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Abstract Starfish and octopuses control their infinite degree-
of-freedom arms with panache—capabilities typical of
nature where the distribution of reflex-like intelligence
throughout soft muscular networks greatly outperforms any-
thing hard, heavy, and man-made. Dielectric elastomer actu-
ators show great promise for soft artificial muscle networks.
One way to make them smart is with piezo-resistive Dielec-
tric Elastomer Switches (DES) that can be combined with
artificial muscles to create arbitrary digital logic circuits.
Unfortunately there are currently no reliable materials or
fabrication process. Thus devices typically fail within a few
thousand cycles.

As a first step in the search for better materials we present
a preliminary exploration of piezo-resistors made with fil-
tered cathodic vacuum arc metal ion implantation. DES
were formed on polydimethylsiloxane silicone membranes
out of ion implanted gold nano-clusters. We propose that
there are four distinct regimes (high dose, above percola-
tion, on percolation, low dose) in which gold ion implanted
piezo-resistors can operate and present experimental results
on implanted piezo-resistors switching high voltages as well
as a simple artificial muscle inverter. While gold ion im-
planted DES are limited by high hysteresis and low sensi-
tivity, they already show promise for a range of applications
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including hysteretic oscillators and soft generators. With im-
provements to implanter process control the promise of arti-
ficial muscle circuitry for soft smart actuator networks could
become a reality.

1 Introduction

A hallmark of life is the use of soft, flexible muscles to
manipulate an organism’s surroundings. Soft muscles are
intrinsically compatible with unstructured environments so
they do not require tight tolerances or high speed control,
yet provide robustness under variable and uncertain condi-
tions [1]. This is a robustness not shared by engineered sys-
tems based on hard and rigid technology such as electromag-
netic, piezoelectric, or hydraulic actuators. The recent de-
velopment of artificial muscle technology—Dielectric Elas-
tomer Actuator(s) (DEA) (Fig. 1) [2]—provides an oppor-
tunity to build soft and truly lifelike robotic, mechatronic,
and prosthetic devices. DEA are well suited to smart actu-
ator networks [3] as they are capable of strong, silent, and
large actuation [4], have already been incorporated into a
wide range of biomimetic devices [5—8], and are made of
cheap printable materials [9].

However, the provision of soft actuation creates a big
problem in control. Soft actuator structures and networks
can have many degrees of freedom that overwhelm a cen-
tral processor [1, 10]. Nature solves this problem by dis-
tributing control to provide speed, robustness, and compu-
tational simplicity. Consider two examples. Octopuses con-
trol infinite degree-of-freedom manipulators using charac-
teristic behaviors mediated by neurons distributed through-
out their arms—substantially reducing demands on the ani-
mal’s brain [11, 12]. Starfish (see Fig. 2) have a distributed
brain capable of complex behavior such as flipping the
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Compliant Electrodes

Elastomer Dielectric

Fig. 1 Dielectric elastomers are soft flexible capacitors. When a high
voltage is applied, electrostatic interactions give rise to an expansion
in plane and compression in thickness. Image adapted from Gisby
etal. [13]

Fig. 2 Starfish are amazing examples of the soft, smart muscular net-
works seen throughout nature

right way up [14] whilst at the same time being incredi-
bly robust—some starfish can reproduce by splitting in two
[15, 16].

Clearly it is desirable to make use of this distributed con-
trol approach for artificial muscle networks. Unfortunately,
however, conventional electronics are poorly suited to this
task—they are rigid, hard, and brittle, meaning they impede
movement or break when incorporated into soft structures.
These limitations are well recognized by a rapidly growing
stretchable electronics community, who are employing mi-
crofabrication techniques to make stretchable semiconduc-
tor devices [17-19]. Stretchable semiconductor electronics
show promise; however, they make use of dissimilar fabri-
cation processes to artificial muscles—complicating manu-
facture and increasing cost—and cannot be easily used to
control high voltages.

Recently we presented the Dielectric Elastomer Switch
(DES) [20] that can overcome these difficulties and allows
for distribution of reflexes throughout an artificial muscle
device. DES are piezo-resistive elements that can be pat-
terned onto artificial muscle membranes to create soft elec-
tric circuits. Piezo-resistivity is the change in a material’s re-
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sistivity with stretch. Piezo-resistive polymers are typically
realized via the distribution of conducting particles such as
carbon [21] or nickel [22] throughout an insulating polymer
matrix. Piezo-resistive behavior originates from geometric
effects such as the forming and breaking of conductive net-
works under strain, or from conduction effects such as quan-
tum tunneling and electron hopping [23] where the conduc-
tivity between two particles is highly dependent on particle
spacing.

DES are called “switches” because when stretched they
can switch the voltage applied to a DEA on or off. In turn
DEA can deform switches—closing the loop and allowing
for the creation of arbitrary electric circuits. Artificial mus-
cle NAND gates [20], memory elements [24], and oscil-
lators [20] have been built with the technology (and are
pictured and explained in Fig. 3), DES controlled gener-
ators [25], motors [26] and ring oscillators [27] have also
been built.

These artificial muscle circuits can be embedded into
smart actuator networks to provide the distributed sensing
and reflex-like-intelligence that is our goal. The problem
however is that all of the demonstrated examples have used
hand-painted carbon grease electrodes which suffer from
rapid degradation over time, poor repeatability, long pro-
duction time, poor scalability and an inability to miniatur-
ize. Table 1 summarizes these disadvantages alongside the
advantages of the technology.

If dielectric elastomer switches are to realize their po-
tential, we need to address their limitations and develop
more reliable materials and fabrication techniques. These
materials should undergo large changes in resistivity when
stretched, be tolerant of high electric fields, be miniatur-
izable, and tunable to different resistances. To put these
requirements into perspective consider the NAND gate of
Fig. 3. When reliably operated, DEA are limited to a roughly
10 % strain, run at around 2500 V, and draw on the order
of 100 pA. Given these parameters the ideal piezo-resistor
for the gate should not stiffen the membrane, should change
with 10 % compression from more than 2.5 GOhm (1 pA
leakage) to less than 25 MOhm, and should be able to do
this over many cycles.

One candidate technology to meet these goals is Fil-
tered Cathodic Vacuum Arc (FCVA) gold ion implantation.
In FCVA metal ion implantation, metal plasma is created
by a high voltage discharge in a vacuum (Fig. 4) [28].
The content of the beam is filtered to remove big, heavy
macro particles using a curved magnetic field—leaving only
gold ions which are electrostatically accelerated to several
keV to embed in a sample. Implanted electrodes consist of
nanometer sized clusters of gold embedded up to 50 nm
deep in a polydimethylsiloxane (PDMS) silicone matrix. If
sufficiently small the gold clusters make electrical contact
without mechanically bonding, creating a conductive and
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Fig. 3 On the left is an artificial muscle NAND gate [20]. Current
through the central piezo-resistor is controlled via expansion of the
two muscles. With combinations of NAND gates any other Boolean
logic circuit can be built. In the middle is part of a memory element
(or ring oscillator) [24, 27]. By putting piezo-resistor/artificial muscle

pairs into a state of positive feedback, volatile memory elements can be
made. On the right is an oscillator [20] that made use of piezo-resistive
switches to control an array of artificial muscles to roll a ball around
some rails (Images reused from Refs. [20, 27])

Table 1 Advantages and disadvantages of DES and conventional technology when applied to control networks of DEA

Advantages

Disadvantages

Conventional electronics

Dielectric elastomer switches

Fast, precise, and mature technology.

Cheap materials, fabrication methods same as DEA,
high voltage, soft and lightweight, inherently
coupled to devices, strain sensing functionality.

Rigid, poorly suited to high voltages (>1 kV),
incompatible manufacturing processes, large
number of interconnects, lack of soft sensors.

Current materials do not last long, hand fabricated,
not miniaturizable, less precise, speed of sound
limited.

Anode
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stretchable electrode. FCVA gold ion implantation has been
used to make stretchable electrodes for DEA in a range of
applications including steerable mirrors, living cell stretch-
ers, and microfluidic devices [28-32].

In this paper we use FCVA ion implantation to make
implanted gold piezo-resistive electrodes. We first present
a conceptual framework for designing ion implanted elec-
trodes, then build and test piezo-resistors implanted to dif-
ferent densities of gold. We take the most promising cat-
egory of resistor and apply it to make an artificial muscle
inverter, and we finish by discussing the performance of the
technology and future directions.

T —

2 Switching regimes

Before we can make implanted gold piezo-resistors we need
to understand the FCVA implanter. The implanter beam is
pulsed and rastered over a sample to create a uniform dis-
tribution of ions. Many factors can influence implantation:
source temperature, geometry, and alignment, chamber pres-
sure, and electric field around the sample. These effects all
contribute to varying dose per pulse or varying shape be-
tween pulses and are difficult to control. The best approach
is to hold as many parameters constant between jobs, record
data to establish trends, raster in a pattern to distribute any
change in the dose per pulse across the device and control

@ Springer



B.M. O’Brien et al.

Fig. 5 (a) Schematic showing
resistivity dose relationship with

Vit nst 10 anl
four distinct characteristic a A9 840
regions marked. (b) Actual P 4 ° o d *
. .. 5 A
dose Qonductlvny data. reused R A2 b e ®
from Niklaus [28] showing a Resistivity 2 ‘A ®
. = 001 ce e
strong percolation threshold ] z R A AuZ5 Kav
g ‘50’ . A QU 10 kf\\fl
= u e
3 :
RN o & O Tiz5keV
5 A ® Ti5 kev
o . i
E5 Ay ® Ti10 keV
T > 1E-6 T T T T T
v " Dose 0 wI0% 2010°  3x10®  4x10® 5x10°
a Dose in at/cm®

the process with a single parameter. The control parameter
we chose was pulses/cm?, which is the number of times the
implanter fires a packet of gold ions at the substrate for a
given area. We chose this parameter because we were aim-
ing to control the quantity or “dose” of gold embedded in the
PDMS, and the relationship between pulses/cm? and dose is
the most repeatable and controllable.

Dose affects not only the initial resistivity of the elec-
trodes, but also their piezo-resistive and mechanical prop-
erties. We can explain the resistivity—dose relationship by
looking at the schematic in Fig. 5, which shows that for low
doses the resistivity is very high, approaching that of the na-
tive PDMS. As the dose increases, the resistivity undergoes
a sharp decrease as the gold particles percolate (form un-
broken chains of particles from one side to the other), and
from this point onwards there is a small increase in conduc-
tivity with dose. Crucially, as shown by Niklaus [28], the
doses required for reaching electrical percolation are lower
than those required for mechanical percolation: it is there-
fore possible to choose a dose where the electrical proper-
ties are a strong function of strain, but the mechanical prop-
erties will be mostly dominated by the PDMS substrate. As
mentioned earlier, the starting resistance is only part of the
picture—we propose that one can split the curve into four
characteristic regimes:

1. High dose: In this regime, the gold has electrically and
mechanically percolated, meaning that any resistors will
be highly conductive and will crack easily. This region
is useless for piezo-resistors that need to survive more
than one cycle.

I1. Above percolation: In this regime, the gold has perco-
lated electrically, but not mechanically. The resistivity
is very low so long and narrow electrodes need to be
made.

III. On percolation: In this regime, the gold is in the pro-
cess of percolating electrically. This enables to make
electrodes of suitable resistance easily from a masking
point of view. Unfortunately, this regime requires ex-
cellent dose control due to the highly sensitive nature
of percolation phenomenon to dose near the percolation
threshold (Fig. 5b).
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IV. Low dose: In this regime, the gold has not percolated
electrically. Resistors made in this regime must be very
short and wide in order to have low enough resistivity.

3 Materials and methods

To test different implantation doses and geometries, a range
of electrodes were made using the same fabrication pro-
cess, as shown in Fig. 6. First, 25-um thick PDMS (Dow
Corning Sylgard 186) membranes were made using a Zen-
htner ZUA2000 universal applicator and ZAA2300 auto-
matic film coater on a glass plate coated with a water-
soluble sacrificial layer. The membranes were cured at 80 °C
for 30 minutes, released from the glass plate after disso-
Iution of the sacrificial layer, and transferred onto poly-
oxymethylene (POM) frames. The membranes were then
pre-stretched equibiaxially to a factor of 1.25 in each di-
rection and implanted using a 100-um thick stainless steel
shadow mask to achieve the correct pattern. Once a mem-
brane was implanted it was bolted in a sandwich between
a POM and single-sided copper-coated epoxy frame. Inter-
connects in the copper—epoxy frame were filled with carbon
grease (NYOGEL 786G) and copper tracks connected these
to the bolt holes on the perimeter of the frame. To complete
the device a central coupling was connected with Kapton
tape (LewVac LLP, A-KTS-DS-25.4).

As shown in Fig. 7, resistance—stretch relationships
were tested by displacing coupling points out of plane and
measuring resistance at high voltage. Displacement was
achieved with a Thorlabs manual precision stage. Resistance
was measured at high voltage (powered with a Biomimetics
Lab EAP controller) with a voltage divider and Fluke mul-
timeter connected through a high-input impedance (Rimp).
The sensor input impedance as well as supply voltage were
changed to suit the piezo-resistor under study.

4 Experimental results

Figure 8 shows a high dose piezo-resistor (regime I) im-
planted at 75 pulses/cm?. The resistor stretched until a crack
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Fig. 6 Fabrication process for ion implanted piezo-resistors. From
left to right, top to bottom: 1. Silicone membranes are formed with a
Zehntner universal applicator. 2. The silicone films were transferred
onto frames. 3. The films were equibiaxially pre-stretched with an
iris mechanism. 4. The films were masked and put into the implanter.

Pushed out of
plane by X mm

Fig. 7 To measure the resistance, the central coupling point was
pushed out of plane. The approximate stretch ratio, A, was found by
Pythagoras’ theorem where x is the displacement out of plane and /, is
the initial distance between the coupling point and the frame. To find
the resistance, the circuit on the right of the figure was used
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Fig. 8 Regime I switch. The piezo-resistor stopped conducting
and broke down terminally after a single stretch. 2000 V supply,
100 MOhm impedance, 75 pulses/cm?

formed in the gold electrode and then ablated so that it
became permanently insulating. All regime I switches that
were made exhibited this problem, heavily implanted elec-
trodes became virtually impossible to handle as they would
crack under the smallest strain. This cracking behavior is
also exhibited by sputtered gold or silver electrodes and has
been noted by others [33].

5. Frames were cut on a CNC router. 6. The implanted membrane
was sandwiched between the frames. 7. Central coupling points were
adhered, and carbon grease was used to connect. 8. The piezo-resistor
was stretched and data collected

1000

Resistance (MOhm)

0.01

Approximate Stretch Ratio

Fig. 9 Regime II switch. This type of electrode successfully switched
high voltages when stretched, however suffered from hysteresis.
3500 V supply, 1 GOhm impedance, 53 pulses/cm?

Figure 9 shows stretch resistance data for a medium dose
(regime II) piezo-resistor implanted at 53 pulses/cm?. In
comparison with the regime I switch of Fig. 8 the regime II
switch had a slightly higher initial resistance, was capable of
much larger strains, and returned to a conducting state when
the stretch was released. To our knowledge this is the first
reported use of a gold ion implanted piezo-resistor to switch
high voltages. While this is promising, there are some prob-
lems: firstly, the device exhibits high hysteresis with nearly
20 % dead stroke which is far outside of the reliable range
of dielectric elastomer actuators; secondly, the response was
not stable over time and decayed noticeably after the first
few cycles as shown in Fig. 10 which is data for a similar
regime II piezo-resistor.

It was not possible to reliably make regime III switches
as the ion implanter process control was insufficient. Fig-
ure 11 shows the stretch resistivity curve for a regime IV
piezo-resistor implanted at 52 pulses/cm? that increased in
resistance over time: suggested to be the result of gold clus-
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ter conglomeration [30]. The piezo-resistor was stretched
less than other devices due to limits in the resistance sen-
sor setup. Note that this piezo-resistor has roughly the same
pulse density as the regime II switches of Figs. 9 and 11,
highlighting the large influence that other process parame-
ters can have on electrode behavior.
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Fig. 10 Regime II switches degraded with stretching cycles. 3000 V
supply, 1 GOhm impedance, 51 pulses/cm?
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Fig. 11 Resistance vs. stretch for a regime IV switch at high voltage.
The piezo-resistor was able to change in resistance by nearly an order
of magnitude with stretch; however, it aged rapidly with its resistance
increasing substantially in a 24-hour period. 3000 V supply, 1 GOhm
impedance, 52 pulses/cm2

Fig. 12 Inverter. From left to
right: (a) When the DEA (top)
actuated, the DES (bottom) was
stretched and the mass lowered.
(b) The piezo-resistor was
configured in a circuit to invert
the signal to the DEA.

(¢) A photo of the fabricated
inverter with the actuator
membrane (fop) and the switch
membrane (bottom)
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5 The inverter

The regime II switches showed promise for creation of ar-
tificial muscle circuits, so they were used to create an ar-
tificial muscle inverter. Inverters are important elements in
logic with high output when the input is low, and with low
output when the input is high. They can form ring oscilla-
tors which can be used directly as drivers in artificial muscle
devices—such as microfluidic pumps—and provide a good
benchmark component to test new materials against [27]. To
make the inverter an actuator was coupled to a regime II
switch (64 pulses/cm?) as shown in Fig. 12. The central
coupling point was attached to a weight that displaced it
downwards. When the DEA was actuated, the piezo-resistor
would stretch causing it to become non-conductive. The
piezo-resistor was configured into a voltage divider circuit
with a 100-MOhm discharge resistor so that when a high
voltage was applied to the DEA, the output would drop low.
The output was measured using a 1-GOhm input impedance
voltage divider coupled to a fluke multimeter.

The inverter inverted the input signal with a gain of
—0.14 (change in output voltage divided by change in in-
put voltage) as shown in Fig. 13. The low gain is due to the
high hysteresis and low sensitivity of category 2 switches
coupled with the small actuation of DEA. It could be im-
proved by using bigger actuators with better process control
so that all the sections would switch simultaneously or by
utilizing higher supply voltage than actuator driving voltage.
Nevertheless, this is the first circuit element made using ion
implanted DES.

6 Discussion

We have demonstrated the use of ion implanted gold elec-
trodes as high voltage piezo-resistive switches, DES, and
created a gold ion implanted artificial muscle inverter. While
the piezo-resistors and inverter presented in this paper are
not developed to the point where they can be directly ap-
plied to make generic smart artificial muscle networks, we
believe that they show strong promise as they are both ap-
plications for, and clear roads of improvement to, devices
formed out of two of the four regimes.

supply
N out 1G
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Fig. 13 Category 2 inverter with a 64 pulses/cm? switch. The input
was turned on and off at 0.1 Hz and the output recorded

Regime II switches have high hysteresis, outside of the
range that silicone DEA can be reasonably hoped to over-
come as shown by the inverter. However, there are ways
around this approach, such as the use of mechanical ampli-
fication to increase the strain on the piezo-resistor relative
to the DEA or the use of higher strain DEA technologies
that are under development. Another issue with regime II
switches is their relatively low resistivity, this can be over-
come with the creation of long and winding tracks using
photolithography process, or by developing higher current
(and speed) circuits such as might be needed for power gen-
eration. Indeed, power generation might be an ideal applica-
tion for these piezo-resistors as the high hysteresis may pre-
vent losses during switching, stretches on the order of 100 %
are common, and low resistivities increase efficiency. There
are other applications for high hysteresis switches such as
hysteretic oscillators or debouncing circuits.

Regime III switches are currently very difficult to real-
ize with existing process control. Fortunately, there are clear
roads to improvement such as direct inline dose control or
indirect process control of source temperature or geome-
try. High-dose regime I switches crack and burn out per-
manently after being stretched, which makes them unsuit-
able for the creation of smart actuator networks. Low-dose
regime [V switches are unstable and degrade over time, so
at this point we see also little use for these devices.

There has been a strong trend in recent decades away
from mechanistic control and towards the use of discrete
sensors and microprocessors to provide feedback in mecha-
tronic systems. In the face of these advances the dielectric
elastomer switch approach comes full circle and makes use
of mechanistic approach. There are some fundamental dif-
ferences, however: DES are soft, they are directly and in-
timately coupled to artificial muscles, and they can draw
on design and control concepts from the digital revolution.
While the devices presented here were of centimeter scale,
the ion implantation technology is fundamentally miniatur-
izable. Once in-plane architectures (that are also miniatur-
izable) are developed, artificial muscle circuits should en-
joy advantages such as greater complexity and higher speed.

This last point is a final major distinction from the past. The
mechanical coupling of artificial muscles is limited by the
speed of sound in the material, so that as devices get shrunk
the possibility of bandwidths in the kHz range or beyond
could become a reality.

7 Conclusions

In this preliminary study we have demonstrated that gold
ion implanted piezo-resistive electrodes can switch the high
voltages required for artificial muscles. We showed that
there are different regimes of behavior in which implanted
piezo-resistors can be chosen to operate, and built an artifi-
cial muscle inverter using this technology. Future work in-
volves exploring different metal ions, improving implanter
process control and testing applications such as energy har-
vesting or hysteretic oscillators.

While implanted piezo-resistors currently show too much
hysteresis to be used in the creation of the arbitrary ar-
tificial muscle circuitry required to imitate the success of
smart muscular networks in nature, the fabrication pro-
cess and preliminary experiments show substantial promise.
Ton implanted circuitry can be miniaturized, patterned, and
integrated directly into artificial muscle networks. Once
challenges in process control and material hysteresis are
overcome, we will be closer to a future where nature has
a monopoly on soft smart actuator networks no more.
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