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ABSTRACT: A soft tunable lens with integrated dielectric elastomer actuator (DEA) can act like 
an eye lens to tune the distance of focal point. It has potentials to replace multiple hard lenses for 
cameras’ autofocus. The tunable range of focus depends on the voltage-induced deformation of 
DEA, which is a soft capacitor with compliant electrodes of carbon-grease or graphite powder. 
These grease or particulate electrodes for DEAs are not stable and difficult to be patterned for 
miniaturized tunable lens.  Metal film electrodes, which are more stable and conductive, are not 
common for DEAs because their high stiffness impedes dielectric deformation. Patterned thin-film 
metal is expected to make stable and stretchable electrodes for DEA. The patterning techniques, 
such as lithography using a hard mask or pad printing using a stamp, are good for batch process for 
an electrode design, but preparation of mask and stamp takes time and slows the design cycle. 
Inkjet printing technology is a facile and versatile method to print different patterns of metal 
electrodes. Inkjet printing of metallic electrodes is suitable for electroactive polymeric tunable 
lenses because this process is low-temperature, non-hazardous, and compatible with wide range of 
elastomer materials. In this article we demonstrate inkjet printing of Silver Nano-particles thin 
films on a soft 3M VHB substrate as part of DEA electrode. Circular electrodes are printed to 
make a DEA for tunable lens. Upon 4.5KV activation, the circular DEA was able to produce up to 
10% area actuation. In comparison, a DEA using carbon grease electrodes demonstrated 190% 
area actuation. This low performance of inkjet-printed silver electrode is attributed to the high 
stiffness of silver thin film electrode. Line patterns of silver electrode obviously increase in the 
electrode stretchability. However, the silver line electrode cracks at 6.5% areal strain and thus limit 
the DEA’s further actuation. 
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INTRODUCTION 
Current autofocus cameras have set of hard lenses for tuning focus. The focal point is changed 
through displacement of one or more lenses relative to the other. Voice coil motors (VCM) are 
used for this purpose.  Integration of VCM makes these cameras bulky, complex, energy 
inefficient and difficult to miniaturize (Carpi et al. (2011)). 
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Soft tunable focus lens can tune focus like human eye lens. They can be replacement to hard 
multiple lenses. These lenses are made of soft stretchable smart materials. Soft tunable focus 
lenses does not require moving parts. There are different methods of stimulating these soft tunable 
lenses. For example, mechanical (Beadie et al. (2008)), hydraulic, pneumatic, thermal, 
electrochemical or electrical actuators have been explored. Dielectric elastomer actuators (DEA) 
can be applied for controlling tunable lenses like human ciliary muscles. DEAs are soft elastomer 
capacitor that can produce large deformation upon voltage activation (Kollosche et al. (2012), 
Pelrine et al. (1998)). DEA activated tunable lens is relatively lightweight, energy efficient and 
miniaturizable, as compared to the VCM that moves hard lenses (Lau et al. (2014), Carpi et al. 
(2011), Shian et al. (2013)). Annular DEA has been demonstrated for tuning focus for liquid soft 
lenses. As high voltage is applied between compliant electrodes, compressive Maxwell stress 
causes lose in plane tension in the pre-stretched dielectric membrane. The tension loss of annular 
dielectric membrane leads to compression and bulging of the middle gel lens. Hence, the lens 
fouses near with increased curvature upon the DEA activation. The theoretical analysis of change 
in pressure inside the lens and the curvature change has been discussed by Lau et al. (2014). A 
8mm diameter tunable liquid lens can change focus from 15cm to 50cm upon activation by a 
1.8kV driving voltage.            

Conventionally, carbon black grease and graphite powder was used as compliant electrode for 
DEA. These electrodes have negligible stiffness with sheet resistivity in KΩ/sq. range. These 
electrodes were manually painted on dielectric elastomer membrane. As the process was not 
automated, sample preparation was not reproducible. Carbon grease and graphite poorly adhere to 
elastomer and easily contaminate upon contact, causing shorting and DEA failure. Carbon grease 
have poor stability over time because of seeping and drying of the inherent solvent. Besides, these 
electrode materials are incompatible for fabrication of the miniaturized DEA devices. Metal 
electrodes can eliminate these limitation and provide higher conductivity. However, high stiffness 
of metal electrode causes significant reduction in actuating capability of the DEA. Stiffness of 
metal electrode can be reduced by using thin layer of metals and through appropriate pattern. 
Pimpin et al. (2004) have applied lithography process to fabricate patterned metallic concentric 
rings connected with bridges and demonstrated its possibility as DEA. Niklaus et al. (2010) also 
demonstrated the implantation of gold ions to make micro sized electrodes on electroactive 
polymers using a hard mask. However, these MEMS specific fabrication processes are good for 

Figure 1. Schematic illustration of a typical gel tunable lens actuated by DEA: (a) at voltage off 
state with far focus, (b) at voltage on state with changed near focus (adapted from 

https://lmts.epfl.ch/fastlens) 
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batch production only. They have time consuming steps and harsh fabrication environment which 
reduces the choice of material available for fabrication.  

Inkjet printing process is an established printing technology expanding to printed circuit boards. It 
can be used for low temperature deposition of thin metal film. This can be done by printing of a 
precursor like metal nanoparticles suspension in stable solvent. Hence, inkjet printing can be 
applied for printing metal electrodes for DEA. These electrodes need to be in nanometer thickness 
range and patternable in micron range resolution. More than 100% actuation of DEA with 
crumpled electrolessly deposited silver and 25% with e-beam evaporation deposited indium tin 
oxide (ITO) thin film electrode has been reported by (Low & Lau (2014), Ong et al. (2015)). 
Based on these experimental results in literature, we anticipate inkjet printed metal electrode of 
nanometer thickness can give sufficient DEA actuation. 

In this article we propose use of the inkjet printing process in order to fabricate stretchable 
electrodes made of silver nanoparticles and nanowires on dielectric elastomer substrate to form 
DEA for tunable focus lens. 

EXPERIMENTAL SECTION 
In this article, fabrication and operation of the DEA activated tunable gel lens has been 
demonstrated. Due to stability and leakage issues of liquid lenses, liquid are replaced by more 
stable solid-state silicone gel. This tunable gel lens has a construction similar to tunable liquid lens 
with annular DEA configuration (Lau et al. (2014)). The silicone gel is enclosed by elastomer 
membrane under pre-stretch and constrained by rigid circular frames. 3M VHB 4905 was selected 
as elastomeric membrane. Using a custom made mechanical stretching device VHB membrane 
was stretched and then was fixed on the circular rigid acrylic frames. This stretched membrane 
was used as the substrate on which electrodes were inkjet printed. Compatibility of printing 
stretchable electrodes using inkjet printing process was studied. Carbon grease and silver 
nanoparticle (736465 silver dispersion, Sigma-Aldrich) electrode were chosen for study and 
comparison. Carbon grease was painted on elastomer with Teflon as mask. Dimatrix inkjet 
printing machine 2381 was used to print silver electrode on stretched VHB substrate. Then small 
amount of silicone gel (Dow Corning Dielectric Gel Kit 3-4170) was drop casted on the center, 
opposite to membrane surface with electrode. Eventually two such membrane were stacked 
together with electrodes carefully overlapped. Hence, sandwich of the printed electrodes with 
VHB membrane in mid as dielectric elastomer formed DEA. At the center gel was sandwiched 
between two layers of stretched transparent VHB to form sides of convex lens. High voltage 
supply (TREK 610E) was used to drive the DEA. Meanwhile, current and voltage were tracked 
using Agilent 34410A DMMS integrated with NIE data logger and LabVIEW software. Obtained 
change in electrode area of the lens and focal point were measured using visual methods. 

Figure 2. (a) Procedure of painting carbon grease to form annular DEA. (b) Schematic of inkjet 
printing of silver Nano-particle ink 

105



Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

REDUCTING STIFFNESS OF THIN FILM ELECTRODE BY BUCKLING 
Young’s modulus of metals is much higher than that of elastomer membrane. This high stiffness of 
the metal electrode causes stiffening of the DEA. This stiffening reduces DEA’s actuation strain 

performance. In order to reduce stiffness of thin film electrode in plane of area expansion, biaxial 
buckle can be mechanically induce in electrode. After deposition of metal electrode when 
membrane is compressed biaxially, it induces biaxial buckle in the thin film electrode. This biaxial 
buckling can significantly reduce apparent stiffness of the metal thin films. The apparent modulus 
of the biaxially crumpled electrode in orthogonal direction, Ex,biaxial and Ey,biaxial has been 
theoretically predicted by (Low & Lau (2014)) using structural plate analysis as:
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wherein ν is the Poisson’s ratio of the electrode material, h is the film thickness,  is half-
wavelength of the buckle along x and y axes. cx is the apparent axial strain defined as: 

o
x
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wherein o  is original length which later buckles to become half wavelength . This theoretical 
analysis shows that in-plane stiffness of the electrode reduces drastically after biaxial buckling of 
the thin metal film. 

RESULT AND DISCUSSION 
Gel tunable lens with carbon grease as electrode and VHB 4905 as the dielectric membrane was 
fabricated and characterized. Carbon grease gel lens tuned focus on the objects between 2.5cm and 
30cm when activated under voltages in range of 0-3kV at very small dc current of <20 μA. As

such, the gel lens consumes low electric power of <60mW to work robustly more than 10,000 
cycles. However, carbon grease are difficult to pattern and smudgy.  

Silver nanoparticle being the most widely used conductive inkjet printed material, was investigated 
for stretchability. Before using DEA with inkjet printed electrode for tunable lens activation, we 
need to obtain optimum electrode performance. Therefore, silver nanoparticle of 50nm diameter 
from sigma-Aldrich was printed and thickness of 200nm was verified by confocal microscope. 
Silver nanoparticles were inkjet printed forming a completely filled circles of 1cm diameter on 

Figure 3. (a) Tunable gel lens with carbon grease as electrode (electrode smudging visible), (b) 
Designed pattern for inkjet printing so silver Nano-particles 
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both sides of 2.5 times radially stretched VHB 4905 membrane. VHB membrane was then 
compressed 20% radially in order to form corrugated surface in attempt to reduce the stiffness 
during activation. Although, VHB membrane was mechanically compressed by 44% in area only 
9% compression of the silver electrode printed area was observed. Actuation obtained by crumpled 
silver is small relative to that with carbon grease as electrode. This reduced actuation is due to high 
stiffness of the silver thin film electrode.  

Generally, resistance of thinner electrode layer is higher compared to thicker electrode layer. With 
gradual biaxial compression of the thin film electrode reduction in resistance is observed. 
However, resistance of 4-layer silver increased drastically when is it compressed beyond 20%. 
Meanwhile, resistance to 3 layered electrode continued to decrease even after 40% compression. 
This phenomenon is attributed to wrinkle forming capability of thinner silver film without fracture. 
Sudden increase in resistance for thicker silver layer indicate micro crack formation. 

Silver thin film electrode is stiffer and less stretchable. Hence, completely filled silver 
nanoparticles electrode is not suitable for large-actuation DEA. Therefore, patterned silver 
nanoparticle electrode with approximate line width of 200um were fabricated as shown in figure 
3(b). In this case no initial crumpling was induced. Still they produced actuation comparable to 
completely filled silver electrode. Thereafter, the patterned lines fractured, following arcing. Also 
with 44% area compression of the VHB membrane 29% area compression in this patterned 
electrode was observed which indicates the reduced stiffness compared to full area covered 
electrode. These studies indicate that, for an ideal compliant electrode, optimized area coverage, 

Figure 5. A single cycle of compression and relaxation of the VHB elastomer and relative change 
in resistance for 4 and 3 layer printed silver thin film of 2cm diameter 

Figure 4. Basic DEA, (a) with printed silver electrode at OFF state, (b) At activated state with 
10% area actuation, (c) with carbon grease electrode at off state, (d) At activated state with 190% 
area actuation, (e)Patterned silver Nano-particle printed electrode, (f) At activated state with 8% 

area actuation (Blue circle for off state and red circle indicating activated electrode area) 
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low stiffness and better stretchability are required. Nanoparticle printed electrode can possess these 
property only if smaller line width features and thinner layer can be printed with better annealing 
compatible substrate.  

CONCLUSION 
DEA activated tunable focus gel lens needs stretchable, robust and highly conductive electrode 
designs. Carbon grease cannot fulfill all of these requirements. Inkjet printing of metal, adopted 
from the circuit board printing is an alternative to carbon grease painting and other conventional 
methods. However, for better stretchability and conductivity of metal electrodes, layer thickness 
and patterns have to be optimized. In this work, better stretchability and compressibility of 
patterned silver electrode was demonstrated. Along with compression induced crumpling, 
patterned electrode is anticipated to give better actuation performance for DEA. In future, 
crumpled patterned silver electrode will be further investigated.  
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