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The direct piezoelectric constant correlates the electric dis-
placement of a material with an applied stress1–3. Owing to 
their ability to convert mechanical to electrical energy and 

vice versa, piezoelectric materials have widespread applications in 
pressure sensing4,5, ultrasonic sensing6,7, actuation8,9 and energy har-
vesting10,11. The piezoelectric charge constants of bulk piezoelectric 
ceramics, polymer-piezoelectric composites and their respective 
foams are dictated by their intrinsic crystallographic structures and 
compositions12, resulting in common coupling modes of opera-
tion13. Additionally, their intrinsic microstructures are strongly 
coupled with other physical properties, including mass densities 
and mechanical properties14. Chemical modifications such as dop-
ing15,16 have been introduced to change the piezoelectric constants 
in certain directions by altering the crystallographic structures, but 
their design space is restricted by the limited set of doping agents17. 
It also comes at the cost of other coupled physical properties such 
as mechanical flexibility and sensitivity18,19. Casting and templating 
techniques have been used to produce piezoelectric foams20,21 that 
showcase the potential for reduced mass densities and improved 
hydrostatic figures of merit, but their piezoelectric coefficients, 
described by a square foam model22, are largely limited by the 
intrinsic crystalline orientation and occupy only a narrow area 
within piezoelectric anisotropy space.

Here we report a set of concepts in which a wealth of direct 
piezoelectric responses can be generated through rationally 
designed piezoelectric architectural units and are realized via addi-
tive manufacturing of highly sensitive piezo-active lattice materi-
als. Our strategy begins by designing families of three-dimensional 
(3D) structural node units assembled from parameterized projec-
tion patterns, which allows us to generate and manipulate a set of 
electric displacement maps with a given pressure, thereby achieving 
full control of piezoelectric constant tensor signatures. These unit 

cells are then tessellated in three dimensions, forming metamate-
rial blocks that occupy a vast piezoelectric anisotropy design space, 
enabling arbitrary selection of the coupled operational mode. Upon 
polarizing the as-fabricated piezoelectric material, we have demon-
strated that piezoelectric behaviour in any direction can be selec-
tively reversed, suppressed or enhanced, achieving distinct voltage 
response signatures with applied stress.

To implement this concept, we prepared functionalized lead zir-
conate titanate (PZT) nanoparticle colloids. These nanoparticles are 
then covalently bonded with entrapped photo-active monomers. 
These concentrated piezoelectric colloids are subsequently sculpted 
into arbitrary 3D form factors through high-resolution additive 
manufacturing. We found that building blocks with designed piezo-
electric signatures could be assembled into intelligent infrastructures 
to achieve a variety of functions, including force magnitude and 
directionality sensing, impact absorption and self-monitoring, and 
location mapping, without any additional sensing component. These 
free-form PZT nanocomposite piezoelectric metamaterials not only 
achieve a high piezoelectric charge constant and voltage constant at 
low volume fractions but also simultaneously possess high flexibility, 
characteristics that have not been attainable in previous piezoelectric 
foams or polymers. This study paves the way for a class of rationally 
designed electromechanical coupling materials, thus moving struc-
tural metamaterials23,24 towards smart infrastructures.

Design of 3D piezoelectric responses
We developed a strategy to realize the full design space of piezo-
electric coefficients through the spatial arrangement of piezoelec-
tric ligaments. Our scheme involves analysing configurations of 
projection patterns from a 3D node unit classified by connectiv-
ity. The evolutions of projection patterns give rise to diverse elec-
tric displacement maps (Fig. 1a–h), from which the piezoelectric  
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coefficient tensor space d3M (M =​ 1–3) can be designed, going 
beyond the limitations of the monolithic piezoelectric ceramics, 
polymers and their composite feedstock whose piezoelectric coef-
ficients are located in the {−​−​+​} quadrants25–28 and {+​+​−​} quad-
rants29,30. Here the dimensionless piezoelectric tensor space, d M3 , is 
defined by normalizing d3M by the length of the vector {d31, d32, d33}.  
To capture the broadest possible design space, we start with the 
minimum number of intersecting microstruts at a node that can be 
tessellated into 3D periodic lattices. All intersecting struts are rep-
resented as vectors originating from the node, that is, L i (i =​ 1–N, 
where N is the node unit connectivity). In building our projection 
patterns, we define l i

j as the 2D projection of L i onto three orthogo-
nal planes through the global 1–2–3 coordinate system of the 3D 
piezoelectric cube (Fig. 1a, = ∑L li j i

j1
2

3 , where j =​ 1, 2 or 3). As an 
example, we use piezoelectric ceramic and its composites, which 
have d M3  distributed in the {−​−​+​} quadrants25–28, as the base mate-
rial with which to construct the electric displacement maps. The 
white arrows pointing upwards or downwards against the 3-direc-
tion indicate the positive or negative electric displacement response 
of the strut along the 3-direction (that is, the poling direction).

Configuring the projection patterns in these planes results in 
diverse electric displacement maps, allowing access to different quad-
rants of the d3M property space (Supplementary sections 1 and 2).  

A basic 3D node unit containing 3, 4 and 5 intersecting struts on 
the projection patterns is illustrated in Fig. 1a–f. We start with 3D 
node units with identical 3-strut projection patterns on the 1–3 and 
2–3 planes, that is, d31 =​ d32 (Fig. 1a,b). Configuring the projection 
pattern by rotating the relative orientations of two of the projected 
struts (θ = ∠l l1

1
2
1) redistributes the electric displacement contribu-

tions, as indicated by the white arrows reversing direction in the 
projection pattern (Fig. 1a,b). Rotating the projection patterns 
allows us to inversely reorient the intersecting spatial struts with 
correlations as calculated in Supplementary sections 1 and 2. This 
results in the d M3  tensor shifting from the {+​+​+​} quadrant to highly 
anisotropic distribution near the positive d33 axis {0 0+​} and then 
to the {−​−​+​} quadrant with negative d31 and d32 as well as positive 
d33 (Fig. 1i). Further decrease of the relative orientation reverses all 
values of the d3M to occupy the {−​−​−​} quadrant (Supplementary 
Table 1). Similarly, for a 4-strut or 5-strut projection pattern with 
two-axis symmetry, decreasing the relative orientation (θ = ∠l l1

1
2
1 

of projected struts) results in a change of d3M distribution from the  
{+​+​+​} quadrant to the {−​−​−​} quadrant (Fig. 1i) or the {−​−​+​} 
quadrant owing to the competition of the opposite electric displace-
ment contributions within the struts (Fig. 1c–f).

Our designs can be broadened by increasing the 3D node unit 
connectivity through superposition (Fig. 1g). Micro-architectures 
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Fig. 1 | Design of piezoelectric metamaterials for tailorable piezoelectric charge constants. Designing 3D node units by configuring the projection 
patterns. a–g, Node unit designs from 3-, 4-, 5- and 8-strut identical projection patterns, respectively. A node unit with higher nodal connectivity can be 
constructed by superposition of projection patterns comprising a smaller number of projected struts. h, Node unit with dissimilar projection patterns 
showing decoupled d31, d32. The white arrows in the projection patterns pointing towards the positive or negative 3-direction indicate the positive or 
negative electric displacement contribution to poling direction 3. Red arrows in a–h indicate the compression loading along the 1-, 2- or 3-direction. i, A 
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with high nodal connectivity are deformed mainly by compression 
or tension31,32. The d33 increases with additional nodal connectiv-
ity as compared to lower-connectivity cases in which strain energy 
from strut bending does not contribute to the electric displacement 
in the 3-direction.

Moreover, our designs are not restricted to identical projec-
tion patterns where d31 and d32 are coupled. 3D node unit designs 
with dissimilar projection patterns allow independent tuning of d31 
and d32 (‘out of 45° plane’ distribution of d3M, Fig. 1i, d31≠​d32). We 
configure the dissimilar electric displacement maps by indepen-
dently varying the relative orientations θ1 and θ2 on the 1–3 and 2–3 
planes (Fig. 1h, Supplementary Table 1). The compression along the 
1-direction and 2-direction on the 3D node unit therefore generates 
different electric displacement maps and results in the decoupling 
of d31 and d32 (Fig. 1h).

The dnM of designed units can be computed by collecting the 
electric displacement from all intersecting strut members Li at equi-
librium under applied stress. Such models relate the configuration 
of the projection patterns l i

j with the piezoelectric coefficient of 
interest dnM of the metamaterials (see derivations in Methods)
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∫
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where dnm
i  is the piezoelectric coefficient matrix of the base mate-

rial (n =​ 1,2,3, m,M =​ 1–6), Tmr
i  represents the stress-transformation 

matrix from the local x–y–z coordinate system to the global 1–2–3 

coordinate system, σr
i  is the stress vector in the local coordinate sys-

tem (r =​ xx,yy,zz,xy,xz,yz), Vi is the volume of the ith strut in the 
node unit and δMm is the Kronecker delta (Methods, Supplementary 
sections 1 and 2, Supplementary Figs. 1–4). Configuring the pro-
jection patterns generate various designs of architectures that 
occupy different quadrants of the d M3  distribution space, as shown 
in Fig. 1i, where M =​ 1−​3. These families of 3D node units consti-
tute a broad 3D piezoelectric constant selection where d3M occupy 
desired quadrants of the property space, in contrast to the piezo-
electric coefficients obtained by piezoelectric square foam models22 
(Supplementary section 1, Supplementary Fig. 5). This rich design 
space creates an enormous palette of novel applications, as demon-
strated in later sections.

Synthesis and printing of electromechanical metamaterials
Our fabrication method of 3D piezoelectric architectures starts 
by synthesizing surface-functionalized piezoelectric nanoparticles 
(Fig. 2a,b, see Supplementary section 3, Supplementary Table 2 
for particle properties), dispersing them with ultraviolet-sensitive 
monomers into highly concentrated, uniform colloids (PZT vol-
ume loading up to 50%) that can be sculpted into 3D structures by 
near-ultraviolet light33 (Fig. 2c). While surface functionalization of 
approximately 4 vol% piezoelectric nanoparticles has produced an 
appreciable piezoelectric coefficient as compared to non-function-
alized dispersion33, the trade-off between high piezoelectric respon-
siveness and processability has limited the realizations of arbitrary 
piezoelectric 3D micro-architectures with high piezoelectric coeffi-
cients. As shown in Fig. 2a, a functionalization agent, (trimethoxys-
ilyl propyl methacrylate) is covalently grafted to the PZT particle 
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surface via siloxide bonds leaving free methacrylate on the surface. 
The surface functionalization reaction is optimized to maximize 
surface coverage. These strong covalent bonds between the piezo-
electric nanoparticles and the polymer matrix network improve the 
dispersion quality of the highly concentrated piezo-active colloidal 
resin (Supplementary section 4, Supplementary Figs. 6 and 7) by 
creating a sterically hindered surface. Increasing the functionaliza-
tion level elevates the piezoelectric output of the nanocomposite to 
reach the upper bound at a given loading concentration (Fig. 2b, 
Supplementary section 5, Supplementary Fig. 8). Strict control of 
the thickness of the colloidal paste through the designed recoating 
system and reduction of oxygen inhibition enable the fabrication of 
complex 3D piezo-active architectures with fine features (Methods, 
Supplementary section 6) from a range of concentrated colloidal 
particles entrapped with ultraviolet-sensitive monomers (Fig. 2c–d, 
Supplementary Figs. 9–11). This versatile process is not limited to 

PZT. Surface functionalization can be implemented to enhance the 
response of a wide range of piezoelectrics (for example, barium tita-
nate, BTO) or other functional materials such as multiferroics (for 
example, bismuth ferrite). The as-fabricated nanocomposite system 
does not require post-heat treatment, and achieves high structural 
fidelity and uniformity. Configuring the photo-sensitive monomer 
compositions enables independent tuning of the composite stiffness, 
allowing us to access rigid to flexible piezo-active materials to con-
vert mechanical stress to voltage signals (Supplementary section 7, 
Supplementary Figs. 12–14, Supplementary Table 3, Supplementary 
Videos 1, 2), as well as energy harvesting (Supplementary section 7, 
Supplementary Fig. 15).

Measurement of 3D piezoelectric responses
To evaluate the piezoelectric responses of the designed piezoelectric 
metamaterials, we printed cubic lattices comprised of periodic unit 
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cells stacked along the three principal directions and poled them 
under uniform electric fields (see Methods, Supplementary sec-
tion 8, Supplementary Figs. 16 and 17 for poling the samples). A 
shaker with an integrated force sensor exerts cyclical loadings on 
the samples (details in Supplementary section 9). We measured the 
generated voltages (in the 3-direction) induced by the applied stress 
with a resistor (40 MΩ​) connected to a data acquisition system. We 
found excellent agreement of the measured {d31,d32,d33} signatures 
with the designed response to force from different directions. Here, 
N =​ 5 designs (3-strut projection pattern, Fig. 1a,b) are used to dem-
onstrate the different voltage output patterns due to the distinct dis-
tributions of d3M. As identical cyclic loadings (about 0.5 N, sawtooth 
loading profile) are applied along three orthogonal directions, sig-
nificant differences in the voltage output patterns are observed for 
three distinct designs (Fig. 3a–c, Supplementary Video 3; the volt-
age responses generated from square-loading and unloading profile 
are shown in Supplementary Fig. 18). The N =​ 5 piezoelectric meta-
material of θ =​ 75° (Fig. 3a) outputs a positive voltage when loaded 
in the 3-direction, while the sample generates a negative voltage 
when loaded in the 1- or 2-direction. In contrast, Fig. 3b shows that 
the voltage outputs of our N =​ 5, θ =​ 90° lattice in the 3-direction are 
positive while voltage output in the 1- or 2- direction is suppressed, 
exhibiting highly anisotropic response. By further increasing θ to 
120°, the voltage outputs in all 1-, 2- and 3-directions are positive 
when loaded in any direction, as shown in Fig. 3c, owing to its all-
positive d3M distribution.

To assess the mechanical-electrical conversion efficiency, the 
effective piezoelectric voltage constant g33, defined as the induced 
electrical field per unit applied stress, was quantified by measur-
ing the d33 and permittivities of the as-fabricated metamaterials.  
The resistor used in the apparatus is replaced by a circuit to quantify 
the charge generated in response to applied stress (Supplementary 
Fig. 19, Supplementary section 9, Supplementary Table 4). The d33 
and g33 are then quantified by the ratio of the applied load and the 
generated charge. The g33 results of the metamaterial comprised of 
highly connected structure (N =​ 12 and N=​8) are shown in Fig. 3d 
(see Supplementary section 10, Supplementary Fig. 20 for more 
details). Remarkably, g33 increases with decreasing relative density, 
indicating a potential application as a simultaneously light-weight 
and highly responsive sensor. The measured d33 over their mass den-
sity (that is, |d33|/ρ) and compliance are plotted against all piezoelec-
tric materials (Fig. 3e, Supplementary section 11). We found that 
these low-density and flexible piezoelectric metamaterials achieve 
over twice the specific piezoelectric constant of piezoelectric poly-
mer (for example, polyvinylidene fluoride, PVDF) and a variety of 
flexible piezoelectric composites (Fig. 3e, Supplementary Fig. 21).  
Additionally, enhancement of the hydrostatic figures of merit can 
be obtained via unit cell designs with all identical signs of the  
g3M{+​+​+​} and d3M{+​+​+​} coefficients (Supplementary Fig. 20). This 
enhanced piezoelectric constant along with the highly connected 
3D micro-architecture makes the 3D piezoelectric metamaterial  
an excellent candidate for simultaneous impact absorption and  
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self-monitoring. A series of standard weights ranging from 10 g to 
100 g were sequentially dropped onto the as-fabricated 3D piezo-
electric lattice (N =​ 12) attached on a rigid substrate (Fig. 3f) to 
impact the piezoelectric metamaterial (high-speed camera movie 
shown in Supplementary Video 4). The transient impact stress acti-
vates the electric displacement of the metamaterial in the 3-direc-
tion, shown as the trace of the voltage output against the impact 
time (Fig. 3g). The impulse pressure on the piezoelectric metama-
terial calculated via the measured d33, and the measured pressure 
transmitted to the rigid substrate against time are plotted in Fig. 3h.  
The significant gap (shaded area) between the impulse pressure 
and transmitted pressure reveals the impact energy absorption 
and protection capability of our piezoelectric 3D metamaterial as a 
potential smart infrastructure34,35 (Supplementary sections 7 and 12, 
Supplementary Fig. 22).

Location and directionality sensing
The 3D digital metamaterial building blocks can be further stacked 
or printed as smart infrastructures capable of time-resolved pres-
sure self-sensing and mapping without application of an external 
sensor. Here, piezoelectric metamaterials of N =​ 12 are selected 
and 3D printed into a four-pier piezoelectric bridge with a non-
piezoelectric bridge deck (Fig. 4a,b). The external closed circuits 
with a data acquisition system are connected to the top and bottom  
surfaces of the piers to monitor the voltage outputs. The 3D-printed 

piezoelectric metamaterial bridge can directly map the magni-
tude as well as the location of potentially damaging deformations 
throughout its structure. To demonstrate, steel balls with a mass of 
8 g are sequentially dropped at random onto the deck. The resulting 
voltage is collected at each of the four electrodes with the amplitude 
depending on the electrode proximity. The envelopes of the volt-
age outputs (plotted in Fig. 4c,d) independently monitor the strain 
amplitude. The impact strain map of the deck can be plotted to 
determine the impact location (Fig. 4e,f, Supplementary section 13,  
Supplementary Fig. 23). These 3D piezoelectric infrastructures 
allow one to obtain time-resolved self-monitoring information 
(for example, displacements, forces, strain mapping) throughout a 
structure36,37 without additional external sensors.

Taking advantage of the distinct directional d3M design space, 
stacking multiple piezoelectric building blocks, each with a tailored 
directional response, allows us to program the voltage output pat-
terns as binary codes (that is, positive or negative voltage). These 
stackable metamaterial blocks provide a method of determining 
directionality, which we leverage to sense pressure from arbitrary 
directions38. Figure 5a demonstrates the directionality sensing con-
cept using sensing infrastructure assembled from an array of piezo-
electric metamaterial cubes with pre-configured d3M tensor signature 
{d31, d32, d33} distributed at different quadrants. Piezoelectric meta-
material cubes on the outer surface of the cube (surfaces 1 to 5, as 
labelled) are connected to voltage output channels, with intersecting 
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faces of the cube sharing one voltage output channel (Supplementary 
Fig. 24). Pre-program stacked d3M combinations with each face of 
the cube allows the output voltage binary map to be uniquely regis-
tered with a given pressure applied on that face. The direction and 
magnitude of any arbitrary force can then be super-positioned and 
determined from the collected voltage maps (Fig. 5a).

As a proof-of-concept demonstration of directionality sensing, 
we stacked a piezoelectric metamaterial infrastructure comprised 
of four cubic units with their unique, designed 3D piezoelectric 
signatures (Fig. 5b,c). The output voltage binary map uniquely reg-
isters the corresponding force direction. When impacted from the 
1-, 2- and 3-directions (labelled I, II, III and IV in Fig. 5d), three 
distinct voltage outputs are detected, each correlated with the origi-
nal respective impact direction (Fig. 5d, Supplementary Video 5). 
The impact force in the 1-direction is registered with permutation 
voltage matrix [−​,−​,+​,+​], with [+​,+​,−​,+​] for the 2-direction and 
[−​,−​,−​,+​] for the 3-direction, respectively (Fig. 5d). These digi-
talized, binary output voltage maps originated from the preconfig-
ured piezoelectric constant signatures decode directionality of the 
impact as well as its magnitude.

Outlook
This work presents a method of designing electrical–mechanical 
coupling anisotropy and orientation effects, producing them via 
additive manufacturing (3D printing) of highly responsive piezo-
electric materials. This creates the freedom to inversely design 
an arbitrary piezoelectric tensor, including symmetry conform-
ing and breaking properties, transcending the common coupling 
modes observed in piezoelectric monolithic and foams. We see this 
work as a step towards rationally designed 3D transducer materi-
als in which users can design, amplify or suppress any operational 
modes (dnM) for target applications. Design and tessellation of the 
piezo-active units can lead to a variety of smart-material func-
tionalities, including vector and tactile sensing, source detection, 
acoustic sensing and strain amplifications from a fraction of their 
parent materials. Whereas most 3D printing processes are capable 
of processing structural materials (polymer, metal or ceramics), 
multifunctional materials are particularly challenging owing to the 
inherent trade-off between processing compatibilities and func-
tional properties. In this work, covalent bonding of concentrated 
piezoelectric nanocrystals with entrapped ultraviolet-sensitive 
monomers allows the attainment of high piezoelectric coeffi-
cients at a given volume loading. Our fabrication methods can be 
extended to lead-based or lead-free piezoelectric ceramics (PZT, 
BTO and so on) and other functional materials, allowing high-
fidelity printing of complex 3D functional architectures. These 
3D-printed multi-functional materials, with simultaneously tuned 
structural and transduction properties throughout their micro-
architectures, eliminate requirements for sensor array deployment, 
suggesting applications from soft, conformable transducers to 
rigid, energy-absorbing smart structures.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41563-018-0268-1.
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Methods
Designing d3M based on unit cell patterns. We developed an analytical model to 
establish the relationship between the piezoelectric charge constant tensor and the 
projection pattern parameters. The effective piezoelectric charge constant dnKL is 
defined to correlate the induced effective electric displacement Dn of a 3D unit cell 
with applied stress σKL as follows:

σ=D d (1)n nKL KL

Dn, dnKL and σKL represent the effective electric displacement field, the effective 
piezoelectric charge constant tensor, and externally applied stress field defined  
in the global 1–2–3 system, respectively (Fig. 1a, n,K,L =​ 1–3). We compute the  
dnKL of a node unit under applied stress by collecting and volume-averaging the 
electric displacement contributions Dn

i( ) and stress in equilibrium with σKL from all 
strut members Li:
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where Vi is the volume of the ith strut; V is the effective volume of the node  
unit cell; σkl

i( ) is the stress state of the ith strut in the global 1–23 system,  
respectively, and k,l =​ 1–3; δKk and δLl represent the Kronecker delta to  
identify the stress components that are in equilibrium with the externally  
applied load. We introduce a local beam coordinate system x–y–z for struts 
(Supplementary Fig. 4), and relate the stress in the global 1–2–3 system (σkl

i( )) and 
local x–y–z system (σ pq

i( ) ) by a linear transformation operator containing strut 
orientation information:
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where p,q =​ x, y, z and N(i) represents the coordinate system transformation  
matrix containing components with respect to the projection pattern angle  
(θj, j =​ 1–3)46 and has the form:
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Substituting equation (3) into equations (1) and (2) yields the expression of the 
effective charge constants dnKL:
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where Ai and |Li| are the area of the cross-section and length of the ith strut, 
respectively. These two variables are assumed to be the same for all struts in the 
node unit.

This allows the design of dnKL—or equivalently in Voigt notation, dnM—
according to the projection pattern configurations (by convention, KL→​M: 11→​1; 
22→​2; 33→​3; 12→​4; 13→​5; 23→​6). We demonstrate the application of the method 
by designing dnM according to the relative orientation θ between the projected 
struts (see examples in Supplementary sections 1 and 2, and Supplementary 
Figs. 1–4). Here, to convert the tensor notation (KL→​M), the coordinate system 
transformation matrix N(i) (3 ×​ 3 dimensions) is expanded and rearranged to form 
the stress transformation matrix T(i) (6 ×​ 6 dimensions).

Surface functionalization of the piezoelectric particles. All chemicals were 
purchased from Sigma-Aldrich and used as received. For functionalization, 0.6 g 
of PZT was ultrasonically dispersed (VWR Scientific Model 75 T Aquasonic, at 
about 90 W and about 40 kHz) in 50 g of deionized water with 1.049 g glacial acetic 
acid for 2 h. To this 1.049 g of 3-(trimethoxysilyl)propyl methacrylate (TMSPM) 
was added. The mixture was then refluxed while stirring. Particles were cleaned 
by centrifugation, followed by discarding the supernatant, and then dispersed in 
ethanol for at least two cycles. Particles were dried overnight under vacuum or gentle 
heat. The resulting 3D-printable functionalized PZT nanocomposites achieved a 
controlled volume loading from 2.5 vol% to 50 vol% (equivalent to 16 wt% to 88 wt%).

High-resolution projection stereolithography. The functionalized particles 
were sonicated in acetone and mixed with photosensitive resin for 3D printing; 
the acetone was then evaporated by gentle heat and stirring. High-resolution, 
large-area stereolithography systems were used for the piezoelectric architected 
material fabrication. Our 3D printing configurations for processing these colloidal 
piezoelectric feedstocks with a range of loading concentrations are described in 
Supplementary section 6 (Supplementary Figs. 9–11). The 3D models were built 
and sliced into 2D images using design method described in ref. 47 and Netfabb48. 
These 2D images are used to pattern light from a near-ultravioletlight-emitting 
diode (LED) using a programmable dynamic photomask. A reductive lens is used 
to isotropically reduce the near-ultraviolet light pattern to the desired length scale. 
A larger area build is generated by scanning and reflecting the light patterns within 
the horizontal x–y plane while maintaining the resolution (Fig. 2c). Aligned with 
the optics is a substrate, which can be coated with the functionalized ultraviolet-
sensitive colloidal paste to a controlled thickness. When illuminated, the colloid 
replicates the 2D image as a solid layer bound to the substrate or any previous 
layers. Recoating of the now-solidified layers and the substrate with the colloidal 
solution, followed by additional exposures from subsequent 2D image slices and 
synchronized movement of the precision stage, builds the 3D part with complex 
architectures. The as-fabricated piezoelectric lattices were measured to have strut 
thickness variation within 3% via X-ray microtomography using the method 
described in ref. 49.

Poling of the piezoelectric metamaterials. The corona poling method was used to 
pole the as-fabricated samples (Supplementary Fig. 16). The samples were placed 
on a planar electrode connected to a high-voltage power supply (Glassman High 
Voltage Inc., Series EK) and poled under 32 kV at room temperature for 1 h. The 
experimental setup was also equipped with a digital multimeter (Agilent 34410 A) 
for measuring the current through the sample under voltage. To avoid screening of 
the bottom electrode, we kept samples inside highly insulating liquids (details in 
Supplementary section 8, Supplementary Figs. 16 and 17).

Characterization of the piezoelectric metamaterials. To evaluate the effective 
piezoelectric charge constants, a piezoelectric testing fixture was set up to  
record the voltage output of the samples with loads being applied. The electric 
charges generated from the samples were calculated by multiplying the voltage 
output by the capacitance of the circuit (Supplementary Fig. 19b). The instrument 
was fully calibrated using two commercial PZT cylindrical samples with 
piezoelectric coefficients of 540 pC N−1 and 175 pC N−1 respectively (Supplementary 
Fig. 19c). The effect of triboelectrification was eliminated by comparing the 
measurements before and after polarizations (Supplementary Fig. 19d). To measure 
the signatures of the voltage output directly, a resistor with 40 MΩ​ resistance was 
connected to the sample and the voltage was directly measured from both ends  
of the resistor.

Finite element analysis. ABAQUS 6.1450 was used to conduct the finite element 
analysis. The base material properties used are summarized in Supplementary 
section 14 and Supplementary Table 5. A ten-node quadratic piezoelectric 
tetrahedron (C3D10E) element was used to mesh the unit cells. Four degrees of 
freedom are allowed at each node: three translational degrees of freedom and 
one electrical potential degree of freedom. Periodic boundary conditions were 
applied to the node unit to capture the complete electromechanical response of the 
metamaterials51. Stresses are applied on the surfaces perpendicular to the 1-, 2- or 
3-directions individually to calculate d3M. Low strain and low linear deformation 
are also ensured.

Data availability
All data generated during this study are included within the paper and its 
Supplementary Information files and/or are available from the corresponding 
author upon request.
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