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Liquid lenses actuated by thermocapillary and solutocapillary forces via heating with a laser beam
demonstrate a high level of adaptability. The focal length and the optical aperture are tuned by the
variation of the refracting surface curvature and the base diameter of a liquid droplet in response to the
change of the laser intensity. Depending on the properties of liquids and the actuating forces, the lenses
can operate in both converging and diverging modes. However, evaporation caused by heating, and high
sensitivity to gravity may restrict applicability of the lenses in complex optical devices. This paper presents
an experimental study of the optical characteristics of lenses consisting of ethylene glycol and a binary
mixture of ethylene glycol and ethyl alcohol under conditions of long-term operation, performing multiple
focal adjustments and arbitrary orientation of the optical axis. We have shown that stable continuous lens
operation with a constant focus and continuous switching between two values of the focal length lasts for
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several tens of minutes after accommodation depending on the laser power and the driving forces. Then,
evaporation leads to an irreversible change in the optical characteristics of the lens. We have also

DOI: 10.1039/d0me00052¢ established that liquid lenses retain their optical characteristics and stable position when tilted to the

horizon to several tens of degrees. The results obtained give a reason to believe that the studied lenses

rsc.li/molecular-engineering have high potential for applications in consumer and industrial optical devices.

Design, System, Application

We demonstrate liquid lenses replicating accommodation and pupil light reflexes of the eye in response to changing laser beam intensity. The lenses
represent miniature sessile droplets of low-volatile organic compounds such as benzyl alcohol and ethylene glycol and binary mixtures of miscible low-
volatile and volatile alcohols. The liquids used allow for the dynamic manipulation of curvature of the refractive interface in positive and negative ranges.
The manipulation principle is based on the variation of surface tension of liquids with temperature and concentration of the liquid mixture components
resulting from heating with a laser beam. The applicability of the proposed lens design is determined by the gravitational stability and the stability of the
optical parameters during long-term operation. We have shown that evaporation of liquids caused by the long heating limits the lens operation time
causing irreversible changes of the optical properties. The sensitivity of the lens position and its shape to tilt to the horizon restricts the arbitrary
orientation of the lens when being used. We have suggested possible approaches to improve the stability of the proposed concept of liquid lenses that allow
development of multifunctional optical devices for a wide range of applications.

Introduction

Bio-inspired optical devices

collection of a panoramic image. There are more specialized
bio-inspired optical devices and elements aimed to solve
specific tasks. For instance, a camera with a light sensitivity
enhancer imitates the eye of elephant-nose fish.” The
outstanding feature of this device is a large number of
tapered light-harvesting waveguides through which light goes
to light-sensitive elements, which is similar to light in the
eyes of elephant-nose fish passing through crystalline tapered
waveguides. This feature allows concentrating incident light
on photo-elements and enhancing the sensitivity of the
device. Another example is an imaging sensor giving
information about spectra and polarization of light and
mimicking the ommatidia of arthropods, such as the mantis

Nowadays, a significant surge of interest in the development
of bio-inspired optical elements and imaging systems takes
place. This is related to the fact that today's challenges faced
by humans in the area of imaging and control of light have
been solved by nature over millions of years of evolution.
Sparkling examples are the development of a new generation
of optics mimicking compound eyes of insects consisting of a
large number of ommatidia.'™ These kinds of optical
systems provide a wide angular field and support the
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shrimp.® Shu Yang et al’ presented a lens array with
integrated pores through which a dyed pumping liquid is
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used as a diaphragm. Such design provides the control of
light transmittance in a range from zero to 100%. This device
is inspired by the vision system of a brittle star having a lens
array with surrounding pores through which pumps
chromatophore cells that allows to regulate the configuration
of vision in this way.

Many bio-mimetic optical devices rely on imitation of
human and vertebrate eyes, especially the lens.>™** Since the
eye lens is a bi-convex transparent body which changes
optical characteristics by varying the curvature of the
refracting surface, most bio-mimetic lenses consist of a
liquid as a lens body and imitate the same principle of the
focal length tunability. Using liquids provides advantages
compared to their solid counterparts as a naturally smooth
refracting surface, such as the easy conformation of the lens
shape under applied external stimuli,'"”* and the ability to
perform any number of cycles without any wear and loss of
its optical parameters.

One of the important properties of liquids is the
interfacial tension at the liquid-air or the liquid-liquid
interface, which is extremely sensitive to electrical, thermal,
and concentration fields applied to the system. This fact
gives a wide variety of methods to control the shape of the
surface, ie., the focal length of a liquid lens, and
consequently, allows the design of adaptive optical devices
on demand.

To date, a large number of bio-mimetic lenses based on
the electrowetting effect have been developed,'>™® where the
surface energy varies depending on the applied voltage. Fast
response times with respect to the voltage changing and the
stability of the refracting surface shape with respect to a
change in the orientation of the lens optical axis relative to
the gravitational vector made it possible to develop bio-
mimetic optical devices for industrial use.

Recently, we have proposed two types of adaptive liquid
lenses®>*® actuated by surface tension forces, which are
generated by laser-induced thermal gradients and
concentration gradients of solutes on the liquid surface. Such
lenses have a wider range of functionalities compared to the
electrowetting lenses by imitating not only accommodation
reflex but also the pupil and the optokinetic reflexes, which
allow for control of the amount of light and focusing on
moving objects.

Note that in our previous studies, potential weak sides
of these lenses related to the process of liquid evaporation
during the heating and the shape stability to tilt its base
surface to the horizon have not been considered. However,
evaporation, which is an inherent part of the control
mechanism, can lead to an irreversible change in the optical
characteristics of the lenses during a prolonged operation
due to loss of the lens volume.

In this paper, we present the results of the study of the
stability of operating liquid lenses actuated by the
thermocapillary and the solutocapillary forces generated on
the free surface of a liquid by the thermal action of a laser
beam.

29,30
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Experimental
Materials

To form liquid lenses, we used pure ethylene glycol (EG), a
binary mixture of EG and ethyl alcohol (EA) at a weight
concentration of 50% ethylene glycol, and pure benzyl
alcohol (BA). In order to enhance the absorption of laser
irradiation, the liquids were dyed with crystal violet dye to an
extent that the extinction coefficient was about 15 mm™ for
all liquids used. The main properties of the liquids are
summarized in Table 1, where p, x4, and y are the density,
viscosity and surface tension, respectively; P, and n, are the
saturated vapor pressure and the refractive index,
respectively; ;. and nr are the thermal coefficients of surface
tension and refraction, respectively. A small amount of liquid
was deposited onto the bottom of a closed cell, which was
made of two glass slides separated with a polymethyl
methacrylate spacer, Fig. 1(a). The cell was used to prevent a
loss of liquids due to the evaporation and influence of
surrounding airflows. It is important to note that the
wettability and thermal diffusivity of the glass substrate
significantly influences the performance of liquid lenses. The
wettability of the substrate determines the initial shape of a
liquid droplet and, hence, affects the range of the focal
length variation. The thermal diffusivity of the substrate
affects the magnitude and the rate of temperature growth as
well as the spatial distribution of the surface temperature
gradient because it serves as a heat sink.

Methods

A droplet of liquid was deposited onto the substrate with a
precise syringe and then was mechanically spread over the
surface to increase the base diameter and decrease the
thickness of the droplet. This allows reducing the diffusion
of the thermal field in the droplet bulk, ie., to localize the
heat flux produced with the laser beam in the central part of
the droplet. The volumes of liquid placed in the cell ranged
from 0.3 to 1 pl.

The experimental setup is shown in Fig. 1(b). A laser beam
(diameter of 0.8 mm and wavelength of 530 nm) with a
Gaussian intensity distribution is directed with a mirror
vertically through a test object (a metal grid with an element
size of 0.4 x 0.4 mm) to the cell containing a liquid lens. An
orange light filter cuts off a part of laser irradiation passed
through the lens. A microscope equipped with a CCD-camera
was used to take images of the test object obtained using the
liquid lens. The power of the laser beam was varied stepwise
from 2 to 125 mW. The focal length F of the liquid lens was
calculated using the thin lens equation:

I
hi _ho ’

(1)

where [ is the distance between the test object and the lens,
and #; and h, are the size of the test object on the image and
the real one, respectively. The images of the test grid were
taken with a CCD camera, and its sizes were measured. As
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Table 1 Properties of the liquids used
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Liquid  p, kgm™ U, mPa s 7, mN m™* Y mNm 'K P,, Pa no Ny Kt

BA 1041.1 (ref. 31)  5.474 (ref. 31)  38.5 (ref. 32)  -0.094 (ref. 35) 15 (ref. 31) 1.54 (ref. 31)  =5.1 x 0°* (ref. 34)
EG 1113.5 (ref. 31)  16.1 (ref. 31) 47.99 (ref. 31)  —0.078 (ref. 35) 7 (ref. 36) 1.43 (ref. 31)  —2.6 x 107" (ref. 33)
EA 785.1 (ref. 32) 1.1 (ref. 32) 21.9 (ref. 32)  -0.068 (ref. 32)  12.4 x 10° (ref. 36)  1.36 (ref. 31) -4 x 10™* (ref. 33)

known, the thin lens approximation is acceptable to use
when the lens thickness is significantly smaller than its
diameter. The relationship between the base diameter and
the thickness of lenses created satisfies this requirement.
Additionally, the linear magnification, M = h;/h,, of the liquid
lens was calculated to study its long-term operation.

To study the operation stability of a liquid lens with
respect to the inclination of its optical axis to the horizon,
the microscope stage with the cell was tilted relative to the
horizontal plane with steps of 10° from 0 to 60°, ensuring
that the laser beam is incident onto the center of the lens.
The shape and position of the droplet lens (50 wt% EG) on
the substrate was monitored using images of the test grid
formed by this lens. The measurements were carried out at a
laser beam power varying from 2 to 30 mW.

Results and discussion
Liquid lenses actuated by thermocapillary forces

As mentioned above, external stimuli are necessary to achieve

the variation in surface tension of a liquid. In our work, we

used a laser beam to generate an axisymmetric temperature

gradient along the liquid surface, which results in a surface
tension gradient

dy(T) oydT

dr ~ aT dr’

2)

(a)

sealing ring glass cap

liquid lens PMMA body

glass substrate

o e

“Opticalglass

Cell with a liquid Iens"

Laser source Mirror

Fig. 1 (a) Schematic view of the liquid cell. (b) The experimental setup.
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where 0y/0T = y; is the thermal coefficient of surface tension,
which is negative for the used liquids, and d7/dr is the radial
temperature gradient. The surface tension gradient is
balanced by the viscous stresses in the bulk liquid. As a
result, the radially outward thermocapillary flow removes
liquid from the heated spot producing a concave deformation
37742 A negative capillary pressure
arising below the concave surface generates a reverse flow

on the liquid surface.

resulting in the closed convective vortex.

We used sessile droplets of pure ethylene glycol and benzyl
alcohol as lenses driven by the laser-induced thermocapillary
forces. The operating principle is shown in Fig. 2. When no
power is applied, a sessile droplet represents a plane-convex lens
with a short initial focal length, Fig. 2(a). When the laser is on,
the thermocapillary flows reduce the droplet curvature in the
heating area that leads to an increase in the focal length,
Fig. 2(b). Raising the laser beam power results in the focal length
increasing until it reaches infinity, when the lens surface
becomes a plane, Fig. 2(c). Further increasing the power
produces a thermocapillary dimple in the heated spot. Hereafter,
the sessile droplet serves as a plano-concave diverging lens
with a negative focal length, Fig. 2(d), the absolute value of
which decreases with the laser beam power, Fig. 2(e).

The reduction of the power results in a reversible change of
surface geometry, and when the laser is off, the droplet reverts
to the initial shape of a plano-convex lens. It is important to
note that the base diameter of the droplet remains constant,
while the refractive surface curvature changes. This is related
to the pinning of the contact line of the droplet caused by the
non-uniform wettability of the substrate.

0 Laser power

Fig. 2 Schematic illustration of the droplet reshaping by the
thermocapillary forces induced with the laser beam. The axis shows
the laser power increase. Vy is the thermal surface tension gradient
along the liquid interface. (a) The initial shape of the droplet (the laser
is off); (b) the flattening of the droplet surface - the focal length
increases (the laser is on); (c) the droplet with the flat surface - the
focal length tends to infinity; (d) and (e) the formation of
thermocapillary dimple in the droplet, negative focal length.

This journal is © The Royal Society of Chemistry 2020
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Liquid lenses actuated by solutocapillary forces

Liquid mixtures of ethylene glycol and ethyl alcohol were
used to demonstrate the lenses actuated by the laser-induced
solutocapillary forces. Ethyl alcohol has a higher saturated
vapor pressure and lower surface tension compared to
ethylene glycol (see Table 1); hence, the heating with the laser
beam leads to a decrease in the concentration of ethyl
alcohol in the heated area due to evaporation. In this case,
the surface tension gradient along the liquid surface is a
function of both temperature and concentration:

d(C,T) _ (opoC  dy\dT 3)
“\acoar ot/ dr’

dr

where C = C(7) is the concentration of the liquid component,
and T is the temperature of the liquid interface. The second
term describes the change of the surface tension with
temperature 7, i.e. the thermocapillary effect, which occurs at
the very beginning of the heating and lasts no longer than a
second.”®** After that, the solutocapillary gradient becomes
the dominant mechanism that generates inward
solutocapillary flows, which transfer the liquid from the cold
periphery to the heated area where the surface tension is
higher. As a result, a liquid hill or the convex deformation in
the laser beam appears, Fig. 3(a). When increasing the laser
beam power, the borders of the hill shrink forming a droplet
with a finite surface curvature, Fig. 3(b). Further increasing
the laser power results in a decrease of the droplet base
diameter and increase of the free surface curvature, Fig. 3(c).
That droplet serves as a varifocal plano-convex liquid lens.>
When lowering the laser beam power, a reverse process
occurs: the droplet spreads back to the initial state of a
pancake droplet and the focal length increases.

Focal length of a liquid lens as a function of the laser power

Fig. 4 shows the dependencies of the focal length of the
liquid lenses of 1 pl in volume on the laser beam power for
pure ethylene glycol and its 50% mixture with ethyl alcohol.
The focal length corresponding to each value of the laser
beam power was calculated using eqn (1). In the case of pure
ethylene glycol, due to its high surface tension, the initial
shape of the liquid lens represents a sessile droplet®* with an

Convective flows of ethanol vapor
- S

7/ N
14
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Fig. 4 The focal length of the liquid lenses (1 pl in volume) of pure
ethylene glycol and its 50% mixture with ethyl alcohol vs. the power of
the laser beam.

initial focal length of 15 mm. When the laser beam is
incident to the droplet, its focal length increases nonlinearly
and reaches 40 mm at the maximum power of 85 mW. The
thermocapillary forces drive the focal length variation and
tend to flatten the droplet.

In the case of liquid mixtures, the dependency of the focal
length on the power of the laser beam takes on an opposite
trend according to the governing solutocapillary mechanism.
In the initial state, when the laser beam is off, the lens has a
shape close to a pancake due to the better wetting of the
substrate by the liquid mixture with a lower surface tension
compared to pure ethylene glycol. In this case, the focal
length tends to reach infinity. The values of the focal length
at a laser power higher than 70 mW for the 50% mixture were
not possible to measure. The reason for this limitation is the
intensification of the convective flows in the bulk of the lens
that leads to oscillatory instability of the lens shape and the
lens position in the laser beam. Fig. 5 presents images
obtained with the solutocapillary lens, where the focal length
and corresponding laser power are specified.

The focal lengths as a function of the laser beam power
for benzyl alcohol and ethylene glycol droplets of 0.3 ul are
shown in Fig. 6. Images of the test object obtained with the
thermocapillary lens based on benzyl alcohol are presented

Capillary forces direction
s X

/

Y, N “

N4

e ‘ /?

Laser beam

a)

Convective flows of mixture

<)

Fig. 3 Schema of the droplet formation process in a layer of liquid mixture induced by the laser beam. Vy is the concentration surface tension
gradient along the interface. (a) The convex deformation of the layer caused by the laser beam; (b) formation of the droplet in the layer; (c) the

droplet shrinkage cause by the laser power increasing.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Images of the test grid obtained with the solutocapillary lens (50% ethylene glycol, 1 ul) at different laser beam powers.

in Fig. 7. Experimental results (Fig. 6) can be approximated

with the function F = % —-c, where P - is the laser beam
power, and a, b and ¢ - are empirical constants. The
approximation allows for definition of the threshold power of
the laser beam at which the lens becomes flat (F = o) and
the operating mode changes from “converging” to
“diverging”. As Fig. 6 shows, the threshold power for benzyl
alcohol and ethylene glycol lenses takes on values of around
23 and 82 mW, respectively. This difference is caused mainly
by the difference in surface tensions of both liquids (see
Table 1). A droplet of ethylene glycol with a higher surface
tension compared to benzyl alcohol has a larger wetting
angle on the substrate; hence, the height of the droplet is
higher and the base diameter is smaller. This promotes
convective and diffusion dispersion of the localized heat
source inside the bulk droplet; consequently, the temperature
gradient on the droplet surface decreases.

The stability of the liquid lens operation

One of the important parameters of liquid lenses is the
stability of the optical characteristics (the focal length or the
magnification) during continuous operation for a long time.
This is related to the fact that the lens operation is ensured
by a continuous supply of heat flux into the liquid, which, in
turn, can lead to a change in the optical parameters due to
the loss of liquid caused by evaporation. Note that a change
in the focal length caused by a variation of the refractive

¢ BA
® EG
E
=
_(f [ ]
F=
=)
@ Py * * *
~ 20 T
5
w40 T
-60 +
-80 +
-100 + + t t
0 20 40 60 80

Laser power, mW

Fig. 6 The focal length of the ethylene glycol and benzyl alcohol
lenses (0.3 ul in volume) vs. the power of the laser beam. Vertical solid
lines are asymptotes.

1294 | Mol Syst. Des. Eng., 2020, 5, 1290-1298

index of the liquid due to an increase in temperature or a
change in the concentration of components is insignificant
(within the measurement error) compared to that due to a
change in the curvature of the lens surface. A study of the
stability of the thermocapillary lens was performed for a
droplet of benzyl alcohol (0.6 pl in volume, an initial focal
length of 23 mm) at different values of the laser beam power.
In this case, as an optical parameter of the lens, it was
convenient to use the linear magnification, M. Fig. 8(a) shows
the time dependencies of the linear magnification in the
liquid lenses controlled by the thermocapillary forces at
different powers of the laser beam. Our previous study®’
showed that the accommodation time of the thermocapillary
lens in response to the applied laser beam power is
determined by attaining a stationary temperature gradient
along the free surface of the lens, and is less than 1 s.
Therefore, in the current study, we do not pay attention to
this period of time. As can be seen in Fig. 8(a), at low values
of the laser beam power from 6 to 22 mW, the lens operates
in focusing mode with M > 1, and no changes in its optical
characteristics are observed within up to 15 minutes of the
irradiation. With an increase in the beam power above 47
mW, the linear magnification becomes M < 1; that is, the
droplet works as a diverging lens. In this case, a stable M
value is observed for about 100 s of operation, and then the
focal length begins to increase. This is associated with a
decrease in the curvature of the lens surface in the area of
the thermocapillary concave deformation due to the
evaporation of benzyl alcohol. After the laser was turned off,
the thermocapillary lens took on a sessile droplet shape as it
was before the experiment, but its focal length increased in
comparison with the initial state. The latter means that, due
to the pinned contact line of the droplet, the curvature of its
surface decreased due to the evaporation.

Thus, one may conclude that for the given conditions, the
stable continuous operation of the thermocapillary lens is
possible for no more than 2 minutes; after that, its optical
characteristics irreversibly change.

Note that for a lens based on hygroscopic ethylene glycol,
the increase in the focal length was observed already at an
early stage within the first minute of irradiation due to the
evaporation of the water contained. Thus, ethylene glycol is
not a suitable candidate for the development of a
thermocapillary liquid lens.

The steady operation of a liquid lens actuated by the
solutocapillary forces was studied for the 50% liquid mixture
(ethylene glycol and ethyl alcohol) of 1 pl in volume. It is

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Images of the test grid obtained with the thermocapillary lens (benzyl alcohol, 0.6 pl) at different laser beam powers.*°
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Fig. 8 Evolution of the linear magnification of liquid lenses at different powers of the laser beam: (a) benzyl alcohol (0.6 pl), the thermocapillary
mechanism; (b) 50% mixture of ethylene glycol and ethyl alcohol (1 pl), the solutocapillary mechanism.

important to note that the dynamic equilibrium between the
rate of evaporation of ethyl alcohol from the heated area and
the rate of its condensation at the droplet edge is the basis of
the mechanism of the steady long-term lens operation.
Fig. 8(b) shows the evolution of the lens magnification at
different laser powers. As can be seen, M evolution is the
opposite to that of the lens tuned by the thermocapillary
forces. For the powers ranging from 11 to 39 mW, two stages
of stable operation of the lens characterized by two
accommodation times are identified, Fig. 8(b). The first stage
lasts for around 1 min and the lens accommodation time
takes on values of 10-20 s after the start of irradiation, then
the focal length begins to decrease (M increases in Fig. 8(b))
and, in around 120 s of accommodation, it reaches the
second stationary stage, which lasts for more than 12
minutes.

Note that according to our previous study,>® during the
first stable stage, due to the balance of evaporation and
condensation fluxes, loss of the lens volume caused by the
evaporation is negligible. However, further heating results in
an increase in the droplet edge temperature and
condensation occurs predominantly on the cell walls and the
top glass. In addition, due to the insufficient hermeticity of
the junction between the top glass and the cell, leakage of
the ethanol vapor over time occurs.

Indeed, when turning off the laser beam, the lens does
not take on the initial pancake shape but becomes a sessile
droplet, since the evaporation of ethanol increases the

This journal is © The Royal Society of Chemistry 2020

surface tension of the initial mixture, and the droplet does
not wet the surface well.

Thus, we can conclude that for a liquid mixture of
ethylene glycol and ethyl alcohol, continuous stable operation
of the lens is possible for about 1 minute after
accommodation, and then its optical parameters are
irreversibly changed.

The ability of a varifocal liquid lens to change reversibly
(without hysteresis) its focal length in response to a change
in the beam power over a long time is crucial for its
application in industrial processes where continuous
autofocusing is required. Fig. 9 shows the time dependence
of the focal length of the lens tuned by solutocapillary forces
at cyclically changing power values of the laser beam between
6 and 54 mW. Experiments started at 6 mW, and the focal
length was measured upon reaching the first stable stage
(20-50 s after the laser was turned on). Then, the power was
increased to 54 mW and the focal length was measured
again. After about 10 such cycles of measurements, the laser
was turned off, and new measurement series were repeated
in 1, 17, and 72 hours. These periods of time can be
considered as sleep modes when no power is applied to the
lens.

To analyze the dependency shown in Fig. 9, we introduce
the focal length adjustment parameter, AF; = Fpax — Fuin,
where i is the series number, and F,,,, and Fp,;, are the focal
lengths corresponding to 6 and 54 mW, respectively. As can
be seen in Fig. 9, AF; does not change significantly during
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Fig. 9 The dependence of the focal length of the solutocapillary lens
(50% mixture of ethylene glycol and ethyl alcohol, 1 pul) on the
cyclically (10 times for a series) changing power of the laser beam
between 6 mW (the upper symbols) and 54 mW (the lower symbols).
The time intervals between series when the laser beam is off: 1, 17 and
72 hours. The experiment started in 1 minute after the liquid was
deposited in the cell.

the first two series of experiments and averaged AF; = 10.7 +
0.5 mm and AF, = 11.8 + 0.7 mm, which are within the
measurement error. However, after 17 hours, AF expanded to
AF; = 14.8 + 1.2 mm, and the focal length changed for both
values of the beam power. This behavior is caused by free
evaporation of ethyl alcohol from the liquid mixture and its
condensation on the substrate away from the droplet during
the long sleep mode. As a result, the lens volume decreased,
and the curvature increased due to an increase in surface
tension, which led to a decrease in the focal length at 54
mW. On the other hand, at 6 mW, the focal length increased,
which is related to improving the wettability caused by an
ethyl alcohol film condensed on the substrate near the lens.
The dramatically decreasing AF, from 16.1 to 9.3 mm during
the last series is related to the decrease of F,,x values at 6
mW, Fig. 9. The latter is probably associated with free
continuous evaporation of ethyl alcohol during the 72 hours
of sleep mode and its leakage because of the poor hermeticity
of the cell. A significant lowering of the ethyl alcohol fraction
in the lens volume leads to the shrinkage of the lens aperture
and the increase in its surface curvature and consequently
the decrease in the focal length. However, more studies,
including numerical experiments, are required.

One of the crucial requirements for liquid lenses is the
stability of their position and shape with respect to
disturbances caused by the action of gravitational force and
orientation of the lens in a gravity field. Whereas the
gravitational effect on the thermocapillary lens was not
detected due to its small size and the pinning of the contact
line, its impact on the solutocapillary lens is notable. The
stability diagram of the solutocapillary lens at different
angles of inclination and powers of the laser beam is shown
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Fig. 10 The stability diagram of the solutocapillary lens (50% mixture
of ethylene glycol and ethyl alcohol, 1 ul) operating at different angles
of inclination (0-60°) and powers of the laser beam. The borders
(dashed lines) between areas in the diagram are drawn approximately.
On the right - the images of the test grid for the different tilt angles of
the lens and laser beam powers.

in Fig. 10. At powers up to 10 mW and an inclination up to
10°, the lens doesn't roll down and saves the ability of focus
alteration, but its surface undergoes deformation resulting in
some distortion of the obtained images. At larger angles of
inclination, the lens rolls down, ie., it is not retained in the
laser beam. The increase of the laser beam power allows
expansion of the inclination angle interval where the lens
retains its operating ability. At 30 mW, the lens keeps its
position in the laser beam even at 30° of inclination but
again, its shape is deformed which is clearly seen on the
distorted images of the grid mesh.

Thus, the area of the diagram limited by the values of
angles in the range from 10 to 30° can be considered as the
region of stable operation of the lens in the whole range of
the laser beam power despite some image distortions.

At the powers higher 10 mW, an increase in the
inclination angles above the range of the stability boundary
gives an interesting effect similar to the tears of wine
phenomenon.*>*® When the laser beam is off, the liquid
starts to move down leaving a thin liquid film on the
substrate, Fig. 11. When the laser beam is incident to the
film, the concentration of ethyl alcohol in the heated spot

Solutocapillary Gravity Solutocapillary
force force force

“ “
| LWL £

|

~ 30 seconds

Initial state

Fig. 11 Schematic illustration of the unstably positioned droplet in the
laser beam on the inclined substrate (the “unstable area of the
diagram”): the competition between solutocapillary and gravity forces.
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decreases resulting in the solutocapillary flows, which create
the lens in the form of a sessile droplet. The stable position
of the lens in the laser beam is determined by the
competition between the solutocapillary forces and
gravitational forces, Fig. 11. When the solutocapillary forces
dominate, the lens is held in the beam spot. As the size of
the lens grows, the gravitational forces begin to prevail over
the solutocapillary forces and the lens moves down, like a
droplet of wine on the wall of a wineglass. This process lasts
for no more than 30 s, and then the solutocapillary
mechanism starts to dominate, and the lens is formed again.
This area in the diagram is called the area of unstable
operation of the lens.

Potential improvements and applications

Despite the high level of adaptability of the proposed liquid
lenses, their further application still requires overcoming a
number of problems. As the present study shows, the weak
points are associated with (i) evaporation of liquids that
affects the stability of the lens performance and its durability
and (ii) instability of the shape and position of the liquid lens
caused by changing the lens orientation in the gravity field
that limits its applicability.

The solution to the mentioned challenges could be as
follows. The long-term operation of the lens actuated by
thermocapillary forces, which is limited by evaporation, can
be achieved by using non-volatile liquids with a high surface
tension, e.g., cinnamaldehyde and benzothiazole.”” Another
way is adding a sealing immiscible liquid with a density
identical to a working liquid, similar to electrowetting-driven
lenses.'””'® Using such an immiscible liquid-liquid system,
in turn, will also improve the stability of the lens to tilt to the
horizon.

In the case of the lens actuated by solutocapillary forces,
evaporation of a volatile liquid component of the mixture is a
key mechanism of the lens performance. Therefore, reducing
evaporation intensity may result in a decrease in the driving
surface tension gradient; hence, another approach should be
used. Such an approach could be the processing of internal
surfaces of the housing of the cell aimed at improving the
wettability, which allows reducing some of the irrevocable
condensate accumulating on the internal surfaces during the
laser heating.

The position stabilization of the solutocapillary lens when
tilting to the horizon is a sophisticated problem since the use
of two immiscible liquids of equal density is not possible. In
this case, a possible solution might be applying a complex
approach that combines reducing the size of a droplet, a
special local surface treatment to increase the contact angle
hysteresis, etc.

Nevertheless, we believe that the presented concept of
liquid lenses, controlled by laser-induced surface tension
forces, may be useful for some applications. These include
the automatic readout of bar and QR codes in conveyor lines
without mechanically shifting lenses for focusing, the design
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of small sized optical devices, such as endoscope cameras
and benchtop optical systems to automatically control the
coaxiality of light beams and optical elements, and artificial
models for gaining a better understanding of the
biomechanics of the human and vertebrate eyes.

Conclusions

We presented biomimetic liquid varifocal lenses actuated by
laser-induced thermocapillary and solutocapillary forces. The
focal length tuning is achieved by the change in the curvature
of the refracting surface of a liquid in response to the change
of the laser beam power. Depending on the composition of
the working liquid (pure liquids or liquid mixtures) and the
type of the actuating forces, the lens is able to operate in
converging and diverging modes. Taking into account the
thermal effect of the laser beam, which causes unavoidable
evaporation of liquids, the study of the stability of the liquid
lens operating for a long time is of great importance for its
application as a part of complex biomimetic optical systems
and artificial eyes.

It was found that for the benzyl alcohol lens controlled by
thermocapillary forces for about 100 s of continuous
operation, evaporation is negligible, regardless of the beam
power. During this time, a reversible change in the focal
length is possible without changing its optical characteristics.
Further irradiation leads to an irreversible decrease in its
volume and a corresponding irreversible increase in focal
length. However, the problem of evaporation for these lenses
can be solved by using non-volatile liquids or adding a
sealing liquid as in the case of electrowetting lenses.

For lenses based on a mixture of ethylene glycol and ethyl
alcohol, stable operation of the lens was observed for about 1
minute after its accommodation, i.e. after the formation of a
lens with a constant curvature of the refractive surface.
During this time interval, the dynamic equilibrium of the
evaporation and condensation fluxes of ethyl alcohol takes
place and results in the reversible (without hysteresis) focal
length tuning in response to the laser beam power. However,
with prolonged heating, evaporation begins to dominate and
the lens volume changes, which leads to an irreversible
decrease in the focal length. We have also established that
for the solutocapillary lens consisting of a 50% mixture of
ethylene glycol and ethyl alcohol, continuous switching
between two values of the focal length is possible for about
40 minutes. Note that when utilizing the solutocapillary
mechanism for controlling the focal length of a liquid lens,
the main problem in the present work is the poor tightness
of the cell, which leads to leakage of the volatile component
over long operating times. Another problem requiring a
solution is distortion of the lens shape and the lens position
instability in the laser beam when tilting the optical axis
relative to the gravity vector. Although the lens remains in
the laser beam at a tilt up to 30°, its shape is distorted
causing image distortion.
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