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Abstract 
 

A series of cyclic olefin copolymer (COC) based piezoelectrets are fabricated using a carbon dioxide assisted assembly process 
followed by direct contact charging. The effects of both the piezoelectrets structure design parameters and the charging 
conditions on the piezoelectricity are studied. The piezoelectricity of the fabricated piezoelectrets is characterized by quasi-
static piezoelectric coefficient 𝑑33. The COC piezoelectrets show substantial piezoelectric activity, with 𝑑33 approaching up 
to 1100 pC/N. Moreover, the thermal stability of the COC piezoelectrets is investigated by thermally stimulated discharge. 
The COC show excellent thermal stability, with the 𝑑33 retaining over 80% of the initial value after annealed at 170 oC. 
Hysteresis loop measurements are used to investigate the charge build up process inside the artificial void to obtain the 
critical breakdown voltage and quasi-permanent charges. The critical breakdown voltage is further modeled using the 
established layer model, which agreed well with the experimental measurements. With the superior thermal stability and 
significant piezoelectric sensitivity, the COC piezoelectrets demonstrated in the study may be valuable in a variety of 
applications, such as sensing, actuating, energy harvesting and many other fields. 
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1. Introduction 

Piezoelectric materials convert mechanical energy to electrical 

energy. Currently, the dominant commercialized piezoelectric 

materials are ceramic materials, such as lead zirconate titanate 

(PZT) ceramics. Polymer piezoelectrets (or polymer based 

piezoelectric foam) have been investigated in Finland since 

1989.[1] Piezoelectrets are charged porous materials in which 

the piezoelectricity arises from the macro electric dipoles in 

the porous structure.[2-5] Through dielectric barrier discharge, 

charges of opposite signs are deposited on the top and bottom 

of the pores, forming macroscopic dipoles. Like traditional 

piezoelectric materials that have molecular dipoles, when 

deformed under an external force, the macroscopic dipoles 

also change, leading to induced external electrical signal. 

Compared to traditional piezoelectric materials, polymer 

piezoelectrets demonstrate advantages, such as flexibility, 

nontoxic, lightweight and low cost. A variety of potential 

applications are available for piezoelectrets, such as flexible 

electronics,[6,7] actuators,[1,8] acoustic transducers[9,10] and 

energy harvesters.[11-15]  

A major concern for piezoelectrets is the relatively low 

thermal stability of the materials. For example, the most 

commercialized piezoelectret, polypropylene piezoelectret, 

has a working temperature of only about 70-80 oC.[16, 17] Many 

materials have been explored to address this, including 

polyethylene terephthalate (PET),[18, 19] polyetherimide 

(PEI),[20,21] polycarbonate (PC),[20,22] polyethylene naphthalate 

(PEN),[23-26] fluorinated ethylene propylene (FEP),[27-36] 

polyethylene (PE),[37,38] polytetrafluoroethylene (PTFE)[30, 39-41] 

and polypropylene (PP).[10,17,42-46] Nevertheless, in most 

reported studies, the piezoelectric activity produced from 

these materials was not very high, and balanced mechanical 

and electromechanical properties were lacking. For example, 

fluorinated polymer piezoelectrets demonstrated good thermal 

stability and piezoelectric activity,[28] however, their low 

mechanical strength as well as creep behavior limited its 

application.  

Cyclic olefin copolymer (COC) is a type of amorphous 

polymer made by chain copolymerization of cyclic monomers, 

such as norbornene or tetracyclododecene with ethene. COC 

has excellent processability, environmentally stable, low 

dielectric constant and low dielectric losses, excellent 

mechanical properties and particularly, outstanding thermal 

Department of Industrial and Manufacturing, FAMU-FSU College 

of Engineering, High-Performance Materials Institute, Florida State 

University Tallahassee, FL 32310 USA. 

*Email: zeng@eng.famu.fsu.edu (C. Zeng) 



Research article                                                                                                          Engineered Science 

204 | Eng. Sci., 2021, 16, 203-210                                                                     © Engineered Science Publisher LLC 2021 

stability. COC also exhibits excellent positive charge storage 

capabilities, which is crucial for piezoelectret’s 

performance.[47] Several studies have been conducted on 

fabricating COC based piezoelectret.[48-51] Low piezoelectric 

activity was reported with the piezoelectric coefficient 𝑑33  

typically less than 100 pC/N. This was mainly due the 

difficulty in achieving a structure with high porosity and low 

compression modulus. Previously, using a “non-overlapping” 

design that translate bending of structure unit into 

compression of the overall structure, we demonstrated it is 

possible to achieve a high 𝑑33 in COC piezoelectrets.[47] 

Building on the results from the feasibility investigation, 

for this research we carried out a systematic study on the 

influences of the structure design, fabrication/assembly 

process, and charging conditions on the piezoelectric 

properties of the COC piezoelectret. Furthermore, the thermal 

stability of the COC piezoelectrets was studied. We further 

investigated the charge build up process by hysteresis loop 

analysis and the actuation behaviors of the materials by 

butterfly loop measurements. To our knowledge, this is the 

first comprehensive study on the fabrication and properties of 

COC piezoelectrets with substantial piezoelectric activity.  

 

2. Material Fabrication and Experimental Details 

2.1 Preparation of COC piezoelectret 

The COC film used in this study was high-temperature grade 

COC film with a glass transition temperature of approximately 

180 oC (TOPAS 6017 purchased from TOPAS Advanced 

Polymers). Preparation of the piezoelectret were divided to 

three steps: (1) overall structure design and preparation, (2) 

assembly of the porous structure, and (3) charging of the 

porous structure to obtain piezoelectric activity.  

Fig. 1a shows the schematic view of the overall sandwich 

structure of the COC piezoelectrets following the previously 

developed design principle.[47] The structure consisted of 

alternating solid COC films and films with rows of rectangular 

cavities (by laser machining) with predetermined widths and 

cavity-to-cavity distances. Fig. 1b shows the side view of a 

five-layer structure. The top, middle and bottom layers were 

solid films. The two porous layers were aligned in a way that 

the ridges of the layer above were positioned at the centerline 

of the rectangular cavities of the layer below. As previously 

reported.[47] compression of the structure resulted in the 

bending of the middle layer, leading to substantially higher 

overall compressive deformation and lower modulus of the 

piezoelectrets structure. Since the piezoelectric coefficient is 

inversely proportional to the elastic modulus,[52,53] this design 

should significantly increase the piezoelectric coefficient. The 

modulus of the structure can be tailored by varying the width 

of the cavity, cavity-to-cavity distance, number of layers, and 

the thickness of the layers. In the current study, we used the 

five-layer structure to conduct most of the investigation. The 

top and bottom layer was 101.6 μm thick, while the three 

middle layers were 50.8μm thick. Three different widths of the 

cavities of 2 mm, 2.5 mm and 3 mm were used to fabricate the 

structure.  

In the second step, the layers were assembled into a 

monolithic structure using our previous developed 

supercritical CO2 bonding technology.[47] Supercritical CO2 

bonding can significantly reduce both bulk and surface glass 

transition temperature of the polymers, as well as increase the 

chain mobility of molecules, enabling polymer films to be 

easily bonded together.[54,55] In our study, fusion/bonding of the 

structure with good dimension fidelity could occur at 120 oC, 

which is approximately 60 oC below the glass transition 

temperature of the COC. As an example, Fig. 1c shows the 

optical image of a fabricated piezoelectret with 3 mm cavity 

width. Unless otherwise noted, piezoelectrets with a five-layer 

structure and cavity width of 3mm were used for various 

electrical and electromechanical investigation.  In the third 

step, the assembled structures were charged by contact using 

a Heinzinger PNC 1000-6 ump, after 2*2 cm2 electrodes were 

sputter coated on both sides. Unless otherwise noted, a 

charging voltage of 5000 V was used.  

 

2.2 Characterization of COC piezoelectret 

2.2.1 Quasi-static piezoelectric coefficient 

The sensitivity of the piezoelectrets is characterized by their 

piezoelectric coefficient, the amount of electrical charges 

being generated when a unit amount of force is applied (Pico 

Coulomb per Newton, or pC/N). Particularly, quasi-static 

piezoelectric coefficient is a common parameter to 

characterize the performance of piezoelectret, which was 

determined by:[52] 

𝑑33 =
𝑄

𝐹
=

𝜎

𝑝
                    (1) 

 
Fig. 1 (a). Schematic view of the prepared sandwich structure (b). Cross-section of the structure before and after compression (c). 

Optical image of piezoelectret (3mm channel width).
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where d33 is quasi-static piezoelectric coefficient, Q is the 

amount of induced charge, F is applied force, 𝜎 is induced 

charge density, p is applied pressure. In the experiment, a 

‘preload’ of 1.225 kPa was applied onto the sample to 

eliminate the artifacts from potential air gap between sample 

and electrode before testing. All types of prepared samples 

were measured by applying pressure from 2.45 kPa to 24.5 

kPa. The induced charge was measured by an electrometer 

(Keithley 6517A). Samples were placed in aluminum foil for 

at least 24 hours before taking measurements. 

 

2.2.2 Thermally stimulated discharge-current spectra 

The thermal stability of the COC piezoelectret was 

characterized by thermally stimulated discharge (short circuit 

TSD spectra).[16,56] The temperature range was from room 

temperature to 240 oC with a ramping rate of 3 oC/min in a 

temperature-controlled furnace. Both sides of the sample were 

sputter coated with metal electrodes of 2×2 cm2. The thermal 

stimulated current was recorded by an electrometer (Keithley 

6517A). 

 

2.2.3 Electrical hysteresis loop and voltage-displacement 

butterfly hysteresis loops (butterfly loop) 

The charge or ‘macro-dipole’ build up process was 

investigated using hysteresis loop measurements using 

Precision Premier II (RADIANT) station connected to high 

voltage interface. Charging voltages with a range from 500 V 

to 7500 V were applied. The voltage-displacement butterfly 

hysteresis loops (butterfly loop), which can characterize the 

material actuation behavior, was also measured by the electric 

hysteresis loop testing equipment. Samples were firstly 

applied with a bipolar drive voltage with a maximum value of 

8000 V. Small deformations of the material were then 

measured by a high precision optical fiber system (TF 

Analyzer 2000 system). 

 

3. Results and Discussion 

3.1 Quasi-static piezoelectric coefficient: effects of 

structure and processing parameters 

3.1.1 Structure design 

The quasi-static piezoelectric coefficient d33 of the COC 

piezoelectrets were measured. Fig. 2 shows the d33 of 

piezoelectrets with three different cavity widths. The 

piezoelectrets showed good to excellent piezoelectric 

sensitivity. A piezoelectric coefficient of about 1100 pC/N was 

realized at low pressures for samples with a cavity width of 3 

mm. By varying the width of the cavity, the piezoelectric 

coefficient varied from about 350 pC/N to 1100 pC/N, and 

larger cavity widths resulted in higher piezoelectric activity. 

This can be understood since the deformation of the overall 

structure was dominantly contributed by the flexing of the 

middle layer (Fig. 1b), which can be regarded as a three or 

four-point bending. A larger cavity width, or a larger span in 

the bending configuration, would result in a larger bending 

deflection of the middle layer. This in turn would lead to a 

larger overall compressive strain of the piezoelectret structure 

and lower compressive modulus. Since the piezoelectric 

coefficient is inversely proportional to the modulus,[2,52,53], the 

increase of cavity width would resulted in an increase of the 

piezoelectric activity. The piezoelectric coefficient of the COC 

piezoelectrets in the current study (ranged from about 350 

pC/N to 1100 pC/N, depending on the width of the cavity), are 

significantly higher than those reported in the literature 

(around 15pC/N) [49] and are comparable or better than the 

activity of the piezoelectrets made from PP.  

 
Fig. 2 Quasi-static piezoelectric coefficient of COC 

piezoelectrets with different cavity widths. 

 

The non-overlapping design can be extended to beyond 

five layers to further tune the piezoelectric activity. To 

demonstrate this COC piezoelectrets with a nine-layer 

structure with the same geometric design was fabricated, and 

the piezoelectric activity was compared with that from 5-layer 

piezoelectrets. To ensure similar charging field strengths, the 

charging voltage of 10000V was used for the 9-layer 

piezoelectret, twice that for the 5-layer structure charging. Fig. 

3 shows the results. The 9-layer piezoelectret showed higher 

piezoelectric sensitivity, particularly at low pressures. The 

improvement became less prominent with increasing pressure. 

 
Fig. 3 Effect of different thickness of sample (number of layers) 

on piezoelectric coefficient. 
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3.1.2 Charging condition 

Fig. 4 shows the results of the effects of the charging voltage 

on the quasi-static piezoelectric coefficient. Within the range 

of voltage used in the experiments, higher charging voltage 

resulted in higher piezoelectric coefficient d33. In addition, the 

quasi-static piezoelectric coefficient was approximately linear 

to the charging voltage when the charging voltage is above the 

breakdown threshold voltage. This phenomenon will be 

discussed further later in the hysteresis loop analysis.  

 
Fig. 4 Piezoelectric coefficient response to different charging 

voltage. 

 

3.2 Electrical polarization and charge buildup in COC 

piezoelectret 

The electrical polarization and actuation behavior of the COC 

piezoelectrets was investigated by hysteresis loop and 

butterfly loop tests. Fig. 5a shows the ac-bias voltage applied 

on the material over time. Fig. 5b shows the hysteresis loop of 

the experiment. Fig. 5c shows the quasi-permanent charge 

density in response to the maximum ac-bias voltage in the 

artificial void of the sample. No electric hysteresis loop was 

observed when the ac voltage was less than 2500 V, and 

'macro-dipole' started to build up with an applied voltage of 

about 2500 V. Control experiments were also conducted on a 

COC solid of the same dimensions without artificial voids. 

The observed quasi-permanent charge was almost negligible. 

To ascertain the charging mechanism and predict the threshold 

charging voltage, an established analytical model[52,53] based on 

layered structure was employed. Fig. 6 shows the simplified 

model configuration consisting alternating layers of solid 

polymer layers and air gaps. 

During contact charging, the electric field was built up. 

According to Gauss' theorem and Kirchhoff's second law:           

 𝜀0𝜀𝐶𝑂𝐶𝐸𝐶𝑂𝐶 = 𝜀0𝐸𝑎𝑖𝑟            (2) 

𝐸𝐶𝑂𝐶ℎ𝐶𝑂𝐶 + 2𝐸𝑎𝑖𝑟ℎ𝑎𝑖𝑟  = 𝑉𝑡𝑜𝑡𝑎𝑙          (3) 

where, 𝜀0  is dielectric permittivity of vacuum, 𝜀𝐶𝑂𝐶  is 

relative permittivity of COC, hair is the thickness of single air 

bubble height, and hCOC is total thickness of COC, Eair and 

ECOC are electric field strength in air and COC, respectively, 

and Vtotal is the applied voltage. According to the Paschen law, 

the critical breakdown electric field strength is determined by: 

𝐸𝑏𝑑 =
𝑎𝑝

ln(𝑝𝑑)+𝑏
                (4) 

 
Fig. 5 (a) Ac-bias voltage over time on the sample (b) Electric hysteresis loop (c) Quasi-static charge builds up in the artificial void. 
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where, Ebd is the breakdown electric field strength, a is 

4.36×107 V/(atm·m), p is pressure (1atm in the study), d is the 

thickness of gas (50.8 μm in this study), b equals to 12.8. 

 
Fig. 6 Simplified model for calculating breakdown voltage. 

 

From equations (2)-(4), the critical breakdown voltage can 

be determined by: 

𝑉𝑏𝑑 =
𝑎𝑝

ln(𝑝ℎ𝑎𝑖𝑟)+𝑏
(

ℎ𝑐𝑜𝑐

𝜀𝑐𝑜𝑐
+ 2ℎ𝑎𝑖𝑟)             (5)      

The breakdown voltage thus calculated was 3141 V, higher 

than 2500 V observed in the experiment. This was the result 

of the slight deflection of the assembled structure and decrease 

of the void height during the CO2 bond process (Fig. 1c). 

According to equation (5), a reduction of the air gaps thickness 

would result in a reduction of the breakdown voltage. 

Nevertheless, the model predicted breakdown voltage agreed 

reasonably well with experimental observations.  Below the 

breakdown voltage (2500 V in experiments), nearly no charge 

was accumulated during the charging process. When the 

applied voltage was higher than the threshold breakdown 

voltage, a dielectric barrier discharge occurred, and a charge 

started to build up in the artificial void. The quasi-permanent 

charge density was approximately linearly proportional to the 

applied voltage after the applied voltage reached the threshold 

breakdown voltage (Fig. 1c). Back discharge, which may be 

caused by strong charge capturing capability of the materials, 

was not observed. 

 
Fig. 7 Comparison and correlation between electrical polarization 

and quasi-static piezoelectric coefficient. 

Fig. 7 shows the quasi-permanent polarization and quasi-

static piezoelectric coefficients of COC piezoelectrets 

prepared under different charging voltages. Both followed 

similar trends against charging voltage (Fig. 7a), and the 

quasi-static piezoelectric coefficient was linearly related to the 

residual polarization (Fig. 7b). This can easily be understood 

since for piezoelectrets of the same structure and modulus, the 

piezoelectric coefficient would be linear to the surface charge 

inside the void (𝑑33 ∝ 𝜎), which itself was linearly related to 

the residual polarization.  

 

3.3 Thermal Stability of Electrical Charge and 

Piezoelectric d33 

To study the thermal stability of the COC piezoelectrets, TSD 

experiments were conducted, with Fig. 8a showing the results. 

The main discharge peak was located at approximately 210 oC, 

indicating excellent thermal stability of the piezoelectrets. On 

the other hand, a moderate amount of discharge was still 

observed at the lower temperature region with the peak around 

120 oC. This peak (accounted for approximately 6%-14% of 

the total charge by integration of the current over time from 

measurements from multiple samples) may be the unstable 

charge inside the artificial void.  

The discharges at low temperature may be related to the 

charge trapped in shallow energy well. To confirm this, 

annealing experiments were conducted. Samples were heated 

in an oven to 170 oC and remained for 15 minutes, and TSD 

was measured (Fig. 8b). The samples were then cooled to 

room temperature, after which they were again heated from 

room temperature to 240 oC for a second TSD. Fig. 8b shows 

the first TSD result – the annealing treatment during which 

“discrete discharge” was observed. After annealing, only 

negligible “discrete discharge” was observed, confirming the 

low temperature “discrete discharge” in the as-prepared 

piezoelectrets resulted from the emission of unstable charge. 

The result also suggests that two different charge storage 

mechanisms may exist in the COC piezoelectrets. After 

annealing the discharge peak temperature shifted to 

approximately 30 oC higher, indicating that charges in the 

annealed sample were trapped in a deeper energy well. This 

phenomenon was also reported for other materials.[29]  

Quasi-static piezoelectric coefficients were also measured 

before and after annealing. Fig. 8c shows the results. The 

quasi-static piezoelectric coefficient can maintain 

approximately 80% of its original value after annealing. The 

results suggest that the sample had an acceptable working 

temperature of approximately 170 oC, at least for short term. 

Compared with the working temperature of PP foam with 

70~80 oC,[45] the COC based piezoelectrets exhibited vastly 

better thermal stability.  

 

3.4 Voltage-displacement butterfly hysteresis loop and 

Actuation Behavior of COC Piezoelectrets 

Fig. 9a shows the results of the actuation behavior of the 

piezoelectret, characterized by the butterfly loop measurement.  
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Fig. 8 (a) Thermally stimulated discharge spectrum of prepared piezoelectret with (blue) and without annealing (red); (b) TSD during 

annealing, pre-discharge; (c). Piezoelectric coefficient before and after annealing. 

 

The inverse piezoelectric coefficient, calculated from 

measuring the slope of the butterfly loop from the origin 

point,[57,58] was 25 pm/V, which was considerably lower than 

the quasi-static piezoelectric coefficient. 

Theoretically, for piezoelectric materials with microscopic 

dipoles, the piezoelectric coefficient and inverse piezoelectric 

coefficient should have the same value. On the other hand, the 

piezoelectric properties of the piezoelectrets originate from 

the macroscopic dipole of the artificial voids. The reason for 

the significant difference observed may be due to the 

differences in the response of the non-overlap structure to 

mechanical compression and electrical excitation. As 

previously discussed and also shown in Fig. 9b, the non-

overlapping design allowed the mechanical force to be located 

at the center of the cavity to generate a large amount of flexing, 

which resulted in increased compression strains of the overall 

structure, decreased modules and increased piezoelectric 

activity. In the actuation mode, however, the force was 

generated by the applied electric field and exerted uniformly 

across the beam (assuming uniform distribution of surface 

charge in the voids). Therefore, the beam was effectively 

compressed instead of being bent during actuation. Such 

compression is futile in generating large deformation, leading 

to the substantially lower inverse piezoelectric coefficient. 

 
Fig. 9 (a) Butterfly loop, sample charged with 8000V (b) Interpretation of the difference between quasi-static d33 measurement 

condition and butterfly loop measurement condition.
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While effective in improving piezoelectric sensing activity, the 

non-overlapping structure design has limitations and was 

ineffective in the actuation mode. 

 

4. Conclusion 

In this study, cyclic olefin copolymer (COC) based 

piezoelectrets were fabricated using different structural 

parameters and charging conditions. The charging process can 

be adequately described by the dielectric discharge and 

Paschen breakdown, and the experimentally observed 

breakdown voltage agreed reasonably well with prediction 

from the layer model. The COC piezoelectrets showed 

substantial piezoelectric activity, with 𝑑33 approaching up to 

1100 pC/N. The COC piezoelectrets also exhibited excellent 

thermal stability, retaining over 80% of the initial piezoelectric 

activity after annealed at 170 oC. The piezoelectrets showed 

different piezoelectric and inverse piezoelectric coefficient. 

This resulted from the difference in the response of the 

fabricated structures to mechanical and electrical forces, 

which itself is the result of the unique characteristic of the non-

overlapping structure implemented in the piezoelectrets. With 

the high piezoelectric activity and thermal stability, the COC 

piezoelectrets may be suitable for a broad range of 

applications, particularly those at elevated temperatures.  
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