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A B S T R A C T

Through the suitable geometry of a repeating unit, a metamaterial can exhibit a property
not present in the base material. Here, we propose a class of low area-fraction, bending-
dominated metamaterials that exhibit apparent piezoelectricity, even though the base material
is not piezoelectric. The proposed metamaterials exploit a universal electromechanical coupling
operative at sub-micron scales, flexoelectricity, and upscale it to the macro-scale through
geometrically-polarized material architecture. We quantify the apparent piezoresponse thanks to
accurate simulations of continuum flexoelectricity. We characterize how apparent piezoelectric-
ity depends on lattice geometry, orientation, feature size and area fraction. We find that if the
base material is a good flexoelectric, then our low area-fraction designs exhibit piezoelectric
couplings comparable to the best piezoelectric ceramics in bulk. More generally, our work
provides the rules to endow any dielectric metamaterial with apparent piezoelectricity, hence
enabling non-toxic, environmentally friendly and biocompatible materials for electromechanical
transduction.

. Introduction

Many technologies involving sensing (Gautschi, 2002), actuation (Sinha et al., 2009) and energy harvesting (Safaei et al., 2019;
agdeviren et al., 2016) rely on the ability of some materials to transduce electrical fields into mechanical deformation and vice
ersa. In most applications, this ability is physically supported by the piezoelectric effect, a non-generic property exhibited by a
pecial class of dielectrics both natural and man-made (Guerin and Thompson, 2021), by which strain and electric field are two-
ay coupled (Ikeda, 1997). The best known piezoelectrics are ferroelectric ceramics, which are ubiquitous in current technologies,
ut are brittle, many of them lead-based, and exhibit a limited range of operating temperatures (Jaffe et al., 1955; Haertling, 1999;
affe, 2012; Saito et al., 2004; Wu, 2020; Stevenson et al., 2015). Piezoelectricity in these materials is imprinted at a molecular scale
n their polar non-centrosymmetric structure. At the device scale, piezoelectricity is compatible with simple architectures consisting
f material layers sandwiched between electrodes, which can either collect the charge resulting from a mechanical stimulus or apply
n electric bias to induce deformation (Ikeda, 1997; Cady, 2018).

Based on fundamental symmetry arguments, properties represented by odd-rank tensors such as piezoelectricity can only be
upported by non-centrosymmetric materials (Lakes, 2001; Biancoli et al., 2015). However, the required polarity should not
ecessarily be hard-wired at a molecular level as in conventional piezoelectric materials. Here, we propose material architectures
n which significant piezoelectric-like electromechanical transduction can be achieved by a noncentrosymmetric geometrical
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arrangement of an otherwise centrosymmetric constituent material. Thus, effectively piezoelectric metamaterials can be built from
a much broader class of materials.

Our architected dielectrics exhibiting significant piezoelectricity rely on the flexoelectric effect (Nguyen et al., 2013; Zubko
t al., 2013), by which strain gradients generate electric fields and conversely electric field gradients generate mechanical fields.
ince field gradients of electric and strain fields are polar in nature, they break centrosymmetry and thus universally lead to an
lectromechanical coupling regardless of the intrinsic material symmetry. Flexoelectricity has been demonstrated and studied in
wide range of materials, including crystalline dielectrics (Tagantsev, 1986; Yudin and Tagantsev, 2013), liquid crystals (Meyer,

969), 2D materials (Ahmadpoor and Sharma, 2015), biomaterials (Petrov, 2006; Vasquez-Sancho et al., 2018), polymers (Deng
t al., 2014), and semiconductors (Narvaez et al., 2016). While universal, this effect has not been broadly exploited because a
ignificant response requires very large field gradients, which can only be sustained at a sub-micron scale (Zubko et al., 2013).
onsistent with this idea, flexoelectricity manifests itself in thin films under bending (Ma and Cross, 2006; Zubko et al., 2007), in
icro-pyramids under compression (Cross, 2006), under AFM tips (Lu et al., 2012; Abdollahi et al., 2019; Yang et al., 2018), at

rack tips (Abdollahi et al., 2015b; Cordero-Edwards et al., 2019) or at ferroelectric domain walls (Wang et al., 2020; Stefani et al.,
020).

Here, using a self-consistent mathematical and computational model of flexoelectricity (Codony et al., 2019), we propose and
nalyze a new class of bending-dominated low-area fraction dielectric architected materials exhibiting apparent piezoelectricity,
irect and inverse, thanks to geometric polarization. We restrict our study to 2D materials, but note that the ideas presented here
arry over to 3D and that our 2D designs can be trivially extended to the third dimension. We characterize the electromechanical
erformance of these architected dielectrics, focusing on the effect of geometrical design, anisotropy, feature size and area fraction.

. Theoretical model and premise

As base material, we considered a generic dielectric exhibiting flexoelectricity, a universal property, but lacking piezoelectricity.
o mathematically model such a material within the framework of continuum mechanics (Tagantsev, 1986; Yudin and Tagantsev,
013), we defined the electromechanical bulk enthalpy, in the absence of body forces and charges,

[𝒖, 𝜙] =∫𝛺

[1
2
𝜀𝑖𝑗C𝑖𝑗𝑘𝑙𝜀𝑘𝑙 +

1
2
𝜀𝑖𝑗,𝑘ℎ𝑖𝑗𝑘𝑙𝑚𝑛𝜀𝑙𝑚,𝑛 −

1
2
𝜙,𝑙𝜅𝑙𝑚𝜙,𝑚

−1
2
𝜙,𝑚𝑛𝑏𝑚𝑛𝑙𝑘𝜙,𝑙𝑘 +

1
2
𝜙,𝑙𝜇𝑙𝑖𝑗𝑘𝜀𝑖𝑗,𝑘 −

1
2
𝜙,𝑙𝑘𝜇𝑙𝑖𝑗𝑘𝜀𝑖𝑗

]

d𝛺, (1)

epending on the mechanical displacement 𝒖 and the electric potential 𝜙, where 𝛺 is the domain defining the architected material,
= (∇𝐮 + ∇𝐮T)∕2 is the strain tensor, C is the fourth-order elasticity tensor, 𝐡 is the sixth-order strain gradient elasticity tensor,
is the second-order dielectric tensor, 𝐛 is the fourth-order electric field gradient dielectricity tensor, and 𝝁 the fourth-order

flexoelectricity tensor. Note that this tensor appears both in the direct and converse flexoelectric effects. From a dimensional argument,
and C induce an elastic length-scale 𝓁mech, while 𝐛 and 𝜿 induce an electric length-scale 𝓁elec, and more importantly, C, 𝜿 and
induce a flexoelectric length-scale 𝓁f lexo controlling the size-dependence of this effect. See Appendix A for details on the material

ensors and parameters.
The Euler–Lagrange equations resulting from making the enthalpy functional in Eq. (1) stationary are a coupled system of fourth-

rder partial differential equations for the mechanical displacement and the electric potential, which makes the computational
pproximation of these equations on general domains far from trivial. To solve these equations, we adopted a recently developed
mmersed-boundary hierarchical B-Spline computational method (Codony et al., 2019). See Appendix B for details on the model
nd computational approach.

We considered periodic architectures sandwiched between two electrodes, following the canonical layout of a piezoelectric
evice, Fig. 1a. To efficiently evaluate the performance of these materials, we considered a periodic unit cell and defined generalized
eriodic boundary conditions according to which the solution fields are periodic along the 𝑥 direction and exhibit a constant jump
long the 𝑦 direction, which is either prescribed or solved for, Fig. 1b and Appendix C. The internal free-surfaces of the device are
ssumed to be free of mechanical tractions and electric surface charges. If endowed with apparent piezoelectricity, this device can
unction as a sensor if a macroscopic deformation �̄�in = 𝛿in∕𝐿𝑦 (or alternatively a macroscopic stress �̄�in) is applied and a macroscopic
lectric field �̄�out = −𝑉 out∕𝐿𝑦 is recorded. Alternatively, it can function in actuator mode if �̄�in is applied and �̄�out (or alternatively
̄ out) is recorded. Following classical piezoelectricity (Ikeda, 1997), we define four apparent piezoelectric coupling coefficients of
our metamaterials depending on the electromechanical ensemble, Fig. 1a,

ℎ̄ = − 𝜕�̄�
𝜕�̄�
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|

|�̄�=0
. (2)

where �̄� = 𝑄∕𝐿𝑥 is the apparent electric displacement work-conjugate to the macroscopic electric field �̄� and 𝑄 is the total surface
charge. Although the third of these coefficients is the most common figure of merit for piezoelectricity, each of them is pertinent
to a distinct sensing or actuation scenario.

As a proof of concept of our theoretical approach, we first considered an architected material lacking geometric polarization in
sensor and actuator modes, Fig. 1c,d (left). We found that although the flexoelectrically-induced electric and strain fields exhibited
significant variations within the unit cell, there was no net accumulation of electric potential/displacement in sensor/actuator mode.
We then considered a geometrically polarized architected material suggested by Sharma et al. (2007) consisting of triangular voids.
2

We confirmed that this design leads to a net accumulation of electric potential and displacement, Fig. 1c,d (right), and hence
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𝜀

Fig. 1. Conceptual and computational setup and proof of concept. (a) Schematic depiction of a periodic metamaterial in sensor or actuation mode. The apparent
electric field is defined as �̄� = −𝑉 ∕𝐿𝑦, the apparent strain as �̄� = 𝛿∕𝐿𝑦. The apparent stress �̄� = 𝐹∕𝐿𝑥 is work-conjugate to �̄�, where 𝐹 is the total vertical force
on the device. (b) Illustration of generalized periodic boundary conditions on a unit cell of the periodic metamaterial. (c) Electric potential in two devices (left:
centrosymmetric; right: non-centrosymmetric) under an applied deformation (sensor mode). The curves show the electric potential along the dashed line. In both
cases, the flexoelectric effect generates internal electric fields. However a net electric field �̄� is only present in the non-centrosymmetric device. The thin line
represents a calculation of the entire device whereas the thick line shows the calculation of a single unit cell with generalized periodic boundary conditions.
The electric field has been normalized as �̂� = 𝜙𝜅∕𝜇. (d) Displacements in the same two devices under applied voltage (actuator mode), where again net strain
̄ is only achieved for the non-centrosymmetric device. The displacement field has been normalized as �̂�𝑦 = 𝑢𝑦∕𝑙.

exhibits apparent piezoelectricity despite non-piezoelectric nature of the base material. Importantly, since flexoelectricity is a two-
way electromechanical coupling (Hana, 2007), the metamaterial exhibited both direct and inverse piezoelectricity. Besides validating
the fundamental premise of this study, these calculations also allowed us to validate the generalized periodic boundary conditions
by simulating a repetition of stacked unit cells and comparing with a single unit-cell calculation, Fig. 1c,d. We also checked the
convergence of our numerical simulations under mesh refinement, see Appendix B.

3. Bending-dominated lattice architectures

Previous work has shown that bending of thin structural elements is an efficient way to mobilize flexoelectricity (Abdollahi
et al., 2015a; Sharma et al., 2007). We thus decided to examine bending-dominated low-area-fraction lattice architectures. As
expected, centrosymmetric (geometrically non-polarized) lattices such as the 2D-chiral lattice shown in Fig. 2a developed internal
field variations but did not exhibit apparent piezoelectricity, quantified in Fig. 2b. In contrast, we considered a number of
geometrically polarized lattices, five of which are reported in Fig. 2, all of which systematically exhibited apparent direct and
converse piezoelectricity. In all non-centrosymmetric designs, the typical beam length 𝓁 was comparable and the thickness 𝑡 was
the same, Fig. 2c.
3
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Fig. 2. Design concepts for piezoelectric metamaterials. (a) Electric field and 𝑦−displacement plotted on the deformed configuration for various material designs
in sensor and actuator mode. Electric and displacement fields have been normalized as in Fig. 1, displacements have been exaggerated and several copies of the
unit cell have been represented for clarity. (b) Effective piezoelectric coefficients for each design in sensor, ℎ̄, and actuator mode, 𝑑. (c) Geometrical parameters
of the unit cell.

In structural applications requiring low-weight high-stiffness structures, stretching-dominated lattices are generally preferred
(Zheng et al., 2014; Meza et al., 2014). In the present context, however, we found that such structures did not efficiently exploit
the flexoelectricity of the microstructural elements and led to lower apparent piezoelectric responses, see the design labeled as
‘‘Stretching’’ in Fig. 2. To seek for bending-dominated geometrically polarized lattices, we considered low-connectivity designs
following Deshpande et al. (2001), which resulted in apparent piezoelectric coefficients of different magnitude. Interestingly, the
most performant designs in sensor mode (A and D) exhibited nearly monotonic variations of internal electric field, whereas those
exhibiting large internal fluctuations of electric field (Stretching, B and C) did not perform that well. Likewise, design D was the
best in actuator mode and exhibited a nearly monotonic internal displacement distribution.

Since field gradients scale inversely with size, the flexoelectric coupling, and hence the apparent piezoelectric properties of
our metamaterials should also be inversely proportional to size (Abdollahi et al., 2014). From a practical point of view, however,
increasing performance by scaling down size is bound by fabrication. In our calculations, the minimum thickness that we considered
was 40 nm, well above those currently attainable with additive manufacturing (Spadaccini, 2019).

4. Anisotropy and area fraction

To study more systematically the dependence of piezoelectric performance on lattice geometry, we reasoned that the response
should be highly anisotropic. Take for instance design B in Fig. 2a. By its symmetry, it is not geometrically polarized along the
horizontal direction, and hence it should not exhibit apparent piezoelectricity when loaded horizontally. To quantify this effect, we
considered the standard sandwich device and rotated the lattice microstructure relative to the device axis for designs A to D. We
implemented this by appropriate rotation of the generalized periodic boundary conditions, Appendix C. We represented the apparent
piezoelectric coefficients ℎ̄ and 𝑑, suitably normalized, in polar plots where continuous/dashed lines refer to positive/negative
values, Fig. 3. As anticipated, we found an extreme anisotropy of apparent piezoelectric coefficients. Since we considered isotropic
material properties, this anisotropy results from that of the geometrical design.
4
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Fig. 3. Anisotropy of apparent piezoelectricity coefficients. Polar plots of normalized apparent piezoelectric coefficient ℎ̄
√

𝜅∕𝑌 , (a), and 𝑑
√

𝑌 ∕𝜅, (b). The sign
of the apparent coefficient is indicated by solid (positive) and dashed (negative) lines. Color intensity indicates the thickness of structural elements for a fixed
𝓁 = 1.6 μm, as shown in the legend.

In all cases, these coefficients reversed sign under 180◦ rotations, consistent with the odd-rank nature of the piezoelectric tensor.
Furthermore, we found that the symmetry of the apparent piezoelectric response agreed with that of the underlying geometry, with
Design A exhibiting one planar mirror symmetry (pm), Designs B and C exhibiting symmetry with respect to 120◦ rotations and one
planar mirror symmetry (p31m) (Conway and Hudson, 2002), and Design D exhibiting no additional symmetries.

Besides changing the orientation of the lattice, we examined the effect of area fraction by fixing 𝓁 = 1.6 μm and varying 𝑡 between
40 and 400 nm. This effect is not obvious a priori since lower area fraction leads to more slender and bendable sub-units, which
can efficiently mobilize flexoelectricity, but higher area fraction mobilizes more material that supports the flexoelectric effect. We
represented the apparent piezoelectric coefficients corresponding to different thicknesses by changing the color intensity, Fig. 3. As
anticipated, the results are highly nontrivial. Whereas for designs B reducing area fraction essentially leads to increasing apparent
piezoelectricity in all directions, for design A and D it leads to increasing or decreasing piezoelectricity depending on orientation.
For design C, the dependence on area fraction is non-monotonic.

5. Effective piezoelectric performance

To summarize all these effects of the geometry of microarchitecture, we systematically compared the piezoelectric performance
of our geometrically polarized lattices accounting for orientation and area fraction. We quantified apparent piezoelectricity with
5
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Fig. 4. Effective piezoelectricity across designs. (a) Schematic illustration of the two ways in which area-fraction is varied, either keeping 𝓁 or 𝑡 constant.
(b) Piezoelectric coefficients for sensor and actuator, Eq. (2), normalized by PZT values as a function of area-fraction. Values for Quartz and results for the
metamaterial with triangular inclusions, Fig. 1, are also provided for reference.

the four coefficients �̄�, ℎ̄, 𝑑 and 𝑒, Fig. 1a and Eq. (2). For a given design, we considered the maximum of each of these coefficients
amongst all directions. As shown in Fig. 4a, we chose to vary area fraction in two different ways, by either varying the beam thickness
at fixed beam length of 𝓁 = 1.6 μm with a minimum thickness of 𝑡 = 40 nm (solid lines), or by fixing the beam thickness to 𝑡 = 40 nm
and modifying the beam length between 𝓁 = 0.16 μm and 𝓁 = 1.6 μm (dashed lines). We compared the piezoelectric response of our
lattices with the reference coefficients of PZT and quartz (Kholkin et al., 2008). We also compared our low-area-fraction designs with
the periodic metamaterial based on triangular cavities shown in Fig. 1c,d with triangle size 𝓁 between 𝓁 = 0.4 μm and 𝓁 = 2.8 μm.
All these results are summarized in Fig. 4b.

This figure shows that the nontrivial competition between slenderness and amount of material to determine the apparent
properties manifests itself in different ways depending on the property. While �̄� shows a clear monotonic increase with decreasing
area fraction, all other properties exhibit non monotonic behaviors or little sensitivity to area fraction for some designs and ways
to vary area fraction (dashed or solid lines). Focusing on sensor mode, we found that under applied strain (ℎ̄) our metamaterials
produce significantly lower, about 2 orders of magnitude, electric fields as compared quartz or PZT. This can be anticipated since
our low-area-fraction structures are very compliant. For the same reason, we may expect that for a stress or pressure sensor (�̄�)
the compliant metamaterials may significantly deform and produce larger piezoelectric couplings. We found that indeed is the
case, with responses comparable to those of PZT or quartz for low area fractions, and much better responses than those of the
triangular metamaterial. We found a similar picture in actuator mode, where the ability of our metamaterials to develop stress under
applied strain is not very performant (𝑒), but conversely their response when actuation displacements are the figure of merit (𝑑) is
competitive, surpassing quartz and not too far from PZT. In fact, when considering the specific apparent piezoelectric coefficient 𝑑
per unit mass and noting the smaller mass density of BST relative to PZT, we find that our best low-area-fraction designs surpass
PZT.

We noticed that, irrespective of the apparent piezoelectric coefficient and the area fraction, Design D systematically performed
better than other designs. Without attempting a systematic optimization of lattice geometry, we wondered whether we could
rationally improve our designs by following the principle used at a molecular scale of reducing stiffness to enhance the piezoelectric
6



Journal of the Mechanics and Physics of Solids 157 (2021) 104643A. Mocci et al.

i

6

i
l
b
c
l
m
s
f

t
d
c
b
c

t
l
p
t
r
o

o
o
2
T
m
r
m
t
m
o

C

o
V
a

D

p
t
1
l
s
p

response (Guerin and Thompson, 2021). To accomplish this, we simply removed one of the beams forming the triangle in the unit
cell of Design D, Fig. 4a (Design D′). We found that, despite no significant effects were observed in (ℎ̄) and (𝑒), the new design
significantly enhanced the performance of the displacement actuator(𝑑) and the pressure sensor (�̄�), with over 200% performance
mprovement, Fig. 4b.

. Summary and discussion

Recent research has highlighted how material architecture can give rise to properties not present in the base material, as
llustrated by a variety of electromagnetic/optical, acoustic, o mechanical metamaterials (Kadic et al., 2019). Piezoelectricity requires
ack of centrosymmetry, which can be imprinted molecularly as in most piezoelectrics but in principle can also be imprinted
y geometry in architected materials (Fousek et al., 1999; Sharma et al., 2007). By using accurate self-consistent calculations of
ontinuum flexoelectricity on general geometries, we have quantified this possibility and proposed a class of effectively piezoelectric
ow area-fraction, bending dominated and geometrically-polarized metamaterials made of a non-piezoelectric base material. These
etamaterials exploit a universal small-scale electromechanical coupling, flexoelectricity, and make it available at a meso- or macro-

cale in the form of apparent piezoelectricity thanks to their non-centrosymmetric and multiscale organization, with small-scale
eatures repeated over much longer length scales.

We have characterized the apparent piezoelectric response of these metamaterials depending on geometry, area-fraction at fixed
hickness, area-fraction at fixed beam length, and orientation. Since the metamaterials proposed here can be made out of any
ielectric, our work provides the rules of geometric design to endow a metamaterial with piezoelectricity under rather general
onditions, thus easily introducing material multi-functionality and potentially enabling non-toxic, environmentally friendly, and
iocompatible piezoelectrics. If the base material has a significant flexoelectric coupling, we have found that these metamaterials
an exhibit significant piezoelectric performance, comparable to the best piezoelectrics as stress sensors or as displacement actuators.

Although here we have considered only bulk flexoelectricity as the small-scale electromechanical coupling mechanism, we note
hat surface piezoelectricity caused by surface relaxation of an otherwise centrosymmetric crystal can also result in a flexoelectric-
ike response (Tagantsev and Yurkov, 2012). Likewise, apparent flexoelectricity can be obtained by controlling the heterogeneity of
iezoelectric properties (Yvonnet et al., 2020). Furthermore, it has been recently shown that fixed charges in a soft material can lead
o the so-called flexoelectret effect (Deng et al., 2014; Wen et al., 2019, 2021), which enables a significant two-way flexoelectric-like
esponse in millimeter-thick samples. All our results can be directly extrapolated to these situations, hence broadening the scope of
ur geometrically-polarized architected dielectrics with apparent piezoelectricity.

Our work provides a framework for rational material design to control the magnitude (Design D′) and anisotropy (Fig. 3)
f apparent piezoelectricity. The design of our metamaterials is amenable to systematic computational topology and shape
ptimization (Martin Philip Bendsoe, 2002) and additive manufacturing (Jang et al., 2013; Meza et al., 2014, 2015; Spadaccini,
019), and hence may provide an alternative route to conventional piezoelectric material design at a molecular scale (Guerin and
hompson, 2021). We expect that genuinely 3D, multi-material (Sharma et al., 2010) or hierarchical (Meza et al., 2015) designs
ay further enhance apparent piezoelectricity. Our work may also provide a background to understand the apparent piezoelectric

esponse recently reported in polymeric porous materials (Zhang et al., 2021). Furthermore, piezoelectricity and flexoelectricity
ay act constructively if our geometrically polarized lattices are built from an already piezoelectric material, thereby enhancing

heir apparent piezoelectricity (Abdollahi and Arias, 2015; Bhaskar et al., 2016). We end by noting that since the geometry of a soft
etamaterial can be modified by harnessing buckling (Bertoldi et al., 2017), it may be possible to conceive materials with tunable

r switchable piezoelectricity provided that the buckling pattern introduces geometrical polarization.
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ppendix A. Materials

The material tensors involved in the electromechanical bulk enthalpy defined in Eq. (1) are given next in Cartesian coordinates.
nly non-zero components are specified.

The fourth-order tensor C characterizing isotropic elasticity is given by

C𝑖𝑖𝑖𝑖 = 𝐶𝑙 , 𝑖 = 1, 2,

C𝑖𝑖𝑗𝑗 = 𝐶𝑡, 𝑖, 𝑗 = 1, 2 with 𝑖 ≠ 𝑗, (A.1)
C𝑖𝑗𝑖𝑗 = C𝑖𝑗𝑗𝑖 = 𝐶𝑠, 𝑖, 𝑗 = 1, 2 with 𝑖 ≠ 𝑗,

ith 𝐶𝑙, 𝐶𝑡 and 𝐶𝑠 defined in 2D plain strain condition in terms of Young’s modulus 𝑌 and Poisson’s ratio 𝜈 as

𝐶𝑙 =
𝑌 (1 − 𝜈)

(1 + 𝜈)(1 − 2𝜈)
, 𝐶𝑡 =

𝑌 𝜈
(1 + 𝜈)(1 − 2𝜈)

, 𝐶𝑠 =
𝑌

2(1 + 𝜈)
. (A.2)

A simplified form of isotropic strain-gradient elasticity is used, allowing us to write the sixth-rank strain-gradient tensor 𝐡 in
terms of these elastic parameters and a length-scale 𝓁mech (Mindlin, 1964; Altan and Aifantis, 1997) as

ℎ𝑖𝑖𝑘𝑖𝑖𝑘 = 𝓁2
mech𝐶𝑙 , 𝑖, 𝑘 = 1, 2,

ℎ𝑖𝑖𝑘𝑗𝑗𝑘 = 𝓁2
mech𝐶𝑡, 𝑖, 𝑗, 𝑘 = 1, 2 with 𝑖 ≠ 𝑗, (A.3)

ℎ𝑖𝑗𝑘𝑖𝑗𝑘 = ℎ𝑖𝑗𝑘𝑗𝑖𝑘 = 𝓁2
mech𝐶𝑠, 𝑖, 𝑗, 𝑘 = 1, 2 with 𝑖 ≠ 𝑗.

The second-order isotropic dielectricity tensor is written is terms of the dielectric permittivity 𝜖 as

𝜅𝑖𝑖 = 𝜖, 𝑖 = 1, 2. (A.4)

Analogously to the strain gradient elasticity, the fourth-order electric field gradient dielectricity tensor 𝐛 is also defined in terms
of 𝜅𝑙 and a second length scale parameter 𝓁elec as

𝑏𝑖𝑗𝑖𝑗 = 𝜖𝓁2
elec, 𝑖, 𝑗 = 1, 2. (A.5)

Flexoelectricity is characterized by a fourth-rank tensor, 𝝁. Ferroelectric perovskites in their paraelectric phase belong to the
cubic point group 𝑚3𝑚 with only three independent flexoelectric components (Shu et al., 2014), namely longitudinal 𝜇L, transverse
𝜇T and shear 𝜇S. For isotropic flexoelectricity, 𝜇S = 1

2 (𝜇L − 𝜇T) and only two independent components remain (Le Quang and He,
2011),

𝜇𝑖𝑖𝑖𝑖 =𝜇L, 𝑖 = 1, 2,

𝜇𝑖𝑗𝑗𝑖 =𝜇T, 𝑖, 𝑗 = 1, 2 with 𝑖 ≠ 𝑗, (A.6)

𝜇𝑖𝑖𝑗𝑗 = 𝜇𝑖𝑗𝑖𝑗 =
1
2
(𝜇L − 𝜇S), 𝑖, 𝑗 = 1, 2 with 𝑖 ≠ 𝑗.

We considered the material parameters of barium strontium titanate (BST) with composition Ba0.60 Sr0.40 Ti3, a ferroelectric
perovskite at its paraelectric (non-piezoelectric) phase, which exhibits high dielectric constant and thus strong flexoelectricity (Zubko
et al., 2013). Since additive manufacturing techniques for nanoarchitected lattices produce amorphous or nanocrystalline microstruc-
tures for the base material (Jang et al., 2013), isotropic material properties (elastic, dielectric and flexoelectric) were assumed.
Following Tagantsev (1986), the magnitude of the flexoelectric coefficients were chosen as 𝜇 = 𝜒𝑒𝜀0𝑓 , being 𝑓 the flexocoupling
coefficient, 𝜀0 the vacuum permittivity and 𝜒𝑒 = 1000 the dielectric susceptibility of nanocrystalline BST at room temperature (Gao
et al., 2014). Here, we took 𝑓 = 125 V. The resulting flexoelectric coefficients are comparable to those reported in Wang et al. (2019)
and smaller than that measured in Fu et al. (2006). The length scales 𝓁mech and 𝓁elec are required for stability of the formulation as
iscussed elsewhere (Mao and Purohit, 2014; Codony et al., 2019). We chose 𝓁mech in the order given by Maranganti and Sharma
2007). The parameter 𝓁elec is not well-characterized to our knowledge, and was chosen such that our simulations remained stable
nd devoid of oscillations. A sensitivity analysis has shown that although the quantitative response is slightly affected by the choice
f 𝓁mech and 𝓁elec, the results are not qualitatively altered within a wide enough range of values. All material parameters are reported
n Table A.1.
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Table A.1
Material parameters.

Material E 𝜈 𝓁mech 𝜅 𝓁elec 𝜇L 𝜇T 𝜇S
[GPa] – [nm] [nC/Vm] [nm] [μC/m] [μC/m] [μC/m]

BST 152 0.33 50 8 300 1.21 1.10 0.055

Fig. B.1. Convergence upon mesh refinement. Relative error of two quantities of interest as a function of the number of discretization elements across the lattice
structural elements, given as the ratio between their thickness 𝑡 and the mesh size ℎ. In the absence of an analytical solution, the relative error is computed
with respect to the solution obtained with an even finer mesh M4 (not shown), used as a reference solution. The inset shows three representative computational
mesh details. All simulations in this work have been computed with mesh level M1.

Appendix B. Computational model

Within the variational framework of continuum mechanics (Tagantsev, 1986; Yudin and Tagantsev, 2013), the equilibrium states
(𝐮∗, 𝜙∗) of a flexoelectric body 𝛺 with a smooth boundary 𝜕𝛺 follow from the variational principle

(𝐮∗, 𝜙∗) = argmin
𝐮

max
𝜙

Π[𝐮, 𝜙], (B.1)

with the electromechanical enthalpy functional

𝛱[𝐮, 𝜙] = [𝒖, 𝜙] +𝛺[𝒖, 𝜙] +𝜕𝛺[𝒖, 𝜙], (B.2)

where  is the electromechanical bulk enthalpy functional in Eq. (1) , and 𝛺 and 𝜕𝛺 represent the external work in the body
and on the boundary. The corresponding Euler–Lagrange equations form a system of fourth-order partial differential equations. To
solve the associated flexoelectric boundary value problems, we adopt a recently proposed immersed boundary B-splines framework
for flexoelectricity (Codony et al., 2019). In this method, the geometry of the domain is arbitrary and does not need to conform
to the structured B-Spline grid. We represent domain boundaries with NURBS curves and perform accurate numerical integration
following Sevilla et al. (2008) and Marco et al. (2015). Here, B-splines of order 𝑝 = 3 have been used, providing the 2 continuity
required by the high-order flexoelectric governing equations.

All the simulations reported in this work are performed with a mesh size ℎ = 𝑡∕10, which we term M1, being 𝑡 the thickness
of the lattice structural elements. To test its accuracy and the tradeoff between computational cost and accuracy for finer meshes,
we compared the solutions of increasingly fine meshes M1, M2 and M3 with an even finer mesh M4, which we used as a reference
solution, Fig. B.1. To assess accuracy, we plotted the relative error in two quantities of interest, namely the macroscopic electric
field �̄�2 in sensor mode and the macroscopic strain �̄�22 in actuator mode, as a function of the mesh size for lattice Design D with
𝑡 = 160 nm and 𝓁 = 1.6 μm, as defined in Fig. 2. We noted that refining the mesh marginally increased accuracy with a much higher
computational cost, and hence considered M1 to be converged. We note that the error of M3 relative to M4 does not significantly
decrease, likely because discretization errors become comparable to the errors in the linear solver.

Appendix C. High-order generalized periodic boundary conditions

The numerical analysis of architected lattices may be challenging due to the need to simulate the response of a large enough
portion of the lattice for an accurate representation of the overall response of the lattice bulk, devoid of free surface and boundary
conditions effects. In the case of periodic lattices, one can efficiently obtain the bulk response from the study of a representative
9
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Fig. C.1. Representative volume element (RVE). Detail of the computational unit cell of lattice design D.

volume element (RVE) or unit cell exploiting the lattice periodicity, thereby achieving a significant reduction in computational
cost. Here, the purpose is to obtain the lattice macroscopic electromechanical response under a macroscopic displacement or stress
(sensor mode) and under a macroscopic electric field (actuation mode). For this, conventional periodicity boundary conditions need
to be generalized to account for non-periodic solution fields.

Consider a uniform prescribed macroscopic strain acting in the vertical direction on the lattice, �̄�22, while all other components
are zero. The solution on a rectangular unit cell of dimensions 𝓁𝑥 and 𝓁𝑦, Fig. C.1, satisfies that the vertical jump of the vertical
displacement between the top and bottom faces of the unit cell is

𝑢𝑦(𝑥,𝓁𝑦) − 𝑢𝑦(𝑥, 0) = [[𝑢𝑦]]𝑦 = �̄�22𝓁𝑦, ∀𝑥 ∈ (0,𝓁𝑥), (C.1)

while all other jumps are zero. Additionally, in the present high-order theory, the high-order condition

∇𝑢𝑦(𝑥,𝓁𝑦) − ∇𝑢𝑦(𝑥, 0) = 0, ∀𝑥 ∈ (0,𝓁𝑥). (C.2)

is also necessary to ensure 1 continuity of the solution. Imposing additionally conventional periodicity in the horizontal direction,
i.e. setting the jumps of displacements and electric potential in the horizontal direction to zero, and assuming the top and bottom
faces of the unit cell are free of surface charges,

�̄�2(𝑦 = 0) = �̄�2(𝑦 = 𝓁𝑦) = 0, (C.3)

the vertical jump of the electric potential [[𝜙]]𝑦 can be determined by solving the boundary value problem. The macroscopic vertical
electric field then yields

�̄�2 = −
[[𝜙]]𝑦
𝓁𝑦

, (C.4)

and the corresponding apparent piezoelectric coefficient is

ℎ̄ = −
�̄�2
�̄�22

. (C.5)

The other three apparent piezoelectric coefficients �̄�, 𝑑, and 𝑒 are obtained by solving an analogous boundary value problem. In each
case, either the vertical mechanical jump (resulting form an applied macroscopic strain or stress) or the vertical electric potential
jump are prescribed and either the unknown electrical or mechanical macroscopic response is computed by setting their macroscopic
work-conjugates to zero, and imposing conventional periodicity in the horizontal direction.

In order to study the anisotropy of our lattice designs as reported in the main text in Fig. 3, different orientations of the
mechanical and electrical loading can be assumed by rotating the macroscopic strain, stress and electric field tensors �̄�, �̄�, and
�̄� as

�̄�𝛼 = 𝐑�̄�𝐑𝑇 (C.6a)

�̄�𝛼 = 𝐑�̄�𝐑𝑇 (C.6b)

�̄�𝛼 = 𝐑�̄� (C.6c)

where 𝐑 is the two-dimensional rotation matrix 𝐑 = [cos(𝛼),− sin(𝛼); sin(𝛼), cos(𝛼)]. This approach is very convenient since it is
equivalent to a rotation of the lattice, avoiding however the need to redefine the periodic unit cell for each loading angle. It can be
seen in Fig. 3 in the main text, that the expected geometrical symmetries for all the lattices are recovered in the polar plots of the
apparent piezoelectric coefficients.
10
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Fig. C.2. Validation of generalized periodic boundary conditions. Electric potential jump as a function of the number of vertically stacked unit cells for lattice
Design C in displacement sensor mode.

The implementation of the high-order generalized periodic boundary conditions are further validated by comparing the response
of the periodic unit cell to that of a lattice strip with increasing number of unit cells with prescribed Dirichlet boundary conditions
on the top and bottom faces corresponding to the prescribed macroscopic jumps in each of the four boundary value problems to
determine the four apparent piezoelectric coefficients. Fig. C.2 reports the comparison of the computed electric potential jump
between the top and bottom faces, for the case of lattice design C with a prescribed macroscopic displacement jump. Excellent
agreement for strips of 8 unit cells or more is shown. As expected, the electric potential jump increases linearly with the number
of stacked unit cells.

References

Abdollahi, Amir, Arias, Irene, 2015. Constructive and destructive interplay between piezoelectricity and flexoelectricity in flexural sensors and actuators. J. Appl.
Mech. 82 (12), http://dx.doi.org/10.1115/1.4031333.

Abdollahi, Amir, Domingo, Neus, Arias, Irene, Catalan, Gustau, 2019. Converse flexoelectricity yields large piezoresponse force microscopy signals in
non-piezoelectric materials. Nature Commun. 10 (1), 1–6. http://dx.doi.org/10.1038/s41467-019-09266-y.

Abdollahi, Amir, Millán, Daniel, Peco, Christian, Arroyo, Marino, Arias, Irene, 2015a. Revisiting pyramid compression to quantify flexoelectricity: A
three-dimensional simulation study. Phys. Rev. B 91 (10), 104103. http://dx.doi.org/10.1103/PhysRevB.91.104103.

Abdollahi, Amir, Peco, Christian, Millan, Daniel, Arroyo, Marino, Arias, Irene, 2014. Computational evaluation of the flexoelectric effect in dielectric solids. J.
Appl. Phys. 116 (9), 093502. http://dx.doi.org/10.1063/1.4893974.

Abdollahi, Amir, Peco, Christian, Millán, Daniel, Arroyo, Marino, Catalan, Gustau, Arias, Irene, 2015b. Fracture toughening and toughness asymmetry induced
by flexoelectricity. Phys. Rev. B 92 (9), 094101. http://dx.doi.org/10.1103/PhysRevB.92.094101.

Ahmadpoor, Fatemeh, Sharma, Pradeep, 2015. Flexoelectricity in two-dimensional crystalline and biological membranes. Nanoscale 7 (40), 16555–16570.
http://dx.doi.org/10.1039/c5nr04722f.

Altan, B.S., Aifantis, E.C., 1997. On some aspects in the special theory of gradient elasticity. J. Mech. Behav. Mater. 8 (3), 231–282. http://dx.doi.org/10.1515/
JMBM.1997.8.3.231.

Bertoldi, Katia, Vitelli, Vincenzo, Christensen, Johan, van Hecke, Martin, 2017. Flexible mechanical metamaterials. Nat. Rev. Mater. 2 (11), 17066. http:
//dx.doi.org/10.1038/natrevmats.2017.66.

Bhaskar, U.K., Banerjee, N., Abdollahi, A., Solanas, E., Rijnders, G., Catalan, G., 2016. Flexoelectric MEMS: towards an electromechanical strain diode. Nanoscale
8 (3), 1293–1298. http://dx.doi.org/10.1039/c5nr06514c.

Biancoli, Alberto, Fancher, Chris M., Jones, Jacob L., Damjanovic, Dragan, 2015. Breaking of macroscopic centric symmetry in paraelectric phases of ferroelectric
materials and implications for flexoelectricity. Nature Mater. 14 (2), 224–229. http://dx.doi.org/10.1038/nmat4139.

Cady, Walter Guyton, 2018. Piezoelectricity: Volume Two: An Introduction to the Theory and Applications of Electromechanical Phenomena in Crystals. Courier
Dover Publications.

Codony, David, Marco, Onofre, Fernández-Méndez, Sonia, Arias, Irene, 2019. An immersed boundary hierarchical b-spline method for flexoelectricity. Comput.
Methods Appl. Mech. Engrg. 354, 750–782. http://dx.doi.org/10.1016/j.cma.2019.05.036.

Conway, John H., Hudson, Daniel H., 2002. The orbifold notation for two-dimensional groups. Struct. Chem. 13 (3/4), http://dx.doi.org/10.1023/A:
1015851621002.

Cordero-Edwards, Kumara, Kianirad, Hoda, Canalias, Carlota, Sort, Jordi, Catalan, Gustau, 2019. Flexoelectric fracture-ratchet effect in ferroelectrics. Phys. Rev.
Lett. 122 (13), http://dx.doi.org/10.1103/physrevlett.122.135502.

Cross, L. Eric, 2006. Flexoelectric effects: Charge separation in insulating solids subjected to elastic strain gradients. J. Mater. Sci. 41 (1), 53–63. http:
//dx.doi.org/10.1007/s10853-005-5916-6.

Dagdeviren, Canan, Joe, Pauline, Tuzman, Ozlem L., Park, Kwi-Il, Lee, Keon Jae, Shi, Yan, Huang, Yonggang, Rogers, John A., 2016. Recent progress in flexible
and stretchable piezoelectric devices for mechanical energy harvesting, sensing and actuation. Extreme Mech. Lett. 9, 269–281. http://dx.doi.org/10.1016/
j.eml.2016.05.015.

Deng, Q., Liu, K., Sharma, N., 2014. Flexoelectricity in soft materials and biological membranes. J. Mech. Phys. Solids http://dx.doi.org/10.1016/j.jmps.2013.
09.021.

Deshpande, V.S., Ashby, M.F., Fleck, N.A., 2001. Foam topology: bending versus stretching dominated architectures. Acta Mater. 49 (6), 1035–1040. http:
//dx.doi.org/10.1016/S1359-6454(00)00379-7.

Fousek, J., Cross, L.E., Litvin, D.B., 1999. Possible piezoelectric composites based on the flexoelectric effect. Mater. Lett. 39 (5), 287–291. http://dx.doi.org/10.
1016/S0167-577X(99)00020-8.

Fu, John Y., Zhu, Wenyi, Li, Nan, Cross, L. Eric, 2006. Experimental studies of the converse flexoelectric effect induced by inhomogeneous electric field in a
barium strontium titanate composition. J. Appl. Phys. 100 (2), 024112. http://dx.doi.org/10.1063/1.2219990.
11

http://dx.doi.org/10.1115/1.4031333
http://dx.doi.org/10.1038/s41467-019-09266-y
http://dx.doi.org/10.1103/PhysRevB.91.104103
http://dx.doi.org/10.1063/1.4893974
http://dx.doi.org/10.1103/PhysRevB.92.094101
http://dx.doi.org/10.1039/c5nr04722f
http://dx.doi.org/10.1515/JMBM.1997.8.3.231
http://dx.doi.org/10.1515/JMBM.1997.8.3.231
http://dx.doi.org/10.1515/JMBM.1997.8.3.231
http://dx.doi.org/10.1038/natrevmats.2017.66
http://dx.doi.org/10.1038/natrevmats.2017.66
http://dx.doi.org/10.1038/natrevmats.2017.66
http://dx.doi.org/10.1039/c5nr06514c
http://dx.doi.org/10.1038/nmat4139
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb11
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb11
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb11
http://dx.doi.org/10.1016/j.cma.2019.05.036
http://dx.doi.org/10.1023/A:1015851621002
http://dx.doi.org/10.1023/A:1015851621002
http://dx.doi.org/10.1023/A:1015851621002
http://dx.doi.org/10.1103/physrevlett.122.135502
http://dx.doi.org/10.1007/s10853-005-5916-6
http://dx.doi.org/10.1007/s10853-005-5916-6
http://dx.doi.org/10.1007/s10853-005-5916-6
http://dx.doi.org/10.1016/j.eml.2016.05.015
http://dx.doi.org/10.1016/j.eml.2016.05.015
http://dx.doi.org/10.1016/j.eml.2016.05.015
http://dx.doi.org/10.1016/j.jmps.2013.09.021
http://dx.doi.org/10.1016/j.jmps.2013.09.021
http://dx.doi.org/10.1016/j.jmps.2013.09.021
http://dx.doi.org/10.1016/S1359-6454(00)00379-7
http://dx.doi.org/10.1016/S1359-6454(00)00379-7
http://dx.doi.org/10.1016/S1359-6454(00)00379-7
http://dx.doi.org/10.1016/S0167-577X(99)00020-8
http://dx.doi.org/10.1016/S0167-577X(99)00020-8
http://dx.doi.org/10.1016/S0167-577X(99)00020-8
http://dx.doi.org/10.1063/1.2219990


Journal of the Mechanics and Physics of Solids 157 (2021) 104643A. Mocci et al.

G
G
H

H

I
J
J
J

K

K

L

L

L

M
M

M

M

M
M
M

M

M
N

N

P

S

S

S

S

S

S

S

S

S

S

T
T
V

W

W

W

Gao, Yanling, Shvartsman, Vladimir V., Gautam, Devendraprakash, Winterer, Markus, Lupascu, Doru C., 2014. Nanocrystalline barium strontium titanate ceramics
synthesized via the organosol route and spark plasma sintering. J. Am. Ceram. Soc. 97 (7), 2139–2146. http://dx.doi.org/10.1111/jace.12933.

autschi, Gustav, 2002. Piezoelectric sensors. In: Piezoelectric Sensorics. Springer, pp. 73–91.
uerin, Sarah, Thompson, Damien, 2021. Restriction boosts piezoelectricity. Nature Mater. 20 (5), 574–575. http://dx.doi.org/10.1038/s41563-020-00890-4.
aertling, Gene H., 1999. Ferroelectric ceramics: history and technology. J. Am. Ceram. Soc. 82 (4), 797–818. http://dx.doi.org/10.1111/j.1151-2916.1999.

tb01840.x.
ana, P., 2007. Study of flexoelectric phenomenon from direct and from inverse flexoelectric behavior of pmnt ceramic. Ferroelectrics 351 (1), 196–203.

http://dx.doi.org/10.1080/00150190701354281.
keda, Takuro, 1997. Fundamentals of Piezoelectricity. Oxford Science Publications. Oxford University Press.
affe, Bernard, 2012. Piezoelectric Ceramics, Vol. 3. Elsevier.
affe, B., Roth, R.S., Marzullo, S., 1955. Properties of piezoelectric ceramics in the solid-solution. J. Res. Natl. Bur. Stand. 55, 239.
ang, Dongchan, Meza, Lucas R., Greer, Frank, Greer, Julia R., 2013. Fabrication and deformation of three-dimensional hollow ceramic nanostructures. Nature

Mater. 12 (10), 893–898. http://dx.doi.org/10.1038/nmat3738.
adic, Muamer, Milton, Graeme W., van Hecke, Martin, Wegener, Martin, 2019. 3d metamaterials. Nat. Rev. Phys. 1 (3), 198–210. http://dx.doi.org/10.1038/

s42254-018-0018-y.
holkin, A.L., Kiselev, D.A., Kholkine, L.A., Safari, Ahmad, 2008. Piezoelectric and electrostrictive ceramics transducers and actuators: Smart ferroelectric ceramics

for transducer applications. In: Smart Materials. CRC Press, pp. 9–1–9–12.
akes, Roderic, 2001. Elastic and viscoelastic behavior of chiral materials. Int. J. Mech. Sci. 43 (7), 1579–1589. http://dx.doi.org/10.1016/S0020-7403(00)00100-

4.
e Quang, H., He, Q.-C., 2011. The number and types of all possible rotational symmetries for flexoelectric tensors. Proc. R. Soc. A 467 (2132), 2369–2386.

http://dx.doi.org/10.1098/rspa.2010.0521.
u, Haidong, Bark, C.-W., Esque De Los Ojos, D., Alcala, J., Eom, Chang-Beom, Catalan, G., Gruverman, Alexei, 2012. Mechanical writing of ferroelectric

polarization. Science 336 (6077), 59–61. http://dx.doi.org/10.1126/science.1218693.
a, Wenhui, Cross, L. Eric, 2006. Flexoelectricity of barium titanate. Appl. Phys. Lett. 88 (23), 232902. http://dx.doi.org/10.1063/1.2211309.
ao, Sheng, Purohit, Prashant K., 2014. Insights into flexoelectric solids from strain-gradient elasticity. J. Appl. Mech. 81 (8), http://dx.doi.org/10.1115/1.

4027451.
aranganti, R., Sharma, P., 2007. Length scales at which classical elasticity breaks down for various materials. Phys. Rev. Lett. 98 (19), http://dx.doi.org/10.

1103/physrevlett.98.195504.
arco, Onofre, Sevilla, Ruben, Zhang, Yongjie, Ródenas, Juan José, Tur, Manuel, 2015. Exact 3d boundary representation in finite element analysis based on

cartesian grids independent of the geometry. Internat. J. Numer. Methods Engrg. 103 (6), 445–468, URL http://dx.doi.org/10.1002/nme.4914.
artin Philip Bendsoe, Ole Sigmund, 2002. Topology Optimization, second ed. Springer, ISBN: 3540429921.
eyer, Robert B., 1969. Piezoelectric effects in liquid crystals. Phys. Rev. Lett. 22 (18), 918. http://dx.doi.org/10.1103/PhysRevLett.22.918.
eza, Lucas R., Das, Satyajit, Greer, Julia R., 2014. Strong, lightweight, and recoverable three-dimensional ceramic nanolattices. Science 345 (6202), 1322–1326.

http://dx.doi.org/10.1126/science.1255908.
eza, Lucas R., Zelhofer, Alex J., Clarke, Nigel, Mateos, Arturo J., Kochmann, Dennis M., Greer, Julia R., 2015. Resilient 3d hierarchical architected metamaterials.

Proc. Natl. Acad. Sci. 112 (37), 11502–11507. http://dx.doi.org/10.1073/pnas.1509120112.
indlin, Raymond David, 1964. Micro-structure in linear elasticity. Arch. Ration. Mech. Anal. 16 (1), 51–78. http://dx.doi.org/10.1007/BF00248490.
arvaez, Jackeline, Vasquez-Sancho, Fabian, Catalan, Gustau, 2016. Enhanced flexoelectric-like response in oxide seminconductors. Nature http://dx.doi.org/10.

1038/nature19761.
guyen, Thanh D., Mao, Sheng, Yeh, Yao-Wen, Purohit, Prashant K., McAlpine, Michael C., 2013. Nanoscale flexoelectricity. Adv. Mater. 25 (7), 946–974.

http://dx.doi.org/10.1002/adma.201203852.
etrov, Alexander G., 2006. Electricity and mechanics of biomembrane systems: flexoelectricity in living membranes. Anal. Chim. Acta 568 (1–2), 70–83.

http://dx.doi.org/10.1016/j.aca.2006.01.108.
afaei, Mohsen, Sodano, Henry A., Anton, Steven R., 2019. A review of energy harvesting using piezoelectric materials: state-of-the-art a decade later (2008–2018).

Smart Mater. Struct. 28 (11), 113001. http://dx.doi.org/10.1088/1361-665X/ab36e4.
aito, Yasuyoshi, Takao, Hisaaki, Tani, Toshihiko, Nonoyama, Tatsuhiko, Takatori, Kazumasa, Homma, Takahiko, Nagaya, Toshiatsu, Nakamura, Masaya, 2004.

Lead-free piezoceramics. Nature 432 (7013), 84–87. http://dx.doi.org/10.1038/nature03028.
evilla, Ruben, Fernández-Méndez, Sonia, Huerta, Antonio, 2008. NURBS-enhanced finite element method (NEFEM). Internat. J. Numer. Methods Engrg. 76 (1),

56–83. http://dx.doi.org/10.1002/nme.2311.
harma, N.D., Landis, C.M., Sharma, P., 2010. Piezoelectric thin-film superlattices without using piezoelectric materials. J. Appl. Phys. 108 (2), 024304.

http://dx.doi.org/10.1063/1.3443404.
harma, N.D., Maranganti, Ravi, Sharma, P., 2007. On the possibility of piezoelectric nanocomposites without using piezoelectric materials. J. Mech. Phys. Solids

55 (11), 2328–2350. http://dx.doi.org/10.1016/j.jmps.2007.03.016.
hu, Longlong, Wei, Xiaoyong, Pang, Ting, Yao, Xi, Wang, Chunlei, 2014. Erratum:symmetry of flexoelectric coefficients in crystalline medium. J. Appl. Phys.

116 (12), 129901. http://dx.doi.org/10.1063/1.4896397; 2011. J. Appl. Phys. 110, 104106.
inha, Nipun, Wabiszewski, Graham E., Mahameed, Rashed, Felmetsger, Valery V., Tanner, Shawn M., Carpick, Robert W., Piazza, Gianluca, 2009. Piezoelectric

aluminum nitride nanoelectromechanical actuators. Appl. Phys. Lett. 95 (5), 053106. http://dx.doi.org/10.1063/1.3194148.
padaccini, Christopher M., 2019. Additive manufacturing and processing of architected materials. MRS Bull. 44 (10), 782–788. http://dx.doi.org/10.1557/mrs.

2019.234.
tefani, Christina, Ponet, Louis, Shapovalov, Konstantin, Chen, Peng, Langenberg, Eric, Schlom, Darrell G., Artyukhin, Sergey, Stengel, Massimiliano,

Domingo, Neus, Catalan, Gustau, 2020. Mechanical softness of ferroelectric 180◦ domain walls. Phys. Rev. X 10 (4), http://dx.doi.org/10.1103/physrevx.10.
041001.

tevenson, T., Martin, D.G., Cowin, P.I., Blumfield, A., Bell, A.J., Comyn, T.P., Weaver, P.M., 2015. Piezoelectric materials for high temperature transducers and
actuators. J. Mater. Sci., Mater. Electron. 26 (12), 9256–9267. http://dx.doi.org/10.1007/s10854-015-3629-4.

agantsev, A.K., 1986. Piezoelectricity and flexoelectricity in crystalline dielectrics. Phys. Rev. B 34 (8), 5883–5889. http://dx.doi.org/10.1103/PhysRevB.34.5883.
agantsev, Alexander K., Yurkov, Alexander S., 2012. Flexoelectric effect in finite samples. J. Appl. Phys. 112 (4), 044103. http://dx.doi.org/10.1063/1.4745037.
asquez-Sancho, Fabian, Abdollahi, Amir, Damjanovic, Dragan, Catalan, Gustau, 2018. Flexoelectricity in bones. Adv. Mater. 30 (9), 1705316. http://dx.doi.org/

10.1002/adma.201705316.
ang, Bo, Gu, Yijia, Zhang, Shujun, Chen, Long-Qing, 2019. Flexoelectricity in solids: Progress, challenges, and perspectives. Prog. Mater. Sci. 106, 100570.

http://dx.doi.org/10.1016/j.pmatsci.2019.05.003.
ang, Y.J., Tang, Y.L., Zhu, Y.L., Feng, Y.P., Ma, X.L., 2020. Converse flexoelectricity around ferroelectric domain walls. Acta Mater. 101, 158–165.

http://dx.doi.org/10.1016/j.actamat.2020.03.054.
en, Xin, Li, Dongfan, Tan, Kai, Deng, Qian, Shen, Shengping, 2019. Flexoelectret: An electret with a tunable flexoelectric like response. Phys. Rev. Lett. 122
12

(14), 148001. http://dx.doi.org/10.1103/PhysRevLett.122.148001.

http://dx.doi.org/10.1111/jace.12933
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb22
http://dx.doi.org/10.1038/s41563-020-00890-4
http://dx.doi.org/10.1111/j.1151-2916.1999.tb01840.x
http://dx.doi.org/10.1111/j.1151-2916.1999.tb01840.x
http://dx.doi.org/10.1111/j.1151-2916.1999.tb01840.x
http://dx.doi.org/10.1080/00150190701354281
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb26
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb27
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb28
http://dx.doi.org/10.1038/nmat3738
http://dx.doi.org/10.1038/s42254-018-0018-y
http://dx.doi.org/10.1038/s42254-018-0018-y
http://dx.doi.org/10.1038/s42254-018-0018-y
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb31
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb31
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb31
http://dx.doi.org/10.1016/S0020-7403(00)00100-4
http://dx.doi.org/10.1016/S0020-7403(00)00100-4
http://dx.doi.org/10.1016/S0020-7403(00)00100-4
http://dx.doi.org/10.1098/rspa.2010.0521
http://dx.doi.org/10.1126/science.1218693
http://dx.doi.org/10.1063/1.2211309
http://dx.doi.org/10.1115/1.4027451
http://dx.doi.org/10.1115/1.4027451
http://dx.doi.org/10.1115/1.4027451
http://dx.doi.org/10.1103/physrevlett.98.195504
http://dx.doi.org/10.1103/physrevlett.98.195504
http://dx.doi.org/10.1103/physrevlett.98.195504
http://dx.doi.org/10.1002/nme.4914
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb39
http://dx.doi.org/10.1103/PhysRevLett.22.918
http://dx.doi.org/10.1126/science.1255908
http://dx.doi.org/10.1073/pnas.1509120112
http://dx.doi.org/10.1007/BF00248490
http://dx.doi.org/10.1038/nature19761
http://dx.doi.org/10.1038/nature19761
http://dx.doi.org/10.1038/nature19761
http://dx.doi.org/10.1002/adma.201203852
http://dx.doi.org/10.1016/j.aca.2006.01.108
http://dx.doi.org/10.1088/1361-665X/ab36e4
http://dx.doi.org/10.1038/nature03028
http://dx.doi.org/10.1002/nme.2311
http://dx.doi.org/10.1063/1.3443404
http://dx.doi.org/10.1016/j.jmps.2007.03.016
http://dx.doi.org/10.1063/1.4896397
http://refhub.elsevier.com/S0022-5096(21)00282-9/sb52
http://dx.doi.org/10.1063/1.3194148
http://dx.doi.org/10.1557/mrs.2019.234
http://dx.doi.org/10.1557/mrs.2019.234
http://dx.doi.org/10.1557/mrs.2019.234
http://dx.doi.org/10.1103/physrevx.10.041001
http://dx.doi.org/10.1103/physrevx.10.041001
http://dx.doi.org/10.1103/physrevx.10.041001
http://dx.doi.org/10.1007/s10854-015-3629-4
http://dx.doi.org/10.1103/PhysRevB.34.5883
http://dx.doi.org/10.1063/1.4745037
http://dx.doi.org/10.1002/adma.201705316
http://dx.doi.org/10.1002/adma.201705316
http://dx.doi.org/10.1002/adma.201705316
http://dx.doi.org/10.1016/j.pmatsci.2019.05.003
http://dx.doi.org/10.1016/j.actamat.2020.03.054
http://dx.doi.org/10.1103/PhysRevLett.122.148001


Journal of the Mechanics and Physics of Solids 157 (2021) 104643A. Mocci et al.

W
Y
Y

Y

Z

Z

Z

Z

Wen, Xin, Tan, Kai, Deng, Qian, Shen, Shengping, 2021. Inverse flexoelectret effect: Bending dielectrics by a uniform electric field. Phys. Rev. Appl. 15, 014032.
http://dx.doi.org/10.1103/PhysRevApplied.15.014032.

u, Jiagang, 2020. Perovskite lead-free piezoelectric ceramics. J. Appl. Phys. 127 (19), 190901. http://dx.doi.org/10.1063/5.0006261.
ang, Ming-Min, Kim, Dong Jik, Alexe, Marin, 2018. Flexo-photovoltaic effect. Science 360 (6391), 904–907. http://dx.doi.org/10.1126/science.aan3256.
udin, P.V., Tagantsev, A.K., 2013. Fundamentals of flexoelectricity in solids. Nanotechnology 24 (43), 432001. http://dx.doi.org/10.1088/0957-4484/24/43/

432001.
vonnet, J., Chen, X., Sharma, P., 2020. Apparent flexoelectricity due to heterogeneous piezoelectricity. J. Appl. Mech. 87 (111003–1), http://dx.doi.org/10.

1115/1.4047981.
hang, Mingyuan, Yan, Dongze, Wang, Jianxiang, Shao, Li-Hua, 2021. Ultrahigh flexoelectric effect of 3d interconnected porous polymers: modelling and

verification. J. Mech. Phys. Solids 151, 104396. http://dx.doi.org/10.1016/j.jmps.2021.104396.
heng, Xiaoyu, Lee, Howon, Weisgraber, Todd H., Shusteff, Maxim, DeOtte, Joshua, Duoss, Eric B., Kuntz, Joshua D., Biener, Monika M., Ge, Qi, Jackson, Julie A.,

et al., 2014. Ultralight, ultrastiff mechanical metamaterials. Science 344 (6190), 1373–1377. http://dx.doi.org/10.1126/science.1252291.
ubko, P., Catalan, G., Buckley, A., Welche, P.R.L., Scott, J.F., 2007. Strain-gradient-induced polarization in srtio 3 single crystals. Phys. Rev. Lett. 99 (16),

167601. http://dx.doi.org/10.1103/PhysRevLett.99.167601.
ubko, Pavlo, Catalan, Gustau, Tagantsev, Alexander K., 2013. Flexoelectric effect in solids. Annu. Rev. Mater. Res. 43, http://dx.doi.org/10.1146/annurev-

matsci-071312-121634.
13

http://dx.doi.org/10.1103/PhysRevApplied.15.014032
http://dx.doi.org/10.1063/5.0006261
http://dx.doi.org/10.1126/science.aan3256
http://dx.doi.org/10.1088/0957-4484/24/43/432001
http://dx.doi.org/10.1088/0957-4484/24/43/432001
http://dx.doi.org/10.1088/0957-4484/24/43/432001
http://dx.doi.org/10.1115/1.4047981
http://dx.doi.org/10.1115/1.4047981
http://dx.doi.org/10.1115/1.4047981
http://dx.doi.org/10.1016/j.jmps.2021.104396
http://dx.doi.org/10.1126/science.1252291
http://dx.doi.org/10.1103/PhysRevLett.99.167601
http://dx.doi.org/10.1146/annurev-matsci-071312-121634
http://dx.doi.org/10.1146/annurev-matsci-071312-121634
http://dx.doi.org/10.1146/annurev-matsci-071312-121634

	Geometrically polarized architected dielectrics with apparent piezoelectricity
	Introduction
	Theoretical model and premise
	Bending-dominated lattice architectures
	Anisotropy and area fraction
	Effective piezoelectric performance
	Summary and discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Materials
	Appendix B. Computational model
	Appendix C. High-order generalized periodic boundary conditions
	References


