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Abstract: In the paper, the construction and properties of a layered piezoelectric transducer 
made of biodegradable materials are presented. The transducer consists of an electret layer, 
an elastic coating, and an outer structural layer. As the electret layer, the polylactide (PLA) 
foil with a thickness of 20 μm was used. The electrical properties of the foil, such as resis-
tivity, relative permittivity, and charge decay, were examined. The elastic coating was made 
of natural rubber (NR), ensuring flexibility, while the outer structural layer was fabricated 
from PLA using a 3-D printing method. Two different shapes of the PLA-grid were exam-

ined: hexagonal and striped, to evaluate their influence on the electromechanical perfor-
mance of the device. In the paper, the model and electro-mechanical properties of the trans-
ducer are presented. The electret foil was polarized using a high-voltage corona charging 
method. The maximal value of the piezoelectric coefficient, possible to obtain, was calcu-
lated using the described model, and it is equal to d33MAX = 1.4 nC/N for a hexagonal struc-
ture and 0.87 nC/N for a striped one. That corresponds to the maximal value of effective 
charge density qsMAX = 7.9 mC/m2 limited by Paschen’s law. The measured static value of 
the piezoelectric coefficient d33 was up to 280 pC/N. The presented results demonstrate the 

potential of biodegradable piezoelectric transducers for sustainable and environmentally 
friendly applications in energy harvesting and sensor technologies. 

Key words: biodegradability, biodegradable transducer, electret, piezoelectric transducer, 
polylactide 

 

1. Introduction 

 

The increasing social awareness regarding the green transition leads to searching for 

solutions that enable the replacement of petroleum-based polymer materials with biodegradable 

alternatives. This also applies to piezoelectric materials, which are used in biomedical 

applications [1, 2] energy harvesting [3], wearable electronics [4], or large-scale piezoelectric 

transducers such as sleep sensors [5]. The variety of applications imposes the development of 

transducers with demanding requirements, including geometry, sensitivity, elasticity, acoustic 

impedance, or biocompatibility. The natural and synthetic biodegradable piezoelectric polymers 
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exhibit finite piezoelectric properties, such as: chitosan (d33 ≈ 18 pC/N) glycine (d33 ≈ 5 pC/N) 

[6] and synthetic biodegradable piezoelectric polymers such as: polylactic acid PLA 

(d14 ≈ 20 pC/N [7]), polyhydroxybutyrate PHB (d33 ≈ 3 pC/N), and other [1]. Moreover, the 

piezoelectric properties of those polymers are strictly correlated with their molecular structure 

and intrinsic dipole alignment, and the symmetry of the piezoelectric effect is low. 

However, higher piezoelectric coefficients are possible to obtain in sandwich-like structures 

[8]. The maximal reported value of such sandwich-like structures reaches even 22 nC/N [9]. 

Those structures involve at least two main layers: thin electret materials, which are dielectrics 

exhibiting a quasi-permanent electric charge, and an elastic layer made of material characterized 

by high flexibility, such as thermoplastic polyurethane TPU [10] or elastomers [11]. The 

piezoelectric response of those materials is limited by geometrical dimensions, Young’s modulus 

of the elastomer layer, and the effective charge density of electret foil [1–16]. The application  

Generally, the dielectrics with high volume resistivity such as polypropylene (PP), 

fluoropolymers: polytetrafluoroethylene (PTFE, FEP), polyethylene (HDPE, LDPE, XLPE or 

polyethylene terephthalate (PET) are typically examined for their electret properties. Due to their 

high bulk resistivity of about 1016 Ωm, the Maxwell-time constant is approximately at a level of 

more than 54 h, which can assume a long charge-life time [14]. Experimental results show that 

electret materials' charge-life time reaches years [15]. Moreover, they can be applied in the form 

of gaseous-solid composites, so-called ferroelectrets, or piezoelectrets [8, 9]. Those foam-like, 

open-voided cellular structures are characterized by large piezoelectric response, flexibility, and 

low acoustic impedance. The piezoelectric coefficient d33 reaches about 800 pC/N [18]. The 

main disadvantage is the complex prefabrication process of such cellular-like structures, 

including stretching and foaming [19]. 

The main disadvantage of the mentioned dielectrics is their decomposition time, which is 

much longer than their technical usefulness, causing problems with waste storage of electret-

based products. Thus, electret materials originating from fossil fuels can be replaced with 

biodegradable alternatives such as polylactide (PLA), characterized by high dielectric resistivity 

up to 1015 Ωm [18, 19]. The PLA composites with montmorillonite [22], talc, and mica [23] or 

proteinase K [24] were also examined. The piezoelectric coefficient d33 for foamed PLA 

ferroelectret reaches even d33 = 300 pC/N) [25].  

Moreover, the parts of sandwich-like piezoelectric structures, or even whole transducers, can 

be 3-D printed using PLA filament [4, 11, 12, 26, 27] This method of prefabrication of the whole 

transducer, or its particular components, is low-cost and allows for adjusting the geometric 

dimensions for particular applications. 

In this paper, the piezoelectric transducer in the form of a sandwich-like structure with a 

metal ring is presented. Particular layers of the described transducer are biodegradable, excluding 

metal electrodes. The electro-mechanical properties of particular layers and whole transducers 

are examined, and the results are discussed. Unlike previously mentioned designs [13, 15], the 

biodegradable elastic coating made of natural rubber is applied. The model for both hexagonal-

shaped and striped-shaped structures is described, and the piezoelectric coefficient d33 is 

calculated and compared with experimental results. Implementation of the presented model 
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allows for predicting the piezoelectric response of the whole transducer due to the geometric, 

electric, and mechanical properties of particular layers. 

 

 

2. Transducer model and construction 

 

2.1. Transducer model  

According to Fig. 1, the perpendicular external force F makes the ‘soft’ layer (1) compressed 

(Δx), leading to the deformation of the charged (with effective charge density qs) foil (2) into a 

dielectric mesh (3). Therefore, the change in dimension f causes the induction of a charge on the 

rigid electrode (4), occurring as a change of voltage ΔU. That leads to the presence of a 

piezoelectric response.  

 

 
                                           (a)                                                                (b) 

Fig. 1. (a) Construction of a piezoelectric transducer containing (1) – elastic coating called a ‘soft’ 
top layer, (2) – one-sided metalized biodegradable foil with effective charge density qs 

deposited on the other side of the foil, (3) dielectric base with perforated dielectric mesh in the 
bottom, (4) – rigid electrode, (5) – ring electrode and (b) simplified strain distribution under 

external force F, where Δx is the deformation of elastomer layer and f – maximum deformation 
of electret foil  

 

In [12], the model for the calculation of the piezoelectric coefficient d33 for closed round 

voids (see Fig. 2) was presented. The theory of Kirchhoff-Love for a thin, round plate was 

assumed. As stated in [12], the well-known two-layer model of piezoelectric non-uniform 

structures can be applied to calculate the coefficient d33 for the whole structure [22] only if the 

given relation is in power: 

 𝐾𝑓𝐻 =
(1−𝜈2)

128
⋅
𝑆2

𝑆1
⋅
𝑙4

𝑥2
3 ⋅

𝑌𝑒𝑓𝑓

𝑌𝑝
⋅
1

𝑥
> 1, (1) 

where Kf H is the mechanical factor for hexagonal-void structure, ν is the Poisson’s constant of 

the foil, S2 is the area of gas-electret interphase, S2 = S – S1 (see Fig. 2), x2 is the thickness of the 

foil, l is the diameter of the gas void, effective Young’s modulus Yeff of the ‘soft’ top layer, x is 

the thickness of the ‘soft’ top layer. 

 𝑑33 =
𝐾𝑒⋅

𝑆2
𝑆1
⋅𝑞𝑠

𝑌𝑒
, (2) 
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where qs is the effective charge density deposited on electret foil, S2 is the area of gas-electret 

interphase, S2 = S – S1, where S is the whole area of the electret foil, Ye is the Young’s modulus 

of natural rubber, and Ke is the factor dependent on the geometry and electrical properties of 

particular layers as follows: 

 𝐾𝑒 =
𝑥1𝑥2𝜀1𝜀2

(𝑥1𝜀2+𝑥2𝜀1)
2, (3) 

where x1 is the thickness of a gas layer for a structure without external stress, x2 is the thickness 

of the electret foil, ε1 is the electric permittivity of a gas, ε2 is the electret permittivity of an 

electret foil. The Ke coefficient reaches its maximum value KeMAX = 0.25 when the relation 

x1ε2 = x2ε1 is fulfilled [28]. 

In this paper, not only is the hexagonal void-shaped structure investigated, but also the 

stripped one. The cross sections of the dielectric meshes are presented in Fig. 2.  

 

 
                                    (a)                                                     (b) 

Fig. 2. Cross sections of: (a) hexagonal and (b) stripped dielectric meshes, where S1 and S2 are the 
areas of solid dielectric-electret and gas-electret interphase, respectively, and the a and b 

parameters are the widths of gas-electret interphase and dielectric-electret interphase, 

respectively 

 

For the stripped-void structure, the ΔxLb (L is the length of the void, b is the width of the 

dielectric-electret interphase, see Fig. 2) is the volume of the deformed elastomer layer, and 

1/2πLfa is the volume of the collapsed foil with cross-section in the form of a half ellipse, where 

f (the maximum deformation of the foil) is given for the rectangular plate as [29]: 

 𝑓 =
𝑝𝑎4

64𝐷
=

𝑝𝑎4

64
⋅
12(1−𝜈2)

𝑌𝑝𝑥2
3 , (4) 

where p is the applied pressure, D is the flexural rigidity for the rectangular thin plate, Yp is the 

Young’s modulus of the PP foil, a is the width of the gas void, x2 is the thickness of the foil, ν is 

the Poisson’s constant of the foil. Thus, the relation for the mechanical factor for the stripped 

structure Kf S will differ from Eq. (1) and is given below: 

 𝐾𝑓𝑆 =
3𝜋(1−𝜈2)

256
⋅
𝑆2

𝑆1
⋅
𝑎4

𝑥2
3 ⋅

𝑌𝑒𝑓𝑓

𝑌𝑝
⋅
1

𝑥
⋅
𝑎

𝑏
> 1. (5) 
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2.2. Transducer construction 

In this study, a layered piezoelectric transducer design is proposed, with layers made of 

biodegradable materials, as presented in Fig. 3. The dielectric base with perforated dielectric 

mesh (1) is prefabricated using 3-D printed technology. The PLA filament (Avtek, Poland) was 

applied with Flashforge Adventurer 3 PRO printer. 

The brass metal ring (3) was applied to provide stabilization of the electret foil (2). Moreover, 

it ensures the electrical connection between the transducer and measuring equipment. Then, as 

the electret layer (2), the PLA foil with a thickness of x2 = (20 ± 1) μm was used with a graphite 

electrode (graphit conductive coating, Kontakt Chemie).  

The PLA films were extruded from polylactide (PLA) in the form of grains with dimensions 

of 150–300 µm (Luminy® PLA LX 175, Total-Corbion, Gorinchem, The Netherlands). The 

grade melt flow ratio is 3 g/10 min (2.16 kg, 190°C) and a density is 1.24 g/cm3. For film 

prefabrication, the laboratory processing line consisting of a Plasti-Corder PLV 151 single-screw 

extruder (Brabender, Duisburg, Germany) was applied. The temperature of the heating zones 

was controlled at the level of 180°C. The rotational speed of the screw was 20–40 revs/min [30]. 

 

 

Fig. 3. Transducer cross-section, where (1) – 3D printed outer PLA layer, (2)– one-sided metalized 
biodegradable foil with corona charged effective charge density qs, (3) – metal ring, (4) – NR 

elastic layer  

 

Moreover, biodegradable natural rubber (NR) was used as an elastic coating (2). The 

thickness of the layer is (3.25 ± 0.05) mm, and the Young modulus is 3.0 MPa.  

Two different shapes of dielectric mesh layer were prepared: hexagonal (H ) and striped (S ), 

as presented in Fig. 4. The projects were prepared using Tinkercad software. The height of the 

mesh is x1 = 2 mm for both (hexagonal and striped structures). 
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                                     (a)                                                    (b) 

 

 
(c) 

Fig. 4. Top view of model of PLA 3-D printed dielectric layers, where: (a) model with striped-void 
shape (S ); (b) model with hexagonal-void shape (H ); (c) photo of real samples 

 

 

2.3. Transducer properties calculations 

The S2/S coefficient differs due to the selected structure, and for the hexagonal structure, it is 

0.71, but for the striped, it is only 0.5, the a/b = 1. The Poisson’s coefficient for the PLA foil is 

0.35. The calculated values of mechanical factors are Kf H ≈ 1900 and Kf S = 165 > 1. Thus, the 

relation given in Eq. (2) could be applied for the calculation of d33 parameter.  

Due to Townsend’s model of Paschen’s breakdown and assuming that the atmospheric 

pressure p is equal to 1013 hPa with the height of the gas void x2 = 2 mm, the maximum value 

of effective charge density reaches qsMAX = 7.9 mC/m2 [17, 26]. The maximum value of the 

piezoelectric coefficient d33MAX can be calculated as: 

 

 𝑑33MAX =
𝐾𝑒⋅

𝑆2
𝑆1
⋅𝑞𝑠MAX

𝑌𝑒
. (6) 

For a hexagonal-void structure, the calculated d33MAXH is 1377 pC/N, and for square one, 

d33MAXS = 871 pC/N. 
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3. Methods 

 

3.1. Sample activation – corona charging process 

The setup presented in Fig. 5 was used to activate PLA foil with dimensions of 70 × 70 mm 

with a graphite electrode. The sample (5) was placed in Faraday’s cage (3) on the grounded 

electrode (6) at a distance of hc = 30±1 mm under the needle electrode (4), which was supplied 

by the DC high voltage power supply DORA ±20 kV (1). 

 

 

Fig. 5. Setup for corona poling of samples, where: (1) – high voltage power supply, (2) – limiting 
resistor R = 2.2 MΩ, (3)– Faraday’s cage, (4) – needle high voltage electrode, (5) – sample, (6) 

– grounded electrode 

 

The applied charging voltage for PLA foil was Uc = –11 kV for time tc = 30±1 s.  

 

3.2. Effective charge density and charge decay measurements  

The setup for indirect effective charge density and charge decay measurements is presented 

in Fig. 6. For equivalent voltage measurements, sample (1) was placed in position a) on the 

grounded electrode at a distance of 15 ± 1 mm under the needle electrode, which was supplied 

by the DC high voltage power supply TREK 610E ± 10 kV (5). In position b), the equivalent 

voltage was measured using the electrostatic voltmeter TREK 347 (3) with the dedicated 

electrostatic probe TREK 6000B (4) placed at a distance of 2 mm above the sample (see 

Fig. 6(b)). 
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Fig. 6.  Setup for equivalent voltage measurements, where: (1) – sample, (2) – grounded measuring 
table, (3) – electrostatic meter, (4) – electrostatic probe, (5) – high voltage power supply 

 

The equivalent voltage measurements were performed under the following conditions: 

charging time tc = (30 ± 1) s; air temperature (22 ± 1)°C; relative air humidity w = (24 ± 2). The 

effective surface charge density qs can be related with the equivalent voltage by the relation: 

 𝑞𝑠 = 𝜀0𝜀2
𝑈𝑧

𝑥2
, (7) 

where Uz is the measured equivalent voltage, ε2 is the electric permittivity of the PLA foil, 

ε0 = 8.85·10-12 F/m is the vacuum permittivity, x2 is the thickness of the electret foil. The effective 

charge density qs is stored in the electret foil is highly dependent on the poling voltage Uc and 

the properties of the foil [7, 27]. 

Three different samples of PLA foil were examined, as presented in Table 1. 

 
Table 1.  Samples used for charge decay measurements 

No. Material name 
Length × width, 

mm 
Thickness Poling voltage UZ 

1. PLA foil 35 × 35 20 μm –5 kV/+6 kV/–6 kV 

2. PLA filament 35 × 35 1 mm +6 kV 

3. 
PLA foil + 

hexagonal mesh 70 × 70 20 μm/0.5 mm –11 kV* 

* - The setup presented in Fig. 5 was used for charging according to the dimensions of the sample 

 

The charge distribution along the x and y axes was examined for a 2-layer sample made up 

of two layers: initially charged PLA foil and hexagonal mesh with a thickness of 0.50 ± 0.05 mm, 

about 30 minutes after the charging process. 

 

3.3. Resistivity and dielectric permittivity measurements 

The information about bulk resistivity ρv and relative dielectric permittivity ε2 of the material 

is necessary for Maxwell-time constant calculation, as follows: 
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 𝜏𝑀𝑒 = 𝜀0𝜀2𝜌𝑣, (8) 

where ε0 = 8.85·1012 F/m is the vacuum permittivity. 

The cross-resistance measurements were carried out in accordance with the 

PN‑EN‑61340‑2‑3 standard using the Resistance Meter, TREK Model 152-1 with dedicated 

electrodes: Trek Model 152P-CR-1 Probe. The cross-resistance measurements were performed 

under the following conditions: measurement voltage Up = 100 ± 1 V; measurement time 

tp = 60 ± 1 s; air temperature 22 ± 1°C; relative air humidity w = 24 ± 2%. The bulk resistivity 

ρv was calculated from 5 cross-resistance Rv measurements using the following relation: 

 𝜌𝑣 = 𝑅𝑣 ⋅
𝜋(𝑑1+𝑔)

2

𝑥2
, (9) 

where d1 = 30.5 ± 1 mm is the inner contact electrode diameter, g = 13.25 mm is the distance 

(gap) between contact electrodes, x2 is the thickness of the sample. 

The dielectric permittivity and dielectric loss factor tgδ measurements were carried out in a 

2-electrode system (the diameter of the sample was d = 25 mm) in accordance with 

PN‑86/E‑04403 standard. The sample was inserted inside Faraday’s cage, and the capacitance 

and dielectric loss factor was measured by 3522-50 LCR HiTester by HIOKI. The ε2 was 

calculated using the following equation [33]: 

 𝜀2 =
𝐶𝑥−𝐶𝑏−𝐶𝑟

𝐶0
, (10) 

where Cx is the measured capacity, C0 is the geometrical capacity calculated as: 

 𝐶0 = 6.95 ⋅ 10−12
𝑑2

𝑥2
, (11) 

the dispersion capacitance Cr as: 

 𝐶𝑟 = 0.177 ⋅ 𝑑 ⋅ 10−10, (12) 

and the edge capacitance Cb as: 

 𝐶𝑏 = 𝜋𝑑(−5.8 ⋅ log𝑥2−8.7) ⋅ 10−12. (13) 

 

3.4. Static piezoelectric coefficient measurements 

The arrangement previously described in [15, 29] for measuring the piezoelectric coefficient 

d33 was used. The weight of the measuring electrode of diameter 20 mm was 52 g, which 

corresponds to an initial load of 1.6 kPa. The piezoelectric coefficient d33 could be easily 

calculated from the relation: 

 𝑑33 =
Δ𝑈⋅𝐶𝑇

Δ𝑚⋅𝑔
, (14) 

where CT = 1.596 ± 0.029 nF is the measured total capacitance of the whole measuring system, 

ΔU is the voltage change measured by electrometer RFT 6302 (average of 10 measurements, 
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reading made 5 seconds after load application), induced by the change of sampling load: 

Δm = 200 g, g = 9.81 m/s2 is the gravitational acceleration. The voltage pulses were registered 

using Tektronix TDS 1002B oscilloscope. 

 

 

4. Results and discussion 

 

4.1. Maxwell time constant calculation 

The measured cross-resistance (average from 5 measurements) of the PLA foil is 3.3·1012 Ω, 

and according to Eq. 5, the bulk resistivity of the applied PLA foil is 2.5 × 1014 Ωm. The 

dielectric permittivity ε2 and dielectric loss factor tgδ change in function of frequency as 

presented in Fig. 7. 
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Fig. 7. Changes of dielectric permittivity ε2 and dielectric loss factor tgδ of PLA foil due to applied 
frequency in the range from 20 Hz to 100 kHz 

 

The dielectric permittivity εw = 2.66 for a frequency equal to 1 kHz. Due to Eq. (5), the 

Maxwell-time constant can be calculated, and it is equal to 1.6 h for the PLA. In Table 2, the 

comparison of electrical parameters between the examined PLA and well-known electret 

materials is presented [6, 30]. 

 
Table 2.  Selected properties of electret materials and Maxwell-time constant calculations 

Material Dielectric constant εw Bulk resistivity ρv, Ωm Maxwell-time constant τMe, h 

PLA 2.66 2.5·1014 1.56 

PTFE 2.1 1017 516 
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PP 2.4 1016 59 

PET 2.6 1016 64 

 

The Maxwell-time constant for the examined PLA is by an order of magnitude lower than 

for well-known electret materials, which is related to lower bulk resistivity in comparison to 

PTFE or PP (see Table 2). 

 

4.2. Charge decay measurements 

For comparison to the data presented in Table 2, the Maxwell-time constant for materials can 

also be estimated using charge-decay characteristics. The exemplary equivalent voltage 

characteristics, or corresponding surface charge decay characteristics, are presented in Fig. 8. 
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
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1/e
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x

 

Fig. 8. The exemplary equivalent voltage UZ = f (t) time characteristic with marked Maxwell-time 
constant τMe and half-decay time t1/2, the data is presented in relative values referred to 

UZ0 – initial value of equivalent voltage for t = 0. 

 

The value of the Maxwell-time constant can be determined by measuring the time at which 

the initial value of effective charge density decreases to 1/e of its initial value. This relationship 

is strictly valid only for an exponential charge decay. Since charge decay in electret materials 

usually follows different curves, charge stability is typically characterized for comparison 

purposes using the so-called half-decay time t1/2. The half-decay time t1/2 is defined as the time 

at which the effective charge density qs (or the equivalent voltage UZ) decreases to half of its 

initial value. 

The summary results of charge-decay measurements are presented in Table 3. 
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Table 3.  Properties of materials  

Material 
Charging 

voltage Ue 

Initial voltage 

UZ0, kV 

Half-decay time 

t1/2, h 

Maxwell-time 

constant τMe, h 

PLA foil 

+5  0 - - 

–5 1.420 2.68 3.57 

+6 1.994 2.60 3.85 

–6 2.606 0.60 2.03 

PLA fila-
ment 

+6 1.705 1.69 - 

 

The half-decay time was read directly from experimental data (see Fig. 8). The Maxwell-

time constant for the examined samples was calculated using exponential approximation: 

 𝑈𝑍(𝑡) = 𝐴 exp( − 𝐵𝑡). (15) 

The fitting exponential coefficients A and B and the coefficient of determination R2 are 

presented in Table 4. 

 
Table 4.  The fitting exponential coefficients A and B and the coefficient of determination R2  

fitted for charge decay curves 

Charging voltage Ue A –B·10-5 R2 

–5 1168 5.391 0.93 

+6 1615 5.645 0.92 

–6 1731 9.549 0.87 

 

As given in Table 4, the determination R2 is lower than 0.95, so the fitting of the curves is 

not sufficiently accurate, but it allows for estimation of the values of the Maxwell-time constant. 

The initial values of equivalent voltage UZ0 are higher (see Table 3) than the estimated ones (see 

Table 2). It should also be noted that the Maxwell-time constant estimated using charge-decay 

measurements is higher than the Maxwell-time constant calculated using Eq. 5 [7, 27]. Different 

curves, such as multiple-term power series models, could be applied for better fitting [12].   

The Maxwell-time constant for the PLA calculated using measured curves (see Table 3) is 

higher than calculated using Eq. (8), equal to 1.6 h. Similar properties are described for PTFE, 

where calculated Maxwell-time constants are days (see Table 2), but the results show that it 

could reach years. The calculations of Maxwell-time constant using permittivity and resistivity 

are not always corresponding due to a variety of mechanisms leading to the charge decay as 

stated in [15].  

As presented in Fig. 9, the Maxwell-time constant and t1/2 are highly dependent on polarity 

and the value of the charging voltage Ue. 
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(a)                                                                                     (b) 

Fig. 9. Time-dependence of the equivalent voltage of PLA foil in (a) relative units and (b) absolute 
units for different charging voltages Ue 

 

Moreover, the crossover phenomenon, well-known for polyethylene charge-decay curves, is 

observed [36]. The research on the electret properties of PLA should be developed, leading to a 

greater understanding of PLA nature and the possibilities to apply PLA as an electret material. 

 

4.3. Equivalent voltage distribution  

In Fig. 10, the equivalent voltage distribution on a charged PLA foil with 3-D printed PLA 

mesh with hexagonal voids of the thickness of 0.50 mm is presented. The measurements were 

taken about 30 minutes after charging. The results are averaged by measuring the aperture of the 

applied probe.  
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Fig. 10. Equivalent voltage distribution on charged PLA foil with 3-D printed PLA mesh with 
hexagonal mesh on it 
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The distribution confirms assumptions made in the model that only the effective charge 

density stored on the gas-electret interphase is responsible for the piezoelectric response of the 

structure. The influence of PLA foil – PLA mesh interphase (area S1) on the distribution of 

electric field and charge decay can be further investigated. 

 

4.4. Static piezoelectric coefficient d33 

The voltage pulses generated by regularly applying and removing the load are presented in 

Fig. 11. The oscilloscope image was registered for a hexagonal-shaped structure for initial 

pressure p = 1.6 kPa.  
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Fig. 11. Static pressure dependence of piezoelectric coefficient d33 for both hexagonal (d33H) and 
striped (d33S) structures 

 

In Fig. 12, the static pressure dependence of the piezoelectric coefficient d33 for both 

hexagonal (d33H) and striped (d33S) structures is presented. The fitted curves and determination 

coefficients, R2, are also located in the Fig. 12.  

 

Earl
y A

cce
ss



This paper has been accepted for publication in the AEE journal. This is the version, which has  

not been fully edited and content may change prior to final publication.  

Citation information: DOI 10.24425/aee.2025.155957 

 

0 5 10 15 20

0

50

100

150

200

250

d
3

3
, 

p
C

/N

p, kPa

 striped

 hexagonal

 

Fig. 12. Static pressure dependence of piezoelectric coefficient d33 for both hexagonal (d33H) and 
striped (d33S) structures 

 

The piezoelectric response for both structures is highly pressure-dependent, which was 

previously noticed [12]. This phenomenon can be explained by non-linearities in the stress-strain 

function of natural rubber, like for other high elastic materials [10]. Anyway, the dynamics of 

the characteristics are different. The power function was fitted for the hexagonal structure as it 

was previously presented [12], but for the striped structure, the exponential curve seemed to be 

a better match. In Table 5, the comparison of measured and calculated piezoelectric coefficients 

is presented. 

 

Table 5.  The comparison of the measured and calculated piezoelectric coefficient  

Sample type d33MAX, pC/N d33m, pC/N d33, pC/N d33/d33m, % 

Hexagonal 1377 262 224±11 85 

Striped  871 166 138±7 83 

 

The d33MAX is the maximal value of the coefficient calculated using Eq. (6), assuming the 

qsMAX = 7.9 mC/m2. According to Fig. 10, the equivalent voltage 30 minutes after charging is 

UZ ≅ 1700 V, which corresponds to an effective charge density equal to qs = 1.5 mC/m2 (see 

Eq. (7)). Substituting into Eq. (6), the calculated piezoelectric coefficient d33m is 262 pC/N for 

the hexagonal structure and 166 pC/N for the striped structure. These results correspond to 

measured values of d33 equal to 224 pC/N and 138 pC/N, respectively. The d33m is about 5 times 

lower than d33MAX, which is caused by differences in effective charge density qs measured 30 

minutes after foil charging, and the calculated maximal value of charge density qsMAX. Increasing 

the charging voltage is possible to obtain higher effective charge densities; however, the range 
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of the used probe is 3200 V (see Section 3.2), and another probe should be applied to widen the 

measurement range and further model validation. 

 

Table 6.  The comparison of the piezoelectric coefficient d33 for a hexagonal-shaped structure 

for different times after charging 

Time after charging 30 minutes 4 days 1 month 

d33, pC/N 224 ± 11 56 ± 6 52 ± 3 

 

Additionally, the time stability of d33 for the hexagonal-shaped structure was measured, and 

the results are presented in Table 6. The time stability of d33 is highly dependent on the electret 

properties of the applied foil. Thus, further research on the electret properties of biodegradable 

foils is recommended. 

 

5. Conclusions 

 

In this study, a biodegradable piezoelectric transducer composed of polylactide (PLA) and 

natural rubber (NR) was presented. The metal ring prevents the electret foil from moving and 

provides an electrical connection between the metalized part of the foil and the output (measuring 

electrode). The application of 3-D printing methods allows prefabricating transducers in any 

shape and dimensions limited only by the printer resolution. Moreover, the presented design 

allows the application of different biodegradable and non-biodegradable materials as particular 

layers to optimize the properties according to the proposed model. Not only natural rubber, but 

also various biodegradable elastic dielectrics, can be applied to enhance the piezoelectric 

properties of the transducer. 

Another crucial element influencing the piezoelectric response is the biodegradable foil, 

which should indicate sufficient electret properties. The results demonstrated that PLA, despite 

having a lower (even two orders of magnitude) Maxwell-time constant compared to traditional 

electret materials like PTFE and PP, exhibits sufficient electret properties to serve as a functional 

dielectric layer in piezoelectric applications. Further research on PLA is essential, including the 

influence of charging voltage, charging time, and external conditions on charge decay 

characteristics. The increase in charging voltage may lead to the rise of effective charge density, 

but also to faster charge decay, which is not desired for electret applications. Moreover, the PLA 

composites could be examined for possible application as an electret material. 

The experimental findings confirmed that the shape of the dielectric mesh significantly 

impacts the transducer's electromechanical properties. Due to static measurements, the higher 

piezoelectric coefficient d33 was obtained for the hexagonal-shaped structure (224 pC/N) than 

for the stripped one (138 pC/N). The calculated results are about 85% lower than the calculated 

ones. The increase in piezoelectric response is possible due to optimisation of charging 

properties, especially an increase in charging voltage. 
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The measured piezoelectric coefficient is pressure-dependent in the range from 1.5 to 15 kPa. 

The reason can be the non-linear stress-strain characteristic of the applied natural rubber. The 

application of different coating materials could enhance the mechanical properties of the sample. 

Overall, the results highlight the potential of PLA-based piezoelectric transducers for 

environmentally friendly applications, including energy harvesting, wearable electronics, and 

biomedical sensors. Future research should focus on optimization of the geometry, exploring 

alternative biodegradable materials with higher resistivity, and examining biodegradable elastic 

materials for enhancement of mechanical properties of the whole transducer. 
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