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Disclinations lines play a key role in many physical processes, from
the fracture of materials to the formation of the early universe. Achiev-
ing versatile control over disclinations is key to developing novel
electro-optical devices, programmable origami, directed colloidal
assembly, and controlling active matter. Here, we introduce a theo-
retical framework to tailor three-dimensional disclination architecture
in nematic liquid crystals experimentally. We produce quantitative
predictions for the connectivity and shape of disclination lines found
in nematics confined between two thinly spaced glass substrates
with strong patterned planar anchoring. By drawing an analogy be-
tween nematic liquid crystals and magnetostatics, we find that: i)
disclination lines connect defects with the same topological charge
on opposite surfaces and ii) disclination lines are attracted to regions
of the highest twist. Using polarized light to pattern the in-plane
alignment of liquid crystal molecules, we test these predictions ex-
perimentally and identify critical parameters that tune the disclination
lines’ curvature. We verify our predictions with computer simulations
and find non-dimensional parameters enabling us to match experi-
ments and simulations at different length scales. Our work provides
a powerful method to understand and practically control defect lines
in nematic liquid crystals.

Liquid crystals | Topological defects | Soft Matter physics | ...

Topological singularities link physically distinct phenomena
— they mediate phase transitions (1), act as organizational cen-
ters in biological systems (2), and steer the trajectory of light
(3, 4). Various topological defect configurations are present in
nematic liquid crystals (LCs), fluid-like materials with long-
range orientational molecular order. Disclination lines arise
when nematic LCs are frustrated by incompatible boundary
conditions. These one-dimensional singularities can be facilely
formed and visualized, making nematic LLCs an ideal test bed
for studying defect structures and interactions. Manipulat-
ing disclination lines in L.Cs also has practical applications
in directed self-assembly (5, 6), tunable photonics (7), and
re-configurable microfluidic devices (8, 9). To effectively uti-
lize the potential of disclinations for these applications, it is
essential to develop a set of fundamental rules that govern
their formation and connectivity.

Recent advances in spatial patterning of liquid crystal align-
ment have enabled greater control over the structure of discli-
nation lines. For example, imprinted nano-ridges on glass
substrates have been used to precisely shape defect lines, re-
vealing insights into their energy, structure, and multi-stability
(10, 11), and the corners of faceted colloids have been shown
to act as prescribed sites for nucleating defect lines to connect
the particles(12).. Using light to impose LC alignment at
photosensitive substrates is an equally powerful tool. Photo-
alignment has enabled the design of free-standing disclination
loops(13-15) and periodic disclination arrays with different

www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

morphologies and properties (16-21).

In this work, we introduce a general framework for cre-
ating arbitrarily shaped three-dimensional (3D) disclination
line architecture in nematic liquid crystals. Our framework
provides both an approach to understanding otherwise unin-
tuitive defect line behavior and a new strategy for designing
disclination lines for potential applications. As an example, we
show a structure where the projection of disclination lines on a
two-dimensional (2D) plane forms the shape of a heart (Fig. 1).
In the experiment, light-sensitive layers on parallel glass sub-
strates align the nematic at the surfaces in patterns decorated
with pairs of 2D surface defect nucleation sites (Fig.14). The
2D defects are characterized by winding numbers - the degree
of rotation of the nematic director around the defect divided
by 27 - of +1/2 and —1/2. Aligning opposite-charged defects
on opposing substrates, we observe that the confined LC forms
a pair of disclination lines that primarily run through the
mid-plane of the cell to connect surface defects on the same
substrate (Fig. 1B). This configuration is a stable, equilibrium
state, confirmed by numerical simulations (Fig.1C-D).

To understand the paths that the disclination lines take, we
draw an analogy between the elastic distortion of a nematic
and the magnetostatic field of current-carrying wires. Using
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Fig. 1. Designing three-dimensional disclination line architecture. (A) Schemat-
ics of the two-dimensional surface patterns imprinted onto substrates coated with a
photo-sensitive layer (Brilliant Yellow). Topological defects with charge +1/2 (red
semi-circle) and —1/2 (orange triangle) act as nucleation sites for disclination lines.
The substrates are aligned so that defects of opposing strength are in registry with
each other. (B) Disclination lines viewed under bright-field microscopy form a heart-
shaped structure (scale bar: 25 pm). This configuration corresponds to a stable
equilibrium state. Top view (C) and side view (D) of the disclination structure obtained
from simulation using the patterns in (A) as surface boundary conditions. The ob-
served two-dimensional projection (black points) is a balance between the attraction of
defect lines to locations where the top and bottom surface patterns are perpendicular
(orange lines in (C)) and their line tension. (D) A side view of the defect configuration
obtained in the simulation reveals that the disclination lines primarily run through the
mid-plane of the cell and connect surface defects of opposite charge on the same
substrate.

this analogy, we experimentally and numerically verify two
key rules: (i) disclination lines either connect surface defects
on opposing substrates with the same winding number or sur-
face defects on the same substrate having opposite winding
numbers; (ii) the lines’ paths depend on the interplay between
forces driving them to regions of maximum twist set by the
confining pattern and the disclination line tension. We utilize
these two design principles to create the heart-shaped discli-
nations shown in Fig. 1. Our proposed framework enables the
design of tunable 3D liquid crystal-based disclination networks
for applications in re-configurable optics, photonic devices,
and responsive matter.

The following sections explain the magnetostatic analogy
and its outcomes. Subsequently, we test specific predictions
with experiments and simulations. Finally, we revisit the
structure in Fig. 1 to explain how we designed the heart-
shaped lines and how disclination shapes can be tailored by
varying temperature.

2 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

Results and Discussion

Magnetostatics model. Distortions of the nematic director field
are described by the Frank-Oseen elastic free energy (22),

Felz/[%(V«ﬁ)Q+%(ﬁ»Vxﬁ)2+

%(ﬁx V x ﬁ)z] dv,

1]

with fi the nematic director and K 2,3 the splay, twist, and
bend elastic constants, respectively. We consider a nematic
placed between two parallel plates with (sufficiently strong)
patterned planar anchoring on them, separated by a spacing ¢
much smaller than their lateral dimensions. Under these con-
ditions, we make the following key assumption: in equilibrium,
the nematic director is planar everywhere within the cell, not
only at the boundaries. This is analogous to the Kirchhoff-
Love assumptions in plate elasticity theory (23). The nematic
director field then takes the form i = (cos#é,sin6,0), where
0(x,y, z) is the director’s azimuthal angle in the zy-plane.
In addition, we use the two-constant approximation, with
K1 = K3 = K, which is valid near the nematic-isotropic tran-
sition for low molecular weight thermotropic nematic LCs,
particularly 4’-octyl-4-biphenylcarbonitrile (83CB) (24) used
in our experiments. Eq. 1 then assumes the simple form,

Fu= / [% [(9:0)" + (9,6)°] +%(8z0)2] av.  [2]

Further simplification is obtained by rescaling the z-axis
using Z = 21/K/K> (defined on a domain of thickness { =

t\/K/K3), and redefining V = (9., 9y, 0z), so that
Fo = §/|V9|2d\7. 3]

The functional in Eq. 3 implies that, in equilibrium, 6(z,y, Z)
is a harmonic function. However, this property breaks down
along disclination lines; at the defect core, the nematic order
vanishes, and 0 is not defined. Around the defect line, Eq. 3
admits a nontrivial quantized integral,

%dﬂ -V = 27gq, qEZ/2. [4]

Together Eq. 3 and 4 establish an exact mathematical
analogy of the nematic cell to magnetostatics, as previously
identified by de Gennes (22). In the analogy, the planar
director’s azimuthal angle 6 plays the role of a magnetic scalar
potential, whose gradient is the magnetic field (it is a polar
vector, whose polarity stems from the gradient operator and
not from the apolar nematic director). Disclination lines are
current-carrying wires. Their existence renders § ambiguous;
however, the half-integer quantization of the current exactly
corresponds to the nematic 0 = 0 4+ wZ congruence.

The disclination wires are flexible and stretchy. Each wire
is associated with a line tension 7, the outcome of melting
of the nematic order at the defect core to alleviate the di-
verging elastic energy. Approximately, 7 is proportional to
K¢?; however, there are logarithmic corrections as well as
bending and torsion costs that depend on the line and cell
geometry (22, 25, 26). These corrections become significant
near the nematic-isotropic phase transition as the defect core

Modin et al.

69

70

71

72

73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

88

89

90

91

92

93

N
95
%6
97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

13

114

15

116

17


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX

118

19

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145
146
147
148
149
150
151
152
153
154

155

156
157

158

159
160
161
162
163
164
165
166
167
168
169
170
171

172

size diverges. For simplicity, we ignore these corrections and
treat v as a constant. Similarly to other material parameters,
namely K, K2, v may depend on temperature in a non-trivial
way.

Forces on wires. To study the shape of disclination wires, we
calculate the effective forces acting on them (see SI Appendiz
for full derivations). There are three forces (per unit length)
acting on the wires:

1. The strong anchoring on the two surfaces acts as magnetic
mirrors. Disclination wires are repelled by these mirrors
(alternatively, by the mirror image wires) and pushed
toward the mid-plane between the two boundary surfaces

by a force
27 2 s
far = —# tan (”72) 5. 5]

2. The anchoring planar angles, 6, ,(x,y) on the top/bottom
surfaces, respectively, are analogous to an external mag-
netic field that exerts a Lorentz-like force on disclination
wires:

2K
fp = r 24

(0 — 0y — qm) T x 2, [6]

where T is the unit tangent to the defect line. This
force pulls defect lines horizontally towards regions where
the top and bottom are at a Af = 0, — 6, = gm angle
difference from each other.

3. The line tension of the wires exerts a force
£, = vkN, [7]

where & is the curvature of the wire and N its normal in
the Frenet-Serret frame.

The equilibrium shape of a disclination line is obtained by the
balance of fys, fz, and f,.

This force balance can characterize the geometry of defect
lines connecting to surface defects. A disclination line emerges
perpendicularly from a surface topological defect due to the
magnetic repulsion described by Eq. 5. For a surface defect
lg| > % we expect a split into 2|q| “atomic” lines of magnitude
% arising from the mutual repulsion between them (as was
observed in (10, 17)). By the balance of forces, fas and £y lines
emerging from defects turn horizontally into the mid-plane
over a typical length scale ~ %f = —L_—t. Thus, defect

VKK

lines whose lateral span is much larger than this scale traverse
within the mid-plane for the more significant part of their
trajectories.

Connectivity of surface defects. We study the topological rules
of connecting — with disclination wires — surface defects
patterned on two confining surfaces. Each surface defect is
characterized by a winding number ¢, defined by a closed
loop I around the defect core as % fr VO - dl. By current
conservation, a disclination line can connect two surface
defects of the same q on opposite surfaces; or two surface
defects of opposite q on the same surface. Alternatively,
disclinations can escape to the sides of the system or form a
closed loop. Planarity of the director field forbids connection
between a top-surface +1/2 defect with a bottom-surface
—1/2, even though this would be topologically allowed in a
3D nematic liquid crystal (27).

Modin et al.

Experimental Tests.

Test of Design Principles. To verify these connectivity principles
experimentally, we create a LC cell where the bottom and top
surfaces contain a single, isolated ¢ = —1/2 or +1/2 defect,
respectively (Fig. 2 A-C), utilizing the custom built photo-
alignment system described in Materials and Methods and
SI Appendiz, Fig. S1 (28-30). We shine linearly polarized
light on glass coated with a light-sensitive alignment layer
(Brilliant Yellow). The alignment layer molecules give planar
alignment to the L.C, with a direction that is perpendicular to
the polarization of the incident light. By spatially patterning
the light polarization, we imprint half-integer defect nucleation
sites onto confining glass substrates. The defects on each
surface are photo-patterned within a circular patch of diameter
d =~ 75pum. Under crossed-polarizers, the dichroic properties of
the Brilliant Yellow dye enable us to view the patterned regions
on the confining glass substrates before filling them with LC.
We align the circular patches on each substrate to overlap,
ensuring that defect cores of opposing topological charges are
in registry. Once substrates are secured with epoxy resin, we
carefully measure the cell thickness and inject pre-heated 8CB
LC into the cell, allowing it to slowly cool until it reaches the
nematic phase at ~ 36°C.

The resulting defect structure follows the connectivity rules:
rather than a single disclination line connecting the surface de-
fects as might be expected (27), two disclination lines emerge
from the defect cores and escape to the sides along the mid-
plane, as can be seen from a side view of the numerical simula-
tion in Fig. 24 and from the top view in experiments (Fig. 2B)
and simulations (Fig. 2C). Indeed, this connectivity rule gives
rise to the two extended lines that make the heart shape in
Fig. 1 rather than two defect lines connecting surface defects
directly facing each other. For verification, we run the same ex-
periment and simulation with 4+1/2 surface defects patterned
onto confining substrates (see SI Appendiz, Fig. 2). A verti-
cal disclination line connects the top and the bottom surface
defects, as is permitted in this case by current conservation.

The effect of varying the patterned boundary conditions
can be seen in Fig. 2(D-F). Here, we preserve the topological
charge of each surface pattern but introduce a homogeneously
aligned region that alters the geometric structure of the +1/2
defects. The new surface pattern modifies the areas where
A (z,y) are orthogonal. The new regions where fp = 0
lead to a reduced angular separation of the two defect lines
from 7 (Fig. 2B-C) to 7/2 (Fig. 2E-F). For both designs, the
disclination wires do not bend and s = 0, implying that £,
has little to no effect on the positioning of the lines.

Tuning the curvature of disclination architecture. When the imposed
surface patterns result in curved disclination lines, the line
tension f, becomes important. f, opposes fp, acting to min-
imize the wire’s curvature. The competition between these
two forces causes the trajectory of the two disclination lines in
Fig. 1D to deviate from regions where Af (z,y) = 7/2. The
shape of the disclination lines can then be tuned by changing
the magnitude of fp and f,, which vary differently with tem-
perature due to the temperature-sensitive behavior of v and
the elastic constants K, Ko>. As described below, by tuning
the disclination shape, we measure v/+/K K> at various tem-
peratures, enabling us to map our experimental observations
to simulations.
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Fig. 2. Surface defect connectivity. (A) When two canonical surface defects with +1 /2 charge are imposed as boundary conditions, the planarity of the director field forbids
the connection of the top and bottom surface defects with a single defect line. The equilibrium state obtained from numerical minimization of Landau de Gennes energy
corresponds to two disclination lines (black points) nucleating at the surface defect cores and extending towards the boundaries.(B) Bright-field microscopy images where two
confining surfaces are photo-aligned with isolated 1 /2 surface defects corresponding to the pattern used in (A) . Inset: polarized light microscopy image.(C) Two-dimensional
projection of the numerical results in (A). Inset: The expected polarized optical microscopy (POM) texture reconstructed from the director field using Jones calculus. (D)
Preserving the topological charge of the surface defects while altering their geometric structure changes the regions where A9 = 7 /2. The equilibrium state for these
boundary conditions corresponds to two disclination lines now at a relative angle of /2. (E) Bright-field microscopy images where two confining surfaces are photo-aligned
with isolated +1/2 surface defects corresponding to the pattern used in (D). (F) Two-dimensional projections of the numerical results in (D). Inset: The expected POM texture

reconstructed from the director field using Jones calculus. Scale bars: 25um.

To illustrate the tuning of disclination shape, we construct
LC cells whose confining surfaces are each photo-patterned
with a single +1/2 defect. The substrates are rotated so that
the defects are oriented with respect to one another by an angle
0o and are translated so that a horizontal distance ¢ separates
the defect cores (Fig. 34, B). In this design, the 2D projection
of the patterns contains a locus of points where Af = 7 /2 forms
a circular arc segment with an opening angle 26y connecting
the defects. Once a cell is filled with 8CB, a disclination line
forms to connect the two defect cores (Fig. 3C).. In general,
the line does not follow the arc with opening angle 6y due to
f,. However, along any circular disclination arc that passes
between the two surface defect cores, both Eq. 6 and 7 are
uniform. Thus, in equilibrium, the disclination still forms an
arc, and finding its curvature through force balancing is a
simple algebraic problem:

& K
0= (s +1£) -N="= (2
where « is the opening angle of the arc. Rewriting Eq. 8 in
a dimensionless form, we obtain the following transcendental
equation:

@ 2 .«
= —00> +ygsing, [8]

%—l—’ysin%:%, [9]
where 7 = %—'Lﬁ As expected, in the limit of vanishing

KK
line tension, « tends to 20y, where fp vanishes. In the limit of
infinite line tension, « tends to zero so that f, vanishes. Line
tension’s relative importance in determining the defect line’s
contour is described by the dimensionless parameter 4.

4 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

Equation 9 captures the effect of line tension in reducing
the curvature of an arced disclination line. Rearranging it
again, we find that,

S S P f_ﬂ)}
T ot {90 arcsin ( 5 .

The equation above links the material parameter /v K Ko
to the deviation of the disclination arc’s curvature x from its
zero-line tension limit. Thus, the temperature dependence of
v/v/ K Kj can be measured directly in 8CB from the tempera-
ture dependence of the line curvature. We track the variation
of @ = 2arcsin (¢x/2) as a function of temperature across
6o ranging from 30° to 105° (see Materials and Methods for
details of the image analysis). When a disclination line is
formed by an initial 8y = 105°, the curvature deep in the
nematic phase (T' = 35°C) is small (Fig. 3C'). Increasing the
temperature towards the nematic-isotropic transition, we ob-
serve an increase in k (and hence «) since f, decreases more
rapidly than fz on heating (Fig. 3D). Equation 10 is confirmed
by the collapse in Fig. 3E of measurements held at different
values of t, £ and 6y onto the same curve that only depends
on material properties of the LC. This affirms the validity of
approximating v with a constant.

Fig. 3E shows the monotonic temperature dependence of
v/v KK, in a nematic 8CB, ranging approximately between
12 and 18. We follow the protocol of Fig. 3 to also estimate
~v/+v/ K K> in our numerical simulations (see SI Appendiz for
details); we analyze arced defect configurations for different

[10]
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Fig. 3. Measuring the line tension of a disclination. (A) Diagrams of the geometry
used to create arced disclination lines. Initially, +1 /2 surface defects are imposed as
anchoring conditions in a nematic cell. The substrates are then rotated and displaced
with respect to one another. (B) When viewed from the top, the defects cores are
separated by a distance ¢ and their lines of symmetry form an angle 6. The two-
dimensional projection of the resulting disclination line is a portion of a circular arc with
a central angle .. (C) Bright-field microscopy overlapped images of disclination lines
at two different temperatures. The disclination line’s curvature depends on the balance
of two opposing forces f., and fp, whose magnitudes depend on temperature (scale
bar: 10m, dashed lines are guides for the eye). (D) Varying the temperature of the
nematic, therefore, results in a change in the defect line curvature and in the angle «
as shown in the curves obtained for different values of 6. (E) When the measured
values of ¢, £, and 0y are all accounted for, the implied values of v/ K K> all
collapse onto the same curve as a function of temperature.

values of ¢, £ and 6y, and extract « from which we obtain a
mean v/v/ KKy = 3.3+0.1. This value is not within the ex-
perimental range. However, for every experiment, we can now

match a simulation held at the same value of 4 = % Lt
VEEs Y

by compensating for the different values of \/—;{% with in-
2

versely different values of the aspect ratio %. In simulations,
we tweak 4 not with temperature but with aspect ratio.

We now revisit Fig. 1 and the heart-shaped disclination
lines. These are generated using patterns described in detail
in the Materials and Methods.

‘We control the cusps of the heart by the directions of max-
imum twist around the defects as in Fig. 2. When 8CB is
cooled by = 6°C from the nematic-isotropic transition, the in-
crease in 4 constricts the lobes of the heart-shaped disclination
lines (Fig. 44). We know the value of 4 at each temperature
from the thickness of the cell, the lateral separation between
the two surface defects, and Fig. 3E. Simulations with the
same values of 4, obtained by changing the values of ¢ and ¢,
qualitatively capture a similar change in the structure of the
disclination architecture Fig. 4B. It is remarkable that despite
the experimental uncertainty and the use of different system
sizes in the experiment and simulation, the resulting defect
configurations for the same values of 4 are in good agreement.

Conclusion

This work introduces a novel framework for creating and tun-
ing 3D disclination lines in a nematic liquid crystal. When

Modin etal.

Fig. 4. Tunable disclination line architecture (A) Bright-field microscopy image of
heart-shaped disclination lines measured for two different temperatures, correspond-
ing to different values of 4 (scale bar: 25 um, dashed lines are guides for the eye). (B)
Defect configurations obtained in the simulation for two different sets of parameters
L, t, chosen such that the values of 4 are the same in simulation and experiment.
The change in the structure of the disclination architecture in both experiment and
simulation is captured by 7.

disclination lines are nucleated by surface defects, their con-
nectivity and trajectories are analogous to current-carrying
wires near a current-free surface. Whether or not surface de-
fects may connect to each other can be explained by treating
the topologically charged disclination lines as wires that must
conserve current. Similarly, substrates imprinted with surface-
anchoring conditions exert a Lorentz-like force on the wires,
pushing them towards regions where the anchoring conditions
on opposing substrates are orthogonal. When the patterns
promote wires to curve, they experience an additional force
from line tension that decreases the curvature. This force can
be tuned in both experiments and simulations by changing a
dimensionless parameter, 7.

We verified these connectivity principles through a series
of experiments. By appropriately designing surface anchoring
conditions, we created a three-dimensional structure whose
two-dimensional projection resembles a heart. We tuned its
shape by varying the temperature and recreated the results
using numerical simulations.

The magnetostatic analogy strongly relies on the nematic
director being planar. In our system, the anchoring strength
from Brilliant Yellow on the confining parallel plates is suffi-
cient to achieve bulk planarity, but alternative methods may
be used in other cases. One such method is to use a negative
dielectric anisotropy liquid crystal (such as CCN-47). Appli-
cation of an AC field would then force the director to lie in
the plane perpendicular to the field(31). If needed, surface
patterning may be used to break the in-plane degeneracy at
the boundaries. This technique may be implemented to apply
the magnetic analogy to system geometries other than the
space between adjacent parallel plates.

Our design principles can be used to interpret similar re-
sults observed in recent experiments with disclination lines
created by patterned surfaces (14-16, 18, 32, 33). These prin-
ciples can further be used to construct more complex disclina-
tion architecture, advancing the design of tunable 3D liquid
crystal-based disclination networks for applications of molec-
ular self-assembly, re-configurable optics, photonic devices,
and responsive matter. Furthermore, we have shown that the
equilibrium shape of disclination lines depends on temperature
and aspect ratio, opening the door for multi-state systems,
switchable by varying the temperature or thickness of the cell.
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Materials and Methods

Substrate preparation. Photosensitive material Brilliant Yellow (BY,
Sigma-Aldrich) was mixed with n,n-dimethylformamide (DMF)
solvent at 1 wt.% concentration. Glass substrates (Fisher Scientific)
were washed in an ultrasonic bath with Hellmanex liquid detergent
(Fisherbrand), followed by successive washes in acetone, ethanol,
and isopropyl alcohol, and then dried with N2 gas. The BY-DMF
solution was spin-coated on the substrates at 3000 RPM for 45
seconds. After spin-coating, the substrates were baked at 95°C for
15 minutes. Spin-coating and baking processes were conducted at a
relative humidity of 35% or lower(34).

Surface patterns used in experiments and simulations. In the experi-
ment and simulations, we impose a patterned planar director field,
where the nematic director field takes the form fi = (cos6,sin6,0)
at the top and bottom surfaces. In Figs. 1 and 4 ,the surface pattern
at the top surface is represented by

1 y—1 1 1
bt (z,y) = 5 (tan_l yT —tan~! %

[11]

)

T T
+ -
V2 +y+1)? a2+ (y—1)?
while 0y, (z,y) = —0¢ (z,y). For the +1/2 surface defect patterns
used in Figs. 2,3 we have

1
0 (z,y) =+=tan~? <y> [12]
2 T

Patterned surface alignment. Surface patterns generated according to
Egs. 11 and 12 were imprinted as boundary conditions on substrates
using a custom-built photo-patterning setup consisting of a polarized
LED source (30) feeding into the side port of a bright-field inverted
microscope body (TI Eclipse TE2000).

Segmented images were designed in Keynote and generated using
a LED-based projector (Sony MPL-C1A) connected to a peripheral
optical path (SI Appendiz Fig. S1A). The projector operates using
three time-modulated laser diodes. To match the absorption band of
the BY-DMF solution, we use the blue (A = 445nm) diode. Images
generated by the projector first pass through two aspheric condenser
lenses (Thorlabs, ACL50832U) with focal lengths f = 32 mm,
separated by 64 mm. These lenses collimate the illumination. Two
achromatic doublet lenses (f = 100 mm, Thorlabs, AC508-100-A-
ML and f = 200 mm, Thorlabs, AC508-200-A-ML) bring the image
into focus at the infinity-corrected plane near the microscope’s
side port. Before entering the microscope body, the image passes
through a linear polarizer.

Once inside the body, the image is reflected by a dichroic mirror,
picked up by an infinity-corrected tube lens, and collected by a
microscope objective (20x, Nikon S Plan Fluor ELWD) that focuses
the light onto a BY-coated substrate. Upon irradiation with lin-
early polarized light, the photosensitive azo-dye molecules orient
perpendicularly to the plane of polarization, setting the preferred
alignment direction of the nematic director n. Designed patterns
following Eq. 11 were discretized into level sets where the director
orientation (and the polarization direction of the incident light)
varied by 7/16 (see SI Appendiz Fig. S1B). Patterns generated
according to Eq. 12 were discretized into pie slices with opening
angle 7/16 such that the cores of the surface defects were located
at the vertex of each slice.

Sample preparation. After photo alignment, patterned regions on
substrates were aligned and fixed using epoxy glue (Loctite) to
create a liquid crystal cell. After cell assembly, we use spectroscopic
reflectometry to measure the cells’ thickness ¢, obtained from the
absolute reflectance spectra (Oceanview) fit using custom Matlab
code. Cells are subsequently filled with 4’-n-octyl-4-cyano-biphenyl
(8CB, Nematel GmbH) liquid crystal, pre-heated into the isotropic
phase by capillary flow. After cells are filled, they are sealed on
their ends using UV curable resin (Loon Outdoors UV Clear Fly
Finish).
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Polarized optical microscopy. We use a Nikon LV 100N Pol upright
microscope to image patterned regions with both 20x and 50x
objectives. Samples are placed on a heating stage (Instec HCS302)
set to 36°C to keep 8CB in the nematic phase. Optical microscopy
images are captured using a Nikon DS-Ri2 camera.

Analyzing the curvature of disclination line arcs. Videos of disclina-
tion lines are captured using bright-field microscopy and analyzed
using ImagelJ, TrackPy(35), and custom Python code. The contours
of the disclination lines are detected using a Canny edge detection
algorithm, binarized, and fit to circles using least squares fitting.
For each frame ¢ of the video, the radius of curvature r; = 1/k and
center of the best-fit circle (xlc, ylc) are determined. These circles
intersect at the defect cores, corresponding to two unique points. To
find the positions of these points (x,y), we minimize a cost function
= :Z ((Z*mf)%r(y*yf)?)
K3 T‘i
frames in the video. The uncertainty of each defect core’s position
is the cost function’s value, and the distance £ between the defect
cores is calculated using the Euclidean distance.

— 1) , where the sum is over all the

Jones matrix calculations. For qualitative comparison of numerical
and experimental director configurations near nucleated disclination
lines, we use Jones calculus to reconstruct the polarized optical
microscopy (POM) texture of the director field obtained from min-
imization of the Landau de-Gennes free-energy. The volume of
the numerically-obtained director field is discretized into volume
elements (voxels) on a 3D grid, with each point at position p con-
taining /N voxels each of thickness A. It is assumed that variation
in n between successive voxels is small compared to the wavelength
of incident light A, so that A < 1/|Vi|. Each voxel v is treated
as a uniaxial birefringent optical element, represented by a 2 x 2
Jones matrix M, that depends on both the extraordinary n® and
ordinary m° indices of refraction of the LC. Light propagating
through a voxel experiences an n¢ dependant on the polar angle
0, between n and the light’s propagation direction kg given by
ne(0,) = none/\/(no cos0,)% + (nesin6,)?. We choose ko = 2,
so that the plane of polarization is the x — z plane, and write the
corresponding Jones matrix as,

B 61‘715(9,,)277% 0
M, (P) = ( 0 einZQﬂ'%

Using the 8CB’s n® and n° at the experimental tempera-
ture and wavelength A, we compute M, (p), constructing a sin-
gle operator v (p) = Hivzl R(—¢v) M, (p) R (¢r), where R (¢,) =

cos ¢y, sin ¢,
( —sin¢, cos ¢,
voxel v. Following (36) and (37), we construct 2 x 2 Jones ma-
trices for the polarizer P and analyzer A. Sequential propagation
of plane waves Eg through P,y (p) and A results in a single Jones
vector Er (p) = Av (p)PEp. The calculated POM texture is ob-
tained from the intensity of light transmitted through each voxel,
Ir (p) = |E7 (p) |*.

(13]

) and ¢, is the azimuthal component of # in

Numerical simulations. The numerical modeling of the nematic liquid
crystal is achieved using the lattice-discretized Landau-de Gennes
model implemented in open-Qmin(38). The configuration of a
nematic liquid crystal is represented by specifying the components
of the Q-tensor(38, 39) which is related to the director fi of a

uniaxial nematic by Q;; = %S (ninj — %éij), where 4,5 € {z,y, 2}
and S is the degree of uniaxial nematic order. To simulate a thin
nematic cell, we consider a three-dimensional box of size L X L X L
with L > L. In the simulation, we use L = 250 and L, between
12 and 21, expressed in units of the number of lattice sites. Note
that the thickness ¢t = L, — 1, since anchoring is imposed on
top and bottom layers. At every lattice point, we start with a
random initial condition for Q;;. We impose strong patterned
planar anchoring at the top and bottom surfaces by setting the
anchoring strength W = 50 (expressed in units of |a|Az where a
is the Landau coefficient and Az is the lattice spacing) for the
two surfaces. This value corresponds to W = 1072J/m? in our
experimental setup. We use free boundary conditions on the side
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surfaces of the simulation box by setting W = 0. We use the Fast
Inertial Relaxation Engine (FIRE) algorithm within open-Qmin(38)
to minimize the total free energy until the norm of the residual
force vector goes below 1078 (see SI Appendiz for details). In
the energy-minimized configuration, defects are identified locally
as lattice sites where the largest eigenvalue of @ falls below some
threshold, typically 0.955.
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