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Abstract 
 

This paper reports on the fabrication and characterization of piezoelectrets using three types of cyclic olefin copolymers 
(COCs). The COCs (COC 6017, 6013, 8007) differ considerably in their glass transition temperatures, thermal stability, and 
mechanical flexibility. The piezoelectrets were fabricated using a carbon dioxide-assisted assembly of a multi-layer non-
overlapping structure followed by contact charging. The piezoelectricity was characterized by quasi-static piezoelectric 
coefficients. Piezoelectrets from the three COCs all showed excellent piezoelectric activity with the quasi-static piezoelectric 
coefficient reaching up to 1600 pC/N. The thermal stability of the three types of piezoelectret was investigated by thermally 
stimulated discharge (TSD). The discharge peaks for 6017, 6013, and 8007 were found to be around 210 oC, 180 oC, and 130 
oC, respectively. The electrical and electromechanical characteristics of the piezoelectrets were further probed by electric 
hysteresis loop measurements, butterfly loop measurements, and dielectric resonance spectra for all three types of materials.  
The study provided the first systematic and comprehensive investigation of the potential of the family of COC copolymers in 
piezoelectric applications, broadening the materials choices and design space of porous polymer-based piezoelectric 
materials. 
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1. Introduction 

As a type of smart material,[1-4] piezoelectric material develops 

electric charges in response to mechanical stresses, thereby 

converting mechanical energy to electrical energy. The most 

commonly used piezoelectric materials are piezoelectric 

ceramics such as lead zirconate titanate (PZT)[5-7] and Barium 

titanate (BaTiO3).[8,9] Piezoelectric foams or piezoelectret are 

charged porous polymers showing piezoelectricity. In 1989, 

polymer piezoelectrets were first investigated in Finland.[10] 

Compared to traditional piezoelectric materials, piezoelectrets 

have significantly higher flexibility, lower toxicity, lighter 

weight, and lower cost, and are suitable for mass production.  

To expand their application areas, a great deal of effort has 

gone into improving the thermal stability of the piezoelectrets 

by using polymers with high thermal stability, e.g., 

polyethylene terephthalate (PET),[11,12] polyetherimide 

(PEI),[13,14] polycarbonate (PC),[13,15] polyethylene naphthalate 

(PEN),[16-19] fluorinated ethylene propylene (FEP),[20-29] 

polyethylene (PE),[30] polytetrafluoroethylene (PTFE).[23,31,32] 

Modifications of polypropylene (PP),[33-39] the most commonly 

used material for piezoelectrets, were also conducted to 

improve its relatively low working temperature.[37,40,41] Despite 

making progress, success in achieving piezoelectrets with 

good combinations of piezoelectricity, thermal stability, and 

mechanical properties has been limited.  

Cyclic olefin copolymers (COCs) are a group of 

copolymers of ethylene and a comonomer, typically 

norbornene. They possess excellent mechanical properties, 

and dielectric properties (high resistivity, low dielectric 
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constant, and dielectric losses) and demonstrate good charge 

storage capability, particularly for positive charges.[42] Several 

studies on COC piezoelectrets had been reported.[43-47] The 

mechanical and thermal-mechanical properties of a particular 

COC polymer depend on the norbornene content. A higher 

norbornene percentage results in a higher glass transition 

temperature and improved thermal stability, but more brittle 

material. On the other hand, a COC with a lower norbornene 

faction is more flexible but has a lower glass transition 

temperature. Thus, they may be suitable for different 

applications.  

In this study, piezoelectrets with the same structures were 

fabricated using three COCs that differed in their mechanical 

and thermomechanical properties. Characteristics and 

performance of these piezoelectrets were studied, including 

piezoelectric coefficient, thermal stability, charge build-up 

process, and actuation behaviors. Additional 

electromechanical properties investigations on the materials 

were conducted using dielectric resonance spectroscopy. The 

study provided the first systematic and comprehensive 

investigation of the potential of the family of COC copolymers 

in piezoelectric applications, thereby broadening the materials 

choices and design space of porous polymer-based 

piezoelectric materials and providing general guidance in their 

fabrication and suitable application conditions. 

 

2. Materials and Methods 

2.1 Materials 

TOPAS advanced polymers company supplied the cyclic 

olefin copolymers (COCs), grade 8007, 6013, and 6017, 

which have glass transition temperatures of 78oC, 138oC, and 

178oC, respectively. Table 1 shows the comparison of the 

mechanical and thermal properties of the three COCs. COC 

6017 has the highest heat deflection temperature and tensile 

modulus but has the lowest tensile strength and elongation at 

break. It is the most thermally stable but the most brittle among 

the three COCs. By comparison, COC 8007 has a slightly 

lower tensile modulus and substantially lower heat deflection 

temperature, but higher tensile strength and elongation at 

break, which is greater than 400% higher than COC 6017. It is 

a significantly more flexible material. COC 6013 has 

properties in between those of 6017 and 6013.  

Table 1. Mechanical and thermal properties of COC.[48] 

Property 8007 6013 6017 

Tensile strength (MPa) 63 63 58 

Elongation at break 

(%) 

10 2.7 2.4 

Tensile Modulus (MPa) 2600 2900 3000 

Relative Permittivity 2.35 2.35 2.35 

Heat deflection 

temperature (OC) 

75 130 170 

 

2.2 Preparation of COC piezoelectret 

Fabrication of the COC piezoelectrets was previously 

discussed in detail,[49,50] so is only briefly described here. The 

process involved three steps: Fabrication of the multi-layer 

non-overlapping structures by laser machining, 

assembly/fusion of the multiple layers using carbon dioxide, 

and contact charging.  

Piezoelectrets from the three COCs materials were 

fabricated using an identical structure design. Fig. 1a shows 

the schematic view of the prepared porous structure. Fig. 1b 

shows the cross-section of the non-overlapping structure 

before and after compression. The structure had five layers. 

The top, middle, and bottom layers were solid films, while the 

other two contains regularly spaced rectangular channels with 

a 3mm width generated by laser machining. The position of 

the channels in the two layers was offset such that the ridge of 

one layer was situated in the middle of the rectangular cavity 

in the underneath layer. The top and bottom layers were 101.6 

μm thick, and the other 3 layers were 50.8 μm thick. The 

channel (cavity) width was 3mm, with a ridge width of 1mm. 

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

Optical image of COC 6013 piezoelectret. Optical images for other COCs were similar. 
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Such a design was rather effective in achieving low 

compression modulus of the structure by utilizing the bending 

of the middle layer at multiple locations and generation of 

large flexural deformation.[49,50] Since the piezoelectric 

coefficient is inversely proportional to the elastic modulus,[51,52] 

This design would facilitate a significant increase in the 

piezoelectric activity. 

The 5-layer structure was assembled using our previously 

developed supercritical CO2 bonding technology. A bonding 

temperature of 120 oC was chosen for COC 6017, which is 

approximately 60 oC lower than the glass transition 

temperature (178 oC) of the material. For COC 6013, for 

which the glass transition temperature is 138 oC, the bonding 

temperature was 95 oC. For COC 8007, the bonding 

temperature was 35 oC. The supercritical CO2 pressure was 10 

MPa for all the materials. Supercritical CO2 can significantly 

reduce both the bulk and surface glass transition temperature 

of the polymer, as well as increase the interfacial wetting, 

diffusion, and randomization to forge a bonding interface, 

enabling polymer films easy to be bonded together.[53,54] This 

approach enables the porous structure to be assembled with 

the structural features largely preserved. As an example, Fig. 

1c shows the optical image of the piezoelectret from COC 

6013. The top left and bottom right areas were rectangular 

channels. The rectangle shape was well preserved with little 

deformation.  

In the third step, contact charging was used to charge the 

prepared structure after electrodes (2 × 2 cm2) were sputter 

coated onto both sides. For the samples prepared for 

measuring the quasi-static piezoelectric coefficient and 

thermally stimulated discharge spectra, the charging voltage 

used was 5000 V. Different charging voltages in a range from 

500 V to 7500 V were applied for hysteresis loop 

characterization. The contact charging equipment used was 

Heinzinger PNC 1000-6 ump. 

 

2.3 Quasi-static piezoelectric coefficient 

Quasi-static piezoelectric coefficient measurement is a typical 

method to determine the sensitivity of the material. The quasi-

static piezoelectric coefficient was determined by 

 𝑑33  =  
𝑄

𝐹
 =  

𝜎

𝑝
                        (1) 

where d33 is the quasi-static piezoelectric coefficient, Q is the 

amount of charge, F is applied force, 𝞼 is charge density, and 

p is applied pressure. 

In this study, a pressure from 2.45kPa to 24.5kPa was 

applied to the sample, and the induced charge was measured 

by an electrometer (Keithley 6517A). A preload of 1.225kPa 

was first applied to the sample to eliminate the air gap between 

the sample and electrode.  

 

2.4 Thermally stimulated discharge-current spectra 

The thermal stability of the prepared samples was 

characterized by thermally stimulated discharge (short circuit 

TSD spectra).[40,55] The temperature range was from room 

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

temperature-controlled oven. Both sides of the sample were 

sputter coated with metal electrodes (2 × 2 cm2). The thermally 

stimulated current was recorded by an electrometer (Keithley 

6517A). 

 

2.5 Dielectric resonance spectra 

The dielectric resonance spectrum of the piezoelectret of the 

three types of materials was investigated at a frequency range 

from 0 to 1000kHz to obtain the anti-resonance frequency of 

the materials to calculate the elastic modulus (TE mode) of the 

material governed by the following relationship.[38,56]               

𝑓𝑎  =  
1

2𝑠
√

𝑌

𝜌
                    (2) 

where 𝜌 , 𝑠 , 𝑓𝑎 and 𝑌  is the bulk modulus of the material, 

sample thickness, anti-resonance frequency, and material 

elastic modulus, respectively. The dielectric spectrum testing 

equipment was Agilent 4294 precision impedance analyzer. 

 

2.6 Electrical hysteresis loop and butterfly loop 

The hysteresis loop was used to investigate the charge or 

‘macro-dipole’ build-up process in the artificial void. 

Precision Premier II (RADIANT) connected to a high-voltage 

interface was used to characterize the hysteresis loop. The 

bias-applied voltages ranging from 500 V to 7500 V were 

applied to the sample coated with metal electrodes on both 

sides. The equipment setup was also used for the butterfly loop 

measurements, which can characterize the material actuation 

behavior. Samples were applied with a bipolar drive voltage at 

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 Piezoelectric activity of COC piezoelectrets 

Figure 2 shows the results of the measured quasi-static 

piezoelectric coefficient (d33) of the three types of COC 

piezoelectrets. All displayed good piezoelectric activity. d33 

reached 1000-1600pC/N at low pressures. Although the 

piezoelectric activity decreased with increasing pressure, d33 

retained respectable values at high pressures. Among the three 

COC piezoelectrets, 6017 and 6013 demonstrated very similar 
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behaviors. While 8007 appeared to have slightly lower d33, it 

is plausible that the piezoelectric activity was comparable to 

those of 6013 and 6017.  

 
Fig. 2 Quasi-static piezoelectric coefficient of piezoelectret from 

COC 6017, 6013, and 8007. 

 

The perceived discrepancy might be due to the variations 

between the samples when manually aligning and assembling 

the layers during fabrication. The piezoelectric coefficient d33 

is related to the surface charge 𝜎  and the modulus of the 

structure 𝑌, following the following equation[51, 52] 

𝑑33  =  𝑘
𝜎

𝑌
          (3)  

where 𝑘 is a parameter that is related to the dielectric constants 

of the materials and piezoelectrets’ porous structures. As all 

three COCs had very similar dielectric properties, and the 

piezoelectrets had the same designed porous structure, both 𝑘 

and 𝑌  would be similar among all three piezoelectrets. The 

𝑑33would be similar among the piezoelectrets from different 

COCs, provided that the surface charge densities were similar 

under the same charging conditions. While the charging 

behaviors will be discussed later in this paper, the surface 

charge densities among the three piezoelectrets were very 

similar when charged at the same voltage.  

 

3.2 Thermally stability of electrical charges 

Figure 3 shows the results of the thermal stability of the three 

COC piezoelectrets measured by thermally stimulated 

discharge (TSD).  The main discharge peaks for 6017, 6013, 

and 8007 were around 210 oC, 180 oC, and 130 oC, respectively. 

The discharge peak temperatures were ~30-50 oC higher than 

the respective glass transition temperature of the three COC 

materials, which were consistent with previous studies.[20,22,27] 

It is worth noting that the discharge temperatures of 6017 and 

6013, and even 8007 were significantly higher than the 

working temperature of typical commercialized piezoelectric 

foams, such as PP piezoelectric foams (70~80oC).[37,40] 

 
Fig. 3 Thermally stimulated discharge of three types of COC 

piezoelectret. 

 

Aside from the main peak, a series of scattered discharges at 

lower temperatures were also observed with a minor second 

discharge peak for COC 6017 and 6013. This peak was 

attributed to the unstable charges, while the main peak was 

related to the discharge of stable charges. This ‘discrete 

discharge’ peak was located in the same temperature range for 

both COC 6017 and 6013. For COC 8007 piezoelectrets, only 

a single peak was observed, plausibly from the convoluted 

signals from both stable and unstable charges, because of the 

significantly lower glass transition temperature and lower 

thermal stability of the stable charges. 

Table 2 shows the percentage of stable and unstable 

charges in different piezoelectrets obtained by integrating 

current overtime followed by normalizing the peak charge 

against the total charge.  For COC 8007 piezoelectrets, the 

signals of stable and unstable charges were convoluted 

together, which made calculations impossible. Despite the 

sample-to-sample differences, qualitatively, it could be argued 

that in 6017 piezoelectrets, unstable charges account for ~10% 

and stable charges account for ~90% of total charges. Both 

fractions were comparable to those in COC 6013 piezoelectret. 

Table 2. Percentage of stable and unstable charge in different 

piezoelectrets. 

COC 

Type 

Unstable Charge Stable Charge Total 

Charge 

6013 7.4% 92.6% 100% 

6017a 5.8% ~13.5% 86.5% ~94.2% 100% 

8007 N/A N/A 100% 

a:calculations were conducted using data from multiple 

measurements. 
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3.3 Electrical and electromechanical properties of COC 

piezoelectrets 

The electrical polarization and charge buildup in the COC 

piezoelectret were investigated by hysteresis loop. Fig. 4 

shows the applied ac-bias voltage on the surface of the sample 

over time during the electric hysteresis loop measurements. 

The same voltage profiles were applied in the measurements 

of all three COC piezoelectrets. 

 
Fig. 4 Voltage profiles for electrical hysteresis measurements. 

 

Figure 5 shows the hysteresis loop of the three samples, which 

are similar to each other. Fig. 6 shows the charge build-up in 

the artificial void of the samples. The quasi-permanent 

polarization for the three samples was derived from their 

respective hysteresis loop. The three COC piezoelectrets 

showed almost identical polarization behaviors. The 

breakdown occurred at about 2500 V, after which the 

polarization increased almost linearly with increasing voltage.  

In the charging of the samples, the discharge takes place 

via dielectric barrier discharge.[57] Using a layer model,[22] the 

relationship between the breakdown voltage and the geometric 

parameters was derived.[50] 

 𝑉𝑏𝑑  =  
𝑎𝑝

𝑙𝑛(𝑝ℎ𝑎𝑖𝑟)+𝑏
(

ℎ𝐶𝑂𝐶

𝜀𝐶𝑂𝐶
+ 2ℎ𝑎𝑖𝑟)          (4)   

where Vbd is the breakdown threshold voltage, a equals 4.36 × 

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

thickness of gas (50.8μm in this study), b equals 12.8, hair, and 

hCOC is the thickness of single air bubble height and the total 

thickness of COC respectively, 𝞮COC is the relative permittivity 

of COC. 

The model’s prediction of breakdown voltage was only 

related to the geometric structure of the material given certain 

charging conditions. As the piezoelectret from different 

materials have the same geometry, the breakdown voltage 

predicted would be the same. Equation (4) yielded a predicted 

breakdown voltage of 3141V, which was slightly higher than 

 

 

Fig. 5 Hysteresis loop of the prepared sample (a). 6017 (b). 6013 (c). 8007. 
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Fig. 6 Quasi-static charge builds up in the artificial void. 

 

2500V. As previously discussed,[50] this might be due to the 

deflection of the sample structure during the CO2 bonding. The 

deflection would reduce the air gap and cause a decrease in the 

breakdown voltage (Equation 4). 

Upon exceeding the breakdown threshold voltage, the 

quasi-permanent charge continuously built up in all three 

piezoelectrets and showed almost identical linear dependency 

with increasing voltage. This indicates that back discharge did 

not take place in the applied voltage range.  

From the quasi-permanent charge, the charge density 

inside the artificial void can be also calculated. With a 5000V 

charging voltage, the charge density, which equals the value of 

quasi-permanent polarization, is approximately 0.087µC/cm2. 

With a 4 cm2 electrode used in this experiment, the total 

amount of charge stored can be calculated to be 34800pC. By 

comparison, the total charge obtained from the thermally 

stimulated discharge test was 29000pC.  

The higher total charge obtained by hysteresis loop testing 

was probably due to the stored charges not being fully released 

during TSD. In addition, a tiny leak current may also play a 

role during the hysteresis loop test even though samples were 

carefully treated to prevent a leak current. Nevertheless, 

overall, the total charge from the two measurements was 

comparable. The result also showed that the hysteresis loop 

was dominated by the piezoelectric effect with space charge, 

not by the leak current described in the literature.[58] 

Figure 7 shows the butterfly loop of 6017, 6013, and 8007 

piezoelectrets, respectively. The traces were of “real” butterfly 

loops with a clockwise orientation on the right part, which is 

characteristic of behavior dominated by piezoelectric behavior  

 
Fig. 7 Butterfly loop for (a). 6017 (b). 6013 (c). 8007 piezoelectrets. 
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Fig. 8 Dielectric spectrum of the material (a). Sample fabricated by COC 6017 (b). Sample fabricated by COC 6013 (c). Sample 

fabricated by COC 8007. 

 

rather than elastic compliance of the materials as reported in 

the literature.[59] From the graph, the inverse piezoelectric 

coefficient of 6017, 6013, and 8007 can be calculated as 25 

pm/V, 40 pm/V, and 15 pm/V, respectively, which are similar 

to other piezoelectric materials such as PZT material.[60,61] 

Considering the sample-to-sample variation during fabrication, 

it is plausible that the inverse piezoelectric coefficient of the 

three types of material is similar. The inverse piezoelectric 

coefficient was significantly lower than the piezoelectric 

coefficient, resulting from the different responses of the non-

overlapping structure to mechanical and electrical force and 

much smaller deformation under electrical excitation.[50]  

To further understand the dielectric properties[62-66] and the 

resonance behavior of the piezoelectrets, dielectric resonance 

spectroscopy[67] was conducted. Fig. 8 shows the measured 

results. Contrary to typical piezoelectric materials and 

piezoelectrets reported in the literature, no resonance peak was 

observed for any of the COC piezoelectrets. This phenomenon 

also resulted from the unique response of the non-overlapping 

structure to the electrical force, which may be understood from 

the following. 

During the dielectric resonance spectrum analysis, the 

sample is under forced vibrations with damping effects under 

a harmonic excitation force from the applied electric field. The 

system may be represented by a single degree of freedom (sdof) 

linear oscillator illustrated in Fig. 9. The equation of motion 

for the system can be simplified to: 

𝑚𝑥̈ + 𝛾𝑥̇ + 𝑘𝑥 =  𝐹0 𝑐𝑜𝑠 𝜔 𝑡            (5) 

Where m is the mass of the system, 𝛾  is the damping 

coefficient, 𝑘 is the spring constant, 𝜔 is the frequency and 𝑡  

is time. 𝐹0 𝑐𝑜𝑠 𝜔 𝑡  is the harmonic excitation the sample 

experienced during the experiment, and 𝐹0 is the amplitude of 

the driving force. Let𝜉 =  
𝛾

2𝜔0𝑚
 , 𝜔0

2  =  
𝑘

𝑚
  , where𝜉  is the 

damping ratio, 𝜔0  is the natural frequency of the system 

without damping. 

When the amplitude resonance occurs, the maximum 

amplitude is determined by: 

𝐴𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒  =  
𝐹0/𝑘

2𝜉√1−𝜉2
                          (6) 

During the dielectric resonance spectra measurements, the 

electrical force is uniformly exerted on the middle layer of 

solid COC film (Fig. 10). This is, effectively, to uniformly 

compress the solid COC polymer with high modulus and  
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Fig. 9 Schematic of a single degree of freedom (sdof) linear 

oscillator. 

 

would result in a system with very high spring constant𝑘 . 

Moreover, as the COC film was fixed to the underneath solid 

ridges on either side, it is conceivable that such restriction 

would cause the strain response to lag and be out of phase with 

the applied force. This effect would be the most severe at 

either end and become less toward the center of the film. Such 

a lag effectively indicates the system possesses a large 

damping ratio and energy dissipation. According to Equation 

(6), a high spring constant and damping ratio results in a 

diminished amplitude not observable in experiments.  As the 

Quality Factor of the system: 

𝑄 =  
1

2𝜉
 =  2𝜋 ×

𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑒𝑑

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
(𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒)        (7) 

The system also has a small Q-factor and is losing energy fast, 

and the resonance peak will not be observed. A larger 

mechanical vibration excitation may be necessary in the future 

to determine the resonance and anti-resonance frequency 

instead of electrical force-based excitation.[68] 

 
Fig. 10 Schematic of the structural unit of the non-overlapping 

structure and its deformation in response to electrical excitation. 

 

4. Conclusion 

This study examined piezoelectrets prepared with three COC 

materials with similar dielectric properties but different 

thermal stability and mechanical properties. All piezoelectrets 

displayed good piezoelectric activity, and a high piezoelectric 

coefficient of approximately 1600pC/N was obtained. The 

thermal stability of the piezoelectrets was investigated and 

found to correlate well with the glass transition temperatures 

of the materials. The charge build-up process inside the 

artificial void of the structure was measured by the hysteresis 

loop measurement and compared. It was found that the 

charging behaviors among the piezoelectrets were similar and 

were decided by the geometry of the voids. A charging 

threshold voltage of about 2500V remained the same for all 

three materials and was in good agreement with the layer 

model prediction. The piezoelectrets exhibited piezoelectric 

effect-dominated butterfly loop behaviors. While effective in 

improving the piezoelectric d33 and beneficial for sensor 

activity, the non-overlapping structure employed in the 

piezoelectrets resulted in a high damping ratio and high energy 

dissipation under electrical excitation. This leads to the 

substantially lower inverse piezoelectric coefficients 

(calculated from the butterfly loops) and the absence of 

resonance peaks in the dielectric spectra measurements. The 

COC piezoelectrets prepared in this study possessed different 

mechanical/thermal properties combinations and similar 

piezoelectric properties and can potentially be used for sensing 

and other applications under a broad range of conditions.  
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