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With the development of conformable photonic platforms, particularly those that could be interfaced with 
the human body or integrated into wearable technology, there is an ever-increasing need for mechanically 
flexible optical photonic elements in soft materials. Here, we realize mechanically flexible liquid crystal (LC) 
waveguides using a combination of ultrafast direct laser writing and ultraviolet (UV) photo-polymerization. 
Results are presented that demonstrate that these laser-written waveguides can be either electrically 
switchable (by omitting the bulk UV polymerization step) or mechanically flexible. Characteristics of the 
waveguide are investigated for different fabrication conditions and geometrical configurations, including 
the dimensions of the waveguide and laser writing power. Our findings reveal that smaller waveguide 
geometries result in reduced intensity attenuation. Specifically, for a 10-μm-wide laser-written channel 
in a 14-μm-thick LC layer, a loss factor of −1.8 dB/mm at λ = 650 nm was observed. Following the UV 
polymerization step and subsequent delamination of the glass substrates, we demonstrate a free-standing 
flexible LC waveguide, which retains waveguide functionality even when bent, making it potentially suitable 
for on-skin sensors and other photonic devices that could interface with the human body. For the 
flexible LC waveguides fabricated in this study, the loss in a straight waveguide with a cross-sectional 
area of 20 μm × 20 μm was recorded to be −0.2 dB/mm. These results highlight the promising potential of 
electrically responsive and mechanically moldable optical waveguides using laser writing and UV-assisted 
polymer network formation.

Introduction

Fabrication technologies such as lithography [1], inkjet printing 
[2,3], electrohydrodynamic printing [4,5], 3-dimensional print-
ing [6,7], and direct laser writing [8–10] have enabled the real-
ization of micro- and nano-scale photonic devices and systems. 
Such photonic elements have demonstrated considerable poten-
tial in various fields including optical computing [11–19], opti-
cal communications [20–24], and optical sensing [25]. Optical 
waveguides can play a vital role in terms of confining and guid-
ing light along predetermined paths, especially for photonic 
integrated circuits (PICs), which utilize photons for computa-
tion, akin to the function of an electric circuit in conventional 
microchips [15,26–32].

In general, silicon, silicon nitride, III–V semiconductors, 
and LiNbO3 are popular material platforms for optical wave-
guides [33–35], which require a refractive index mismatch 

between the waveguide core material and its surrounding clad-
ding. Although silicon photonic technologies have attracted 
significant interest in recent years and have shown revolution-
ary potential, they suffer from significant insertion loss due to 
their high refractive indices and typically do not offer switch-
able functionality [36,37]. While LiNbO3 does exhibit outstand-
ing electro-optical tunability, the high voltage requirements can 
restrict its integration into PICs [30].

Nematic liquid crystals (LCs) are potentially desirable for 
optical waveguides/light pipes because the refractive index can 
be “tuned” using a range of external stimuli [38–44]. For exam-
ple, an LC splitter for generating and separating autofocusing 
and autodefocusing circular Airy beams was demonstrated in 
2020 in which the energy distribution could be controlled by the 
incident polarization [45]. Recent work also demonstrated ther-
momechanical LC elastomers that constitute artificial muscle-
like actuators that can be remotely and repeatably controlled for 
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large stoke and fast response [46]. Additionally, LCs also exhibit 
a birefringence that can be controlled by the application of a 
voltage, enabling a refractive index mismatch to be obtained 
without changing the material as is often required [47–51]. For 
example, recent work has demonstrated the formation of poly-
mer-stabilized microlens arrays that can be tuned electronically 
and reversibly at room temperature [47].

The use of LCs in waveguide geometries is not, however, a 
new concept [52–69]. For example, in 1994, LC waveguides were 
fabricated using scanning force microscopy wherein the poly-
mer alignment layers were intentionally “scratched” to intro-
duce a refractive index profile in the LC layer that was suitable 
for an optical waveguide [53]. Silicon-on-insulator (SOI) con-
figurations, such as those involving a high-index silicon wave-
guide on a low-index silicon oxide slab, can exhibit a single 
mode for operation at the Telecoms wavelength of 1,550 nm 
with minimal signal attenuation [62]. Due to the poor electro-
optical effects in silicon, realizing tunable Si-based waveguides 
is very difficult. However, by combining SOI technology with 
LCs as the cladding material, it is possible to make devices tun-
able over a relatively large range with a small voltage [63,64]. 
Additionally, tunable waveguides realized by utilizing LCs as 
the core material have also been explored. For example, in the 
experiments of d’Alessandro, an integrated optical switch was 
demonstrated by fabricating V-shaped groove channels in sili-
con covered with an oxide and filled with an LC that can be 
switched with an applied voltage [65–67]. Subsequently, in 2015, 
methodologies for creating photonic channels on both silicon 
and polydimethylsiloxane (PDMS) were showcased, catering to 
the requirements of flexible devices. The propagation of polar-
ization-independent light within a waveguide, with its core 
infused with LC, has also been reported [68,69]. A recent report 
has demonstrated various graded-index waveguides by control-
ling the spatial orientation of the director of nematic LCs. In 
this study, patterning of the LC using photoalignment (SD1) 
was employed to create straight and curved waveguides, as well 
as ring resonators [27].

Using LC materials provides the prospect of developing wave-
guides that consist of the same material for both the core and 
cladding, potentially offering greater flexibility and ease of inte-
gration into more complex architectures and device platforms. 
In this work, we have therefore developed LC waveguides by 
combining 2-photon direct laser writing (TPP-DLW) [70–73] 
and ultraviolet (UV) polymerization. To fabricate the wave-
guides, a voltage is applied to an LC layer to manipulate the 
director orientation before it is locked in place using laser writ-
ing. Upon removal of the voltage, the director orientation in the 
region surrounding the laser-written core relaxes back to a pla-
nar aligned configuration, resulting in a refractive index mis-
match between the core and the cladding for incident light of a 
certain polarization. In this work, we first demonstrate a switch-
able LC waveguide, which can be made to appear or disappear 
with the application of a voltage. The transmission performance 
of the waveguide is then characterized to demonstrate that the 
transmission loss is relatively low over distances relevant to on-
chip platforms. Such a switchable waveguide could be used as 
the basis for optical logic gates in optical computations. Following 
UV polymerization of the bulk LC layer, a conformable free-
standing waveguide is presented, which is flexible and could be 
integrated into wearable technologies [40,43,74–80]. The stretch-
ability of the material has been demonstrated in our previous 
work [80], so the waveguide device would also be stretchable.

Materials and Methods

To construct the waveguides, a custom-made glass cell was fab-
ricated using 2 indium tin oxide (ITO)-coated substrates and 
a range of different spacer thicknesses, depending upon the 
requirements. The sample production process involved 3 main 
steps. First, a 1 wt % solution of polyvinyl alcohol (PVA) was 
spin-coated at a speed of approximately 1,900 revolutions per 
minute for 35 s onto 2 ITO-coated glass substrates, resulting in 
the formation of a thin polymer film on each substrate. Second, 
the substrates with the PVA layers were subjected to mechanical 
rubbing to induce a planar alignment layer. Afterward, the sub-
strates with the ITO coating on the inner surfaces were sand-
wiched together separated by 2 spacers, the thickness of which 
is specified in the relevant sections. Finally, the sample was then 
sealed using UV-curable glue and wires were attached to the 
ITO electrodes to facilitate the application of an applied voltage. 
In this study, LC cells fabricated in-house were assembled so 
that the alignment layers on the inner surfaces of the top and 
bottom glass substrates were aligned so that the rubbing direc-
tions were anti-parallel. The resulting cell gap was then deter-
mined through the measurement of interference fringes recorded 
on a UV-Vis spectrometer (Agilent 8454).

The LC mixture employed in this study consisted of 3 main 
components: 69 wt % of the nematic LC mixture E7 (Synthon 
Chemicals Ltd.), 30 wt % of the reactive mesogen RM257 (1,4- 
bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene) 
(Synthon Chemicals Ltd.), and 1 wt % of the photoinitiator 
Irgacure 819 (Ciba-Geigy). These mixtures and compounds were 
first combined in an empty vial before being subjected to thermal 
diffusion by placing the resulting mixture in an oven at 70 to 75 
°C for a period of around 12 h. On inspection, it was found that 
this process resulted in sufficient mixing of the constituents 
before the mixture was then capillary filled into the glass cells 
described above. The samples were further inspected on a polar-
izing optical microscope (POM) and subjected to a voltage to 
check that the mixtures had not been partially polymerized dur-
ing the thermal diffusion process. The filled glass cells were then 
subsequently loaded into the TPP-DLW fabrication system for 
the inscription of the waveguides.

For the TPP-DLW in LCs, we have employed a custom-built 
system as depicted in Fig. S1. In short, the laser source was a 
titanium–sapphire femtosecond laser (Spectra-Physics Mai Tai) 
emitting at a wavelength (λ) of 780 nm. Mode locking resulted 
in pulses that had a duration of less than 100 fs with a repeti-
tion rate of 80 MHz. To minimize refractive index mismatches 
during fabrication, we carefully adjusted the linear polariza-
tion state of the laser to be perpendicular to the LC optic axis 
[80]. To write the waveguides into the LC layers, a relatively 
high optical power was focused into the bulk of the LC using 
an objective lens with numerical aperture (NA) of 0.45. This 
enabled 2-photon absorption to occur within a confined vol-
ume that was estimated to be 1 μm in the lateral dimension 
and 7 μm in the axial direction, which in turn triggered the 
cross-linking of the reactive mesogens through a free-radical 
polymerization reaction. Regions where the polymer network 
was formed then resulted in the LC alignment [74,80,81] 
becoming fixed. The waveguide core was then written by trans-
lating a 3-axis piezo Aerotech translation stage (ANT95XY-050 
and ANT95V-3) relative to the focal region of the femtosecond 
laser with a positioning resolution of 1 nm and movement 
accuracy of 100 nm.
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Waveguide fabrication
The fabrication process for the LC waveguides is depicted in 
Fig. 1A, where (i) to (iv) outline the steps for creating an electri-
cally switchable LC waveguide, while steps (v) to (viii) illustrate 
the subsequent procedures for transforming the sample into a 
flexible waveguide. Following the capillary filling of the LC 
mixture [Fig. 1A(ii)], the glass cell was carefully positioned on 
a hotplate and heated to 70 °C for several minutes to ensure 
uniform filling of the LC mixture within the cell. The next step 
was to write a straight channel/waveguide with a nearly square 
shape cross-section such that the polymer network tethered to 
both glass substrates locking in a homeotropic alignment of the 
nematic LC in this region [as illustrated in Fig. 1A(iii)]. By 
applying a voltage during the fabrication process, the LC direc-
tor rotates out of the plane of the substrates to form a homeo-
tropic alignment. Writing the structure in the presence of a large 
applied voltage ensured that the homeotropic alignment of the 
nematic LC was preserved during laser exposure. By moving 
the LC sample at a speed of 100 μm/s during the fabrication 
process, a solid straight channel was created line-by-line and 

layer-by-layer under the influence of a relatively high voltage 
(50 V) [Fig. 1A(iii)]. This ensured the attainment of a homeo-
tropic alignment in the nematic LC.

The core regions of the waveguide exhibited a higher refrac-
tive index, which is identical to the LC extraordinary refractive 
index (ne ≈ 1.71) when subjected to vertically polarized light 
relative to the plane of the substrates. These core regions were 
defined by the polymer-stabilized homeotropic nematic LC 
alignment, which had been locked-in through the laser writing 
process in the presence of an applied voltage, as shown in the 
inset of Fig. 1A(iii). On the other hand, the cladding region, 
characterized by a lower refractive index referring to the LC 
ordinary refractive index (no ≈ 1.54) at 650 nm, consisted of a 
planar-aligned nematic LC in the absence of an applied voltage. 
By adjusting the applied voltage between 0 V and the fabrica-
tion voltage (50 V), the LC waveguide could be activated or 
deactivated accordingly [Fig. 1A(iv)]. Subsequently, the sample 
with the switchable LC waveguide underwent testing and char-
acterization using a dedicated fiber coupling system, which will 
be further described in the following section.

Fig. 1. Laser-written liquid crystal (LC) waveguide for voltage switching and mechanical flexibility. (A) Illustration of the fabrication process used to construct the voltage-
switchable and deformable LC waveguides. The steps include (i) mixture preparation, (ii) capillary filling of LC mixture into glass cell, (iii) fabrication of an LC waveguide with 
a voltage applied to the LC cell, (iv) completion of the voltage-switchable waveguide, (v) bulk photo-polymerization of the film using UV illumination, (vi) delamination of the 
cell to form a free-standing LC film containing the waveguide, (vii) extraction of the flexible film, and (viii) completion of flexible LC waveguide for characterization. (B) POM 
images of the laser-written LC waveguide. The single-headed black arrows represent the orientations of the polarizer (P) and analyzer (A), whereas the single-headed yellow 
arrow represents the rubbing direction (R). (C) Photograph of the successful coupling of the output from the optical fiber into the LC waveguide when the ambient illumination 
is switched off. The dashed yellow lines indicate the region where the waveguide was written. (D) Photographs of a free-standing film with the laser-written waveguide after 
delamination.
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Figure 1B presents a representative POM image of the optical 
texture when the LC waveguide sample was positioned between 
a pair of crossed polarizers, with the rubbing direction set at 45° 
to the transmission axes of the polarizers. The image was taken 
using a narrow bandpass filter with a central wavelength of 
650 nm after the illumination source, which avoided any undesir-
able post-fabrication polymerization. In this case, no voltage was 
applied during the inspection. The image reveals a 10-μm-wide 
channel within a 14-μm-thick LC layer. The dark regions of the 
written channel indicate homeotropic alignment, while the adja-
cent bright regions indicate a planar alignment of the LC director. 
This observation is in accord with the predicted LC director 
profile obtained from simulations, which is described further 
shortly. Figure 1C presents a photograph of successful coupling 
when the ambient illumination was switched off and demonstra-
tion of the light propagation within the switchable laser-written 
waveguide.

The second configuration involved the demonstration and 
characterization of a flexible LC waveguide, with the fabrication 
process illustrated in Fig. 1A(v) to (viii). Following the forma-
tion of the homeotropic-aligned nematic LC channel, UV light 
was then illuminated on the sample to induce polymerization 
in the remaining unreacted regions (i.e., the cladding) of the 
sample [Fig. 1A(v)] when no voltage was applied. Specifically, 
the samples were photopolymerized using UV light with a peak 
wavelength of λ = 365 nm and a power density of 10 mW/cm2 
for 10 min. Therefore, the LC in the cladding region was polym-
erized in a planar-aligned state. Once the film was fully cross-
linked, a scalpel was used to detach one corner of the sample 
[Fig. 1A(vi)]. The top glass substrate was removed, and the 
free-standing film was carefully extracted from the bottom glass 
layer using a razor blade and tweezers. A schematic of such a 
free-standing film with an embedded waveguide is presented 
in Fig. 1A(vii). Figure 1D presents a photograph captured by a 
digital single-lens reflex (SLR) camera, showcasing the flexible 
LC waveguide attached to a finger. For observation under a POM 
and coupling tests, the film was then adhered to a glass slide as 
shown in Fig. 1A(viii) from which it can then subsequently be 
peeled to investigate bent waveguide behavior.

Simulations based on the continuum theory and Euler–
Lagrange approach were conducted to determine the tilt angle 
distribution of the LC director for both the laser-written regions, 
which consist of frozen-in homeotropic alignment due to the 
application of a high voltage (50 V) during fabrication and the 
nonpolymerized switchable regions surrounding the waveguide 
core. The simulations assumed a sample thickness of 14 μm and 
an initial pre-tilt angle of 4°. The one-constant approximation 
was applied for the elastic constants, with K11 = K22 = K33 = K 
= 11.6 pN. The director distribution as a function of the position 
within the plane of the waveguide cross-section and the sur-
rounding regions of the sample will be illustrated in detail in 
the “Demonstration of waveguide activation and deactivation” 
section. For this geometrical configuration, incident light polar-
ized perpendicular to the substrate surfaces experiences a higher 
extraordinary refractive index (ne = 1.71) in the core regions 
and a lower ordinary refractive index (no = 1.54) at 650 nm in 
the switchable cladding regions. As the birefringence of E7 (Δn) 
is greater than zero, only the component of the incident light 
polarized parallel to the LC extraordinary axis satisfies the con-
dition for total internal reflection (TIR) and can be confined 
within the channels, confirming the functionality of the channel 
as a light pipe/waveguide.

Waveguide characterization
To observe and characterize our switchable and flexible waveguide 
samples, we constructed a polarization-controlled fiber coupling 
system as depicted in Fig. 2A. A continuous-wave laser (180XL 
Visual Fault Locator Kit) emitting at 650 nm, originating from an 
optical fiber (core diameter = 9 μm), passed through a polariza-
tion controller to provide vertically linear polarized light perpen-
dicular to the plane of the substrates. Two 3-axis stages from 
Thorlabs (MBT616D/M) were employed to facilitate the coupling 
of the beam from the output of the fiber directly into the laser-
written waveguides. In order to image the sample, illumination 
from a quartz tungsten-halogen lamp (Thorlabs QTH10/M) was 
filtered using a long-pass filter to prevent any undesired polym-
erization during inspection. A complementary metal-oxide semi-
conductor (CMOS) camera (Thorlabs CS165CU/M) combined 
with an objective lens (NA = 0.12) in the microscope system was 
then utilized for image capture.

The microscope system positioned above the sample was 
designed for alignment of precise coupling of the output of the 
fiber with the laser-written waveguide at the edge of the sample 
when the illumination from the halogen lamp was on (Fig. 2B). 
It also enabled the intensity distribution along the written 
channel (14 μm × 10 μm × 3,000 μm) to be captured when the 
illumination from the lamp was turned off (Fig. 2C). As illus-
trated in Fig. 2C, when the 650-nm laser was coupled into the 
LC waveguide with incident light polarized perpendicular to 
the planar alignment surface, it effectively confined the light, 
preventing the beam from spreading out into the surrounding 
regions of the nonpolymerized LC. A comparison of incident 
light polarized parallel to the LC director in the core of the 
waveguide with the case when the incident polarization is mis-
aligned with the LC director is presented in Fig. S2.

Results and Discussion

Demonstration of a laser-written waveguide
To assess the performance of the LC waveguides, we considered 
a 10-μm-wide waveguide fabricated within a 14-μm-thick cell. 
Figure 3A presents a representative POM image of the laser-
written waveguide in the upper panel, accompanied by the 
corresponding image depicting propagation of λ = 650-nm 
light in the lower image panel. The laser writing power used 
to fabricate the waveguide was set at 49 mW. In the study, the 
propagation attenuation along the waveguide was determined 
by the intensity of scattered light rather than a direct measure-
ment of the power within the waveguide. Generally, the light 
intensity declines exponentially along the propagation distance. 
By extracting the intensity profile along the selected waveguide, 
the loss factor (expressed in dB) can be determined using the 
following formula:

where A and B represent the intensity at the starting point (as 
defined below) and intensity at the position on the waveguide 
being examined, respectively, when the energy flow propagated 
from position A to B with a constant attenuation. This was deter-
mined by weakly scattered light captured by the microscope 
system in Fig. 2A. In the study, the intensity loss near the cou-
pling entrance was found to be relatively large due to the imper-
fect nature of the coupling between the optical fiber and the 
waveguide. As a result, regions of the waveguide located slightly 
away from the entrance were typically chosen for analysis to 

(1)Loss = 10log10B∕A
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determine the intensity loss. In Fig. 3A, the position labeled 
with “0 μm” refers to the starting point “A.” The loss in dB at 
each examined position along the waveguide (referred to as “B”) 
was defined by Eq. 1. Consequently, in this example, the inten-
sity loss at λ = 650 nm was confirmed to be −1.8 dB/mm (Fig. 
3B). The intensity variation with distance along the waveguide, 
shown in blue, was fitted with a linear function depicted by the 
red line in Fig. 3B.

Varying the waveguide fabrication parameters
In addition to the demonstration and characterization of a 
single straight waveguide in the LC layer, the performances 
for different fabrication configurations, such as channel geom-
etry sizes and different laser writing powers, were also inves-
tigated. Figure 4A investigates 4 different waveguides with 
varying core widths ranging from 10 to 40 μm. All waveguides 
were fabricated along a direction parallel to the LC rubbing 
direction to ensure a refractive index difference between the 
fabricated (core) and the surrounding regions (cladding) when 
illuminated by light that was polarized perpendicular to the 
substrates. The results indicate that waveguide channels with 
narrower core widths exhibit less intensity attenuation and 
improved power confinement.

Other features were also observed. First, at the front of the 
waveguide (≈0.2 mm), the difference in width is minimal and 
there is then an inconsistency in the slope. This is associated with 
an “edge” effect in our waveguides due to the difficulty of writing 
the waveguides close to the edge of the LC cell using the TPP-
DLW process. This could explain the reason for why all of the 
waveguides behave the same at the front of the cell. The kink in 
the plots in Fig. 4 represent the point where the light starts to be 
guided in the “well-written” regions away from the edge of the 

device. Second, there is a nonlinearity in the loss as a function 
of distance, especially for the narrowest waveguide. We associate 
this with some inconsistency in the waveguide structure along 
the length of the core, which leads to some variance in loss. 
Therefore, due to these 2 features, for the results presented (Figs. 
3 and 4B and C), we always checked the waveguides for consis-
tent behavior along the length and focused on the regions slightly 
away from the entrance of the LC cell for further analysis.

Figure 4B illustrates the intensity attenuation along straight 
waveguides for a core of 20 μm width fabricated at different writ-
ing powers (42, 49, 56, and 63 mW) in a thicker LC layer (24 μm). 
Similarly, Fig. 4C compares the performance of 10-μm-wide 
waveguides in a thinner LC layer (i.e.,14 μm thick). The reason 
for narrowing the geometric size in 2 dimensions was to maintain 
the relative size of the cross-section.

The results show that the laser-written LC waveguides 
function consistently and exhibit minimal differences in loss 
attenuation for waveguides fabricated with writing powers 
ranging from 42 to 63 mW. In practice, a relatively low writ-
ing power (less than 42 mW) results in weak polymerization 
that results in insufficient tethering to the glass substrates. 
Conversely, a writing power that was too high (more than 
63 mW) leads to apparent irreversible damage to the LC 
device whereby isotropic bubbles form along the trajectory 
of the laser writing, which does not change in the presence 
of an electric field. This observation holds true for both the 
thinner (14 μm) and thicker (24 μm) LC layers. It can be 
noted that the smaller geometry cross-section size leads to 
less intensity loss. When compared with the waveguides with 
a larger cross-section in Fig. 4B, the waveguide with a smaller 
geometric size in Fig. 4C exhibits a better performance in 
terms of intensity attenuation. It is notable in Fig. 4B and C 

Fig. 2. Characterizing the laser-written LC waveguides. (A) Schematic of the experimental setup used to couple the laser emission (λ = 650 nm) from the optical fiber into the 
laser-written channel. The light in the optical fiber first travels through a polarization controller to generate a beam with a polarization such that it is aligned along the director 
in the laser-written waveguide. The beam from the optical fiber is then coupled into the fabricated structures with the aid of 2 three-axis translation stages. A microscope 
system was used for image capture and data analysis presented in this work. (B) Microscope image, which illustrates the positioning of the optical fiber relative to the LC 
waveguide. The dashed blue lines indicate the region where the waveguide was written. (C) Photograph of successful coupling of the output from the optical fiber into the LC 
waveguide. The dashed yellow lines represent the laser-written polymer regions.
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that the intensity reduces by around 44% after propagation 
of 1,000 μm in the sample of a larger cross-section (Fig. 4B), 
while that in the sample with a smaller cross-section (Fig. 
4C) only attenuates by around 37% at an identical distance, 
which agrees with the result in Fig. 4A.

Demonstration of waveguide activation  
and deactivation
One of the key novelties of this work is the electric switchability 
of the laser-written waveguides, which is demonstrated and 
confirmed. The waveguide investigated here had a width of 
10 μm and was fabricated in a 14-μm-thick LC layer with an 
applied voltage of 50 V during fabrication. Figure 5A shows the 
switching property comparison and presents the propagation 
image, POM image with crossed polarizers, and LC director simu-
lation results when no voltage was applied. These results allow for 
the verification of the designed LC director distribution and con-
firm the power confinement within the waveguide. In contrast, 
Fig. 5B shows the corresponding results when a voltage was 
applied, indicating that the LC director in the LC layer aligned 
homeotropically throughout the bulk, and the incident light no 
longer encounters a refractive index difference. As a result, the 
light along the laser-written structure rapidly spreads out as it 
is no longer able to guide the wave. Figure 5C compares the 
confinement capability of the laser-written waveguide between 
2 states, which refer to voltage on and off. The subplots embed-
ded in the images indicate the intensity distributions across the 
waveguide at the positions labeled with yellow dashed lines. 
Notably, with an applied voltage on, the waveguide loses the 
capacity for optical confinement along the structures compared 
with a similar situation when the voltage is switched off. It was 
found that the ratio of the intensity in a small region at the end 
of the waveguide to that close to the entrance drastically drops 
to a low value when the applied voltage was gradually increased. 
From Fig. 5D, a minimum transition voltage of 2.5 V at which 

the waveguide starts to lose the ability to confine energy can 
be confirmed. Since the Fréedericksz threshold voltage of the 
sample typically falls within the range of 0.7 to 1 V, it is evident 
that the conversion voltage is significantly higher than the thresh-
old voltage, which means that, at the beginning of the switch-
ing, the LCs cannot be tilted sufficiently to generate a refractive 
index mismatch. Therefore, the waveguide would not lose the 
ability to confine the light for relatively low applied voltage 
amplitudes.

Demonstration of a flexible waveguide
The demonstration and characterization of an in-film flexible 
waveguide is another key aspect that we aim to illustrate in this 
work. After creating a localized polymer structure with the laser 
to lock in the homeotropically aligned waveguide region at a high 
voltage, the remaining LC polymer mixture was then polymerized 
with UV light without voltage to ensure TIR, as described in the 
“Waveguide fabrication” section. According to the conclusions 
presented in the “Varying the waveguide fabrication parameters” 
section, a waveguide with a smaller cross-sectional size exhib-
its less intensity attenuation. However, challenges related to the 
detachment, extraction, and transfer of the film during experi-
ments restricted the actual minimum achievable film thickness in 
this study. Here, we demonstrate and characterize a 20-μm-wide 
waveguide in a 20-μm-thick free-standing film. We utilized a scal-
pel to trim the end face of the LC film to make it as smooth as 
possible (akin to polishing the end face of a waveguide written into 
hard materials). Subsequently, the flexible waveguide was coupled 
to the fiber tip, which had been polished using a fiber optic cleaver. 
Figure 6A is a photograph showing light propagation within a 
laser-written channel in a curved flexible film, with the inset POM 
image located at the top-right corner from which it is notable that 
the LC is aligned differently within the fabricated and nonlaser 
fabricated regions. Figure 6B presents the laser-written waveguide 
coupled with vertically polarized incident light relative to the 

Fig. 3. Waveguiding of light in a laser-written LC waveguide. (A) POM image of the laser-written waveguide fabricated with a power of 49 mW (upper image) and corresponding 
image of light propagation of λ = 650-nm laser light in the waveguide (lower image). (B) Plot of the intensity loss (in dB) along the waveguide extracted from the lower image in (A).
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substrates, both with and without illumination from the halogen 
lamp. The yellow dashed lines indicate the spatial extent of the 
channel. Figure S3 provides images of the free-standing LC wave-
guide misaligned with the fiber tip for comparison.

Figure 6C showcases photographs captured by the SLR cam-
era of a 5-mm-long flexible waveguide for both flat and bent film 
configurations. For the flat film configuration, it is evident that 
the intensity is confined within the waveguide and propagates 
along its path. In contrast, to demonstrate flexibility, curvature 
was applied to deform the film. Subsequently, the lower image 
in Fig. 6C not only confirms the functionality of the waveguide 
when the film is bent but also demonstrates its flexibility. Figure 
S4 presents results for the case when the incident light is not 
correctly coupled into the waveguides for both flat and bent film 
geometries, showing a divergence of the light, further highlight-
ing the functionality and flexibility of the waveguide.

Figure 6D provides the intensity loss in dB as a function of 
distance along the flexible waveguide. In this case, the loss fac-
tor is approximately −0.2 dB/mm for λ = 650 nm. Compared 

with the intensity attenuation in the LC sample in Fig. 3A, the 
loss factor is significantly reduced. The underlying reason was 
hypothesized to be the change of the top and bottom claddings 
from glass to air, resulting in a reduced cladding refractive 
index and consequently leading to diminished losses after the 
delamination process. Figure 6D compares the confinement 
capability when the written waveguide was successfully coupled 
and when it was deliberately misaligned. The embedded plot 
represents the intensity profile of the cross-section labeled with 
the yellow dashed lines. Compared with the misaligned situa-
tion, it is notable that the coupled waveguide can confine the 
light even after a relatively long propagation distance. The 
results confirm the functionality of the waveguide with proof, 
further validating its performance.

Conclusion
In conclusion, we have proposed fabrication strategies for an 
electrically switchable LC waveguide and a free-standing flex-
ible LC waveguide, utilizing a combination of TPP-DLW and 
UV bulk polymerization technologies. Unlike most existing 
tunable LC waveguide geometries, our waveguides are based 
solely on LC materials, which means both the cladding and 
core are made from the same LC mixture. We have successfully 
demonstrated the electrical switchability and mechanical flex-
ibility of the laser-written LC waveguides with satisfactory 
performance. Additionally, we have investigated the intensity 
attenuation of the waveguide for different parameters, such as 
LC layer thickness, laser writing power, and channel width of 
the waveguide core.

The switchability of the on-chip waveguide has potential appli-
cations in optical computing and beam steering, while the flexible 
waveguide shows promise for on-skin sensors and brain–
computer interfaces [53,58,82–86]. Our findings indicate that a 
smaller channel geometry size leads to better intensity attenua-
tion, and we determined that a 10-μm straight channel in a 
14-μm-thick LC layer has a loss factor of −1.8 dB/mm for λ =  
650 nm. For the flexible LC waveguide, we verified an intensity 
loss of −0.2 dB/mm for a straight waveguide with a cross-section 
of 20 μm × 20 μm. These results highlight the considerable poten-
tial of electrically sensitive and mechano-optical on-chip LC 
devices fabricated using laser writing and UV-assisted polymer 
network formation. In subsequent investigations, it would be 
desirable to consider waveguides exhibiting diverse geometric 
configurations, including bent waveguides, multi-layered wave-
guides, and beam splitters fabricated using the TPP-DLW process. 
Additionally, further exploration of the stability of the obtained 
waveguides under varying conditions such as temperature 
and humidity would also be beneficial for future applications. 
Increasing the fabrication speed and implementing paralleliza-
tion would significantly accelerate the fabrication process and 
enable the fabrication of longer waveguides in the future. For 
the stretchable films, we expect that stretching would lead to 
a decrease in the cross-sectional size of the waveguide, result-
ing in a shorter cutoff wavelength. Additionally, positive strain 
usually leads to an increase in the refractive index not only in 
the core but also in the cladding region. However, the influence 
of stretching on birefringence and cutoff frequency requires 
further investigation. Lastly, the approach presented in this 
paper could lead to further advancement of LC-based wave-
guides and showcase their potential for next-generation pho-
tonic applications.

Fig. 4. Varying the laser-written LC waveguide parameters. (A) Plot of the intensity 
attenuation along the waveguide for waveguides of different widths ranging from 10 
to 40 μm written at 49 mW in a 14-μm-thick LC layer. (B and C) Intensity attenuation 
as a function of the distance along the waveguide for those fabricated at different 
writing powers (42, 49, 56, and 63 mW) in 24- and 14-μm-thick LC layers, respectively. 
Insets show POM images of these different waveguides.

D
ow

nloaded from
 https://spj.science.org at U

niversity of O
xford on D

ecem
ber 12, 2024

https://doi.org/10.34133/ultrafastscience.0065


Chen et al. 2024 | https://doi.org/10.34133/ultrafastscience.0065 8

Fig. 5. Voltage switching of a laser-written LC waveguide. (A) Photograph and POM image of the LC waveguide for no applied voltage and (B) the case when waveguiding 
vanishes when a voltage is applied to the LC device. (i) Microscope images of coupling for the voltage off and on states. (ii) POM images of the voltage on and off states. 
(iii) Simulation results of the LC director distribution within and around the waveguide for the voltage off and on states. (C) This panel compares the intensity profiles of the 
cross-section labeled with yellow dashed lines between the situations of voltage on and off. (D) Normalized intensity ratio of the region at the end of the channel to that close 
to the edge when the applied voltage is gradually increased.

Fig. 6. Demonstration and characterization of a flexible laser-written LC waveguide. (A) Photograph demonstrating that the coupled light propagates within a written channel 
on a curved film. The POM image of the flexible waveguide is shown in the top-right corner. (B) The functionality of the waveguide is maintained in a free-standing film. 
(C) Photographs comparing the light propagation in waveguides for flat and bent configurations. (D) Characterization of a flexible LC waveguide: (i) intensity attenuation 
in dB as a function of propagation distance and (ii) intensity profiles in the cross-section labeled with yellow dashed lines between the coupled and misaligned situations 
within the flexible film. The full width at half maximum is represented by the white labels.
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