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Figure S1. The schematic illustration showing the fabrication process of the three-dimensional 

cellular sensors array (3D-CSA). (a) Three components mixed in a three-necked flask for yielding 

a homogeneous solution. (b) The pieces of mixture placing on the coverslips and (c) spread into a 

film. (d) The cellular PP/PZT composite framework. (e) The fabricated sensor. (f) The 3 by 3 units 

of array on the kapton substrate.
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Figure S2. (a) Working mechanism of a 3D-CSA when it is at four stages: Ⅰ the original, Ⅱ the 

pressing, Ⅲ the equilibrium, Ⅳ the releasing. (b) Enlarged view of the open-circuit voltage of a 

3D-CSA in one period corresponding to four stages.
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Figure S3. Sketch showing the one-step thermally induced phase separation method (TIPS), which 

is simple, straightforward and scalable.
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Figure S4. (a) SEM image and (b) size distribution of PZT nanoparticles.
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Figure S5. X-ray diffraction (XRD) of (a) PZT nanoparticles. (b) XRD spectrum of cellular 

PP/PZT composite film with different PZT doping ratios.
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Figure S6. The 3D-CSA hold very stable electrical output in ambient enviroment.
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Figure S7. The uniformity of the sensor array based on 3D-CSA. (a) Digital labeling of array 

units. (b) The current output corresponding to each unit.
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Supporting Note 1: The physical model of 3D-CSA

The 3D cellular PP electret with caged piezoelectric nanoparticles can be simplified as a hamburger 

structure with multi-layer. The structure comprises and n+1 layers of PP with the thicknesses of 

 and  respectively, where  and . These layers are assumed to be 𝑑2𝑖 𝑑1𝑗 𝑖 = 1,2,…𝑛 𝑗 = 1,2,..𝑛 + 1

laterally consensus, the top and bottom surface For the PNPFA in  layer and PP in  layer, if the 𝑖 𝑗

direction of electric field E from the bottom electrode to the top electrode was defined as the 

positive direction, the Gauss law can be written as:

                                                        (1)―ε𝐸1𝑗 + 𝐸2𝑖 = ― 𝜎𝑖/𝜀0

                                                     (2)― 𝐸2𝑖 +𝜀𝐸1(𝑗 + 1) = 𝜎𝑖/𝜀0

Where  and  and are the relative dielectric constant of PP and dielectric constant of PNPFA, 𝜀 𝜀0

separately.  and  represent the corresponding electric field of PP in  layer and PEPFA in  𝐸1𝑗 𝐸2𝑖 𝑗 𝑖

layer, respectively. Kirchhoff’ law for short-circuit conditions can be written as:

                                          (3)∑𝑛
𝑖 = 1𝑑2𝑖𝐸2𝑖 + ∑𝑛 + 1

𝑗 = 1 𝑑1𝑗𝐸1𝑗 = 0

Combining equations (a) and (b), simultaneous equation (c) yields 𝐸11 = 𝐸12 = …𝐸1𝑗 = 𝐸1(𝑗 + 1) =

. And  can be expressed as𝐸1 𝐸1

                                                                    (4)𝐸1 =
∑𝑛

𝑖 = 1𝑑2𝑖𝜎𝑖

𝜀0(𝜀𝐷2 + 𝐷1)

Where , . For the convenience of analyzing, we hypothesized that each 𝐷2 = ∑𝑛
𝑖 = 1𝑑2𝑖 𝐷1 = ∑𝑛 + 1

𝑖 = 1 𝑑1𝑗

PNPFA layer has the same thickness, = .then the charge density on the copper electrode  𝑑2𝑖 𝑑2 𝜎0

can be expressed as:

                    (5)𝜎0 = 𝜀0𝜀𝐸1𝑖 = 𝜀0𝜀𝐸1 =
𝜀∑𝑛

𝑖 = 1𝑑2𝑖𝜎𝑖

𝜀𝐷2 + 𝐷1
=

𝜀
1
𝑛∑𝑛

𝑖 = 1𝜎𝑖

𝜀 + 𝐷1 𝐷2
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Supporting Note 2: Structural optimization of the cellular PP framework

The surface morphology of cellular PP framework formed by adding different proportions of 

dibutyl phthalate (DBP) in the weight ratio of 30% solution were compared in Figure S8. Owing 

to the differences of phase equilibrium and corresponding equilibrium thermodynamics in the 

varied weight ratio of DBP, the morphology appears in the form of non-microcellular morphology 

(Figure S8 a), cell clusters texture with a certain interlaced structure (Figure S8 b), honeycomb-

shaped hole structure (Figure S8 c), the distance between the pores decreases and exhibits the 

enhanced compactness (Figure S8 d), rupture areas increase (Figure S8 e). 

Figure S8. Field-emission scanning electron microscopy (FE-SEM) images of the cellular PP 

framework from 30 wt% solution with different weight ratios of DBP in mixed diluent, (a) 20%, 

(b) 40%, (c) 60%, (d) 80%, (e) 100%, respectively. The scale bars, 25 μm.
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The piezoelectric properties of the cellular PP (Figure S9) indicates that when the weight ratio is 

60%, the maximum value of voltage (Figure S9 a), current (Figure S9 b) and current density 

(Figure S9 c) are obtained. Such a tradeoff is attributed to a competitive effect between the 

enhancement of the piezoelectric properties arising from the increase of the capture centers for 

storing charges and the increase of leakage current caused by the increasing of inherent destruction 

in the cellular structure. The honeycomb and cellular structure in PP create interfaces that contain 

more complex local defects such as broken chains, double bonds and high concentrations of free 

radicals, thus resulting in a large number of capture centers for storing charges. Meanwhile, the 

discontinuous structure and gaps of the fibril structure will cause the transfer of de-hydrazine 

charges.

Figure S9. (a) The open-circuit voltage and (b) short-circuit current, (c) current density of the 

cellular PP electret sensor as a function of the mass fraction of dibutyl phthalate (DBP) in the 

mixed diluent.

When the weight ratio of DBP is less than 60%, the increase in the number of capture centers for 

storing charges is dominant with a stronger piezoelectric performance. On contrary, when the 

weight ratio exceeds 60%, the denting of cell structure and the increased areas of rupture brings a 

negative impact on piezoelectricity, leading to the reduction of the charges deposited in the void 
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layer after corona polarization with poorer piezoelectric performance. In a word, a 60% DBP 

weight ratio is the optimized design for 3D-CSA.

Supporting Note 3: Performance optimization of cellular PP/PZT composite framework

PZT filling into the pores of cellular forms a caged structure, with increasing ratio of PZT 

nanoparticle, the effective volume of the voids becomes smaller and impactful electrolysis 

separation volume of air in the hole is further reduced after corona polarization simultaneously, 

resulting in weak piezoelectric properties and reaches the minimum at the ratio of 20%. With 

further increase of the PZT content, the synergistic effects between alignment of dipole and 

ionization decomposition of the air in the pores make the electrical performance rise rapidly, and 

maximum value arrived when the ratio is 30% (Figure S10). Over this content, filling is close to 

saturation in the limited void space and the cellular structure begins to be destroyed, the 

contribution of polarization is mainly from the dipoles orientation of PZT, without the increment 

from hole, the synergistic effect disappeared and then the piezoelectricity reduced. 

Figure S10. (a) The open-circuit voltage and (b) short-circuit current, (c) current density of 3D-

CSA as a function of PZT doping ratio in a range from 0-50%. 
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Table S1. Summary of the self-powered devices based on piezoelectric effect and their 

pressure sensitivity. 

Mechanisms Active materials Pressure sensitivity Ref.

Piezoelectricity Cellular PP/PZT 0.19 V kPa-1 (0.475 V N-1) This work

Piezoelectricity P(VDF-TrFE)/BaTiO3 257.9 mV N-1 S1

Piezoelectricity ZnO Nanorods 0.403 mV kPa-1 S2

Piezoelectricity ZnO Nanorods 21.2 µV kPa-1 S3

Piezoelectricity P(VDF-TrFE) 0.269 V N-1 S4

Piezoelectricity P(VDF-TrFE) 
nanowires 0.458 V N-1 S5

Piezoelectricity P(VDF-TrFE) 0.75 mV kPa-1 S6

Piezoelectricity Cellular PP/α-Si:H 0.1 V kPa-1 S7

Piezoelectricity Polypropylene 7.05 mV N-1 S8

Piezoelectricity PVDF 7.64 mV kPa-1 S9

Piezoelectricity THV/COC 30 mV kPa-1 S10
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