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Experimental study of relationship between interfacial electroadhesive force
and applied voltage for different substrate materials
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An experimental investigation into the relationship between the interfacial electroadhesive force
and applied voltage up to 20 kV has been presented. Normal electroadhesive forces have been
obtained between a double-electrode electroadhesive pad and three optically flat and different sub-
strate materials: glass, acrylic, and polycarbonate. The results have shown that not all substrate
materials are good for the generation of electroadhesive forces. Only 15.7 Pa has been obtained
between the pad and the polycarbonate substrate under 20kV, whereas 46.3 Pa and 123.4 Pa have
been obtained on the acrylic and glass substrate, respectively. Based on the experimental data,
empirical models, with an adjusted R-square value above 0.995 in all cases, have been obtained for
the three substrates. However, it has not been possible to develop a general empirical model which
is suitable for all substrates. This further indicates the need for a large quantity of experimental
data to obtain robust empirical models for different substrate materials in order to reliably use elec-
troadhesive technologies for material handling applications. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4975602]

Electroadhesion’ is an electrically controllable adhesion
phenomenon between two interfacial surfaces: an energized
electroadhesive pad and a substrate, subjected to strong elec-
tric fields. The electroadhesive pad is made of conductive
electrodes connected with high voltage power sources, usu-
ally in the range of kilovolts (kV), and embedded in a dielec-
tric material. The substrate is the material to which the
electroadhesion, induced by either high voltage polarization
or electric induction,? is applied, including walls to hold
onto or objects to be picked up. Compared to other adhesion
mechanisms,’ this advanced adhesion mechanism has several
advantages including enhanced adaptability, reduced com-
plexity, decreased energy consumption, quiet in operation,
and flexibility and non-damaging interactions for material
handling applications.* As such, the electroadhesion technol-
ogy has been used by the researchers investigating mobile
robots including climbing® and perching® robots and in end
effectors for robotic material handling applications.*’*

Electroadhesion is a dynamic electrostatic attraction
phenomenon with over 33 variables influencing the interfa-
cial electroadhesive forces obtainable between the two surfa-
ces,” among which the applied voltage magnitude is one of
the most dominating factors. The previous theoretical and
simulation results have shown that the interfacial electroad-
hesive force is proportional to the square of the applied volt-
age.'™!! The experiment results, especially the results from
the recent work by Koh et al.,'* however, have consistently
demonstrated the inappropriateness of this pure quadratic
relationship.lz_15 Also, there is a lack of a standardised or
recognised experiment setup and procedure to investigate
this relationship, especially by taking the surface texture of
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the interfacial surfaces and environmental factors into con-
sideration.” This is because the interfacial electroadhesive
forces can be greatly influenced by surface scratches’ and
changing environmental factors such as humidity and tem-
perature.” In addition, little work has been published previ-
ously regarding the relationship between the interfacial
electroadhesive force achieved and applied voltage up to
20kV. Furthermore, there is a lack of specific empirical
models describing the relationship between the force and
voltage magnitude on different substrate materials.

This paper begins with an introduction to an in-house
electroadhesive pad design and manufacture process. After
this, a repeatable electroadhesive force measurement proce-
dure, performed in a controlled and mechatronic force
measurement platform, is presented. Surface texture mea-
surement and characterisation of the three substrates and the
pad surfaces are then conducted using a Zygo and the
Talymap surface texture data analysis software. Followed by
this, the electroadhesive force measurement is performed
and empirical models are derived based on the experimental
data. Discussion and conclusions are finally made based on
the achieved results.

The electroadhesive pad design and manufacturing pro-
cess was based on solid-ink printing, chemical etching, and
conformal coating.'® The electrode geometry design was
conducted in SOLIDWORKS and based on a double-
electrode design, where one electrode was connected to a
positive high voltage source and the other one was connected
to a negative high voltage source. As can be seen in Fig. 1,
the effective electrode area was set as 190 mm x 190 mm.
Please note that the width and length of the electrodes can be
other values for this investigation. Also, dielectric break-
down will occur if small gaps are adopted. The space
between the electrodes was set as 20mm to endure high

© Author(s) 2017.
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190 mm

20 mm

FIG. 1. Electrode geometric design and dimensions.

voltages up to 20kV. The corners of the electrodes were
rounded to decrease the charge concentration problem.

The electrode design was then printed onto a cleaned
297mm x 210mm size copper laminate (GTS Flexible
Materials Limited, UK) via a Xerox solid-ink printer. The
copper laminate comprises a 35 um thick copper adhered
onto a 75 um thick polyester (PET). The wax protected cop-
per laminate was then placed into a pre-heated bubble etch-
ing tank (Mega Electronics, UK) filled with ferric chloride
granules (2000 g, RS Components, UK) mixed with 4-liter
water. The unwanted copper areas were completely etched
within 5 min. The etched copper laminate was removed from
the etching tank, and the remaining wax was removed using
a label removal spray (Farnell, UK) and cleaned via an
Isopropyl Alcohol (Farnell, UK) in a spray booth. After this,
aerosol conformal coating of a polyurethane (PUC, RS
Components, UK) was conducted on the completely cleaned
and dried copper laminate. An ultraviolet light pen was used
to ensure an even coating before vacuum degassing and
90min’s curing of the pad in a vacuum oven (Fistreem
International Ltd., UK) at 80° was undertaken.

A mechatronic and reconfigurable force measurement
platform has been designed and used to obtain the normal
electroadhesive forces between the electroadhesive pad and
substrate.” As aforementioned, unstable forces have been
achieved when testing the pads in ambient environments. A
custom built environmental chamber has been developed to
maintain the temperature and humidity.> The chamber was
made of an insulating foam and controlled by an air
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conditioning unit and a dehumidifier. A repeatable electroad-
hesive force measurement procedure, as can be seen in Fig.
2, has been used.

The pad was initially attached on a pad holder and the
substrates. The pad was driven down towards the substrate
by a servo motor (driven by a Kollmorgen motor driver con-
nected with a CompactRio) until a 22 = 0.5N preload was
applied between the pad and substrate. The pad was then
energized by two high voltage converters (HVCs, EMCO
High Voltage Corporation), with (=) 0—-10kV output and
0-5V reference input, which was from an Instek GPD 3303
direct current power supply unit (DC PSU, GW Instek). A
6-axis force/torque (F/T) sensor (ATI Industrial Automation,
UK), with a tolerance of =0.05N, was employed to record
the forces. The recording of the normal electroadhesive force
was thus started after turning on the DC PSU. The pad was
charged for 60s before pulling the pad away from the sub-
strate using a velocity of 0.1 mms ™' and an acceleration of
50 revs 2. As can be seen from Fig. 2, during the pulling-off
phase, the electroadhesive force decreases as the gap
increases between the pad and substrate. The PSU was then
turned off after 15s.

Due to the residual charge on the pad, the electroadhesive
force does not drop immediately but it decreases gradually.
The force data recording were stopped when the force reached
zero, and the data were exported as text files. These files were
loaded and further analyzed in MATLAB. 520s’ dwell time
was used for the residual charge dissipation, and both the pad
and the substrates were grounded for 300 seconds after each
test during this period. An electrostatic fieldmeter (Simco-
Ion) was used to measure the surface charge of the pad and
substrates. 300s was enough to obtain repeatable results for
this study. A fixed experiment time of 10min for each test
was, therefore, set. For each substrate, five experiments were
repeated. The average of the five results and its standard devi-
ation were reported.

As aforementioned, the direction of the surface texture
of the substrate surface plays an important role in achieving
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FIG. 2. Electroadhesive force measurement procedure, where five steps are
employed: (1) change substrates, (2) record the force and set the preload, (3)
charge the pad, (4) pull away the pad holder to obtain the maximum electro-
adhesive force, and (5) discharge the pad and substrate.
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FIG. 3. Normal electroadhesive forces obtained between the pad and Al
plates with different surface scratches.

a repeatable and controllable electroadhesive force. The
electroadhesive force obtained from the double-electrode
pad produced in this study is also sensitive to different sur-
face scratches, as shown in Fig. 3. Three sanded aluminium
(Al) plates with horizontal (the root mean square height,
Sq=2.8 um), bi-directional (S¢=2.8 um), and vertical
scratches (Sq = 2.8 um)” have been used as the substrates to
investigate the relationship between the interfacial electroad-
hesive force and different surface scratches. The same exper-
imental setup and procedure, as described in the last section,
have been used. The pad was charged at 3.6 kV. Please note
that the substrate change order was Al substrate with hori-
zontal scratches, Al substrate with bi-directional scratches,
and Al substrate with vertical scratches. Different forces
were obtained on the three different surface scratches. As
demonstrated in Fig. 3, a relative difference of 312.5% in
forces obtainable can be seen between the results on the Al
plate with bi-directional scratches (2.31N) and vertical
scratches (0.56 N).

In order to investigate the influence of different substrate
materials, it is therefore important to prepare substrate mate-
rials with similar surface textures. A toughened glass plate,
an acrylic plate, and a polycarbonate plate, with optically flat
surface texture and the same dimensions (400 mm x 500 mm
x 12mm), were chosen as the substrate materials. Ten ran-
dom areas from each substrate surfaces were measured by a
Zygo NewView 5000, which is a non-contact surface texture
measurement platform, with a Mirau 10x objective. The raw
data from the Zygo software were analyzed in the Talymap
commercial surface texture data analysis software. One typi-
cal form-removed surface texture information from the three
substrate surfaces and the PET side of the pad can be seen in
Fig. 4.

A standard Gaussian filter with a cut-off length of
0.25mm was applied, and end effects were managed using
the Talymap software. The Sq of the acrylic, glass, polycar-
bonate, and PET surface is 3.2nm, 2.4nm, 1.7nm, and
37.2nm, respectively. The average of the Sq values of ten
random areas on each substrate surface and their standard
deviations are plotted in Fig. 4(e).

The electroadhesive forces change when tested in differ-
ent environment conditions. The results shown in Fig. 5,
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obtained in two different environment conditions, clearly
support this finding. The electroadhesive forces obtained
when the relative humidity was maintained at 49 = 1%, room
temperature at 21.1 = 0.2°C, and pressure at 1008 = 0.2 hPa
were higher than the forces obtained when the relative
humidity was maintained at 39 = 1%, room temperature at
209 £0.1°C, and pressure at 1013.5 = 0.1 hPa. In order to
compare the forces obtainable on the three different substrate
materials at different voltage levels, the experiments were
conducted when the relative humidity was maintained at
49 £ 1%, room temperature at 21.1 = 0.2°C, and pressure at
1008 = 0.2 hPa.

A voltage difference up to 20kV, in the steps of 1.2kV,
was applied on the pad. Different experiment results were
obtained on the three substrates, as demonstrated in Figs.
6-8. For the electroadhesive forces obtained on the acrylic
substrate, as presented in Fig. 6, the empirical model of
Equation (1) was derived

F = 0.06 — 0.00124U — 0.00037U% + 0.00081U°
+0.00003U*, ()

where F denotes the normal electroadhesive force and U
denotes the applied voltage.

For the electroadhesive forces obtained on the polycar-
bonate substrate, as presented in Fig. 7, the empirical model
was derived as

F = 0.21 + 0.003U + 0.00073U>. )

For the electroadhesive forces obtained on the glass sub-
strate, as presented in Fig. 8, the empirical model was
derived as

5.5

. U 244"
7.11

The adjusted R-square values between the experimental
data and the empirical models are all above 0.995. It has to
be noted, however, that the general force increase trend
does not change when the environment changes, as shown in
Fig. 5. The empirical model for the forces obtained in
39 +1%,20.9 £0.1°C, and 1013.5 = 0.1 hPa was derived as

F=554+ 3)

4.
Fago—— 29 )

o U\
7.81

Up to now, there is no clear relationship between the
electroadhesive force obtainable and the individual humidity
or temperature or pressure. This is because it is difficult to
control the humidity, temperature, and pressure indepen-
dently. Future work on this is thus required. For the glass
substrate, however, it has been found out that humidity has a
greater influence on the forces than temperature and pres-
sure. This is because that the glass substrate’s dielectric
property is sensitive to humidity change.

It is clear in the Figs. 68 that different substrate materi-
als exhibit different electroadhesion properties. As can be
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FIG. 4. Surface texture information of
one typical area of the three substrates
and the pad surface, where (a) is from
the acrylic surface, (b) is from the
polycarbonate surface, (c) is from the
glass surface, (d) is from the PET sur-
face, and (e) is the mean Sg values of
the three substrate and pad surfaces.

Normal electroadhesive force (F, N)

0.0 -

0.8 -

0.6 -

0.4

02

F =0.06 - 0.00124U - 0.00037U° + 0.00081U° + 0.00003U*

10

12

14

22

Applied voltage (U, kV)

FIG. 6. Empirical model for the electroadhesive forces on the acrylic

substrate.
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FIG. 7. Empirical model for the electroadhesive forces on the polycarbonate
substrate.
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FIG. 8. Empirical model for the electroadhesive forces on the glass substrate.

seen from Fig. 7, the polycarbonate substrate exhibited poor
electroadhesion characteristics compared to glass and
acrylic. This means that not all substrate materials are appro-
priate for electroadhesive material handling applications. In
addition, it can be concluded that there is no clear relation-
ship between the electroadhesive forces obtained after charg-
ing 60 seconds and dielectric constants.

For the acrylic substrate, within the 20kV range mea-
sured, the relationship between the interfacial electroadhe-
sive force and applied voltage is polynomial or power. The
adjusted R-square values of a parabola, cubic, quartic, allo-
metric2 fit (default functions from Origin 9) were 0.979,
0.979, 0.997, and 0.969, respectively. The quartic fit was
therefore selected as the empirical relationship. For the poly-
carbonate substrate, within the 20kV range measured, the
relationship between the interfacial electroadhesive force
and applied voltage is also polynomial. The adjusted
R-square values of a parabola, cubic, and quartic fit were all
0.997. For the glass substrate, within the 20kV range mea-
sured, the relationship between the interfacial electroadhe-
sive force and applied voltage can be polynomial. A logistics
fit can also bring a good fit. In addition, a combination of
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polynomial when the applied voltage is less than 6.8 kV and
exponential when the applied voltage is beyond 6.8 kV can
also produce a good fit. The adjusted R-square values of a
quartic, combination of parabola and expdecl, langmiurextl1,
and logistics fit (default functions from Origin 9) were
0.9978, 0.98, 0.998, and 0.9983, respectively. The results
have shown that there is no general empirical model that can
be applied to all substrate materials.

Although the adjusted R-square values between the
experimental data and the empirical models were all above
0.9609, there is still a slight disagreement between the empiri-
cal model and the experimental results. This is due to the
fact that the output of the HVC is not exactly linear with the
reference input. There is an output tolerance of within +5%
for the positive HVC and —10% for negative HVC.

Three different empirical models, with the goodness-of-
fit above 0.995, in all cases, for the relationship between the
interfacial electroadhesive force and applied voltage up to
20kV, have been obtained for glass (Sg: 2.4 nm), acrylic (Sg:
3.2nm), and polycarbonate (Sg: 1.7 nm) substrates with opti-
cally flat surface texture and the same geometric dimensions
(400 mm x 500 mm x 12mm). The results have shown that:
different substrate materials exhibit different electroadhesion
properties; not all substrate materials are good for electroad-
hesive material handling applications; and there is no general
empirical model that can be applied to all substrate materials.
A large number of further experiments are therefore needed
to obtain robust empirical models for different substrate
materials for future electroadhesive material handling
applications.
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