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MIHA ČANČULA,1,* MIHA RAVNIK,1,2 IGOR MUŠEVIČ,1,2 AND
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Abstract: We demonstrate polarization-selective microlensing and waveguiding of laser beams
by birefringent profiles in bulk nematic fluids using numerical modelling. Specifically, we show
that radial escaped nematic director profiles with negative birefringence focus and guide light with
radial polarization, whereas the opposite – azimuthal – polarization passes through unaffected. A
converging lens is realized in a nematic with negative birefringence, and a diverging lens in a
positive birefringence material. Tuning of such single-liquid lenses by an external low-frequency
electric field and by adjusting the profile and intensity of the beam itself is demonstrated,
combining external control with intrinsic self-adaptive focusing. Escaped radial profiles of
birefringence are shown to act as single-liquid waveguides with a single distinct eigenmode and
low attenuation. Finally, this work is an approach towards creating liquid photonic elements for
all-soft matter photonics.
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OCIS codes: (160.3710) Liquid crystals; (160.1190) Anisotropic optical materials; (260.1440) Birefringence; (260.5430)
Polarization; (260.5950) Self-focusing.
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1. Introduction

Micro-manipulation of the flow-of-light is today a major fundamental and technological chal-
lenge, with implications including fundamental technological challenges in metamaterials de-
sign [1, 2], transformation optics [3], and sub-wavelength microscopy [4]. Lenses are among
the core elements needed for light manipulation, and one of the major challenges is to achieve
tunability on a microscopic scale. Tunable lenses are used in multi-photon microscopy, providing
fast focus shifting of the scanning beam [5,6], as well as in endoscopy where tunability and small
size are important [7]. Such lenses can be based on liquid crystals [8–12], electrowetting [13],
or elastomer membranes [14], while the tuning is typically achieved by applying an external
electric field [15].

Nematic liquid crystals (NLCs) are known photonic materials, with their key differentiator
being the easily tunable optical birefringence [16–18], which can be designed and manipulated
over multiple orders of magnitude in length scales, from 10 nm to 100 µm [19], and on time
scales ranging from milliseconds down to picoseconds [20–22]. This broad variability allows
for design of various photonic elements, including microresonators [23, 24], waveguides [25],
polarization converters [26], and micro-lasers [10, 27]. Photonic elements are typically realized
in layered geometries [28, 29], or in double emulsions [24, 25]. Liquid crystals are often used as
a component in fibers and other waveguides, where they enable external control and tuning of
the optical parameters [30–32].

Light and liquid crystals birefringence are inherently mutually coupled. On one hand, the
birefringence affects the flow-of-light while on the other hand, the dielectric coupling between
the light field and the induced dipoles of the nematic molecules change the birefringence profile
of the nematic [16, 33]. Particularly, this coupling can become very relevant at strongly varying
nematic profiles or at higher light intensities. The coupling between these two effects give rise to
interesting phenomena such as nematicons [34], tunable negative refraction [35] and self-induced
optical vortices [29, 36, 37]. However, today most LC photonic works are performed in the
regimes where this coupling is rather weak, therefore ignoring either reorientation due to light
field [26, 38, 39] or the effect of the liquid crystal profile on incident beams [40, 41].

Structurally, nematic liquid crystals are soft materials where molecules have a long-range
orientational order, but no long-range positional order. This ordering is characterized by their
average orientation, called the director n, and the nematic degree of order S. The optical axis
in nematics is parallel to the director and can vary in space and time. In the equilibrium state,
the nematic director is uniform, and any deformations of the director reduce the freedom of
molecules and thus increase the free energy of the system. However, external fields or surfaces
can impose a different profile. Placing the NLC into a capillary with suitably-treated walls
produces the so-called “escaped” profile, where molecules are perpendicular to the walls, but
parallel to the capillary axis at the center. Such a profile is shown in Fig. 1.

Radial escaped nematic profiles are commonly observed as the line structure in nematic
capillaries [33], in the form of escaped loops in colloidal systems [42] or as solitons in various
confined systems [43]. In such a line structure, the nematic director continuously changes from
being aligned along the line in the centre of the profile and perpendicular in the radial direction at
the outside of the profile, as shown in Fig. 1. This profile is nonsingular, as the nematic director
is well-defined and continuous everywhere. Optically, the ordinary and extraordinary refractive
indices are uniform, but the principal axis varies in the direction perpendicular to the escaped
radial line. The radial symmetry of an escaped profile can be matched by a radially polarized
light beam [44]. Such beams can be generated using liquid crystal defect structures [26, 39],
conical Brewster prisms [45], or phase modulators [46]. In such a setup, the incident polarization
is always extraordinary, and the corresponding refractive index varies with the distance from the
axis. The light observed the ordinary index at the axis, and the extraordinary index near the edge
of the escaped profile. The refractive index contrast, and with it the lensing effect, comes from
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the liquid crystal ordering itself, meaning that it can be realized in single-component bulk liquid
crystals. To achieve converging lenses, the index of refraction needs to be greater at the center
than near the capillary wall, which requires a material with negative birefringence, whereas for
diverging lens more common positive birefringence nematic materials need to be used. The
azimuthal polarization, which is orthogonal to the radial one, observes a uniform refractive index
and is unaffected by the director profile. The focusing effects demonstrated in the paper are thus
highly polarization dependent.

A B

Eopt

Eext

x

y

z

1

Fig. 1. Radial escaped nematic line as a photonic element. (A) An escaped profile of the
nematic liquid crystal. Away from the axis, molecules are perpendicular to the escaped line,
and continuously transition to a parallel orientation at the axis. (B) Radially polarized light
(polarization illustrated by red arrows) propagating through a short segment of an escaped
director profile observed a radially-dependent refractive index, resulting in focusing and
lensing, while the polarization profile is preserved. The optical electric field Eopt, external
electric field Eext, and the chosen coordinate system are shown with arrows.

In this paper, we show that birefringent escaped director profiles in nematics can be used as
tunable self-adaptive photonic elements, specifically as single-component liquid microlenses and
waveguides for Laguerre-Gaussian light beams. The variable angle of the director with respect to
the incident polarization causes the light to observe a spatially-dependent index of refraction,
resulting in beam focusing and beam guiding. The light retardation imposed by such fluid
photonic elements is shown to be dependent on the material birefringence and its spatial profile,
making such elements polarization dependent. Focusing in microlenses is shown to be tunable
with the beam intensity, demonstrating an interesting self-adaptive lensing dependence. We
combine the self-adapting behavior with an external electric field, further tuning the symmetry
and profile of the lens to achieve designable focusing properties. Finally, we show that the
focusing effect can be also used for waveguiding, transporting the light along a single-fluid
birefringence profile. Such waveguides have a distinct propagation eigenmode with a fixed
polarization, indicating the possibility of using escaped profiles as polarization-dependent beam
splitters.

2. Theory and numerical modelling

Light field and the material birefringence field are inherently coupled in nematic fluids via the
material dielectric permittivity, with the change in the either of two fields affecting the other.
Methodologically, this mutual coupling requires rather challenging (and often ignored) coupled
input on light propagation and the nematic orientational ordering. We propose here an approach
where we combine the established mesoscopic free-energy based modelling of liquid crystal
and solving Maxwell’s equations for of the light field, where importantly the nematic and the
light field mutually adapt to one another. Specifically, we describe the nematic orientation by
using phenomenological Landau-de Gennes (LdG) free energy relaxation [47], and combine it
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with the custom-developed finite-difference time-domain (FDTD) method [39, 48] for modelling
the propagation of light in an arbitrary spatially varying optically anisotropic material. This
combined approach gives a strong theoretical predictive and modelling methodological tool
capable of describing in full the mutual coupling effects between light and birefringence in
arbitrary nematic fluid-based photonic geometry.

The time-evolution of E and H is computed directly using the Maxwell’s equations

ε
∂E
∂t

= ∇ × H , µ
∂H
∂t

= −∇ × E .

In order to support arbitrary anisotropic media, we use the full 3D FDTD method, where all six
components of E and H are considered. The electric and magnetic fields are updated alternatively,
so that the magnetic field is computed with a half-step delay with respect to the electric field.
This alternation, together with computing the electric and magnetic field at different positions,
improves accuracy with no loss of performance. Our FDTD software uses a nonstandard lattice,
sacrificing some of the performance in favor of stability and compatibility with the liquid crystal
relaxation method [39].

Equilibrium ordering of the liquid crystal is obtained by minimization of the Landau-de
Gennes free energy functional

F =

∫
V

( 1
2
L
∂Qi j

∂xi

∂Qi j

∂xi︸            ︷︷            ︸
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−
1
3
ε0ε

mol,opt
a 〈E

opt
i
Qi jE

opt
j
〉︸                          ︷︷                          ︸

coupling with light

−
1
3
ε0ε

mol,ext
a 〈Eext

i Qi jE
ext
j 〉︸                          ︷︷                          ︸

coupling with external field

)
dV+

+

∫
V

( 1
2
A(T ) TrQ2 +

1
3
B TrQ3 +

1
4
C(TrQ2)2︸                                              ︷︷                                              ︸

nematic-isotropic transition

)
dV +

∫
∂V

( 1
2
W (Q − Q0)2︸           ︷︷           ︸

surface anchoring

)
dS

where the first term describes the elastic free energy due to spatial variations of the director,
the second and third term describe the coupling between the liquid crystal and an electric or
optical field, the fourth term is the Landau expansion describing the temperature-driven phase
transition between nematic and isotropic state, and the fifth term the surface anchoring on
confining surfaces. The dielectric coupling constant εmol

a = εA/S = (ε‖ − ε⊥)/S is the frequency-
dependent molecular dielectric anisotropy. We have explicitly separated the contributions from
a low-frequency external electric field Eext and from the optical electric field Eopt because
εmol

a differs by several orders of magnitude between the optical frequencies and the low frequency
of the external electric field. Other possible contributions to the free energy, such as chirality,
flexoelectricity and magnetic coupling could also be incorporate into the approach if needed.

We model the mutual interaction between light and liquid crystal by alternating between steps
of liquid crystal relaxation (LdG steps) and steps of solving Maxwell’s equations (FDTD steps), as
illustrated by the flowchart in Fig. 2. The iterative approach effectively separates the time scales
into an effective multiple timescale algorithm. Additional conversions are needed when switching
from FDTD to LdG steps and vice versa. Maxwell’s equations for birefringent materials contain
the inverse dielectric permittivity tensor (ε−1)i j , which is calculated from the liquid crystal order
parameter tensor Qi j . On the other hand, LdG relaxation is affected by the light intensity tensor
Ii j = 〈EiE j 〉 obtained by averaging the products of electric field components over one wave
period at every point in space. Optimal numbers of repetitions for light and relaxation steps
depend on the system size; notably, light should traverse the simulation cell in each iteration to
reach the steady state, while there is no methodological restriction on the number of relaxation
steps. The alternation is repeated until a steady-state solution is achieved. The numerical method
is highly parallel and runs entirely on GPUs, which enables us to accurately model relatively
large systems quickly. A typical run takes around a day on a machine with 4 Nvidia Titan GPUs.
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Fig. 2. Numerical algorithm flowchart.

The following numerical parameters are used in our modelling: wavelength λ = 390 nm,
optical birefringence ∆n = −0.05, lens thickness 5 µm, escaped profile diameter 12 µm for lenses
and 6 µm for waveguides, low-frequency dielectric anisotropy εA = −8.0. The one-constant
approximation is used, with the single elastic constant equal to L = 40 pN. The simulation box
is three-dimensional, with size equal to 12 nm × 12 nm × 24 nm, while the incident beam is
propagating mainly in the z direction. We take the simulation box to impose distinct anchoring
at the boundaries in order to stabilise the escaped radial profile, with the anchoring strength
W = 10−5 J/m2 at the z boundary and W = 10−3 J/m2 at the x and y boundaries. Zero absorption
of light in the material is assumed. For electric field tuning of the lenses, we use strenghts of
up to Eext = 1 V/µm, which is sufficient to overcome the nematic elasticity. In order to obtain a
similar effect on the liquid crystal, the electric field in light is stronger, up to 10 V/µm, because
the dielectric anisotropy is much smaller at optical frequencies. The desired electric field is
achieved with a Laguerre-Gaussian beam with radius 3 µm and total power P of approximately
1 W. Such laser power is at the high-end for typical lasers and optical tweezers used for liquid
crystal research, but it is spread over a relatively large focus spot.

Sensible generic values are chosen for the light and material parameters, as their values have no
qualitative impact on the results. The competition between nematic elasticity and light-imposed
reorientation is the driving force behind the phenomena described here, and the exact value of
light-field parameters need to be considered and used relative to the effective strength of the
nematic elasticity, as well as relative to the optical anisotropy at low and high frequencies. The
wavelength of light is chosen to provide a suitable amount of beam divergence inside the lenses
and waveguides. The no-absorption regime, apart from being easier to implement numerically,
is used in order to discern the distinct waveguide modes and study the waveguide performance
without additional losses caused by absorption.
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3. Results

3.1. Microlensing

A radially polarized light beam is sent along a segment of a nematic escaped profile and lensing
is observed. In an ideal converging lens, the phase retardation varies with radial distance as
∆(r) = r2/2λ f , where f is the focal length of the lens [49]. In escaped profiles the profile is
instead proportional to (R2 − r2)/(R2 + r2) [33], which leads to a less clearly defined focal point
and a spot size above the diffraction limit. It is thus desirable to reorder the liquid crystal to
optimize the profile and obtain a radial profile of the refractive index closer to the radius-squared
relation above. We employ the light beam itself as well as an external electric field for tuning
the nematic profile. As the beam is travelling in the z direction, we define the director angle
θ as the angle between the local nematic director and the z axis. In the escaped profile in the
absence of electric fields, the director angle is 0◦ at the axis, and continuously changes to 90◦ at
the boundary of the profile. Assuming a negative-birefringence nematic, a lower director angle
corresponds to a higher index of refraction, and vice versa.

A

Eext = 0V/µm, P = 1mW

0 0.2mW/µm2

B

Eext = 0V/µm, P = 200mW

0 40mW/µm2

C

Eext = 0V/µm, P = 800mW

0 160mW/µm2

D

Eext = 0.5V/µm, P = 1mW

0 0.2mW/µm2

E

Eext = 0.5V/µm, P = 200mW

0 40mW/µm2

F

Eext = 0.5V/µm, P = 800mW

0 160mW/µm2

G

Eext = 1.0V/µm, P = 1mW

0 0.2mW/µm2

H

Eext = 1.0V/µm, P = 200mW

0 40mW/µm2

I

Eext = 1.0V/µm, P = 800mW

0 160mW/µm2

1

Fig. 3. Lensing of high-intensity beams on an escaped disclination line in the presence of an
external electric field. Shades of gray show the local light intensity with the scale given by
colorbar under each image, red lines show the local director profile inside the liquid crystal
lens, while green dashed lines mark the lens boundary. (A-I) Competition between elastic
forces, optical fields of the beam with power P and an external electric field Eext produces
a rich variety of lensing patterns. Interesting director structures form in medium-strength
external fields (Eext ∼ 0.5 V/µm), where beam power P has a strong effect on the director
profile and lensing. As the external field strength is increased, the structure transforms into a
completely radial profile with a defect line at the axis. In all cases, light intensity is almost
completely axially symmetric, as is the director angle of escape and with it the observed
index of refraction.

Both the light beams themselves and external fields affect the ordering of the liquid crystal,
resulting in different focusing properties, as shown in Fig. 3. Since the polarization of light
is perpendicular to the external electric field, they have opposite effects on the local liquid
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Fig. 4. (A) Numerical aperture of the lens as a function of beam power in the absence of
an external electric field. We see that the numerical aperture is highest for weak beams,
then quickly drops as power is increased, and finally stabilizes at a lower value for high
beam powers. The inset shows the director angle profiles at different beam powers. Strong
beams reduce the director angle, resulting in a wide area where the director is parallel to
the escaped line axis. (B) Director angle of escape at different external field strengths and
a strong (P = 800 mW) light beam. When the external field is weak, below 0.5 V/µm, the
director is mostly in the z direction. As the external field is increased, it gradually changes
and the director becomes aligned in the xy plane. (C) The numerical aperture of the lens at
different external field strengths and beam powers. The numerical aperture is highest at a
distinct external field strength Eext, which depends on the beam power. Notably, changing
the beam power shifts the position of this peak, demonstrating a possibility of tuning such
lenses by varying either the beam power or the external field.

crystal orientation. In a negative-birefringence nematic, director tends to be perpendicular to
the electric field, either static or optical. High intensity beams with transversal polarization thus
effectively decrease the local angle of escape. In Fig. 3, we can see that high-intensity beams
generally reduce the focusing, resulting in a larger spot size and a longer focus length. At very
high laser powers, over 800 mW, the director becomes almost uniform (along the z direction –
perpendicular to the polarization), resulting in a near-uniform refractive index.

If an external low-frequency electric field is applied in the z direction in a nematic with
negative birefringence at this frequency, it rotates the director towards the xy plane, increasing
the director angle and partially compensating for the reordering effects of the beam. Because
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the external field is uniform, while the light intensity has a Laguerre-Gaussian profile, the
compensation is spatially dependent. The competition between these forces can be summarized
by the director and beam profiles in Fig. 3. The resulting birefringence profiles range from a
fully open configuration with distortions only at the edges to a fully closed profile with a singular
defect at the axis. In the case of high-intensity beams and a week external field (top right region
of Fig. 3), the distortion is pushed away from the central axis of the escaped line and focusing is
severely weakened. When the applied field is strong enough to overcome both the elastic forces
and light intensity, the director is parallel to the polarization of light, and the light again observes
a near-uniform refractive index (bottom left region of Fig. 3). However, the case where both
effects are comparable, such as on the center image, exciting lensing director profiles emerge.
The angle of escape plot shows strong spatial variations, as there is strong competition between
the localized light beam and the uniform external field, in addition to elastic forces. Importantly,
director variations are strong mainly in the area where light intensity is high, amplifying its effect
on the beam.

Quality of lensing can be characterized by numerical aperture, computed as the half-angle
of the cone of light exiting the lens. The effective beam diameter is computed as four times the
standard deviation of the intensity distribution, in accordance with the ISO standard [50], and the
cone angle is derived from the rate of change of the beam diameter. The plots in Fig. 4 show
that numerical aperture drops steeply as the beam intensity is increased. In all cases, numerical
aperture is not distinctly high comapred to standard lenses, because of the low birefringence and
the different radial dependence of refractive index. However, the lenses described here are liquid,
single-component, and tunable using either the beam itself or an external electric field.

By varying the external electric field and beam intensity, focusing can be adapted to very
diverse regimes, allowing for effective tuning of such lenses. Figure 4 shows the director angle
profile and the numerical aperture of the lens at different external field strengths and beam power.
We see the effects of the competition between order elastic and the two external forces, as the
director configurations range from mostly in the z directions to fully in the xy plane. Of special
interest is the dependence of the numerical aperture on both beam power and external electric
field, as shown in Fig. 4(c). At each beam power, there is a certain external field strength where
focusing is strongest, and vice versa. This has important implications for tunability of such
lenses: the numerical aperture can be tuned by changing the external field, or it can be self-tuned
by changing the light beam intensity itself. Further, the lens can be constructed to focus only
beams of a certain intensity range, and this range can be modified by changing the applied
low-frequency electric field.

3.2. Waveguiding

Selective focusing properties of escaped director profiles can be used for polarization-dependent
waveguiding. We find that narrow beams of radially polarized light travelling along an escaped
line can follow the line, while beams with the opposite (azimuthal) polarization are not affected
by the disclination. Thus escaped disclination lines can function as selective waveguides. A
Laguerre-Gaussian beam with radial polarization introduced into an escaped-profile waveguide
propagates along the guide with very low losses. Since the director profile has a radial symmetry,
the waveguide mode is radially polarized as well. Notably, if a linearly polarized Gaussian
beam is sent along an escaped profile, the beam diverges in the direction perpendicular to its
polarization and no waveguiding is observed. This effect greatly depends on the scale of the
escaped profile and material birefringence. The combination of ∆n = −0.05 and R = 1 µm leads
to the propagation as depicted in Fig. 5(a). When these two parameters are not tuned correctly,
oscillations of the beam – known as “breathing” – are observed.

As seen in Fig. 5, the waveguide has a single distinct propagation mode. Different incident
beams result in the same waveguide mode, while other components are quickly radiated out as

                                                                                              Vol. 24, No. 19 | 19 Sep 2016 | OPTICS EXPRESS 22185 



A

B

500 1000 1500 2000 2500

R
el
at
iv
e
b
ea
m

p
ow

er
[a
.u
.]

Waveguide length [µm]

w0 = 200 nm
w0 = 300 nm
w0 = 350 nm

w0 = 400 nm
w0 = 500 nm
w0 = 700 nm

1

Fig. 5. Use of long escaped director profiles as waveguides. (A) Intensity profiles of incident
beams of different widths show that the beams condense to the single eigenmode, which
then remains stable for long distances. (B) Total beam power as a function of position inside
the waveguide shows large initial losses, but confirms that the eigenmode is stable and the
waveguide does not leak at larger distances. The magnitude of the losses depends on the
incident beam width w0.

losses. After this initial “shedding”, the waveguide mode is stable with no noticeable losses on
distances of up to 100 µm assuming no scattering or absorption in the material. As seen in Fig.
5(b), the beam intensity quickly drops when the beam enters the waveguide, but then stabilizes
and remains nearly constant even over long distances. The initial intensity loss depends on how
close the beam width is to the waveguide mode; in the case of the 500 nm beam, it is barely
noticeable. For much wider and much narrower beams, however, most of their initial power is
radiated as losses.

The intensity profile in the waveguide mode, shown in Fig. 5(c), appears rather similar to
the Laguerre-Gaussian mode, and can be predicted analytically in the paraxial approximation.
There are three independent variables defining the waveguide: capillary radius R, wavelength of
light (represented by wave vector k) and the material optical dielectric anisotropy εA = Sε

mol,opt
a .

Assuming radial polarization in the transversal plane and no modulation in the z direction, and
substituting the ansatz E = E0ψ(r)er exp(ikz − iωt) into the anisotropic Helmholtz equation, we
obtain ∇2

ρ +
1
ρ2 + B

(
1 − ρ2

1 + ρ2

)2 ψ(ρ) = βψ(ρ) (1)

where ρ = r/R is the reduced radius distance, B = (kR)2(n2
e − n2

o) is a dimensionless waveguide
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Fig. 6. (A) Cross-sections of the local light intensity show that the eigenmode is independent
of the incident beam width w0. A Laguerre-Gaussian profile is fitted to the mode, which
gives a beam width of w0 = 375 nm. Comparison to the Laguerre-Gaussian profile and
the analytically obtained solution shows a discrepancy at the center, where simulation
show nonzero intensity due to a presence of longitudinal polarization, while the analytic
approaches assume zero intensity. (B) Spatial profile of the refractive index observed by the
incident radially polarized beam and the stable waveguide mode. Discrepancies arise due to
the presence of the longitudinal component at the center, as well as far away from the axis
where the light intensity is very low.

parameter, and∇2
ρ = 1

ρ
∂
∂ρ (r ∂

∂ρ ) is the radial part of the Laplacian. The equation can be discretized
and solved numerically as an eigenvector problem for the field distribution ψ(ρ), where the
eigenvalue β is related to the mode’s propagation velocity. The solution for parameters used in
the numerical study is included in Fig. 6(a), which shows better matching with the numerical
data than the incident Laguerre-Gaussian mode, especially in the longer tail, where the index of
refraction in the escaped nematic profile deviates noticeably from the radius-squared relation.
The most notable discrepancy is the nonzero intensity at the axis; this is prohibited by the
assumption of transversal radial polarization. However, as seen from full numerical calculations
(Fig. 6), the waveguide mode exhibits a longitudinal polarization component near the axis, as is
common in focused radially polarized beams [51]. The longitudinal component causes the light
to observe a different refractive index than it would otherwise, this difference is illustrated in
Fig. 6(b). At the axis, the radial component is zero due to continuity of the electric field, so light
is polarized fully in the z direction, parallel to the director near the axis, causing it to observe
the lower extraordinary index of refraction. It thus appears that the presence of the longitudinal
electric field is an important feature of radial birefringence profiles.

4. Conclusions

In conclusion, we show that the bulk nematic birefringent profile of a radial escaped line can
perform as a polarization depended microlens and as a single-component fluid waveguide.
The lensing is shown to vary with material birefringence; a negative birefringence material
is needed to achieve converging lenses. The lens focusing can be well controlled by tuning
the beam intensity or by an external electric field, combining self-lensing effects with external
tunability. We further demonstrate that the same birefringence profiles can also guide light of a
single distinct propagation mode with very low losses. Waveguiding is polarization dependent
and is highly efficient on radially polarized light, whereas it has no effect on light of the
opposite polarization. More generally, the presented nematic bulk birefringent profile lensing
and waveguiding demonstrates the rich – and in many ways unexplored – interplay between
elastic forces, confinement, external fields and light beams for use in photonics, where the
unique combination of both internal and external control could lead to interesting phenomena,
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such as topology-driven light manipulation and controlling light with light. Combining such
lenses and waveguides with polarization-modifying elements could allow for further control
of light propagation, possibly leading to interesting applications in information processing and
all-photonic circuits.
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