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Abstract

Piezoelectric polymer foams (Piezoelectrets) are space-charged porous materials with a wide range of applications.
Mathematical models have been developed to understand the influences of the porous structure on the piezoelectric
properties. These models omit the details of the pore structures and their effects on the mechanical and electrical
characteristics, limiting the capability to qualitative prediction only. In this paper, an electro-mechanical coupled model was
established for quantitative prediction of the piezoelectric properties of 3D printed piezoelectrets. The model takes into
consideration of the pore structures details and their deformation, the accompanied charge development, and their coupled
effects. To validate the model, a series of piezoelectrets with pre-defined structure parameters were designed and 3D printed
using fused filament fabrication (FFF). Their piezoelectric properties were characterized. The model calculated piezoelectric
coefficient ds; of piezoelectrets were in excellent agreement with the experimentally measured values. We finally
demonstrated the excellent quantitative predictive capability of the model by using an out-of-sample set of piezoelectrets.

The developed model can be used to guide the design of piezoelectrets structures for desired piezoelectric performance.
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1. Introduction

Piezoelectrets are space charged porous polymersi:-4with high
piezoelectricity. The charge variation of the piezoelectrets
results from the deformation of the charged pores and change
of the electrical dipole under external pressure. Because of the
ease of deformation of the porous polymer structures
comparing to solid polymers or ceramics, piezoelectrets can
achieve significantly higher piezoelectric sensitivity than
piezoelectric ceramics such as lead zirconate titanate (PZT)>
1 or piezoelectric polymers such as polyvinylidene fluoride
(PVDF)..891 A great deal of research has been explored in
fabricating piezoelectrets using a wide variety of polymer
materials including polypropylene (PP),ll*31 cyclic olefin
copolymer (COC),n+l  fluorinated ethylene propylene
(FEP)191 and polyethylene naphthalate (PEN).12 Devices
including piezoelectric sensors,?22 actuators®24 and energy
harvesters®28 were reported previously. Among all the
polymers, PP remains the most commonly used piezoelectrets
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due to their high flexibility, amenable mass processability and
low cost. Compared to piezoelectric ceramic or polymers, the
piezoelectrets are highly deformable, customizable, and
designable. They can be designed and tailored to fit the
specific demands.

The piezoelectric sensitivity of piezoelectrets is typically
characterized by the direct piezoelectric coefficient dss, which
is expressed by Eq. (1):7

AQ o
d3z = AF k; D
where Q is the charge variation, F is the applied force, Y is the
Young’s modulus and ¢ is the electric charge densities. k is
related to the material dielectric properties. The Young’s
modulus for the porous polymer materials can be expressed as
Eq. (2);

Yp = YS¢Z/A (2)
where Y, is the Young’s modulus of the polymer foam, Y5 is
the Young’s modulus of the solid polymer material, @ is the
porosity and A is the pore aspect ratio. The structure
parameters of a unit cell were illustrated in Fig. 1.

As shown in Fig. 1, the pore aspect ratio is calculated by
Eq. (3): .

A=5

3)
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Therefore, to obtain high piezoelectric performance,
piezoelectrets with large porosity and large pore aspect ratio is
in need.

To render piezoelectricity, the porous structure is subjected
to electrical charging. The charge density o is related to the
charging voltage according to the following Eq. (4):?

o0 =CV—Vpa) 4
where C is a constant related to the dielectric properties of the
polymer, V is the applied charging voltage, Vuq is the
characteristic onset voltage of dielectric breakdown of the gas
in the porous structure. Vyg follows the Paschen’s law
(discussed later in detail) and is a function of the pillar height

|

Fig. 1 Hlustration of the unit cell in the piezoelectrets.

Therefore, both modulus and the electric charge densities
are determined by the geometry of the pore structures of the
piezoelectrets, and the piezoelectric performance (dss) of the
piezoelectrets is related to the porous structure in a
complicated manner. Understanding the  structure-
electromechanical properties by modeling would greatly
facilitate the structure-piezoelectric property relationship and
achieve tailored piezoelectric performance by rational
geometry design of the pore structure. Previously a multi-layer
model?! was proposed; however, this model was unable to
quantitatively predict the performance of the piezoelectrets.
This may be the results of the simplification and assumptions
made in the model that neglects several key physical aspects.
First, the model assumes the porous structure to be an
alternating layer of polymer-gas. Therefore, the effect of the
pore structure, e.g., aspect ratio and boundary conditions, are
ignored. Secondly, the deformation of the porous structures is
considered to be homogeneous in this model. However, the
deformation of the real pore structure is much more
complicated and most likely not uniform. And the deformation
behavior would significantly affect the piezoelectric
performance of the piezoelectrets.

Therefore, an electrical-mechanical coupled model
considering both the porous structure geometry and charging
effect is in highly desired to direct the fabrication of the
piezoelectrets. At the same time, a manufacturing method with
excellent structural controllability would not only aid the
model validation but also used for the piezoelectret fabrication
with model predicted performance.

2| Eng. Sci., 2023, 24, 899

In recent years 3D printing has emerged as a highly
accurate, highly customizable and low costi®-% to realize
structures with controlled geometry. In our previous work we
demonstrated the feasibility of using fused filament
fabrication (FFF) to 3D print PP electrets.l®! In this paper, 3D
printing (FFF) was employed to print a series of PP
piezoelectrets with designed structure parameters. Separately,
an electrical-mechanical coupled model incorporating the pore
geometry and deformation details, and their influence of
charging, were developed. In this model, beam theory was
employed to study the mechanical deformation of the
piezoelectrets whereas Paschen’s law and Gauss’ law were
employed to predict the surface charge density and the charge
density development from the mechanical deformation. To
validate the model, the piezoelectric coefficient dss of the 3D
printed piezoelectrets were measure and compared with the
model calculation. The predictive capability was further
verified. Piezoelectrets with new structure parameters were
fabricated under the guidance of the model and the predicted
ds3 values agreed very well with the measured values. The
models have great potential in guiding the design of the
piezoelectrets.

2. Materials and methods
2.1Piezoelectrets fabrication
2.1.1 3D printing of porous structures
The basic porous structure printed in the study is a 5-layer non-
overlap structure following our previous study.®! The overall
structure and the mechanical deformation of the prototype
under external pressure was illustrated in Figs. 2(a) and (b).
The structure parameters including the solid layer thickness hs,
pillar height hy, pillar space d and pillar width w were
illustrated in Fig. 2(c). Such structure possess low moduli and
was highly deformable under pressure. 141l

In this study the solid polymer height h; is fixed to 0.1 mm
and the pillar width w is fixed to 0.2 mm. They were chosen
to ensure successful printing of the overhang structure with
sufficient structure integrity and fidelity based on the previous
feasibility study.! The design flexibility was realized by
varying pillar height h, pillar space d, which allow for tuning
of the porosity, deformation behavior and charging
characteristics. The detailed design of the structure parameters
is shown in Table 1.

Table 1. Structure parameters for the designed structures.

m) 3 4 5 6
h2(mm)
0.3 P1-1 P2-1 P3-1 P4-1
0.4 P1-2 P2-2 P3-2 P4-2
0.5 P1-3 P2-3 P3-3 P4-3
0.6 P1-4 P2-4 P3-4 P4-4

Fused filament fabrication (FFF) was used for the
fabrication process. It has been proven that FFF is feasible in
fabricating the piezoelectrets.*! Polypropylene (PP) filament
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Fig. 2 lllustration of the non-overlap structure (a); Illustration of the deformation of the non-overlap structure under pressure(b); and

unit cell to show the structure parameters and (c).

used for printing was purchased from Gimzo Dorks. Lulzbot
TAZS5 purchased from Lulzbot was used for 3D printing of the
porous structure. The nozzle diameter was 0.2 mm and the
controlling software was cura-lulzbot edition. Other printing
parameters were the following: printing temperature 210 °C,
speed 10 mm/s, flow rate 120%. Each single printing layer
height is 0.1 mm.

2.1.2 Charging of the as-printed porous structure

A 1x1 cm? square copper electrode was placed on both the top
and bottom layer of the 3D printed piezoelectrets. In this paper,
the conductive copper tape was directed attached to the sample
surface. Aerosol jet or inkjet printing might be employed in
the futurel**3¢l to create better conductive circuit. Then the
samples were charged by contact charging using a precision
high voltage power supply (PNC10000-6ump, Heinzinger
electronic Gmnh) at room temperature. The voltage employed
was 8 kV and the charging process lasts for 12 s. Finally, the
charged samples were placed in aluminum foil for 24 h for the
stabilization of the accumulated charges before the
piezoelectric characterization.

2.2 Piezoelectrets characterization

2.2.1 Characterization of the printing quality and
structure fidelity

Optical images taken by dino camera was employed to
characterize the morphology of the samples. Both the top view
and the side view of the samples were characterized to show
both the overall morphology and the overhang structure
quality. Top view images were first taken for the as-printed
samples in a 20x magnification to show the printing quality
and the overall structures. Then the samples were cut by laser
to a 5x1 cm? rectangular shape for the side view image. A 50x
magnification was selected to show the morphology and
dimensions of the unit cell for the detailed structure
information. The measured structure parameters in the optical
images were employed to compare with the designed values
to show the overall printing qualities.

2.2.2 Charge build-up characterization
Hysteresis loop measurements were performed to study the

© Engineered Science Publisher LLC 2023

electrical properties of the piezoelectrets. All the tests were
performed using Precision Premier Il (Radiant technologies,
Inc.) in bi-polar mode (TREK Model 609B) with the charging
voltages varied from 1kv to 9kv. The voltage interval selected
is 500V. The hysteresis loop of each voltage was then
conducted, and the remnant polarization strength P, was
recorded. For each voltage, averaged P, from 5 tests were
employed for further calculation.

2.2.3 Piezoelectric property characterization

Quasi-static piezoelectric coefficient dss were measured in a
Faraday cage using the well-known equation: dss=Q/F, in
which Q is the induced charge and F is the applied force. A
pre-load of 0.2N was applied on the top surface of the sample
to minimize the possible air gap effect in all measurements. A
set of pre-calibrated loads F varies from 0.1N to 2N were
applied onto the sample to a 1x1 cm? square electrode, then
quickly removed. The induced charge Q were recorded and
integrated in 10s by a Keithley electrometer (6517A, Keithley
Instruments, Inc.). Values averaged from 5 separate
measurements for each sample were calculated and recorded.

3. Development of electromechanical coupled model

3.1 General considerations

As we have demonstrated in the introduction part, the dss can
be calculated by Eq. (1). Both of the electrical charge density
and the young’s modulus were determined by the structure
parameters d and h. Therefore, the key point in establishing
the electromechanical model is to fully investigate the impacts
of the structural parameters on the electrical charge density
and the mechanical displacement. To date, the most
commonly used model is the multi-layer model with
alternating polymer/air layer structures. The structure is
shown in Fig. 3(a). The model omits the details on the pore
geometry and the boundary limitations of the unit cells,
therefore is not capable of guiding the design of the porous
structure. In this paper, we developed an improved model in
two steps. The two steps are shown in Figs. 3(a) and (b). In the
first step, we use the multi-layer model to study the correlation
between the surface charge densities and the pillar height h,
and to investigate the general charge density variation over the
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Fig. 3 Hlustration of the model build process. (a) Electrical model and (b) mechanical model.

change of the pillar height induced by the external forces. In
the second step, we studied the deformation behavior of a unit

cell under external pressure with the pore geometry considered.

Then we calculate the charge density variation at each position
by employing the charge density-pillar height correlation
obtained from the electric model and the overall charge
density variations are integrated over a unit cell. The ds3 is then
calculated from Eq. (1).

3.2 Charge density modeling
The basic electrical model was shown in Fig. 3(a). There are
two goals in building the electric model: (1) study the
correlation between the surface charge density and the pillar
height hy; and (2) study how the charge density varies with the
change of the pillar height ha.

The charge build-up process was illustrated in Fig. 4.
Piezoelectret charging is a two-step process. During the first
stage, the electrical potential on the external surfaces of the
piezoelectrets increase linearly as the charging voltage
increases. However, there is no charge accumulation at the
internal polymer/gas interface. Once the charging voltage is
removed, the surface potential falls back to 0. The process
does not result in any permanent charges and the materials are
not piezoelectric. When the voltage further increases to over a
characteristic voltage (Stage Il), i.e., the Paschen breakdown
voltage, dielectric breakdown[®37 takes places resulting in
charges begin to accumulate in the polymer/gas interfaces.
The materials become piezoelectric at this stage, and the
piezoelectricity increases with the increase of the charging
voltage. The increase of the charge density over the applied
voltage follows Eq. (5):

0; = C(Vyi = Vpa) 5)
where o is the charge density, C is a constant determined by
the electric properties of the polymer materials. Vg is the
distributed voltage in the air layer, Vi is the breakdown
voltage. Both are determined by the pore geometry and can be
expressed as Egs. (6) and (7):

V.. =-S5

gi total
Sptesg

(6)
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Bpsy
In(Apsg)-in[ ln(1+L)]
Yse

()

where ¢ is the relative dielectric constant of the polymer (2.1).
Viotal IS the charging voltage, sqiis the thickness of the it air
layer; s, and sq is the total thickness of the air layer and
polymer layer.

A is the saturation ionization in gas, B is related to the
excitation and ionization energies, p is the pressure in pascals,
and y,,Iis the secondary-electron-emission coefficient. For air
with an E/p in the range of 450 to 7500 V/(kpa * cm), A, B and
yseCan be considered as constant with the values 112.5 (cm ¢
kpa), 2737.5 V/(cm * kpa), and 0.1, respectively. 3!

Next step is to study the impacts of the pillar height
variation on the change of the charge densities. As shown in
Fig. 3(a), for the uppermost polymer/air interface, in the short
circuit condition, Gauss’s law can be expressed as EQ. (8):

—&&pEpy + &gy = —01 (8)
where Ep; is the electric strength in the uppermost polymer
layer and Eg; is the electric strength in the uppermost air layer.
o1 is the charge density in the first polymer/air interface.
Similar relation holds for other PP/air interface.

The Kirchhoff’s second law in the short circuit condition
for the overall piezoelectrets can be written as Eq. (9):

2 Spi Epi + XiSgiEgi = 0 )
Epi=Ep2=Eps=E1 can be obtained from those equations and
furthermore, The E; and Egi can be written as Egs. (10) and
(12):

Vpa =

E; = —[go(s1 + £55)] 7 X s4i0; (10)
o} —_
Egi = g—: — [eo(s1 + €55)] 71 e X 5440 (11)

where Eg; is the electric strength in the i-th air layer, g;is the
charge density in i-th polymer/air interface.
For the top surface, the Gauss law can be written as and Eq.
(12):
0y = —&y€E; (12)
Based on Egs. (10) and (12), the correlation between the
surface charge density and the polymer/air interface charge
density can be expressed as Eq. (13):
o = &[(sy + es)] ™

i Sgi0i (13)
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The surface charge density aywas correlated with the structure
parameter si, Sgi and the charge density in the polymer/air
interface o; in this electric model.

In the multilayer structures with fixed structural
parameters, the thickness of each individual air layer height sq;
is the same. Based on Egs. (5)-(7), the polymer/air interface
electric charge density o; is the same. Thus, the i can be
simplified to o1 and the correlation between o1 and oo can be
expressed as Eq. (14):

_ (51£g+sz &)y

01 = 25 (14)

In the short-circuit condition, the change of the charge on the
top electrode is mainly resulted from the change of the
thickness of the air layers.
Moreover, 2% = Szigng 2%
ds, Sy oo
the following considerations: i) the electric charge density
results from the macro-level dipole moments which are
formed by the porous structure (bubble geometry and
dimension). Therefore, the charge density is directly
correlated with the thickness of the piezoelectrets; ii) 2) due to
the negligibly low young’s modulus of the air compared with
the bulk polypropylene (PP), the deformation of the overall
sample can be viewed as the deformation of the air layer only.
Thus the thickness of the polymer layer remains the same in
the deformation. The charge density is then correlated to the
air layer thickness sy; iii) the charge density is determined by
the Paschen’s law. In the experiment values we used in this
paper (1atm, 0.3-0.6 mm), it can be viewed as linearly change.

Then %followed Eq. (15):

doy

3
= %can be assumed based on
2

_ £Xi52i0i
s, - S2(s1+€sz) (15)
The charge density variation induced by the variation of the

pillar height can be calculated by Eq. (15).

3.3 Mechanical deformation modelling
The deformation of the non-overlap structure was modeled in
this section using the unit cell illustrated in Fig. 3(b). Only a
half cell is used because of the structure symmetry. For
polymer layer with large aspect ratio (A>10), the deformation
of the polymer/air interface is similar to that of a beam which
is already well-studied in the solid mechanics. A repeating unit
of the porous structure was shown in Fig. 5(c). For the top
layer, the deformation can be viewed as a beam under a
uniformed distributed force. The deformation at position x can
be calculated by the beam theory with two fixed ends.? The
deformation can be calculated by Eq. (16).
3 4 3 2
H(0) = (G- 25 +5) (16)
Where F is the applied force, E (1300Mpa) is the elastic
modulus for the solid polymer layer, d is the pillar space, and
I is the inert momentum which can be calculated by Eq. (17):
bh®

Where h (0.1 mm) is the thickness of the solid layer and b (20
mm) is the width of the sample.

© Engineered Science Publisher LLC 2023

For the third layer, the deformation resulted from the beam
under the force applied at the center point. The deformation at
position x can be written as Eq. (18):

_ pa® _ pad (3(%/p-x)  (%p-%)?
HZ(x)___IZEI( 4d a3 )

Pd (18)
48EI
Where P is the transferred load induced by the applied force F.
Therefore, the deformation of the first air layer is
calculated by Eq. (19):
Asy1 = Hy(x) + Ha(x) (19)
The deformation of the second air layer is shown in Eq. (20):

3 32_ E_ 3
ASZZ :i( (2 x)_(z x) > (20)

12EI 4d das
The total deformation at the position x can be calculated by Eq.
(22).

ASZ = ASZI + ASZZ (21)

3.4 Electrical-mechanical coupled model.
In a unit cell, at position x, the differential total deformation is
calculated by Eq. (22):
Fd3 (x* x3  x? Pd3
ds = dsz +dsy; = [ﬁ (E —2ET ﬁ) + 19251] (22)
And the resulting change of the top surface charge dog was
shown in Eq. (23), which based on Eq. (15)
_ . iS00
do'o =& —52(51+ESZ) 2 (23)

The charge variation in the half unit cell can be written as Eq.
(24):

L
2

AO'O :f dO'de =
0

L

2 g Lisaioi [FdP ("_4_ x x_z) Pd3]

g € Giresy lzami\ar ~ ?@ T 2) T 1oam dx (24)
The electrical charge density at each layer o; is the same and

can be written as o1.
This leads to Eq. (25):

L
2

Aoy = 2] doydx =
0

L
= o1 Fd3® (x* x3  x? pPd?
2fze (51+€55) [2451 (E —25T E) + 19251] dx  (25)
Integration of the above yields Eq. (26):
da*p d*F
Aoy = 2¢ [384E1(£sz+51) 1440EI(£52+51)] 91 (26)

Based on Egs. (14) and (26), the induced charge variation 4Q
in a unit cell can be expressed as Eq. (27):

a*p d*F 1b
4Q = bAd, = 2 [384E1 + 144051] 5, 90 (27)
where b is the sample width, and it is fixed to 20 mm for all
samples. This is the induced charge under applied force F. For

a unit cell, F=P as shown in Fig. 5(b). Therefore ds3 is written

as Eq. (28):
z[ﬂer“_F]g(, . .
an = 49 _ _I384EI" 1440El]sy 0 _ [ d d bay _
337 F F 384EI ' 1440EIl s,
19bd*c, _  19d*o,

= =—  (28)
2880¢Els, 240¢€Eh™s,
In the Eq. (28), s2, h and d are the structural parameters, E
is the elastic modulus of the polypropylene, ¢ is the dielectric
constant of the PP and g,is the surface charge density. Due to
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Fe——————

;0 d/2 !

Fig. 5 illustration of the non-overlap structure without pressure (a) or under pressure (b), deformation in a unit cell (c).

the extreme complex electro-physical interactions at the
polymer/air interfaces, the surface charge density oo is
difficult to be calculated analytically and needs to be
experimentally determined. Once this input is obtained, the
piezoelectric coefficient can be predicted using only the pore
geometric parameters and basic material mechanical and
dielectric properties.

4. Results and discussion
4.1 Morphology of the 3D printed piezoelectrets
Piezoelectrets with designed geometries were 3D printed and
used for model validation and prediction. To achieve this, it is
critical that the printed structures conform to the design in
terms of the geometric accuracy. In addition, high surface
quality (without cracks or defects on the printed solid layers)
is essential to ensure charge storage capability.[3l

Using the printing parameters discussed in the
experimental section, the series of porous structures (Table 1)
were successfully printed and used for subsequent charging
and piezoelectric characterization. A representative example
of the printed piezoelectret is shown in Fig. 6. Fig. 6(a) shows
a photograph of the printed sample. Fig. 6(b) shows the top
surface and Fig. 6(c). is a cross-section view of sample.

Printng Directon ,

(£

Fig. 6 Morphology of the 3D-printed piezoelectric polymer
foams. The overall structures, surface quality and the overhang
structure accuracy were shown in (a), (b) and (c), respectively.

As shown in Fig. 6(b), there are no obvious defects or
cracks in the top surface layer of the printed sample. The

6 | Eng. Sci., 2023, 24, 899

printed overhang structure is shown in Fig. 6(c). Both the
pillar space and pillar height in the printed sample was
essentially the same as the design (designed pillar height = 0.5
mm, pillar space 6 mm). Sagging of the printed solid layer was
acceptable even with the largest pillar space and was expected
to be less severe in all other printed samples. Overall, the
printed samples conformed well to the design. They were used
for model validation.

4.2 Partial model validation of the electric model

Previous research has shown the hysteresis loop of the
piezoelectrets are only determined by the pillar height h, and
the solid layer height h. 34 Thus, samples P1-1 to P1-4 with
the pillar height hy varied from 0.3mm to 0.6 mm were
selected to validate the electric model. The hysteresis loops for
samples P1-1 to P1-4 were shown in Fig. 7. Typical
ferroelectric curves were shown, and the remnant polarization
strengths were recorded. With the increase of the charging
voltage, both the maximum polarization strength Pmax and the
remnant polarization strength P, increases. The charge density
of the piezoelectrets is determined by the only the remnant
polarization strength P;, not the Pmax. Thus, the detailed
correlations between P, with the charging voltage were
summarized in Fig. 7(e). At a particular voltage (breakdown
voltage), the P, begins to accumulate and shows a near-linear
dependency of the charging voltage. The breakdown voltages
for the sample P1-1, P1-2, P1-3 and P1-4 are approximate
4.5kv, 5kv, 5.5kv and 6.5kv, respectively. It increases with the
increase of the pillar height.

As a partial model validation, the theoretical breakdown
voltages for these porous structures were calculated using
Paschen’s law (Eq. 7) and compared with the measure values.
Table 2 summarizes the results.

The calculated results are in reasonable agreement with the
measured values in general, which shows the designed
structures could be well realized, and that the charging process
indeed is a dielectric breakdown process. The slightly higher
calculated values may be the result of slight sagging of the
overhang structure, which would lead to reduction of the pillar
height.

© Engineered Science Publisher LLC 2023
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Fig. 7 Hysteresis loop for piezoelectrets with different pillar height (a) to (d), the pillar height is 0.3 mm (a), 0.4 mm (b), 0.5 mm (c)
and 0.6 mm (d), respectively. The remnant polarization strength under different charging voltage is shown in (e) and the correlation
between the pillar space and the remnant polarization strength is shown in (f).

Table 2. Summary of the measured values and calculated values
of the breakdown voltage of the piezoelectrets with different
pillar height.

Pillar height(mm)

Measured Vid Calculated Viod

0.3 4500 4684
0.4 5000 5620
0.5 5500 6274
0.6 6500 7053

The correlation between the P, with the pillar height h, was
shown in Figs. 7(e) and (f). A clear linearity can be observed
for all the samples as predicted by Eq. (4). With the increase
of hy from 0.3 mm to 0.6 mm, the remnant polarization

strength decreases linearly from 0.033pC/cm? to 0.023uC/cm?.

The measured charge density values were employed for
further model calculations.

3.3 Validation and prediction of the electric-mechanical
coupled model.

Sample P1 to P3 were selected to validate the electric-
mechanical coupling model. The measured piezoelectric
coefficients (ds3) and the model calculated dss values of the
samples from P1 to P3 were shown in Fig. 8(a). The impact of
the pillar space d and the pillar height h were illustrated in Fig.
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8(a) as well. First, it is obviously that the dss increased with
the increase of the pillar space d. From sample P1-1 to P3-1,
with a pillar height fixed to 0.3 mm, the dss values varied from
120 pC/N to 1100 pC/N as the pillar space increased from 3
mm to 5 mm. Secondly, the ds3 decreases with the increase of
the pillar height. From the sample P3-1 to P3-4, with the pillar
space fixed to 5 mm, ds3 decreased from 1100 pC/N to around
400 pC/N with the pillar height changed from 0.3 to 0.6 mm.
The comparison between the measured values and the model
predicted values are shown in Fig. 8(b). As shown in Fig. 8(b),
the model calculated matched very well with the experimental
measurements.

In the following part, the electro-mechanical coupled
model was employed to predict the ds3 with new structure
parameters. A total number of 4 out-of-sample data was
collected for prediction of the model. The 4 samples are P4-1,
P4-2, P4-3, and P4-4 with a fixed 6 mm pillar space while the
pillar height varied from 0.3 to 0.6 mm. Three tests were
performed for each sample and the average dss values were
recorded. The experiment values and model predicted values
were shown in Fig. 9. The model can predict the ds3 with high
degree of accuracy comparing to the experimental values. It
should also be noted that the 3d printed piezoelectrets
achieved a maximum dss of 2300 pC/N, comparable to the best
performing piezoelectrets reported in the literature.
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In summary, the developed model was fully validated and
is capable to predict the structure-piezoelectric coefficient
relationship. It can be used to direct the 3D printing of
piezoelectrets with targeted performance. The current
limitation in the electro-mechanical coupling model is the
boundary conditions induced by the pillar width is not
considered, which may resulted to the small discrepancies
between the measured dss values and the model predicted dss
values. This problem needs to be resolved in the future.
Furthermore, Similar methodology could be employed in
more porous structures other than the non-overlap structures
to further improve the overall performance of the
piezoelectrets. It is also important to note that the developed
model may not be accurate for piezoelectrets under large
deformation because the mechanical model was based on
small deformation.
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5. Conclusion

In this study we developed an electro-mechanical coupled
model to quantitatively predict the structure-piezoelectric
coefficient relationship of piezoelectrets with a non-overlap
structure. The charging process and induced surface charge
development under mechanical deformation were modeled by
application Paschen’s law, Gauss’ law, and Kirchhoff’s
second law. Beam theory was adopted to model the
deformation behavior of the non-overlap structure.
Combination of the two aspects yielded a mechanism-based
model that captured the essential structural, mechanical, and
electromechanical attributes of the piezoelectrets. The model
was validated by comparing the predicted performance of
piezoelectrets to that of 3D printed piezoelectrets with the
same structure parameters. Moreover, the model was capable
of accurately predicting the piezoelectric coefficient dss for
piezoelectrets with provided structural parameters. This
predictive capability, along with the 3D printing technology
we developed to realize with high fidelity the designed
structure, provides a versatile and effective tool to fabricate
piezoelectrets with designed structure and piezoelectric
activity that are optimized for the intended applications such
as piezoelectric sensors. Compared with traditional thin film
sensors, the 3D-printed structural sensor has great potential in
designing the working range and sensitivity by tailoring the
porous structures.0-42
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