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Abstract 

Optical lenses driven by dielectric elastomer (DE) actuators with tunable focal lengths 

are presented here. They are inspired by the architecture of the crystalline lens and the 

ciliary muscle of the human eye and have prompted a growing interest. The most 

commonly used DEs in tunable lenses have often required highly transparent films and 

also the need to encapsulate clear liquid silicone to act as the lens. There is a restriction 

on the properties of the tunable lens imposed by materials limitations. Here, the 
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fabrication of a fully 3D printed tunable lens with an inhomogeneous structure is 

described. It exhibited a 29% change in focal length from 33.6 mm to 26.1 mm under 

a dynamic driving voltage signal control. Furthermore, it displayed excellent stability 

when the focal length was tuned from far to near (30.1 mm to 25.3 mm) for 200 cycles. 

The tunable lens obtained mimics the working principle of the human eye in auto 

adjusting the focal length and has evident potential applications in imaging, information 

storage, beam steering and bifocal technology.  

Introduction 

One of the most significant components in lifelike robots is the embedded soft actuator 

which provides the sensitive movements that humans are capable of [1]. For example, 

eyes in soft robots should be able to mimic the ability of human eyes to tune the focal 

length fluently, precisely and with a quick response [2]. The lens in the eye is suspended 

in place by its suspensory ligament, a ring of fibrous tissue attached to the lens at its 

equator and connected to the ciliary body. Tuning the focal length of the lens is realized 

by the contraction and relaxation of the ciliary muscle, as illustrated in Figure 1(a) and 

(b). However, the eyes in the majority of current robots are based on digital cameras 

which tune focus by mechanically moving rigid components with the limitations of 

bulk and inertia, consuming high energy. In order to overcome these drawbacks, many 

soft actuation based-approaches such as hydraulic/pneumatic pressure [3], 

electromagnetic waves [4], electrochemistry [5], electro wetting [6], dielectrophoretic 

forces [7] and stimuli-responses [8], have been proposed to control the curvature of 

liquid droplet with the ability to tune the focal length. However, these soft actuators are 
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subject to serious limitations such as having slow response speeds and short lifetimes, 

or alternatively they must be tethered to external bulky controllers that cannot be 

integrated [9-11]. Liquid-encapsulating technology which can utilise hemispherical 

surfaces of liquid with thin polymeric materials or filling liquid between a pair of 

dielectric elastomer (DE) films opens a promising route due to offering quick responses 

and light weights [2, 11]. This concept was initially proposed by Carpi et al. [8], in 

whose study a low-mechanical loss silicone was used as the dielectric membrane. It has 

been regarded as the world’s fastest tunable lens with a long shelf life. Since then, 

extensive efforts have been made in the development of dielectric elastomer actuators 

(DEA) driven tunable lenses possessing superior electromechanical properties. 
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Figure 1 (a) a diagram of the human eye and (b) a front view of the eye; the 

perspective and cross sectional schematic of a dielectric elastomer based tunable lens. 

(c) With the voltage off the focal length is distanced. (d) With the voltage on the focal 

length becomes shorter. 

DEs [12, 13] are electrostrictive polymers and can achieve large actuated strain (> 

380%), quick response speeds and high electromechanical energy densities (~ 3.4 

MJ/m3) [14-18], together with light weight, low cost and absence of noise pollution [9, 

19-24]. The working mechanism behind a tunable lens using a DE actuator (DEA), 

which is a DE ring film coated with a compliant electrode assembled into a tunable lens, 

is illustrated in Figure 1(c) and (d). Prior to its use, the tunable lens is pre-stretched and 

clamped by a frame. When a voltage is applied, the DEA is expanded by the creation 

of a Maxwell stress which can be determined by Equation (1). Then if the lens is 
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squeezed, with its diameter becoming smaller and its height becoming larger, it exhibits 

a short focal length; When the voltage is off, the DEA recovers its shape and the lens 

retains its original dimensions, leading to a greater focal length. 

( )2 2
0 0V

h ε ϕσ ε ε ε′ ′=Φ=
                                                                                                         

(1)
 

where h is the thickness of the DE, ε′ is the dielectric constant of the DE material, ε0 is 

the permittivity of free space (8.85 × 10-12 F/m), φ is the electric field strength which is 

equal to the applied high voltage (Φ) divided by the thickness of the DE (h). 

However, there are only a few transparent DE materials reported, including pure 

silicone and VHB 4910, that can be used for creating high performance DE based lenses. 

It is well known that the electromechanical properties of DEs could be enhanced by 

blending with other polymers [25] or incorporating dielectric fillers [26], but making 

these changes could result in the transparency of the DEs becoming low. Therefore, it 

remains a challenge to create DE actuated tunable lenses with a high dielectric constant 

together with both transparency and high electromechanical properties. A potential 

approach is to design a hybrid structure comprising a transparent and stretchable 

elastomeric sphere as the lens and a transition ring of DE composite as the actuator. A 

major step towards realizing this structure is to bind the two components together 

without compromising the structures evenness and avoiding the formation of defects.  

Inkjet printing is an additive manufacturing technique offering the advantages of high 

manufacturing speeds, no requirement of moulds and suitability for programmably 

creating complex and intricate structures [27]. Inkjet printing has been employed to 

fabricate DEs and their corresponding compliant electrode [28]. However, this method 
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can only print plane figures and the quality of the printed structure is restricted by the 

material parameters such as viscosity and surface tension. Therefore, a highly efficient, 

simple and low-cost fabrication technique for structuring DEs is highly desirable. 

Electrohydrodynamic (EHD) printing, which is an attractive high resolution (down to 

100 nm) direct writing technique uses an electric field rather than a thermal or acoustic 

field to create the fluid flows necessary for delivering inks containing high content 

fillers to a substrate [27, 29]. Therefore, it can be utilized for fabricating polymer 

composites with various shapes and dimensions. In this research, a hybrid structured 

tunable lens driven by a DEA was generated using EHD printing. A silicone rubber (SR) 

based ink was adopted to pattern the encapsulating layer of the lens with filled 

transparent silicone liquid and a copper phthalocyanine (CuPc) filled SR ink which is 

highly dielectric for fabricating the DEs driven component. The actuation performance 

and the working stability of DE driven tunable lenses were also investigated.  

Experimental 

Materials 

Two-component silicone LSR 4305 was provided by Bluestar Ltd., USA. Copper 

phthalocyanine (CuPc) and n-heptane were purchased from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China). The lens-filling fluid was a silicone pre-polymer 

(Sylgard 184) with a refractive index of 1.43 purchased from Down Corning, USA. The 

commercially available conductive carbon grease NYOGEL 756 G, which was used as 

the compliant electrode in this work, was supplied by Nye Lubricants, Inc., Fairhaven, 

MA, USA. 
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EHD printing of DE driven tunable lenses 

DE membranes used to construct tunable lenses were printed by using a custom-built 

EHD 3D printing system as shown schematically in Figure 2. The EHD printing system 

consists of a high voltage power supply (HPSN 1220, LANYI, Zhejiang, China), an ink 

supplier, an ultrasonic device, a digital camera (WP-UT500, Shenzhen, China) and a 

conductive metal substrate which is made of 304 austenitic stainless steel fixed onto a 

programmable three-axis translation stage moving at a speed of 8 mm/s. The high 

voltage supply was connected to a nozzle with a blunt end (inner diameter of 210 μm, 

the outer diameter being 400 μm) and an electrically-grounded conductive substrate. 

The working distance between the blunt end and the conductive substrate is 2 mm. The 

ink in the nozzle was supplied by a syringe pump (Longer Precision Pump Co., Ltd., 

Baoding, Hebei, China) with a typical flow rate of 0.05-0.07 μL∙min−1. During the 

printing process, the syringe was immersed in a tank filled with water allowing 

ultrasonication. A good dispersion of the CuPc particles in the ink was ensured by 

maintaining ultrasonication during printing. EHD 3D printing was initiated by 

gradually increasing the applied voltage, until firstly the pendant ink drop deformed 

into a conical shape and then elongated and fell onto the printing substrate. The 

morphology of the cone created in EHD 3D printing was recorded by the camera.  

The tunable lens was comprised of a DE ring film as the driven part and the silicone 

liquid encapsulated in a transparent SR film serving as the lens. The fabrication process 

of a DE driven tunable lens is also illustrated in Figure 2. CuPc particles were firstly 

dispersed into n-heptane and ultra-sonicated for 5 min (Figure 2(a)). Then the mixture 



8 

 

was added to the two-component SR solution and magnetically stirred for 10 min in 

order to obtain a good even dispersion. The pure SR ink was used to print transparent 

films (Figure 2(b)) and the SR with 3wt% CuPc composite ink (denoted as SR/ 3wt% 

CuPc ink) obtained was used to print a DE ring film with a diameter of 60 mm 

employing the EHD 3D printing system (Figure 2(c)). The printed film was left in an 

oven at 120 °C for 1 h until the film was fully cured. Subsequently, the film obtained 

was placed on a disk with a circular hole having a diameter of 5 mm and placed under 

a vacuum to form a hemispherical cavity. The cavity was filled with 50 μL silicone 

(Sylgrad 184, USA) (Figure 2(d)) and covered by another layer of transparent SR film 

in disk form which was fabricated by printing it separately (Figure 2(e)). Afterwards, a 

ring-shaped frame with 60 mm external diameter was printed along the edge of the disk 

SR film by using SR/3wt% CuPc ink and then cured by heating at a temperature of 

120 °C (Figure 2(f)). By this process, finally, the DE driven tunable lens, having a 

thickness of 600 μm, was obtained. 
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Figure 2 Schematic illustration of the fabrication procedure of a DE driven tunable 

lens by using EHD printing. 

The compliant electrode ink was prepared by filling 40 mL n-heptane in 10 g NYOGEL 

756 G. Before patterning the electrode on the DE ring, the lens was pre-stretched to a 

diametral ratio of 1.8 by using a rig specifically designed for pre-stretching. Two 

annular frames were applied as the support to fix the pre-stretched lens (Figure 2(g)). 

Then, the compliant electrode was printed on the pre-stretched lens by using a plastic 

nozzle with voltage turned off along the programmed trajectory (Figure 2(h), Video S1). 
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The DE film with the rig was reversed and the printing procedure repeated. The lens 

obtained with patterned electrodes was used for the electromechanical test.   

Characterization 

The 3D surface morphology of DE lens was observed using an ultra-depth 3D digital 

microscope (DVM6 M, Leica Microsystems Ltd., Germany). 

The diameter of the tunable lens with the compliant electrode at selected voltages was 

measured on an electromechanical testing system mainly consisting of a computer, a 

high voltage power supply and a camera. A test rig was used to circumferentially clamp 

samples. The DE driven tunable lens was initially fixed onto the circular frames with a 

pre-stretch ratio of 1.8. The camera recorded the changes in diameter and area when an 

applied electric field was incrementally increased in voltage steps of 200 V at 3 s 

intervals until electric breakdown of the lens occurred. The initial area (A0) and the 

actuated area (A1) were measured automatically in real time by using LabVIEW. The 

area strain (sa) was calculated using Equation (2). 

( )1 0 0| / |
a

s A A A= −                                                                                                          (2) 

The change of focal length was measured with a specially designed setup containing a 

laser transmitter, a high voltage power supply, a camera, a pre-stretch rig and a container 

with soybean milk which was applied as the colloid. The laser beam travelled 

horizontally towards the lens edge and converged to pass the focus point when it went 

out from the lens. When the laser beam passed through the colloid, owing to Tyndall 

effect, the laser beam path was clearly presented in the colloid. The angle change of the 

laser beam path was recorded by the camera. The intersection point of the lens 
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centerline and the laser beam line was the focus point of the lens. Consequently, the 

focal length was calculated as described in the next section. 

Results and discussion 

In the EHD printing process, the charged liquid droplet at the tip of the nozzle was 

gradually deformed due to the Coulombic force in an electric field formed between the 

nozzle and the grounded substrate when the voltage was applied, resulting in the droplet 

changing from a hemispherical shape into a conical shape. When the applied voltage 

reached a threshold value, a critical conical shape called a Taylor cone was formed, 

from which a jet was initiated by a further increase in applied voltage (as illustrated in 

Figure 3(a) and (b)). The force acting on the liquid cone is presented in Figure 3(b). It 

has been reported that the cone-jet mode was formed only when the electrostatic force 

(Fes) was larger than sum of the force due to viscosity (Fμ) and surface tension (Fst) [30], 

as shown in Equation (3) 

es st
F F Fµ +>

                                                                                                                      (3)   

The viscosity and surface tension of inks can be influenced by the concentration of 

solvent, the relationship was presented in Figure 3(c). The SR/3wt% CuPc ink with a 

solute concentration of 20% had a viscosity of 6.98 ± 0.58 mPa·s and a surface tension 

of 18.43 ± 0.49 mN/m. It can be seen that the viscosity increased with increasing solvent 

content in the SR/3wt% CuPc ink, while the surface tension decreased with the increase 

in ink concentration. This is because the n-heptane had a lower viscosity and higher 

surface tension than that of the pure silicone. Furthermore, the cone angle and jet 

diameter, which can be affected by printing voltage, ink supply rate and concentration 
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of ink, are important criteria for evaluating a cone-jet mode during EHD printing. The 

influence of these factors on the cone angle and the jet diameter was depicted in Figure 

3(d-i). 

 

 

Figure 3 (a) Schematic of EHD. (b) Force acting on the liquid cone. (c) The 

dependence of viscosity and surface tension on the concentration of the composite 

ink; Histogram of cone angle related to high voltage and extrusion rate with an ink 

concentration of (d) 20 wt%, (e) 25 wt% and (f) 30 wt%. Histogram of the jet 

diameter related to high voltage and extrusion rate with an ink concentration of (g) 20 
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wt%, (h) 25 wt% and (i) 30 wt%. 

It was found from Figure 3(d-i) that the cone angle was increased and the jet diameter 

was decreased as the voltage rose from 2000 V to 2800 V for SR/3wt% CuPc inks with 

solute concentrations of 20 wt% and 25 wt%. This is because for a constant ink 

concentration and a constant extrusion rate, the increased high voltage induced a higher 

electrostatic force (Fes) and consequently led to a faster jet flow speed, then a shorter 

cone formed and the cone angle became larger [31]. Meanwhile, a larger tangential 

electrostatic force generated by the increased voltage induced a stronger backflow at 

the center of the cone, resulting in a decrease in jet diameter [32, 33]. For the ink with 

a solute concentration of 30 wt%, the jet diameter decreased with the increasing applied 

voltage, while the cone angle increased with increasing voltage till 2600 V and then 

became larger when the voltage was increased further to 2800 V where the unstable 

printing occurred with a whip jet (seen from Figure 3(i)). Figure 3(d-i) also showed that 

the cone angle was decreased with the increased ink extrusion rate, while the jet 

diameter was increased when the ink extrusion rate was increased. This is because the 

increased ink supply rate directly led to an extension of the cone in order to survive in 

the high electric field, resulting in a decrease in the cone angle. Besides, owing to the 

increased ink supply rate, it is hard for the relatively weak backflow to reverse the ink 

inside the cone, allowing a thicker jet to be ejected [32]. Furthermore, it can be observed 

from Figure 3(d-i) that a smaller cone angle and a thicker jet were formed when the 

concentration of ink was increased from 20 wt% to 30 wt%. The reason for this is 

probably that the increased content of silicone rubber in the ink resulted in an increased 
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viscosity of ink, which required a higher electric field force to form a stable cone-jet 

mode. When the electric field force was insufficient, the cone was elongated and the 

cone angle decreased. Besides, ink with higher viscosity aided the jet formation, but it 

also thickened the jet at the same time [34, 35].  

The above results showed that a smaller and more stable cone angle and jet diameter 

formed at a supply rate of 0.8 mL∙h−1 and a printing voltage of 2600 V for all inks 

prepared in this work. For the purpose of improving the dielectric constant of printed 

DE films, the SR/3wt% CuPc ink with a solute concentration of 30 wt% was employed 

for patterning the DE driven component of the tunable lens.  

 

Figure 4 (a) the illustration of EHD printing for patterning lines on the conductive 

substate. (b) Jet behavior of the ink under the determined printing conditions at 
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voltages from 2000 V to 2800 V. The morphology of patterned lines for SR/3wt% 

CuPc under different voltages: (c) 2000 V; (d) 2200 V; (e) 2400 V; (f) 2600 V and (g) 

2800 V. The plot showing the relation between the patterned line width and the 

applied voltage (h). 

In order to investigate the printing resolution of the ink, the printing line was patterned 

as illustrated in Figure 4(a). The jet behavior of the ink under the determined printing 

conditions at voltages from 2000 V to 2800 V was shown in Figure 4(b). The cone angle 

and jet diameter were stated previously in Figure 3(f) and (i), respectively. Figures 4(c-

g) exhibited the morphology of printed lines of SR/3wt% CuPc under the selected 

voltages. We can clearly see that the printed lines are clearly observed to have an even 

distribution with sharp corners indicating a high printing resolution. At the voltage of 

2000 V, the printed lines were intermittent with a more uneven width of about 436 ± 12 

μm. However, the breaks are barely visible in the printed lines when the applied voltage 

was above 2200 V. This is probably because a shorter jet length was induced by a 

smaller electrostatic force at the lower voltage. It can be seen from Figure 4(f) that the 

width of the printed line decreased with increasing applied voltage below 2600 V. The 

line printed at 2600 V was the most even and smooth with the smallest width of about 

372 ± 2 μm. The printed line width at 2800 V was about 382 ± 8 μm, slightly larger 

than that of the printed line at 2600 V. This was primarily due to the smearing of ink on 

collision with the substrate tending to widen the track. The jet tends to be thinner with 

increasing voltage, but at the same time the jet flow rate increases and obtains more 

kinetic energy leading to greater smearing. In addition, the unstable cone-jet occurring 
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at 2800 V also contributed to the increase in line width. In this work, it was found that 

the adhesion and surface tension as the determinant factors during printing are similar 

for both pure SR and SR/3wt% CuPc. Therefore, during printing the encapsulating layer 

of the lens, the same printing parameters as those of SR/3wt% CuPc were adopted. 

 

Figure 5 (a) Photograph of a printed lens. (b) The cross-section morphology of the 

lens at the centre (c) and at the lens edge. (d) Three-dimensional surface morphology 

of the printed lens observed by using an ultra-depth three-dimensional digital 

microscope. (e) Photograph of electromechanical test system for DEs. (f) The actuated 

area strain of SR/3wt% CuPc and lens diameter against the applied electric field.  

A prototype of a DE driven tunable lens was then prepared by using an EHD printing 

process under an applied voltage of 2600 V (see Figure 5(a)). It can be seen from the 

figure that the DE ring film combined well with the centre lens. Figure 5(b) and (c) 

show the cross-section morphology of the centre lens and the interface between the 

centre lens and DE ring film, respectively. It can be seen that that the thickness of the 

SR film used for encapsulating the silicone oil was around 200 μm and the thickness of 
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the interface was about 700 μm. The edge between the centre lens and the DE ring film 

is hardly distinguished, indicating a good combination. The three-dimensional surface 

morphology of the printed lens was observed by using an ultra-depth three-dimensional 

digital microscope. As shown in Figure 5(d), the surface of the DE driven tunable lens 

was a uniform dome shape possessing a height of 3.2 mm. The changes in the actuated 

area strain of the DE and the focal length of the lens relative to the increasing applied 

electric field were investigated by employing the setup presented in Figure 5(e). The 

results shown in Figure 5(f) revealed that the actuated area strain initially increased 

gradually with applied electric field and then drastically increased. The experimental 

procedure for obtaining the field-induced strain is the same as reported in the previous 

work [36]. This is mainly because the Maxwell stress causing the compression of the 

DEs has a second order relationship with the electric field. The SR/3wt% CuPc had a 

large actuated area strain of up to 30 wt% at an applied electric field of 39 V/μm. With 

the applied electric field increasing from 0 V/μm to 41 V/μm, the diameter of DE driven 

tunable lens was decreased from 9.0 mm to 8.5 mm.  
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Figure 6 The deformation of a tunable lens under an applied electrical field of (a) 0 

V/μm, (b) 14 V/μm, (c) 28 V/μm and (d) 41 V/μm. (e-h) ABAQUS simulation of 

deformation of the corresponding tunable lens in (a-d);  

Figure 6(a-d) showed the deformation of a tunable lens under an applied electrical field 

ranging from 0 to 41 V/μm, whose process was shown in Video S2. In order to verify 

the repeatability of the experimental tunable lens deformation with electric field force, 

a numerical simulation of tunable lens deformation under the same operating conditions 

was performed by employing ABAQUS software. As tested in the previous work, the 

tensile strength of SR/3wt% CuPc is 4.16 ± 0.91 MPa and the dielectric constant at the 

frequency of 10 Hz is 5.52 [36]. To model the electromechanical behavior of the lens, 

a two-step approach was taken. In the first step, equi-biaxial pre-stretch at a ratio of 1.8 

was applied to the lens. In the second step, the Maxwell pressure as shown in Equation 

(1) was applied to the pre-stretched lens. The predicted results shown in Figure 6(e-h) 
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illustrate that the lens diameter reduced from 9 mm to 8.1 mm under an applied 

electrical field rising from 0 V/μm to 41 V/μm. The influence of applied electrical field 

onto the deformability of DEs was shown clearly in Video S3. It was found that the 

simulated lens deformation was slightly greater than the deformation achieved in 

experimentation. The uneven patterned electrode layer may have prevented the DE film 

achieving the same large voltage induced deformation, but it must be appreciated that 

the FE model is a mathematical model of the physical tests and discretization, boundary 

conditions and load applications are merely assumptions which will cause deviation 

from the physical test. Similarly, it is assumed that, during the simulation process, the 

DE composite film and the transparent SR film were perfectly bonded, while in the 

experimental preparation process, there were inevitable existing defects in the DE 

composite and in the overlapped region when mating two different parts. However, it 

is clear that the experimental results were in good agreement with the theoretical values.  
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Figure 7 (a) A schematic of the measurement of tunable focal length. (b) The 

plots show the changes in focal length of the tunable lens with varying applied electric 

field. The photographs show the focus change when the laser beam passed through 

soya milk based colloid (c) at 0 V/μm and (d) at 40 V/μm. 

Figure 7(a) showed a diagrammatic representation of the measurement of tunable focal 

length by observing the movement of a laser beam emitted from the lens. The whole 

electrical actuation process was presented in Video S4. When the electric field was 

applied, the DEA squeezed the lens to change its focus, then the direction of the 

converged laser beam was correspondingly changed. It can be seen from Figure 7(b) 

that the focal length decreased from 33.6 mm at 0 V/μm to 26.1 mm at 40 V/μm. In this 

work, the surface of the lens could be approximated as two equal spherical caps for the 

evaluation of the change in focal length of the lens driven by DEAs [9]. The curvature 
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radius (R) and focal length (f) of the lens can be obtained by employing the following 

geometric relationships: 

2 2(2 )

2

h r
R

h

+
=

                                                                                                            (4) 

1 2

1 1 1
1l

m

n

f n R R

  
= − −  

                                                                                                (5) 

where h is the height of the caps, r is the radius of the lens, nl is the refractive index of 

the lens and nm is the refractive index of the medium in which the lens is located. 

Because the lens is surrounded by air, the nl/nm is about 1.43. R1 and R2 are the curvature 

radii of the two spherical caps of the lens, respectively. When R1 is equal to R2, Equation 

(5) can be simplified to Equation (6) 

1 2
1l

m

n

f R n

 
= − 

                                                                                                            (6) 

During testing, the exact changes in h (in the range of about 0.40 mm to 0.46 mm) were 

measured by a laser displacement sensor and the real-time changes in r in the range of 

4.5 mm to 4.25 mm were recorded by a high-speed camera controlled by LabVIEW 

software. By substituting the values of h and r into Equation (4) and then into Equation 

(6), the focal lengths were calculated. As shown in Figure 7(b), the focal length changed 

from 30.1 mm to 22.8 mm as the electric field force increased from 0 V/μm to 41 V/μm. 

It can be concluded that the experimental results were consistent with the simulation, 

giving a reliable indication of the lens deformation. 
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Figure 8 Continuously recorded changes in actuated area strain of a tunable lens 

during 200 cycles of actuation tests under the applied electrical field from 0 V/μm to 

34 V/μm, 36 V/μm and 38 V/μm respectively. Insets are the first five cycles (in blue) 

and the last five cycles (in green) of the reversible actuation tests. 

Working stability is of great significance for the tunable lenses achieving practical 

application. In this work, 200 cycles of fully reversible loading were conducted under 

different maximum applied electrical field of 34 V/μm, 36 V/μm and 38 V/μm with a 
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stepped voltage of 200 V per 3 s from 0 V. The variation of actuated strain of the tunable 

lens with cycles is illustrated in Figure 8. It can be seen that when the electrical field 

increased from 0 to 34 V/μm, the actuated strain increased by about 4.7% in the first 

five cycles and then about 4.9% in the last five cycles. When the electrical field 

increased from 0 to 36 V/μm, the maximum actuated area strain in the first five cycles 

(6.0%) was 1.2% lower than that in the last five cycles (7.2%), while the actuated area 

strain changed from 7.3wt% in the first five cycles to 8.2% in the last five cycles when 

the electrical field increased from 0 to 38 V/μm. It can be seen that during 200 cycles 

of reversible actuation testing, the actuated area strains of DE lenses gradually became 

larger with the increasing number of test cycles and this was more dominant at higher 

applied electrical field. This is primarily due to the existence of the  elastic hysteresis 

phenomenon in which a current deformation is affected by all previous deformations 

when the specimen is subjected to cyclic loading as in the case of this DE material [37]. 

Despite this, the DE lens performance exhibited good repeatability in 200 cycles of 

fully reversed loading. Furthermore, due to the limitation of the high voltage power 

source, the response speed of the tunable lens has not been characterized and will be 

done in the future work. 

Conclusions 

A polymer-based tunable lens has been developed combining a DE membrane actuator 

with a polymeric lens structure working as an aperture when the DE induces a curvature 

deformation. A relatively low ink viscosity to provide good fluidity was required to 

obtain a flat patterned film. However, this good fluidity of ink can lead to a deterioration 
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in printing resolution. Based on this consideration, the pure SR and SR/3wt% CuPc 

composite inks with a micro printing resolution were fabricated in this research. Though 

this offered a relatively low printing resolution, it still allowed the film to maintain a 

credible programmable shape. Also, the SR/3wt% CuPc composite which has been 

employed to drive the lens prepared by EHD 3D printing possessed excellent 

electromechanical properties. The tunable lens had the ability of adjusting the focal 

length from 33.6 mm to 26.1 mm and exhibited a stable working life for 200 cycles. 

The defects in the interfaces between the lens encapsulated layer and the DE component 

might be generated during printing. This was regarded as the single reason for the 

inferior electromechanical properties in the experiments when compared with the 

simulation. However, it must be borne in mind that the simulation was merely a 

computer representation of the novel device and as such is limited by all of the 

limitations imposed by modelling. To sum up, this method has the potential to allow 

the design of 3D objects using virtually any composition with different structures and 

functionalities and gives an effective way of preparing inexpensive soft lenses by 

integrating DEs comprising transparent elastomer films filled with dielectric particles.  
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