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a b s t r a c t

Electroadhesion soft grippers generate extremely high holding forces (> 1 kg per gram of gripper) when
the fingers wrap around the object. However, adding actuators on the soft fingers to close them on
the object leads to increased stiffness, which reduces the roughness-scale conforming on the fingers to
the object, resulting in lower adhesion forces. With the right materials and geometry, electroadhesion
forces can alone drive a soft finger to zip on an object without any added actuator. By keeping the soft
fingers free from any extra device, electroadhesion zipping combines macroscopic wrapping of fingers
around an object with microscopic conforming of the finger’s soft membrane to the object surface.
Electroadhesion zipping shares the same mechanism with recently developed soft zipping actuators.
Instead of two electrodes on polymer films zipping together and displacing a liquid, in Electroadhesion
grippers the soft fingers, equipped with interdigitated electrodes, zip onto a curved object to grab it
with high holding forces. In this work we investigate Electroadhesion zipping by reporting a model
and a set of experimental data that relate the wrapping angle α with the applied voltage V , for given
materials and geometry of object and soft fingers. We discovered that the phenomenon is governed by
two voltage thresholds: a first one below which no zipping occurs (V no zip) and a second one above
which the soft fingers fully collapse on the object (V full zip). We present analytical equations and
design tools that quantify these voltage values for given bending stiffness, mass, shape, and capacitance
of the soft finger–object pair. Our model shows that Electroadhesion zipping does not scale with V 2/d2
(voltage squared over dielectric gap squared), as previously reported for Electroadhesion forces, but
rather with V 2/d. Our experiments fit very well with the model results, especially when zipping on
dielectric objects with non-tacky surfaces (e.g., paper). We demonstrate thin electroadhesive fingers
that wrap around a wide set of objects made of different materials (from conductive to dielectric) and
with different geometries, reaching wrapping angles up to 90◦. The new design tools and experimental
data will drive the design of electroadhesion soft grippers able to conform to nearly any shape and
lifting objects heavier than 1000 times their own weight.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electroadhesion (EA) soft grippers [1–6] grasp fruit and veg-
tables without damaging them [7], separate textiles from a
tack [8], are self-sensing [9] and hold large weights [10,11].
lectroadhesion is silent, clean and low-power. Thin, elastomer
ingers conform to the shape of the object and ensure a delicate
ouch. EA creates mutual attraction between finger and object,
hich results in a large shear force [10–14] with negligible com-
ression of the object. Effective grasping requires the fingers to
rap around the object, conforming to its shape and establishing

arge surface area contact. This wrapping can be achieved in two
ays, (1) by an actuator, (2) using EA force. Adding actuators has
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the advantage of independent control yet results in stiffer fingers
with reduced conformability and a complex fabrication [2–11].
Recent works by the authors show how optimizing the grasping
posture of EA soft grippers can lead to over 1000x increased
grasping force [7–12]. In this work, we focus on using EA forces to
wrap the fingers around an object, combining high conformabil-
ity, soft fingers, and large holding forces. Similar to electrostatic
zipping actuators, EA fingers can be designed to spontaneously
zip on an object when a voltage is applied. We report a model
and a set of experiments that characterize the design parameters
(mechanical and electrical) for the zipping to happen on objects
with different materials and geometry. The achieved large wrap-
ping angles promise very high forces with simple and compliant
soft grippers.

Electroadhesion (EA) uses electric fields to generate normal
and shear forces between two contacting surfaces [14]. It en-

ables wall climbing robots [15], electro-haptic devices [16,17],
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Fig. 1. (a) Zipping of an electroadhesion (EA) finger (L = 48 mm) on a cylindrical object (R = 30 mm), measured by the wrapping angle α. Applying a voltage
ifference V across the interdigitated electrodes of the EA finger creates electrostatic forces that attract the finger to the curved substrate. The higher the voltage, the

higher the wrapping angle, until the finger completely zips onto the object (angle αF ). (b) Voltage — wrapping angle model and experimental results (R = 30 mm,
DC voltage). Below the V no zip voltage threshold, the attraction forces are too weak to move the finger (α = 0). When the voltage exceeds V no zip, the finger
partially zips on the object (α < αF ). When the voltage further exceeds the V full zip threshold, the finger fully zips on the object, similarly to a pull-in instability
(α = αF ). (c) A soft gripper with two fingers that wraps around a grapefruit using electroadhesion zipping (EAZ).
soft actuators (where EA induces muscle-like contraction of the
device) [18–20], electrical wound patches [21], and grippers [2–
4]. Its advantages are electrical control, absence of residues, and
adaptation to a wide range of shapes and materials. EA soft grip-
pers use interdigitated electrodes buried in a dielectric elastomer.
When a voltage is applied between the electrodes, the fringing
electric field induces charges on both the surface of the finger
and the object. The surfaces mutually attract, generating adhesion
(Fig. 1a).

The holding force of EA grippers is strongly influenced by the
grasping posture. As shown in previous works by the authors,
the holding force increases by several orders of magnitude when
2

the peeling angle between finger and object decreases [7] and
keeps increasing exponentially when the fingers wrap around
the object [10,12]. Grippers that actively conform to the objects’
shape have been demonstrated by combining EA with Dielectric
Elastomer Actuators (DEAs) [2], Fin-Ray mechanism [22], and
pneumatic actuation [13]. While helping the fingers envelop the
object macroscopically, adding actuators results in higher stiff-
ness, which negatively influences the actual contact area between
the gripper and the object at small scale. In contrast, EA zipping
leverages electrostatic forces to wrap the fingers around the
object without added stiffness, maximizing conformability at the
roughness length scale. Electrostatic zipping has recently been
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Fig. 2. (a) EA finger starting position for the experiments: the finger is vertical, tangent to the object. The finger length is L = 48 mm. b = 16 mm is the finger
idth, and bEA = 9 mm is the width of the interdigitated electrodes region. (b) Finger partially zipped over the paper-covered object and schematic cross-section
f the finger. The presence of the finger induces charges onto the object’s surface, and the finger and the object mutually attract. (c) Pictures of the curved objects
sed in the experiments covered by: 0.1 mm thick paper on top of 0.1 mm-thick copper (left); 18 µm-thick P(VDF-TrFE-CTFE) (center); 0.1 mm-thick copper (right).
3
a
(

demonstrated in a wide range of high-performance actuators,
such as electro-ribbon [18], HASELs [19], and HAXELs [20]. In
these devices the zipping typically happens between two films,
each containing a flat electrode. Dielectric liquids are placed in-
between the films to amplify the force output. EA zipping shares
the main mechanism with zipping actuators but concerns soft
fingers with interdigitated electrodes that zip on a curved object.
There is no liquid in this case and the object can be made of any
material and does not include electrodes. The goal is to use EA
forces to make the fingers wrap around the object, which leads to
very high grasping forces. Wrapping requires the fingers to bend
and lift their center of mass (Fig. 1a). The wrapping angle that can
be achieved depends on the ratio between the EA forces and the
mechanical restoring forces (bending moment and weight).

This work reports an analytical and experimental investigation
of EA zipping on curved objects. Our model and experimental data
quantify the relation between the maximum wrapping angle, the
applied voltage and the finger and object mechanical (bending
stiffness, mass, object radius) and electrical (dielectric constant)
parameters. We discovered that the zipping of a flat finger on
a cylindrical object is characterized by two voltage thresholds:
a first one under which no zipping occurs and a second one
over which the whole finger collapses onto the object (Fig. 1b).
Our results show that the zipping angle increases with V 2/d,
unlike the V 2/d2 dependence previously reported for EA forces.
By characterizing the two voltage thresholds we aim at providing
a design tool to select materials and geometry for EA soft grippers
that zip and effectively grasp a wide range of objects. We finally
demonstrate the successful zipping of a pair of soft EA fingers on
a set of objects (Fig. 1c and Video 4).

2. Materials and methods

We conducted zipping tests with EA fingers on cylindrical
objects to measure the wrapping angle α while varying the ap-
plied voltage V . We tested both the quasi-static and dynamic
3

responses. We tested both zipping and unzipping to evaluate the
hysteresis.

We used objects with radii of 30 and 45 mm, coated with
either dielectric or conductive materials. As EA fingers we used
thin rectangular stripes (48 mm long, 16 mm wide, 0.26 mm
thick) made of PDMS (Polydimethylsiloxane) with carbon-loaded
PDMS electrodes (Fig. 2a). The electrodes are interdigitated, with
an electrode width of 0.5 mm and a pitch of 0.7 mm (Fig. 2b).
The thickness of the insulating PDMS layer between electrodes
and object is 0.045 mm. Since the volume fraction of electrodes
materials is small, we assume homogeneous material properties
equal to those of PDMS Sylgard 184 (Dow Corning): Young’s
modulus E = 3.9 Mpa [23], density ρ = 1030 kg/m3 (Dow
Corning datasheet [24]).

We used Ketjenblack EC-300J (AkzoNobel) as carbon black
for the electrodes. Finger fabrication followed the procedure de-
scribed in [7]: (1) blade casting and curing of the PDMS backing,
(2) blade casting and curing of conductive PDMS-carbon compos-
ite, (3) laser engraving of the electrodes, (4) blade casting and
curing of PDMS top insulating layer.

We used 3D-printed PLA (Polylactic Acid, dielectric constant
εPLA = 3 [25]) for the structure of the cylindrical objects (Fig. 2).
We applied four different coatings on these objects to study the
influence of electrical and surface properties (Fig. 2c): (1) 0.1 mm-
thick paper (εpaper = 3 [26]), (2) 0.1 mm-thick paper on top of
0.1 mm-thick copper, (3) 18 µm-thick P(VDF-TrFE-CTFE) (εPVDF =

0, PolyK Technologies [27]), (4) 0.1 mm-thick copper. Coatings
re bonded to the PLA object using a 3M VHB 4910 adhesive
1 mm-thick, dielectric constant εVHB = 4.7 [28]).

Each experiment starts with the finger in vertical position,
tangent to the object (Fig. 2a). We apply the voltage at the
electrodes and measure the wrapping angle α. For the quasi-static
tests, we increased the voltage at a slow rate (200 V every 10
s) until full zipping. For the dynamic experiments, we applied a
voltage step for 3 s, followed by voltage off for 3 s. This cycle is
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epeated increasing the voltage value by 400 V. We used voltage
alues not exceeding 4 kV to prevent electrical breakdown (4
V corresponds to an electric field value in the top insulating
ayer of about 45 kV/mm, well below the 100 kV/mm breakdown
hreshold of Sylgard 184 films [29]). We used both DC and AC
oltage (10 Hz bipolar square wave) applied with a DC-HVDC
onverter (XP Power A series) and high-voltage optocouplers
VMI OC 100G).

. Theory

This section describes the mathematical model relating the
rapping of the EA finger, described by the angle α, with the
pplied voltage V , for given materials and geometries of EA
inger and object. We derived the formulation by writing the
otential energy balance (in differential form) of the system
omposed of finger + object + battery, as similarly done for
ielectric elastomers [30,31] and fluid transducers [32,33]. The
odel identifies two voltage thresholds. First, when the voltage

s below a minimum value (V < VNO ZIP ) the EA finger does not
ove (α = 0). For V > VNO ZIP the wrapping angle α increases
ith the voltage. When the voltage exceeds the second threshold
V > VFULL ZIP ) the finger fully wraps around the object, reaching
aximum angle αF = L/R, with L the finger length and R the
bject radius (assumed constant). The relation between angle and
oltage is nonlinear due to the gravitational energy term, while
he electrostatic and the elastic energy terms are linear in this
onfiguration.
We also report the equations of equilibrium obtained by writ-

ng the total potential energy of the system (function of α and
) and identifying the points where its derivative with respect to
he angle α is zero. This second method is described in Supple-
entary Section S1. The two methods lead to the same results.

.1. Model formulation

We consider the system composed of the EA finger, modeled
s an electrical capacitor formed by the interdigitated electrodes,
ir, and the curved object in its proximity, and a power supply
odeled as a battery providing constant voltage V . The energies

nvolved in the wrapping process are (1) the bending strain
nergy of the finger (Fig. 1a) and (2) the gravitational energy of
he finger (Fig. 1b), and (3) the electrical energy (Fig. 1c) of both
he finger capacitor and the battery. The model is quasi-static, so
e do not include dynamic terms.
We analyze the equilibrium of the EA finger zipping on a

ylindrical object of radius R. To write the equilibrium equation,
e consider a small perturbation dα from the system equilibrium
escribed by the wrapping angle α and the voltage V . A change in
rapping angle dα is associated with the following variations in
he system (Fig. 3d, e): (1) the length of the EA finger in contact
ith the object increases linearly by a quantity dαR, resulting in
n increased capacitance of the EA capacitor, (2) a finger section
f length dαR deforms elastically from an undeformed straight
osition into a bent position of radius R, (3) the center of mass
f the EA finger is lifted vertically by a quantity dz (nonlinear
unction of α). The energy required for an infinitesimal increase
f (1) the electrostatic energy stored in the capacitor dUEL, (2) the
ending strain energy dUF and (3) the gravitational energy dUG
f the EA finger is provided by the electrical power supply in the
orm of electrical work dWEL = dQV . The potential energy balance
f the system at equilibrium is written in differential form as:

UEL + dUF + dUG = dWEL (1)

The electrostatic energy of the capacitor can be written as
dU = 1/2dQV , with Q the charge stored in the capacitor. The
EL

4

total electrical energy variation of the system results in dUEL −

WEL = −1/2dQV . We introduce dUEA = 1/2dQV = 1/2dC V 2 as
the variation of the electroadhesion energy of the system (with C
the EA finger capacitance), where the electroadhesion energy is
the electrical energy stored in the finger capacitor. Eq. (1) can be
then written as

dUF + dUG = dUEA (2)

showing that the increased EA capacitive energy associated with
an increase in the wrapping angle dα balances the increase in
mechanical energy dUF + dUG.

3.2. Gravitational energy

When the wrapping angle increases by a quantity dα, a fin-
er portion of length Rdα zips on the object (Fig. 3d) and its

center of mass rises by a quantity 1/2Rdα (1 − cosα) (Fig. 3e).
The mass of this finger portion is Rdαρtb, with ρ, t and b the
mass density, thickness, and width of the finger, respectively.
The center of mass of the remaining unzipped portion of the
finger rises by a length Rdα (1 − cosα). The mass of this unzipped
portion is (L − (α + dα) R) ρtb. The infinitesimal variation of the
gravitational energy dUG is

dUG = 1/2RdαρtbgRdα (1 − cosα)

+ (L − (α + dα) R) ρtbgRdα (1 − cosα) (3)

The derivative of UG with respect to α results in (second order
terms neglected)
dUG

dα
= (L − αR) ρtbgR (1 − cosα) , (4)

which is nonlinear due to the cosα term.

3.3. Bending strain energy

When the finger zipping increases of an angle dα, a finger
ength Rdα bends from straight to circular (radius R), generating
the restoring moment M (Fig. 3e). The associated bending strain
energy is dUF =

1
2Mdα =

1
2
EIx
R dα, according to the Euler–

Bernoulli slender beam theory, with E = finger Young’s modulus,
x =

bt3
12 second moment of area of the finger (Supplementary

figure 1a). The infinitesimal variation in the bending strain energy
of the finger is dUF =

1
24

Ebt3
R dα, so the derivative of UF respect to

α is a constant value
dUF

dα
=

1
24

Ebt3

R
(5)

3.4. Electroadhesion energy

We define C(α) the finger capacitance at wrapping angle α.
c is the capacitance of the finger when fully in contact with the
bject (α = αF ), and C∞ is the capacitance when the whole finger
s at an infinite distance from the object. When the wrapping
ngle α increases, the capacitance of the finger C(α) increases
ince the dielectric constant of the object is always higher than
he one of air. To capture the increase in capacitance due to an
nfinitesimal zipping dα, we introduce the capacitance variation
er unit length ∆ĉ. ∆ĉ is defined as the difference between
he capacitance of a semi-electrode pair (half positive and half
egative electrode, separated by a distance w, Fig. 3c) when in
ontact with the object and when at infinite distance, divided by
ts length. When the finger zips of an angle dα, its capacitance
ncreases by a quantity ∆ĉRdα.

We use a semi-electrode pair as a unit since it fully captures
he electric field shape for interdigitated electrodes. We com-
uted the capacitance of a semi-electrode pair by using COMSOL
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Fig. 3. (a, b, c) the energy components of the system involved in the zipping process: (a) the bending strain energy, due to the bending of the finger around the
object. M = EIx/R is the pure homogeneous moment due to conforming to the constant curvature 1/R of the object according to the Euler–Bernoulli slender beam
theory, with E = finger Young’s modulus, Ix = bt3/12 = second moment of area of the finger section; (b) the gravitational energy due to the lifting of the finger
center of mass (m); (c) the electroadhesion energy of the capacitor formed by the object, the finger and the surrounding air. The capacitance of the system C(α) is
calculated based on the capacitance values when the finger is fully zipped (Cc ) or at infinite distance from the object (C∞). We found that the proximity of the object
(accounted by C∧) barely affects the capacitance of the system. (d) The zipping advancement by an angle dα involves the wrapping of an infinitesimal section Rdα
of the finger. (e) When the infinitesimal section Rdα of the finger wraps the object, it bends, and stores strain energy related to the moment M = EIx/R. Its center
of mass rises by a quantity (Rdα/2) (1 − cosα), and the remaining unzipped finger center of mass rises by Rdα (1 − cosα). The capacitances of both the contributes
change accordingly to new positions assumed with respect to the object. (f) Electrostatic energy density distribution of the finger shows a peculiar distribution at
the zipping boundary, but as shown by (g) it does not strongly affect the capacitance of the system. (g) Potential energy derivatives (Eq. (8)). The electroadhesion
term increases with the applied voltage. Red points in the graph are the stable equilibrium points of the system. No equilibrium is possible until the voltage reaches
the V no zip value. Stable equilibrium proceeds toward higher wrapping angles with increasing voltage, until full wrapping is reached. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

5
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EM electrostatic simulations as done in [7], since for interdig-
tated geometries we cannot use simple analytical formulas as
or parallel plate capacitors. By introducing ∆ĉ and computing
t once for given geometry and materials using FEM simulations,
e can then use an analytical formulation similar to parallel plate
apacitors, where capacitance increases linearly with capacitor
ength C (α) = ∆ĉRα. In reality the unzipped portion of the finger
is at a finite distance from the object (Fig. 3e), but we show that
(1) we can neglect the small field concentration at the zipping
boundary since this boundary effect is constant with zipping
(the zipping boundary translates) and so it does not influence
the capacitance difference and (2) the electrostatic energy of an
unzipped region a few mm away from the object is practically
very similar to the one of a finger at infinite distance (Fig. 3f
and Fig. S2). demonstrates that these approximations introduce
a negligible error, by comparing the capacitance computed as
C (α) = ∆ĉRα and the one obtained simulating the whole finger
using COMSOL FEM. Following these considerations, we obtain
the variation of UEA with α as a constant value during zipping,
depending on voltage squared
dUEA

dα
=

Cc − C∞

2L
RV 2

=
1
2
∆ĉRV 2 (6)

3.5. Wrapping angle as a function of the applied voltage

Following the potential energy balance of the system (2), we
can write the equilibrium as
d (UG + UF )

dα
=

dUEA

dα
, (7)

and by using Eqs. (4)–(6) we obtain:

(L − αR) ρtbgR (1 − cosα) +
1
24

Ebt3

R
=

1
2
∆ĉRV 2 (8)

The LHS and RHS of Eq. (8) are plotted in Fig. 3g. The in-
ersection points in the plot represent the states of equilibrium.
he RHS (EA bending moment) increases with V 2 and is plotted
or different values of V . No equilibrium point exists until dUEA

dα
reaches a minimum value, showing that zipping does not start
until a voltage threshold (V no zip) is reached. The value of V no
zip can be calculated by using Eq. (8) at α = 0

VNO ZIP =
1
R

√
1
12

Ebt3

∆ĉ
. (9)

It is interesting to notice that the mass density disappears (mass
does not influence V no zip). Eq. (9) quantifies the minimum
voltage that needs to be applied to an EA finger to initiate the
zipping process. A higher bending stiffness leads to a higher
VNO ZIP and a higher ∆ĉ leads to a lower value. Zipping on objects
with smaller radius R requires a higher voltage.
Solving (8) for the voltage, we obtain the relationship between
applied voltage and wrapping angle at equilibrium

V =

√
2

∆ĉ

[(
L
R

− α

)
ρtbgR (1 − cosα) +

1
24

Ebt3

R2

]
(10)

A higher wrapping angle α requires a higher voltage V . Stable
quilibrium (red points in Fig. 3g) at intermediate wrapping angle
< αF are only possible until a certain angle α∗. Beyond that

oint, the whole finger collapses onto the object, similarly to an
lectrostatic pull-in. This effect is due to the nonlinear form of the
ravitational energy term. The voltage that corresponds to this
hreshold is defined as V full zip. We compute its value using (8)
nd replacing α = α∗. The angle α∗ is obtained using the stability
ondition d2(UG+UF )

dα2 =
d2UEA
dα2 , that gives:

tbgR[(L − αR)sin(α) + Rcos(α) − R] = 0. (11)
6

Eq. (11) is satisfied for α = 0 and α = α∗. By rearranging and by
ecalling αF = L/R, one gets, for the case α = α∗:

F = α∗
+

1 − cos (α∗)

sin (α∗)
. (12)

The relationship between αF and α∗ appears to be constant and
independent of any physical parameters. The reason is that both
the bending strain energy and the EA energy are linear with α, so
they disappear in the second derivative. Therefore, α∗ depends
only on the shape of the gravitational energy function and its
geometric nonlinearities. We solved Eq. (12) numerically for αF <

0◦ and found that α∗ can always be approximated as α∗
=

.65αF . This result means that the angle at which the instability
ccurs is always the 65% of the final zipping angle αF = L/R. By
sing α = α∗

= 0.65αF . in (10) we get an analytical solution for
full zip (valid for αF < 90◦, which is practically always the case

or EA soft grippers)

FULL ZIP =

√
2

∆ĉ

[
0.35ρbtLg

(
1 − cos(0.65

L
R
)
)

+
1
24

Ebt3

R2

]
.

(13)

Eqs. (9) and (13) can be rewritten to show the dependence
of the two voltage thresholds on the ratio between the physical
parameters of the system. By defining BS =

1
12Ebt

3 as the bending
stiffness of the EA finger, Eq. (9) becomes:

VNO ZIP =
1
R

√
BS
∆ĉ

. (14)

VNO ZIP represents both the theoretical threshold to initiate zip-
ping and to initiate unzipping (Fig. 3g).
Similarly, by defining γ = 0.70R2

(
1 − cos(0.65 L

R )
)
the geometric

factor, and using the mass m = ρbtL, V full zip from Eq. (9)
becomes:

VFULL ZIP =
1
R

√
mgγ + BS

∆ĉ
. (15)

Eqs. (14) and (15) can be used to quantify the zipping voltage
required to initiate and fully zip an EA soft finger on a cylindrical
object, given geometry and materials of both finger and object.

3.6. Improving zipping performance by maximizing the change in
capacitance ∆ĉ

In this section we report a set of simulations that map the
change in capacitance ∆ĉ for given thickness d of dielectric layer
that separates the electrodes from the object and spacing w of the
interdigitated electrodes. These results can be used as a design
tool to increase ∆ĉ and decrease the voltage required for zipping,
for given mass and bending stiffness of the EA fingers.

The analytical model derived in the previous section describes
how the zipping process is influenced by four quantities: (1)
finger bending stiffness BS, (2) finger mass m, (3) capacitance
variation per unit length ∆ĉ; (4) a geometric factor γ . Eqs. (14)
and (15) suggest that the voltage required to start zipping (V no
zip) and reach full wrapping on the object (V full zip) can be
reduced by increasing the change in capacitance per unit length
∆ĉ , defined as the difference between the capacitance of a semi-
electrode pair when in contact with the object Cc and when at
infinite distance C∞, divided by its length.

As described in the previous section, we used COMSOL Multi-
physics to compute the values of Cc and C∞ for given geometry
and materials, since the interdigitated electrodes geometry pre-
vents the use of simple analytical formulas. The electrodes were

modeled as contours with length 250 µm, height 25 µm, and an
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ut-of-plane dimension of 9 mm, with rounded edges to avoid
ield singularities. These values were chosen equal to the ones
f the real finger used in the experiments. A constant potential
ifference V was applied between the electrodes. The EA finger
ross section is a rectangle with a fixed height of 260 µm and
length that was varied as a function of the spacing between

he electrodes w. The presence of the object (top) and the air
bottom) was modeled with a sufficiently large bounding box
height 3 mm) to ensure that the size of the boundaries does not
nfluence the estimated capacitance. Finally, to take into account
he different dielectric materials involved, a dielectric permittiv-
ty was assigned to air (εair = 1), object (εobject ) and finger (εtape).
ig. 4a shows a schematic representation of the semi-electrode
air used in the simulations.
Fig. 4b–d show the capacitance variation ∆ĉ as a function of

he ratio between the spacing between the electrodes and the
hickness of the dielectric layers w/d, with d = 45 µm, for
ifferent combinations of dielectric permittivity of object and EA
inger. All plots show the same trend. The change in capacitance
er unit length ∆ĉ increases by decreasing w/d, which is a result
f the increase in the electrostatic energy density due to the
eduction of the spacing between the electrodes (in other words,
ame electrodes boundaries per unit length). Values of w/d < 2
re not shown as such geometry results in higher electric field
n-between the electrodes than between electrodes and object.
uch situation is unwanted as the electric field in-between the
lectrodes does not contribute to EA. Fig. 4b shows that when εtape
s small, increasing εobject leads to higher ∆ĉ . Fig. 4c, d show that
ncreasing εtape leads to a higher ∆ĉ only until εtape ≤ εobject . When
tape ≥εobject , further increasing εtape has negligible advantages.
his effect can be explained by considering that the increase in
tape leads to an increase in both Cc and C∞, while εobject influences
nly Cc .
Finally, we produced two maps that can be used as design

ools for EA soft grippers. Fig. 4e,f show the voltage required to
nitiate zipping (V no zip) and the voltage for fully wrapping the
ingers around the object (V full zip) for different values of the
ielectric layer thickness d, of the fingers bending stiffness BS
nd of the fingers mass m. We kept constant the ratio w/d = 16
value used in our experiments), the dielectric permittivity of the
inger (εtape = 3) and the object (εobject = 3). The plots are
btained by first computing ∆ĉ using COMSOL and then using
his value in Eq. (14) and 15 to compute V no zip and V full zip for
iven mass and bending stiffness and with the geometrical factor
= 311 mm2, which corresponds to an object radius of 30 mm

nd a finger length of 48 mm. Figs. 4e and 4f show the regions
f feasible design to obtain zipping with given finger geometry
nd material. As previously discussed, EA zipping does not scale
ith V 2/d2. On the contrary, higher dielectric thickness d and
igher voltage lead to successful zipping with increased bending
tiffness and mass. This effect will in turn influence the holding
orce of EA grippers, for two reasons. The first one is that zipping
nfluences how much a finger macroscopically wraps around an
bject, which greatly influences the grasping force [1]. The second
eason is that zipping governs the microscopic compliance of the
ripper with an uneven surface, which determines the surface
rea of the contact, which in turns determines the adhesion
orce [2].

. Results and discussion

This section reports the results of the zipping experiments
ith EA fingers and the comparison with the model predictions.
e conducted the following tests: quasi-static zipping tests with
ifferent object radii using AC (a) and DC (b) voltage, cycling
ipping and unzipping tests (c), comparison between different
oating materials (d), dynamic zipping tests (e), load lifting (f).
 t

7

For all the quasi-static tests the voltage rate is 200 V every 10
. For AC voltage we use a superimposed bipolar square wave at
0 Hz. Each test is repeated three times and we plot mean and
tandard deviation over the three trials.
Fig. 5a and Supplementary video 1 show the validation of the

ipping model, at two different radii (30 and 45 mm). Voltage is
pplied from 0 to 3.8 kV using a superimposed AC bipolar square
ave (10 Hz). The AC modulation has the effect of both reducing
ry adhesion and preventing charges building up in the dielectric
aterials facing the electrodes. Both model and data show that
ntil reaching a minimum voltage value V no zip, the finger does
ot start moving. For higher voltages, the EA finger partially zips
wrapping angle α > 0◦) and keeps this position as long as the
oltage is held. When the voltage value exceeds the V full zip
hreshold, the EA finger fully zips on the object. The model fits
he trend in the data with good accuracy, especially considering
hat no fitting has been done on the parameters (all physical
alues). Possible reasons for the observed discrepancies include:
1) non-flatness of the EA finger due to the fabrication process, (2)
nzipped region modeled as a vertical straight line for simplicity.
Fig. 5b repeats the configuration of Fig. 5a (the model is

dentical) but with the use of DC voltage. We observe that DC
oltage leads to zipping at a lower voltage compared with model
redictions. This effect is arguably due to charges building up in
he dielectrics with time, as described in literature for EA and
ther electrostatic actuators [17].
Fig. 5c and Supplementary video 2 present model and exper-

mental results for a zipping and unzipping cycle, using both DC
nd AC voltage. Due to the nonlinear shape of the system free en-
rgy (see Supplementary figure 1c) the EA finger remains zipped
n the object when the voltage is decreased below the V full zip
alue. This effect is captured by the model and reflected in both
C and DC experiments. The model prediction is that unzipping
hould happen for V ≤ Vno zip. However, the unzipping with AC
oltage happens earlier (higher voltage) than model predictions.
he reason lies in the flatness of the free energy function in the
ull zip configuration (the range of stability is narrow). Dynamic
ffects due to AC oscillations are large enough to induce earlier
etachment. In the DC case on the contrary, the finger remains
ttached even when voltage is removed (no unzip), arguably due
o building up of charges in the dielectrics and creation of dry
dhesion forces due to prolonged electrostatic pressure.
To account for materials with different surface and electrical

roperties, we measured both no zip and full zip voltage values
n a 30 mm radius object with 4 different coatings (quasi-static,
C voltage) (Fig. 5d). Coating materials: 0.1 mm-thick copper,
.1 mm-thick paper on top of 0.1 mm-thick copper, 18 µm-
hick P(VDF-TrFE-CTFE), 0.1 mm-thick paper, all bonded to the
bject by means of 1 mm-thick VHB. Paper was chosen for most
xperiments as in normal conditions it does not stick to the
ilicone of the EA finger (negligible dry adhesion). We observe
ery good agreement between model and experiments for the
ase of paper. We then tested 18 µm-thick P(VDF-TrFE-CTFE),
hich is a high-k material (dielectric constant ε = 30 [27]). The
odel predicts lower values for both V no zip and V full zip
ompared to paper as the higher ε leads to higher electrostatic
orces. Data also show earlier zipping, while the value of V full
ip is over 40% higher than model predictions. The reason behind
his difference is yet to be understood. Possible explanations lie
n the polarization dynamics of P(VDF-TrFE-CTFE). Since EA works
ith both dielectric and conductive objects, we also tested with
n electrically conductive surface (0.1 mm-thick copper coating).
n this case both V no zip and V full zip predicted by the model
re even lower than the ε = 30 case, as electrostatic forces are
ven higher. However, data values are over two times higher
han predictions, and only slightly lower than data for paper
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Fig. 4. Influence of dielectric layers thickness and spacing between the electrodes on the zipping performance of an EA finger. (a) Schematic representation of the
semi-electrode pair used in COMSOL Multiphysics to estimate the capacitance variation per unit length ∆ĉ , which influences the zipping voltage (see Eqs. (14) and
15)). (b) Capacitance variation as a function of the ratio w/d for different values of εobject . Lower values of w/d lead to an increase in ∆ĉ. (c) Capacitance variation as
a function of the ratio w/d for different values of εtape . εtape has little influence on ∆ĉ when the dielectric permittivity of the object is small εobject = 3. (d) Capacitance
ariation as a function of the ratio w/d for different values of εtape , with εobject = 10. Increasing εtape leads to higher ∆ĉ only when εtape≤ εobject . (e) Design tool
howing V no zip as a function of dielectric layer thickness and fingers bending stiffness, highlighting feasible and unfeasible (breakdown) zipping regions. f) Design
ool for V full zip, showing feasible and unfeasible design regions with given dielectric layer thickness, mass and bending stiffness of the EA finger.
f
t
e

oating. We cannot draw a conclusion about this discrepancy
ith these data only: the model does not include dynamics of
lectrical charges and by changing coating, both electrical and
urface properties change at the same time. In order to control
 c

8

or surface, we finally tested with an object coated by 0.1 mm-
hick paper on top of 0.1 mm-thick copper. In this configuration,
lectrical forces are higher than in the paper case (due to the
opper layer), yet the surface is unchanged. The error between
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Fig. 5. (a, b) Validation of the zipping model for two different object’s radii (30 and 45 mm), by applying increasing AC (a) and DC (b) voltages. Both cases show
the absence of wrapping until a voltage value (V no zip) is applied, and the increase in the wrapping angle with the voltage until full zip. (c) Zipping and unzipping
ycle for both AC and DC voltage (R = 30 mm). Apart from differences between the two cases, the experiments capture the hysteresis predicted by the model due
o the nonlinear shape of the potential energy. (d) Comparison between model outcomes and experimental results of the wrapping of the EA finger around various
urved substrates (R = 30 mm). The theoretical trend is confirmed by the experiments, even if some discrepancies exist. (e) Results of dynamic tests conducted by
pplying repeated voltage steps to the finger (R = 30 mm). (f) Validation of the zipping model with a small mass (P = 1 g) applied at the finger tip.
k
f

l
(
a

odel and experiments is reduced. The no zip voltage shows a
ery good matching, while the full zip voltage shows a 40% error
compared to over 200% for the copper case). The error reduction
ompared to the copper coating can be due to (1) controlling
or surface, (2) electrical effects not modeled mediated by the
resence of the paper layer.
Time response of both zipping and unzipping is very important

or the use of EA in soft grippers. We conducted dynamic tests
y applying repeated voltage steps (3 s on and 3 s off, increased
y 400 V at each cycle). Results of zipping time at different
oltages are shown in Fig. 5e and zipping and unzipping cycles
n Supplementary Section S2. For the highest used voltage (3.6
9

V) we measure a 90%-time response for zipping of 0.419 s and
or unzipping of 0.328 s (see also Supplementary video 3).

Finally, we conducted an experiment of EA zipping with load
ifting (Fig. 5f). We attached a small load (1 g) to the finger tip
see Supplementary Section S3) and measured the zipping angle
t different voltages. The V no zip value is unchanged compared

to the case without the load, as expected from (9) since it is
dominated by the bending energy of the finger. On the contrary,
the V full zip value increases significantly, becoming higher than
the value that is safe to apply to the EA finger (4 kV). V full zip is
affected by the gravitational energy, which increases due to the
added load. Model and experiments show a very good agreement.
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. Conclusions

This work deals with EA soft grippers passively wrapping
urved objects by means of EA-induced zipping (EAZ). We pre-
ented an analytical model (with two alternative approaches)
o describe the zipping process, and experiments to test the
odel outcomes. The model shows that EAZ on curved objects

s the result of the balance between electrical and mechanical
eatures of the system. Two voltage thresholds dictate the EAZ
henomenon: we found that no wrapping appears until the ap-
lied voltage reaches the first threshold, and that full wrapping is
nly expected when a voltage greater than the second threshold
s delivered by the voltage supplier. Between the two values, the
rapping angle increases with the applied voltage.
The model results are in good agreement with experiments,

ven if some observed phenomena need further investigation.
he model does not account for the dynamics of the charges in
he system or for the surface properties of the gripper-object
nterface, yet these effects seem to have a great influence in our
xperiments. Future investigations will focus on these issues.
Our model also provides design tools for the fabrication of

mproved passively wrapping EA soft grippers, highlighting the
utual relationship among electrical and mechanical parameters
f the system and how it practically influences the wrapping
ehavior of the EA gripper.
The demonstrated wrapping capabilities promise very high

olding force according to previous works [10,12]. However, ex-
reme softness and compliance can still hinder manipulation ca-
abilities of EA soft grippers, limiting their ability to rotate the
rasped object or to move payloads fast. Future works will ad-
ress this topic.
We believe that this work broadens the understanding of the

apabilities of a passively conforming EA soft gripper, showing
ow wrapping moderately complex (curved) geometries can be
btained even without actuator-based conforming strategies. The
utcomes shown in this work could also be adapted to various
AZ-based soft devices, such as HASELs [34], HAXELs [20], electro-
ibbons and electro-origami [18] actuators, meaning that this
aper can be used as a tool not only for the design of improved
A soft grippers, but also for soft actuators and soft machines that
everage Electroadhesion-induced Zipping.
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