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Abstract: As the core element of adaptive optical systems, tuneable lenses are essential in
adaptive optics. Dielectric elastomer-driven tuneable lenses offer significant advantages in
tuning range, response speed, and lightweight design compared to traditional mechanical
zoom lenses. This paper systematically reviews the working mechanisms and research
advancements of these lenses. Firstly, based on the two driving modes of deformation
zoom and displacement zoom, the tuning principle of dielectric elastomer-driven tuneable
lenses is analysed in depth. Secondly, the design methodology and current status of the
research are systematically elaborated for four typical structures: monolithic, composite,
array, and metalenses. Finally, the potential applications of this technology are discussed
in the fields of auto-zoom imaging, microscopic imaging, augmented reality display, and
infrared imaging, along with an analysis of the key technological challenges faced by this
technology, such as material properties, modelling and control, preparation processes, and
optical performance. This paper aims to provide a systematic reference for researchers in
this field and to help promote the engineering application of dielectric elastomer tuneable
lens technology.
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1. Introduction

As one of the core components of modern optical technology, zoomable optical sys-
tems play an essential role in many fields such as biomedicine [1], industrial production [2],
military security [3], and consumer electronics [4]. Traditional zoomable optical systems
are usually made of solid materials such as glass and plastic with fixed-focus lenses,
and their zoom is often achieved by multiple solid lenses with mechanical devices [5,6].
With the continuous expansion of application scenarios, the lightweight, responsive, and
low-cost performance requirements of zoomable optical systems are increasing in many
fields, which makes the limitations of traditional zoomable optical systems increasingly
prominent. In this context, tuneable lens technology, which achieves no mechanical mo-
tion through physical field tuning, has emerged to provide a new solution for optical
system optimisation.

Tuneable lenses achieve zoom by directly or indirectly altering the curvature or re-
fractive index of the lens using electrical, thermal, or environmental stimuli. This process
enables focus adjustment without mechanical movement, significantly simplifying the sys-
tem structure [7]. Through the refractive index zoom lens, an applied electric field is used
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to change the optical medium’s arrangement to form a gradient refractive index distri-
bution, commonly found in liquid crystal lenses [8,9]. Through variable curvature zoom
lenses, the interior of the lens is mainly liquid or solid. The shape of the lens is directly or
indirectly changed by the electric wetting effect [10], memory alloy actuator [11,12], piezo-
electricactuator [13-15], or dielectric elastomer actuator (DEA), which directly or indirectly
changes the shape of the lens to achieve zoom.

Dielectric elastomers (DEs) are flexible polymer materials (e.g., silicone rubber, acrylic
elastomers) driven by the electric field-induced Maxwell stress effect. When an electric
field is applied, the electrostatic pressure generated by the electrodeposition compresses
the thickness and expands the area of the film, resulting in a large strain output. Dielec-
tric elastomer-driven tuneable lenses (DETLs) have the advantages of fast response, light
weight, vibration resistance, low power consumption, and high energy density and show
great potential in optical systems [16,17].

Although tuneable lenses have been previously introduced in the review litera-
ture [7,18], this review mainly focuses on DETLs and systematically comprehends the re-
cent advances, applications, and challenges in this field. This review not only analyses
the driving principle and driving mechanism of DETL in detail but also focuses on the
advantages and limitations of DETL with different structures and synthesises the research
trends in materials, structures and optics. The full text is structured as follows: Chapter
2 classifies and analyses the zoom working principle of DETLs; Chapter 3 introduces the
structural types of DETLs; Chapter 4 compares the performance of several classical DETLs;
and Chapter 5 reviews innovative applications in areas such as auto-zoom imaging sys-
tems, micro-imaging, and augmented reality displays, while summarising the technical
challenges facing DETL concerning materials, modelling and control, processes, and opti-
cal properties. Through this review, we aim to provide theoretical support and technical
reference for the innovative research and development of DETL.

2. Principle of DETL

Currently, there are several ways to categorise DETL. With its rapid development,
many classification methods cannot fully cover the types of lenses or adequately differen-
tiate them individually. This paper classifies lenses according to their tuning principles
and structures. Among them, the tuning principle is mainly divided into two categories:
deformation-based and displacement-based zoom. The former achieves zoom by changing
the lens shape through a dielectric elastomer actuator, while the latter accomplishes zoom
by driving the axial or radial displacement of the lens position. The structure of the lens is
divided into monolithic, composite, array, and metalenses, with a certain correspondence
between them, as shown in Table 1.

Table 1. DETL classification (author’s original classification).

Tuning Principle Subtype Lens Construction Type of DEA
Deformation-based Direct Drive Monolithic Lens Planar DEA, Spherical DEA and Conical DEA
Lens Array Planar DEA
Indirect Drive Monolithic Lens Spherical DEA
Lens Array Spherical DEA
Displacement-based  Axial Displacement Composite Lens Planar DEA and Bending-Mode DEA
Dis;f:iéient Lens Array Planar DEA

Metalens Planar DEA
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Based on this categorisation, this chapter first introduces the working principle of DEA,
followed by a detailed description of the principles and structures of various types of DETLs.

2.1. Principle of DE

The core principle of DE to realise the actuation function is mainly the electrostriction
effect. When an electric field is applied to the ends of a DE, a series of complex changes
occur in the internal microstructure of the material, leading to macroscopic deformation.

From a microscopic point of view, there are many polar groups in the molecular chain
of DE. In the absence of an electric field, the orientation of these polar groups is randomly
distributed. After applying the electric field, the electric field force will prompt the polar
groups to rotate and rearrange so that the molecular chain is gradually oriented toward
the electric field. This change in the orientation of the molecular chains will change the
interaction force between the molecular chains, which will result in stretching or compres-
sion of the molecular chains. When the electric field strength is low, the orientation change
of molecular chains is relatively orderly, and the deformation of the material is approxi-
mately linear with the electric field strength; with the increasing electric field strength, the
orientation of molecular chains gradually tends to be saturated, and the growth rate of the
deformation of the material is slowly slowed down, and at this time, the deformation of
the material shows a nonlinear relationship with the electric field strength [19].

Macroscopically, the electrostriction effect is manifested as the DE shrinks in the thick-
ness direction and expands in the plane direction. This is because under the action of the
electric field, the Maxwell stress generated inside the material will compress the material,
making it thinner in the thickness direction; according to the principle of conservation of
volume of the material, the reduction in the thickness direction is inevitably accompanied
by the expansion in the planar direction [20]. Figure 1 shows its driving principle diagram.
When the DE is used as the driving element of the tuneable lenses, this expansion in the
plane direction will affect the lens, which in turn changes the lens’s focal length.

Electrodes

Rigid
frame

Voltage
Source

clastomer

Figure 1. Principle of DE (author’s original image).

Numerous factors affect the electrostriction effect, among which is the electric field
strength, which is the most direct and critical factor. Generally speaking, the deformation
of the material gradually increases as the electric field strength increases [21,22]. However,
when the electric field strength exceeds the breakdown field strength of the material, elec-
trical breakdown of the material is triggered [23]. DE materials have different breakdown
field strengths, usually 10-100 MV/m [24]. In practice, the strength of the applied electric
field must be strictly controlled to ensure that it is within the safe working range of the
material. The frequency of the electric field also affects the electrostriction effect. Under
a low-frequency electric field, the polar groups inside the material have enough time to
respond to the change in electric field, and the electrostriction effect can be fully utilised;
however, under a high-frequency electric field, the orientation of the polar groups cannot
keep up with the rapid change in the electric field, which will lead to the weakening of the
electrostriction effect. The response speed of the material will be limited [25].
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In addition, the material’s properties, such as temperature, dielectric constant, and
cross-linking density, also significantly affect the electrostriction effect. Increasing temper-
ature intensifies the molecular thermal motion and reduces the material’s elastic modulus,
thus affecting the electrostriction effect [26]. Materials with higher dielectric constants can
store more electrical energy at the same electric field strength, resulting in greater elec-
trostriction [27]. The crosslink density determines how closely the molecular chains are
connected, and an appropriate crosslink density can enhance the mechanical properties
and stability of the material. Still, a crosslink density that is too high may restrict the move-
ment of the molecular chains, thus weakening the electrostriction effect [28].

2.2. Tuning Principle

According to the tuning principle, DETL is mainly divided into two categories:
(1) deformation-based driving, which involves directly or indirectly tuning the lens cur-
vature to change the zoom using DEA; (2) displacement-based zoom, which uses DEA to
drive the lens and produce axial or vertical axial displacement for zooming.

2.2.1. Deformation-Based

Methods based on deformation zoom mainly utilise DE driven by voltage to produce
in-plane expansion. The radius of curvature of the spherical crown of the lens is directly
or indirectly modulated to achieve zoom. The principle is shown in Equation (1):

1 1 1

Z=(n=1)(— - — 1

=Dl - ) 0
where Ry and R; are the radii of curvature of the front and back spherical crowns, 7 is the
refractive index of the lens, and f is the lens’s focal length [29].

1. Direct drive

Tuneable lenses with direct actuated deformation are mainly used by DEA to change
the shape of liquid or soft-solid lenses directly, enabling the dynamic change in focal length.
Carpi et al. [30] developed a biconvex lens structure by combining a fluid-filled elastomer
lens with a DEA, as shown in Figure 2a. The lens consists of two layers of pre-stretched
transparent elastomer film forming a cavity, with the centre filled with transparent fluid
and coated with flexible electrodes in an annular region around the lens. When a voltage
is applied, the ring actuator generates an electrostatic compressive stress in the thickness
direction, which triggers a radial contraction and directly drives the lens to produce a radial
dimensional reduction. Since the fluid volume inside the lens is constant, its thickness
increases, and the radius of curvature decreases. The lens has a magnification ratio of up
to 129.1% and an operating frequency range of 1-10 Hz Pieroni et al. [31] developed a soft-
solid tuneable lens, as shown in Figure 2b, with a magnification ratio of up to 154.6%, by
drawing on the regulation mechanism of animal lenses. Its preparation process is more
concise and efficient than liquid lenses. The lens designed by Son et al. [32] achieves the
zoom function by deforming the film to create a bump or depression, with a magnification
ratio of 124% and a frequency response of up to 20 Hz.

Direct-drive anamorphic tuneable lenses feature a compact structure and small size,
thanks to the high level of integration between the driver and the lens. This integration
provides a significant advantage in portable devices and space-constrained application
scenarios. Moreover, direct-drive solutions generally exhibit a faster response time and
simpler control, making them ideal for systems with demanding dynamic performance
requirements. However, the volume and deformation capacity of the driver limit the direct
drive method, resulting in a relatively small focal length adjustment range that makes it
challenging to accommodate a wide array of zoom requirements.
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Figure 2. Directly driven deformable DETL. (a) Direct deformation liquid lens: (al) lens physical top
view; (a2) lens zoom principle diagram, the upper picture is the shape of the lens when no voltage
is applied, and the lower picture is the DEA squeezing the lens after applying a voltage to make
the shape change; (a3) lens zoom imaging effect diagram [30]. (b) Direct deformation soft solid lens:
(b1) lens zoom principle diagram, where the left side shows the shape of the lens when no voltage is
applied, and the right side shows the soft solid lens squeezed by DEA after applying voltage, which
makes the shape change; (b2) top view of the lens in kind [31].

2. Indirect drive

Compared to direct-drive DETL, indirectly driven zoom lenses are typically config-
ured with a liquid chamber connected to the outside. The DEA induces deformation of
the passive film (e.g., polydimethylsiloxane (PDMS) elastomer film) by compressing the
liquid medium inside the chamber, thereby achieving the indirect tuning of the lens cur-
vature. Lau et al. [33] constructed a diaphragm-pump-type adjustable liquid lens driven
by the DEA, as shown in Figure 3, which can change the focal length through the DEA by
adjusting the hydraulic pressure of the diaphragm pump; the lens is filled and discharged
to change the focal length, and its magnification ratio can be up to 333%. Zhang et al. [34]
proposed a hydrogel electrode-coupled tuneable lens structure. They carried out the cor-
responding theoretical analyses, which utilised the deformation generated by the DEA to
change the volume of the other cavity, which provided a new idea for the tuneable lens.
Wei et al. [35] developed a concentric annular dielectric elastomer-driven liquid lens; this
lens’s circular and annular cavities are interconnected and filled with liquid. The degree
of bending of the lens membrane is adjusted indirectly by applying a voltage to change
the volume of liquid in the annular region to achieve the zoom function; the experimental
results show that the zoom ratio of this lens can be as high as 414%, and it has a better
imaging quality. Cheng et al. conducted a detailed theoretical analysis and experimental
verification of the configuration and explored the main factors affecting the focal length of
the liquid lens through theoretical analysis [36]. Shi et al. added a detailed theoretical anal-
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ysis of the variation range of the focal length of the configuration based on pre-stretching,
which provided a thorough theoretical basis for the optimal design of the lens [37].

( a ) Voltage off Voltage on ( b )

Dielectric
elastomer
actuators

Eye-like focus
tunable lens

Figure 3. Indirectly driven deformable DETL: (a) lens zoom schematic, the dotted line is the shape
of the DEA and lens without voltage applied, and the realisation is the shape of the DEA and lens
after the voltage is applied; (b) physical diagram of the lens [33].

Indirectly driven DETLs transmit deformation forces through a liquid, enabling a
wider zoom range and making them more suitable for application scenarios that require
significant focal length adjustments. However, such lenses typically rely on a liquid or gas
cavity connected to the outside, often several times the size of the lens body, increasing
the overall system’s size and complexity. Additionally, the preparation process is more
complicated, potentially affecting the reliability and lifespan of the system.

2.2.2. Displacement-Based

In contrast to deformation-based lenses, displacement zoom lenses primarily employ
DEA to actuate the lens group, creating axial or vertical axial displacement to alter the
focal length.

1.  Axial displacement

The researchers employed DE as the primary component to address the drawbacks
of the mechanical displacement zoom system, which is considerable in size and weight.
They realised flexible drive zoom by mechanically connecting the DEA to either a solid or
soft-solid lens. When an electric field is applied to the dielectric elastomer, the elastomer
contracts and moves the lens along the optical axis, thereby altering the distance between
the lens and the object or imaging plane to achieve the zoom effect. This principle mirrors
the focus adjustment method found in traditional optical systems, and its specific expres-
sion is illustrated in Equation (2) [29]:

1
—+t-=z )

where u is the object distance, v is the image distance, and f is the focal length.

Kim et al. [38] fabricated three different structures of DEA-driven micro-optics, where
an applied voltage can cause the DEA to produce displacement in the direction of the ex-
tended optical axis to achieve zoom. Yun et al. [39] developed a displacement lens via DEA
with the structure shown in Figure 4a, which consists of a convex hemispherical PDMS
lens and a DEA. By applying a voltage, the deformation of the DE film enables the lens
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to change in the vertical direction and thus change the focal length, with a magnification
ratio of up to 118.4%, a displacement attenuation of less than 9% for 250,000 consecutive
cycles of operation, and good durability.

The DETL, which shifts the zoom along the optical axis, has effectively achieved minia-
turisation compared to conventional shift-type lenses. However, compared to the variable-
form DETL, it has a larger zoom ratio and a greater axial dimension thickness.

2. Lateral displacement

Jin et al. [40] first developed a DETL with displacement zoom in the vertical optical
axis direction, as shown in Figure 4b, which DE can drive to enable reciprocal motion in
the vertical direction along the optical axis. A focal length change can be realised with
another solid lens, but continuous zooming is impossible. On the other hand, tuneable
lenses based on the principle of Fresnel and Alvarez lenses can achieve the constant zoom
function by displacement in the vertical optical axis direction.

On the other hand, tuneable lenses based on the principles of Fresnel and Alvarez
lenses achieve a continuous zoom function by displacing in the direction of the perpendic-
ular optical axis while further enhancing the zoom capability.

Fresnel lenses satisfy the radius a of the Nth ring band by splitting the continuous
surface of a conventional spherical lens into a thin sheet of concentric rings:

R}, =NR? (N=1,23,...) 3)

where R; is the radius of the first annular band. Each ring is an optical surface with a spe-
cific curvature, and these rings are designed so that the lens as a whole still has refractive
power, but reduces the thickness and weight of the lens. By varying the spacing of the
rings, the Fresnel lens allows for focal length adjustment [41]. The initial focal length F is
related to the wavelength A and the radius of the ring band as:

2 2

1= NA (4)

When the radius of the ring band shrinks due to deformation to S times the original
radius (S = R}y /Ry ), the new focal length F’ is

F' = S’F (5)

Based on this principle, Park et al. [42] developed a dielectric elastomer-driven Fresnel
lens with the structure shown in Figure 4c. The device structure comprises a binary phase
Fresnel zone plate, a ring-shaped deformable electrode, and a DE membrane. By regulating
the radius of the zone plate by DEA, the Fresnel lens can achieve a zoom function with a
magnification ratio of up to 109.1% and a response speed of up to 23 ms.

An Alvarez lens usually combines two curved lenses with different optical properties,
whose curvature and thickness can be flexibly adjusted to form specific optical properties.
The lateral displacement of the lens elements can change optical properties such as focal
length and field of view [43]. The following cubic polynomial describes the free surface
thickness distribution of a single Alvarez lens element:

3

t:A(xy2+ 3

) +Dx+E (6)
where A is the depth of the control free surface modulation, D is the tilt coefficient, E is the
voxel thickness added to the cubic surface equation at the centre, ¢ is the phase distribution
of the Alvarez lens, and x, y are the transverse and longitudinal coordinates. When the
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DEA drives the two phase plates to produce a relative transverse displacement 4, the focal

length f of the system is
1

f= 45A(n—1) @
where ¢ represents the lateral displacement, and n denotes the refractive index of the lens
material [44].

Chen et al. [45] used this principle to develop a dielectric elastomer-driven Alvarez
lens based on DE, as shown in Figure 4d. The lens consists of multiple Alvarez lens ele-
ments and a DE film.

Alvarez lenses based on dielectric elastomer actuation provide an innovative solution
for high-performance DETL. By designing the phase plate, not only can a wide range of
continuous zoom be realised, but also the field of view can be changed. However, this also
challenges the preparation process and focal length control. The precision processing of
the phase plate is related to the imaging quality of the lens, and the control accuracy is
associated with the precise lens tuning.
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-

d \?-;f
{D A@~s OA
@v=0 " w©v=v,

Coppertape Lens

(a2) (b1) (b2)

(d ) Voltage off

—_— =

lJiIl__'

=i n=
Smss mME
Voltage on
=lmy:E
=1 ot

(d2)

AgNWs electrode

(c3)

Figure 4. Displacement-based DETL. (a) Displacement in the optical axis direction: (al) Physical
diagram of the lens; (a2) schematic diagram of the lens zoom, where the left figure shows the initial
state of the lens without applying a voltage, and the right figure shows the displacement of the lens
along the optical axis direction after applying a voltage, which makes the focal length change [39].
(b) Displacement in the vertical optical axis direction: (b1) schematic diagram of the structure of
the lens; (b2) schematic diagram of the lens zoom, where the left figure shows the lens without
applying a voltage in the initial state, and the right figure shows that for the applied voltage after
the lens L-1 is perpendicular to the direction of the optical axis displacement, so that the focal length
changes [40]. (c) Alvarez lens: (c1) lens zoom schematic, the left figure for the initial state of the lens
without the application of the voltage, the right figure for the application of the voltage after the
DEA drive concentric ring radius change, so that the focal length changes; (c2) schematic diagram
of the structure of the lens; (c3) top view of the lens in kind [42]. (d) Fresnel lens: (d1) top view of
the Alvarez lens; (d2) zoom effect of the lens; the top and bottom pictures are the imaging pictures
before and after, respectively [45].

3. Lens Construction

According to the structure, DETL is mainly classified into (1) monolithic lenses—
lenses coupled with planar, spherical, or conical DEA; (2) composite lenses—sets of lenses
combined with annular or curved DEA; (3) arrayed lenses —miniature lens units forming
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(c1)

arrays that the DEA drive; and (4) metalenses—super-surface structures generated on the
DEA and tuned by the DEAs.

3.1. Monolithic Lens

Monolithic lenses facilitate compact and efficient optical tuning by connecting a dielec-
tric elastomer driver to the lens. Ordinary monolithic tuneable lenses are classified into three
types based on planar, spherical, and conical DEA drivers according to the type of DEA.

1. Planar DEA

The three primary forms of planar actuators are ring, disc, and sector. These actuators
are essential in tuneable lens design due to their mature manufacturing process and easy
integration. According to the structure, planar actuator-driven DETLs are mainly noncon-
vex, biconvex, and droplet lenses.

Kim et al. [46] were the first to propose an annular DEA to drive a monoconvex silicone
lens (Figure 5a), verifying this configuration’s feasibility to achieve zoom. Nam et al. [47]
used a disc-shaped driver through structural optimisation to achieve lens zoom with the
help of an internal frame fixation and an external fan-coupler driver, as shown in Figure 5b.
They achieved a zoom ratio of 165.7% at a driving voltage of 5 kV. Chen et al. [48] prepared a
monoconvex ion eye using ion gel as both lens and electrode materials, as shown in Figure 5c.
A disc-type DEA was sandwiched between the lens and electrode, and the deformation of
the DEA after the voltage application drove the lens’s deformation to achieve the zoom. The
zoom ratio could reach ~150%. Ghilardi et al. [49] innovated to divide the electrode into
four sectors, as shown in Figure 5d, and induced lens deformation by asymmetric driving to
achieve active regulation of aberration, which provides ideas for improving imaging quality.

N Elastomer layer |

NIE
“ETRIETR

N W l s T ; d
(a2) (b1) (b2)
‘ Tonic Conductor (d ) Voltage off
| 3 5 o .. ]
y Byt
Voltage Off
I.mm. Ionic Lens
Dielectric Elastomer
Oouible fayes — - G o
Voltage On .
(c2) (d1) (d2)

Figure 5. Planar actuator-driven monoconvex DETL. (a) Driven based on a butyl rubber DEA:
(al) top view of the lens object; (a2) schematic diagram of the lens structure [46]. (b) Driven using a
sector coupler: (b1) top view of the lens object; (b2) lens zooming effect, the upper and lower figures
show the imaging effect before and after applying the voltage, respectively [47]. (c) Solid-state lens
driven by a disc-type DEA: (c1) top view of the lens object; (c2) lens zoom schematic, the upper and
lower diagrams show the shape of the lens before and after the application of voltage, respectively,
‘+" and ‘—’ indicate positive and negative charges respectively [48]. (d) Adjustable aberration lens
driven by a sector-type DEA: (d1) top view of the lens object; (d2) lens aberration regulation effect,
the upper and lower diagrams show the imaging effect of the lens before and after the application
of voltage, respectively [49].

Biconvex lenses have attracted much attention in the field of bionic optics due to their
resemblance to the human eye lens, and Carpi et al. [30] first proposed an “electronic eye’
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design that combines an adjustable corneal lens with a bionic lens. Maffli et al. [50] de-
signed a biconvex liquid lens driven by a circular silicone rubber dielectric elastomer, as
shown in Figure 6a. This lens features a magnification ratio exceeding 120% and a re-
sponse time under 175 microseconds, which is the fastest DETL in terms of response time
currently available. Wang et al. [51] developed an all-solid-state adjustable soft lens, as
shown in Figure 6b, with a focus variation range of up to 209%. For the performance en-
hancement of biconvex lenses, Lu et al. [52] performed a detailed theoretical analysis based
on ring driver-driven biconvex liquid lenses, explored the influence of multiple parameters
on the lens performance, and solved the coupling and non-uniform deformation problems
of deformable lenses. Wang et al. [53] proposed a concise computational model based on
the assumption of uniform deformation, applying the energy method, and matched well
with the realisation results. Liu et al. [54] used 3D printing technology to print transparent
conductive gels as lenses on both sides of DE to prepare a biconvex solid lens, as shown in
Figure 6¢c. When a voltage is applied to the lens, its intermediate disc-type DEA produces
deformation to drive the lens deformation to achieve zoom, and its zoom ratio can reach a
maximum of 181%, with a shortest response time of up to 80 ms.
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Figure 6. Planar actuator-driven biconvex DETL. (a) Circular DEA-driven liquid lens: (al) lens physi-
cal diagram; (a2) lens structure and zoom principle schematic diagram; the upper and lower diagrams,
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respectively, show the effect before and after applying voltage to the lens [50]. (b) Circular DEA-
driven solid lens: (b1) lens physical top view; (b2) lens structure schematic diagram; (b3) lens zoom.
The schematic diagram of the principle, as well as the upper and lower diagrams, shows the focal
length change after applying voltage to the lens, respectively [51]. (c) Disc-shaped DEA-driven solid
lens: (c1) top view of the lens object; (c2) schematic diagram of the lens driving principle; (¢3) diagram
of the lens morphology change, where the left and right diagrams show the side view of the lens
morphology before and after applying voltage, respectively [54].

The core principle of dielectric elastomer-driven droplet lenses is to fill liquid droplets
on the surface of small pores or hydrophobic layers, creating biconvex or monoconvex sur-
faces through the liquid’s surface tension. When a voltage is applied to the DE to deform
it, the droplet curvature changes with the deformation of the DEA. Jin et al. [55] prepared
two small droplet lenses with different scales by filling glycerol droplets into the holes of
a DE film, as shown in Figure 7a. After applying a voltage, the lens’s aperture decreases,
thereby causing the lens’s focal length to change. This lens has a zoom ratio of up to 140%,
but it is significantly affected by gravity, and the gravity effect needs to be suppressed
by reducing the lens size. Huang et al. [56] prepared a droplet lens by placing a glycerol-
sodium chloride mixture droplet into the middle of an annular hydrophobic layer, and
the droplet curvature control was realised by modulating the infiltration region with an
electric field. Cheng et al. [57,58] designed two different droplet prehensile ratio lenses, as
shown in Figure 7b, and the zoom ratio reached up to 252% through a disc-type DEA.
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Figure 7. Planar actuator-driven droplet DETL. (a) Annular DEA-driven biconvex lens: (al) top view
of the lens object; (a2) schematic diagram of the lens zoom principle, the upper and lower diagrams
show the focal length change of the lens before and after the application of the voltage, respectively;
(a3) diagram of the lens zoom effect, the left and the right diagrams are the lens imaging images be-
fore and after the application of the voltage, respectively [55]. (b) Disc-shaped DEA-driven biconvex
lens: (b1) top view of the lens object; (b2) schematic diagram of the lens structure; (b3) schematic
diagram of the lens zoom principle; the left and right figures show the focal length change of the lens
before and after applying the voltage, respectively [58].

In planar DEA-driven DETL, the lenses are made of monoconvex soft solids like sil-
icone rubber, which offer excellent impact resistance and a simpler preparation process.
However, compared to biconvex lenses, they have a smaller field of view and poorer im-
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age quality. Biconvex lenses, on the other hand, use soft solids or liquids as lens mate-
rials, resulting in superior imaging quality. Moreover, substituting the material of the
biconvex lens with a conductive substance (e.g., NaCl solution or conductive gel) can fur-
ther simplify its preparation process and reduce lens power. The droplet lens is easy to
prepare due to its non-encapsulated structure, and the protruding droplets formed under
surface tension possess a uniform spherical crown shape. In comparison to encapsulated
lenses, droplet lenses typically provide higher imaging quality. However, droplet lenses
face limitations in size, and their application in complex environments, such as vibration,
is also restricted.

2. Spherical DEA

Spherical dielectric elastomer-driven DETLs are driven by hemispherical or spherical
DEAs that match the shape of the lens surface. Hemispherical DEAs typically use elec-
trode materials with excellent light transmission, and zoom is achieved by varying the
pressure inside the cavity when a voltage is applied. In contrast, spherical DEAs do not
have electrodes coated in the centre of the light-through aperture, and zoom is achieved by
adjusting the curvature of the light-through region of the lens when a voltage is applied.

Liang et al. [59] developed a DETL, shown in Figure 8a. It comprises a bent PDMS
film sandwiched between a gold electrode and a sodium chloride solution. Upon voltage
application, the film area expands, causing the central region to bulge, changing the lens’s
focal length. The magnification ratio can reach 122.9% at 900 V driving voltage.

Dual-cavity lenses achieve a wide range of zoom through pressure changes. Shian
et al. [60] proposed a dual-cavity lens configuration, as shown in Figure 8b, consisting
mainly of two liquid cavities with a transparent DEA sandwiched between them. In the
initial state, the liquid pressure inside the two liquid cavities differs, making the two pro-
jections have different curvatures. After applying a voltage, the driver membrane will
deform, thus changing the pressure distribution inside the liquid cavities and causing the
lens’s focal length to change. The lens can reach 400% of the variation ratio, and the re-
sponse speed is tens of milliseconds. Yang et al. [61,62] optimised the chamber parameters
to achieve a rise time of 75 ms at 154.81% of the variation ratio. Zhang et al. [63] estab-
lished a computational model based on the structure. Theoretically, they analysed the
effects of the chamber radius, shear modulus, permittivity, pre-stretching ratio, and the in-
jected liquid’s volume on the lenses’ tuning performance. Parameters on the lens’s tuning
performance show that liquid volume adjustment can achieve positive and negative focal
length switching, expanding the tuning dimension.

Shian et al. [64] proposed an active-passive membrane structure, as shown in
Figure 8c, in which the lens consists of upper and lower acrylic DE membranes: one layer
adopts VHB 4905, which has been pre-stretched by 100%, as the passive membrane, and the
other layer adopts VHB 4910, which has been pre-stretched by 300%, as the active driving
membrane. When a voltage was applied to the active membrane, a synergistic change in
the curvature of the active and passive membranes was triggered, and the magnification
ratio was up to 203%. Cao et al. [65] developed a lens parameter-focus mapping model
based on this configuration. Li et al. [66] prepared a spherical deficient DEA-driven focus-
able lens, as shown in Figure 8d, with a magnification ratio of up to 132.6%. The team then
conducted detailed modelling of hemispherical and ball-deficient-shaped active—passive
membrane structure lenses. It analysed the effects of different parameters on the lens per-
formance, which enriched the theoretical basis for its structural design [67].

Spherical DEA-driven DETL features a more compact structure for the same light-
through aperture. However, its response may take longer after applying voltage due to
the liquid pressure under initial conditions. Additionally, there could be a liquid leakage
issue during its preparation, which affects the lens’s stability.
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Figure 8. Spherical actuator-driven DETL. (a) Hemispherical DEA-driven liquid single-cavity lens:
(al) top view of the lens object; (a2) lens zoom schematic, the solid and dashed lines are the shapes
of the lens before and after the application of the voltage, respectively; (a3) lens zoom effect diagram,
the upper and lower diagrams are the imaging images of the lens before and after the application
of the voltage, respectively [59]. (b) Hemispherical DEA-driven liquid double-cavity lens: (b1) top
view of the lens object; (b2) schematic diagram of the lens structure; (b3) lens zoom effect diagram,
the upper and lower diagrams, respectively, before and after the application of the voltage, the focal
position changes after the laser passes through the lens [60]. (c) Hemispherical DEA-driven active—
passive membrane structure: (c1) schematic diagram of the lens structure; (c2) lens zoom schematic
diagram, the upper and lower diagrams, respectively, before and after the application of the voltage,
the focal position changes; (c3) lens zoom effect diagram, the upper and lower diagrams are the
imaging pictures of the lens before and after the voltage change, respectively [64]. (d) Spherical DEA-
driven active—passive membrane structure (d1) schematic diagram of the lens structure; (d2) lens
zoom principle diagram [66].
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3. Tapered DEA

Hu et al. [68] developed a conical dielectric elastomer-driven tuneable lens, shown
in Figure 9a, which achieves zoom by squeezing the intermediate PDMS deformer with a
conical DEA. The focal length was at a minimum when no voltage was applied, and the
axial squeezing force on the deformer decreased after the voltage was applied, leading to
an increase in the focal length and a zoom ratio of up to 178.2%. Yin et al. [69] introduced a
self-recovering paper folding mechanism (Figure 9b), which achieves a zoom ratio of 117%
at a driving voltage of 3.5 kV using the axial-radial force conversion mechanism of the
tapered DEA.

(b)

Voltage off

(b1) (b2)

Figure 9. DETL driven by a conical actuator. (a) All-solid lens: (al) top view of the lens object;
(a2) lens zoom schematic diagram, the left and right diagrams show the change of focal length before
and after the application of voltage, respectively [68]; (b) origami structure lens: (b1) side view of the
lens object; (b2) lens zoom schematic diagram, and the upper and lower diagrams show the change
in lens shape before and after the application of voltage, respectively [69].

The DETLs based on a conical DEA drive with a predominantly soft solid lens demon-
strate better stability. Additionally, they may exhibit a faster response time due to the force
exerted on the DEA by the soft solids or springs in the initial conditions. However, the
lenses associated with this configuration are susceptible to errors during the preparation
process, which makes them more prone to aberrations during the operation process.

3.2. Composite Lenses

Composite lenses primarily drive hard or soft solid lens sets through DEA for zoom.
Yun et al. [70] developed a bi-directionally driven zoom module, as shown in Figure 10a,
which consists of two parallel-connected movable lenses, one with a convex lens structure
and the other with a concave lens structure. Each movable lens is subjected to the deforma-
tion of the film and electrostatic attraction to generate a bidirectional translational motion
to achieve zoom. It has the advantages of fast response, high repeatability, and low power
consumption. Pu et al. [71] developed a DEA based on a single-layer nanocomposite ma-
terial for long travel displacements, and its structural design is shown in Figure 10b. The
device employs six DE units with symmetrical distribution to form a disc-shaped actua-
tor. The electrically induced deformation drives the lens to adjust the displacement in the
direction of the optical axis. It is used with the fixed-focus optics set to construct an effi-
cient miniaturised zoom system. The lens can generate a maximum bi-directional linear
displacement of £1.38 mm at a driving voltage of 1000 V, and its dynamic response is
characterised by a driving response time of 330 ms and a fast reset time of 100 ms. Mean-
while, the zoom system maintained 97.5% of the initial displacement after 10,000 cycles of
continuous operation without significant material fatigue or dielectric degradation.

Composite DETLs, offering a greater zoom range than monobloc DETLs, are generally
more complex in their construction.
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Figure 10. Composite DETL. (a) PDMS lens: (al) physical diagram of the zoom system; (a2) top view
of the lens in kind; (a3) lens zoom schematic diagram; the left and right diagrams are the change in
focal length before and after applying the voltage, respectively [70]. (b) Curved DEA drive: (b1) lens
displacement along the optical axis direction schematic diagram; (b2) lens zoom schematic diagram,
the solid and dotted lines are the change in focal length before and after applying the voltage, respec-
tively; (b3) lens zoom effect diagram, the upper and lower diagrams are the imaging pictures of the
lens before and after applying the voltage, respectively. voltage; (b3) lens zoom effect diagram, the
upper and lower diagrams show the imaging pictures of the lens before and after applying voltage,
respectively [71].

3.3. Lenes Array

Researchers propose the array lens to enhance the zoom range and imaging quality of
DETL. As a new type of optical element, it comprises multiple small lenses, whose shape,
position, or curvature can be adjusted to modify the focal length. Niklaus et al. [72] devel-
oped PDMS lens arrays, where the driver is bonded by sockets providing fluidic coupling,
and the compressive deformation is achieved with the help of electrostatic force generated
by an applied voltage to change the curvature of the lenses with a zoom ratio of up to
150%, withstanding millions of cycles. Wang et al. [73] developed a tuneable microlens
array based on DE actuation, as shown in Figure 11a, where DEA drives the shape defor-
mation of the lens array to realise the adjustment of lens curvature. The focal length of this
lens can be adjusted from 950 mm to infinity with good imaging quality, which is suitable
for machine vision systems, etc. Chen et al. [74] proposed a bionic compound eye imaging
system, as shown in Figure 11b, which achieves a continuous optical zoom from 0.30x to
0.90x through the focal length linkage mechanism of the Alvarez lens array and the dual
auxiliary lenses with a 50 Ip/mm imaging resolution.

(b
Power OFF r | w | Alvarez lenses
I - actuated by
Tube p ?
(v) e DEs
L i
B Dielectric Elastomer é =2 L
. Electrode Plate Power ON l }L CALA actuated by DEs
Vv

Main optical components of the proposed system

(a2)

Figure 11. DEA-driven array DETL. (a) Planar array: (al) top view of the lens object; (a2) lens zoom
schematic, the upper and lower diagrams are the changes in the shape of the lens before and after
the application of voltage, respectively [73]. (b) Curved array, where the left and right diagrams are
the schematic and the object of the lens, respectively [74].
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Actual device

Array DETLs offer improved zoom range and imaging quality; however, their prepa-
ration process and imaging algorithm are more complex, which may impact the system’s
response time.

3.4. Metalenses

Wang et al. [75] first proposed constructing a two-dimensional gradient photonic
crystal by embedding an array of DE tubes in an air background and adjusting the ra-
dius of the DE tubes by applying different voltages to change the filling factor of the two-
dimensional gradient photonic crystal, which in turn adjusts the photon dispersion relation
and the effective refractive index and achieves the focal length and field of view adjustment.
With the development of technology, the theory gradually developed into hyperlens tech-
nology [76]. She et al. [77] developed a hyperlens based on DE actuation, as shown in
Figure 12, which can simultaneously adjust the focal length, aberration, and image shift
by DEA actuation and has a magnification ratio of 207%, which demonstrates an excellent
potential for microscopy and compact optical systems.

(b)
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electrodes
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Figure 12. Dielectric elastomer-driven metalenses: (a) top view of the lens object; (b) schematic
diagram of lens zoom, where the upper and lower diagrams show the change in focal length before
and after applying voltage, respectively [77].

The emergence of dielectric elastomer-driven metalenses significantly reduces lens
thickness and paves the way for innovative high-performance DETLs. However, compared
to other DETL structures, its preparation process is more complex and demands more
precise and coordinated control of focal length, aberration, and image quality offset.

4. Performance Comparison

There are some differences in the performance of DETLs with different tuning meth-
ods and structures. The primary liquid lens parameters reported publicly are listed and
compared, which is of some reference significance for readers. The parameters compared
in this review include tuning principle, lens structure, dielectric field strength, focusing
ability, response time, DEA material, and other key indices. Among them, the dielectric
field strength refers to the maximum electric field strength that the lens can withstand be-
fore breakdown; the focusing capability describes the physical range or the zoom ratio
(the ratio of the maximum focus to the minimum focus) that the lens system achieves for
the focus adjustment. Response time is then defined as the drive time required for the
focal length to reach 90% of the change in focal length from voltage application when a
square wave drive voltage is applied and the recovery time required to achieve 90% of the
change in focal length after the voltage is withdrawn. The specific parameters are detailed
in Table 2.
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Table 2. Comparison of DETL performance (‘-" indicates unknown).
Dielectric Focusin
Year Tuning Principle Construction Field 1eng Response Time DE Material Ref.
St Ability
rength
2011 Deformation-based Monolithic 150 V/pum - - Nitrile rubber [46]
2011 Deformation-based Monolithic 58 V/um 16.72-22.73 mm 60 ms Acrylic (VHB 4905) [30]
2012 Deformation-based Monolithic 25 V/um 12.5-15.5 cm - Silicone (R-2652) [32]
2013 Deformation-based Monolithic 40 V/um - - Silicone [78]
2013 Deformation-based Monolithic 45 V/um 16 cm-770 cm <ls Acr}{}ﬁé\fgﬁ);lg%’ [64]
<450 ms (drive) .
2014 Deformation-based ~ Monolithic ~ 133 V/um  25.4-1052 mm <700 ms Silicone (TC-5005 35,
A/B
(recover) B
2014 Deformation-based ~ Monolithic 36 V/um 13.1-16.1 mm ; Slhconfsgylgard [59]
Aperture
1.85 mm: Silicone (Daeil
. L _ 3-5.6 mm 540 ms (drive) Material Compound,

2015 Deformation-based Monolithic Aperture 240 ms (recover) Trigonox [79]

0.376 mm: 101-455-ps)

400-620pm
2016 Displacement-based Composite 17.5 V/um 1.8-7.8 mm <l ms Sﬂlcoggé%iﬁoal [70]
2017 Deformation-based Array 5V/um 950 mm-co - Acrylic (VHB 4910) [73]
. - 2 i ili El il
2017 Displacement-based Monolithic 200 V/um 15.4-20 cm 9 35;11 I;‘S(r(fclgzgl) Si ICOII}; 6(7O§1stos1 [42]
2018 Displacement-based Metalenses - 50-103.5 mm - Acrylic (VHB 4905)  [77]
2019 Deformation-based Monolithic 441 V/um ZO(;%(E/E‘ tio: - Acrylic (VHB 4910) [65]
Silicone
2020 Deformation-based Monolithic 25 V/um 4.32-8.35 mm 7.1 ms (PDMS-MVS, [80]
_ PDMS-MOS)

2021 Deformation-based Monolithic 41 V/um 26.1-33.6 mm - Slhconez) (LSR 4305, 3 [81]

wt% CuPc)

330 ms (drive) Unimorph
2022 Displacement-based Composite 24 V/um 20-850 mm 100 ms (recover) “nanocomposite [71]

. dielectric elastomer
2023 Displacement-based Composite 71.4 V/um 5.2-19.5 mm 2[1)?2’;??1_(&1332) Acrylic (VHB 4905)  [82]
2024 Displacement-based ~ Composite  33.6 V/um  6.3~12.0 mm z%g(}n“s‘?rggzg) Acrylic (VHB 4905)  [83]
. . —118~—1476 , 185 dri -

2025 Displacement-based Composite 33.6 V/um 118~1476 mﬁm 296 mnsl?r(eclgzgl) Acrylic (VHB 4905)  [84]

5. Applications and Challenges

5.1. Applications
5.1.1. Auto-Zoom Imaging

Auto-zoom systems can sense changes in the environment in real time, intelligently
analyse the position and movement of the target object, and adjust the focal length quickly
and accurately to ensure that the image remains clear and stable at all times. This system
has become a key technology component in many important industries such as consumer
electronics, industrial automation, medical equipment, and defence. While traditional aut-
ofocus systems mainly rely on complex mechanical structures and motor drives for fo-
cus adjustment, the emergence of DETL provides a new solution for the miniaturisation,
low power consumption, and high flexibility of autofocus systems. Rasti et al. [85,86] de-
veloped a dielectric elastomer-driven passive autofocus system with liquid, as shown in
Figure 13a, which identifies the in-focus and out-of-focus images by calculating the stan-
dard deviation of the image and then adjusts the voltage to achieve autofocus. The voltage
can be adjusted to achieve autofocus. Li et al. [66] developed a dielectric elastomer-driven
eye movement lens, which can control the change in the field of view and focal length of
the lens by using the electrical signal of eye movement, as shown in Figure 13b, and the
zoom ratio can reach 132.6%. Huang et al. [56] developed a dielectric elastomer-driven
liquid droplet lens and integrated it into the camera lens of a smartphone. Due to its
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lightweight and rapid response advantages, DETL is well-suited to pursuing thin and light
smartphone designs. With the continuous improvement of material properties and man-
ufacturing processes, DETL-based auto-zoom imaging systems are expected to achieve a
wider zoom range, faster response speed, and better image quality, significantly enhanc-
ing the overall performance of smartphone lenses. With its low power consumption and
flexible deformation characteristics, this auto-zoom technology is also suitable for portable
cameras, endoscopes, smart glasses, and machine vision, among other fields, demonstrat-
ing broad application prospects. DETL must accelerate technological breakthroughs in
lowering driving voltage, increasing cycle life, and closed-loop control of focal length field
to fully capitalise on its advantages.

5.1.2. Microscopic Imaging

Microscopic imaging systems play an irreplaceable role in life sciences, materials re-
search, medical diagnosis, and industrial inspection by their high-precision observation
and analysis capabilities. By visualising the details of the microscopic world, microscopic
imaging systems not only promote breakthroughs in basic research but also become a core
support tool for technological progress and industrial upgrading. Traditional microscopic
imaging systems rely on two-stage magnification of the objective lens and eyepiece and
usually need to replace the objective lens with a different magnification to achieve zoom.
The dielectric elastomer-driven tuneable lens can continuously and smoothly adjust the fo-
cal length of the lens by controlling the voltage to constantly zoom in on tiny samples. Hao
et al. [58] developed a droplet lens with a zoom ratio of 139.1% and good imaging of bio-
logical sample slides. Chen et al. [83] developed a dielectric elastomer-driven Alvarez lens,
as shown in Figure 13c, with a zoom magnification of up to 10x and a resolution of up to
1141 p/mm during the zoom process. They also conducted imaging tests on pineal and bio-
intestinal tissue slices at different magnifications, achieving good imaging quality. In the
future, the dielectric elastomer-driven microimaging system is expected to be applied in
the fields of in vivo cell detection, material structure analysis, and non-destructive testing.
To this end, DETL needs to improve its performance in terms of resolution enhancement,
aberration correction, and precise control of focal length.

5.1.3. AR Display

The core principle of AR optical devices is to project computer-generated virtual in-
formation (e.g., 3D models, text, etc.) into the user’s field of view by superimposing it in
real time with the real scene using an optical display device through an optical system,
forming a visual effect of fusion of reality and virtual reality [87-89]. With virtual-reality
symbiosis and real-time interaction, it has great industry, education, and consumption po-
tential. Liu et al. [84] proposed a tuneable planar liquid crystal Alvarez lens based on a
DEA, as shown in Figure 13d. They succeeded in dynamically projecting the virtual char-
acter’s light to depths of 55 cm, 65 cm, and 80 cm in the verification of the AR display.
The virtual character ‘light” was projected to a depth of 55 cm, 65 cm, and 80 cm in the
verification of the AR display, which is a good example of the AR display. 65 cm, 65 cm,
and 80 cm in depth, and achieve clear multi-plane fusion with real objects, which provides
a new idea for lightweight AR devices. With the advantages of miniaturisation and fast
response, dielectric elastomer-driven AR optical devices are expected to be applied in in-
telligent navigation, virtual meetings, and interactive education scenarios, bringing inno-
vative experiences to various fields. In the future, DETL needs to continue its research in
system integration, multisensory coordination, and material performance enhancement.
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5.1.4. Infrared Imaging

By detecting infrared radiation emitted by an object and converting it into a tempera-
ture distribution image through an infrared detector, the infrared imaging system breaks
through the human naked eye’s dependence on visible light. It becomes an indispens-
able sensory tool in modern science and technology [90]. Its unique detection capability
in complex environments and non-contact measurement advantages have made it occupy
a central position in military, security, industrial, medical, and scientific research. Cheng
et al. [91] developed a dielectric elastomer-driven long-wave infrared Alvarez lens based
on DE as shown in Figure 13e, with a zoom ratio that continuously covers a dynamically
adjustable focal length from 5x to 15x. Combined with an infrared detector, the system is
capable of high-resolution imaging under compact and low-power conditions, providing
an innovative solution for miniaturised infrared zoom applications such as unmanned air-
borne devices and thermal imaging cameras. In the future, the dielectric elastomer-driven
infrared imaging system can be applied in UAV reconnaissance, thermal fault warning,
driving environment sensing, etc. DETL still needs to improve its performance further in
optical performance optimisation and environmental adaptability.

5.2. Challenges
5.2.1. Material Performance Challenges

Although DE has many advantages in tuneable lens applications, current material
properties still have limitations in driving performance, stability, durability, and high volt-
age, which restrict their further development and broad application [92].

1. Driver performance

At the drive performance level, existing DEA finds reconciling the dual requirements
of large deformation and fast response challenging. Studies have shown that DE mate-
rials that achieve large optical zoom ratios often require properties of low modulus of
elasticity and high dielectric constant. Still, the mechanical response time of such mate-
rials is usually large (>100 ms), which cannot meet the response requirements of dynamic
target tracking and other scenarios. On the contrary, high-modulus materials reduce the
response time, but their magnification ratio is drastically reduced, resulting in a limited
optical adjustment range. This inherent contradiction in material performance essentially
stems from the dynamics of the polymer chain segments. While low crosslink density ma-
terials can achieve large deformations, the viscoelastic dissipation of the molecular chain
reconstruction process severely constrains the response speed [93]. Blending materials
with low Young’s modulus and low dielectric loss [94], along with the addition of plasti-
cisers (such as epoxidised soybean oil) and high dielectric constant fillers, offers potential
solutions to the contradiction between fast response and large strain of DE [95].

In addition, the common single-layer planar DEA has significant mechanical perfor-
mance shortcomings. The equivalent driving force generated by a single-layer DEA film at
the driving voltage is a few mN, which may be challenging to overcome the combined resis-
tance generated by the interfacial tension of the liquid lens and the elastic reset mechanism
when applied to tuneable lenses with an extensive adjustment range of size or focal length.
Therefore, attempts can be made to enhance the driving force by stacking multilayer DEA
structures to improve the lens performance [95,96].
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Figure13. DETL applications. (a) Autofocus systems: (al) top view of the lens object; (a2) schematic
diagram of the lens structure; (a3) schematic diagram of the zoom system [85]. (b) Eye-tracking
lenses: (b1) lens physical diagram; (b2) lens zoom effect diagram; the left and right diagrams are
the imaging pictures before and after the application of voltage [66]. (¢) Microimaging: (c1) system
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schematic; (¢2) system zoom effect diagram; the upper and lower diagrams are the imaging pictures
before and after the voltage change, respectively [83]. (d) AR displays: (d1) system schematic dia-
gram; (d2) AR display effect diagram; the upper and lower diagrams are imaging pictures before
and after voltage change, respectively (where ‘Jt.’ is the Chinese character for light) [84]. (e) Infrared
imaging: (el) system schematic diagram; (e2) infrared imaging effect picture [91].

2. Material stability

The stability of materials such as DE and drive electrodes is also a key issue. DE
materials can also change the electrical and mechanical properties over time due to stress
relaxation and other effects after pre-stretching, reducing the stability and reliability of
tuneable lenses [97,98]. Carbon grease is widely used as an electrode material for DEAs due
to its low price and simple preparation advantages. However, carbon grease electrodes
tend to solidify over time, significantly reducing the lens’s zoom ratio and affecting the
stability of the lens’s performance. In addition, hydrogel material has become another
research direction of electrode materials due to its high transparency and flexibility. Still,
hydrogel has high water absorption, and by absorbing water in the air, the electrical and
mechanical properties of the electrode are changed, which further affects the performance
stability of the tuneable lens. Meanwhile, the stability of the internal liquid or soft solid
material when DEs are used as actuators must also be considered [99].

3. Material durability

The durability of the lens mainly depends on the performance retention of the DE,
and the decline of its mechanical properties during repeated driving is a problem that
should not be ignored. In practical applications, tuneable lenses frequently change the
focal length, requiring DE to withstand repeated mechanical effects such as stretching and
compression. However, the mechanical properties of DE are relatively weak and prone to
fatigue problems under repeated driving over a long period [100].

Fatigue is a phenomenon in which a DE is subjected to the mechanical action of cyclic
loading. Microcracks gradually develop and expand within the material, ultimately de-
grading the material’s properties. When a DEA drives a tuneable lens, each time a volt-
age is applied and removed, the dielectric elastomer undergoes a cycle of stretching and
recovery. As cycles increase, microcracks within the DE accumulate, which reduces the
material’s strength and toughness. Studies have shown that the tensile strength of some
DE may decrease after tens of thousands of cycle drives [92,101]. This fatigue phenomenon
affects the driving performance of DE. It may cause the lens to fail to accurately reach the
preset focal length during the zoom process, making the picture blurred and distorted.
This is an urgent problem for tuneable lens applications that require long-term stable op-
eration. To improve the service life of DETL, it is necessary to develop DE materials with
higher durability or to reduce the stresses that DE are subjected to during the driving pro-
cess by improving the structural design and optimising the driving method to reduce the
occurrence of the mechanical property degradation [102,103].

4. High drive voltage

Currently, commonly used DE materials, such as PDMS, generally have a low relative
dielectric constant of around 2-3. This makes it often necessary to apply driving voltages in
the thousands of volts to achieve the deformation required by DE to drive tuneable lenses
in practical applications. Such high drive voltages pose several problems. Firstly, the gen-
eration and control of high voltages requires complex and expensive power supply equip-
ment, which increases the cost and size of the system, limiting the use of tuneable lenses
in several size- and cost-sensitive application scenarios, such as portable imaging devices,
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endoscopic probes, and so on. Secondly, high voltage also poses a safety hazard. When
the applied voltage exceeds the breakdown field strength of the DE, a conductive channel
will be formed inside the DE, leading to material damage and preventing the tuneable lens
from functioning correctly, which reduces the reliability and stability of the system. At the
same time, the high voltage also challenges the research of its DETL self-sensing technol-
ogy. The self-sensing technology mainly predicts strain by measuring the current capac-
itance value of DEA, but during the measurement of DEA capacitance, the high-voltage
environment makes it difficult for most capacitance sensors to be appropriately applied,
and special circuits need to be prepared, which restricts the effective implementation of
the relevant technical solutions [104,105].

5.2.2. Modelling and Control Challenges

1. Dielectric elastomer modelling complexity

Dielectric elastomers exhibit complex dynamic nonlinear behaviours, such as hystere-
sis, rate correlation, temperature, and load effects, leading to multifaceted challenges in
the focus control of tuneable lenses driven by them. Regarding static performance, the
lens’s focal length change is more linear at low voltage, whereas it is significantly non-
linear and accelerated at high voltage. Regarding dynamic response, the hysteresis effect
causes a delay in focal length adjustment, which impacts control accuracy and response
speed [106,107]. This nonlinear behaviour reduces the imaging quality of high-precision
imaging systems and also results in blurring during high-speed imaging. Meanwhile, the
nonlinear modelling of dielectric elastomers is influenced by multiple factors such as stress,
temperature, and electric field. It is closely related to its initial state, deformation history,
and material type. Although considerable research and progress have been made in mod-
elling to predict the nonlinear properties of dielectric elastomers, the models still face nu-
merous challenges in terms of accuracy, long-term performance, and generalisability [108].

2. Control system challenges

Current DETLs are primarily controlled using open-loop systems, largely due to the
difficulties of obtaining accurate feedback signals for focal length. Developing an effective
feedback control scheme presents a core challenge for achieving precise focus adjustment
of DETL. In the case of liquid lenses, changes in hydraulic pressure can be employed as the
feedback signal. In contrast, displacement zoom-based DETL determines the lens position
in real time through sensors and achieves closed-loop focus control by integrating with a
dynamic model [109].

The accuracy of the DETL control system is significantly affected by variations in ma-
terial parameters over time. In the pre-stretched state, the dielectric elastomer’s elastic
modulus and dielectric constant gradually change due to stress relaxation, leading to the
failure of the original control parameters. This, in turn, affects the driving effect and focus
control accuracy. If the system cannot be adjusted promptly, it may result in issues such
as reducing focal length adjustment accuracy. Furthermore, in the face of vibrations and
other complex environments [110], designing the control system to enhance the imaging
stability of the lens, combined with the lens model, and utilising the control algorithm to
improve the lens’s response time remains a current challenge [111,112].

5.2.3. Preparation Process Challenges

The fabrication process of DETL is complex and consists of three key aspects: pre-
stretching, precise electrode preparation, and lens moulding. Pre-stretching requires con-
trol of mechanical uniformity and interfacial bonding; electrode preparation necessitates
accurate control of thickness and pattern [113]; and lens moulding presents challenges such
as mould surface treatment and liquid injection sealing [114]. Current processes rely on
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manual operation, resulting in long preparation cycles and poor batch-to-batch repeatabil-
ity, which limits large-scale efficiency production [115,116].

In addition, when integrating a tuneable lens into a camera lens, it is necessary to
ensure that the lens and other optical components of the camera can be accurately aligned
and maintain a stable relative position during operation. Since DE can deform under the
action of an electric field, this may change the relative position between the lens and the
other components, thereby affecting the quality of the image.

5.2.4. Optical Performance Challenges

Tuneable lenses may introduce a variety of optical aberrations, such as spherical aber-
ration, coma, etc., during the deformation process, which can significantly affect the per-
formance of the imaging system and lead to a decrease in the clarity and accuracy of the
images. The existence of such aberrations greatly limits the application of DETL in fields
with high imaging quality requirements, such as high-precision microscopic imaging and
astronomical observation. In the current design structure of most tuneable lenses, a single
electrode region is usually used for open-loop control, which cannot adjust the morphol-
ogy of the lens in real time or dynamically according to the detected aberration, and it is
difficult to achieve adequate compensation and optimisation of the aberration. As a result,
the non-ideal morphology produced by the lens during the deformation process cannot
be corrected in time, which directly affects the imaging quality [18]. The active aberration
adjustment can be accomplished by designing a multi-electrode region [49]. Real-time com-
pensation for aberration based on this scheme can further enhance the imaging quality of
the lens.

Additionally, existing tuneable lenses based on dielectric elastomer actuation still face
limitations regarding zoom range. Currently, the zoom ratio of dielectric elastomer-driven
liquid lenses is typically only a few times, which makes it challenging to meet the demand
for high-magnification zoom in certain specialised fields such as telephoto photography,
astronomical observation, and telephoto imaging. Consequently, there is an urgent need
to explore new driving principles and design methods to achieve adjustable focus tech-
nologies with higher resolution and greater adjustment capability range.

6. Conclusions

DETL has made notable progress as an innovative optical component in recent years.
In this review, DETLs based on various driving principles and structural designs are sys-
tematically organised, and their technical characteristics, application potentials, and de-
velopment challenges are analysed in depth to provide theoretical support and practical
references for the optimal design of optical systems.

According to the tuning mechanism, DETL can be classified into two types: zoom
by anamorphic zoom and zoom by displacement zoom. Deformation zoom is achieved
by directly or indirectly changing the shape of the lens through DEA, and displacement
zoom is mainly achieved by changing the object distance and image distance through
DEA. In terms of composition, monolithic, composite, array, and metal lenses have their
own characteristics.

Meanwhile, the performances of some publicly reported liquid prisms are analysed
and compared, with the expectation of providing readers with a reference for choosing
liquid prisms. Also, an overview of the applications of DETL, a lens that can be used
in auto-zoom imaging systems, microscopic imaging, AR displays, and infrared imaging,
is presented.

However, the technology still faces many challenges. Regarding material properties,
the contradiction between large strain and fast response, as well as the lack of stability and
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durability, limits further improvement of lens performance. In terms of modelling and
control, the strong nonlinear characteristics of dielectric elastomers hinder precise control
of the focal length, and the constant changes in model parameters lead to a lack of long-
term stability in the controller. Concerning the preparation process, the complexity of the
steps and manual preparation affect the efficiency of experiments and parallelism. Addi-
tionally, regarding optical performance, the uneven deformation of dielectric elastomers
causes issues like spherical aberration, which impacts imaging quality. Moreover, the ex-
isting zoom capability of DETL still falls short of meeting the demand for greater magnifi-
cation zoom.
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