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Electroadhesion endows robots with super-human abilities: mechanical geckoes that climb vertical
walls and soft grippers that grasp the most delicate objects. Based on electrostatics, the adhesion
forces are turned on and off by an electrical signal, promising extremely fast operation, from silent
fully solid-state devices. Practical applications of electroadhesion have however been limited to date
by two main challenges: (1) the adhesion forces can vary over 1000x by simply changing the angle

Keywords: between the electroadhesive tape and the object, (2) release is often slow due to residual adhesion
Electroadhesion when voltage is removed.

Soft grippers This paper describes a solution to both these issues by understanding and leveraging peeling in
Peeling electroadhesion. We present simple models for peeling of electroadhesive tapes, predicting a change

Soft robotics in peeling force from < 1 mN to over 1 N by changing the angle between the tape and the object from

90° to 0°. The models are in excellent agreement with our peeling experiments with 30 mm long,
20 mm wide, 300 pm thick electroadhesion tapes made of silicone rubber with carbon electrodes.

We demonstrate an electroadhesion soft gripper that uses motorized fingers to control the peeling
angle, as a practical application of our peeling models. By moving the fingers to ensure a low peeling
angle (0°) when grasping, the same gripper can successfully pick up from a 10 g cherry tomato (2.5 cm
wide) to a 600 g Mango (9 cm wide). By then setting a high peeling angle (> 30°), the gripper reliably
and rapidly (< 300 ms) releases those objects, despite residual adhesion.

Electroadhesion soft grippers have many advantages, including grasping without squeezing, silent
operation, low power consumption (< 1 W) and low weight (1 g per soft finger). Understanding and
modelling contact mechanics in electroadhesion devices was an essential missing step for practical
applications of electroadhesion in robots and grippers. This paper sheds light on how peeling influences
electroadhesion and provides practical tools to design and operate electroadhesion systems.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soft grippers using Electroadhesion (EA) grasp without
squeezing, enabling the pick-and-place of even the most delicate
objects without damaging them [1]. These grippers, however,
show a change of over 1000 times in their grasping force de-
pending on the grasping posture [2]. Our hypothesis is that
the dominant factor for this variation of the grasping force is
the peeling angle between the EA surface and the object. The
variation of the peeling force with the peeling angle is well
known for other kinds of adhesives, such as dry and chemical
adhesives [3]. In this paper, we demonstrate that peeling models
developed for dry/chemical adhesives can successfully describe
EA with minor adaptations: replacing the surface energy due to
Van der Waals forces or chemical bonds with the EA surface
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energy and, when the adhesive is pulled parallel to the object’s
surface (angle & = 0), accounting for EA frictional stresses tz4 and
for the two surfaces to keep contact during pulling (Fig. 1a-b).

Electroadhesion is one of the few types of adhesion that can
be switched on and off electrically [4,5]. It leaves no chemical
residues, works on both smooth and rough surfaces and keeps
its adhesion strength over time. It finds applications in climb-
ing robots [6,7], soft grippers [1,2,8-11] and haptics [12,13]. To
date, research on modelling EA focused on electrical or tribo-
electrical aspects, while the mechanical side has been mostly
overlooked [14-19]. In a previous exploratory work [2], we re-
ported how the grasping force of a soft gripper made of two EA
fingers changes from 10 mN to over 15 N by changing only the
object size and the relative position between the fingers and the
object. This result highlighted the importance of the peeling angle
in EA.

The pioneering and still widely used peeling models first pro-
posed by Rivlin in 1944 [20] and further developed by Kendall
in 1971 [21] and 1975 [22] describe how the pulling force on an

2352-4316/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Peeling of Electroadhesion (EA) tapes. (a) Schematic cross-section of the EA tape and photo of the characterization setup. (b) Plot of EA peeling force vs.
peeling angles for the two models (solid and dashed lines) and experimental data (circles) presented in this work. (c) Our soft EA gripper uses low peeling angle
(high force) for grasping, and large peeling angle (low force) for fast and reliable release. Scale bars 30 mm.

adhesive tape varies with the peeling angle, for both inextensible
and elastic tapes. These models are based on crack propagation
and do not include friction. The work of the pulling force is
balanced by the energy required to create new surface at the
crack tip. For relatively large values of the angle 0, the elastic
energy can be neglected. For smaller 6 (<10°), the forces become
larger and the elastic energy in the tape becomes more impor-
tant, as accounted by Kendall in 1975 [22]. Subsequent research
extended these models by including friction, visco-elastic effects,
and bending energy [3,23,24].

When 6 = 0 (lap shear configuration), the situation changes
abruptly and additional parameters come into play, including
frictional stresses, the compliance of the tape, its thickness and
aspect ratio [25]. Most studies for lap shear configuration involve
soft tapes with a stiff backing [26]. In this case, the failure mode
is the entire tape suddenly detaching (rather than continuous
unpeeling) when the pulling force exceeds a critical value [23].
The homogeneous distribution of the load over the whole area
of the adhesive leads to very large detaching stresses (up to 30
N/cm? for dry adhesives) [27]. Such adhesives with stiff backing
are generally bonded to flat surfaces. Soft grippers however must
handle objects with complex shapes, often having non-zero gaus-
sian curvature. For this reason, fully stretchable adhesives would
be preferred for grippers. For stretchable tapes (no backing),
two distinct failure modes have been reported, depending on
the relative contribution of frictional stresses. When frictional
stresses are low compared to adhesion energy, the failure mode
resembles the one at low but finite peeling angles: a crack prop-
agation front appears, and the pulling force reaches a steady
value, proportional to the width of the adhesive and independent
of its length [22,23]. When frictional stresses are dominant, a
sliding region appears in which frictional stresses act. The sliding
region grows during pulling, and the pulling force increases until
reaching its critical value only when the sliding front reaches the
end of the tape. The critical force in this case is proportional to the

area of the adhesive. The frictional stress t is uniform and steady
in the zone of sliding [23]. The EA tapes studied in this letter
when 6 = 0 exhibit the latter type of behaviour (homogeneous
frictional stress t acting over a sliding region whose length grows
by increasing the pulling load).

This letter presents the first models and experimental charac-
terization of peeling in EA (Fig. 1 a-b). We developed two models,
one for & > 0 and one for § = 0, given the different physical
parameters involved. When # > 0, the adhesion surface energy
is the main parameter influencing the force required to detach
the tape. Therefore, we based our model for 6 > 0 on Rivlin’s
model [20], for its simplicity and widespread use, where the only
parameters involved are the (electro) adhesion surface energy
and the peeling angle 6:

bR
= (1)
1—cos@
In this configuration, the force F required to detach the tape is
proportional to the width of the tape b rather than to the area A,
and it reaches a plateau for constant peeling angle 6.

When 6 = 0 (lap shear configuration), the adhesive is pulled
parallel to the substrate and remains in contact with it during
pulling. As reported in the literature for an elastomer tape with
no rigid backing [23], we also observed that frictional stress t
plays a critical role, and that the force required to detach the tape
is proportional to the area of adhesion A. The forces involved are
much larger (>1 N) than in the 6 > 0 case.

The results from the presented models, confirmed by our
experiments, show how the force required to detach an EA tape
from a substrate changes orders of magnitude by changing the
peeling angle (Fig. 1b). We demonstrate that a relatively simple
adaptation of existing peeling models provides an accurate de-
scription of mechanics of EA, which can be used to design and
operate EA soft grippers (Fig. 1c) and robots.

The paper is organized as follows. In Section 2 we present
the experimental details. In Section 3 we report on the definition
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Fig. 2. Experimental set-up for the EA peeling test with the 4 nominal angles
used. Scale bars 30 mm.

of the EA surface energy and the FEM (Finite Element Method)
used for its numerical computation. Section 4.1 introduces the
model for EA tapes when 6 = 0. This model includes frictional
stress and considers the two surfaces remaining in contact during
pulling. We present an experimental validation of the model. In
Section 4.2 we describe our adaptation of Rivlin's peeling model
for EA tapes by using the EA surface energy derived in Section 3.
We report our peeling experiments for & > 0, and show that this
model accurately predicts the force required to detach an EA tape.
Section 5 presents a demonstration of how the understanding of
peeling in EA can be used to design and operate a soft gripper,
leveraging low peeling angles to generate large grasping forces
and high angles for fast release. The gripper demonstrates grasp-
ing of a wide range of delicate objects. Finally, Section 6 draws the
conclusions of this work, and proposes opportunities for future
studies.

2. Materials and experimental methods

We conducted peeling tests by pulling an EA tape adhered to
a fixed substrate, as shown in Fig. 2. The pulling direction was
vertical. We used substrates with four different angles (6,) with
respect to the pulling direction (0°, 30°, 60°, 90°). We measured
force and displacement using an INSTRON 3340 Single Column
Universal Testing System, moving at a speed of 0.1 mm/s and with
a load cell with a 0.1 mN resolution and 50 N maximum load. The
voltage was applied using a TREK 609E-6 power supply. We used
a 1 Hz bipolar symmetric square wave at 0, 1, 2, and 3 kV. Pulling
tests started 10 s after the voltage was applied and ended when
reaching a displacement of 10 mm. We performed 3 trials for each
combination of parameters.

In our loading condition, the angle & between the tape and
the substrate changes continuously during the test and differs
from the nominal one 6, imposed between the substrate and the
pulling direction (Fig. 2). The variation of the peeling angle is a
well-known and common condition in peeling tests. We recorded
movies of each test and measured the actual angle 6 from still
frames (software: Kinovea).

The EA tapes were made of PDMS (Polydimethylsiloxane) with
carbon-loaded PDMS electrodes. We used Sylgard 184 PDMS
(Dow Corning) and Ketjenblack EC-300] carbon black (AkzoNo-
bel). The geometry and architecture are shown in Fig. 1a. We
fabricated the PDMS layers by blade-casting of liquid PDMS and
the electrodes by blade-casting of the PDMS — carbon black
slurry, followed by curing in the oven at 80° and laser ablation,
to define the electrode geometry. The total thickness is h =
290 pm. Thickness of electrodes is 30 pwm. The distance between
the electrodes and the surface in contact with the object is 60-
80 pm. Given the low thickness and small area of the electrodes,
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we assumed for the EA tapes homogeneous material properties
corresponding to those of PDMS Sylgard 184, namely a Young’s
modulus E = 3.9 MPa (16) in the linear elastic regime. The sub-
strates are composed of a support structure made of 3D printed
PLA (Polylactic Acid) and a plate made of laser-cut 3 mm-thick
PMMA (Polymethyl methacrylate). We assumed the substrates as
rigid given the ~1000x higher Young’s modulus of PLA (4 GPa)
and PMMA (3 GPa) compared to PDMS. We covered the PMMA
plates with paper (80 g/m?) to minimize dry adhesion between
the EA tape and the substrate.

3. Electroadhesion surface energy

We posit that the interaction between the EA tape and the
substrate can be captured by two simple quantities: the EA fric-
tional stress tg4, Which will be treated in detail in Section 4.1, and
EA surface energy Rgs. We define the EA surface energy as the
variation in electrostatic energy stored in a capacitor formed by
an electrode pair, when in contact with a substrate (capacitance
Ceont) and when at infinite distance (capacitance Cy,), divided by
the capacitor area

1 (Cont — Coo)V?

Rgp = — —omt— —oo% 2
0= " (2)

This model assumes that EA forces go to zero when the EA
tape detaches from the surface and its validity is based on the
knowledge that EA forces decay relatively fast with distance (F ~
1

z)

¢ Given the coplanar geometry of our electrodes, the highly
non-uniform electric field makes it unpractical to compute ca-
pacitance using analytical models. Therefore, we conducted FEM
simulations using COMSOL Multiphysics to estimate Co, and Ceop.
We set-up the simulations as 2-D in the cross-sectional plane
(Fig. 3). The edges of the electrodes are rounded to avoid field
singularities. We selected a set of equations corresponding to
stationary electrostatics V- D = p,, E = —VV, with D = gg&,E
the displacement field, E the electric field, p, charge density, g
vacuum permittivity and &, relative permittivity. The electrodes
are modelled as contours with an applied constant potential
difference V. Note that capacitance values are independent from
the value of V. The different dielectric materials involved (PDMS,
air, PMMA) have been accounted for through their relative per-
mittivity &, (PDMS &, = 2.7 [28], air &, = 1, PMMA & = 3).
A relatively large bounding box on the top (3 mm) and bottom
(4 mm) of the EA tape ensures that the electric field decays by
over three orders of magnitudes at the boundaries compared to
its value around the edge of the electrodes. Periodic boundary
conditions on the sides allow using one semi-electrode pair to
account for the entire EA tape. Once the geometry is fixed, Cy
and C.,,; are computed, corresponding to different values of the
relative permittivity for the region on top of the EA tape: air
(¢ = 1) and PMMA (&, = 3). The electric field on one semi-pair of
electrodes are shown in Fig. 3. Using an out-of-plane dimension
b = 20 mm, the results give C,n; = 0.41 pF and C,, = 0.29 pF
for a single semi-pair of electrodes (length 1.2 mm) and 10.3 pF at
contact and 7.3 pF at infinity for the entire EA tape (length L = 30
mm). These values are comparable with measured capacitance in
the literature for similar EA tapes [11]. Finally, the resulting EA
surface energy computed as Rgy = %W gives the results
summarized in Table 1.

4. EA model and experiments at different peeling angle
4.1. EA peeling at 0 =0

This section presents a model for pulling an EA adhesive tape
along a rigid substrate (Fig. 4a) in lap shear configuration, with
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Fig. 3. FEM simulations of electric field used to compute the capacitance of a semi-electrode pair. (Left) in contact with the substrate (PMMA on top), (right) at
infinite distance from the substrate. For simplicity, we neglected the 0.1 mm-thick copy paper layer.

Table 1
Electroadhesion surface energy Rgs at different values of applied voltage.
V (kV) 0 1 2 3
Rea (J/m?) 0 0.0025 0.010 0.023

the pulling force parallel to the surface of the substrate (6 =
0°). Classical peeling models are based on crack propagation and
assume a sliding front that propagates along the tape during the
test [22,23]. This configuration does not match what we observed
when pulling EA tapes, where the surface of the EA tape remains
in contact with the substrate during the test. As described in the
introduction, we observed for EA tapes in lap-shear mode the
creation of a sliding region, whose length a increases with the
pulling force F. The frictional stress tg4 is uniform and constant
over this region. When a reaches the length of the tape L, the
pulling force reaches a critical load beyond which the entire
tape slips releasing strain energy and then quickly re-adheres to
the substrate. Stick-slip behaviour has been reported previously
for elastomers adhered on glass plates [23], but a formal model
had not been published. Our model includes frictional stress tgs
applied over the sliding surface and surface forces due to the
creation of new surface, at the edge of the substrate (Fig. 4a).
The model assumes quasi-static equilibrium in each instant of
time. The details of the derivation of the model and its validity
conditions are reported in the Appendix.

During each instant of time, the pulling force F is balanced
by the frictional stress g4 acting over the shear friction region
te4 * ab, plus the force due to the creation of new area at the
edge of the substrate Rgs * b

F = O+bh = rEAab + REAb (3)

Both tg4 and Rgs depend on the applied voltage V, but do not
depend on the pulling force F. Therefore, as the pulling force F
increases, the length of the shear friction region a has to grow to
maintain balance.

When a = L, the whole EA section of the tape is subject to
frictional stress. The system reaches its critical-load condition,

as a further increase in the pulling force F cannot be balanced
anymore and leads to the slippage of the EA tape. We can write
the equilibrium at the critical-load

Fyax = tealb + Reab (4)

The maximum load that the EA tape can hold, Fyax, depends on
the frictional stress g4 multiplied by total adhered area Lb plus
the EA surface energy Rg4 times the tape width b.

The measured critical forces at different applied voltages V are
plotted in Fig. 4b.

We derived tg4 from the critical-load condition, using mea-
sured values of critical forces: gy = ;—b — R%, whena =L =
30 mm. Our data (Fig. 4c) show how the frictional stress induced
by EA 1z increases with V2, until reaching a value of 2.3 kPa at
3 kV. The values are consistent with shear pressure data in the
literature for similar voltage and distance between the electrodes
and the object (60-80 wm) [11]. The estimated electric field in the
dielectric at 3 kV is ~20 kV/mm (3 kV/ (2 x 70 pm), well below
the estimated breakdown limit of >100 kV/mm for PDMS Sylgard
184 [29]. We limited our tests at 3 kV to reduce the chance of
electrical breakdowns that could damage and degrade the sam-
ples, since the scope of this work is not to measure the maximum
force that can be generated by EA tapes but rather to characterize
peeling in EA. Higher forces and frictional stresses can be obtained
at higher voltage, following the quadratic law shown in Fig. 4b-c.
The dependence of 7z on V? aligns with the V2 dependence of
the Maxwell pressure generated between the electrodes and the
substrate in normal direction. Such voltage-dependent frictional
stress is consistent with the pressure-dependent frictional stress
observed for elastomers in contact with rough surfaces, in con-
trast with pressure-independent frictional stress for elastomers
in contact with smooth surfaces [30]. In our case, the EA tape
is made of silicone elastomer and the substrate is covered with
paper, in order to make it rough and minimize dry adhesion.

For our EA tapes we can observe that the contribution of the
frictional stress is much larger than the one of the surface energy
when § = 0°. For V = 3 kV, we have tgy x b x L = 2.3 kPa %
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EA tape stretches and three distinct regions appear: adhesion region, where the tape does not move and the stress is zero; sliding region of length a (function of
the load), where the tape is deformed and subject to the frictional stress tg; uniform stress/uniform strain region of length [ = Il 4+ ug where the tape is subject
to stress o™ = F/bh (b is the width of the tape and h its thickness) and strain € = o™ /E. The tape reaches the critical load, just before slipping, when a = L = 30
mm. (b) Measured force at slippage for different values of the applied voltage. (c) Frictional stress 7g4 at slippage, for different applied voltages. (d) Peeling force vs.
peeling angle 6, for different applied voltages. We used one model for 6 = 0° and one model for 6 > 0°. At 6 = 0°, the force is mostly balanced by shear friction
Tpa acting over the adhered area. At 6 > 0° the work done by the peeling force is balanced by the energy required to create new surface, Rga.

20 mm * 30 mm = 1.38 N and Rg4 * b = 0.023 (J/m?) * 20 mm 4.2. Electroadhesion peeling at § > 0

= 0.46 mN.

When 6 > 0, the pulling force removes the adhesive from
the substrate, with the formation of a peeling front and the
creation of new surface as the adhesive becomes separated from
correspond to the average of the force peaks at slippage instants, the substrate. The relatively low forces involved when 6 > 0
(1073 to 10~! N) lead to low EA tape deformation («1% in our
PDMS-based EA tapes). The contribution from frictional stress g,
raw data of the tests & = 0° with highlighted the force peaks. becomes negligible and the work of the applied load is balanced

The comparison between our model at critical-load and ex-

perimental data is shown in Fig. 4d. The force data at § = 0°

extracted using a peak-finding algorithm. Figure S4 shows the
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by the energy required for the creation of new surface. There-
fore, in this case we adopted a simple and widely used peeling
model [20,22], where we replaced the surface energy with the
EA surface energy Rgs

F = bRi (1)

1—cosé

We defined the EA surface energy, Rgs, as the change in elec-
trostatic energy from when the EA tape is in contact with the
substrate to when it is at an infinite distance away (Section 3).

During our tests, the angle 6 decreases while the force F
increases. So, the actual angle 6 between the EA tape and the
substrate changes continuously during the test and differs from
the nominal angle 6, imposed between the substrate and the
pulling direction (Fig. 2 and Video 1). For this reason, the values of
angle 6 shown for the data in Figs. 1b and 4c have been measured
using image analysis from single frames extracted from videos of
the tests.

As shown in figure S5, for 6, = 30° and 60°, the load con-
stantly increases during the test, until a critical load is reached
and the EA tape detaches from the substrate (Video 1), with a
sudden drop of the force. This behaviour is observed also for 8, =
90° and V = 1 kV. In all these cases, we extracted the force
value plotted in Figs. 1b and 4b from the test as the height of
the drop in force when the tape detaches, and we measured from
the videos of the tests the corresponding angle 6 in the instant
before detaching. For 6,, = 90° and V = 2, 3 kV, the tape does not
fully detach until the end of the experiment (holder displacement
= 10 mm), so we extracted the force value for Figs. 1b and 4b
as the magnitude of the force at the end of the experiment and
measured the corresponding angle 6. In this latter case, it became
necessary to correct for the weight of the detached portion of
the tape, so we subtracted its contribution as F,, = % mg =
%ppDMg Lb*hg = 1.3 mN, with b* = 30 mm the width of the
tape. As in our set-up the peeling angle changes during each test,
we only extracted force-angle values for specific data points. We
highlight that the criteria that we used for selecting the force-
angle values to extract from the pulling tests are arbitrary and
led by practical considerations. In theory, any force-angle value
at any point in time during pulling tests is equally valuable, as
long as at least a portion of the tape adheres to the substrate.

The comparison of the model with experimental data at differ-
ent voltage values is summarized in Fig. 4d, showing very good
agreement across the different angle values.

5. EA Soft gripper with controlled peeling angle

A highly promising application of Electroadhesion is in soft
grippers for the pick and place of delicate objects, such as fruit
and vegetables. EA soft grippers apply no normal forces on the
object, minimizing the risk of damage and requiring no force
sensors. The load-carrying ability of these grippers is strongly
influenced by the grasping posture, due to peeling. Based on the
fundamental understanding of peeling in EA and on the models
presented in this work, we designed a soft gripper with con-
trolled peeling angle (Fig. 5). The gripper has two trapezoidal
fingers made of PDMS with carbon-loaded PDMS electrodes. The
materials and overall geometry are inspired by previous works
by the authors [1,2] and are aligned with the EA tapes tested
in this letter, except for the trapezoidal shape. The width (from
45 to 10 mm) and length (45 mm) of the fingers are chosen to
match common fruit and vegetables that can be picked by human
hands. The trapezoidal shape allows picking up small objects such
as cherry tomatoes using fingertips, while grasping large objects
such as a 600 g Mango (Fig. 5) using the more proximal region of
the fingers. The small thickness (0.3 mm) and soft materials used,
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let the gripper conform to the curvature of the object under EA
forces.

We tested the gripper in the pick-and-place of delicate objects
to demonstrate how controlling the peeling angle is essential to
obtain successful grasping and release. The gripper is connected
to a robot arm. The two EA fingers are mounted on motorized
holders, whose distance can be adjusted from 0 to 90 mm using
a servomotor and a rack-gear. This additional degree of freedom
is what enables the control of the peeling angle between the
fingers and the object. A successfully pick-and-place sequence is
described as follows (Fig. 5a shows it for a 10 g cherry tomato and
Fig. 5b for a 70 g lime): (1 approach) the fingers are positioned by
the robot arm on the side of the object. (2 grasping) The fingers
are closed by the motorized holders until they touch the object.
The voltage is turned on. The robot arm moves vertically to pick
the object (a roll rotation is added in Fig. 5a in to better display
the shape of the gripper). A vertical movement of the robot with
the fingers touching the surface of the object leads to a small
peeling angle & = 0° and a large grasping force. (3 release) The
robot arm moves down to place the object on its new position.
The fingers are opened by the motorized holders, creating a large
peeling angle 6 > 30°, which leads to a fast and effective release
of the object.

Fig. 5¢, Video 2 and 3 show how an attempted grasping with
large peeling angle (6 > 30°) leads to a failure due to the low
peeling forces. Fig. 5b, d and Video 3 show the successful grasping
of a 70 g lime and a 600 g Mango.

Video 2 and 3 shows how attempted release with a small
peeling angle 6 = 0° leads to failure due to residual adhesion,
even once the voltage is turned off. Residual adhesion is a known
drawback of EA and is caused by both charge accumulation and
dry adhesion resulting from the large Maxwell pressure. Using a
large peeling angle is a highly effective method to overcome this
drawback and obtain fast and reliable release with EA grippers.

EA generally requires high voltage (2-5 kV) to operate at the
cm-scale. We powered our gripper demo using compact palm-
sized power supplies, with very low currents (10 wA) and energy
consumption (1 W). The low currents (intrinsically limited on the
power board) ensure the safety for human operators even in case
of accidental contact with a charged conductor. The low power
consumption represents a significant advantage of EA grippers
over pneumatic alternatives. An example of such compact high-
voltage and low-current power supplies has been presented in a
previous work by the authors [31].

6. Conclusions

In this paper, we demonstrate for the first time the influ-
ence of the peeling angle on the force required to detach a soft
Electroadhesion (EA) tape. We presented two models, one for
6 = 0° and one for 6 > 0°, due to the fundamentally different
mechanisms governing these two cases. When 6 = 0°, the
applied force Fyax = tealb + Rgab is almost entirely balanced
by the EA frictional stress created by the normal Maxwell stress,
multiplied by the EA area tg4 x Lb, while the contribution from
the EA surface energy Rgab is negligible. In contrast, for 6 > 0°,
shear stresses become negligible and the applied force is entirely
balanced by EA surface energy F = 1f’§f}’; 5- The developed models
are compact and simple to use, yet show very good agreement
with our experiments on the force required to detach the tape at
different values of the angle 6.

Nonlinear effects such as necking of the tape when pulling at
6 = 0° and hyperelastic material model for PDMS have not been
included in this study and will be investigated in future work.
Future investigations will also focus on the velocity-dependent
forces, given the importance of visco-elastic effects in elastomers
and the velocity dependence of frictional stresses [30].
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Fig. 5. Soft gripper using two EA fingers mounted on movable holders. The opening and closing of the holders, combined with the up-down movement of the robot
arm, enables the gripper to grasp objects of different shapes and sizes. We adjust the peeling angle first to maximize the grasping force and then to minimize the
adhesion force when releasing the object. (a) Successful grasping and release of a 25 mm wide cherry tomato (weight 10 g). (b) Successful grasping and release of
a 50 mm wide lime (weight 70 g). (c) Demonstration of a failed grasping of a 90 mm wide mango (weight 600 g) with peeling angle >30°. (d) Successful grasping
and release of a 90 mm wide mango (weight 600 g). Voltage 4 kV. Scale bar 30 mm.

This understanding of peeling effects in EA is essential for the
design and operation of soft grippers and robots relying on EA.
We demonstrated a dramatic dependence of EA forces with the
peeling angle (>1000x) and provide simple model tools to design
and operate EA systems. We presented a soft gripper that uses
electroadhesion to pick and place a variety of delicate objects,
such as fruit and vegetables. Previous EA grippers successfully
grasped objects only in a narrow range of sizes, as the grasping
forces quickly dropped due to peeling for larger and smaller
objects. Another drawback of EA is the residual force when the
voltage is turned off, which leads to slow release. Our gripper
uses an extra degree of freedom (distance between the fingers) to
control the peeling angle, which is used both for strong grasping
on a wide range of object sizes and fast release by peeling off the
fingers.

We demonstrated successful pick-and-place of a 600 g Mango
(Fig. 5c and Video 3). The force values required to grasp this object
(~3 N/ finger) are larger than the pulling force measured in our
tests on the EA tapes at 0° (Fig. 4d). The main reason for the
higher force is arguably that the curvature of the Mango generates
a further increase in frictional stress. This topic will be the subject
of future study.

Electroadhesion has many advantages: low power consump-
tion (<1 W), high forces (>15 N for 2 cm?) and extremely
compact form factors (~100 wm thickness). We believe that this

contribution will pave the way for the study of the mechanical
and tribological aspects of electroadhesion, leading to a wider
understanding of the underlying electro-mechanical phenomena
and to the design of more advanced soft grippers, soft robots and
wearables.
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