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ABSTRACT Over the past decade, several studies have proposed optimization strategies targeting compo-
nents of Electro-Adhesive Devices (EAD) to enhance their performance in terms of normal or shear grasping
force. Notably, the comb-shaped interdigitated geometry, widely used in EAD grasping applications, has
demonstrated superior shear force performance. While many studies have focused on determining the
optimal electrode geometry for specific applications, employing analytical models and finite element method
(FEM) simulations of electrostatic interdigitated systems, few studies have systematically explored the
optimal combination of electrode gap and width, incorporating an empirical evaluation. However, the
EAD performance is often influenced by several physical factors related to the manufacturing process and
environmental conditions, which are neglected by analytical and numerical models. This work presents an
empirical-statistical method for optimizing EADs through a study based on the Design of Experiments (DoE)
technique. EADs comprising two comb-shaped electrodes are fabricated using the Drop on Demand inkjet
printing technique to deposit a silver-based ink on thin polyethylene terephthalate (PET) film. By varying
the gap and width, and by assessing shear force through shear stress tests, the best combination for grasping
a given material is determined, providing a suitable benchmark for selecting the appropriate device geometry
for a specific application. Tests on a conductive substrate resulted in less intense electro-adhesive phenomena
than tests on a dielectric substrate. In both cases, increasing the electrode gap decreased the shear stress.
However, reducing electrode width led to opposite effects: shear stress increased on the dielectric substrate,
but decreased on the conductive one.

INDEX TERMS Design of experiments, electro-adhesive devices, electrostatic shear pressure, inkjet
printing, interdigitated geometry.

I. INTRODUCTION
Electro-adhesive devices (EADs) are capacitive systems that
employ electrostatic, or Coulombic, forces to grab the surface
of an object [1], where the attraction can be either normal
to the surface of the object or in the shear direction. The
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latter are generally easier to use, as they are not affected by
the peeling effect [2] between the surfaces of the EAD and
the object. This phenomenon significantly compromises the
electro-adhesive action, especially when the force is applied
in the normal direction.

EADs gained interest in the research field, as well as in
industry, in applications such as wall climbing robots [3], [4],
conveying systems in packaging companies, end-effector in
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FIGURE 1. a) Electric field lines across the comb-shape fingers. Red
means positive pole and black negative pole. b) Polarization of the
dielectric substrate of the EAD onto which the conductive paths are
deposited. c) left, the induced polarization on the dielectric object; right
charges accumulated near the electrodes on the conductive object.

soft grippers [5], haptic systems [6], and fragile object move-
ments [7], [8]. In particular, they can substitute other astrictive
prehension technologies involving magneto-adhesion or vac-
uum suction [9]. EADs offer a solution involving low
production costs, low energy consumption (lower than a
milli-Watt), and an easy manufacturing procedure [10].

The basic structure of an EAD consists of a pair of elec-
trodes deposited on a dielectric layer and isolated [11]. Once
the electrodes are powered, the dielectric layer is polarized,
and the electrostatic force arises from the attraction between
its surface charges and the charges induced on the object
surface. The EAD dielectric layer is hereafter defined as the
grasping layer, namely the EAD electroactive surface used to
exploit electro-adhesion.

The geometry of the electrodes, as well as the dielec-
tric properties of the grasping layer and its thickness,
play a crucial role in defining the performance of the
EAD, both in shear and normal force directions. Design-
ing electro-adhesive pads with electrodes deposited on a
plane enables the use of the electric field propagating in
the direction normal to the plane for sensing or grasping.
The interdigitated geometry, consisting of two interposed
comb-shaped conductive traces forming the electrodes, has
gained significant success in electro-adhesion applications,
as it allows for the easy creation of a capacitive system
in two dimensions [11], [12], [13], [14]. This geometry is
widely utilized in EAD grasping applications, and it has
demonstrated superior performance in terms of shear force
compared to other geometries, i.e., square spiral or Hilbert
curve [11]. Circular patterns also perform similarly to the
interdigitated comb-shapes, but they are more difficult to
produce and connect to the power source.

Due to its intrinsic nature, the electrostatic interaction
between the grasping surface of the EAD and that of the
object depends on the contact area and the specific physical
and geometric characteristics of the materials composing the

EAD. Depending on the material of the object in contact with
the EAD, electrostatic attraction arises through two slightly
different mechanisms [12], [15], illustrated in Fig. 1. In the
case of a conductive material, charges accumulate in the
proximity of the electrodes, as they are free to move within
the crystal lattice. The sign of those charges is opposite to
the potential of the electrode itself. This creates a scenario
resembling capacitors in series, where the electric field is
uniform between the electrodes and the conductive surface in
contact with the EAD [16]. For a dielectric material, instead,
the electrostatic attraction arises from the coupling of sur-
face charges generated by the polarization of the dielectric
itself. The electric field produced by the electrodes polarizes
the dielectric material of the EAD. This polarization creates
dipoles, inducing a periodically distributed surface charge
corresponding to the potential pattern of the electrodes [17].
In the dielectric material of the object, image charges of
opposite sign are induced, resulting from the formation of
surface dipoles [12]. In both cases, the electrostatic force
between the coupled charges in the EAD gripping layer and
the object surface gives rise to electro-adhesion. This is why
close contact between the surfaces is an essential requirement
for achieving an effective electro-adhesive effect.

Numerous studies in the literature explore the shape of
these interdigitated electrodes and the effect of their param-
eters on the generated electric field and the force exerted
by the electro-adhesive pad on a test substrate. Much of
the literature has focused on determining the optimal elec-
trode geometry for specific applications employing analytical
models and Finite Element Method (FEM) simulations of
electrostatic interdigitated systems [18], [19], [20], [21], [22].
Models used to describe electro-adhesive systems often rely
on approximations that make their application challenging in
the real world. For instance, assuming that a polymeric mate-
rial used as a gripping layer is a perfect dielectric, or modeling
the interaction between two surfaces with an air layer in
between without considering the ambient temperature and
humidity, are theoretically reasonable approximations but
are not easily applicable to real systems. Only a few stud-
ies conducted an exploration of the optimal combination of
the geometrical parameters, incorporating empirical evalua-
tion [23], [24], [25], [26]. Among all, the following studies
yielded remarkable results. M. Dadkhah et al. [23] identified
the optimal EAD design parameter through FEM simulation,
comparing different structures in grasping various types of
material. Starting with the comparison of different geome-
tries, the choice of optimal design parameters depends on
the hypothetical air gap between the EAD and the object
surface. S. Schaller et al. [26] conducted an extensive exper-
imental study on the impact of electrode geometry (width
and gap) and insulator thickness on normal adhesion stress to
both conductive and dielectric materials. Some trends in the
results were identified based on data observation, but the rela-
tionships between the investigated factors and performance
were not systematically investigated using statistical meth-
ods. Therefore, in the literature there is a lack of systematic
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studies on the influence of electrode geometry parameters in
shear force applications, considering the grasping of conduc-
tive and dielectric materials.

This work presents an empirical-statistical method for
systematically relating EAD electro-adhesive shear stress
performances with the electrode geometry parameters when
interacting with dielectric and conductive objects. Indeed, the
geometric properties of the electrodes not only play a crucial
role in the performance of an electro-adhesive device but
must also differ fundamentally to optimize the EAD for use
with a conductive or dielectric material. In the case of a con-
ductive material, a larger electrode area is likely to promote
charge accumulation over a greater area on the object surface,
thereby creating a uniform electric field over a larger spatial
region. This enhances electro-adhesion in terms of both sta-
bility and intensity. Conversely, for a dielectric material, finer
and more closely spaced lines are expected to generate more
intense electric field lines near the surface of the EAD. This
results in stronger polarization of the dielectric, increasing the
surface charge and the resulting electrostatic attraction.

The objective of the study is addressed through two exper-
imental campaigns developed according to the Design of
Experiments (DoE), in which the interdigitated geometry
parameters, defined as the gap between the electrodes and
the number of teeth of the comb shapes, are considered the
main factors. The electrodes are fabricated using the Drop on
Demand (DoD) inkjet printing technique on 12.5 µm thick
polyethylene terephthalate (PET) film. The performances of
the EADs are defined in terms of breakdown voltage (BD)
assessment and electrostatic shear stress (ESS), achieved
through friction stress tests on testing substrates. The first
experimental campaign aims to observe the general behaviour
of the ESS as the geometric parameters vary, identifying the
physical limits of the system. Then the second experimen-
tal campaign aims to evaluate the ESS of EADs produced
using a conductive material and a dielectric material as test
substrates. By exploiting a statistical method operating on
experimental data, it is possible to consider in a non-specific
manner all physical variables external to the system that are
related to the manufacturing process and environmental con-
ditions during manufacturing, storage and experimentation,
and could affect electro-adhesive prehension.

II. MATERIALS AND METHODS
A. INTERDIGITATED ELECTRODE GEOMETRY
CHARACTERISTICS
The interdigitated geometry is depicted in Fig. 2. Specifi-
cally, the region enclosing the teeth of the comb- shapes is
referred to as the electro-active area. In this region, when the
potential is applied to the device, an electric field is generated
and polarizes the grasping dielectric substrate that is mainly
responsible for the electrostatic shear pressure acting on the
object to be gripped.

Therefore, it is necessary to focus on the electro-adhesive
area to determine the suitable parameters that define the
geometry and influence the performance of the EAD (see

FIGURE 2. Interdigitated geometry parameters: g is the gap between
comb teeth, w is the tooth width, and L × W is the electro-active area,
highlighted in red.

Section II-C). As represented in Fig. 2, the three parameters
that define the interdigitated electrode geometry are the gap g
between the teeth of the comb shapes, the electro-active area
L × W , where W is the area width and L is its length, and
the number n of teeth of the comb-shapes within the area.
The latter parameter is defined by Equation (1), where w
is the tooth width.

L = wn+ g(n− 1) (1)

B. EAD MANUFACTURING
The EADs are manufactured using two Additive Manufactur-
ing (AM) techniques: Drop on Demand (DoD) inkjet printing
for the deposition of conductive elements, and blade-casting
for the insulating material thin film deposition.

Compared to more traditional fabrication techniques such
as lithography, AM, and particularly DoD inkjet printing,
offers the advantages of a maskless, wasteless, and digitally
controlled process. DoD inkjet printing offers the possibility
to use a wide variety of materials and to quickly change
the geometric parameters of the print. This, along with low
production times and low setup costs, makes it one of themost
advantageous AM techniques [14].

A commercially available silver nanoparticle ink (DGP
40LT-15C by Anapro) is printed onto a 12.5 µm thick PET
film (by Moretti s.r.l., Dielectric Strength of 292 kV/mm.
dielectric constant of 3.3, tensile strength of 172 MPa) using
the MicroFab Jetlab®4xl inkjet printer, equipped with a
50µm diameter piezoelectric nozzle. The drop spacing along
the x and y directions of the printing plate movement is
0.18 mm and 0.22 mm, respectively. The printing speed is set
to 30 mm/s. The temperature of the nozzle and the printing
plate is set to 35◦C and 50◦C, respectively, to ensure con-
sistent environmental conditions on different printing days.
To obtain a stable drop on the fly, a backpressure of –14
mmHg in the printing channel is maintained for the entire
procedure duration. The uncertainty in the nozzle position
is 30 µm. The ink droplet deposited on the substrate has a
diameter of 200 µm. This defines the minimum line width.
The minimum distance between two lines is 300 µm. Below
this value, the lines may merge at points.

After printing the electrodes, the PET sheet is placed in
an oven at 120◦C for one hour to complete the ink sin-
tering process. Then, a 60 µm layer of PDMS (Wacker
Silpuran®6000/05) is deposited via blade-casting technique
(doctor-blade film applicator, TQC Sheen AB3655, equipped
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with a micrometer-height adjustable blade VF1823) after
the PET sheet with electrodes printed underwent an oxygen
plasma treatment (Diener ATTO) and a silicone primer was
applied. After the deposition, the samples are placed under a
protective hood for two hours to let the solvent evaporate. The
devices are ultimately cured in an oven at 120◦C for one hour
to solidify the PDMS layer. Commercially available materials
were selected to ensure greater reliability and reproducibility
of the fabrication process. In particular, polyethylene tereph-
thalate (PET) was chosen due to its good electromechanical
properties and thermal stability that, despite being lower than
those of high-performance polymers like PI or PEEK, are
within the limits of this application and fit the aim of this
study, offering an excellent balance between performance,
cost, and availability. PET is also widely used and easily
sourced, making it suitable for scalable and repeatable device
fabrication. Among the available PET thicknesses, 12.5 µm
film was selected as it provides the highest dielectric strength
and represents a widely adopted compromise to minimize
driving voltages while maintaining sufficient mechanical
robustness to mitigate wear effects. Silicone elastomer was
employed as the encapsulating layer to maintain the overall
flexibility of the device and for its ease of deposition. The
specific choice of silicone was guided by literature data on
dielectric strength and processability [27], as dielectric elas-
tomers with high breakdown strength are critical for device
performance.

C. EAD PERFORMANCE EVALUATION
The EAD performance is assessed by conducting two types
of tests. The first involves a breakdown test where the device
resistance to the supplied voltage is evaluated. The second
involves a friction test evaluating the sliding resistance gener-
ated by the electrically active device on a material specimen.
From this test, the electrostatic shear stress (ESS) is derived,
providing an assessment of the gripping force of the device.

For both procedures, a custom test bench (Fig. 3) is
employed, consisting of a fixed stage, where the EAD is
blocked and powered, and a linear guide that is driven by a
DC motor and hosts the load cell and the grasped material
specimen. The EAD is sandwiched between two PMMA
plates that act as sample holders, leaving the electro-active
area free and ensuring the specimen is correctly positioned in
relation to the moving part of the bench. The testing substrate
is aligned with the EAD surface and load cell (NS-WL1-10
kg), whose height is adjustable via a vertical rail. A 10 kV
bipolar high-voltage power supply (Trek 10/10B-HS) is used
to power the EAD. A current monitor, placed in series to the
EAD, ensures accurate measurement of the current flowing in
the circuit, monitoring the charge and discharge of the EAD.
A voltage divider, placed in parallel to the EAD, monitors
the exact voltage provided to the specimen. All analog input
and output signals are controlled by a Beckhoff industrial pc
driven by TwinCat software. Breakdown (BD) voltage assess-
ment follows the so-called short-time test method (following

FIGURE 3. Test bench for ESS and BD tests: the bench is driven by an
industrial PC(IPC); the power is supplied by the high voltage sources HV1
or HV2; voltage and current monitors (VD and CM) measure the activation
of the EAD. The load cell measures the sliding resistance.

FIGURE 4. a) left, example of BD test, in green the BD event, and right,
optical image of BD event. b) shear stress test example, the peak
represents the breakaway force used to determine the ESS.

ASTM D149 − 20, BS EN 60243) [28], in which a ramp
increases the voltage so that the breakdown of the EAD must
occur within 20 seconds. Both the voltage and the current
are monitored, and, when a voltage drop is measured by
the voltage divider, the voltage at that time is assumed to
be the breakdown voltage. Moreover, an optical evaluation
of the breakdown zone can be obtained, as shown in Fig. 4a.
In the ESS tests, a DC high voltage signal is supplied to

the EAD from the power supply, and the test film is pulled
away from the motor while the tangential force is recorded.
The EAD is put in contact with the testing substrate under
a homogeneous pressure of 600 Pa exerted by a reference
load [29]. This procedure is performed four times for each
voltage step amplitude (1, 2, and 3 kV), with the polarity
inverted each time to ensure depolarization effects and avoid
the electric field saturation. A preliminary test is conducted
at 0 kV to measure the force generated solely by mechanical
friction in the absence of electro-adhesion. The ESS value
is calculated as the mean of the breakaway peak force of
the four tests for each voltage value, divided by the EAD
electro-active area (see Fig. 2). The pressure value at 0 kV

VOLUME 14, 2026 14427



F. Bertolucci et al.: Statistical Approach to Assess Relationship Between Geometry Characteristics

is then subtracted to isolate the EA component from the
mechanical friction.

D. EXPERIMENTAL DESIGN
1) FIRST EXPERIMENTAL CAMPAIGN
A first experiment is focused on finding the general behavior
of the ESS performance grasping a 130 µm PET dielectric
material (JetStar Standard Inkjet Film).

A suitable experimental design was employed to investi-
gate the effect of the selected parameters on the responses
(Table 1). A number of levels equal to three was chosen for
both factors because this experimental campaign represents
the first screening experiment carried out in the early stage
of the study, and it aims to observe the general behavior of
the ESS as the geometric parameters vary, identifying the
physical limits of the system.

The first selected factor is the gap g. Three levels were
selected, starting from the minimum gap value, 400 µm,
determined by the printing resolution and the need for man-
ufacturing process reliability, while the higher value is set
to 1200 µm, and the intermediate value to 800 µm. This
range was chosen by considering the maximum reliable gap
values presented in the literature. Indeed, g values greater
than 1200 µm lead to a sharp decline in ESS performance.
The electro-active area is kept constant at L×W = 24 mm ×

30.8 mm. The number n of teeth is selected as the second
factor, calculated as per Equation (1). The values for the
number of teeth were chosen by considering two extreme
values, ranging from the minimum number, 2, to a maximum
of 20, with an intermediate value of 10. Again, the maximum
number is defined by the resolution in printing the electrode
paths, which sets the lower limit of w equal to 400 µm to
ensure the printing outcome reliability.

TABLE 1. First experimental design summary.

Five replicates were carried out for each of the nine
experimental conditions (Fig. 5); hence, the whole experi-
mental design included 45 runs. The number of replicates
was selected as a trade-off between experimental effort and
statistical test power, i.e., the likelihood of correctly detecting
the factor effects [30]. Due to the long time required to pro-
duce one single device, EADs were manufactured in batches
corresponding to the experimental condition replicates, each
consisting of nine runs. Consistency of environmental condi-
tions (namely, temperature and humidity) was monitored for
each batch, resulting in a one degree variation in the temper-
ature and constant humidity during both the manufacturing
and the test. The replicates were assumed as blocks to remove
from the statistical analysis the effect of potential nuisance

factors that may vary between the batches, and the runs were
randomized within each block [21].

FIGURE 5. EADs produced for each experimental condition of the first
design. Optical camera image. Electrod width values are reported on top
of each sample image.

For the sake of completeness, the width w of the electrode
teeth for each of the nine experimental conditions is made
explicit in Fig. 5.

The selected experimental responses to be analyzed by
means of ANOVA (ANalysis Of VAriance) [30] relate to the
performance of the EAD explained in Section II-C. Each
sample is tested by providing 1, 2, and 3 kV subsequently. For
each voltage value, four repetitions with the polarity inverted
are used for statistical analysis. The experimental responses
are defined as the ESS mean value and the standard deviation
on the four repetitions for each voltage value (namely, ESS 1
kV, ESS 2 kV, ESS 3 kV, and std ESS 1 kV, std ESS 2 kV, std
ESS 3 kV).

2) SECOND EXPERIMENTAL CAMPAIGN
As a consequence of the first experimental results, described
in the previous section, a second experimental design was
created by incorporating the values n = 4, 6, 8 into those
from the first design, in order to perform a more insightful
analysis of the ESS behavior for n ranging from 2 to 10. Since
n = 10 can be considered the value that exhibited the max-
imum ESS in the first experimental campaign, the case with
n = 20 was no longer taken into consideration. Therefore,
in the second experimental campaign, the number of teeth
was tested at five levels. The second factor remained the gap
g, with values matching those of the first campaign, namely
g = 400, 800, and 1200 µm. Indeed, previous experiments
showed that values of g between 400 and 800 µm, as well
as between 800 and 1200 µm, do not significantly affect the
ESS response. For clarity, the level values of the two factors
are reported in Table 2.
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TABLE 2. Second experimental design summary.

FIGURE 6. EADs produced for each experimental condition of the second
design. Optical camera image. Electrod width values are reported on top
of each sample image.

Each of the 15 experimental conditions (Fig. 6) was
replicated five times; hence, the whole experimental design
consisted of 75 runs. For the sake of completeness, the width
w of the electrode teeth for each of the nine experimental
conditions is made explicit in Fig. 6. Since in the first exper-
imental campaign the blocks did not prove to be significant,
in the second campaign the runs were completely random-
ized, both in the manufacturing procedure and during testing.

Furthermore, the second experimental campaign aims to
compare the performance of the EAD in interacting with two
test substrates with different physical properties. The first test
substrate, dielectric, consists of a 130 µm PET film (JetStar
Standard Inkjet Film). The second test substrate, conductive,
consists of a 0.1 µm aluminum layer sputtered onto a 25 µm
thick polyimide film (Caplinq PIT1N-ALUM), to allow the
flexibility of the testing substrate, a fundamental property
to ensure close contact with the EAD surface. The same
EAD sample is tested first by grasping the dielectric and then
the conductive testing material. Between the two tests, the
device is short-circuited, and all surfaces are grounded for
2 minutes to eliminate any residual polarization in the dielec-
tric materials that could affect the electro-adhesion on the
other testing substrate. From this second study, an opposite
performance of the EAD grasping the two types of test sub-
strates is expected. With the conductive material, higher ESS
values are expected for n = 2, as this configuration promotes
charge accumulation over a larger electrode surface, creating
a system configuration similar to the ideal case of a parallel-
plate capacitor. Conversely, with the dielectric material, PET,
higher ESS values are expected for larger n values, so for
thinner electrode teeth. This allows for greater intensity of

the electric field lines near the surface of the EAD, resulting
in stronger polarization and enhancing electro-adhesion.

III. RESULTS AND DISCUSSION
A. BREAKDOWN VOLTAGE TESTS
The samples produced as described in Section II-B are tested
as outlined in Section II-C to determine the Breakdown Volt-
age value, i.e., the maximum voltage the EAD can withstand.
The samples tested pertain to the first experimental campaign
(Section II-D1), and the results are considered valid for the
second campaign as well. The results of BD tests reported
a minimum value of 12 kV. In this work, as there was no
evidence of any dependence of the minimum BD voltage on
the EAD geometry properties, the devices are tested at the
same voltage value. The 60% of the minimum BD voltage is
considered the maximum voltage to be applied to the EADs
under test. This decision considers the mechanical stress to
which the devices are subjected during ESS tests, which
weakens the sandwich structure of the two dielectric sub-
strates, acting at the interface between them. The maximum
value is, therefore, 7 kV. Through various preliminary tests,
saturation in the force response was observed as the voltage
increased beyond 3 kV. Therefore, ultimately, the latter value
of 3kV was chosen as the limiting value. Consequently, the
devices were tested for ESS at 1, 2, and 3 kV.

B. ELECTROSTATIC SHEAR STRESS TESTS
1) FIRST EXPERIMENTAL CAMPAIGN RESULTS
The effect of the factors listed in Table 1 on the responses
was analyzed by means of a two-factor complete model with
blocks, applying a proper Box-Cox transformation to stabi-
lize the response variance [30], while the ANOVA hypotheses
of normality and time independence of residuals were fully
satisfied. The ANOVA results are reported in Table 3 in
terms of p-values, together with the optimal λ parameters for
Box-Cox transformation of the response variables according
to a power function:

y∗ = yλ (2)

where y is the original response and y∗ is the transformed
variable [30]. P-values lower than the selected confidence
level (α = 0.05 = 5%) indicate the statistically significant
factors for each response [30]. The plots in Fig. 7 and Fig. 8
depict the results in terms of ESS mean value and ESS
standard deviation, respectively.

Based on the ANOVA (Table 3 ), the ESS mean value at all
voltage values is influenced by both factors, while it factor
interaction g∗n at 1 and 3 kV. As the gap value increases, the
ESS mean value decreases. Furthermore, as the number of
teeth increases, the ESS mean value increases (Fig. 7).

Regarding the ESS standard deviation, at 1 kV it is affected
by both factors, as shown in Table 2. At 2 kV, it is influenced
by the number of teeth, and at 3 kV, it is not influenced by
any factor. When the factors are statistically significant, the
ESS standard deviation decreases as both the gap value and
the number of teeth increase (Fig. 8).
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TABLE 3. ANOVA p-values (bold = significant factor, confidence level
α = 0.05) and optimalλ parameters for Box-Cox transformation for the
first experimental campaign.

FIGURE 7. Individual value plot of ESS mean value at 1, 2, and 3 kV in the
first experimental campaign.

FIGURE 8. Individual value plot of ESS standard deviation at 1, 2, and
3 kV in the first experimental campaign.

At higher voltage values there is a higher data variance,
but this variance is not influenced by the studied geometrical
parameters. This behavior can be explained by considering
that the electro-adhesive effect is more evident at high volt-
age values. Therefore, at such values, manufacturing process
inconsistencies in device production, despite being standard-
ized, become apparent due to inherent uncertainty. At 1 kV,
the ESS value is close to zero, indicating that the EA compo-
nent is negligible with respect to the mechanical friction. This
observation also holds for high gap values and low numbers

TABLE 4. ANOVA p-values (bold = significant factor, confidence level
α = 0.05) for the second experimental campaign and dielectric testing
substrate.

of electrodes, where the electrostatic effect is diminished.
It is evident that, for a dielectric material like the PET test
substrate used in this study, a finer interdigitated structure,
i.e., with a higher number of teeth, is more effective in terms
of electrostatic shear force or pressure. The reason could
lie in the greater uniformity of the electric field distributed
in the dielectric substrate, which allows for more uniform
polarization. A smaller gap value, on the other hand, allows
for greater polarization of the dielectric substrate due to the
stronger electric field.

It is interesting to note that the highest electro-adhesive
performances are attributed to the geometry with g = 800µm
and n = 10. Indeed, as the values of n increase further, the
tooth width w becomes too small, preventing proper charge
distribution on the electrodes and, thus, reducing the inten-
sity of the electric field, resulting in a weaker polarization
of the dielectric substrate. Instead, it is not clear how the
performance is affected within the interval from n = 2 to
n = 10. This is the object of study of the second experimental
campaign, described in the next section.

2) SECOND EXPERIMENTAL CAMPAIGN RESULTS
The results regarding the ESS performance in pulling the
dielectric material, following the procedure explained in
section II.C, are reported here. A two-factor complete model
was analyzed to study the effect of the factors listed in Table 2
on the responses. Table 4 summarizes the ANOVA results,
which point out the statistically significant factors, while the
plots in Fig. 9 and Fig. 10 show the results in terms of ESS
mean value and ESS standard deviation, respectively, for the
tests with the PET testing substrate. For each response, the
analyzedmodel fully satisfied theANOVAhypotheses of nor-
mality, equal variances, and time independence of residuals.

Based on the ANOVA (Table 4), the ESS mean value at
all voltage values is influenced by both factors, while it is
not influenced by the factor interaction g∗n, except for the
1 kV case. As the gap value increases, the ESS mean value
decreases for each voltage, confirming the results reported
in the previous section. Furthermore, as the number of teeth
increases, thus decreasing their width, the ESS mean value
monotonically increases (Fig. 9). The standard deviation
increases as the number of teeth increases.

The results regarding the ESS performance on pulling the
conductive material, following the procedure explained in
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FIGURE 9. Individual value plot of ESS mean value at 1, 2, and 3 kV in the
second experimental campaign with dielectric testing substrate.

FIGURE 10. Individual value plot of ESS standard deviation at 1, 2, and
3 kV in the second experimental campaign with dielectric testing
substrate.

TABLE 5. ANOVA p-values (bold = significant factor, confidence level
α = 0.05) for the second experimental campaign and conductive testing
substrate.

section II-C, are reported below. The ANOVA results for
the tests on the aluminum testing substrate are presented
in Table 5, where the statistically significant factors are
highlighted. The ANOVA hypotheses of normality, equal
variances, and time independence of residuals were fully
satisfied by the analyzed model for each response. Fig. 11
and Fig. 12 depict the main effects for the ESS mean value
and ESS standard deviation, respectively.

FIGURE 11. Individual value plot of ESS mean value at 1, 2, and 3 kV in
the second experimental campaign with conductive testing substrate.

FIGURE 12. Individual value plot of ESS standard deviation at 1, 2, and
3 kV in the second experimental campaign with conductive testing
substrate.

Both factors are found to influence the ESS mean value for
each voltage value, except for n at 1 kV. The interaction of the
two factors is not significant. The ESS mean value response
exhibits an increasing trend from n = 2 to n = 4 followed by
a decreasing behavior from n = 4 to n = 10, for each voltage
value. Increasing the gap value decreases the response, as it
was for all the other cases.

Comparing the ESS results for the two test substrates, PET
and aluminum, it can be said that their trends are opposite.
Given the opposing nature of the materials—one dielectric
and the other conductive—this outcome was expected, and
the experimental data confirm it. Tests on the conductive
testing material resulted in less intense electro-adhesive phe-
nomena, reaching an average ESS of around 50 kPa at 3 kV
operating voltage, whereas an average ESS of 75 kPa at 3 kV
was achieved in tests on the dielectric PET. The ESS values
reported in the literature for EAD configurations most similar
to the one proposed here range from 1.12 kPa at 5 kV to
62.5 kPa at 5 kV when grasping dielectric materials and
from 1.35 kPa at 3.5 kV to 15 kPa at 1 kV when grasping
conductive materials [31]. The values obtained in this study
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are comparable to those reported above for dielectric testing
materials, but higher for conductive testing materials.

In both cases, an increase in the gap leads to a decrease
in performance. This can be explained by considering how
the electric field intensity decreases as the distance between
the capacitor plates increases. Lower electric field intensity
results in a weaker polarization of the dielectric material used
in electro-adhesion and, consequently, in a lower electrostatic
force applied to the test material.

It is interesting to note that, in the case of the conductive
testing substrate, the geometry achieving the highest mean
ESS is n = 4, g = 400 µm. Ideally, one might assume
that n = 2 would perform even better. The n = 2 case
ideally resembles two capacitors in series. However, in the
testing configuration used in this study, given the critical need
for close contact between the EAD surface and the testing
substrate, the n = 4 geometry likely enables adhesion better
distributed across two halves of the area, thereby distribut-
ing the electrostatic force more uniformly across the entire
surface.

The results presented pertain only to the geometries of the
electrodes and the materials employed, and they cannot be
generalized to any geometry or material.

IV. CONCLUSION
In this study, the electro-adhesive performance of gripping
devices, composed of silver-based interdigitated electrodes
inkjet printed on a 12.5 µm PET sheet and isolated with
PDMS, was investigated. Specifically, a suitable experimen-
tal campaign was performed to identify the best combination
of two parameters defining the interdigitated geometry of
the electrodes, namely the gap between the comb-shaped
electrodes and the number of teeth of the comb-shapes within
the electro-active area. In the first experimental campaign,
the general behavior of the Electrostatic Shear Stress (ESS),
which combines three values for the two selected geometrical
parameters, was investigated, with electro-adhesion acting on
a PET testing substrate. The ANOVA results highlighted an
increasing trend with decreasing gap values and increasing
tooth numbers, identifying a suitable parameter combination
for the case study under consideration.

The second experimental campaign aimed to expand the
scope of the study by investigating the EAD performance in
interacting with a dielectric or conductive material. Through
a more extensive analysis, the most suitable geometries for
each type of material are identified, providing a suitable
benchmark for selecting the appropriate device for a specific
application. To achieve this, a proper experimental design
considered 15 combinations of the gap values and the num-
ber of teeth. The results showed an inverse behavior of the
ESS when comparing the conductive and dielectric testing
substrates. Considering the system configuration studied, the
resulting trend of the ESS mean value in the dielectric testing
substrate case revealed that after n = 10 a plateau or even a
slight decrease appears. This means that a real EAD system is
constrained by physical factors related to the manufacturing

process and environmental conditions during manufacturing,
storage and experimentation. Often, analytical and numerical
models neglect these aspects, making them difficult to apply
to real systems.

From this, a need arises to use additional tools to bet-
ter understand the functioning of electro-adhesive systems,
which are often influenced by numerous, sometimes unpre-
dictable variables. Statistical tools, such as the Design of
Experiments used in this work, can play a crucial role as
they operate on empirical data related to the whole real sys-
tem. For this reason, this study can provide a comprehensive
understanding of the system, also depicting the differences in
the effect of geometry on grasping conductive or dielectric
materials.
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