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INTRODUCTION

Electrostatic forces and coulomb’s law

Electrostatic forces are a pivotal aspect of 
physics and materials science, playing a crucial 
role across numerous applications, especially in 
the fields of biomedicine, materials engineer-
ing, and environmental science. Understanding 
electrostatic interactions is essential for grasping 
the mechanisms underlying various physical and 
chemical processes.

Electrostatic forces, also referred to as Cou-
lombic forces, arise from the interaction be-
tween charged particles. They can be categorised 
mainly into attraction and repulsive forces, which 
are governed by Coulomb’s law [1–3]. This law 
states that the magnitude of the electrostatic force 
between two point charges is directly proportion-
al to the product of the magnitudes of the charges 

and inversely proportional to the square of the 
distance between them [1]. Attractive forces oc-
cur between opposite charges, while like charges 
(i.e., charges of the same polarity) experience a 
repulsive force, affecting particle behaviour in so-
lutions and materials. Consequently, Coulomb’s 
law in vacuum takes the following form:
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where:	Fe is the magnitude of the electrostatic 
force between the charges q1 and q2, εo is
the permittivity of free space, and r refers 
to the distance between two charges.

The principle of superposition states that the 
total force FTe acting on a given charge in the 
presence of multiple other charges is the vector 
sum of the individual forces Fe∙i exerted by each 
of those charges [1–3]:
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It is important to emphasise that Coulomb’s 
law, as expressed in Equation 1, is strictly valid 
only for point charges or spherically symmetric 
charge distributions. In the cases involving more 
complex geometries, the force must be deter-
mined by evaluating the electric field generated 
by continuous charge distributions.

For example, in the case of an ideal parallel-
plate capacitor, where the plates have a large sur-
face area s and are positioned close to each other, 
the resulting force does not obey the inverse-
square law. Instead, assuming a uniform electric 
field and a constant charge Q0 on the plates, the 
attractive force between them becomes indepen-
dent of the plate separation (i.e., spacing between 
electrodes) d and is given by [3]:
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In many complex systems, an exact analyti-
cal expression for the electrostatic force is often 
difficult to establish due to geometric complex-
ity, the presence of pronounced edge effects 
(i.e., fringing effects in real capacitors), and the 
non-uniform distribution of material properties. 
Spatial inhomogeneities in dielectric permittiv-
ity—arising from multilayer structures, material 
gradients, or interfacial regions between charged 
bodies—can also substantially alter the electric 
field distribution and, consequently, the resulting 
force F. In such cases, experimental validation 
becomes essential, particularly for configurations 
designed for practical applications.

Electrostatic forces play a fundamental role in 
understanding phenomena such as static electrici-
ty, the behaviour of particles in electric fields, and 
the operation of devices including capacitors and 
electrostatic precipitators [1]. Numerous indus-
trial and technological applications also exploit 
electrostatic effects, including inkjet printers, 
photocopiers, electrostatic motors, separators, ion 
propulsion systems, and microelectromechanical 
systems (MEMS) [1, 2, 4].

In modern technology, electrostatic forces 
find applications in numerous domains. In nano-
technology, for instance, electrostatic interactions 
enable the fabrication of nanomaterials through 
techniques such as colloidal dispersions and nano-
crystal assembly, where the precise control of 
charges and surface potentials allows for the ma-
nipulation of material properties at the molecular 

level [5]. Furthermore, electrostatic forces are 
crucial in such methods as inkjet printing for bio-
logical applications, where precise alignments of 
biomolecules are achieved by modulating elec-
trostatic interactions [5].

Another prominent application of electrostat-
ics is microelectromechanical systems (MEMS). 
These devices rely on electrostatic actuation, where 
varying voltage differences create forces that lead 
to mechanical movement. The quick response 
times and high accuracy of electrostatic actuators 
make them ideal for various applications, includ-
ing sensors and communication technologies [6] 
as well as force microscopy devices that enable 
the imaging of material properties at the atomic 
scale [7]. Additionally, electrostatic forces play an 
important role in energy harvesting systems, such 
as triboelectric nanogenerators, which convert me-
chanical energy into electrical energy using contact 
charging (i.e., electrification) principles [8].

In biomedicine, electrostatic interactions are 
fundamental for the design of drug delivery sys-
tems. The targeted binding of drugs to specific cell 
types can be manipulated through charge interac-
tions, ensuring that therapeutic agents are deliv-
ered where needed, enhancing treatment efficacy 
while minimising side effects [9]. Furthermore, 
electrostatic forces facilitate the encapsulation of 
biomolecules within carriers, leveraging charge in-
teractions to form stable complex structures [10].

Electrostatic adhesion

Electroadhesion (EA) refers to the electro-
static attraction between two surfaces when an 
electric field is present between them. This elec-
tric field may originate from an external power 
source and be actively switched on and off (i.e., 
active EA), or it may result from a quasi-perma-
nent surface charge, in which case the field is con-
tinuously present (i.e., passive EA). EA systems 
offer unique advantages, including the ability to 
grip a wide range of materials (metals, glass, con-
crete, fabrics, etc.) with minimal surface damage 
and very low energy consumption compared to 
suction or magnetic methods [11, 12]. However, 
conventional, active electroadhesion requires a 
continuous high-voltage supply to maintain the 
adhesive force, which can introduce complexity 
and some limitations. Recent developments have 
expanded electroadhesion beyond the traditional, 
active mode (i.e., with an external voltage source) 
into passive modes that rely on stored electrostatic 
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charge (i.e., using electret materials or temporary 
charging) without continuous power.

Active electroadhesion employs an external 
high-voltage power supply and electrode arrange-
ments to dynamically create and control electro-
static attraction. In this mode, a controller can 
switch the voltage on or off (or even modulate it), 
thereby engaging or releasing the adhesive force 
almost instantly. Some applications utilising active 
electroadhesion include object fixturing [13], ro-
botic crawling and climbing [14, 15], mechanical 
and electrical interconnections [16], perching [17], 
anchoring [18], as well as robotic grippers [19].

Generally, an electroadhesive system con-
sists of four key elements: an EA electrode, a 
high-voltage power supply, a control module, 
and a substrate material to be attached or lifted 
[20]. Active electroadhesion devices typically 
operate at voltages of up to a few tens of kilo-
volts, but with extremely low currents (micro-
ampere-range), meaning their power consump-
tion is very low despite the high voltage [11, 
12]. A drive circuit applies either DC or AC high 
voltage. Many systems use a DC bias with alter-
nating-polarity electrodes to avoid net charging 
of the surface (which could attract dust or cause 
sticking after power-off). When activated, the pad 
will adhere to almost any material: metal, wood, 
glass, plastic, paper, fabric, and even rough or 
dusty surfaces [11]. This broad compatibility aris-
es because the electric field either induces image 
charges in conductors or polarises the molecules 
of insulators. In contrast to suction cups or mag-
nets, electroadhesion does not require an airtight 
seal or ferromagnetic material – it works on po-
rous and non-magnetic materials as well.

On the other hand, passive electroadhesion 
techniques do not require continuous power in-
put. In passive EA, the adhesive force is provided 
by the charges stored in the materials themselves 
(i.e., using charged dielectric layers – electret ma-
terials), eliminating the need for an active voltage 
source during operation [21, 22]

Electret materials enable such passive elec-
troadhesion. An electret is a dielectric materi-
al that carries a quasi-permanent electric charge 
or dipole polarisation, analogous to a permanent 
magnet but with an electric field. Once charged 
(e.g., by a corona discharge or other charging 
method), an electret can induce opposite charges 
on a nearby surface, creating an adhesive electro-
static force without any external power supply. 
Passive electroadhesive devices based on electrets 

can therefore be extremely thin, flexible, and en-
ergy-efficient. They remain “on” with zero power 
consumption, offering possibilities for applica-
tions in robotics, manufacturing, and consumer 
products. For instance, a recent study demonstrat-
ed electret-based electroadhesion for enhancing 
friction, underscoring the potential of passive EA 
in robotic gripping and locomotion systems [23].

Despite this promise, several challenges and 
knowledge gaps remain for electret-based elec-
troadhesion. All electrets gradually lose their 
charge over time, especially under adverse condi-
tions like high humidity or surface contamination, 
which can significantly reduce long-term adhe-
sion performance [22]. Moreover, the maximum 
achievable adhesive force in a passive system 
is fundamentally limited by the surface charge 
density that the electret material can hold. These 
practical limitations mean that the durability and 
strength of passive EA devices depend critically 
on the charge storage and retention characteristics 
of an electret (also known as lifetime characteris-
tics or charge decay characteristics).

The examples above demonstrate the versatil-
ity of electroadhesion as a functional mechanism 
in fields ranging from robotics and electronics to 
consumer goods and healthcare. Further develop-
ment of materials and optimisation of electrode 
configurations—or electret charging methods 
such as corona discharge—are expected to further 
expand the application of the so-called passive 
electroadhesion process.

Motivation and aim of this work

The aim of this study was twofold:
	• to investigate the influence of various DC co-

rona charging conditions (varying the charg-
ing voltage magnitude and polarity) on the 
total charge and surface potential distribution 
on the PET to evaluate the charge decay rate, 
thereby determining how long the film can re-
tain its charged (electret) state;

	• to estimate the electrostatic adhesion forces 
between the charged PET film and a grounded 
conductive surface at various film–surface 
separation distances.

The scientific objectives of this work result 
from the lack of comprehensive academic research 
into the fundamental aspects related to passive 
electroadhesion. Although some commercial prod-
ucts (e.g., reusable glue-free posters and removable 
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labels) already utilise static charge to adhere to 
surfaces, detailed studies of their charge decay 
behaviour and electroadhesive mechanism under 
real-world conditions remain limited. This lack of 
fundamental data in the literature hinders the opti-
misation and wider adoption of passive electroad-
hesion technology in advanced applications, since 
designers have little quantitative guidance on how 
long a polymer electret can hold its charge or how 
much force it can reliably provide over time. To 
bridge this gap, this study investigated the novel 
use of polyethylene terephthalate (PET) film as an 
electret material for passive electroadhesion. 

Nowadays, PET is a widely used polymer 
with high electrical resistivity and good mechani-
cal stability, making it a suitable material for 
electret-based adhesion. Furthermore, PET can 
be applied in many new applications in various 
technologies, e.g., 3D printing, the development 
of energy-absorbing structures, or as an additive 
to concrete to improve its mechanical properties 
and durability [24–26].

MATERIALS AND METHODS

Electret films 

A commercially available PET film was used 
as the electret material. The tested film was pur-
chased from Mitsubishi Polyester Film GmbH 
(Germany). The volume resistivity (rv) and rela-
tive permittivity (εr) of the polymeric film were 
equal to 1015 Ω·m (measured) and 3.26 (data sup-
ported by the manufacturer, not measured), re-
spectively. Each sample was a circular PET sheet 
70 mm in diameter and 36 μm thick.

Corona charging of polymeric films

Corona charging was conducted in ambient 
air at atmospheric pressure. A single-needle high-
voltage corona electrode (connected to a Glassman 
high-voltage DC power supply) was used to charge 
the film. The applied corona voltage Ue was var-
ied from –10 kV to +10 kV. The needle tip was 
positioned 15 mm above the sample surface, and 
each film was exposed to the corona discharge 
for 30 s. The corona discharge process proceeded 
under fixed conditions of temperature and humi-
dity, i.e., for T = 22 ± 1 °C and RH = 40 ± 2%. Du-
ring charging, the side of the PET film opposite 
the needle was held in contact with a grounded 

metal plate (Figure 1). For clarity, the surface of 
the sample facing the corona electrode is referred 
to as “side A” (charged side), and the opposite 
surface that was against the grounded plate is re-
ferred to as “side B” (grounded side).

Measurement of charge decay time 		
and charge level

Immediately after corona charging, the 
surface potential of each film was measured 
using a Trek Model 341B electrostatic voltme-
ter with a non-contacting probe. For this mea-
surement, the charged film was placed on a 
grounded conductive plate, and the probe was 
held at a distance of 2 mm above the film sur-
face (Figure  2). The probe was then scanned 
across the sample in the x–y plane to map the 
surface potential distribution over the film. In 
addition to the surface potential mapping, the 
total charge on the film was measured using a 
Faraday cup connected to an RFT-6305 analog 
electrometer. This net charge measurement 
was used to correlate with the surface potential 

Figure 1. Schematic of the corona charging setup 
(not to scale): (1) high-voltage needle electrode, (2) 
grounded plate electrode, a – adjustable gap, di = 45 
mm, de = 70 mm, b = 5 mm (geometric parameters)

Figure 2. Experimental setup for surface potential 
decay measurements: G – grounded plate, S – sample, 
P – measuring probe, ESVM – electrostatic voltmeter
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map of the electret sample.The measurements 
were carried out under fixed conditions of tem-
perature and humidity, i.e., for T = 22 ± 1 °C 
and RH = 40 ± 2%.

Electrostatic force measurements

After charging, the electrostatic attraction force 
between the charged film and a grounded conduc-
tive surface was measured using a sensitive weigh-
ing method. The charged PET film was clamped 
between two concentric brass rings that were con-
nected to ground (Figure 3). The inner brass ring 
had a diameter of 44 mm, and the outer ring had a 
diameter of 51 mm (with a small gap in between, 
as shown in Figure 3). This ring-supported film as-
sembly was then positioned at a set distance above 
the metal weighing pan of a digital balance with an 
accuracy of 0.001 g (OHAUS Corporation, USA) 
as presented in Figure 4. A vertical translation stage 
(z-axis) allowed precise adjustment of the gap be-
tween the film and the balance platform, with a 

positioning accuracy of 0.1 mm. During each force 
measurement, the brass ring fixture (holding the 
film) and the metal plate of the balance were both 
grounded to ensure a common reference potential 
for the system. All measurements were performed 
under fixed conditions of temperature and humid-
ity, i.e., for T = 22 ± 1 °C and RH = 40 ± 2%.

RESULTS AND DISCUSSION

Potential decay

To evaluate the charge retention of the PET 
film and confirm its electret behaviour, the sur-
face potential decay was measured on both the 
directly charged side (side A, facing the corona 
electrode) and the opposite side (side B, in con-
tact with the grounded plate during charging). 
Representative decay curves (Figure 5) show that 
negatively charged samples lose surface potential 
more rapidly than positively charged ones.

Table 1 provides the initial surface potentials 
(Ui) and the time required for the potential to drop 
to 95% of its initial value (t95%) for each case. 
The obtained experimental data indicate a much 

Figure 3. Method of mounting the PET film between 
grounded brass rings (ring diameters: d1 = 44 mm, d2 

= 47 mm, d3 = 51 mm)

Figure 4. Schematic diagram of the electrostatic force 
measurement system: S – sample (PET film), M – 

positioning control unit, WG – weighing scale (digital 
balance), PC – data acquisition system

Figure 5. Electric potential decay for: a) positively, and b) negatively charged samples. The results were 
obtained for voltage Ue and charging time te equal to ± 10 kV and 30 s, respectively
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slower decay of surface potential for positively 
charged PET film than for negatively charged 
samples. In practical terms, a PET electret charged 
with a voltage of +10 kV retains charge for hours 
(with t95% around 1.75–1.9 hours), whereas a nega-
tively charged PET sample retains charge within 
tens of minutes. This asymmetry suggests that 
the underlying charge trapping and leakage pro-
cesses are highly sensitive to the charge polarity, 
i.e., polarity of the corona electrode. The polari-
ty-dependent behaviour observed in PET is part 
of a broader pattern reported for various electret 
materials. For instance, Molinié [27] noted that 
on moderate fields, electrets like PTFE and FEP 
show markedly different stability for positive vs. 
negative corona charging (especially after ther-
mal trap stabilization by annealing). Rychkov et 
al. reported that untreated FEP films lose posi-
tive charge much faster than negative charge, but 
after a chemical surface treatment, the positive 
charge stability increased by about two orders 
of magnitude, effectively eliminating the inher-
ent asymmetry [28]. These findings demonstrate 
that charge-decay asymmetry is rooted in material 
properties (surface and bulk trap characteristics), 
and that modifying the surface of a material can 
preferentially enhance the stability of one charge 
polarity over the other. Additionally, surface po-
tential decay in polymers (including PET) is influ-
enced by environmental factors (e.g., temperature 
and humidity) and by initial charge density (the 
so-called “cross-over effect”) [27, 29]. In the case 
of PET charged via corona discharge, the charging 
polarity plays a decisive role in how charges are 
deposited and subsequently retained on the film.

Slight differences in surface potential decay 
(SPD) behaviour between the two sides of the 
sample were observed. For example, in the case of 
a negative charging voltage, SPDs to 95% of the 
initial value for both sample sides are equal to 980 
and 1200 s, respectively. A similar effect is also 
observed when the corona electrode is supplied 
with a voltage of positive polarity. However, the 
observed differences in SPD are also related to the 

initial charge level of the samples. As it can be seen, 
higher surface potential values lead to a reduction 
in SPD. SPDs for samples with initial surface po-
tentials of 4.82 and 4.87 kV, for example, are 6900 
and 6300 s, respectively. Despite these side-to-side 
differences, it is evident that the PET film retains 
its charge for sufficiently long durations to perform 
the electroadhesion force measurements.

Beyond the obtained results, prior studies 
have shown that the corona charging process can 
improve charge storage in various polymers. For 
instance, Zhang et al. demonstrated that corona 
charging can enhance the charge density and sta-
bility of polypropylene electrets by modifying lo-
cal charge centers and trap distributions [30, 31]. 
Similarly, Hu et al. proved that the charging pro-
cess contributes to deeper electron traps in poly-
mer constructs, thereby stabilising stored charges 
[32]. This improvement is critical in applications 
such as filtration, where the performance of elec-
tret-based materials is directly correlated with 
their charge storage abilities [33]. In general, elec-
tret charge can be stored either as real (embedded) 
charges or as oriented dipoles, and the dominant 
mechanism depends on the material. For example, 
non-fluoropolymer electrets often rely on dipo-
lar polarisation, whereas corona-injected space 
charges are particularly effective for fluorinated 
polymers due to their superior charge lifetime 
[32]. For example, Dai et al. observed that corona-
charged FEP films exhibit very stable surface po-
tentials for both polarities (long lifetimes for nega-
tive and positive charges) [34]. Moreover, chang-
es in material processing or composition, such as 
adding specific surface coatings, can significantly 
affect charge-trap characteristics and thereby alter 
charge-decay rates [35]. These insights corrobo-
rate the obtained findings that charge stability and 
any polarity-based asymmetry are inherently tied 
to material trap properties, and they highlight that 
the targeted material modifications can further op-
timise electret performance.

Table 1. Average charge decay times for the studied cases
Case Ui [kV] t95% [s]

Ue = +10 kV (charged side, positive charge) 4.82 6900

Ue = +10 kV (grounded side, negative charge) -4.87 6300

Ue = -10 kV (charged side, negative charge) -5.21 980

Ue = -10 kV (grounded side, positive charge) 5.11 1200
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Charge levels of the electret film

Immediately after charging the PET elec-
tret film samples by corona discharge, two pa-
rameters were measured: (1) the total charge QT 
on the sample using a Faraday cup, and (2) the 
maximum surface potential Umax at the centre of 
the charged side A. The results of these measure-
ments are shown in Figure 6.

As it can be seen in Figure 6, there is a clear 
dependence of both stored charge and surface po-
tential on the applied charging voltage Ue. A higher 
charging voltage (stronger polarising field) injects 
more charge into the dielectric, leading to a great-
er surface potential. Both the maximum surface 
potential Uₘₐₓ and the total charge QT typically 
exhibit an approximately linear increase with the 
applied corona voltage Uₑ. However, at +6 kV, a 
noticeable deviation from the given trend is ob-
served. The underlying cause of this deviation is 
discussed later in this section. The highest record-
ed total (i.e., net) charge values are approximately 
QT = +33 nC for Uₑ = +10 kV and QT = −29 nC 
for Uₑ = −10 kV. 

On the basis of Umax measurements, the incep-
tion voltage Ui for corona discharge can be calcu-
lated. In the conducted experiments, for negative 
corona Ui- is -3.6 kV, whereas for positive corona 
Ui+ equals +5.6 kV.

Within the investigated range, the relation 
between the maximum surface potential Umax and 
the charging voltage Ue (assuming | Ue |>| Ui |) 
can be presented for positive corona discharge as:
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and for negative corona discharge as:
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It can be assumed that for the charging volt-
age of +6 kV, the corona discharge is not very 
stable. The previously mentioned QT deviation 
from the linear trend (for Uₑ = +6 kV) is most 
likely due to only a slight difference between the 
inception voltage Ui and the charging voltage Ue. 

In the next part of the study, a scanning and 
mapping technique was used in the surface poten-
tial measurement. The proposed method enables 
the measurement of the complete surface charge 
distribution profile of electrets and provides a 
potential mapping graph that reflects the exact 
surface charge distribution and the charge decay 
trend after corona charging [36, 37].

The results of surface potential distribution 
measurements along the sample diameter are 
shown in Figure 7 for different times after the 
charging process. The obtained results confirm 
that the potential generally reaches a peak near 
the centre of the film (i.e., in the area directly un-
der the needle electrode) and decays with time. 
As shown in Figure 7, over time, the peak poten-
tial value decreases, and the distribution broadens 
significantly. In other words, as the charge de-
cays, the spatial profile becomes flatter and wider. 
The observed behaviour can be attributed to two 
mechanisms. First, there is a radial charge diffu-
sion effect, in which the surface charge migrates 
from areas of higher concentration (usually near 
the centre of the sample) towards the edge of the 
sample (with lower charge density), leading to a 

Figure 6. Maximum surface potential Umax and total charge QT as a function of charging voltage Ue, 
R2 values are given for Umax
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broader and flatter potential profile. Secondly, the 
non-uniform rate of charge decay at the surface 
contributes to the observed shape. Specifically, 
the potential tends to decay faster in the areas 
where it was initially higher (i.e., the centre of the 
sample) and slower where it was lower (i.e., the 
edges of the sample). This results in a broaden-
ing of the charge distribution over time. A similar 
trend is also observed in [38], where the effect 
was even more prominent. However, it is worth 
noting that this study involves a different mate-
rial (HTV silicone rubber), which can affect the 
dynamics of charge changes.

It was also observed that the shape of the 
surface potential distribution profile is strongly 
dependent on the magnitude of the charging volt-
age (i.e., supplying the corona electrode). The in-
fluence of the charging voltage of the PET film 
samples on the surface potential distribution is 
shown in Figure 8. The shape of the surface po-
tential profile was found to depend on the magni-
tude and polarity of the corona charging voltage. 
Figure 8 compares normalised potential distribu-
tions for different Uₑ values. In general, higher 
charging voltages produce a wider charge dis-
tribution on the sample. This effect is especially 
evident for positively charged samples. Notably, 

the profile obtained at Uₑ = +6 kV is much nar-
rower than those at higher voltages, which cor-
relates with the lower total charge deposited at 
6 kV (see Figure 6). Since +6 kV is very close 
to the positive inception voltage (Ui+ = +5.6 kV), 
operating at this threshold likely led to a more lo-
calised charging with limited spread, due to the 
marginal and unstable corona discharge in that 
case. Furthermore, under comparable conditions 
(same |Uₑ| value, charging time, humidity), nega-
tively charged samples exhibited slightly broader 
surface potential profiles than positively charged 
ones. Figure 9 shows an example comparison at 
Uₑ = 10 kV: the negative-corona charged film has 
a marginally wider potential distribution, though 
apart from this width difference, the overall “bell” 
shape of the profile is similar for both polarities. 
Aside from the width, any other systematic differ-
ence in profile shape between positive and nega-
tive corona charging were not observed.

The surface potential mapping was extended 
to the entire area of the film on both sides. An 
example 2D potential map for side A is shown in 
Figure 10 (for a sample charged at –10 kV).

The distribution is approximately axisymmet-
ric and bell-shaped, with the highest potential at the 
centre of side A (under the needle during charging). 

Figure 7. Measured surface potential distribution (Ue = +10 kV): (a) real, and (b) normalised patterns

Figure 8. Measured surface potential distribution (normalised) patterns along the sample diameter for: 
(a) positive, and (b) negative charging voltage
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Such bell-shaped surface potential profiles are 
typical for corona-charged dielectric films [38, 39]. 
They arise from the inherent non-uniformity of the 
electric field in the point-to-plane corona geometry 
[38–40]: the electric field (and thus charge deposi-
tion rate) is strongest directly beneath the corona 
point and diminishes radially outward, yielding a 
peaked charge distribution. The measured potential 
map on side B had a similar shape, with opposite 
polarity (since side B acquires a charge of the oppo-
site sign to the polarity of the charging voltage) and 
slightly lower potential values. However, it is im-
portant to note that mapping the full surface is time-
consuming. In the conducted measurements, scan-
ning the entire side A took roughly 4600–5600 s, 
and the scan of side B was performed immediately 
afterward, finishing at about 8300 s after the initial 
charge. This means that significant charge decay 
(estimated 5–20% reduction) could occur for the 

measurement, especially by the time side  B was 
being scanned. Knowing the decay characteristics 
from Figure 5, a time-dependent correction was ap-
plied to the measured potentials to account for the 
expected decay during scanning. Essentially, the 
measured value of each point was adjusted based 
on the elapsed time and the decay curve (assuming 
the spatial profile shape does not itself change the 
decay, aside from the diffusion broadening already 
discussed). Figure 11 shows the surface potential 
profiles along the central diameter on both side A 
and side B after applying this decay correction. The 
corrected full-area measurements (Figure 11) con-
firm that side B of the film consistently carries an 
induced charge of opposite polarity to side A and of 
nearly the same magnitude. In most cases, the peak 
surface potential on side B is only slightly lower 
than on side A. For example, UmaxA = 5.18–5.23 
kV, whereas UmaxB = 5.10–5.14 kV – a difference of 

Figure 9. Measured surface potential distribution (normalised) patterns along the sample diameter for both 
polarities of charging voltage

Figure 10. Pattern of the surface potential distribution on the charged side during corona discharge; Ue = -10 kV



423

Advances in Science and Technology Research Journal 2025, 19(11) 414–428

only about 1-2%, which is within the measurement 
uncertainty. Thus, aside from the polarity inversion, 
the charged side and the opposite side have com-
parable surface potential levels immediately after 
charging. We also observe that the potential distri-
bution on side B is somewhat broader (more spread 
out) than on side A. This is likely because side B was 
scanned later, after the charge had time to undergo 
the diffusion and non-uniform decay broadening 
described above. In general, for charging voltages 
of ±10 kV, the measured potential profiles (on ei-
ther side) can be fit reasonably well by a sinus-type 
analytical function. It was found that a function of 
the form cos0.8(A∙x) (where A is a constant related to 
the sample geometry and size) provided a good fit 
(coefficient of determination R2 = 0.972) to the nor-
malised diameter profiles (see Figure 12 for a com-
parison of measured and fitted curves). As men-
tioned earlier, the maximum surface potential on 

side A after charging (at ±10 kV) was about 5.2 kV. 
Using this value, the surface charge density on the 
film can be estimated. Assuming a parallel-plate 
capacitor model for the film on the grounded plate 
(with known film thickness and dielectric constant), 
the surface charge density is given by [37]:
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Applying 5.2 kV as Umax (and the PET film pa-
rameters), a maximum surface charge density on 
the order of 4.2 mC/m² was obtained. Using the 
fitted cos0.8(A∙x) charge distribution with this peak 
value, the total charge on one side of the sample 
can be estimated by integrating over the area. 
For side B, this integration yields on the order of 
a few microcoulombs of charge (approximately 
6.17 μC for side B, given the assumed profile). If 

Figure 11. Surface potential distribution along the sample diameter on two sides of the sample; Ue = -10 kV

Figure 12. Measured and simulated potential distribution profiles along the sample diameter
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side A is assumed to carry a similar distribution 
but about 0.5% more charge (consistent with its 
slightly higher Umax, then the net charge difference 
between the two sides would be roughly 30.8 nC. 
This agrees well with the net charge measured 
directly by the Faraday cup (which ranged from 
29 nC to 33 nC for these samples, see Figure 7). 
The close agreement suggests that the measured 
surface potential profiles and assumptions about 
the charge distribution are consistent. In other 
words, side B carries nearly the same amount of 
charge as side A (within about 0.5% less), so the 
electret charging is almost symmetric between the 
two surfaces. It was noted, however, that these 
calculated absolute charge values depend on the 
assumed profile shape and peak density; thus, they 
should be taken as indicative estimates.

In conclusion, the measurement results indi-
cate that the material effectively retains charge, 
with a charge decay time of t95% > 950 s. This 
suggests that the PET film exhibits good electret 
properties after corona charging. The surface po-
tential distribution on the film is reproducible and 
stable under repeated charging conditions, indi-
cating that the corona charging process is consis-
tent and yields similar charge profiles in particu-
lar experiments. These results confirm that the 
selected PET film can store a significant quasi-
permanent charge, behaving as a viable electret 
for subsequent electroadhesion measurements.

Electrostatic force measurements

Measurements of the attractive force Fa be-
tween PET charged film and the conductive 
(grounded) surface were carried out using the sys-
tem shown in Figure 4. In these experiments, the 
PET film was first corona charged, then brought 
near a grounded metal plate while the attractive 
force was recorded. The authors concentrated on 

the samples charged at |Uₑ| = 7–10 kV, because in 
this range the corona discharge is stable and pro-
vides consistently shaped surface potential distri-
butions on the film. Representative force-distance 
characteristics for negative and positive polarity 
of the corona discharge are presented in Figure 13. 

Each curve, presended in Figure 13, corre-
sponds to a different charging voltage Uₑ. As ex-
pected, higher corona voltages (which deposit 
more charge on the film) generally led to stronger 
adhesive forces. Indeed, an almost linear correla-
tion was observed between Uₑ and both the total 
accumulated charge QT on the film and the maxi-
mum surface potential Uₘₐₓ on the film (see Fig-
ure 7). Thus, increasing the corona charging volt-
age effectively increases the electret charge, which 
in turn increases the electrostatic attraction force. 

Figure 14 illustrates how the attractive force 
Fa depends on the separation distance d between 
the charged film and the grounded surface. The 
data shown correspond to the case that yielded 
the highest measured force (among our test con-
ditions). In Figure 14a, the full range of film-to-
ground distances (from 0.5 mm up to tens of mil-
limeters) is plotted, while Figure 14b provides a 
magnified view of the force behaviour at short 
distances (0.5 to 4 mm). It was found that at small 
gaps, the force drops off with distance in a man-
ner that can be fit by a logarithmic function. A 
logarithmic trendline AF·ln(d) + BF (where AF and 
BF are scaling parameters), provided an excellent 
fit to the data in the 0.5–4 mm range (R2 > 0.99).

For an ideal parallel-plate capacitor with in-
finite electrode area and a fixed charge on the 
plates, the electrostatic force is theoretically in-
dependent of the gap distance (since the field re-
mains uniform) – see Equation 3. However, in the 
adopted experimental configuration, the PET film 
electrode is of finite size and not perfectly aligned 
with the grounded plate, and there are significant 

Figure 13. Average attractive force Fa for: a) positively, and b) negatively charged samples  
(|Uₑ| = 7–10 kV)
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Figure 14. Maximum recorded electrostatic force Fa for: (a) the full range of electret film-to-ground surface 
distance, and (b) short distances (up to 4 mm)

edge (fringing) effects. These geometric limita-
tions cause substantial deviations from the ideal 
parallel-plate behaviour. As a result, the measured 
electrostatic adhesion force in the studied system 
is strongly dependent on the film–surface separa-
tion d. In particular, the force of attraction is high-
est when the film is very close to the grounded sur-
face, and it decreases rapidly as the gap increases.

In particular, the force of attraction is highest 
when the film is very close to the grounded sur-
face, and it decreases rapidly as the gap increas-
es. The largest recorded force was Fa = 16.6 mN 
at the smallest tested distance d = 0.5 mm. Over 
the short-range region (d = 0.5–4 mm), Fa decays 
sharply (nearly logarithmically, as noted above) 
with increasing distance. At larger separations 
(more than ~25  mm), Fa falls to below about 
0.1 mN, essentially reaching negligible levels for 
practical purposes. This distance-dependent trend 
is in qualitative agreement with expectations for 
a finite-sized charge patch: the Coulombic attrac-
tion weakens substantially when the charged film 
is moved farther from the grounded target, due to 
field spreading and edge effects that reduce the 
effective field coupling. From the force–distance 
data, an approximate “adhesion pressure” cor-
responding to the electrostatic attraction, defined 
as the force per unit area over the charged film’s 
surface can also be computed. In the adopted setup 
(with a circular film of diameter 47 mm, see Figure 
3), the peak adhesion pressure just before contact 
(at d = 0.5 mm and at the highest charge) was about 
9.6 Pa. This value is low in an absolute sense (re-
flecting the modest charge levels on the electret), 
but it is achieved with zero continuous power in-
put since the film is charged beforehand and acts 
as a passive adhesive. Such adhesion pressures 
might be sufficient for certain applications where 
reversible and residue-free attachment is needed, 

especially considering that they can be modulated 
by adjusting the charge on the film and the gap.

Figure 15 shows the average electrostatic at-
tractive force Fa on the maximum surface poten-
tial Uₘₐₓ for two fixed gap distances (0.5 mm and 
3 mm), under both positive and negative charging.

The general trend is that a higher surface po-
tential (and thus a higher surface charge) yields a 
greater attractive force, which is expected. More 
interestingly, one can see that increasing the gap 
from 0.5 mm to 3 mm consistently leads to a re-
duction in Fa for a given Uₘₐₓ. This reduction oc-
curs for both positively and negatively charged 
films and across all surface potential values test-
ed. The drop in force due to the increased distance 
is roughly uniform in percentage terms, although 
it becomes most pronounced at the highest sur-
face potentials (where moving from 0.5  mm to 
3 mm reduced the force by about a factor of 2.5).

Comparing the studied PET film system to an 
idealised scenario helps to contextualise the re-
sults. If the charged film and grounded surface be-
haved like two parallel plates without fringing and 
without any free charge dissipation, one would ex-
pect the force to scale with the square of the charge 
or surface potential (Fa ∝ Q2 or Fa ∝ U2). In the 
conducted experiments, the relationship between 
force and charge is more complex due to the non-
uniform charge distribution on the film and its 
finite size. A simple quadratic scaling of Fa with 
Uₘₐₓ or QT over the entire range was not observed, 
which is unsurprising given the earlier noted ge-
ometry effects. Moreover, a subtle difference be-
tween positive and negative corona-charged sam-
ples was found: the increase of Fa with charging 
voltage (and thus with stored charge) was some-
what weaker for positively charged films than for 
negatively charged ones. In other words, at equiv-
alent high |Ue|, the negative-charged films tended 
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Figure 15. Average electrostatic attractive force as a function of maximum surface potential for two sample-
conductive surface (grounded) distances d equal to 0.5 mm and 3 mm: (a) positive polarity, and (b) negative 

polarity of charging voltage

to provide slightly higher forces than the positive-
charged films, relative to their surface potentials. 
This discrepancy may be related to differences in 
space charge distribution in the air gap or in how 
the charge of each polarity decays or redistrib-
utes on the film over time, or to the influence of 
fringing fields resulting from the electrode con-
figuration. It suggests that the polarity of charg-
ing could influence not just charge retention (as 
discussed earlier) but also the effective adhesion 
force, possibly through secondary effects like air 
ionisation or different trap depths for positive vs. 
negative charge. However, a full explanation of 
the cause of this polarity-dependent force behav-
iour is beyond the scope of the present work and 
requires further in-depth study.

CONCLUSIONS

Conventional, active EA implementations re-
quire a continuous high-voltage power supply to 
maintain the adhesive force, which adds complex-
ity and limits their practicality in some applica-
tions. To overcome this limitation, recent research 
has explored passive electroadhesion techniques 
that do not require continuous power input. In pas-
sive EA, the adhesive force is provided by charges 
stored in the materials themselves (for example, 
using charged dielectric layers), eliminating the 
need for an active voltage source during operation. 
Polyethylene terephthalate (PET) films charged 
by DC corona exhibited strong electret behaviour, 
with the polarity and magnitude of charging sig-
nificantly influencing the surface charge charac-
teristics. The PET electrets long charge storage 
times (t₉₅% > 980 s). Immediately after charging, 
the surface potential on the PET film had a bell-
shaped lateral distribution peaking beneath the 

corona electrode, reflecting the non-uniform field 
geometry of the point-to-plate discharge. Both 
the directly charged front side and the opposite 
grounded side of the film acquired similar charge 
patterns of opposite polarity; their surface po-
tential profiles were approximately symmetrical, 
with the back side showing a slightly lower peak 
value. Increasing the corona voltage led to higher 
deposited charge and higher peak surface potential 
(approximately linear with voltage up to 10 kV). 
The polarity of the corona had a significant effect 
on charge distribution: negative polarity produced 
a more uniform surface potential profile with a 
higher maximum potential than positive charging 
at the same voltage, although the total deposited 
charge was lower for negative corona. Over time, 
the initially localised charge distributions broad-
ened as the charges diffused and decayed across 
the surface, consistent with diffusion-driven 
charge migration and the cross-over effect (where 
regions of higher initial charge density decay fast-
er). These results confirm that PET films can be 
effectively charged as electrets, with controllable 
charge profiles and retention characteristics gov-
erned by the charging conditions. 

The charged PET films were also shown to 
generate measurable electrostatic adhesion forces 
to a grounded conductive surface, and these forces 
depended strongly on the surface charge (surface 
potential) and the separation distance. Higher 
surface potential on the film (i.e., greater stored 
charge) yielded a stronger attractive force, while 
increasing the film-to-surface distance led to a rap-
id decline in the adhesion force. For instance, at 
a small gap of 0.5 mm the PET electret exhibited 
a peak attractive force on the order of 10-2 N (up 
to approximately 16.6 mN for the highest charge 
densities achieved), whereas enlarging the gap to 
3 mm reduced the force by roughly a factor of 2.5, 
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and at distances beyond about 25 mm the force fell 
below 0.1 mN – essentially negligible for practical 
purposes. These measurements demonstrate that a 
corona-charged PET film can act as a reusable pas-
sive electroadhesive: it provides a repeatable adhe-
sive force to a grounded object without requiring 
continuous power input after charging. In practical 
terms, the PET electret achieved an adhesive pres-
sure of only a few pascals (maximum ~9.6 Pa in 
the considered setup), indicating that while the ad-
hesion is reliable, its strength is low and best suited 
for light loads or temporary attachment. The per-
formance is inherently limited by the non-uniform 
charge distribution and finite size of the film – fac-
tors that cause deviations from idealised parallel-
plate behaviour and constrain the effective range 
of the electrostatic force. Additionally, the marked 
difference in charge decay between positive and 
negative charging means that the longevity of the 
adhesive effect can vary with the chosen charging 
polarity (with positively charged films maintaining 
their surface charge, and thus adhesive capability, 
much longer than negatively charged ones under 
similar conditions). 

Overall, the findings of this study verify that 
PET films can serve as stable electret-based ad-
hesive surfaces, and they provide quantitative in-
sight into how charging parameters control both 
the stored charge profile and the resulting adhe-
sion force. These results not only meet the stated 
objectives of characterising the electret behaviour 
and adhesion performance of PET under different 
charging conditions but also offer a basis for the 
development of low-power electroadhesive appli-
cations. By highlighting the relationships between 
charge input, retention, and adhesive output, the 
work helps to identify both the potential and the 
limitations of PET electret films in practical elec-
troadhesion technologies.
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