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All-Solid Ionic Eye
We describe the materials, design, experimental measurements, and simulations of a bio-
inspired all-solid tunable optical device: ionic eye. A dielectric elastomer functions as an
electroactive material. An ionogel functions as an ionic conductor. Both materials are
stretchable and transparent. The ionic eye achieves a ∼50% relative change of the focal
length, beyond that of the human eye. Our analysis also points out that the ionic eye can
respond rapidly (3.6 ms) and be miniaturized in size. This all-solid deformable lens elimi-
nates the risk of leakage of currently used encapsulated fluid lenses and can be integrated
into other devices for diverse applications. [DOI: 10.1115/1.4049198]

Keywords: all-solid, tunable optics, ionic conductor, dielectric elastomer, bio-inspired,
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Introduction
A tunable lens changes its focal length to image objects at differ-

ent distances. The human eye deforms a soft lens, whereas a camera
moves a rigid one. Zooming by the rigid-body translation requires

1Corresponding authors.
Contributed by the Applied Mechanics Division of ASME for publication in the

JOURNAL OF APPLIED MECHANICS. Manuscript received October 1, 2020; final manuscript
received November 20, 2020; published online December 17, 2020. Assoc. Editor:
Annie Ruimi.

Journal of Applied Mechanics MARCH 2021, Vol. 88 / 031016-1Copyright © 2020 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/appliedm

echanics/article-pdf/88/3/031016/6624797/jam
_88_3_031016.pdf by H

arvard U
niversity user on 31 January 2021

mailto:chenb@g.harvard.edu
mailto:sunwenjie2017@xaut.edu.cn
mailto:414857134@qq.com
mailto:yangjianhai@xjtu.edu.cn
mailto:913898005@qq.com
mailto:jxzhouxx@mail.xjtu.edu.cn
mailto:suo@seas.harvard.edu
https://crossmark.crossref.org/dialog/?doi=10.1115/1.4049198&domain=pdf&date_stamp=2020-12-17


space and is unsuitable for applications such as robotic vision,
smartphone and laptop cameras, wearable electronics, presbyopia
corrections, augmented vision, lab-on-chip devices, microscopes,
and endoscopes. Intense efforts are devoted to developing deform-
able lenses that mimic the human eye [1–11]. However, existing
deformable lenses struggle to satisfy the fast-growing demands
for mobile and wearable applications [12–23]. In particular, most
existing deformable lenses involve liquids or gases [1–10,12–
17,24,25]; the fluids may leak and pose challenges to fabrication,
integration, and reliability. Several all-solid deformable lenses
have been developed, but they are bulky, complicated, or slow
[19–23,26–29].
Here, we report an all-solid deformable lens, which we call the

ionic eye. The ionic eye mimics the function of the human eye,
not the anatomy and physiology. The ionic eye integrates stretch-
able and transparent materials of two kinds: a dielectric elastomer
and an ionogel. The dielectric elastomer functions as the muscle,
the ionogel as the lens and a system of nerves. We demonstrate a
change in focal length (∼50%) beyond that of the human eye
(∼30%). The ionic eye exhibits a rapid response (3.6 ms) and
does not suffer gravity-induced image distortion. It is lightweight,
reliable, and easy to fabricate. Our theoretical analysis shows that
the ionic eye can be compact, offering possibilities to make
tunable cameras for mobile and wearable devices.
The ionic eye is an electro-mechano-optical device with three

functional parts: an artificial muscle to cause the deformation, a
lens that changes the focal length when deformed, and a system
of artificial nerves to transmit electrical signals. All parts are
solid, deformable, and transparent. We implement a dielectric elas-
tomer as the artificial muscle. A dielectric-elastomer actuator is a
deformable capacitor, consisting of a sheet of dielectric elastomer
sandwiched between two compliant electrical conductors [30,31].
When applying a voltage between the two conductors, the dielectric
reduces its thickness and increases its area. Voltage-induced areal
strains of over 1000% have been demonstrated [32,33]. Dielectric
elastomers have enabled liquid deformable lenses [34–36] and
metalens [37]. Compliant conductors used in these deformable
lenses are electronic conductors, such as silver nanowires and

carbon-based materials (e.g., carbon greases, graphene sheets, and
carbon nanotubes). By contrast, the human eye is stimulated
through ionic conductors: nerves. Ionic conductors such as hydro-
gels and ionogels have been developed recently to enable artificial
muscles [38–40], skins[41], and axons [42]. A hydrogel consists of
a polymer network and water and can be stretchable, transparent,
and water-retaining [43–46]. An ionogel consists of a polymeric
network and an ionic liquid and can be made stretchable, transpar-
ent, and nonvolatile [40,47]. Indeed, these ionic conductors are
much more transparent and stretchable than electronic conductors
such as silver nanowires, graphene sheets, and carbon nanotubes
[38]. Ionogels show the potential for replacing these conductors
in some existing compact active liquid lenses [35]. Although the
conductivity of ionic conductors is typically lower than that of
the electronic conductors, the ionic conductors retain their conduc-
tivity under large stretches and over many cycles [38]. They readily
function as artificial nerves to transmit high-speed electrical signals
over long distances [38,42]. Hydrophobic ionogel conductors have
been expanded to enhance the environmental resistivity [48–50].
Here, we fabricate the lens and the artificial nerves using an
ionogel that we previously developed [40].
The ionic eye mimics the human eye (Fig. 1). In the human eye,

the ciliary body contracts to focus on a nearby object, deforming the
lens to decrease the focal length (Fig. 1(a)). The ciliary body relaxes
to focus on a distant object, flattening the lens to increase the focal
length (Fig. 1(b)) [51–53]. We design the ionic eye by sandwiching
a dielectric-elastomer sheet between a lens-shaped ionic conductor
and a disk-shaped ionic conductor (Fig. 1(c)). The two ionic con-
ductors connect, through thin lines of ionic conductors and metallic
electrodes, to an external electronic circuit. The interface between
the ionic conductor and the metallic conductor contains an electrical
double layer (EDL) with a large capacitance in series with a small
dielectric-elastomer capacitance (Fig. 1(d )). When the metallic elec-
trodes are subjected to an applied voltage, the voltage drops negli-
gibly across the EDL (less than 1 V) and mostly across the dielectric
elastomer [38,40]. The small voltage across the EDL will not cause
electrolysis, and the large voltage across the dielectric elastomer
causes it to reduce in thickness and expand in the area. The off

(a)

(b)

(c)

(d)

Fig. 1 Cross-sectional views of the human eye and the ionic eye. (a) When the ciliary body in the human eye con-
tracts, the lens curves, and the focal length becomes shorter. (b) When the ciliary body relaxes, the lens flattens, and
the focal length becomes longer. (c) The ionic eye consists of a dielectric-elastomer sheet, a lens-shaped ionic con-
ductor, and a disk-shaped ionic conductor. The lens and the disk are connected via lines of the ionic conductor to two
metallic electrodes. (d ) When the two electrodes are subjected to a voltage, ions of the opposite polarities spread on
the two faces of the dielectric elastomer, the dielectric elastomer reduces in thickness and expands in area, and the
lens flattens.
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and on voltage states shift the profiles of the lens between large and
small curvatures. Continuously changing the voltage, the ionic eye
can reproduce every intermediate form of the human eye. The pre-
liminary prototype of the ionic eye shows remarkable deformations
and excellent transparency (See Video 1 available in the
Supplemental Materials on the ASME Digital Collection).

Fabrications and Measurements of the Ionic Eye
We fabricate the ionic eye using a simple process (Fig. 2). A

plano-convex ionogel lens is obtained by pouring a pre-gel solution
into a glass or plastic mold. The mold is a cavity in the shape of a
spherical cap, where the base diameter is D, and the depth is h. We
then seal the solution with a glass or plastic plate transparent to
ultraviolet light and irradiate ultraviolet light into the sealed solution
for two hours. A disk-shaped ionogel is fabricated similarly by
using a mold with a disk-shaped cavity, where the diameter is
14 mm and the depth is 0.3 mm. The artificial muscle needs to be
strong to actuate the ionic lens. Thus, a three-layer circular dielectric
elastomer (VHB 4910, 3MTM, 1 mm thick per layer) of diameter A
is radially prestretched λ times the original diameter using a specia-
lized stretcher (see Video 2 available in the Supplemental Materials
on the ASME Digital Collection) and is fixed by two rigid frames of
inner diameter B. On the two faces of this fixed dielectric, we
directly attach the lens-shaped and the disk-shaped ionogels. The
ionogels and the dielectric elastomer remain adhered in subsequent
experiments (Figs. 2( f ) and 2(g)). The ionogel lens and disk are
connected to the aluminum electrodes of the power source
through thin ionogel lines (0.3 mm thick and 3 mm wide). An

ionic eye is fabricated with parameters of D= 14 mm, h=
4.5 mm, A= 31 mm, λ= 3 and B= 93 mm (Figs. 2( f )–2(h)). A
photo shows a flower observed through this ionic eye (Fig. 2(i)).
We apply a cyclic voltage to realize dynamic imaging. On one

side of the ionic eye, we place three objects: the Arabic number
“1” in black, an artificial limb in yellow, and a person in blue, at dis-
tances of 10 cm, 1 m, and 2.5 m, respectively (Fig. 3(a)). On the
other side of the ionic eye, we place a digital camera with a fixed
focal length at a fixed distance. The photograph of the object
number “1” is evident on the camera before applying a voltage to
the ionic eye. A sinusoidal voltage (amplitude, 12 kV; frequency,
1/8 Hz) is used to deform the dielectric elastomer. The electric
field in the elastomer is ∼108 V m−1, well below the electrical
breakdown strength of the material [31].
As the voltage cycles, the ionic eye changes its focal length, and

the objects come in and out of focus (see Video 3 available in the
Supplemental Materials on the ASME Digital Collection). When
the voltage is zero, the number “1,” the closest object to the ionic
eye, is in focus, but the other items are not (Fig. 3(b)). As the
voltage increases, the image of number “1” becomes blurred,
while the other objects gradually become apparent, first the
yellow artificial limb, then the person in blue, and even the
windows (Fig. 3(c)). Once the voltage peaks, everything in view
is out of focus because the object that could be in focus is
beyond the edge of the room (Fig. 3(d )). As the voltage decreases,
items come into focus again in reverse order (Fig. 3(e)).
The transmittance of the ionogel is high; the average transmit-

tance of a 10-mm thick ionogel is 97% for the light of wavelengths
between 380 and 720 nm [40]. However, the clarity and sharpness
of the images can be affected by other factors. Examples include the
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Fig. 2 The fabrication of an ionic eye. (a) A glass or plastic mold has a cavity in the shape of a spherical cap
with the base diameter D=14 mm and the height h=4.5 mm. (b) Pour a pre-gel solution (the mixture of the
monomer, ionic liquid, cross-linker, and catalyst) into the mold. (c) Seal the mold with a transparent plate of
glass or plastic. Under the radiation of the ultraviolet light for two hours, the solution turns into an ionogel
with a covalent polymer network. A circular disk of the ionogel is prepared by changing the mold with a
disk-shaped cavity. (d ) A dielectric-elastomer sheet of the circular shape, the diameterA=31 mm, and the thick-
ness 3 mm is in the undeformed state. (e) Stretch the dielectric sheet radially to λ=3 times the original diameter
and fix it with two rigid frames. (f ) Attach the lens-shaped and the disk-shaped ionogels on the two surfaces of
the dielectric elastomer. Both ionogels are connected to metallic electrodes (aluminum) through the thin
ionogel lines (section area: 0.3 mm×3 mm). (g) The photo of the radial stretcher, the stretched dielectric mem-
brane, and the ionic lens. (h) The photo of the ionic eye. (i) A photo is taken through the ionic eye. The setup
shown in (f ) (D=14 mm and h=4.5 mm) is directly mounted on the screen of a cell phone (Vivo Xplay 2013).
The distance between the cell phone screen and the ionic lens’s bottom surface is estimated as ∼5–10 cm. A
digital camera (Canon EOS 5D) shots the photo ∼20 cm above the ionic lens, inside the room during the day.
The diameter of the flower on the screen is estimated as ∼2 cm.
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lens’s optical aberrations, the lens’s smoothness, air bubbles and
other defects inside the lens, and the lab’s illumination environ-
ment. Systematically resolving these issues goes beyond the
scope of this paper.
The voltage-induced change of the focal length is readily visua-

lized (Fig. 4, see Video 4 available in the Supplemental Materials on
the ASME Digital Collection). We place an ionic eye on a tank of
water’s outer wall and direct two parallel laser beams to the ionic
eye. The ionic eye, the tank’s wall, and the water are all refractive
so that the two laser beams bend and intersect. As the applied
voltage changes, the ionic eye deforms, and the two laser beams
change the amount of bending.
We measure the change of the ionic eye’s focal length as a func-

tion of the applied voltage (Fig. 5). We place an ionic eye in the air,
shine a beam of parallel light to the base of the lens, and observe the
light spot on a screen ahead of the lens’s curved side. When the
screen moves relative to the ionic eye, the spot on the screen
changes size. The distance between the screen and the base center
of the lens when the spot is the smallest is the measured focal
length. In the absence of a voltage, the measured focal length of
the ionic lens is 17.4± 0.65 mm. For a plano-convex lens, one
can calculate the focal length from the expression f=RL/(n−1),
where RL is the radius of the lens’s curvature, and n is the refractive
index of the ionogel [54]. For a lens in the shape of a spherical cap

with a base diameter D= 14 mm (error, 1.2%) and a height h=
4.5 mm (error, 4.89%), the geometry gives the radius of curvature
RL= (h2+D2/4)/2 h= 7.7± 0.3 mm. The measured refractive
index of the ionogel is n= 1.46± 0.06, comparable to that of
silicon oil (no= 1.4). The calculated focal length is f0= 16.94±
1.93 mm, which is very close to the measured result (3% error).
When the ionic eye is actuated, the larger the voltage, the flatter
the lens, and the longer the focal length (Fig. 5). The largest focal
length is fmax= 25.6± 1.3 mm. Thus, the ionic eye can change the
focal length by 47%± 7.6%, which exceeds that of human eyes
(∼30% from Ref. [34]).
The electromechanical deformation of the ionic eye is further

analyzed through a finite element method. The result suggests a
nonlinear relation between the relative change of focal length (y)
and the applied voltage (x). We fit the relation as y= 0.0024 ×
x4−0.063 × x3+ 0.64 × x2−1.8 × x+ 1.1. The profile of the finite
element model (FEM) changes remarkably (Fig. 5(a)). Meanwhile,
we obtain the profile of the ionic lens experimentally (Figs. 5(c) and
5(d )). Carbon grease is smeared on the ionic lens to provide a better
reflection for the laser sensor. For a larger and softer lens, the profile
changes more significantly. For the smaller lens, the profile changes
less than the prediction of simulations. This profile may be due to
the poor adhesion between the ionic lens and the dielectric
elastomer.
The response time of the ionic eye may be limited by the

elastomer and the gel’s viscoelasticity and inertia. The elastomer
used in this work (VHB) exhibits significant viscoelastic behavior
and is unsuitable for testing response over a wide range of frequen-
cies. It has been shown that the response time improves when a less
viscous elastomer is used, such as silicone rubbers [36]. Here, we
estimate the theoretical limit of the response time set by the
inertia. The masses of the ionogel lens and the dielectric
elastomer are mi= ρiVi and md= ρdVd, where ρi and ρd are the den-
sities, and Vi and Vd are the volumes of the ionogel and dielectric,
respectively. The ionogel and the elastomer’s effective stiffnesses
are ki∼ Yi Himax and kd∼ Yd Hd, where Yi and Yd are the elastic
moduli of the ionogel and the dielectric, respectively. Himax is the
maximum height of the lens, and Hd is the thickness of the
dielectric. The frequency of the fundamental mode of resonance
is ω= (k/m)1/2, setting a time scale τ= 1/ ω. Taking representative
values ρi= ρd = 103kgm−3, Vi= 1.25π× 10−7 m3, Vd= 1.47π×
10−8 m3, Yi∼ 103 N m−2, Yd∼ 105 N m−2, Himax= 4.5 × 10−3 m,
and Hd= 3 × 10−4 m, we find that τ∼ [(mi+md)/(ki+ kd)]

1/2≈
3.6 ms. Such a short response time is sufficient for mobile and
wearable devices.
We also perform a theoretical analysis to probe the possibility of

miniaturizing the ionic eye. In this analysis, we ignore the ionogel
and consider the constraint due to the ionogel on the dielectric’s
deformation by increasing the dielectric’s modulus. The elastic

Fig. 3 The ionic eye changes the focal length. (a) The digital
camera (Canon EOS 5D) with a fixed focal length, an ionic eye,
and several objects is placed at fixed positions. (b)–(e) Frames
of a video recorded by the camera (Video 3). As the sinusoidal
voltage (amplitude: 12 kV; frequency 1/8 Hz) is applied to the
ionic lens cycles, the objects come into and out of focus. The
focus voltages of the number, the artificial limb, and the person
are estimated as 0 V, ∼11 kV, and ∼11.5 kV, respectively. The
artificial limb and the person are probably in the same depth of
field. Thus, they almost become apparent at the same time.
When the maximum voltage is reached, the depth of field is
beyond the room’s dimension (∼4 m). Thus, all objects become
blur again. Illumination condition: lights are turned on in the
room. (Color version online.)

Fig. 4 The visualization of ionic eye’s focal length changing.
Two beams of parallel light pass through the ionic lens (in the
air) and cross in the water (Video 4).
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modulus of the ionogel is typically 3 kPa [40], and the elastic
modulus of the dielectric is in the range of 0.1–3 MPa [30]. We
take the dielectric’s shear modulus as 45 kPa in the active region
(R<D) to equal the total effective stiffness. We also assume the
deformation of dielectric elastomer is equal-biaxial and thus adopt
a simple model. Figure 6 plots the stretch (λ) of the dielectric elasto-
mer versus the applied electrical field for various frame/lens diameter
ratios, B/D. If B/D= 1, deformation is fully constrained. The defor-
mation increases as B/D increases but levels off when B/D is
greater than 6. The solid red line depicts our design at B/D= 6.6.
The maximum deformation, where λ is approximately 4.7, is
limited by the electrical breakdown (∼150 MV m−1), as shown by
the dashed red line in Fig. 6. Our theoretical result indicates that
the diameter ratio can be reduced to B/D= 2, an optimal value that
can generate fairly large deformation (λ∼ 4.5). Given specific geo-
metric shapes, the height of the lens h is reduced along with the
base diameterD. Therefore, the thickness of the dielectric membrane
is reduced, as well as the voltage. The whole ionic eye can be mini-
aturized to a compact size, implying an opportunity for devices in
small spaces.
The adhesion between ionic conductors and dielectrics will affect

the lifetime of the devices. A method was recently proposed to
measure the debond energy between two highly stretchable materi-
als by calculating the bilayer structure’s energy release rate [55]. We
adopt this method, follow the same protocol, and measure the
debond energy for bilayer structures of ionogel and VHB. We cut
the VHB into ribbons with dimensions of 70 × 10 × 1 mm3 and
attach a 20 × 10 × 3 mm3 ionogel on the center of the VHB. The

gauge length of the bilayer structure is 40 mm, defined by the dis-
tance between the tensile machine’s two clamps. A 3 × 10 ×
0.1 mm3 crack is made between ionogel and VHB at one end of
the interface. The crack propagates when the bilayer is stretched
to 1.43 times the original length (Fig. 7). This critical stretch
changes with the ionogel thickness, but the debond energy does
not [55]. In this experiment, the debond energy is∼ 1 J m−2. Such
debond energy is relatively low. During our experiments, the
ionic lens always stays adhered to on VHB. Still, the low adhesion
energy affects the sufficient deformation of the ionic lens, thus
reducing the focal length’s maximum change.
Recent advances have achieved gel–elastomer and gel–metal

adhesions of high toughness, transparency, and stretchability or
conductivity [56]. The interfacial fracture energy of ionic conduc-
tors could be vastly enhanced to∼ 1 kJ m−2 [57] using chemical
anchors. Bulk modification of both ionic conductors and elastomers
can also provide strong adhesion and a sharp optical interface [58].
Topological entanglement among long polymer chains, ionic con-
ductors, and elastomers could achieve reversible adhesions
[59,60]. Lastly, subwavelength molecular staples could perhaps
provide both a transparent optical interface and the tough adhesion
to integrate soft materials [61]. These techniques are expected to
prevent the delamination of dissimilar soft materials in the ionic
eye during actuation.
Both hydrophobic and hydrophilic ionic liquids have numerous

varieties [62,63]. Using appropriate ionic liquids, the ionogel lens
can be made to survive over a broad range of temperatures, from
∼−100 °C to∼300 °C [64–66]. Ionogel lenses can satisfy some

Fig. 5 (a) The relative change of the focal length of an ionic eye (D=14 mm and h=4.5 mm) is recorded as a function of the
voltage. The ionic eye’s focal length is f0=17.4±0.65 mm in the undeformed state and achieves the maximum focal length
fmax=25.6± 1.3 mm in the deformed state. The largest change of the focal length is 47%± 7.6%, beyond that of the human
eye (∼30%). The FEM simulation shows the nonlinear relation between the relative change of the focal length and the
applied voltage. Insert: deformations of the model in ABAQUS. (b) The setup used for measuring the focal length. The mea-
sured profiles of (c) a smaller ionic lens (D=14 mm and h= 4.5 mm) and (d ) a bigger and softer ionic lens (D=30 mm
and h=14 mm) under constant voltages in experiments.
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particular uses, such as devices in outer space or exposed to sun and
rain. Even though the mechanical properties of VHB elastomers
change with the temperature, other elastomers can be used over a
relatively broad temperature range from subzero to hundreds of
degrees Celcius. For example, one can use polydimethylsiloxane
(PDMS) from −40 to 150 °C [67,68]. With that said, at room
temperature and after millions of actuations and months of exposure
to air, conditions representative of a typical application, a
dielectric-elastomer actuator with ionogels as conductors still per-
forms well [40].
At room temperature, the thermal expansion coefficients of the

ionic liquid ([C2mim][EtSO4]) and the elastomer (VHB 4910) in
this work are 5.5 × 10−4 K−1 [69] and 1.8 × 10−4 K−1 (3MTM),
respectively. The weight of polyacrylic acid polymer chains is

only 5.5% of the weight of ionogel in this work. Thus, thermal
expansion coefficients of both ionogels and VHB elastomers are
small and comparable. When a tough and transparent adhesion is
made between the gel and the elastomer, the thermal expansion mis-
match can be accommodated by the interface’s high toughness
(∼1000 J m−2) due to the softness and the stretchability of both
materials. In practice, the ionic eye’s possible failure modes are
the electric breakdown of dielectrics (short circuit), the electric
field concentration along the edges of the ionic lens, the aging of
dielectrics, and the debond between the lens and the elastomer
due to the fatigue of the interface.
In summary, the ionic eye offers new opportunities for designers

of tunable optics. We report an all-solid tunable lens activated
through a dielectric elastomer and ionogels. The ionic eye varies
the focal length beyond that of the human eye. To mimic the
human eye’s systematic functions, more sensors and circuits need
to be integrated. The ionic eye is able to cooperate with ionic
sensors and circuits and be integrated into ionotronic devices.
Moving beyond the human eye, ionic lenses could also be arranged
in an array with other actuation principles to design powerful
tunable optics, such as arthropod eyes for robots [70,71]. All of
these opportunities require the advantages of stretchable and trans-
parent solid-state ionic conductors.

Experimental Sections
Fabrication of the ionogel: 1-Ethyl-3-methylimidazolium

ethylsulfate ([C2mim][EtSO4], Linzhou Keneng Material Technol-
ogy Co.), acrylic acid (AA, Tianjin Yongsheng Chemical Co.),
poly(ethylene glycol) diacrylate (PEGDA, Sigma-Aldrich Co.),
and α-ketoglutaric acid (Aladdin Industrial Co.) are chosen as the
ionic liquid, the monomer of the polymer network, the cross-linker,
and the initiator, respectively. Dissolve the monomer into the ionic
liquid at 1 mol L−1 and add the cross-linker and the initiator at
0.6 mol% and 1 mol% of the monomer, respectively. After
mixing, transfer the solution into the glass, plastic, or rubber
molds. The glass mold is a concave contact lens mold [72–74]
and used to make the smaller lens (D= 14 mm, h= 4.5 mm).
The plastic or rubber molds for the larger lens (D= 30 mm,
h = 14 mm) are widely used polycarbonate or silicon semi-
spherical molds for foods or epoxy models (purchased on
Amazon.com). The plastic mold for the fabrication of circular iono-
gels (diameter: 14 mm; thickness: 0.3 mm) is cut by a laser cutter
(Versa Laser VLS2.30, Universal Laser Systems). The commercial
molds are relatively precise; thus, the estimated error of fabrication
is <1%. The molds cut by the laser cutter have an estimated sys-
tematic error of∼5%. Then, put the sealed solution into an ultravio-
let light chamber (power: 50 W, wavelength: 365 nm, SCIENTZ
03-II, Ningbo Scientz Biotechnology Co.) for 2 h. After the assem-
bly, the undeformed sizes of ionic lenses measured in Figs. 5(c) and
5(d ) by laser sensor are D= 14.17 mm and h= 4.28 mm for the
smaller lens and D= 29.31 mm and h= 14.41 mm for the larger
lens. Thus, the errors of D are 1.2% for the smaller lens and 2.3%
for the larger lens, and the errors of h are 4.89% for the smaller
lens and 2.93% for the larger lens.
The stretcher and the prestretch: The stretcher is manufactured

in-house, consisting of nine gears and eight gear racks made of
acrylic plastic (poly(methyl methacrylic), PMMA) shown in
Video 2. Three layers of sticky VHB elastomers are carefully
stacked together. The VHB elastomer is mounted and clamped
at the end of acrylic gear racks and prestretched to a specific
area before constrained by a pair of acrylic circles, as shown in
Fig. 2(g).
Minimizations of the device’s defects: Ionic liquids are heated up

to 80 °C to remove the water for 12 h in a thermostatic chamber. To
eliminate the air bubbles in the ionic lens, the air is evacuated from
the precursor in a desiccator (0.29 psi). To avoid air bubbles visible
to the naked eye between two layers of VHB elastomers, a hard
rubber brayer (such as the Testrite 24B) is used to roll toward one
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Fig. 7 The force–stretch curves of the bilayer structure (in red)
and VHB (in blue). The debond energy between the ionogel and
the VHB is∼1 J m−2. The thicknesses of ionogel and VHB are
Hf=3 mm and Hs=1 mm, respectively. The critic force for the
crack propagation in the bilayer is 44 N m−1, and the critic
stretch is 1.43. (Color version online.)
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direction while attaching one layer on the other. To avoid visible air
bubbles at the lens–elastomer interface, the lens is bent by a tweezer
and attached gradually to the elastomer.
The assembly of the device: To better adhere the lens and the elas-

tomer, we use nitrogen gas to dry both surfaces before attaching
them. Without treatments of materials and additions of adhesives,
the VHB elastomer itself is sticky, and the gel is also somewhat
tacky. The adhesion between ionogels and VHB elastomers is
due to the Van der Waals interactions. When the applied voltage
is less than 18 kV, the bonding is sufficient for presented deforma-
tions within the testing period. Longer time and higher frequency
actuation require a more robust bonding between gels and elasto-
mers. We indicate several methods to make better adhesions in
the main text. The connection between gels and electrodes is
caused by direct contact in this work. The excellent bonding
between gels and metallic electrodes can be achieved using chemi-
cal anchors [57] or molecular staples [61]. We have not tried these
methods for this work.
Optical properties of ionic conductors: The refractive index of

the ionic liquid is measured using the 2W Abbe’s refractometer
(Shanghai Optical Instrument Company), and nl= 1.467± 0.001.
The refractive index of ionogel is calculated according to
Snell’s law. Radiate a beam of light into a block of ionogel, the inci-
dent angle is 30± 1 deg, and the refractive angle is 20± 1 deg;
thus, ns ≈ 1.46± 0.06 (Snell’s law: n21 = sin θ1/sin θ2 = sin30 deg/
sin20 deg).
Profile measurements of the solid lens: A two-dimensional laser

displacement sensor (LJ-G200, Keyence) shines an array of the
laser beam to the surface of objects and measures the relative
height in a cross section of the object. The item is ahead of the
laser sensor 200± 1 mm, and the standard length of the laser
array in this distance is 70 mm.
The adhesion measurement of stretchable bilayer structures: A

tensile machine (CMT6503, MTS) is used to measure the
bonding between the ionogel and the VHB elastomer in the air
and at room temperature: load cell, 100 N; strain rate, 0.0125 s−1.
When the crack starts propagating, the recorded force drops
slightly. The corresponding stretch and force are critical values.
Figure 7 shows the bilayer’s force–stretch curve (in red) is plotted
up to the critical stretch. The areas under force–stretch curves of
both the bilayer and the substrate are integrated up to the critic
stretch to calculate the debond energy. We assume that the local
stretches at both the bonded region and the debond region are
uniform, given the film is softer than the substrate. According to
the energy release rate calculation [55], the debond energy equals
the difference between the two areas.

The Theoretical Section
A circular dielectric-elastomer actuator consists of an active

region and a passive region. During the actuation, the elastic
energy is restored in both the active and passive regions, but the
electrical polarization energy is collected in the active region.
We use the Gent model [75] to describe the elastic energy density

of the dielectric elastomer, in the form of Welas=−(µJlim/2)ln [1−
(2λ2+ λ−4− 3)/Jlim], where µ is the shearing modulus, Jlim is the
parameter related to the locking strain, and λ is the equal-biaxial
stretch. The electrical energy density powered to the active region
is Welec= ɛE2/2, where ɛ is the permittivity of dielectric elastomer,
and E is the electric field. According to the variations of the free
energy, the governing equation of the active region is λs+ ɛE2=
μ(λ2− λ−4)/[1− (2λ2+ λ−4− 3)/Jlim], where s is the nominal stress
in the active region. This formulation couples the stress, stretch,
and electric field together. Combining the force balance and bound-
ary conditions, relations between any two of three quantities can be
described.
Considering the inhomogeneous deformation in the passive

region, the force balance formulates that ∂s1/∂R− (s1− s2)/R= 0,
where s1 and s2 are the nominal stresses in the radial and circular

directions, respectively, and R is the radial distance of a mass
particle away from the center of the actuator. The boundary condi-
tions are s1|R=D= s|R=D, λ2|R = D= λ|R=D, and λ2|R = B= λpre= 3. We
use the following parameters in the calculations: µ= 45 kPa, Jlim=
500, ɛ= 4.16 × 10−11Fm−1.

The Simulation Section
We apply the above-mentioned method into a commercial finite

element software (ABAQUS) and code the free energy functions for
both the dielectric and the ionogel in the user-supplied subroutine
(UMAT) to simulate the nonlinear electromechanical behavior of
the ionic eye [76]. The equal-biaxial prestretch of the dielectric elas-
tomer is 3, and the outer boundary is constrained after the pre-
stretch. The bonding between the ionogel and the dielectric is
prescribed by the Tie constrain in the software. We choose the
C3D8H element type for both the dielectric and the ionogel. The
parameters used in the calculation are µDE= 32 kPa, µGel= 1 kPa,
Jlim=∞, ɛ= 3 × 10−11 F m−1, B/D= 6.6, and h/D= 0.3.
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Nomenclature
f = focal length of the lens
h = height of the spherical cap
k = stiffness
n = refractive index
m = mass
A = diameter of the dielectric before stretched
B = inner diameter of the rigid frame
D = base diameter of the spherical cap
E = electric field
H = height or thickness
R = radial Lagrangian coordinate of the material particle
S = nominal stress
V = volume
W = elastic energy density
Y = Young’s modulus

Jlim = locking strain
RL = radius of curvature of the lens
ɛ = permittivity of the dielectric
λ = stretch
µ = shear modulus
ρ = density
τ = response time
ω = frequency of the resonance
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