, E. E., and Rey, A. D., 2012, “Linear
Oscillatory Dynamics of Flexoelectric Membranes Embedded in Viscoelastic
Media With Applications to Outer Hair Cells,” J. Non-Newtonian Fluid Mech.,
185, pp. 1-17.

[56] Stengel, M., 2013, “Flexoelectricity From Density-Functional Perturbation
Theory,” Phys. Rev. B, 88(17), p. 174106.

[57] Derzhanski, A., Petrov, A. G., Todorov, A. T., and Hristova, K., 1990,
“Flexoelectricity of Lipid Bilayers,” Liq. Cryst., 7(3), pp. 439-449.

[58] Petrov, A. G., Ramsey, R. L., and Usherwood, P. N. R., 1989, “Curvature-
Electric Effects in Artificial and Natural Membranes Studied Using Patch-
Clamp Techniques,” Eur. Biophys. J., 17(1), pp. 13-17.

[59] Petrov, A. G., and Sokolov, V. S., 1986, “Curvature-Electric Effect in Black
Lipid Membranes,” Eur. Biophys. J., 13(3), pp. 139-155.

[60] Petrov, A. G., Miller, B. A., Hristova, K., and Usherwood, P. N. R., 1993,
“Flexoelectric Effects in Model and Native Membranes Containing Ion
Channels,” Eur. Biophys. J., 22(4), pp. 289-300.

[61] Todorov, A. T., Petrov, A. G., and Fendler, J. H., 1994, “First Observation of
the Converse Flexoelectric Effect in Bilayer Lipid Membranes,” J. Phys.
Chem., 98(12), pp. 3076-3079.

MARCH 2016, Vol. 83 / 030801-5

Downloaded From: http://nanoengineeringmedical.asmedigital collection.asme.or g/ on 04/25/2016 Terms of Use: http://www.asme.or g/about-asme/ter ms-of-use


http://dx.doi.org/10.1103/PhysRevB.79.159901
http://dx.doi.org/10.1063/1.4869478
http://dx.doi.org/10.1063/1.4869478
http://dx.doi.org/10.1038/nmat3141
http://dx.doi.org/10.1038/nmat3141
http://dx.doi.org/10.1063/1.3231442
http://dx.doi.org/10.1103/PhysRevB.92.094101
http://dx.doi.org/10.1016/j.jmps.2015.07.013
http://dx.doi.org/10.1016/j.jmps.2015.07.013
http://dx.doi.org/10.1039/C5NR06514C
http://dx.doi.org/10.1038/nnano.2015.260
http://dx.doi.org/10.1002/adfm.201200839
http://dx.doi.org/10.1103/PhysRevE.87.032715
http://www.gpb.sav.sk/1986/1986_04_391.pdf
http://dx.doi.org/10.1103/PhysRevE.74.011710
http://dx.doi.org/10.1103/PhysRevE.74.011710
http://dx.doi.org/10.1016/j.jmps.2008.04.006
http://dx.doi.org/10.1038/35096578
http://dx.doi.org/10.1088/0034-4885/77/7/076601
http://dx.doi.org/10.1557/mrs2009.178
http://dx.doi.org/10.1016/S0006-3495(00)76827-5
http://dx.doi.org/10.1007/s00232-005-0843-7
http://dx.doi.org/10.1557/PROC-1186-JJ06-04
http://dx.doi.org/10.1146/annurev.bioeng.3.1.169
http://dx.doi.org/10.1146/annurev.bioeng.3.1.169
http://dx.doi.org/10.1371/journal.pone.0005201
http://dx.doi.org/10.1016/j.jnnfm.2012.07.007
http://dx.doi.org/10.1103/PhysRevB.88.174106
http://dx.doi.org/10.1080/02678299008033820
http://dx.doi.org/10.1007/BF00257141
http://dx.doi.org/10.1007/BF00542559
http://dx.doi.org/10.1007/BF00180263
http://dx.doi.org/10.1021/j100063a004
http://dx.doi.org/10.1021/j100063a004

	1
	l
	3
	2
	5
	4
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	6
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61

