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Dielectric elastomer transducers (DETs) have attracted interest as generators, actuators, sensors,
and even as self-sensing actuators for applications in medicine, soft robotics, and microfluidics.
Their performance crucially depends on the elastic properties of the electrode-elastomer sandwich
structure. The compressive displacement of a single-layer DET can be easily measured using
atomic force microscopy (AFM) in the contact mode. While polymers used as dielectric elastomers
are known to exhibit significant mechanical stiffening for large strains, their mechanical properties
when subjected to voltages are not well understood. To examine this effect, we measured the
depths of 400 nanoindentations as a function of the applied electric field using a spherical AFM
probe with a radius of (522 = 4) nm. Employing a field as low as 20 V/um, the indentation depths
increased by 42% at a load of 100 nN with respect to the field-free condition, implying an electro-
mechanically driven elastic softening of the DET. This at-a-glance surprising experimental result
agrees with related nonlinear, dynamic finite element model simulations. Furthermore, the pull-off
forces rose from (23.0 = 0.4) to (49.0 = 0.7) nN implying a nanoindentation imprint after unload-
ing. This embossing effect is explained by the remaining charges at the indentation site. The root-
mean-square roughness of the Au electrode raised by 11% upon increasing the field from zero to
12 V/um, demonstrating that the electrode’s morphology change is an undervalued factor in the
fabrication of DET structures. © 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/10.1063/1.5000736]
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Nanomechanical probing of thin-film dielectric elastomer transducers

Thin-film dielectric elastomer transducers (DETs) are
emerging in applications such as haptics, tunable optics, soft
robotics, and biomedical devices.! In their most primitive
version, they are composed of a soft elastomeric film, sand-
wiched between two compliant electrodes. The elastomer
film, often polydimethylsiloxane (PDMS), undergoes an
expansion perpendicular to the applied electric field as a
result of the Coulomb attraction of the oppositely charged
electrodes. DETs show an actuation strain larger than
muscles in the human body?® and millisecond response time”
and have energy densities well comparable to human muscle
tissue.*” In addition, composed of elastomers,® they can self-
heal” and can provide sensing feedback.® Thus, DET's could
become medical devices to substitute the function of human
muscles.” The generated force of a thin-film DET with an
area of about a square-centimeter was found to be 100 mN
and could be quantified using an optical beam-deflection
technique.'® Therefore, thousands of layers would be
required to generate forces of several Newtons, which is
required for artificial muscles to treat urinary or fecal incon-
tinence. A recent work describes the fabrication of a 12-layer
stacked DET that allows significant actuations without pre-
stretching at voltages between 1 and 2kV.!"" Major efforts
have been invested to reduce the operation voltage by one or
two orders of magnitude. One approach relies on elastomer
films with a submicron thickness which are prepared by thin-
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film techniques such as molecular beam deposition (MBD)
techniques and electrospraying.'>'® The surface roughness
of thermally evaporated metal/PDMS sandwich structures
can be controlled on the nanometer scale;'* however, their
applicability for DETs is still restricted. First, the evapora-
tion of viscous PDMS pre-polymers in vacuum is limited to
oligomers with a molecular weight of 6100 g/mol (Ref. 15);
second, the growth rate below one layer per hour confines
the fabrication of stacked DETs.'® Electrospraying of dis-
solved PDMS in ethyl acetate exhibits increased deposition
rates of one layer per minute but leads to comparably rough
PDMS sub-micrometer films. However, it is easily scalable
and promising for large-scale fabrication of low-voltage
DETs. The performance of electrosprayed DETs with inho-
mogeneous PDMS films has not been investigated yet.
Recently, it has been shown that for thin-film DETs, the
impact of electrode’s topology and stiffness increase of the
overall DET by a metal electrode, such as Au, is essential.!”
In a previous study, these mechanical properties have been
determined by nanoindentation (NI) measurements with a
spherical indenter using atomic force microscopy (AFM).'®
The elastic modulus of the thin-film DET sandwich structure
increased by a factor of three after the deposition of a 10 nm
Au electrode. The observed force-distance-curves allow us
not only to extract the mechanical properties of thin poly-
meric films but also to study the related adhesion forces.'**2
Several research teams have investigated the electromechan-
ical behavior for larger deformations using experimental

© Author(s) 2017.
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methods and simulations including finite element (FE)
analysis.>>2°

In this communication, we elucidate that probing a
DC-powered thin-film DET with a spherical AFM tip leads
to increased indentation depths by several tens of percent, as
verified by dynamic FE models. Furthermore, we investigate
how far the roughness of the Au electrode increases owing to
the actuation. This effect is highly beneficial and can be used
in anisotropic DET structures with electrodes containing par-
allel wrinkles to generate unilateral actuation.

Single-layer DET specimens, as shown in Fig. 1(a), were
fabricated on polyethylene naphthalate (PEN) polymeric sub-
strates. The related materials and fabrication methods are pre-
sented in a previous work.!® For the nanoindentation (NI)
measurements, the 10 nm-thin Au electrodes were connected
to the DC power supply and set to selected voltages between
0 and 160 V. The voltage @ was set to the preselected value
and kept constant until the completion of the 400 NI measure-
ments. For all experiments, we used only one AFM cantilever
with a spherical electron-beam processed carbon tip (BS00
FMR, Nanotools GmbH, Germany). The tip radius has been
measured using scanning electron microscopy and is found to
be (522 =4) nm. The nominal spring constant of the AFM
cantilever was calculated using the Sader method and was
found to be k=(1.9 =0.1) N/m. According to the Global
Calibration Initiative by Sader et al., we get for this cantilever
a standardized spring constant of kguqer=(2.1 =0.2) N/m
(f,=88.9kHz, Q =132, B500 FMR).27 The deflection sensi-
tivity was calibrated using a Si wafer serving as a substrate
with an infinite stiffness. An area of 10 x 10 um” contains 400
subdomains, each serving as a NI site. An automated data
acquisition and analysis software (Flex-ANA, Nanosurf AG,
Switzerland) running on an AFM system (FlexAFM C3000,
Nanosurf AG, Switzerland) was used to extract the indenta-
tion depths ¢ for each measurement. The nanoindentation
speed was set to 3 um/s. PDMS can be approximated to be
purely elastic.?! Characteristic force-distance curves for

(a) (b)
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FIG. 1. AFM nanoindentation on the activated DET structure. (a) Schematic
of the experimental setup consisting of an 8 um-thin elastomer film, sand-
wiched between two 10nm-thin Au electrodes. The nanoindentation depth ¢ is
measured at selected voltages @ and loads P using an AFM probe with a well-
defined radius R. The spherical tip gives rise to the contact radius a used for
the JKR model.*® (b) SEM image of the used spherical probe with a radius of
(522 = 4) nm. Reproduced with permission from Nanotools GmbH, Munich,
Germany. Copyright 2017 Nanotools GmbH.
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P =100nN and ® =0V shown in the supplementary material
clearly indicate that the PDMS-layer shows an almost per-
fectly elastic behavior as the loading and unloading curve
coincide.

NIs on DETs without applying a voltage, ® =0V, were
employed to determine the average elastic modulus Epgr.
The dimensionless Tabor parameter u= (RyZ/EDET2£3)1/ 3
supports selecting the contact model.”® Here, R is the probe
radius, y the adhesion work, and ¢ the equilibrium separation,
typically around 0.5nm. For p>35, the Johnson-Kendall-
Roberts (JKR) contact model is recommended.?%° Using
R =522nm and the average pull-off force F,=23 nN, the
adhesion work y=Fo/(3nR/2) is found to be 9.3 mJ/m?.
With Epgr = 1.6 MPa, the Tabor parameter can be calculated
to be u=52. For ®=0V, the experimental data clearly
uncover the two-layer DET structure consisting of the
10 nm-thin electrode and the elastomeric bulk. For a small
load of P =25 nN, the calculated average elastic modulus
using the JKR model corresponds to Epgr= (2.1 £0.3)
MPa. It decreases to (1.8 £0.2), (1.7 = 0.2), and (1.6 = 0.2)
MPa for loads of P =50, 75, and 100 nN, respectively. The
nanoindentation depths for ® =0V are listed in Table I. The
elastic modulus decreases with the indentation depth for the
two-layer structure. We assume that local strains on the
10nm-thin Au electrode rise for larger penetration depths
minimizing the stiffness increase due to the stiff electrode. It
was shown, however, that the surface layer of PDMS is
stiffer than the PDMS below.® As reported previously, the
nanometer-thin Au electrode is not confluent and forms
nanoclusters with a nominal size of (20 + 10)nm.*' NI
results on actuated DETs operated at voltages of ® =0, 40,
80, 120, and 160V are summarized in Table I for applied
loads of P =25, 50, 75, and 100 nN. The resulting mean
indentation depth ¢ including the measurements at =0V
were fitted using a Gaussian function.

For a constant indentation load P, the indentation depth
o0 increases with respect to the applied voltage ®. We assume
that the indentation depth increases with the applied voltage
due to an increased charge density at the indentation site. It
is shown that the electric charge density at a point on a given
conductor surface increases with its local curvature 1/R.>
These experimental results were surprising at first glance, as
one might expect a stiffening effect due to the applied
Maxwell pressure generated.? For P =25 nN, the indentation
depth is increased by 17nm, whereas for P =100 nN, the
average increase was found to be 50nm. The variance of
measured data increased as well. The nonlinear, dynamic

TABLE I. Indentation depths ¢ of a spherical AFM probe on a single-layer
thin-film DET at selected loads P and applied voltages ®. The derived
parameters are grouped and fitted using a Gaussian.

Indentation depth d (nm)*

Indentation

loadP(nN) ®=0V ®=40V ®=80V ®=120V d=160V
25 38+4 40+5 46+5 51+5 55+6

50 74+6 75+6 838 93+8 114 £ 16
75 103+6 106 =7 11338 125+9 143+ 11
100 1174 1326 140 =7 151 =8 167 =11

“The error corresponds to the standard deviation of the Gaussian fit.
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FIG. 2. Indentation depth ¢ as a function of the applied load P for selected
voltages ®@. The FE simulations explain the experimental data.

finite element (FE) simulations, as shown in Fig. 2, agree
with the experimental results. The FE simulations were car-
ried out using a previously developed dynamic FE formula-
tion for DETs.* 2D plane strain FE simulations were
performed on DETs with the same material properties. The
voltage at the bottom surface was kept at zero, while the
voltage was increased linearly on the top surface in Fig. 1
and the voltage was increased sufficiently slowly to mimic
quasi-static loading conditions. After the voltage reached the
target value, the DET was indented by moving the indenter
towards the DET with fixed velocity. The reaction force as a
function of indentation depth was then measured, and the FE
simulations were repeated for the voltages, as in the experi-
ments. We have observed that at higher loads P, the experi-
mental data are pulled apart more strongly than the values
observed from the FE simulation. The indentation depths
from FE simulations overshoot the experimental data at
smaller voltages and fall below the experimental data at
higher voltages ®. This is likely because the FE models
assume “ideal dielectric behavior,” i.e., the polarization of
the dielectric is like a fluid or isotropic.

The loading curves of NI experiments include both the
contact and adhesion forces. From the unloading force-
distance curves, however, the pull-off force Fy, also termed
adhesion force at the time of separation, is extracted. The
pull-off force Fy is given as*’

Fo=2nR(y; + 72— V12); (1)

where R is the indenter radius and 7y, 7,, and y,, are the free
surface energies of the indentation sphere, the electrode and the
interface, respectively. In Fig. 3, we show the categorized pull-
off forces from 400 nanoindentations at a fixed load of P =100
nN. The histograms were consistently fitted using OriginPro
2015 (OriginLab Corporation, Northampton, USA) and pro Fit
6.2.11 (QuantumSoft, Uetikon am See, Switzerland) to one
Gaussian with the three relevant parameters including their
error bars by means of the Levenberg-Marquardt algorithm.

Appl. Phys. Lett. 111, 093104 (2017)
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FIG. 3. Histograms of pull-off forces F at the time of separation extracted
from the unloading force distance curves for an applied load of P =100
nN. The obtained values are fitted with a Gaussian function, upon which
for the mean values we find Fo=(23.0 +0.4), (37.2 =£0.6), (40.7 =0.5),
(46.4+0.7), and (49.0=0.7)nN for ®=0, 40, 80, 120, and 160V,
respectively.

We have observed more than a doubling of the pull-off forces
from (23.0 £ 0.4) to (49.0 = 0.7) nN with increased operation
voltages from ® =0 to 160 V. Equation (1) illustrates the pro-
portionality of pull-off force to the size of the indenter sphere.
Therefore, we assume that the increased pull-off forces are
related to an increased contact area at the instant of time when
the indenter is being separated from the Au electrode. We
hypothesize that a nano-indentation imprint remains after the
measurement due to charge accumulation at the indentation site
of the activated DET structure. Although our AFM instrumen-
tation does not allow direct scanning of the topology after
indentation, it is a reasonable hypothesis because adhesion
measurements on stiff Au-coated Si wafers show that the pull-
off forces are independent of the applied load and indentation
speed. An electrostatic field between the cantilever and the top
gold electrode layer can be excluded as they were connected at
a single point to avoid an electrical potential. The related data
are given in the supplementary material. As reported by
Rabinovich et al., the adhesion forces decrease with respect to
the surface roughness.”* Therefore, in the present experiment,
one can definitely exclude any increase in the adhesion force as
a result of enhanced surface roughness. However, doubling the
applied voltage @ from 80 to 160V, the pull-off force F, only
increases by 20%, i.e., from (40.7 = 0.5) to (49.0 = 0.7) nN.
Figure 4 shows AFM surface scans of planar electrodes
for ®=0 and 100 V. The scans were performed in the tap-
ping mode (Budget Sensors Tap 190-G, Nano and More
GmbH, Wetzler, Germany) with an amplitude of 1V and a
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set point of 60%. The typical Volmer-Weber growth mode
of Au on PDMS leads to nanoclusters with an average size
of (20 = 10) nm. At applied voltages of 100V, the detected
surface roughness increased by 11%. The charge distribution
on the electrode of a powered DET is expected to be strongly
dependent on the topology of the electrode. Due to charge accu-
mulation within the valleys, the electric field becomes inhomo-
geneous on the nanometer scale. This effect could be related to
the indentation depth, which increases with the voltage applied,
as elucidated by the experimental data shown in Fig. 2.

As recently published, we were able to follow the com-
pressive strain of a DET structure using the AFM in real
time.>> For this, the upper electrode was scanned in the con-
tact mode with a comparably soft spherical AFM tip (B150
CONTR, k=0.2N/m) at the low set point of 8 nN to mini-
mize the penetration of the tip into the DET structure. The
calculated contact pressure was found to be 0.48 MPa. The
radius of the AFM tip was measured using scanning electron
microscopy and was found to be R=(152=*2)nm. To
ensure a verifiable contact between the AFM tip and the
electrode, we have fabricated DET structures with parallel
aligned wrinkles as seen in Fig. 5(a). DET structures were
fabricated on 2-in. Si substrates with a 100nm SiO, coating
using a Mo mask with 12 x 0.4 mm” windows. As Bowden
et al. have shown, wrinkles align perpendicular to steps and
edges.*® Due to the oriented wrinkle structure over the whole
width, at one end of the DET, the upper electrode was dis-
placed by s,=(80*3)um in one direction, as observed
with the built-in top camera of the AFM system. The com-
pressive strain was extracted via two profile cuts as seen in
Fig. 5(b). The profile cuts were fitted using a constant reveal-
ing an actuation of (180 = 20) nm. This value corresponds to
a strain of only 2.3%, as the DET structure was fabricated on
a rigid Si wafer. The calculated RMS value for ® =0V and
® =100V of the AFM scan shown in Fig. 5(b) increased
from 23 to 28 nm.

15
12
)
9 £
=
o
jas)
3
0

FIG. 4. AFM surface scan of a 2 x 1 um? spot of the top Au electrode for a
non-powered and powered DET. For a voltage of ® =100 V, which corre-
sponds to an electric field of 12 V/um, the root-mean-square roughness
increased by 11%, from 1.35 to 1.50 nm. The height color bar is valid for
both AFM scans.
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FIG. 5. Actuation measurement of a substrate bonded single-layer DET
using an AFM in the contact mode. (a) Observation of the lateral displace-
ment s, = (80 = 3) um of the wrinkled electrode using the built-in top cam-
era of the AFM. (b) AFM scan in the contact mode of the wrinkled electrode
using a spherical AFM tip with a large radius of R = (152 = 2) nm for ® =0
and 100 V. Profile cuts reveal a compressive actuation of only (180 = 20)
nm, corresponding to a strain of only 2.3%, as the DET structure was fabri-
cated on a rigid Si wafer. The height color bar for the AFM scans is shown
on the left side/ordinate of the graph containing the profile cuts.

In summary, we have shown that probing a DC-powered
thin-film DET with an AFM spherical tip leads to increased
indentation depths by several tens of percent, as verified by
dynamic FE models. We address the apparent softening
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effect of the DET structure as a result of the expected charge
accumulation at the nanoindentation site, which is the conse-
quence of the impression by the tip.*> Furthermore, AFM
scans revealed increased roughness of the Au electrode as a
result of the voltage applied to the DET. In conclusion, elec-
trodes with a controlled topology can be prepared to trigger a
preferred direction of the actuation.

See supplementary material for details on the sample
preparation, characteristic force-distance curves, average
elastic modulus using the JKR contact model for the DET-
structure at four selected loads, and pull-off forces for a
spherical AFM tip with a radius of (499 = 4) nm on a 50 nm-
thin Au-coated Si wafer.
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the Swiss Research Program Nano-Tera.ch as well as from
the Swiss Nanoscience Institute (SNI). HSP and SS
acknowledge funding from the ARO, grant W91INF-14-1-
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