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ABSTRACT 

Additive manufacturing has opened new avenues for geometric customization and functional integration of piezoelectric ceramics, 
yet conventional methods face irreconcilable conflicts between ultrahigh solid-loading and microscale precision, fundamentally 
limiting their electromechanical performance and structural-sensing fidelity. Here, this work presents a precision 3D printing 
strategy based on ultrahigh solid loading (90 wt.%), achieving minimal defect BaTiO3 piezoelectric ceramics with synchronized 
enhancement of functional and mechanical properties through optimized rheological behavior. This approach attains optimized 
piezoelectric coefficient ( d33 > 240 pC N− 1 ) and mechanical robustness (compressive strength > 340 MPa), delivering overall 
performance comparable to conventional dry-pressed ceramics. Simultaneously, the process enables high-resolution fabrication 
of monolithic devices ( < 5 mm edge length) incorporating sub-200 µm critical features. Crucially, a general design framework 
programs 3D-orthotropic sensing into architected triply periodic minimal surface (TPMS) microstructures through parameterized 
symmetry-breaking. This process converts tailored mechanical anisotropy, combined with a fixed poling direction, into orthogonal 
sensitivity gradients and structural-signal fidelity. The resulting sensing platforms demonstrate high sensitivity (0.42 V N− 1 ), high 
linearity (R2 

> 0.999), near-zero delay with waveform synchronism, and power density ( > 68 µW cm− 3 ), enabling orthotropic force 
discrimination along three orthogonal axes for autonomous microsystems. This work advances the manufacturing paradigm for 
high-performance piezoelectric ceramics, offering scalable potential for microsensors and energy harvesters. 

1 Introduction 

The pursuit of advanced sensing capabilities in miniaturized sys- 
tems [ 1, 2 ]—from implantable medical devices to micro-robotic 
end-effectors [ 3 ]—has intensified the need for piezoelectric mate- 
rials that can discriminate mechanical stimuli along orthogonally 
oriented axes [ 4, 5 ]. Such directional sensitivity demands not 
only high electromechanical conversion efficiency but micro- 
architectural designs that encode anisotropic response into mate- 
rial fabric [ 6, 7 ]. Barium titanate (BaTiO3 ) ceramics, as premier 

lead-free piezoelectrics, possess intrinsic advantages including 
high piezoelectric coefficients, thermal stability, and biocompati- 
bility [ 8–10 ]. Yet conventional manufacturing techniques remain 
fundamentally inadequate [ 11 ]: dry pressing [ 12 ], slip casting, and 
tape casting cannot create spatially graded lattice geometries [ 13–
15 ] or continuous microscale features [ 16–19 ] essential for engi- 
neered strain localization and orthogonally differentiated signal 
generation. This incapacity becomes progressively constraining 
as applications evolve toward systems requiring coordinated 
geometric programmability and axis-specific responsivity [ 20, 21 ]. 
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Additive manufacturing (AM) promised a paradigm shift by 
enabling complex geometries through layer-wise fabrication 
[ 22–24 ]. Digital light processing (DLP), in particular, achieves 
sub-50 µm resolution by photopolymerizing ceramic-filled resins 
[ 25–27 ]. However, its applicability to piezoelectric ceramics 
remains constrained by a trilemma of high solid loading 
[ 28, 29 ], high forming precision [ 25 ], and high electromechanical 
performance [ 30 ], which are interdependent yet mutually con- 
flicting. Achieving ultrahigh solid-loading ( > 85 wt.%) is critical 
for maximizing piezoelectric coefficients, yet elevated ceramic 
content intensifies refractive index contrast between BaTiO3 
particles and organic matrices, exacerbating light scattering 
that degrades curing resolution and interlayer adhesion [ 31 ]. 
Concurrently, maintaining micron-scale precision necessitates 
homogeneous slurry recoating, but high solid-loading drastically 
increases viscosity [ 32 ], causing non-uniform layer deposition 
and incomplete crosslinking [ 33 ]—especially detrimental to over- 
hanging structures. Furthermore, ensuring electromechanical 
reliability requires defect-free microstructures post-sintering, 
yet the compromises between solid-loading [ 34 ] and precision 
invariably introduce pores, cracks, and delamination that erode 
mechanical integrity and electrical poling efficiency. Current 
studies typically maintain ceramic loading around 80 wt.% 

(approximately 40 vol%) [ 35–37 ], achieving piezoelectric coeffi- 
cients of approximately 200 pC N− 1 [ 33, 38 ] and compressive 
strengths of 250 MPa [ 39 ]. While formulations approaching 90 
wt.% have been reported, rheological instabilities and defect 
accumulation often create a performance inflection point around 
80 wt.% solid loading [ 40, 41 ]. Beyond this threshold, further 
increases in solid loading typically introduce defects that concur- 
rently diminish dimensional accuracy, electrical properties, and 
mechanical strength [ 33, 41 ]. These process-induced limitations 
collectively stifle the realization of architecturally programmed 
sensing anisotropy. 

The repercussions for sensing functionality are profound: insuffi- 
cient solid-loading caps piezoelectric charge constants below 200 
pC N− 1 [ 33 ], curbing voltage sensitivity [ 42 ]; inadequate printing 
precision in high-solid-loading systems impedes the fabrication 
of micro architectures necessary for strain-field manipulation [ 43, 
44 ], constraining axis-specific signal discrimination; and interfa- 
cial defects induce dynamic phase decoherence and waveform 

distortion that undermine signal stability [ 45 ]. Consequently, 
state-of-the-art AM piezoceramics remain confined to demon- 
strating basic, lacking both engineered anisotropy for orthotropic 
sensitivity and synchronized geometric-functional fidelity essen- 
tial for next-generation sensing [ 4, 46 ]. 

To address these multidimensional challenges, a solid-loading- 
maximized additive manufacturing strategy for piezoceramics 
was developed, establishing a comprehensive methodology cen- 
tered on formulation design and process optimization of pho- 
topolymerizable BaTiO3 slurries at 90 wt.% (over 62 vol%) solid- 
loading. Rigorous rheological characterization was conducted to 
ensure printability of high-solid-loading systems, followed by 
synergistic control of solid-loading and sintering temperature to 
govern microstructure evolution. Integrated electromechanical 
property assessment was performed to evaluate the overall perfor- 
mance. Complex three-dimensional architectures with continu- 
ous micron-scale features were subsequently fabricated to enable 
systematic evaluation of piezoelectric sensing behavior, partic- 

ularly focusing on orthotropic signal differentiation capabilities 
arising from micro-architectural anisotropy. The directional sen- 
sitivity characteristics were probed under controlled mechanical 
stimulation, with signal linearity and dynamic phase coherence 
quantified to assess sensing fidelity. This systematic investigation 
deciphers the processing-structure-property interplay in high- 
loading precision piezoceramics, while validating applicability 
in functional microsystems requiring coordinated geometric 
accuracy and electromechanical response stability for advanced 
sensing implementations. 

2 Results and Discussion 

2.1 Solid-Loading-Maximized Additive 
Manufacturing 

Figure 1a illustrates the high-solid-loading BaTiO3 ceramic slurry 
with a bimodal particle size distribution (Section S1.1 ) and 
its printing process. The viscosity of high-solid-loading BaTiO3 
ceramic slurries as a function of shear rate is shown in Figure 1b . 
Under high shear rate conditions, all ceramic slurries exhibited a 
decreasing viscosity trend, consistent with typical shear-thinning 
non-Newtonian fluid behavior. Notably, this behavior was well- 
preserved even in the 90 wt.% slurry. At high shear rates, 
the viscosities of 80, 85, and 90 wt.% BaTiO3 ceramic slurries 
decreased to 0.48, 1.88, and 3.22 Pa ⋅s, respectively. This is con- 
sistent with theoretical trends (Section S1.2 ). The applied shear 
force disrupted the flocculated structure dominated by van der 
Waals forces and electrostatic interactions between particles, 
inducing particle alignment along the shear direction and con- 
sequently reducing flow resistance. During blade coating, the 
high shear rate resulted in lower viscosity, ensuring uniformity 
of thin layers and improving interlayer adhesion. Meanwhile, 
the ceramic slurry sedimentation test demonstrates good stability 
and dispersibility within 7 days (Section S1.3 ). The pouring 
process of slurries was recorded to assess their flow behavior 
with varying solid loadings (Video S1 ). The high-solid-loading 
ceramic slurry was subsequently employed for precision printing 
(Section S1.4 ), followed by a two-step debinding and sintering 
process (Section S2.1 ) to obtain the final dense piezoceramic 
components. 

The linear shrinkage rates of the 80, 85, and 90 wt.% solid- 
loading ceramics were measured as approximately 21.50%, 15.50%, 
and 11.00%, as shown in Figure 1c . Importantly, increasing solid 
loading enhanced the optimal relative density from 92.84 ± 

0.22% (80 wt.%) to 93.75 ± 0.24% (90 wt.%), while suppressing 
linear shrinkage by 48.8%, as shown in Figure 1d . A strong 
negative correlation (R2 = 0.993) between solid loading and 
dimensional shrinkage was statistically confirmed. Additionally, 
the XRD patterns show that the splitting at 45◦ intensifies, 
indicating a gradual enrichment of the tetragonal phase (Section 
S2.2 ). Critically, the 90 wt.% high-solid-loading green bodies 
demonstrated exceptional process robustness by maintaining 
structural integrity throughout printing, debinding, and sin- 
tering, while simultaneously enhancing dimensional stability 
during densification. This dual advantage is attributed to the 
reduced binder content, which suppresses pyrolysis-induced 
porosity and promotes particle rearrangement in the sintering 
process. 
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FIGURE 1 Fabrication and sintering performance of solid-loading-maximized 3D printed piezoceramics. (a) Ceramic slurry with bimodal particle 
size distribution and printing process. (b) Effect of solid loading on the rheological properties. Variations in (c) sintering shrinkage rate and (d) relative 
sintered density of piezoelectric ceramics as functions of sintering temperature and solid loading (scale bar: 1 cm) ( n = 3). SEM images of piezoelectric 
ceramics after debinding (e–g) and fracture surfaces after sintering (h–j) for solid loadings of 80, 85, and 90 wt.%. 

The microstructural evolution of 3D-printed BaTiO3 ceramics 
with varying solid loadings was systematically analyzed via 
scanning electron microscopy. Figure 1e–g present cross-sectional 
SEM images of debinded ceramics, confirming complete resin 
removal. Increasing solid loading from 80 to 90 wt.% enhanced 
particle packing, evidenced by reduced interparticle voids. The 
bimodal particle distribution with a fine-to-coarse ratio of 4 to 6 
remained consistent with design targets, facilitating intergranular 

filling as fine particles occupied the interstitial sites between 
coarse particles. 

As shown in Figure 1h–j , the 80, 85, and 90 wt.% solid-loading 
ceramics sintered at 1375◦C exhibited progressive densification 
with reduced intergranular voids and defects. Critically, the 
90 wt.% ceramic sintered at 1375◦C eliminates macropores 
through optimized particle gradation and diffusion-driven pore 
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FIGURE 2 Excellent electrical performance rivaling dry-pressed ceramics. Dependence of (a) piezoelectric coefficient ( d33 ) on sintering 
temperature and solid loading ( n = 3). (b) Effect of solid loading on P-E hysteresis loops. (c) Dependence of relative permittivity ( εr ) on sintering 
temperature and solid loading ( n = 3). (d) Impedance spectra (1375◦C). (e) Performance comparison between 3D-printed (90 wt.%) and dry-pressed 
BaTiO3 ceramics. 

closure. This enables superior compressive strength despite 
residual micro-porosity from constrained gas evolution and grain- 
boundary pore pinning, highlighting the essential processing- 
microstructure-property nexus. Meanwhile, the SEM images of 
the surfaces of the piezoelectric ceramics are displayed (Section 
S2.3 ). Notably, the 90 wt.% ceramics demonstrated pronounced 
grain coalescence, where larger grains assimilated smaller ones 
via boundary migration, leading to an increase in average grain 
size compared to those with lower solid loading. Evident grain 
growth at elevated temperatures is illustrated (Section S2.4 ). The 
high solid loading facilitated effective low-temperature densifica- 
tion by enhancing particle coordination and suppressing porosity, 
ultimately optimizing both microstructural homogeneity and 
electromechanical performance. 

2.2 Electromechanical Performance 
Characterization 

The piezoelectricity of BaTiO3 ceramics is governed by 90◦
domain wall motion, which is hindered by depolarization fields 
at pore surfaces. 90 wt.% ceramics sintered at 1375◦C achieved the 
highest piezoelectric coefficient d33 of 240 ± 3 pC N− 1 , correspond- 
ing to the peak relative density of 93.75%, as shown in Figure 2a . 
Comparatively, 85 and 80 wt.% ceramics reached d33 maxima of 
234 ± 3 and 223 ± 4 pC N− 1 at 1400◦C. Increasing solid loading 
to 90 wt.% enhanced d33 by 7.62%, attributed to reduced porosity 
suppressing depolarization effects. SEM analysis confirmed that 
the 90 wt.% ceramics exhibited minimal intergranular voids and 
homogeneous microstructure, thereby enhancing domain wall 
mobility and optimizing electromechanical coupling. 

Figure 2b presents the P-E hysteresis loops of BaTiO3 ceramics 
with 80, 85, and 90 wt.% solid loadings under 25 kV cm− 1 . 
The ceramics sintered at 1375◦C and 1400◦C exhibited strong 
ferroelectricity due to high densification and minimal defects 
(Section S3.1 ). Increasing solid loading significantly enhanced 
performance, with the 90 wt.% ceramic achieving a maximum 

polarization PMAX of 14.30 µC cm− 2 , a remnant polarization Pr 
of 9.67 µC cm− 2 , and a coercive field EC of 5.89 kV cm− 1 . These 
values represent improvements of 24.35%, 49.23%, and 24.79%, 
respectively, compared to the 80 wt.% ceramic. This enhancement 
was attributed to the reduced porosity, which lowered the depo- 
larization field and promoted uniform electric field distribution 
in the ceramic. The dense microstructure with high density and 
low porosity resulted in an increased coercive field, reflecting 
enhanced domain switching energy, and indicated better stability 
under high electric fields. 

The relative permittivity ( ɛr ) and dielectric loss ( tan δ) of 3D- 
printed BaTiO3 ceramics were characterized via impedance 
analysis at 1 kHz. The 90 wt.% ceramic sintered at 1375◦C exhibited 
the highest relative permittivity of 2215 ± 27, while 85 and 80 wt.% 

ceramics achieved εr maxima of 2209 ± 11 and 2061 ± 9 at 1400◦C, 
respectively, as shown in Figure 2c . Increasing solid loading 
from 80 to 90 wt.% enhanced ɛr by 7.47%, which is attributed to 
improved polarization stemming from facilitated 90◦ domain wall 
motion under an external field. Conversely, depolarization fields 
at pore surfaces restricted domain mobility, thereby suppressing 
permittivity in the lower-density ceramics. 

Concurrently, ɛr values for 80, 85, and 90 wt.% ceramics sintered at 
1375◦C were 1958, 2055, and 2182, respectively, with corresponding 
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tan δ values of 0.016, 0.009, and an exceptionally low value of 
0.006, as shown in Figure 2d . As the solid loading increased, 
the Δf bandwidth between the resonance and anti-resonance 
frequencies widened, indicating that the densified microstruc- 
ture reduced defects and porosity within the material, thereby 
enhancing its electromechanical coupling performance. 

Furthermore, a direct performance benchmark was established 
by fabricating ceramic pellets via dry pressing using the identical 
bimodal powder mixture (Section S3.3 ). A radar chart comparing 
key properties of the 90 wt.% 3D-printed ceramic and the dry- 
pressed counterpart are presented in Figure 2e . It demonstrates 
that the overall functional performance, particularly the piezo- 
electric coefficient, of the 3D-printed ceramic is comparable to 
that of the conventionally fabricated standard, while additionally 
granting the freedom of architectural design. 

The mechanical properties of 3D-printed BaTiO3 ceramics, 
including elastic modulus E * and hardness H , were evaluated 
via micro/nanoindentation. For 85 wt.% ceramics sintered at 
temperatures ranging from 1350◦C to 1450◦C, E * and H initially 
increased with temperature, peaking at 171 ± 6 GPa and 6111 
± 110 MPa at 1400◦C, followed by a decline at higher tem- 
peratures, as shown in Figure 3a . This trend confirms 1400◦C 

as the optimal sintering temperature for 85 wt.% ceramics, 
which balances interparticle bonding strength and avoiding 
oversintering-induced microcracks or abnormal grain growth. 
At 1400◦C, E * values for 80, 85, and 90 wt.% ceramics were 
149 ± 22, 171 ± 6, and 177 ± 22 GPa, respectively, representing 
an 18.79% improvement for 90 wt.% over 80 wt.%, as shown 
in Figure 3b . However, the 90 wt.% ceramic exhibited a slight 
reduction in H compared to 85 wt.%, due to oversintering effects 
at 1400◦C, as its optimal sintering temperature was identified at 
1375◦C. The corresponding load–unloading curves are displayed 
(Section S3.2 ). 

The compressive strength of BaTiO3 ceramics with varying 
solid loadings and sintering temperatures was systematically 
investigated, as shown in Figure 3d . Stress–strain curves of the 
sintered ceramics are shown in Figure 3e . The 90 wt.% ceramic 
sintered at 1375◦C exhibited the highest compressive strength 
of 342 ± 6 MPa, surpassing the 80 and 85 wt.% counterparts, 
achieving 327 ± 7 MPa and 334 ± 5 MPa at 1400◦C by 4.59% 

and 2.34%, respectively. This value also significantly exceeds the 
approximately 250 MPa of BaTiO3 ceramics prepared by DLP 
that has been reported [ 39 ]. The increased compressive strength 
stems from synergistic effects of enhanced densification, sup- 
pressed porosity and controlled grain growth, which collectively 
minimize stress-concentration defects while optimizing load- 
bearing pathways. The compressive strength reaches its peak at 
the optimal sintering temperature, attributed to the enhanced 
bonding between particles. However, excessively high tempera- 
tures can lead to mechanical degradation due to excessive grain 
growth and potential phase transformations. This underscores 
the necessity of tailoring the sintering temperature for high- 
solid-loading formulations to ensure microstructural stability and 
mechanical integrity. 

This work achieves micrometer-level precision forming of 
ceramic slurries with ultrahigh solid loading, surpassing the 
electrical performance and mechanical strength of previously 

reported 3D-printed BaTiO3 ceramics. Existing studies primarily 
focus on solid loading between 70 and 85 wt.%, with a notable 
inflection point around 80 wt.% due to rheological instabilities 
and defect accumulation, as shown in Figure 3c . In contrast, 
the high-solid-load slurries optimized in this research eliminate 
these inflection points, delivering continuous enhancements 
in piezoelectric and dielectric properties across 80–90 wt.% 

without performance saturation. Crucially addressing a critical 
knowledge gap, it establishes performance optimization protocols 
for 85–90 wt.% solid-loading slurries, a previously unexplored 
regime. 

The BaTiO3 ceramics with high solid loading exhibit exceptional 
comprehensive electrical properties, including piezoelectric and 
dielectric performance, surpassing previously reported findings, 
as shown in Figure 3f . Remarkably, demonstrating concur- 
rent high precision and performance, these high solid-loading 
piezoceramics redefine attainable property limits, as shown in 
Figure 3h . Specifically, the 90 wt.% BaTiO3 ceramic exhibits a 
characteristic size as fine as 182 µm, a piezoelectric coefficient 
d33 of 240 pC N− 1 , and a compressive strength of 342 MPa, 
significantly outperforming existing literature. This highlights 
the remarkable advantages of high solid loading formulations in 
enhancing electro-mechanical properties. 

The breakthrough “Triple-High” synergy (high solid loading, 
high precision, and high performance) is quantifiably demon- 
strated via multi-property radar analysis, as shown in Figure 3g . 
The figure highlights a systematic comparison of ceramics with 
varying solid loading, with the 90 wt.% ceramic exhibiting out- 
standing comprehensive properties. These include exceptional 
electrical performance, characterized by superior piezoelectric, 
dielectric, and ferroelectric characteristics, along with excellent 
mechanical performance, marked by compressive strength and 
elastic modulus. Additionally, the ceramic demonstrates out- 
standing sintering quality, with minimal shrinkage rate and high 
relative density, while achieving remarkable micron-level form- 
ing precision. This groundbreaking achievement holds signifi- 
cant implications for advancing the development of high-loading, 
high-performance, and high-precision functional ceramic com- 
ponents. 

This work demonstrates the precise printing of complex archi- 
tectures in piezoelectric ceramics using DLP-based 3D printing, 
achieving exceptional microscale structural fidelity while main- 
taining high performance. As shown in Figure 4a , all solid 
loadings successfully printed 100 µm thin-wall structures, while 
microcolumn resolution varies. Specifically, 80 wt.% attains 
150 µm columns with partial collapse at 100 µm, whereas 85 
and 90 wt.% achieve 200 µm columns with partial success at 
150 µm. Furthermore, triply periodic minimal surface (TPMS) 
structures (Primitive, I-WP, Gyroid) and body-centered cubic 
(BCC) lattices are flawlessly printed and sintered, with unit 
cell sizes of 2 mm (TPMS) and 1.5 mm (BCC), as shown in 
Figure 4b–e . 

SEM images reveal that the sintered ceramic structures exhibit 
excellent structural integrity, with feature sizes ranging from 110 
to 334 µm, as shown in Figure 4f–k . Notably, 80 wt.% ceram- 
ics exhibited superior dimensional fidelity, achieving Gyroid 
structures with minimum wall thicknesses of 122 ± 7 µm, 
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FIGURE 3 High strength and reliability for structural applications. Nanoindentation elastic modulus and hardness dependence on (a) sintering 
temperature and (b) solid loading ( n = 3). (c) Comparison of piezoelectric coefficients of high solid loading piezoelectric ceramics with values reported 
in the literature [ 13, 16, 25, 29, 33, 36–38, 41, 47, 48 ]. (d) Compressive strength evolution with sintering temperature and solid loading ( n = 3). 
(e) Representative compressive stress–strain curves. (f) Comparison of piezoelectric coefficients and dielectric constants with those reported in previous 
works [ 13, 16, 25, 29, 33, 37, 38, 41, 47, 49 ]. (g) Multi-attribute performance radar plot. (h) Piezoelectric coefficient and forming accuracy relative to 
literature [ 13, 16, 25, 35–37, 48, 50–52 ]. 

compared to 141 ± 3 µm for 85 wt.% and 182 ± 6 µm for 
90 wt.% (Section S3.4 ). This difference is attributed to the 
higher shrinkage rate of 80 wt.% ceramics ( ∼ 21.50%) compared 
to 90 wt.% ( ∼ 11.00%), and the ultrahigh loading of ceramics 
intensifies light scattering. SEM images of the sintered ceramics 
demonstrate the successful fabrication of complex structures 
with preserved geometrical integrity and validate the compat- 
ibility of high solid loading with precise microscale geometric 
control. 

2.3 Axial Piezoelectric Sensing and Energy 
Harvesting 

The piezoelectric voltage constant ( g33 ) and the figure of merit 
( FOMoff ) are essential parameters for evaluating the electrome- 
chanical conversion efficiency of piezoelectric materials, which 
can be expressed by the following equations: 

𝑔33 =
𝑑33 
𝜀𝑟 𝜀0 

(1) 

𝐹𝑂𝑀𝑜𝑓𝑓 =
𝑑33 × 𝑔33 
𝑡𝑎𝑛 𝛿

(2) 

The vacuum permittivity ɛ0 is 8.854187817 × 10− 12 F m− 1 . Sin- 
tered piezoelectric ceramics with varying solid loadings exhibit 
distinct electrical properties and electromechanical conversion 
performances, as shown in Figure 5a . For ceramics with 80 and 
90 wt.%, the g33 is 1.23 × 10− 2 Vm N− 1 , while the 85 wt.% ceramic 
exhibits a slightly lower value due to its relatively higher dielectric 
constant. Notably, the FOMoff for 90 wt.% ceramic reaches as high 
as 4.90 ± 0.13 × 10− 10 m2 N− 1 , exceeding typical values [ 13 ]. This 
indicates that 3D-printed BaTiO3 piezoceramics hold substantial 
promise for high-performance piezoelectric components. 

To evaluate the piezoelectric sensing performance, the Gyroid- 
structured piezoelectric ceramics were cast with epoxy resin 
and polarized (Section S4.1 ). For the axial sensing and energy 
harvesting characterization in this section, the electrodes were 
connected in a reversed configuration to present the volt- 
age outputs with positive polarity for clarity and intuitive 
interpretation of the compressive stimuli. A periodic loading 
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FIGURE 4 Microfabrication of high-precision piezoceramic sensors. (a) Accuracy testing of thin-wall and micro-column forming under different 
solid loadings. High-precision 3D continuous microstructure printing of (b) Primitive, (c) I-WP, (d) Gyroid, and (e) BCC structures. SEM images of 
the corresponding sintered structures. (f) Primitive, (g) I-WP, (h) BCC structures with 85 wt.% solid loading. Comparison of Gyroid structures with 
(i) 80 wt.%, (j) 85 wt.%, and (k) 90 wt.% solid loadings. 

force was generated by a signal generator, charge amplifier, and 
shaker. The open-circuit voltage response was recorded by an 
electrometer and data acquisition system to characterize the 
force-to-electric conversion capability of the ceramic structure. 
A periodic load of approximately 5 N applied to the 80 wt.% 

piezoelectric composite induced an alternating piezoelectric volt- 
age of about 0.56 V. The output waveform exhibits a minor DC 

offset from 0 V, attributable to the inherent characteristics of 
the testing system. The voltage output exhibited instantaneous 

temporal synchronism and precise waveform fidelity with the 
applied mechanical load, confirming robust electromechanical 
coupling, as shown in Figure 5c,d . Under cyclic loading at 10 Hz, 
both mechanical and electrical signals achieved synchronous 
response within 1.4 ms, with virtually undetectable delay. Bench- 
marking against prior works demonstrates that these response 
characteristics are remarkably competitive with various types 
of reported tactile sensors, including piezoelectric, capacitive, 
resistive, and triboelectric devices, as shown in Figure 5b . The 
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FIGURE 5 Fast dynamic response of piezoceramic sensors. (a) g33 and FOMoff with different solid loadings ( n = 3). (b) Comparison of response 
and recovery times with prior works [ 44, 53–66 ]. (c) Output voltage under 10 Hz loading force. (d) Output voltage under 1 Hz loading force. 

system was deployed as a wireless piezoelectric sensor for real- 
time gait analysis. It successfully captured and distinguished 
various gait patterns from static to dynamic conditions (Video S2 
and Section S4.2 ). 

The piezoceramic sensor integrates both energy harvesting and 
high-accuracy sensing capabilities, as shown in Figure 6a . Impact 
testing was performed on an 80 wt.% composite sensor driven 
by a linear motor stage under periodic impulse loading (40 
N, 1 Hz). Current and voltage outputs across varying resistive 
loads were measured. Power density was determined, revealing 
a maximum value of 68.60 µW cm− 3 at 8 M Ω, significantly 
surpassing previously reported energy harvesting efficiencies, 
as shown in Figure 6b,c . This result substantiates the promis- 
ing energy harvesting capabilities of the engineered composite 
architecture. 

Impact testing was performed on the 80 wt.% solid-loading 
piezoelectric composite under varied forces at 1 Hz. The structure 

demonstrated a voltage sensitivity of 0.42 V N− 1 with exceptional 
force-voltage linearity (R2 = 0.99977), while generating a current 
of approximately 3 µA under an 80 N load, as shown in Figure 
6d–f . Frequency-dependent sensing tests at 60 N loading con- 
firmed that current outputs exhibit significantly stronger fre- 
quency sensitivity than voltage signals, as shown in Figure 6g,h . 
This behavior originates from the linear dependence of piezo- 
electric current on frequency (I ∝ f), whereas the voltage output 
exhibits a much weaker frequency dependence under open- 
circuit conditions. Cyclic stability testing (60 N, 1 Hz) confirmed 
consistent voltage and current outputs despite slight intermittent 
force fluctuations, as illustrated in Figure 6i,l . The 90 wt.% 

solid-loading variant exhibited lower sensitivity than the 80 
wt.% sample, primarily due to compromised charge collection 
efficiency from increased wall thickness, outweighing the d33 
enhancement, as illustrated in Figure 6j,k (Section S3.4 ). These 
results validate exceptional electromechanical conversion effi- 
ciency in 3D-printed piezoceramics, highlighting their promise 
for high-fidelity sensing applications. 
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FIGURE 6 Multifunctional piezoceramic sensors for energy harvesting and high-accuracy sensing. (a) Schematic diagram of the functional 
integration of piezoelectric sensors. (b) Current, voltage, and (c) power density under different resistance values. (d) Voltage, (e) Current, and (f) linear 
fitting results under different load forces. (g) Voltage and (h) current values at different frequencies. (i) Cycling stability of output voltage. (j) Voltage 
and (k) Current under different solid loadings. (l) Cycling stability of output current. 

2.4 3D Orthotropic Piezoelectric Sensing 

Conventional multi-axial force detection requires integrating 
multiple discrete sensors along different axes. This study presents 
a paradigm-shifting approach where a single, architectured piezo- 
ceramic achieves 3D orthotropic sensing through programmed 
microstructural design. The methodology establishes a compre- 

hensive “structure-mechanics-sensing” design framework that 
enables predictable directional force discrimination in mono- 
lithic devices. 

The framework programs 3D orthotropic sensing by design- 
ing geometric anisotropy into TPMS architectures (including 
Primitive, Gyroid, I-WP, and BCC-like architectures). These are 
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controlled through three independent scaling parameters ( a, b, 
c ) that govern spatial periodicity along the X , Y , and Z axes, 
respectively. Symmetry is broken hierarchically, from isotropic 
( a = b = c ) to uniaxially anisotropic (e.g., a = b ≠ c ) and 
finally to fully orthotropic ( a ≠ b ≠ c ). This programmed 
geometric anisotropy dictates the mechanical response, which 
is subsequently transduced into directional sensing anisotropy 
under a fixed electrical poling direction ( Z -axis) (Section S5.1 ). 
Crucially, the dimensionality of the resulting sensing anisotropy 
can exceed that of the mechanical input. For example, a structure 
with uniaxial mechanical anisotropy can exhibit 3D orthotropic 
sensing, as stresses from different directions couple to the polar- 
ization axis with distinct efficiencies. The Gyroid structure is 
particularly unique in this context. Its triple-helical and chiral 
geometry provides an inherent directionality, which introduces 
an additional “geometric degree of freedom” that significantly 
enhances the programmability of the sensing anisotropy (Sec- 
tion S5.2 ). The underlying mathematical framework, which 
embeds these scaling parameters into implicit equations to mod- 
ulate distinct topological features, is systematically formulated 
(Section S5.3 ). 

A unified naming convention ( m, n, l ) is adopted, where m 

= 3a/ π, n = 3b/ π, and l = 3c/ π represent relative unit cell 
densities along X , Y , and Z directions for fixed global dimensions. 
Numerical homogenization predicts the mechanical anisotropy 
of various architectures (Section S5.4 ), while multiphysics sim- 
ulations coupling Solid Mechanics and Electrostatics modules 
analyze their piezoelectric responses (Section S5.5 ). Computa- 
tional results demonstrate that precise parameter control enables 
programmable sensing performance ranging from uniaxial to 
fully 3D orthotropic characteristics. 

Fabricated piezoelectric devices based on Primitive and Gyroid 
structures with systematic parameter variations were prepared, 
as shown in Figure 7a . To directly reveal the intrinsic anisotropic 
sensing polarity programmed into the architectures, all devices 
here were characterized under the standard electrode configu- 
ration. The fundamental piezoelectric origin of the measured 
signals and the systematic effect of electrode configuration were 
further confirmed by electrode reversal tests (Section S5.6 ). 
The isotropic structure (3,3,3) exhibited characteristic uniaxial 
sensing, while the structure with engineered in-plane anisotropy 
(2,3,3) successfully broke X-Y sensing symmetry. The fully 
orthotropic structure (2,3,4) further demonstrated independent 
sensitivity tuning along all three principal axes. The programmed 
Gyroid structures with varying parameter codes demonstrate 
diverse sensing anisotropy, as presented in Figure 7b . The 
programmed anisotropy across structural, mechanical, and sens- 
ing domains is systematically compared, revealing a consistent 
transformation from geometric design to functional performance 
(Figure 7c and Section S5.5 ). The Primitive structure serves as a 
paradigm for the predictable programming of sensing anisotropy, 
while the Gyroid exemplifies how architectural complexity can be 
harnessed to achieve superior and unique sensing capabilities. 

This work establishes a fundamental advancement in piezoelec- 
tric sensing by transitioning from conventional material selec- 
tion to architectural programming. The approach of encoding 
directional sensitivity directly into ceramic micro-architectures 
overcomes the spatial constraints and integration challenges of 

multi-sensor arrays, creating a new paradigm where the material 
structure itself functions as a complete sensing system. This archi- 
tectural strategy enables single-component discrimination of 
forces along three orthogonal axes through designed anisotropy, 
eliminating the need for discrete sensor assemblies. 

This programmable 3D orthotropic sensing enables advanced 
applications in which conventional sensing modalities face lim- 
itations, as shown in Figure 7d . For autonomous micro-systems 
operating in vision-denied environments such as debris fields 
or confined pipelines, this technology provides essential spatial 
awareness through directional force discrimination during phys- 
ical contact. In micro-drone applications, it enables interaction- 
aware behaviors by distinguishing between collision types and 
impact directions, supporting appropriate response maneuvers. 
The monolithic design further facilitates direct integration as 
both a structural element and a sensing unit in compact systems, 
maintaining robust performance across challenging operational 
environments while simplifying system architecture. 

3 Conclusions 

In summary, this work establishes a solid-loading-maximized 
stereolithography strategy that successfully reconciles the long- 
standing trade- off between ultrahigh solid loading (90 wt.%) and 
micron-scale precision ( < 200 µm) in piezoceramic additive man- 
ufacturing. Fabricated using a rheologically optimized BaTiO3 
slurry, the micro-architected ceramics exhibit superior elec- 
tromechanical properties, including a piezoelectric coefficient 
over 240 pC N− 1 and compressive strength exceeding 340 MPa, 
matching the performance of conventional dry-pressed ceramics. 
The micro-architectures demonstrate designed 3D orthotropic 
sensing with well-defined anisotropic sensitivity and maintain 
structural–signal f idelity with high linearity (R2 

> 0.999) under 
dynamic loads ranging from 20 to 80 N. Furthermore, the 
sensors operate with high sensitivity (0.42 V N− 1 ), fast dynamic 
response, near-zero latency, and power densities greater than 68 
µW cm− 3 . Implemented as a wireless sensor for real-time gait 
analysis, the system reliably captures both static and dynamic 
motion signatures, confirming its potential for wearable health 
monitoring. By unifying ultrahigh-loading precision fabrication, 
architectured anisotropy, and cross-domain fidelity, this approach 
shifts the design paradigm from material-oriented optimization 
to performance-driven micro-architecture engineering. It offers a 
scalable platform for intelligent systems such as autonomous sen- 
sors with multidimensional force resolution, multi-axis energy 
harvesting platforms, and adaptive human–machine interfaces. 

4 Experimental Section 

4.1 Raw Materials 

The raw materials included two distinct fractions of BaTiO3 
powder (Macklin, China), namely fine particles (d50 = 104.40 nm) 
and coarse particles (d50 = 504.10 nm), both with a density 
of 6.08 g cm− 3 (Section S1.1 ). A photocurable resin (Shenzhen 
Adventure Tech. Co., Ltd., China) enabled DLP fabrication. For 
powder surface modification, the additives included Triton X- 
100 (Macklin, China) as a surfactant, BYK-111 (BYK-Chemie, 
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FIGURE 7 Orthotropic sensing performance of piezoceramic sensors. (a) Parametrically programmed piezoelectric ceramic architectures (green 
bodies). (b) Anisotropic sensing responses of differently encoded Gyroid structures. (c) Comparison of anisotropy across structural, mechanical, and 
sensing domains (all values normalized to the Z -axis value of 1). (d) Application prospects in autonomous micro-systems and micro-drones, enabled by 
monolithic integration. 

Germany) as a dispersant, and 4-Methoxyphenol (MEHQ, Mack- 
lin, China) as a polymerization inhibitor. Additionally, phenyl 
bis(2,4,6-trimethylbenzoyl)-phosphine oxide (XBPO, Macklin, 
China) served as a photoinitiator, while tetraethyl orthosilicate 
(TEOS, Macklin, China) acted as a sintering aid. 

4.2 Slurry Preparation 

BaTiO3 ceramic powders were mixed into the slurry at solid 
loadings of 80, 85, and 90 wt.%, with a mass ratio of fine to 
coarse particles of 4:6. Based on our previous work [ 67 ], this 
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bimodal particle size distribution facilitates optimal packing den- 
sity and sintering density of the ceramics, while simultaneously 
improving the rheological properties of the slurry. Surfactant and 
dispersant were added at 2 and 1 wt.% of the BaTiO3 powder 
mass, respectively. The mass ratio of photopolymer resin, poly- 
merization inhibitor, and photoinitiator was fixed at 100:0.5:2. 
Additionally, a sintering aid was introduced at 2 wt.% based on 
the total slurry mass. 

The slurry was prepared by first mixing all components except the 
ceramic powders for 30 min to form a pre-mix. Ceramic powders 
were added and subjected to ball milling at 800 r min− 1 for 2 h, 
400 r min− 1 for 2 h, and 200 r min− 1 for 4 h. The slurry was 
then vacuum defoamed at 10 kPa for 10 min, yielding a stable 
slurry with a bimodal particle size distribution and varying solid 
loadings. 

4.3 DLP 3D Printing Process 

The ceramic green bodies were fabricated using a high-precision 
dual-vat sinking-type DLP 3D printer (ADT-3D-ZP-Printer-96- 
50, Shenzhen Adventure Tech. Co., Ltd., China) (Section S1.4 ). 
Key printing parameters included a layer thickness of 30 µm, 
UV exposure time of 5 s, power density of 58 mW cm− 2 , and a 
wavelength of 405 nm. 

4.4 Debinding and Sintering Processes 

A two-step debinding process in argon and air atmospheres, 
followed by high-temperature sintering in air, was employed 
(Section S2.1 ). The ceramic green bodies were heated stepwise in 
argon to 120◦C, 240◦C, 385◦C, and 500◦C, holding at each stage 
to ensure complete carbonization of the organics. Subsequently, 
oxidation and decarbonization were carried out in air by staged 
heating to 120◦C, 425◦C, and 500◦C with holding periods at each 
temperature. Finally, the sintering process was performed in air 
by heating at a rate of 2◦C min− 1 to the sintering temperature, 
followed by a 2 h dwell to promote densification of the ceramic. 

4.5 Material Characterization 

The shear viscosity of the ceramic slurry was characterized using 
a rotational rheometer (Kinexus Lab + , NETZSCH, Germany). 
The phase composition of the sintered piezoelectric ceramics 
was analyzed using an X-ray diffractometer (XRD, X’PERT, Pan- 
alytical, Netherlands). The density of the sintered piezoelectric 
ceramics was measured by the Archimedes drainage method. 
The shrinkage rate of the piezoelectric ceramics was calculated 
by comparing the dimensions of the sintered and green bodies. 
The morphology of BaTiO3 ceramic powder, as well as the 
microstructures of the debinded body, sintered body, and fracture 
surface, were observed using a scanning electron microscope 
(SU5000, Hitachi High-Tech, Japan). 

Prior to electrical performance testing, silver electrodes were 
coated on the top and bottom surfaces of the sintered piezoelectric 
ceramics, followed by a heat treatment at 850◦C for 10 min. Poling 
was conducted in an oil bath at 60◦C under a DC electric field of 

2 kV mm− 1 for 60 min using a high-voltage polarization system 

(Huace HV, Beijing Huace Test Instrument, China). The piezo- 
electric coefficient d33 was measured using a quasi-static piezo- 
electric coefficient tester (HCYD-200, Beijing Huace Test Instru- 
ment, China). Dielectric and impedance characteristics were 
measured with an ultrasonic impedance analyzer (ZX80A, Zhixin 
Precision Electronics, China). Ferroelectric polarization-electric 
field (P-E) hysteresis loops were obtained using a ferroelectric 
analyzer (FE2000, Beijing Huace Test Instrument, China). Com- 
pressive strength and stress–strain curves were measured using a 
universal testing machine (UTM6104, 82 SUNS, China). Surface 
mechanical properties were characterized via nanoindentation 
testing (Anton Paar, Graz, Austria). The piezoelectric sensing 
performance was evaluated using a piezoelectric mechanical 
force system composed of an electrometer (Keithley 6514), 
shaker, signal generator, charge amplifier, and data acquisition 
device. 

4.6 Statistical Analysis 

To evaluate the electromechanical performance of the high-solid- 
loading piezoelectric ceramics, including the sintering shrinkage 
rate and relative sintered density (Figure 1c,d ), d33 and εr 
(Figure 2a,c ), nanoindentation elastic modulus and hardness, 
and compressive strength (Figure 3a,b,d ), as well as g33 and 
FOMoff (Figure 5a ), three independent ceramic samples were 
tested for each case, with the results presented using error 
bars or error bands. For the sensing performance evaluation 
(Figures 5c,d , 6 , and 7 ), three sensor devices were fabricated 
and tested, with representative data from one sensor shown in 
the corresponding figures. Data processing and graphing were 
performed using Origin. Simulations ( Supporting Information ) 
were conducted using COMSOL Multiphysics and nTop. Image 
data measurements (Figure 4 ) were performed using ImageJ 
software with multi-location wall thickness measurements 
(n > 5). 
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