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Abstract 
 

Piezoelectrets (or piezoelectric polymer foams) are porous piezoelectric materials with a wide range of applications 
particularly sensing. They have been successfully fabricated different techniques such as foaming, and fusion assembled of 
preformed structures. These fabrication techniques face several challenge issues such as limited structure design space and 
structural uniformity control. In this study we demonstrated direct 3D printing of piezoelectrets with designed pore structure 
using fusion deposition modeling (FDM). The feasible printing conditions was first explored using a response surface 
methodology to address challenges unique to piezoelectret structures. Subsequently, two types of prototypes were 
successfully printed with a maximum piezoelectric coefficient d33 ~1000 pC/N achieved. By varying the structure design, 
performance of the piezoelectrets can be customized over a broad range that was not attainable via other technologies. We 
finally demonstrated the sensing application of the printed piezoelectret sensors. 
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1. Introduction 

Piezoelectrets are space charged porous polymers with high 

piezoelectricity.[1,2] The charged pores deform under external 

pressure, which result in the change of the charge density 

inside the pores and electrical signals. A great deal of polymer 

materials have been studied and developed as the 

piezoelectrets, including fluorinated ethylene propylene 

(FEP),[3-6] Polypropylene (PP),[7-11] Cyclic olefin copolymer 

(COC)[12,13] and fluorocarbon polymers.[3,14-21] Some devices 

based on the piezoelectrets such as microphones,[22] ultrasonic 

transducers,[23,24] piezoelectret accelerometers[25] and energy 

harvesters[26-28] have been demonstrated. Among all the 

piezoelectrets, PP remains the most commonly used one due 

to its flexibility and processibility.   

Piezoelectric coefficient d33 is one of the most commonly 

used parameters in measuring the sensing performance of the  

piezoelectric material and it was defined by Equation (1): 

𝑑33 =
𝛥𝑄

𝛥𝐹
= 𝑘

𝜎

𝑌
                                   (1) 

Where ∆𝑄 is the charge variation, ∆𝐹 is the force applied, k is 

a constant related to the material properties, Y is the Young’s 

modulus of the piezoelectret and σ is the charge density.  

The modulus of a porous material Yp is dependent on the 

porosity and the aspect ratio of the pores following Equation 

(2):[29] 

YP = YSϕ2/A                                         (2) 

where YS is the modulus of the solid material, 𝜙 is the porosity 

and A is the aspect ratio. Both of the values are highly 

determined by the pore geometry. As shown in Fig. 1. 

The pore aspect ratio A can be calculated by Equation (3): 

𝐴 =
𝑑

ℎ
                                              (3) 

where, d is the unit cell length and h is the unit cell height. For 

high piezoelectric sensitivity, a porous material with high 

porosity and high pore aspect ratio would be highly desired. 

In addition, there is also an optimal range of the pore height, 

which has significantly influence on the charging process and 

the charge densities 𝜎. In general, h should be below a few 

hundred micrometers to ensure a high charging capability.[30] 

Therefore, highly sensitive piezoelectrets demand a 
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Fig. 1 Illustration of the pore aspect ratio. 

 

manufacturing process that can produce porous structures with 

high anisotropy and high porosity and optimal pore height. 

Furthermore, a process capable of producing porous structures 

with well-controlled structure parameters would represent a 

major progress in realizing precise control of the porous 

structure-piezoelectric property relationship. The two 

prevailing methods employed in the piezoelectret fabrication 

cannot meet these requirements. The first method is a three-

step process involving 1) directly foaming, 2) follow-up 

bubble expansion and 3) shaping.[9,31,32] The first step generates 

initial foams with limited porosity. The porosity is increased 

in the expansion step, resulting in a foam with isotropic pores. 

Shaping step is the taken to increase the anisotropy. For 

instance, the PP film with micro-pores was first obtained by 

the co-extrusion of the PP and CaCO3. A lens-shape pore 

structure with large aspect ratio was obtained through uniaxial 

stretching during the foaming process. Then the PP film was 

placed in a high-pressure vessel and the pores are inflated 

when the high pressure was rapidly released to further control 

the pore height. Piezoelectrets with a piezoelectric coefficient 

around 300 pC/N can be obtained.[32] This method is unable to 

produce precisely controlled pore structure, as the direct 

foaming is a highly stochastic process, leading to foams with 

a broad range of pore size distribution with limited 

reproducibility. To address this intrinsic inability, a new 

method was developed which utilized the fusion of multi-

layers films with pre-formed cavity. A designed pattern was 

first generated on a single layer by various techniques such as 

laser cutting,[12] molding,[3] UV-lithography.[33] The individual 

layers were subsequently fused together. Porosity and pore 

dimension can be adjusted by the pattern design and lay-up 

pattern. For instance, Zhang et al.[3] employed molding for the 

FEP pattern design and the as-prepared FEP films are bonded 

together via hot pressing. This resulted in better pore 

distribution control than direct foaming. However, bonding of 

the multi-layers relies on partial melting of the polymers, 

which inevitably also resulted in the deformation and 

sometimes collapsing of the pore structure. To overcome this, 

Li et al.[12] developed an supercritical fluid assisted assembly 

process and achieved fusion of multi-layer structure at 

temperature far below the softening/melting temperature of 

the polymer and largely preserved the designed pore structure. 

A piezoelectric coefficient of as high as 1500 pC/N was 

reported. Nevertheless, the bonding strength achieved was 

moderate, which may affect the long-term stability of structure. 

The fusion process also suffers from constrained designability 

as the structures amenable to fusion with good stability and 

structural fidelity are limited. New techniques which could 

fully realize the design potential for piezoelectrets fabrication 

are in highly needed. 

As an emerging versatile and low-cost manufacturing 

technology that is highly customizable, 3D printing is ideally 

suited to address the shortcomings of current piezoelectrets 

fabrication methods to fully realize the design potential, e.g., 

properties by design. A great deal of research has been 

reported in 3D printing of medical devices,[34-37] structural 

materials,[38] as well as cellular polymer structures.[39,40] 

Comparing to these structures, the specific geometric 

requirements of piezoelectrets poses unique challenges on 3D 

printing. The high aspect ratio pore structure requires printing 

extensively overhang structure with large span and small layer 

height. A typical solution in the current 3D printing 

technology is to add supporting structures that needs to be 

removed later. For multi-layer porous structure involved in 

piezoelectrets printing, this is not feasible for piezoelectrets, 

as the close-pore structure would prohibit the removal of the 

entrapped support materials, resulting a solid instead of porous 

structure. Direct printing of extensive overhang structure with 

good structure fidelity is a critical challenge for piezoelectret 

printing. The challenging is further amplified by the small 

layer height requirement, because sagging of the layer may 

partially or completely block the pores and severely degrades 

the structure.  The second challenge unique to the piezoelectret 

printing is the surface quality requirement. To render the 

structures piezoelectric, they must be charged under high 

electrical field, and the stored charge must have sufficient 

stability. Cracks in the printed structures reduces the electrical 

field strength and result in low or no charge. The render 

charges are also prone to migration through the cracks leading 

to reduced charge stability. Both have severe negative impact 

on the piezoelectric properties. 

In this study we investigated direct 3D printing by fused 

deposition modeling (FDM) PP piezoelectret fabrication. 

Feasibility was first probed, and a response surface 

methodology was employed to investigate the feasible printing 

conditions. Two types of prototypes were successfully printed. 

A maximum d33 value of ~1000 pC/N was obtained from the 

directly printed PP piezoelectrets. Furthermore, performance 
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of the piezoelectrets can be highly customized by structure 

design that was not attainable via other technologies. For 

instance, by just adjust the pore geometry, sensors with 

varying sensitivity and sense range were successfully printed. 

We finally demonstrated the sensing application of the printed 

piezoelectret sensors. 

 

2. Materials and methods 

2.1 Piezoelectrets fabrication 

2.1.1 Structure design 

Leveraging the flexibility of 3D printing, two types of 

prototype structures, P1 and P2, were designed and printed for 

piezoelectrets. Both types of structures possess low 

compressive modulus, beneficial for piezoelectric activity. 

Their compressive moduli and unit cell geometry can be 

further tuned to tailor the mechanical and electromechanical 

properties. Prototype P1 is a non-overlap structure with 5 

layers shown in Fig. 2(a). Li et al.[12] first demonstrated such a 

structure resulted in very low compressive modulus by 

inducing large bending deformation of the structure units.[12,41] 

This is illustrated in Fig. 2(b) schematically. Fig. 2(c) 

illustrates the design parameters of this type of structure, 

thickness of the solid layer (layer height) h1, the porous layer 

thickness (pillar height) h2, the pillar width w and the pillar 

spacing d. Figs. 2(d) and (e) show the structure and the 

mechanical deflection under pressure of prototype P2. It is a 

3-layer structure, in which a square-shaped cavity containing 

middle layer was sandwiched between two solid layers. Three 

structure parameters, cavity length L, solid layer thickness h1, 

and cavity depth h2, were varied to control the modulus and 

charge densities of the overall structure (Fig. 2(f)).  

 

2.1.2 3D printing of prototypes 

Fused deposition modelling (FDM) was employed to 3D print 

both prototypes using polypropylene (PP) filament (purchased 

from Gimzo Dorks with d=2.85 mm). The 3D printer used was 

Lulzbot TAZ5 with 0.5 mm diameter nozzle. A feasibility 

study was first conducted by investigating the impacts of the 

printing conditions (printing temperature, printing speed, layer 

height and flow rate) on the printing quality. Flow rate is 

defined as the ratio of the amount of the filament actually 

extruded to the filament calculated needed to be extruded. The 

detailed processing conditions are summarized in Table 1.  

Followed by the initial feasibility study, a Box-Behnken 

response surface method was employed to further explore and 

identify the feasible processing regions. They were used to 

print the designed structures and prototypes for further 

characterization.  

 
Fig. 2 Schematics of the designed overall structures for prototype-1(a) and prototype-2(d); illustration of the mechanical deformation 

for a unit cell under equally distributed force F for prototype-1 (b) and prototype-2 (e); illustration of the structure parameters to 

control the mechanical deformation of protype-1 (c) and prototype-2 (f). 
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Table 1. Printing parameters investigated for the feasibility study. 

         Parameter 

Level 

Speed (mm/s) Flow rate (%) Layer height (mm) Temperature (℃) 

Low 10 100 0.1 190 

Medium 30 110 0.2 210 

High 50 120 0.3 230 

2.1.3 Charging of prototypes 

The as-printed samples were coated with a 1 × 1 cm2 square 

copper electrode on both the surface and bottom layer. The 

samples were charged in room temperature by contact 

charging using a precision high voltage power supply 

(PNC10000-6ump, Heinzinger electronic Gmbh). The voltage 

employed was 8 kv and the charging process lasts for 10s. 

Then the charged samples were placed between aluminum foil 

for 24 h to stabilize the accumulated charges. 

 

2.2 Piezoelectrets characterization  

2.2.1 Characterization of printing quality  

Two qualities critical to the piezoelectret performance were 

characterized: surface quality and fidelity of the overhang 

structure.  The printing surface quality was characterized by 

the crack area/surface ratio (CSR). CSR is defined as the ratio 

of the crack surface area to the total surface area. The charges 

in the piezoelectric foams are stored in the cells created by 

each layer. A dense film is required to retain the charges and 

any crack would result in charge leakage. Therefore, the crack 

area in the samples is the most critical factor which need to be 

addressed. A photograph of the top surface of each printed 

sample was taken. The image was imported into ImageJ and 

converted into binary image. Cracked areas (gap regions 

between printed polymers) were identified and the size of each 

crack measured. The ratio of the total cracked area over the 

size of the top surface, crack surface ratio (CSR), was used as 

an index for surface quality. A lower ratio would indicate a 

printed surface with less discontinuity and better printing 

quality. A value of 0 would mean a printed surface devoid of 

separation of polymer, and an entirely continuous surface. 

Only the samples with CSR value of zero will be used to 

further characterization.  

The degree of deformation of the structure was observed to 

evaluate the quality of the printed overhang structure. The as 

printed samples were first cut through using a laser cutting 

machine. The exposed cross-section was observed by optical 

microscopy. A dino-light camera was used to take the images 

of the sideview of the samples at 50x magnification. 

 

2.2.2 Electromechanical property characterization  

(1) Charge build-up characterization 

Hysteresis loop measurements were performed to study the 

piezoelectrets charging process using Precision Premier II 

(Radiant technologies, Inc.). Charging voltages from 1kv to 

9kv with bi-polar mode (TREK Model 609B) were applied 

onto the printed samples. The remnant polarization strength Pr 

was then recorded. For each voltage, 5 tests were performed 

to calculate the average Pr. 

 

(2) Piezoelectric property characterization 

The piezoelectric coefficient d33 were measured by the quasi-

static method using a Keithley electrometer (6517A, Keithley 

Instruments, Inc.). The d33 was calculated by the well-known 

equation: d33=Q/F, in which Q is the induced charge variation 

and the F is the applied force. A pre-load of 0.2N was applied 

on the top surface to minimize the air gap effect in all the 

measurements. A set of pre-calibrated loads varies from 0.49N 

to 4.9N were first applied onto the sample to a 1 × 1 cm2 square 

electrode, then removed. The induced charge Q was then 

recorded and integrated in 10s. Values averaged from 5 

separate measurements were reported. 

 

(3) Mechanical displacement simulation 

COMSOL Multiphysics was employed to simulate the 

deformation of the printed piezoelectrets. The geometries of 

the two prototypes were shown in Fig. 2. Finite element 

analysis (FEM) with the compression loading conditions were 

performed. During the simulation, a fine mesh was employed 

and the force was considered to be equally applied on the top 

surface while the position of the bottom layer was fixed. The 

elastic modulus of PP employed is 1800Mpa, the poison’s 

ratio employed is 0.43 and the material density used is 930 

g/cm3. The material was considered to be total linear elastic.  

 

2.3 Piezoelectret sensor device performance 

Pressure sensing system was designed and fabricated to 

illustrate the pressure sensing capability of the piezoelectrets. 

A charge amplifier (TLV 2774, Texas Instrument) was used to 

convert the high-impedance signal to low-impedance signal 

for better measurement. The conversion circuit was 

demonstrated in Fig. 3. The resistor used was 10 kΩ and the 

capacitor used was 100pf. The power supply was set to 5 kv 

and the bias voltage was set to 2.5kv. Arduino nano circuit 
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board was employed as the data acquisition system. A set of 

loads from 20g to 200g were applied to the piezoelectric 

sensor and a real-time pressure-voltage correlation data was 

restored. 

 
Fig. 3 Charge mode amplifier circuit for piezoelectric polymer 

foams. 

 

3. Results and discussion 

3.1 Feasibility studies of direct 3D printing of 

piezoelectrets  

3.1.1 Feasibility study of printing surface with suitable 

surface quality 

The effects of printing conditions on the printed surface 

quality were investigated. Fig. 4 shows photos of 

representative printed samples with high, low and zero CSR. 

Detailed printing conditions and additional photos of samples 

can be found in Fig. S1 in supporting information. It should be 

emphasized that only samples with 0 CSR were suitable for 

piezoelectret applications.  

As shown in Fig. S1. The printing quality was only 

marginally affected by temperature, while printing speed, 

filament flow rate, and layer height all have significant 

influence. A large number of cracks and defects were observed 

in samples printed at high speed (50 mm/s). The printing 

quality was significantly improved by reducing the printing 

speed to around 10 mm/s. Layer height plays the most 

significant role in the printing quality. Printing a surface with 

layer height equals to 0.1 mm was not feasible because of the 

frequent and extensive filament breakage. For samples printed 

at 0.2 mm layer height, while the filament did not break, there 

were still many defects on the surface which rendered 

charging impossible. Zero CSR was achieved when the layer 

height increased to 0.3 mm. Regarding to the flow rate, it can 

be clearly seen that the filament undergoes an under-extrusion 

when the flow rate is 100% and 110%. To obtain a dense film, 

a flow rate of at least 120% was required. Fig. 5 summarized 

the impacts of different printing conditions, e.g., temperature, 

printing speed, layer height and flow rate, on the printing 

qualities (CSR).  

These results can be explained by the extrusion principles. 

As shown in Fig. 6(a), the filament was first pushed by the 

tooth shaft and melt by the heat chamber. The molten polymer 

was then pushed out from the nozzle and deposited onto the 

printing bed layer by layer. In the heat chamber, the filament 

was not melted instantaneously. Instead, there is always a 

melting front in the chamber which was mainly affected by the 

temperature and printing speed. As shown in Fig. 6(a), there 

are three pressure drop zones in the printing process, the 

entrance zone, the convergence zone and the capillary zone. 

Oswald-dewaele model was employed to assess the pressure 

drop of the three zones.[42] The pressure drop of the three zones 

were calculated from Equations (4)-(7). 

Entrance zone: 

𝛥𝑃1 = 2(𝐿1 − 𝐿𝑚)(
𝑉1

𝜑
)

1
𝑚⁄ (

𝑚+3

(
𝐷

2
)𝑚+1

)

1
𝑚⁄

gH(T)           (4) 

Convergence zone: 

𝛥𝑃2 =  (
2𝑚

3 tan  (𝛼
2⁄ )

) (
1

𝑑
3
𝑚

−
1

𝐷
3
𝑚

)  

((
𝐷

2
)

2
(𝑚 + 3) g2𝑚+3)

1
𝑚⁄

gH(T)            (5) 

Capillary zone: 

𝛥𝑃3 = 2𝐿2 (
𝑣1

𝜑
)

1
𝑚⁄

 (
(𝑚+3) (

𝐷

2
)

2

(
𝑑

2
)

𝑚+3 )

1

𝑚

 gH(T)           (6) 

𝐻 (𝑇) = 𝑒𝑥𝑝 [𝐸𝛼 (
1

𝑇
−

1

𝑇𝛼
)]                      (7) 

 
Fig. 4 Photography of the 3D printed piezoelectrets with different printing quality. From (a) to (c), the printing quality is bad, medium, 

and good, respectively. 
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Fig. 5 Illustration of the impact of printing conditions on the surface quality. (a), the impact of temperature (blue) and the 

printing speed(red); (b) the impact of layer height (blue) and flow rate (red). The default printing parameters are 190℃, 30mm/s, 

0.2mm layer height and 120% flow rate. 

 
Fig. 6 (a) Illustration of the extrusion principle in the printing process; (b) photograph of the width of the filament printed with 

different printing speed; (c) illustration of the side view and top view of the filament printed. 

 

Total pressure drop is[42] 

𝛥𝑃 = 𝛥𝑃1 +  𝛥𝑃2 +  𝛥𝑃3                        (8) 

where m and 𝜑 are the flow exponent and the material fluidity, 

respectively; it should be noted the fluidity is the inverse of 

the viscosity by definition, L1, L2, D, d, and α are the geometry 

parameters of the liquefier which are well shown in Fig. 6(a). 

Lm is the length of the unmelt filament inside the chamber. Eα 

is the activation energy and H(T) is given by the Arrhenius law 

which 𝑇𝛼  is the temperature where H(T) is 1. The melt front 

line is proportional to the fed in speed v1.  

Based on Equations (4)-(8), the pressure drop was 

impacted by the material property, nozzle geometry, 

temperature and the printing speed. For a given 3D printer and 

material, the factors adjustable are the temperature and the 

printing speed. Increase of the printing speed will generate 

huge back pressure which cause the amount of the filament fed 

in per step by the extruded stepper to reduce. As at high back 

pressure, each tooth compresses and skates over the surface of 

the filament for longer before it manages to bite. This 

phenomenon is called non-linear extrusion which the increase 

of the fed in speed cannot match up with the increase of the 

printing speed.  

If we ignore the molten compression effect, the volume of 

the filament fed in should be the same with the volume of the 

filament that pushed out from the nozzle. Considering the 

cross-section of the printed fiber is rectangular with a line 
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width w and height h. Then we get Equation (9) (see 

supporting information for details on the derivation), 

𝑣 =
𝜋𝐷2𝑣1𝑡

4
= 𝑤ℎ𝑉2𝑡                          (9) 

where V is the volume extruded in unit time, v1 is the fed in 

speed, v2 is the printing speed, t the unit time, D is the diameter 

of the heat chamber, h is the layer height and w is the line 

width of the printed filament. As the printing speed and layer 

height are fixed by the software and the nozzle geometry won’t 

change during the printing, the lower fed in speed is 

compensated by the thinner line width. Thus, the line width 

for each fiber printed decreases. The higher the printing speed, 

the thinner the printed fiber. The single fibers printed in 

different speed are shown in Fig. 6(b). Therefore, the under-

extrusion occurred when the flow rate is 100% or 110%.  In 

addition, the overhang structure poses more challenges as the 

printed fibers would shrink in both the horizontal and the 

vertical direction because of the lack of support. As shown in 

Fig. 6(c), the fiber thickness decreases when stretched. When 

the layer height is too low (e.g., 0.1mm), the line breaks during 

the printing which causes the overall printing process to fail. 

In a typical 3D printing process, the samples are usually 

printed in multiple layers, the small gaps between the extruded 

filaments may be filled with the next layer, and the solid 

support from the previous layer will help alleviate this issue. 

Therefore, in a typical 3D printing the line breakage will not 

cause printing failure. However, 3D printing of piezoelectret 

requires printing a single layer of a very thin film. Defects in 

the single layer is fatal to store the accumulated charges. As 

shown in Fig. 5, either increase the layer height or increase the 

flow rate will help resolve the problem; however, the 

increased layer height will decrease the deformability and the 

increased flow rate will cause unexpected dimension accuracy 

problem as more materials are extruded. Therefore, our goal is 

to find feasible printing conditions that can achieve a structure 

with 1) zero CSR; 2) the small possible layer height; and 3) 

maintaining a flow rate below significant over-extrusion 

(below 120%) with a reasonable printing speed (>10mm/s). 

To find this processing region, a response surface method 

(RSM) was employed with three continual factors investigated: 

printing speed, layer height and flow rate. A Box-Behnken 

design was employed to minimize the number of needed 

experiments. The three factors were coded into 3 levels (-1, 0, 

1) and a total number of 13 runs were performed. The feasible 

printing conditions which could fulfill all the three demands 

shown above could be found from the contour images.  

The detailed RSM design and results were shown in Table 

2 and the RSM produces the following relationship between 

the CSR with the flow rate, layer height and printing speed: 

CSR=2.28 - 1.22 f - 10.321h + 0.00567 v - 0.03f2+ 12.53h2 + 

0.000035v2 + 3.328 fh + 0.00007fv - 0.02435hv         (10)  

where f is the flow rate, v is the printing speed and h is the 

layer height. 

Table 2. Design and results of printing parameters using response 

surface methodology. 

Flow rate 

(coded value) 

Layer height 

(mm) 

(coded 

value) 

Printing 

speed(mm/s) 

(coded value) 

Crack/Surface 

ratio (CSR) 

100% (-1) 0.1(-1) 10mm/s(-1) 71.21% 
  

50mm/s(1) 81.20% 
 

0.3(1) 10mm/s(-1) 4.75% 
  

50mm/s(1) 8.61% 

120% (1) 0.1(-1) 10mm/s(-1) 29.80% 
  

50mm/s(1) 53.20% 
 

0.3(1) 10mm/s(-1) 0.00% 
  

50mm/s(1) 0.51% 

center (0) 110% 0.2(0) 30mm/s(0) 9.30% 

100% (-1) 0.2(0) 30mm/s(0) 13.90% 

120%(1) 0.2(0) 30mm/s(0) 6.80% 

110%(0) 0.1(-1) 30mm/s(0) 49.13% 
 

0.3(1) 30mm/s(0) 2.68% 

110%(0) 0.2(0) 10mm/s(-1) 4.64% 
  

50mm/s(1) 11.94% 

 

To further explore the feasible processing region, the CSR 

contour images obtained from Equation 10 was shown in Fig. 

7. For better illustration, the layer height was fixed in each 

contour image, e.g., 0.1 mm (Fig. 7(a)), 0.2 mm (Fig. 7(b)) and 

0.3 mm (Fig. 7(c)), respectively. In each case the feasible 

region (CSR≤0) is marked in black. As shown in Figs. 7(a) 

and (b), the feasible regions do not exist with layer height h 

equals to 0.1mm and 0.2mm. When the layer height increases 

to 0.3 mm, a small feasibility region appears (Fig. 7(c), circled 

top left corner) with a minimum flow rate of 118% and a 

maximum printing speed of 25mm/s.  

Based on the RSM study, for the following prototypes 

printing we used a set of fixed printing conditions with a layer 

height of 0.3mm, flow rate of 120% and printing speed of 20 

mm/s. 

 

3.1.2 Feasibility study of printing the overhang structures 

From the study above, we found the acceptable printing 

conditions to obtain a continuous film and the minimum layer 

height required is 0.3mm. However, the inevitable sagging is 

still a concern that may affect the piezoelectric performance. 

The sagging phenomenon was illustrated in Fig. 8(a). Sagging 

of the printed film would affect the actual pillar height in the 

piezoelectret and therefore the piezoelectric performance. To  
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Fig. 7 Contour images of the CSR vs. flow rate and printing speed with different layer heights: h1= 0.1mm, 0.2mm and 0.3mm for 

(a), (b) and (c), respectively.  

 

Fig. 8 Illustration of the sagging phenomenon in the overhang structure printing (a); optical microscopy of the side view of the 

samples printed with pillar height h2=0.3mm (b) and 0.6mm (c), respectively. 

 

achieve best piezoelectric performance, several hundred 

micrometers of pillar height are in need. Therefore, two pillar 

heights: 0.3mm and 0.6mm were selected to study the printing 

quality of the overhang structures. 

The side view of the samples with different pillar height is 

shown in Figs. 8(b) and (c). With a pillar height design value 

of 0.3mm, the actual height varied greatly along the printing 

direction. In some region, the upper layer even contacts with 

the bottom layer. The severe sagging problem could be 

expected as 0.3mm is too small that a minute vibration of the 

printer may cause the upper layer contact with the bottom layer 

and the overall printing process fails. The sagging problem 

was largely resolved by increasing the pillar height to 0.6 mm. 

Sample with designed pillar height around 0.6mm were 

printed with good dimension control (Fig. 8(c)). Therefore, a 

pillar height of 0.6mm was used in the printing of 

piezoelectrets for the remainder of the study. 

 

3.2. Piezoelectrets prototypes printing 

3.2.1 Prototype 1 (P1) 

Guided by the feasibility study, appropriate processing 

parameters were selected to successfully print a series of 
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prototype-1 structures. These prototypes have the same pillar 

height h2 of 0.6mm and pillar width w of 1mm, while the pillar 

spacing varies from 3mm to 6mm (Table 3). 

Table 3. Prototype 1 with different pillar spacing d. 

Prototype 1 (P1) Pillar space d (mm) 

P1-1 3 

P1-2 4 

P1-3 5 

P1-4 6 

 

The printed samples were charged using contact charging, and 

the charge densities were measured. Fig. 9(a) shows the results. 

The data form a single master curve. This is understandable as 

the charge build is primarily dictated by the electrical field 

strength. Since the samples all have the same layer height, they 

would experience identical field strength under the same 

electrical voltage. The charge density remains very low until 

the charging voltage reaches 7kv and then rapidly increase 

from 7kv to 9kv. This indicates that the breakdown voltage for 

the samples is around 7kv. Piezoelectrets were prepared by 

charging the printed samples at 8kv, and their piezoelectric 

coefficients d33 were measured. Fig. 9(b) shows the results. All 

samples exhibited moderate piezoelectric activity. d33 

decreases slightly with increasing pressure. Higher d33 was 

observed for piezoelectrets with large pillar space, resulting 

from the larger deformation of the structure. To illustrate this, 

COMSOL simulation was conducted, and the maximum 

displacement was calculated. Fig. 9(c) shows the results, the 

displacement increases with increasing layer space. Such a 

larger deformation would imply a lower effective modulus, 

leading to a higher piezoelectric sensitivity. To our knowledge, 

this was the first time piezoelectrets were successfully 

fabricated by direct 3D printing.  

 

3.2.2 Prototype-2 (P2) 

Prototype-2 is a three-layer structure with the cavity directly 

generated between the top and bottom layer. The key 

parameter in this structure is the cavity length L and the cavity 

depth h2. For the printed prototype piezoelectrets, the cavity 

depth was 0.6mm and the cavity length varied from 12 to 

18mm. The detailed cavity length L were shown in Table 4. 

 

 
Fig. 9 (a) the remnant polarization strength vs. charging voltage to show the breakdown voltage of the P1 structure; (b) the d33 results 

of the P1 structures and (c), the COMSOL simulation of the maximum displacement for the structures with different pillar space d. 
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Table 4. Protype-2 with different hole length L. 

Prototype 2 (P2) Hole length L (mm) 

P2-1 12 

P2-2 15 

P2-3 18 

A hysteresis loop test has also been performed for the three 

types of the samples to obtain the charge buildup 

characteristics and Fig. 10(a) shows the results. Again, a single 

master curves was observed. The dielectric breakdown 

occurred at around 6kv, lower than that observed for 

prototype-1 piezoelectrets. The piezoelectric d33 for different 

piezoelectrets of P2 were measured and Fig. 10(b) shows the 

results. All piezoelectrets showed good piezoelectric activity 

that is higher than that achieved by prototype 1 piezoelectrets 

reported earlier. The piezoelectret with the largest length 

(L=18 mm) showed the highest piezoelectric d33, over 1000 

pC/N at low pressure. The piezoelectric activity decreased 

with increasing pressure, and the decrease in more significant 

in piezoelectrets with the largest hole length L=18mm. 

Nevertheless, all piezoelectrets maintained substantial d33 at 

high pressure. COMSOL simulation was also conducted on 

the Prototype 2 and the maximum displacement was 

calculated. Fig. 10(c) shows the results, the displacement 

increases with increasing hole length L and the maximum 

displacement is much higher than that of the prototype-1, 

indicating the larger d33.  

 

4. Pressure sensing by prototype piezoelectrets 

Two types of force/pressure sensors were successfully 

fabricated by the two structures P1-4 and P2-3. The sensor 

system was shown in Fig. S2. A set of load varies from 20g to 

200g were loaded onto the sensor and the voltage outputs were 

measured and recorded. Figs. 11(a) and (b) show the sensors 

response. An increase of the signal output with the increase of 

the load could be observed for sensor P1-4. The signal output 

of the P2-3 sensor also increases with the increase of the load 

in small force range (<100g) but plateaus under higher force. 

To better illustrate the differences of the two sensors, the 

response of the two sensors were plotted in Fig. 11(c). P1-4 

sensor almost shows a linear output through the entire pressure 

range. P2-3 sensor also shows linear output in low pressure 

range with a higher sensitivity. The sensor performances are 

in consistent with the d33 testing results in the previous section. 

However, with the further increase in pressure, the signal 

begins to be saturated because the maximum deformation of 

the structure has been reached.  

 

Fig. 10 (a) the remnant polarization strength vs. charging voltage to show the breakdown voltage of the P2 structure; (b) the  d33 

results of the P2 structures and (c), the COMSOL simulation of the maximum displacement for the structures with different hole 

length L. 
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Fig. 11 Sensor performance of the piezoelectrets: real-time response of the P1 sensor (a) the P2 sensor (b) and the comparison of 

their sensor performance (c) The number inside (a) and (b) shows the load applied to the sensor. 

 

In summary, both piezoelectrets can be used as pressure 

sensors. P1-4 sensor can cover broader pressure range but with 

a lower sensitivity, whereas the P2-3 sensor has a higher 

sensitivity but with reduced sensing range. Therefore, the 

piezoelectric pressure sensor could be customized to fulfill the 

different demands by changing the structure parameters in 3D 

printing, leading to a structure – performance design and 

implementation capability not achievable by other fabrication 

technologies. In addition, the structure demonstrated herein 

could be viewed as a sensing element that can be easily 

expanded to large areas by 3D printing, leading to sensor 

arrays and large area sensor for distributive sensing. 

 

5. Conclusion 

In summary, the study reports the successful fabrication of 

piezoelectrets with different piezoelectric sensitivity by direct 

3D printing. The printing process overcame several distinct 

difficulties unique to the printing of porous structures without 

the use of support structure. By using different structural 

design in combination of design parameters, piezoelectrets 

with different piezoelectric activities can be printed. The 

sensing performance of the printed piezoelectrets were 

demonstrated using two prototype sensors. This study, for the 

first time, shows 3D printing has great potential as a general 

strategy for the fabrication of piezoelectrets with designed 

piezoelectric properties and sensor characteristics (sensitivity, 

sensing range, flexible vs. rigid), by rationale design of the 

piezoelectret architecture. Currently the two designs offered 

either high sensitivity with limited sensing range or a wide 

sensing range with reduced sensitivity. This limitation may be 

addressed in the future by optimizing the unit cell designs. For 

example, a design of mixed unit cells, e.g., unit cells with the 

same basic geometry but with different dimensions, or unit 

cells with different geometries may be explored to expand the 

piezoelectrets sensor performance space. 
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