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Light induced self-written waveguides (LISWs) with unique
elongation characteristics and low optical loss are formed
in a monodispersed polyisoprene solution using a lowpower laser photopolymerization process, while their light
transmission characteristics are exemplified in the flexible
interconnection of two single-mode optical fibers operating in the visible/near infrared wavelengths. The LISWs
formed exhibit rubbery properties, allowing extensibilities upon cases from 400% to 800%, while still retaining
significant optical transmission. The rubber elasticity
enables sustaining LISWs at stressed lengths longer than
500 µm propagation losses from 1.0 to 2.9 dB/mm. © 2021
Optical Society of America under the terms of the OSA Open Access
Publishing Agreement
https://doi.org/10.1364/OL.435052

Soft matter photonics has garnered great attention due to
their potential to drive a number of devices with unmatched
mechanical, biochemical, and optical properties for application
in the emerging fields of wearable sensors [1,2] and modular
optics [3,4], where the scale of the physical deformation can
significantly vary with respect to the actual dimensions of the
device. The development of elastic, stand-alone waveguide
interconnects, especially between optical fibers, can inaugurate
a new type of optical component that combines high integration
characteristics with better transmission than the free-space
propagation, yet facilitating relaxed linking tolerances. Optical
fiber interconnects, where the waveguide bridge is formed
through a self-written fabrication, exhibit practical impact.
Focusing on the last point, light induced self-written waveguides (LISWs) constitute a particular type of light-guiding
element inside a photosensitive medium [5]. The propagation of a laser beam simultaneously records a waveguide under
modal evolution conditions that departs from the free-space
propagation [6]. LISWs have been demonstrated in transient
or permanent mode and in solid, liquid, and gaseous optical
media, using several recording laser sources and exposure conditions. There have been efforts to produce organic-based,
self-arranged photonic devices by employing multi-compound
0146-9592/21/215437-04 Journal © 2021 Optica Publishing Group

single-photon [7,8] or two-photon photopolymerizable materials [9]. This technology has found its way into applications for
the connection of two misaligned optical waveguides [10] and
for self-repairing strain sensors [11].
Here, we demonstrate the connection of two single-mode
optical fibers with a new type of rubbery self-written waveguide
joints. The material consists of an entangled polymer solution
activated by a low-power continuous-wave (CW) red laser. The
single-photon fabrication of rubbery waveguides up to 500µm-long is achieved and simultaneously maintains high optical
transmission and enables elongations from 400% to 800%. The
propagation characteristics of these elastic LISWs can be easily
controlled by tuning exposure time and using a few mW visible
CW laser beam. The fabrication conditions appear promising
for implementing these propagation characteristics into real
applications. The propagation losses of these waveguides were
found to be as low as 1.0 dB/mm for short range links (up to
250 µm), reaching 2.9 dB/mm for links up to 500 µm.
The material used for the formation of the rubbery waveguides is a 5 wt % semi-dilute solution of monodispersed
1090 kDa polyisoprene (PI) in decane. This is known to produce self-written structures under laser irradiation at 671 nm
in the mW range [12] but none at wavelengths ≥700 nm [13].
The solution was placed inside a 1 × 1 × 10 mm square borosilicate glass capillary cell with both sides open and placed on
the setup depicted in Fig. 1. A CW diode laser at 671 nm and
output power of ∼20 mW was used as the waveguide formation
light source. Another non-writing probe beam of a 780 nm
CW diode laser was used for system alignment and monitoring
of the elastic LISW transmission during formation. Typical
power output of the probe laser was ∼1.5 mW, measured at the
feeding optical fiber. Both lasers were coupled into an optical
fiber wavelength coupler, and its output port was coupled to an
optical fiber (SM600 Fibercore, single mode at 671 nm) with
a core radius of ∼2.0 µm and a cladding diameter of 125 µm.
Both SM600 optical fibers were clamped using V-grooves and
inserted inside the polymer solution, opposite side in the cuvette
(see Fig. S1 Supplement 1). The 671 nm laser output at the
SM600 optical fiber was ∼7.8 mW. The relative positioning
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Fig. 1. Experimental setup for the creation and performance monitoring of the rubbery waveguide joint between two single-mode optical
fibers.

Fig. 2. Optical signal evolution during LISW formation as a function of recording time for four fiber-to-fiber distances (62.5–500 µm).
Section I, 780 nm light only; Section II, 780 nm (probe) + 671 nm
(inscription) light; and Section III, 780 nm light only.

of the two fibers was performed using 2-axis, 20× microscope
objectives coupled to CCD cameras. The two fiber end-faces
were further aligned by maximizing the transmission of the
probe laser, which was measured using a photodiode (PD).
The distance between the two end-faces was varied between 15
and 500 µm. The PD signal was monitored during the writing
process, allowing optimization of the LISW recording time.
The coupling efficiency, η = Pout /Pin , between the two SM600
optical fibers was estimated from the power probe light, reaching the photodiode at the end of the receiving fiber and the light
measured at the exit of the incoming SM600 optical fiber at
780 nm.
The LISW light recording process, as a function of time,
was divided into three temporal sections, as presented in Fig. 2.
First, in Section I the two SM600 fibers were aligned at a given
distance and light coupling efficiency was maximized, defining
the reference level of the probe laser. Then the writing laser
(671 nm) was turned on, resulting in an increase of the signals
at the PD. In Section II, the overall signal is seen to increase as
a result of the writing process reaching a maximum after few
seconds. After approximately 8 s, the writing laser was turned
off, and the transmission of the probed laser was monitored and
found to be stable (Section III). The discontinuities observed
at t = 0 s and t ∼ 8 s are due to switching the 671 nm laser
writing beam on and off. Since absorption at the recording and
probe wavelengths are considered minimum [13], we anticipate
that changes in the coupling efficiency during recording are
attributed to modal field diameter and scattering losses.
The recording of the LISWs was also monitored using the
microscope objectives, which shows the size of the LISW and
proved the absence of bending or misshaping. Snapshots of
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Fig. 3. (a), (b) Optical microscopy photos of unstrained LISWs
formed between SM600 optical fibers placed at different distances.
(c) Bright and (d) dark field optical microscopy photos of a 320µm-long LISW, laterally misaligned while resulting in angular
displacement of the LISW [14] with respect to the SM600 optical
fiber axis of ∼22◦ . The transmission of the misaligned system is ≤2%
due to light launching beyond the acceptance angle of the LISW and
out-coupling at the fiber end (bright scattering is from the 780 nm
laser).

the resulting LISWs are shown in Fig. 3 for different distances
between the fiber end-faces. The chosen LISW exposures (∼8 s)
were found to maximize the probe beam transmission. Longer
exposures formed LISWs of lower η, as a large increase of light
scattering rendered degraded transmission. Shorter irradiations
were found to form mechanically unstable LISWs of lower
optical transmission (see Fig. S2 in Supplement 1). All LISWs
tested intact for the duration of the experiments (up to one day)
without measurable mechanical or optical degradation. LISWs
up to 125-µm-long proved stable over weeks, and longer length
LISWs tended to detach from the SM600 end-face.
The coupling efficiency measured after the writing process,
as a function of distance between fiber end-faces, is shown in
Fig. 4. For LISW lengths up to 250 µm, η was close to 80%,
while it dropped down to ∼55% for longer (∼500 µm) connections (black circles in Fig. 4). Formation of LISWs longer
than 500 µm was possible but required longer exposures in the
given PI solution at the cost of poorer optical performance.
The formed LISWs offer transmittances of up to 4× times
larger than those of the free-space propagation. The coupling
efficiencies estimated for the LISW interconnections exhibit a
reasonable agreement with experimental and theoretical values
for the non-connected fibers (see data in Fig. 4). The LISW
interconnect transmission was confirmed in broadband spectral
measurements, which was obtained by using low-power white
light from a tungsten source (Fig. 5). No spectral rippling,
associated with multi-modal beating, was observed, and this
supported the assumption of single-mode operation. Overall,
losses of the LISW interconnect are expected to emerge from
light scattering by geometrical defects such as shape or refractive
index (RI) inhomogeneity. In addition, mode field mismatch
losses due to refractive index mismatch at the SM600-LISW
interfaces can impact the transmittance. The latter losses can be
estimated by knowing the diameter and the RI of the LISWs.
The temporal evolution of the LISW diameter and the RI
were estimated using quantitative phase contrast optical microscopy on a separate setup in the absence of the receiving fiber
[15]. The SM600 fiber was used for phase contrast calibration.
Figure 6(a) illustrates the temporal evolution of the phase image

Letter

Vol. 46, No. 21 / 1 November 2021 / Optics Letters

5439

Fig. 4. Coupling efficiency (η) of a LISW formed in the PI solution;
experimental (red points) and theoretical (red line) data. (Due to
unstripped cladding guidance, the coupling is slightly larger than the
open space propagation in the PI solution.)

Fig. 6. (a) Optical microscope snapshots of LISW formation for
different time instances during a single exposure. (b) Refractive index
increase of a single-ended LISW versus irradiation time at ∼10 mW.

Fig. 5. Transmission spectra (green line) of a LISW interconnect
formed between two SM600 fibers, spaced at 125 µm apart and for an
exposure of 9 s, inside the PI solution. Transmission of the SM600 fiber
system in air (black) and in the polyisoprene (PI) solution (red).

upon irradiation. The refractive index contrast was increasing
with irradiation time, while the LISW diameter was almost constant. A LISW with a core radius of 2 µm became visible after a
∼4 s laser exposure, and longer exposures (10 s) led to a slightly
larger radius (less than 10% increase). The experimental RI
increase, as a function of irradiation time, is shown in Fig. 6(b).
The LISWs exhibited a RI contrast of ∼3 × 10−2 after a 30 s
exposure, which amounts to ∼50 mJ and can be compared to
the PI-solution RI n sol = 1.416 and RI of bulk PI n PI = 1.52.
For the specific recording conditions of the LISWs, the main
source of mode-mismatch-related loss is expected to originate
from RI changes. The mode field diameter (MFD) mismatch
loss between the LISW and the SM600 optical fiber can be
estimated knowing the LISW radius and RI time evolution
[Fig. 6(b)]. The photorecording process is of single-photon
nature [16], which asserts a linear correspondence between
the modal size of the SM600 fiber and the LISW. We further
assumed a homogenous RI profile [17], using mode coupling
theory for circular, weakly guided waveguides to evaluate the
modal profile of the LISWs (Eq. S1 Supplement 1). The same
approach was used for the case of the SM600 fiber, assuming a
numerical aperture (NA) of 0.12. For short irradiation times
(≤6 s), the RI of the LISW leads to a −0.3 dB MFD mismatch
loss per junction. However, as the irradiation time increases
to 10 s and the RI locally increases, the MFD mismatch losses
rise to −0.81 dB. The estimation of the MFD mismatch losses
further helps elucidate the basic figure of LISW transmission
attenuation deduced from the measured transmission efficiency.
For the 8 s exposure case (Fig. 4), and up to 250 µm LISW links,

total fiber-to-fiber losses are ∼ − 0.97 dB so that a propagation
loss of ∼0.27 dB is projected (accounting total MFD = 14%),
which is equivalent to 1.08 dB/mm. For LISWs of lengths
up to 500 µm, the transmission losses substantially increase
above 3.0 dB/cm. This may be related to modal field distortion
due to prolonged propagation inside the LISW length [8],
which degrades the quality of the waveguide recording process. Additionally, rubbery LISWs formed between far apart
spaced optical fibers (larger than 250 µm) are particularly prone
to additional bending and distortion losses and core-to-core
alignment imperfections between the two SM600 optical fibers.
The used polyisoprene semi-dilute solution exhibits rubbery
viscoelasticity and finds its origin in entangled polymer chains.
However, it is a transient elasticity, as the materials eventually
flows. The LISWs are expected to preserve rubber elasticity but
make it permanent, as the writing process leads to the formation
of irreversible crosslinks. In fact, the latter enables the realization
of stretchable waveguides. To verify this behavior, we tested
the optical performance of the LISWs as a function of tensile
elongation. A 62.5 µm LISW was formed with an irradiation
time of 10 s. This slightly longer than the optimal exposure
time (see Fig. 2) was used to improve the rigidity of the LISW.
The coupling efficiency measured for this LISW is ∼1.54 dB
(70%). The translation stage (Fig. 1) was used to increase the
distance between the two SM600 fibers and thereby to stretch
the LISW. The transmission of the probe laser was measured
as a function of the elongation of the rubbery LISW. During
elongation, the LISW was still immersed in the PI/hexane
solution. Transmission signal intensities, normalized to that
measured before strain exertion, are presented in Fig. 7 versus
optical fiber-to-fiber distance. The specific rubbery LISW was
stretched up to a length of 300 µm, reaching an impressive 4.8×
increase of its initial length before detaching from the landing
optical fiber end-face. For comparison, characteristic elongation
figures of other elastomer-based waveguides are of the order of
30% [18]. For elongations up to 50% (from 62.5 to 90 µm),
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Fig. 7. Normalized transmission of a LISW under stretch as a
function of SM600 optical fibers distance (red crosses). All data
are normalized to the power of the 780 nm signal for the LISW at
62.5 µm. The solid black line refers to transmission, accounting solely
for the MFD coupling between the SM600/LISW junctions. The
blue triangle points refer to the experimentally measured free-space
coupling between the SM600 optical fibers still immersed in the PI
solution. The green dashed line is the theoretical exponential decay.

the optical performance of the LISW does not deteriorate; the
contrary shows a slightly increased relative transmission. It is
likely that both micro-bending losses are removed, and strain
contraction better matches the modal profile of the LISW
with the SM600 fibers. For elongations up to 100%, a gradual
loss increase of 1.55 dB is recorded with further stretching up
to 200% length increase, introducing total losses of ∼4 dB.
Up to a ∼4-fold extension (250 µm) the rubbery joint is still
waveguiding, albeit only marginally better than the free-space
propagation for optical fibers being immersed in the same PI
solution. Beyond 250 µm, the probe light seems to mostly leak
outside the LISW, similar to the guidance observed in a thin
optical fiber taper. By assuming a Poisson ratio of 0.5 for the
rubbery PI-based LISW [19] and a 4× elongation figure, the
actual LISW diameter contracts down from 2 to ∼1.0 µm.
The last leads to a single-mode (LP01 ) propagation and a corresponding modal confinement of the order of 8% at 780 nm (for
comparison, nominal modal confinement of SM600 is ∼75%
at 780 nm). The LISW modal confinement number is estimated
without accounting for possible photoelastic changes occurring
in the stretched waveguide core. Photoelastic refractive index
changes, occurring along the axis of propagation, will further
suppress the modal confinement.
The strain-induced contraction of the transverse dimension
of the LISW is also expected to increase mode coupling losses of
the LISW with the SM600 fibers. Above 4× LISW elongation,
total mode coupling losses reach ∼4.4 dB (64%). An important
observation emerging from Fig. 7 is related to the actual loss
mechanisms involved during the elongation of the LISWs. For
small elongations, the MFD losses rather dominate, while for
extended elongations, due to modal leakage from the LISW,
overall losses resemble those of free-space propagation. LISWs
recorded using longer exposure conditions (12 s) have been
stretched up to elongation ratios of 8.6× while still maintaining
significant optical transmission (∼ − 8 dB) above the free-space
propagation limit (see Fig. S3 in Supplement 1). Full shape

and optical transmission recovery of the strained LISWs was
possible up to extensions of ≤2×. Larger extensions introduced
plasticity changes as “rope-like” deformation of the recovered
LISW. For example, a 6× extended LISW, after relaxed to its
initial length, was subjected to 4 dB total losses. Also, LISWs
recorded using multi-mode optical fibers exhibited significantly
higher modal beating and propagation losses.
Our work showed the possibility of realizing extremely
elastic, light induced self-written waveguides with extensibilities up to 800% and intrinsic waveguide losses as low as
1.0 dB/mm while using a low-power, red CW laser. The optical
and mechanical performance of these LISWs and their fabrication paves the way for long-length elastic optical interconnects,
adjustable power couplers, and wearable sensors. Rubbery
LISWs are expected for most polydienes dispersed in a great
variety of solvents. This variability allows optimization of the
formulation for better connection, including tuning of the
refractive index for lower MFD losses and Young’s modulus
through control of the crosslink density. Our studies are now
focused on the light repairing functionalities of those LISWs.
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