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Abstract

In order to solve the dynamic analysis and interactive imaging control problems in the deformation
process of bionic soft lenses, dielectric elastomer (DE) actuators are separated from the convex lenses,
and data-driven eye-controlled motion technology is investigated. According to the DE properties
which are consistency with the deformation characteristics of hydrogel electrodes, the motion and
deformation effects of eye-controlled lenses under film prestretching, lens size and driving voltage,
are studied. The results show that when the driving voltage increases to 7.8 kV, the focal length of
the lens, whose prestreching A is 4, and the diameter 4 is1 cm, varies in the range of 49.7 mm and
112.5 mm. And the maximum focal-length change could reach to 58.9%. In the process of eye
controlling design and experimental verification, the high DC voltage supply was programmed and
the eye movement signals for controlling the lens were analyzed by MATLAB software. The eye-
controlled interactive real-time motion and tunable imaging of the lens were realized. The response
efficiency of soft lenses could reach over 93%. The adaptive lens system developed in this research
has the potential to be applied to medical rehabilitation, exploration, augmented reality (AR) and
virtual reality (VR) in the future.

Keywords: dielectric elastomer; eye-controlled motion; bionic soft lens; hydrogel electrode; data-
driven

1. Introduction

Among all kinds of information that human sensory system can accept, visual information
occupies a crucial position (about 83%) in the five main senses (vision, hearing, taste, smell, and
touch). In the historical process, people’s increasing demands for visual information acquisition and
processing technology, have promoted continuous updating and iteration of optical instruments.
They gradually evolve from fixed focal-length system to tunable ones [1].

At present, there are two common tunable methods for optical devices on the market. One is
digital zoom, and the other is optical zoom. Digital zoom is based on software through the built-in
graphics processor, which fills the entire picture with interpolation or other algorithms on some
pixels of the image sensor, such as the charge coupled device (CCD), and complementary metal oxide
semiconductor (CMOS). Specific processing means are usually required to improve the serious loss
of image quality, as far as possible to make up for the quality gap with the original image. Optical
zoom is based on hardware or manual regulating mechanism [2], the mechanical device may be
utilized to adjust the relative position of lens groups, so that the focal-length adjustment of the system
is achieved.

In some special scenarios where there are strict limits on the size of optical system, high quality
and efficient capabilities are desired, such as in physical treatment [3], robot vision, integrated circuit
lithography machines and smart phones. Inspired by the tunable principle of human eyes, a new
kind of soft lenses has gradually won researchers’ attention in recent years. Unlike traditional tunable
system, such lenses generally do not need to use any mechanical moving parts. The focal length can
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be adjusted by changing the curvature shapes of the lens surfaces or the refractive index of medium
material. This kind of bionic lenses has the characteristics of compact structure, low power
consumption and fast response. They have huge market application value.

With the development of robot technology, intelligent robots are coming out, which interact with
nature, adapt to complex environments independently and work cooperatively. One of the important
application fields is human-machine interface (HMI) and interaction. At present, a variety of
traditional robot interactions based on hard materials, have been developed for different needs.
However, the field of interaction between soft machine and human, remains to be developed and
deeply explored [4-8].

Human eye movements are divided into: (I)saccade (the focus moving immediately from one
point to another. (2)Moving smoothly (observing the changing objects slowly. (3)Compensating
movement (keeping the focus relatively fixed). (4)Divergent motion (moving to maintain stereoscopic
vision). Living cells, tissues or organs are often accompanied by electrical changes. Bioelectrical
signals typically have the characteristics of weak (ranging from microvolts to millivolts), low
frequency (0.05-100Hz), and easily disturbed. So far, Electroencephalogram (EEG) and
Electrocardiogram (ECG) signals have been widely used in medical and scientific research [9].

Similarly, measurable potential changes in eye movements are called electro-oculograms (EOG).
EOG is the easiest of all bioelectrical signals to measure. Its signal amplitude is from 15 pV to 200 pV,
and in the case of relatively fixed head position, eye signal interference is also small. Because the
frequency difference between EOG signal and the noise is obvious, and the noise can be eliminated
by a simple filtering method. EOG can be utilized to monitor eye movement up to 70° from the central
point with an accuracy of 2°. EOG signals have been successfully applied to multi-degree-of-freedom
motion control of wheelchairs and robots [10-12].

In terms of soft tunable lens materials, the electroactive polymer (EAP) is more common. It is a
collective name of new soft active material (SAM), and can efficiently convert electric field excitation
into mechanical response. It is often referred to as ‘artificial muscle’ because of its good
biocompatibility [13-15]. According to the actuating principle, EAPs can be divided into two
categories: ionic EAPs driven by ion migration or diffusion, and electronic EAPs driven by applied
electric fields and electrostatic forces. On the one hand, ionic EAPs have lower driving voltages than
electronic EAPs [16]. On the other hand, electronic EAPs can produce greater strains than ionic EAPs.
The dielectric elastomer (DE) as an electronic EAP, is the preparation material for common bionic
devices [17,18].

In the deformation theory of the DE material, Suo [19] developed the uniform field theory and
established the dielectric elastic force-electric energy transformation model based on thermodynamic
equilibrium state. And the model was applied to the analysis of vacuum (elastic dielectric with lost
stiffness), incompressible materials, ideal DE, electro-constrictive materials, and nonlinear dielectric
materials. The dissipative processes, such as viscoelasticity and dielectric relaxation, were studied by
non-equilibrium thermodynamics. These models were recognized as the fundamental theory of DEs,
and remained alive in continuous innovation.

Carpi et al. [20] proposed a lens structure based on DE. Two radially pre-stretched DE films
enclosed the liquid, then flexible chamber formed was a convex lens. The tunable function was
realized by a circular DE actuator (DEA) around the lens. When the initial diameter of the lens was
7.6 mm, the driving voltages increased from 0 to 3.5 kV, and its focal length changed from 22.73 ~
16.72 mm. However, because the electrode material was coated on the optical path, which displayed
a challenge to the lens transparency. Wang et al. [21] prepared an all-solid-state tunable soft lens, and
water-based polyurethane (PEDOT) transparent electrodes. The experimental result showed that the
focal-length change achieved 209%. The lens was not disturbed by the vibration, and was insensitive
to the placement direction.

Lau et al. [22] designed a soft lens with a diameter of 8 mm, the DE film thickness was reduced
with adopting stacked arrangement, which was benefit for reducing the actuating voltage. It realized
focusing objects from 15~ 50 cm at the voltage range of 0 to 1.8 kV. Zhong et al. [23] proposed a soft
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tunable lens based on ionically polyelectrolyte elastomer, it achieved the focal-length change of 46.4%
under a voltage, superior to that of the human eye. Yin et al. [24] presented a lens based on the DEA,
and it was improved by origami mechanism with a modified Yoshimura tessellation structure. The
focal length of the 10-mm-diameter solid lens showed a tunability of 17%. Current researches mostly
focus on the design of soft lenses, while relevant theories and data on interaction technology are
relatively rare.

In order to further expand and deepen the theory and application of soft lenses, combined with
eye-control interaction technology, a more intelligent lens was designed for simulating a human-eye
lens. The effects of DEA layout, lens size, eye movement signal, applied voltage on the adaptive
interactive lens, were studied. Finally, experiments were conducted to verify the theoretical model.

2. Soft Lens Design and Eye Interactive Control

2.1. Soft Lens Design

Acrylate copolymers are one of the most well-studied DE materials, and these elastomers exhibit
great driving strain, pressure, and energy density when high voltages are applied. However, most of
these polymers have a certain amount of viscoelasticity, which causes them to respond slowly. The
prestretching is the key parameter to help them achieve greater electro-induced strain and higher
energy density. Electromechanical instability (EMI) could also induce thin films with low elastic
modulus breakdown and slow response. Acrylic copolymer VHB 4905/4910 of 3M company was used
to make soft lenses in this work. Electrocardiogram conductive paste (ionic gel) was as the flexible
electrode.

The motion deformation of the bionic lens was controlled by EOG (Electroophthalmic sensor)
signals, which reflected the changes in the potential difference between the cornea and the fundus
(retina). Figure 1(a)—(c) are the schematic diagram. The human right eye is shown in Figure 1a. The
left and right sides of a human eye are the inner and outer rectus muscles. The upper and lower rectus
muscles, oblique muscles are distributed in the eyeball. Figure 1b is a bionic lens based on carbon
grease electrodes. The DE film wraps the transparent medium (liquid/hydrogel). Four actuators are
distributed around the lens, and the supporting frame is made of the hard acrylic sheet.
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Figure 1. The principle diagram of human lens imitation. (a) The schematic of human right eye. (b) The soft lens
based on carbon grease (CG) electrodes. (c) The lens based on transparent hydrogel electrodes. (d) Physical
display.
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Figure 1c is the lens based on transparent hydrogel electrodes which are the conductive paste.
The actual lens is shown in Figure 1d, and the prestretching A is 2.5 in the left picture, the diameter d
is 1 cm. The lens is sealed with water, and there are four carbon grease actuators distributed around
it. In the right picture of Figure 1d, A is 2.5 and d is 1.9 cm. Water encapsulates inside the lens, and
four actuators with hydrogel electrodes are around it.

The negative—pressure method is mainly used in the lens production. The convex lens is stable
as shown in Figure 2(a)—(b). Using transparent conductive paste as the actuator electrodes and filling
medium, the finished lens in the original state is displayed in Figure 2c. No voltage is applied, the
prestretching ratio A of the lens film can be set between land 4. The height of the lens is hx2. In the
actuated state, the overall height of the lens becomes 2.4h=2 (FIG. 2d), and the voltage is 3 kV. The
applied voltage range is from 0 to 6 kV in experiments.

Figure 2. (a) Making negative pressure area. (b) The completed lens. (c) The adaptive lens in the initial state. (d)
The deformation state at the voltage of 3 kV.

20P15 model of Glassman FR Series is used for the high—voltage power supply. The product
receives PC instructions through the serial port, and returns its status information. LabVIEW
software controls the high-voltage power supply. Firstly, open the serial port and configure
information, then send control instructions to the Glassman voltage amplifier, finally receive the
feedback from the voltage amplifier, and close the serial port. The voltage control algorithm is
completed in LabVIEW for the lens.

2.2. Eye Movement Interactive Control

The eye-movement interactive control design of the bionic lens is displayed in Figure 3, which
includes EOG sensor acquisition module, MCU control module, high voltage relay group, high—
voltage power supply, soft lens and upper computer analysis and processing module. The signal
acquisition circuit is used to collect the epidermal electrical signals around the eyes. In order to reduce
the offset and obtain a suitable resistance signal, the skin needs to be cleaned firstly. To measure the
eyeball potential, electrodes are usually placed on the skin on the left and right sides of the eyes to
measure horizontal motions. And they are placed on the upper and lower sides of the eyes to measure
vertical movements. The ground electrode is placed on the forehead.
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Figure 3. Design for bionic lens control system.

The division control designs of EOG sensor acquisition module, microprogrammed control unit
(MCU) control module, and welding design of high-voltage relay group, are as following. The EOG
sensor acquisition module uses two AD8232 integrated to collect the up—down and the left-right eye—
movement signals, respectively. After internal amplification processing, the signal is mapped to the
analog voltage of 0-3.3V.

The MCU control module adopts STM32F103C8T6 as the main control chip, the GPIO pin of the
chip is utilized to control the opening and closing of the high voltage relay group. The ADC pin
converts the analog voltage signals from the AD8232 module into digital signals. The main control
chip uses the serial port to receive the instructions of the upper computer, and send back the response
data frame.

The instruction set and the format of the response data frame, are shown in Table 1 and Table 2.
When the MCU receives the instruction to query the connection status of the lens, the instruction is
to close the relay and disconnect the relay. They are all 0x00, such as the upper and lower channels,
the left and right channels, and the timestamp data. When receiving the instruction to query EOG
sensor data, the upper-lower and the left-right channel data are assigned to the analog-to-digital
conversion. The timestamp data is assigned when the instruction is executed, and it is zero at the
MCU power-on moment.

Table 1. Instructions received by the MCU.

Command (hex) Function
10 Query device connection status
20 Query EOG sensor data
- Close specified relays (* Take 1, 2, 4, 8,
representing relays A, B, C, and D, respectively)
" Disconnect specified relays (* Take 1, 2, 4, 8,
representing relays A, B, C, and D, respectively)
Table 2. Data—frame format of microcontroller responses.
Field Length(byte) Annotation
Frame header 1 OxEB
0x10
The executed instructions 1 0x20
0x3*
Ox4*
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Execution state 1 0x80

Up and down channel data 2 ADC value
Left and right channel data 2 ADC value

Timestamp 4 Millisecond

Perform CRC8 check on the first
Check code 1
11 bytes

The high-voltage relay group module is composed of four relays (type: CRSTHV-5-1U-6k-9) and
peripheral circuits. The low-voltage control end of the relay is connected to the GPIO pin of the MCU.
The high—voltage control end has two normally open contacts, which are connected to the soft lens
and the high—voltage power device. When the GPIO pin outputs high voltage, the normally open
contact of the relay closes. When its output is low, the normally open contact is disconnected. The
circuit design of the control system is demonstrated in Figure 4.
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Figure 4. Design of real-time control circuit for an eye-controlled lens.

The four DEAs are around the bionic lens coated with electrodes, and the positive and negative
terminals are extracted, respectively. The positive terminal is connected to the output of the relay
group, and the negative one is connected to the power. When the normally open contact of the relay
is closed, the high voltage is applied to the DEA. Then DE films deform to actuate the motion of the
soft lens.

The upper—computer analysis and processing module is designed based on the designer
development platform of MATLAB software. Two serial ports are opened through API call, and they
are used to communicate with the single-chip microcomputer module and the high-voltage power
device, respectively. The host computer first opens the serial port to connect with the MCU module
and the high-voltage power, sends the instruction of reading the EOG sensor data to the MCU with
the set frequency, then receives the data frame sent back by the singlechip. It is analyzed according
to the frame format definition. Then the upper, lower, left and right channels, and timestamp data
are obtained. The signal waveforms of the two channels are reconstructed.

The upper-computer software utilizes the face—detection feature extraction algorithm [25] to
process the features of unidirectional eye movements. Figure 5a exhibits the original EOG signal of
the subject in an experiment. Data in the range of 0-210s are intercepted for analysis. After
approximate zero averaging, five points of window width are selected for filtering and moving
average. The blue curve in Figure 5b is the waveform after moving average filtering. Set the limiting
filter thresholds for the upper, lower, left, and right channels as orange curves shown. According to
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the results of limiting filter, the formula is taken as Sin (2—) ,n=20,1,..,21. It is as the reference

signal. Then the motion correlation coefficient is calculated from the results of limiting filter.
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Figure 5. One-way eye-movement feature extraction algorithm. (a) Original data waveform. (b) Moving average

filtering waveform and limiting filter waveform.

Furthermore, the state machine for feature extraction of unidirectional eye movement is
designed in Figure 6. By setting appropriate values for the variables X, thresh_up, thresh_down,
thresh_left, and thresh_right, the state machine can extract unidirectional eye-movement features
from the movement—correlation coefficient curve when the movements occur and end. According to
eye movements, the corresponding instructions are sent to the MCU module to control the relay

group.
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Figure 6. State machine for feature extraction of unidirectional eye movement.

The soft lens moves to the same direction as the eye movement. Table 3 records time when
unidirectional eye movement occurs and ends in the waveform (Figure 5a) including the results and
errors of the state-machine recognition (Figure 6). The errors are also given in Table 3, and the
recognition results of the state machine are accurate.

Table 3. The start and the end time, recognition results and errors of unidirectional eye movements.

) Actual Identify ~ Absolute Actual Identify ~ Absolute
Action moment /s result /s error /s moment /s result /s error /s
Look left 10.87 10.00 0.87 107.91 106.60 1.31
Stare ahead 18.62 18.29 0.33 115.33 114.89 0.44
Look right 35.89 34.80 1.09 132.33 131.34 0.99
Stare ahead 42.55 42.33 0.22 139.03 138.71 0.32
Look up 61.75 60.32 0.43 159.21 158.77 0.44
Stare ahead 66.75 67.63 0.88 166.21 166.21 0.00
Look down 83.56 81.93 1.63 189.81 188.17 1.64
Stare ahead 88.79 88.90 0.11 194.18 194.94 0.76

3. Data Analysis and Result Discussion

In the initial state, the lens radius is A, and the surface area is Sy = mA?. The shape of the lens
is regarded as a sphere, and the curvature radius is R. Its projection in the middle plane is a circle,
the radius is a, and the distance between the sphere top and the middle plane is ¢ in Figure 7a. Then
the geometric relationship exists as R? — (R —t)? = a® The relationship between the curvature

14
radius R and the volume V of the liquid in a spherical lens is R = — Tt g It is deduced as V =
3 1
m X (Rt? — %) [26-28]. The relation between the focal length and the curvature radius is i

n 1 1
(n—l — ) X [R_ — R_]’ where m1 and nm are the refractive indices of the lens and the filling medium,
m 1 2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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respectively. Because the lens works in air, so that #m equals 1. The two curvature radii of a convex
lens satisfy the equation R=Ri=R.

(2) (b)

Supporting

frame 3 ’
Voltage (kV)

Figure 7. (a) Physical parameters of a liquid lens [26]. (b) Eye-controlled lens experimental setup. (c) The

actuating voltage as a function of the focal length.

To verify the established focal-length model, a liquid lens based on DE was designed and
fabricated as shown in Figure 7b. According to the convex lens imaging law, u is set as the distance
from the object to the lens, v is the distance from the image to the lens, and fis the lens focal length.

1 1 1
There is a relationship as " + o= ra The double focal-length method (u=2f, inverted and equal-sized

real image) was used to measure the focal-length change before and after applying voltages.

Laboratory results have revealed that the larger the initial focal length, the area of coated
electrodes, and the biaxial pre-stretching multiple are, the greater the focal-length changes are [29-
33]. The experimental data records are illuminated in Table 4, and the voltage—focal length function
is demonstrated in Figure 7c. Perform equal biaxial fourfold prestretching on the VHB film (A=4), and
apply the voltage (7.8 kV), the focal length varies from 112.5 mm to 49.7 mm. The maximum focal-
length change could achieve 58.9% in the range of 95.3~39.2mm.

Table 4. Experimental data.

Voltage(kV) 0 2.1 34 4.6 5.7 6.5 7.5 7.8

Focal length (mm) 112.5 1074 1019 94.3 85.1 73.6 56.8 49.7

The interactive movement is controlled by the interface button in real time. For example, the
serial communication is responsible for receiving data from STM32, and the create and save buttons
can execute instructions to create files and save ophthalmic data, respectively. The start and pause
buttons control the experimental start and end in MATLAB software. The interface of the ophthalmic
signal channel shows the signal acquisition and processing effect, which includes the double-channel
ophthalmic signal after preprocessing, and the energy waveform of each frame after being split.

The results of hardware and software designs are verified through experiments in Figure 8. The
adaptive lens can recognize human—eye movements and zoom-control signals successfully. Through
the circuits and MATLAB control program, the function of synchronizing interaction between the
soft lens and eye movements is realized. In the reference state, the driving voltage @ is 0 kV, the lens
is facing the number 8 in the center of Figure 8a(i), and the distance of each number is about 4 mm.
Observe the control effect of the lens in the up, down, left and right movements, specifically look at
the data 7, 1, 9, 5 around the number 8 to calculate the lens moving distance in each direction (about
2 mm). In addition, for human strabismus such as oblique up or down and other directions, the
efficiency of the recognition method is normally.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Real-time control experiments of the interaction lens. (a) (i)-(iii) represent the reference data of eye—
movement tests, before zooming (voltage ®=0), and after zooming (4 kV), respectively. (b) The eyes look to the
left while controlling the lens to move to the left. (c) Look to the right while interacting. (d) The control effect of
looking upwards. (e) Looking down.

Furthermore, observe the size change of the number 8 to determine the zooming effect, the
number 8 is significantly enlarged. The lens film in Figure 8 is prestretched by 3, the diameter of the
lens is 1.2 cm, and the actuating voltage is 4 kV. The soft lens can achieve a moving distance of 5 mm
with the voltage. Since the distance between the number and the lens is less than the focal length f,
the resulting image is virtual. In short, the response time of the adaptive lens was less than 1s, and
eye-movement interaction efficiency was more than 93% during the experiments.

4. Conclusion

Based on the dielectric elastomer actuator, the lens structure and its focal-length change model
were constructed. The ophthalmic signals were collected by bipolar electrode lead, and the control
circuit was designed to amplify the signals transmitted to the upper computer. Meanwhile, the
synchronous eye-movement signals were controlled by the high-voltage relay group. The quadruple
prestretched lens (A=4) achieved controllable focal-length change of 58.9%.

The MATLAB software was utilized to amplify and filter ophthalmic signals. The recognition
algorithm was designed based on the signals to identify eye movements, which completed the linear
online interaction between human eyes and the bionic lens. Up and down, left and right, and zoom
motions of the lens are controlled in real time. Comparing the previous interaction of soft devices,
most of them were pre-controlled or manually controlled. The online interaction mode of the
adaptive lens had a control delay of 0.8 s, and the eye-control efficiency is more than 93% during the
experiments.

In the future, deep learning algorithms can be introduced to mark and train the electrical signals
generated by various eye movements to improve the recognition accuracy. In brief, with the
continuous update and iteration of optical instrument technologies, soft adaptive lenses will have
broad application prospects in the fields of unmanned aerial vehicles (UAV), optical communication,
medical diagnosis, robot vision, consumer electronics and wearable augmented reality (AR)/virtual
reality (VR) devices.
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