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Abstract

The behavior and dynamics of light waves in soft light-responsive polymers was studied. We used
the properties of these beams to develop three routes to functional 3-D structures which would be
impossible to fabricate through conventional lithography. The method to obtain functional 3-D
structures, known as Prismatic 3-D printing, exploits the fact the divergence of beams can be
controlled through the rate of photopolymerization which is intensity-dependent, to rapidly 3-D
objects. Here, we employ segmentation algorithms to deconstruct a mesh of the desired object into
prisms, which are then inscribed in a single step by self-trapped beams to generate a wide range of
complex architectures within seconds. Such prisms can be assembled in situ or as a form of post-
processing. Each of these prismatic elements has a higher refractive index than their surroundings
and they are also continuous along the propagation front direction. These two properties make
each prismatic element light-guiding. Taking advantage of this function obtained through our
method, remote-controllable waveguide architectures including planar slab waveguide, individual
and small arrays of cylindrical waveguides as well as waveguide lattices (>10 000 cm?) made
of electroactive hydrogels were printed using self-trapped beams. By applying and varying
external electric fields, we can then dynamically control the bending, angular orientation and
rotation (up to 360°) of these pliant light-guiding structures. Reminiscent of the camouflaging
techniques of certain marine creatures, this allows precise, remote control of the waveguided light
output. Finally, we examined the propagation dynamics and structures inscribed by vortex beams
in photopolymerizable systems and showed that they elicited rotation along their propagation paths
and ultimately collapsed into self-trapped filaments. The sense of rotation was commensurate with
the topological charge of the vortex while the rotation rate was proportional to the intensity of the

beam output.
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Figure 1.8. Evolution of the self-trapping process of a blue laser beam (A=488 nm) in a
photopolymerizable medium. As photopolymerization takes place,a permanent optical waveguide
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Figure 1.9 Polymeric waveguide obtained through photopolymerization by a self-trapped beam
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Figure 1.10 A) Temporal evolution at the exit face of the 2-D intensity profile of a green laser
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methacrylate (left). Image (a) shows the 2-D intensity profile of the beam under linear conditions.
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1235, 129 s, 134 s, 141 s, 156 s and 163 s. B) Representation of the three typical results obtained
at the three different intensity regimes observed during the nonlinear propagation of a green laser
beam in the organsiloxane sample (Left). The low intensity regime is dominated by self-trapping.
Self-diffraction rings and beam filamentation are observed at mid- and high intensities. C) Optical
micrographs (X,z and x,y) of a waveguide obtained in a organosiloxane sample 6 mm long at 1.6
x 102 W/ecm?. At the right, the 2-D intensity profile of a probe laser beam is shown. Reprinted with
permission from Villafranca, A. B.; Saravanamuttu, K. An experimental study of the dynamics
and temporal evolution of self-trapped laser beams in a photopolymerizable organosiloxane. J.
Phys.  Chem. C 2008, 112, 17388-17396. Copyright 2008, American Chemical
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Figure 1.11 a) Representation of the linear propagation of a beam pair (A and B) under linear (left)
and nonlinear conditions in which self-trapping and spiraling takes place. Time evolution of the
beam output of the beam pair traveling through an organosiloxane sample at b) 6 =0.70°, c¢) 0.23°,
and d) 0.86°. Centers of the beams under linear conditions are highlighted with white dots. The
trajectories of each beam at these angles under linear conditions are shown at the left in b-d.
Reprinted with permission from Morim, D. R.; Bevern, D.; Vargas-Baca, I.; Saravanamuttu, K. 3-
D Spiraling Self-Trapped Light Beams in Photochemical Systems. J. Phys. Chem. Lett. 2019, 10,
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Figure 1.12 Photoisomerization reaction of merocyanine substituents in a
methylenebis(acrylamide) cross-linked p(AAm-co-AAc) hydrogel. Upon absorption of visible
light, the merocyaine moieties switch to their closed-ring spiropyran form (top). This chemical
change increases the hydrophobicity in the irradiated area which causes the water in the irradiated

zone to be expelled which leads to a contraction of the hydrogel network. The refractive index
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change originated by such contraction produces a temporal waveguide. The graph shows the peak
intensities of two self-trapped beams separated by 200 um while the interact remotely. The 2-D
intensity profile of the beams at selected times is shown at the bottom right. When both beams are
launched simultaneously, they self-trapped increasing their intensity (from an initial value of 1) to
12 and 9 (beam 1 and beam 2, respectively) with the final width of both beams being ~40 um
(region A). When beam 2 was intentionally blocked, the intensity of beam 1 increased to 20 while
its beam width decreased to 28 um (region B). When beam 2 was launched again to the hydrogel,
the peak intensity of beam 1 decreased to 5.3 while the size of the beam increased to ~40 pm
(region C). The opposite effect is observed when beam 1 is block and then reintroduced (region
D). Reproduced with permission from Morim, D. R.; Meeks, A.; Shastri, A.; Tran, A.; Shneidman,
A. V. Yashin, V. V.; Mahmood, F.; Balazs, A. C.; Aizenberg, J.; Saravanamuttu, K. Opto-chemo-
mechanical transduction in photoresponsive gels elicits switchable self-trapped beams with
remoteinteractions. Proc. Natl. Acad. Sci. U. S. A.2020, 117, 3953-3959. Copyright 2020 National
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Figure 1.13 Time evolution of the 1-D, 2-D and 3-D intensity profiles of a white beam with a
width of 45 um at the entrance face traveling through an organosiloxane sample 6 mm long.
Section a shows the intensity profile of the beam at the entrance face. Section b shows the intensity
profile of the beam at the exit face of the sample under linear conditions. The size of the beam
increases to 268.5 um due to diffraction with a relative intensity of 15.4 %. As polymerization and
the increase of refraction index takes place, there is a 5.4-fold decrease in the beam’s width and at
least a 6.5-fold increase in the intensity of the beam before it slightly widens at the end of the
experiment. However, the width of the beam remained smaller than its value under linear

conditions. Reprinted with permission from Zhang, J.; Kasala, K.; Rewari, A.; Saravanamuttu, K.
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Self-trapping of spatially and temporally incoherent white light in a photochemical medium. J.
Am. Chem. Soc. 2006, 128, 406-407., Copyright 2006, American Chemical
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Figure 1.14 Optical set up used to obtain a lattice by launching two orthogonal white beams to an
organosiloxane sample. Capital letters show the direction of the beam propagation. The subscript
in Y indicates the direction of the modulation. Only beam Y carried a modulation. The top images
in B (a, b, and c) are a representation of the evolution of lattice formation. Under linear conditions,
the modulation vanishes as the beam travels in the medium (a). Once the photopolymerization
reaction takes place rectangular self-trapped filaments emerged (b) which eventually become
unstable creating a lattice of self-trapped filaments (c). The bottom at B shows the time evolution
of the experimental 2-D intensity profiles at the exit face of the lattice side in which the modulated
beam is launched ([010] plane). C Scheme showing the fabrication of a lattices with primitive
cubic symmetry using three perpendicular incoherent modulated beams. A and B were reprint
(adapted) with permission from Burgess 1. B.; Ponte M.; Saravanamuttu K. Spontaneous formation
of 3-D optical and structural lattices from two orthogonal and mutually incoherent beams of white
light propagating in a photopolymerisable material. J. Mater. Chem. 2008 18, 4133—41309.
Copyright 2008, ROYAL SOCIETY OF CHEMISTRY. C was reproduced with permission from
Ponte, M. R.; Welch, R.; Saravanamuttu, K. An optochemically organized nonlinear waveguide
lattice with primitive cubic symmetry. Opt. Express 2013, 21,4205-4214. Copyright 2013 Optical

SOCIEEY OF AIMETICA. ...ttt ettt et e e et et et e e aane e 22

Figure 1.15 Free-standing array of flexible square lattice of micro-waveguides made of a silicone-
based acrylate polymer. Reprinted with permission from ref. 85. Copyright 2018 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim. Scheme of a polymer film with a radial distribution of
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micro-waveguides that focuses light or increases its divergence depending on its orientation. These
films posses a field of view of 115° for wavelengths in the visible spectrum. Optical micrographs
obtained through transmission microscopy of the highlighted red and blue area in the scheme of
the polymer film are shown at the middle and bottom in the left rectangle. Reprint with permission
from ref. 86. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 3-D lattice
fabricated by launching five beams from different orientations. The top image in the rectangle at
the right shows a representation of the resulting intersecting lattice while the bottom images show
micrographs of such lattice. Reprinted with permission from ref. 87. Copyright 2018 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim...........ccooiuiiiiiiiiiiii e 24

Figure 1.16 The top rectangle shows the two processes the photoinitiator undergoes to trigger free
radical polymerization. The first step consists of absorption of UV light to form a latent state with
a lifetime of 6 s. The graph at the top shows the photoswitching kinetics. Irradiation for 145 s
generates the latent state. Once the UV light is removed, the latent stay decays with a lifetime of
6 s. The graph at the bottom shows the absorption spectrum of the photoinitiator in its spyropiran
(black line) and merocyanine form (blue line). A representation of the set up used in xolography
is shown at the bottom left. The blue area represents the sheet in which solidification takes place.
Reprint with permission from ref. 95. Copyright 2020, Springer Nature Limited. The bottom left
rectangle: Set up used in holographic volumetric 3-D printing. Three orthogonal patterned beams
generated using subregions of an image were launched into the sample using 45° mirrors. A spatial
light modulator was used to create the image. The 3 beams intersected inside the bath to form the
target object. Reprint with permission from ref 96. Copyright 2017, American Association for the
Advancement of Science. The bottom right rectangle: Set up used for Computed Axial

Lithography printing. It consists of a Digital Light Projector, and a rotating stage immersed in a
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fluid. Reprinted with permission from ref. 99. Copyright 2019, American Association for the
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Figure 1.17. Optical set up employed in 3D NSCRIPT. A blue LED beam (1) is collimated by a
planoconvex lens and then launched to an amplitude mask placed at the entrance face of a sample
cell that contains the resin (P). The rest of the set up consists of a pair of planoconvex lens and a
CCD camera used to monitor the intensity profile of the beam. Time evolution of the printing
process of a cone monitored through side view pictures (middle). The resulting cone after being
isolated and polished is shown at the bottom left. The gear at the bottom right was obtained in the
same manner but using an amplitude mask that produces a beam with cross sectional profile of the
gear. HAuCls was added to the resin that, upon irradiation, produces gold nanoparticles. b Optical
set up used to print the cup shown at the bottom right. Two counter-propagating beams were
launched simultaneously to the sample, each of them patterned with the amplitude masks shown
at the right. Each of the beams acquired the shape of the white area in the amplitude mask. The
time evolution of the printing process of the cup was monitored by imaging the sample cell from
the top of the set up. Reprinted with permission from Basker, D. K.; Cortes, O. A. H.; Brook, M. A_;
Saravanamuttu, K. 3D Nonlinear Inscription of Complex Microcomponents (3D NSCRIPT):
Printing Functional Dielectric and Metallodielectric Polymer Structures with Nonlinear Waves of

Blue LED Light. Adv. Mater. Technol. 2017, 2, 1600236-n/a.

Figure 1.18 Assembled catapult. All the components were obtained through 3D NSCRIPT except
for the tension spring (k). Reprinted with permission from Basker, D. K.; Cortes, O. A. H.; Brook,
M. A.; Saravanamuttu, K. 3D Nonlinear Inscription of Complex Microcomponents (3D

NSCRIPT): Printing Functional Dielectric and Metallodielectric Polymer Structures with
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Nonlinear Waves of Blue LED Light. Adv. Mater. Technol. 2017, 2, 1600236-n/a. Copyright 2017

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.............oooviiiiiiiiiiiiiiiii e, 31

Figure 1.19 Components of Resing G used in SMaLL(left). The ring-opening reaction of the
photochromic molecule (DAE530) used in this method produces an optically transparent solution
upon absorption of visible light (1 = 530 nm). The masking effect is clearly observed in the
absorption spectra in the middle. Before the ring opening reaction of the photochromic molecule
takes place, the absorption of the solution is dominated by the former. After this transformation,
light can be absorbed by the photosensitizer. Printing process of a cone through the SMalLL
principle (right). Reprinted with permission from ref. Dolinski, N. D.; Page, Z. A.; Callaway, E. B.;
Eisenreich, F.; Garcia, R. V.; Chavez, R.; Bothman, D. P.; Hecht, S.; Zok, F. W.; Hawker, C. J.
Solution Mask Liquid Lithography (SMaLL) for One-Step, Multimaterial 3D Printing. Adv. Mater.

2018, 30, 1800364. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.....32

Figure 1.20 a) “Walker” robot made of negatively charged monomers under the effect of an
electric field. Reprint with permission from ref. Han, D.; Farino, C.; Yang, C.; Scott, T.; Browe,
D.; Choi, W.; Freeman, J. W.; Lee, H. Soft Robotic Manipulation and Locomotion with a 3D
Printed Electroactive Hydrogel. ACS Appl. Mater. Interfaces 2018, 10, 21, 17512-17518.
Copyright 2018, American Chemical Society. b) Walking robot made of two legs. The purple leg
1s made of a hydrogel with positively charged monomers (right) while the grey leg (left) contains
negatively charged monomers. In the initial configuration, the cathode is next to the positively
charged hydrogel while the anode is next to the anionic hydrogel. Once an electric field is applied,
both legs bend inward in opposite directions. The whole system moves toward the right since the
anionic leg has a larger surface area than the cationic counterpart. Reversing the fields stretches

the anionic leg toward the cathode while the cationic leg moves towards the anode but to a lesser
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extent due to its higher friction force with the substrate which results in unidirectional motion of
the two-leg robot. Reprinted with permission from ref. Morales, D.; Palleau, E.; Dickey, M. D.;

Velev, O. D. Electro-actuated hydrogel walkers with dual responsive legs. Soft Matter 2014, 10,

Figure 1.21 a) Images of light of different wavelengths traveling through printed waveguides
within tissue. Reprint from Feng, J.; Jiang, Q.; Rogin, P.; De Oliveira, P. W.; Del Campo, A.
Printed Soft Optical Waveguides of PLA Copolymers for Guiding Light into Tissue. ACS Appl.
Mater. Interfaces 2020, 12, 20287-20294.Copyright 2020 American Chemical Society. b) The
top-left image is a representation of a continuum soft robot composed of an optical fiber wrapped
with a ferromagnetic polymer jacket with hydrogel skin. The top-right image shows the
experimental set up used to demonstrate steerable light delivery. The four images below show the
magnetic soft robot initially traveling through a set of rings while directing light and then directing
light towards specific areas (yellow dots). Reprinted with permission from Kim, Y.; Parada, G. A.;

Liu, S.; Zhao, X. Ferromagnetic soft continuum robots. Sci. Robot 2019, 4, eaax7329.

Figure 1.23 a) Beam profile at the exit face of a cell containing different concentrations of Rb
atoms at a power of 20 mW at the entrance face. Detuning= 0.56 GHz. Concentrations (10'!/cm?)
in the first column from top to bottom: 0.03, 1.0, 2.1, 3.1. The concentrations in the second column
also from top to bottom were 5.2, 6.2, 7.2 and 8.3 10'! cm™. The separation and the rotation angle

between the two solitons increases with the concentration of Rb atoms. Reprinted with permission
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from Tikhonenko, V.; Christou, J.; Luther-Daves, B. Spiraling bright spatial solitons formed by
the breakup of an optical vortex in a saturable self-focusing medium. J. Opt. Soc. Am. B 1995, 12,
2046-2052. Copyright 1995 Optical Society of America b) Modulation instability of vortex beams
with [ = 1, 2, 3 traveling through sodium vapor as the nonlinear medium with pulse energies of
76, 234 and 359 nJ respectively. The beams break into 2,4 and 6 filaments. ¢) When the pulse
energy of these beams is increased to 9.1, 24.1 and 6.63 pJ for each topological charge (I = 1, 2, 3),
they no longer break since the nonlinearity is immediately saturated. b and ¢ were reprinted with
permission from Bigelow, M. S.; Zerom, P.; Boyd, R. W. Breakup of Ring Beams Carrying Orbital
Angular Momentum in Sodium Vapor. Phys. Rev. Lett. 2004, 92, 083902. Copyright 2004

American Physical SOCIEtY . ......ouuitiii i e e 41

Figure 1.24 a) Chiral structures obtained upon vortex irradiation of thin films made of tantalum,
silver, silicon, and chromium/gold. Images (left to right) reprinted with permission from ref.
181,182,183 and 184. Copyright 2017 Optical Society of America. Copyright 2012 American
Chemical Society. Copyright 2018 AIP Publishing. Copyright 2017 AIP Publishing. Chiral
structures can also be obtained when the sample is irradiated from the substrate side rather than
the film side. The top images in b) show the time evolution of a spin jet created upon irradiation
of a viscous ink with a vortex beam. When the viscous ink is irradiated with a circularly polarized
beam, scattered droplets are formed which confirms a vortex beam is necessary for the formation
of the spin jet. Reprinted with permission from ref. 185. Copyright 2019 Optical Society of
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Figure 1.25 a) Surface relief pattern generated with a vortex beam with [=10. Reprint with
permission from ref. 166, Springer Nature b) Conch-shape reliefs created through the irradiation

of a circularly polarized vortex beam with total angular momentum of +2 Reprinted with
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permission from ref. 186, Springer Nature. ¢) Each column in the middle shows the time evolution
of the fabrication of polymer fibers with [ = 0,1,2,4 (left to right). Images of the fibers obtained in
the experiments are shown on the top (I = 0,2) and bottom (I = 1,4). Reprinted with permission from

ref. 187, Copyright © 2018 American Chemical SOCIety ...........coovviviiiiiiiiiiiiiiiiieee, 45

Figure 1.26 a) Diagram of optical forces acting on a particle generated by a vortex beam. Force
vectors are represented as bold black arrows while the narrow black arrows correspond to r and z
components. b) Scheme of the model proposed to explain polymer fiber formation upon irradiation
of a vortex beam based on a coarse-grained particle model. ¢) Simulated dynamics of a coarsed
grained particle with d = 50 nm in a medium where the absorption is 7 = 9.24 x 103 m™'. The top
graph shows the trajectory of the particle on the xy plane while the graph at the bottom shows the
same trajectory of the particle on the yz plane (the z direction is compressed by 100 fold).
Reprinted with permission from Lee, J.; Arita, Y.; Toyoshima, S.; Miyamoto, K.; Panagiotopoulos,
P.; Wright, E. M.; Dholakia, K.; Omatsu, T. Photopolymerization with Light Fields Possessing
Orbital Angular Momentum: Generation of Helical Microfibers. ACS Photonics 2018, 5, 4156—

4163. Copyright 2019 Optical Society of AmMerica.........oooviiiiiiiiiiiiiiii e 46

Figure 2.1 (a) Scheme of the optical assembly employed consisting of a blue LED (A = 460 nm)
and up to 3 amplitude masks (AM) placed at the transparent walls of the rotatable resin cell.
Imaging of the optical profile at the exit face of the resin bath during the formation of cylinders
was achieved with a planoconvex lens pair (L1, f.l. =250 mm and L2, f.1. = 250 mm) and a CCD
camera. (b) Side-view images of the growing cylinder with input width = 5 mm, length = 11 mm,
intensity = 1.1 mW mm and scale bar = 2 cm. The sample cell consisted of a cut syringe with
glass cover slips glued to each end. (c) Time evolution of the spatial intensity profile at the exit

plane of the sample with a growing cylinder with input width = 2 mm, length = 11 mm (Scale bar
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=1 cm). (d) Final printed polymer cylinders with input width = 10 mm, length = 27 mm and
obtained with an LED beam at incident intensities from left to right of 0.47 mW mm™, 1.1 mW

mmZand 1.9 mW mm=2. Scale Dar = 1 CIMl...vvnree e e e e, 65

Figure 2.2 Flowchart depicting the decomposition steps that were carried out to convert mesh files

into printable prismatic lements. ............ooiiitiiti i 68

Figure 2.3 (a) Decomposition of a house into 2 separate prismatic elements. (b) Separate printing

of each element. (¢) House constructed from glued fragments based on the identification of prisms.

Figure 2.4 Figure 2.4 (a) Decomposition of an object into separate printable, prismatic elements
based on the removal of triangular pyramid volumetric elements. (b) Separate in printing of each

element. (c) House constructed from glued fragments based on the identification of prisms.

Figure 2.5 (a) Decomposition of a runner using two degenerate methods and the fabrication of a
runner. Scale bar = 1 cm. (b) The object was printed by first projecting light onto AM1 of the cell
containing photopolymerizable resin, and then subsequently rotating the cell to AM2 and AM3
once each previous element was printed. (¢) Images depicting a runner printed using SLA (left)

and prismatic 3D printing (right). Scalebar =1 cm............c.oooiiiiiiiii 73

Figure 2.6 Illustration of fragmented model from various meshes and the resulting printed

0] 011 1 75

Figure 2.7 a) Rectangular prism (Width x Height x Length= 4 x 8 x 3 mm) with waveguide
circuitry. b) Optical micrographs of the entrance (right) and exit face (left) of a rectangular prism

with waveguide circuitry. ¢) Near-Field view of a red LED beam that propagates through the
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rectangular prism with waveguide circuitry at the exit face of the sample (left). A magnification of
the filaments formed is shown in the middle. ¢) Far-Field view of a laser beam propagating through
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Figure 2.8 Decomposition steps that were carried out to identify a skull medallion mesh is a
printable prismatic element and the resulting printed object that resulted. Scale bar = 1 cm. The

skull medallion model is a reconstruction of the Mexican sculpture (right). Scale bar = 30

Figure 2.9 Decomposition steps that were carried out to convert a hockey player mesh into

printable prismatic elements and the resulting printed object that resulted within 100 s. Scale bar

Figure 2.10 Decomposition steps that were carried out to convert an inukshuk mesh into printable

prismatic elements and the resulting printed object. Scalebar=1cm................c.ocoiiii 91

Figure 2.11 Decomposition steps that were carried out to convert a skyscraper mesh into printable

prismatic elements and the resulting printed object. Scalebar=1cm................c.ocoiii 91

Figure 2.12 Decomposition steps that were carried out to convert a house mesh into printable

prismatic elements and the resulting printed object. Scalebar=1cm...........................ol 92

Figure 2.13 Amplitude masks used to print Objects i Situ. . .........cooviiiiiiiiiiiiiiiiiiiiaan, 92

Figure 2.14 Decomposition steps that were carried out to convert a skull mesh into printable

prismatic elements and the resulting printed object. Scalebar=1cm...............c..coooviiant. 93

Figure 2.15 Decomposition of a sprinting runner using two methods and the fabrication of the
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Figure 2.16 Decomposition of a starting runner using two methods and the fabrication of the runner.
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Figure 2.17 Decomposition of a lattice using 3 methods and the fabrication of the lattice in 3 steps

with overlapping elements. Scale bar =1 cm.............coooiiiiiiiiiiiii e 94

Figure 2.18 2-D and 3-D time evolution of the spatial intensity profile of an array of filaments
generated with a periodic amplitude mask (A= 80 um) with square apertures (40 x 40 um) during
the printing process of a rectangular prism 3 mm long embedded with waveguide

(0111611113 s P 94

Figure 3.1 a) Slab waveguides were printed by launching a LED beam (A = 455 nm) through a
rectangular or circular mask (top and middle images). The patterned beam was then launched to a
cell containing resin H4. Micro-patterned prisms were printed by passing the same LED beam
through a 2D periodic amplitude mask (A= 80 um, = 0.94 mW mm ) before being launched to

the amplitude mask that defines the shape of the prism(bottom). In this case the cell contained
resin H6. b) The LED beam induces localized free radical polymerization of acrylic acid
monomers resulting in the formation of a prism hydrogel waveguide. ¢) Hydrogel prism 10 mm
long (Width= 2 mm, Height= 10 mm). d) Optical up used to achieve horizontal right-left beam
manipulation with electroactive rectangular waveguides. Samples glued to coverslips placed
between two graphite electrodes were partially immersed in a phosphate buffer solution. A blue
LED beam was launched to the top part of the sample. Optical profile at the exit face of the gel
was monitored with a planoconvex lens pair (L1, f.I. =250 mm and L2, f.I. =250 mm) and a CCD
camera. €) Bending mechanism in electroactive hydrogels. Counterions within the anionic network
migrate towards the cathode when an electric field is applied but remain within the polymer to

preserve the electroneutrality inside the gel. The concentration of ions at the cathode becomes
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larger due to the gel permselectivity to cations (middle). This concentration gradient generates a
higher osmotic pressure on the anode side than on the cathode. A positive pressure difference gives
as result swelling on the anode side and bending (right) towards the
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Figure 3.2. @) Top view and 2D beam output profile time evolution of a waveguide 10 mm long
under the effect of an electric field (6 = 1300 V/m) when irradiated with a blue LED (A =455 nm).
When the electric field is applied, the waveguide bends towards the cathode. At the same time, the
beam traveling though the waveguide bends in the same direction. When the polarity of the electric
field is reversed, the waveguide and the beam output move in the opposite direction. b) Time
evolution of the bending angle and integrated intensity of the beam output c) As the waveguide
bends away from the optical set up, the intensity on the detector decreases ~92% when the

maximum bending angle 0,,,, is reached. On average, 0,4, 18 10° £ 2% .oooiiiiiiiiiiiiiiieee. 104

Figure 3.3 a) Top view of the time evolution of a waveguide 9 mm long under the effect of an
electric field (o = 520 V/cm) illuminated with a green laser (A = 520 nm). When the electric field is
applied, the waveguide bends towards the cathode as in the horizontal configuration. When the
polarity of the electric field is reversed after 180 s, the waveguide moves in the opposite direction.
b) Time evolution of the bending angle when the polarity of the electric field is switched every
180 s before reaching equilibrium. A maximum bending angle of 10° & 2° is achieved. c) The
intensity of the beam output decreases as it bends since light is guided away from the detector
reaching a minimum of ~23% of its original value. The intensity of the beam output is fully
recovered during the first 400 s when the polarity of the beam is inverted, and the cylinder points

out directly at the camera........ ..., 105



Figure 3.4 Vertical right to left bending of an individual as well as square arrays of 4 (2 x 2) and 9
(3 x 3) cylindric waveguides (6 = 520 V/cm) irradiated with an expanded green laser beam (A = 520
nm). Graphs at the top show the time evolution of the bending angle of the individual cylinder and

of cylinders 11 and 21 of the 2 x 2 array and, cylinders 12, 22 and 32 of the 3 x 3

Figure 3.5 a) Hydrogel prism (H x L x W= 10 mm x 6 mm x 2.5 mm) with a waveguide lattice
embedded. b) Side view, C) entrance and d) exit faces micrographs of the waveguide lattice. €)
Time evolution of the hydrogel waveguide lattice under the effect of an electric field 6 =350 V/cm.
The electric field was applied for 100 seconds to keep the lattice within the field of view of the
CCD camera. After this period, the electric field was turn off for 60 seconds before inverting the
field. The square light pattern generated by the lattice moves towards the cathode. f) Far field view
of the light pattern generated by a hydrogel prism (H x L x W= 10 mm x 6 mm x 3.5 mm). The
top image shows the hydrogel prism with the waveguide lattice embedded and the light pattern
before the electric field was applied. The middle image shows the position of the pattern and the
hydrogel lattice after applying the electric field for 240 s. The light pattern is clearly directed

to the right. The bottom image shows how light is directed in the opposite direction 240 s after

the polarity of the field was inverted. ... 110

Figure 3.6. Graphs showing the time evolution of the displacement and intensity of the nine
waveguides highlighted in the image at the top right while. The electric field was applied for 100
in one direction before inverting its polarity. As the displacement graphs show, when the polarity
was inverted, the waveguides does not bend to the same extend in the opposite. Unlike the intensity
output of the slab waveguide, the intensity output of the micro-waveguides shows random

FTUCKUALIONS . .« ettt ettt e e e e e e e e, 112



Figure 3.7. Multidirectional bending of cylindric waveguides illuminated with an expanded green
laser (1=520 nm). The top left shows an individual waveguide and arras of 4 and 9 waveguides
before the electric field is applied. Target angles are shown above each image. Target angles for
the individual waveguide are shown at the right of each image of the individual waveguide. Going

though each target angle in a sequence allows to rotate them.......................cooiiia. 114

Figure 3.8. a) The average bending curvature of the longest waveguide at 6,4, is ~0.02.

Therefore, it can be assumed that the waveguide remains a straight line and that its length does not
change during the experiment. b) Illustration of how the displacement of the waveguide Ax was
calculated for horizontal and vertical bending. Subtracting the initial position of one of the edges
of the beam from the of the edge after 10 seconds. Bending angles were obtained using the inversed

SINE TUNCHION. oottt e e e e e e e e e e e e 121

Figure 3.9 Beam propagation method simulations of a beam (A = 445 nm) traveling through a slab
waveguide 10,000 um long (An = 0.4) oriented at 0-12°, 30°, 38° and 40° with respect to the x axis.
Transverse (Xy) cross sections of the beam output are shown. After 38°, the beam output does not
follow the trajectory of the waveguide. Instead, the beam is guided at an angle smaller than the

angle at which the waveguide is oriented.............coooiiiiiii i 122

Figure 3.10 Time evolution of the bending angle (left) and integrated intensity of the beam output
(left) of slab waveguides 6 and 9 mm long (c). As the waveguide bends away from the optical set
up, the intensity on the CCD camera decreases. The maximum bending angle Omax for the
waveguides 9 and 6 mm long is on average 10 £+ 2 and 3 = 2. When 6max is reached, the intensity

decreases to ~ 22 and ~75 % ofits original value.................ooiiiiiiiiiiii 123
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Figure 3.11 a) Top view of the set up to achieve vertical right-left and multidirectional bending
of cylindric hydrogel waveguides (left). b) An example of the vectoral analysis carried out to
combine the electric fields from both power supplies is shown at the right and bottom. To make
the waveguide bend 60° taking as a reference a vertical line going through the center of the cage,
the voltage from power supply 1 was set at 7.5 V producing a electric field pointing down of 260
V/m. Power supply 2 was set at 13 V with a horizontal field towards the right of 450 V/m. The
combined electric field from both power supplies is 520 V/m. The same electric field (500 V/m)
is obtained with an individual power supply is set at 15 V. ¢) All configurations used to direct the

cylindric waveguide in a circular trajectory.........uiuiitiii e 128

Figure 3.12 Polar plot of the position of a cylindric waveguide 10 mm long and its intensity output
during a multidirectional bending experiment. The intensity of the waveguide output remains
unchanged as it bends towards the first target angle (0°). Although times are not shown in the polar
plot, the intensity of the waveguide output starts to decrease after 7 minutes due to damage within

the Ry drogel. ... ..o e 129

Figure 4.1 The optical assembly consists of a A/2 waveplate (W1), a mirror (M),a neutral density
filters (F1 & F2),a spiral phase plate (V), a focusing lens (L1), a sample stage (S), imaging lenses

(L2 & L3) and a charge-coupled device camera (CCD).........ccviiiiiiiiiiiiiiiiiiiiii e, 133

Figure 4.2 Temporal evolution of the vortex beam with I=—1 at I= 42.08 W/cm? in the epoxide
system. The filament formed at the region of highest intensity rotates counter-clockwise around
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Figure 4.3. a) Extent of the rotation A8 as a function of intensity. b) Rate of rotation as a function

of intensity. c) Polar plot showing the evolution of a rotating filament at I= 42 W/cm?. d)
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Micrographs of the entrance and exit face of a polymer fiber obtained after irradiating an epoxide

sample for S minutes at I= 140 W/CMZ. ... ...t 136

Figure 4.4. Temporal evolution of the vortex beam with [ = +1 at I= 42.08 W/cm? in the epoxide
system. The filament formed at the region of highest intensity rotates counter-clockwise around

the beam axis

Figure 4.5 a) Typical result in a regular epoxide sample with [ =—1 at I = 140.27 W/cm? (top) and

in a prepolymerized sample (bottom) at I=42.08 W/cm?..............covviiiiiiiiiiiiieiei, 141

Figure 5.1. LED driven by a 9 V battery with a hydrogel prism acting as a part of the electronic

circuit
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1 Introduction

1.1 Light propagation in nonlinear media

The natural diffraction of light is affected when it travels in a medium undergoing a refractive
index change (An). Depending on the magnitude and the sign of An and whether the change is
local or non-local, three different effects often take place that modify the intensity or/and the
special profile of a beam: self-focusing, self-trapping (soliton formation) and self-defocusing.! A
self-focusing effect occurs when the refractive index change is positive and large enough to make
a beam of light focused in the medium. When there is balance between the focusing effect and
diffraction, the beam travels in the medium without changing its spatial or intensity profile. This
entity confined within its own waveguide is known as self-trapped beam or soliton (Figure 1.1).
When the refractive index change is negative, the beam broadens. This phenomenon is known as
self-defocusing. The formation and propagation of a beam when these phenomena occur are

described using the paraxial approximation and the nonlinear Schrédinger equation:>?
2ikony 5= + V3 E + 2k3noAnE + ikgnoaE = 0 (1.1)

The first term in (1.1), 2ikgn, Z—j, describes the beam propagation along the z-axis in the medium.

The second term V2 E describes the natural diffraction of the beam along the x and y axis while
the third term accounts for the self-focusing effect due to the light-induced refractive index change
An occurring in the medium. Finally, the last term accounts for the attenuation of the beam a by
the medium. This thesis will focus on materials with a positive and permanent refractive index
changes. Confining light while triggering permanent changes allows to transfer the pattern carried
by the beam to the photo-responsive material as well as to study the effect of the refractive index

change on the beam.



Diffracted | Self-Focussed _  Self-Trapped

Beam Beam Beam

Figure 1.1 A self-trapped (right) beam is produced when the natural diffraction of light (left) is
counteracted by the focusing effect (middle) originated by the refractive index change (An) in a
nonlinear medium. Reprinted with permission from Biria, S.; Morim, D. R.; Tsao, F. A
Saravanamuttu, K.; Hosein, I. D. Coupling nonlinear optical waves to photoreactive and phase-
separating soft matter: Current status and perspectives. Chaos 2017, 27, 104611. Copyright 2017
AIP Publihing.?

1.2 Types of Nonlinear Materials

There are five kinds of materials that undergo refractive index changes in which self-focusing, and

self-trapping have been observed: isotropic third order nonlinear media,*® second-order nonlinear

14-17 18-21 22-32 It

crystals,” ! liquid crystals, photorefractive materials, and photochemical systems.
was initially thought that using coherent light was a requirement to induce a nonlinear response
and that most nonlinear responses could be explained by expressing the susceptibility term y in

the equation that describes the electric polarization vector P = g, yE as a power series:!
P=¢g[xWE + yPE2 + y®F3 ...] (1.2)

where & is the free-space permittivity, y (1 corresponds to the first order linear susceptibility, y

and y® are the second- and third-order nonlinear susceptibility.



1.2.1 Third order nonlinear materials

A material with molecules oriented anisotropically tend to reorient themselves along the
polarization direction of an intense optical field. A requirement for a material to exhibit a strong
Kerr-type effect is a rotation axis for molecular symmetry. For these materials, ¥ is the only
nonlinear term that is significant. The refractive index change in a Kerr-type material can be

written as:!
An = ny|E|? = n,l (1.3)

Although Kerr-type media exhibit ultrafast response times (in the order of femtoseconds),

they require high intensities that can only be achieved with high power lasers.

1.2.2 Second-order nonlinear materials.

The main mechanism causing the refractive index changes in non-resonant transparent optical
media is electron-cloud distortion which is associated with the second order nonlinear
susceptibility y®). Such a change occurs when a beam of frecuency w and its second-harmonic
wave 2w  are launched through a second-order nonlinear crystal meeting the amplitude

requirements (A (w ) =v/2A4 (2w ) and phase-matching conditions between the two incident

beams:!

2
An°(w) = %ZA(ZQ))COS(SH (1.4)
2 2
An®Qu) = —2eb 2@ 050 (1.5)

2nf(2w) AQw)

A(w) and A(2w) are the amplitude functions of the beams, An° (w) and An®(2w) are the induced

refractive-index changes for both the fundamental and second-harmonic generated beam, )(g,( 1 18



the second order susceptibility of the medium under type-I phase matching conditions (both beams
having the same polarization), 66 is the phase difference factor 66 = 26; — 6, where 6; and 6,
are the initial phase wave factors. When §6=26,; — 6, with 8, and 8, being the initial phase factors
of the two waves. When 660 = 0 or 2mm, where m is an integer, there is a positive refractive index
change which is a condition required to achieve self-focusing/self-trapping. Soliton formation,, in
a second-order nonlinear crystal was demonstrated for the first time in a KTP (Potassium titanyl
phosphate: orthorhombic system, space group Pna2;) crystal in 1995 by launching a fundamental
beam (4 = 1064 nm) and a second-harmonic generated beam (4 = 532 nm) through a 1-cm long
sample.” In the absence of the second-harmonic generated beam, the fundamental beam at the
crystal entrance face was ~20 um while at the exit face it increased to = 80 um. When the second-
harmonic beam was launched in phase with the fundamental beam, the diameter of both beams got
reduced to ~12.5 pm when the intensity of the fundamental beam was higher than 10 GW/cm?.
Similar results have also been obtained in the widely used LBO (Lithium triborate, LiB3Os:

orthorhombic system, space group Pna2,) crystal.!*3

1.2.3 Photorefractive materials

Most photorefractive materials are crystals doped with an impurity that can be photo-excited. The
mechanism behind the refractive index change is associated with the generation of charges upon
photo-excitation of the impurities within the crystal followed by transport and recombination of
such charges under the influence of an external electric field. The separation of charges creates an
electric field within the crystal known as space-charge field which produces a refractive index
change due to the linear electro-optic effect (Pockels effect) which is described by the second order
nonlinear susceptibility (y(?). The formation of spatial solitons in photorefractive crystals was

predicted in 1992 by Segev et al.** and demonstrated for the first time the year after in a strontium
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barium niobate (SBN) crystal.!® Since the refractive index change in a photorefractive crystal
depends on charge separation, they are nonlocal and non instantaneous with response times

depending on the intensity used (mW/cm? to MW/cm?).

1.2.4 Liquid crystals

The refractive index change in nematic liquid crystals has its origin in the reorientational effect of
elongated pre-oriented molecules. Such pre-orientation is carried out either with an AC3*3¢ or
DC3738 electric field. When a polarized beam is launched through a LC sample, a torque is induced
in the medium that changes the orientation of the molecules that were previously aligned.*** Most
nematic crystals are uniaxial which means they have one orientation where molecules are arranged
symmetrically. The orientation of the optical field with respect to the symmetric axis determines
the speed of the optical waves and therefore, the refractive index in that direction n,. Nematic
crystals have two different indices of refraction n, = ¢/v, and ny = ¢/v,. The difference between

these two refractive indices is known as birefringence*! and its usually ~ 0.01 and the intensities
required to start observing soliton formation are in the mW range.*’ Since reorientation of LC
affects neighbouring molecules, refractive index changes have a strong nonlocality and a delayed

response (usually in the order of tens of seconds).

1.2.5 Photopolymerization reactions

All the refractive index changes described so far are based on physical mechanisms. Inducing a
refractive index change by starting a chemical transformation is also possible since the products
in a chemical transformation have a different refractive index than the reactants. These changes
can be reversible or irreversible.** This thesis focuses on photopolymerization reactions. In a
typical photopolymerization reaction, molecules known as photoinitiators produce reactive

species (radicals or ions) upon absorption of a photon (initiation), although multiphoton absorp-
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tion of a photon (initiation), although multiphoton absorption can also be achieved using
tightly focused laser beams. These radical/ions react with monomers to generate new reactive
species that keep reacting with new monomers (propagation) forming a polymer network.
This growing process continues until a termination step takes place. Since monomers are
joined together by chemical bonds, there is a contraction in the material and an increase in
density which results in a positive refractive index change. The refractive index of a polymer

can be approximated Lorentz-Lorenz equation:**

(1.6)

Where R(cm?/mol) is the molar refraction, M(g/mol) is the polymer molecular mass, and p(g/cm?)
is the density of the polymer. The time evolution of the refractive index change in a

photopolymerizable medium can be described by the following empirical equation:*?

An'(x,y,2,t) = Ang{1 — exp [l‘]—l fot_TIE(t)Izdt]} (1.7)

where Ang is the maximum index change (at saturation when most monomers have reacted), U, is
the minimum energy required to initiate polymerization, E (t) is the optical field amplitude as a
function of time and 7, the monomer radical lifetime. A plot of Eq. 1.7 shows 3 distinct zones for
any monomer undergoing radical photopolymerization (Figure 1.2). At early stages, no changes in
the refractive index are observed since the polymerization reaction is inhibited by oxygen
dissolved in the monomer. During the second stage when larger light doses have been delivered,
large polymer chains start to form and the density of the materials increases, a sharp increase in

refractive index is observed. At the third stage, the reaction reaches completion and Ansaturation.



This transition is generally accompanied by a change of state from liquid (monomers) to solid

(polymer).
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Figure 1.2 General evolution of the refractive index change in a photopolymerizable sample.
Reproduced with permission from Kewitsch, A. S.; Yariv, A. Self-focusing and self-trapping of
optical beams upon photopolymerization. Opt. Lett. 1996, 21, 24-26. Copyright 1996 Optical
Society of America.??

1.3 Photopolymerization reaction mechanisms

As mentioned earlier photopolymerization reactions are carried out by radicals or ions that are
created upon absorption of light usually through chain growth polymerization. In the case of ionic
polymerization, the reactive species can be either cations (cationic polymerization) or anions
(anionic polymerization). Cationic polymerization is the only ionic polymerization that will be

discussed.



1.3.1 Radical photopolymerization

In the initiation step of free-radical polymerization, radicals (atoms or molecules with an unpaired

electron) are formed through photolysis of photoinitiator molecules.

Photoinitiatior decomposition
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Figure 1.3 a) Photolysis of initiaros Irgacure 184 (1-Hydroxycyclohexyl phenyl ketone) and
Irgacure 819 (Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide).*** Example of an initiation
step. A radical attack the carbon-carbon double bond creating a new radical one monomer longer.
b) General steps in any radical polymerization reaction.’



An example of this process is illustrated in Figure 1.3a with the photoinitiators Irgacure 184* and
Irgacure 819* which were used in several polymerization reactions described in this thesis. These
radicals attacked the carbon-carbon double bond C=C of a monomer forming a new radical
(initiation) that keeps growing by adding monomers creating a chain (propagation). This process
continues until two radical chains collide creating a covalent bond between them (combination) or
when a reaction takes place between two radicals creating products that are not radicals
(disproportionation). These steps are illustrated in a general manner in Figure 1.3b. Another
possibility is that the unpaired electron is transferred from a macro radical to a new specie that can
incorporate more monomer (transfer reaction). Figure 1.4 shows the reaction to obtain a widely

used organosiloxane photopolymer by our group through free radical photopolymerization.
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Figure 1.4 Radical photopolymerization of 3-(trimethoxysilyl)propyl methacrylate using
Irgacure® 784.

1.3.2 Cationic photopolymerization

Cationic polymerizations also involve a chain mechanism in which positively charged monomers
are the active species. The former kind of polymerization is known as cationic ring-opening
polymerization (ROP). Unlike radical polymerization, there are no actual termination reactions

such as combination since all chains are positively charged so the charged sites do not come to a



close proximity due to electrostatic repulsion. In general, cationic polymerization can be described
as shown in Figure 1.5.*7 We have previously shown that it is possible to induce the formation of

nonlinear light waves in media undergoing cationic polymerization of epoxide moieties.>>*3->!

Initiation H+*T M 5 HM* ( = R+)
Propagation R+ TnM 5 R-Mn' ( = P+)
Termination P* +P+ > ¢ No reaction
Figure 1.5 Basic steps in a cationic polymerization.*’ The initial step involves the protonation of

the monomer. This new cation keeps adding more monomer until all monomer is depleted or until
the growing chain reacts with a contaminant.

Sulfonium and iodonium salts are the most common photoinitiators to induce cationic
polymerization.*’ These photoinitiators absorb in the UV region. The photolysis of the
photoinitiator and the protonation of the monomer when UV light is used it takes place as
illustrated in (3) of Figure 1.6. However, photopolymerization can be initiated using visible light
by the use of a photosensitizer that promotes radical decomposition reactions. This is illustrated
for a iodonium salt in (1) and (2) in the same Figure. The first step consists of generating radicals
upon absorption of visible light by a photoinitiator (1). Oxidation of one of the radicals by the
diaryliodine salt produces a cation R" that is involved in the cationic polymerization in a direct or
indirect manner (2). The diaryliodine free radicals produced in the last step can be used again in
the same reaction to continue the cation generation which results in the production of several
cations for each photon absorbed. Upon absorption of a photon, an aryl- and a diaryliodine cation-
radical are produced. It is well known that alcohol accelerate the photopolymerization process

when diaryliodonium salts are employed as photoinitiators.> The mechanism proposed to explain
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Figure 1.6 (1) and (2) show the generation of a cation R" assisted by a photosensitizer that
produces radicals upon absorption of light. (3) Light absorption and proton abstraction of
a monomer/solvent molecule by a diaryliodine salt. (4), (5) and (6) show the reactions that are
part of the mechanism to explain the acceleration of a photopolymerization reactions when
alcohols are used with a diaryliodine salt photoinitiator. (8) shows the propagation
mechanism of ring-opening polymerization. (9), (10) and (11) show some of the reactions that
lead to termination in ring-opening polymerization.
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In addition to forming protonic acids when they react with solvents or monomers that can initiate
polymerization, aryl radicals can abstract hydrogen atoms to form alkyl radicals (4) that can reduce
diaryliodinium salts to produce a-hydroxybenzyl cations and diaryliodine radicals (5). A Bronsted
acid (HMtX,) is produced from the spontaneous deprotonation of a-hydroxybenzyl cations as well
as the corresponding aldehyde (6). The Bronsted acid protonates the oxygen atom of an epoxide
monomer starting ring opening polymerization (7). The propagation mechanism is shown in (8).
In the case of ring opening polymerization, some transfer reactions such as inter- or intramolecular
reactions become termination reactions when the majority of the monomer has been depleted.
Alkylation is one example of intermolecular reaction that is general a termination step (9). A ring
expansion produced by back-biting (10) and the reaction with some impurity as water are also

possible (11).

1.4 Self-trapped beams

1.4.1 Self-trapping of coherent beams

The first demonstration of soliton formation was done in 1974 with a circular laser beam in sodium
vapor as saturable nonlinear medium.* The next demonstration was carried out in 1985 using liquid
CS; as the nonlinear medium™. It was originally thought that the formation of self-trapped beams

3435 since incoherent ones have random fluctuations that

was only possible using coherent sources
occur in the femtosecond time scale that are captured by instantaneous nonlinear media which
were the kind of materials studied at the early stages of this field.'®*6%? As a result, incoherent
beams break into small fragments in instantaneous nonlinear media. Therefore, having a nonlinear

response slower (noninstantaneous) than the random fluctuations taking place in the incoherent

beam is the main requirement to elicit self-trapped beams using incoherent light.%* The first
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Figure 1.7 Time evolution of the 3-D intensity profile of an incoherent white beam traveling in a
crystal. At t =0 s, the width of the beam at the entrance and exit faces of the sample are 14 and
82 um, respectively. After 180 min, the width of the beam at the exit face got reduced to 12
um. Reproduced with permission from Mitchell, M.; Segev, M. Self-Trapping of Incoherent
White Light. Nature 1997, 387, 880-883 Copyright 1997, Macmillan Magazines Ltd.®
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demonstration of soliton formation was done with a partially incoherent laser beam in a

1. Since the response time (0.1 s for an intensity

photorefractive crystal in 1996 by Mitchel et al
of 1 W/cm?) of photorefractive crystals can be controlled with the intensity of the beam, using low
intensities allows an incoherent beam to self-trapped because it is perceived as uniform by
the medium. Self-trapping of a totally incoherent white beam (temporally and spatially) was
carried out one year after by the same group.®® Experimental demonstration of self-
trapping in a photorefractive crystal is shown in Figure 1.7. Photopolymers are another
nonlinear media whose response can be tuned with the intensity of the propagating beam.
Therefore, self-trapping can be obtained with different light sources. An example of self-
trapping of a blue laser beam in a photopolymerizable medium is illustrated in Figure 1.8.
Unlike photorefractive crystals, the refractive index changes in photopolymers are
permanent. The propagation of laser beams in photopolymerizable media is an efficient

22,66-70

method to obtain self-written waveguides. Figure 1.9 shows a polymer

waveguide fabricated using light from an optical fiber. Such waveguide connects to another opti-

Figure 1.8. Evolution of the self-trapping process of a blue laser beam (A=488 nm) in a
photopolymerizable medium. As photopolymerization takes place, a permanent optical
waveguide is formed in the medium with a core diameter of 100 um and a length of 40 mm.
Reprinted with permission from Kagami M.; Yamashita, T.; Ito, H. Light-induced self-
written three-dimensional optical waveguide. Appl. Phys. Lett. 2001, 79, 1079-108]1.
Copyright 2001, AIP Publihing.”
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cal fiber. The acceptance angle of a self-written waveguide depends on the difference between the

refractive index of the core and the cladding:”!

Oa < sin”! ( ngore - nglad) (1.8)

The modes that are supported in a waveguide also depend on the refractive index difference

between core and cladding but also on the core size (a) and the wavelength of the light A:72
2
V= THa\/ Néore — nglad (1.9)

When the parameter V<2.405, only the fundamental mode is supported. Our group has studied the

Figure 1.9 Polymeric waveguide obtained through photopolymerization by a self-trapped beam
connecting two optical fibers placed 1 mm apart. Reprinted with permission from Dorkenoo,
K.; Crégut, O.; Mager, L.; Gillot, F.; Carre, C.; Fort, A. Quasi-solitonic behavior of self-
written waveguides created by photopolymerization. Opt. Lett. 2002, 27, 1782-1784.
Copyright 2002 Optical Society of America.®®

propagation of coherent and incoherent light in different reversible and irreversible soft
photochemical systems. We studied the propagation dynamics of a laser beam in an

organosiloxane polymer over intensities ranging from 3.2 x 107 to 12732 W/cm?.”® In this wide
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range of intensities many phenomena can occur. At low intensities, from 3.2 x 107 to 1.6 x 1072
W/cm? self-trapping is observed at early stages of the experiment. Figure 1.10A shows the self-
trapping process of a laser beam at 1.6 x 102 W/cm?. During the first at the exit face to 26 pm
while 3 seconds, a beam that is 20 um at the entrance face and 118 pum at the exit face reduces its
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Figure 1.10 A) Temporal evolution at the exit face of the 2-D intensity profile of a green laser
beam at 1.6 x 107 traveling through a sample 6 mm long that contains 3-(trimethoxysilyl)propyl
methacrylate (left). Image (a) shows the 2-D intensity profile of the beam under linear conditions.
Images (b)-(r) were acquired after 3 s,27s,30s,30s,32s,35s,4155,475s,555,57s,615s,1165,
123 5,129 s, 134 s, 141 s, 156 s and 163 s. B) Representation of the three typical results obtained
at the three different intensity regimes observed during the nonlinear propagation of a green laser
beam in the organsiloxane sample (Left). The low intensity regime is dominated by self-trapping.
Self-diffraction rings and beam filamentation are observed at mid- and high intensities. C) Optical
micrographs (x,z and x,y) of a waveguide obtained in a organosiloxane sample 6 mm long at 1.6
x 102 W/cm?. At the right, the 2-D intensity profile of a probe laser beam is shown. Reprinted
with permission from Villafranca, A. B.; Saravanamuttu, K. An experimental study of the
dynamics and temporal evolution of self-trapped laser beams in a photopolymerizable
organosiloxane. J. Phys. Chem. C 2008, 112, 17388-17396. Copyright 2008, American
Chemical Society.”
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diameter while increasing its intensity from 0.133 to 0.46 mW/cm?. The beam further narrowed
down to 18 um after irradiating the sample for 27 s. As the refractive index change increases over
time, higher order modes are excited and clearly observed (LPii, LPo> and LP3;). These
experiments confirmed the excitation of higher order modes in cylindrical waveguides and allowed
their observation in real time. At medium intensities (from 19 x 10?2 to 16 W/cm™), diffraction
rings emerged due to self-phase modulation. At high intensities (159 to 1.2732 x 10* W/cm™) the
beam undergoes filamentation without self-focusing or self-trapping being observed. A
representation of a typical result obtained at each intensity regime is shown in Figure 1.10B. The
mechanism responsible for this filamentation is similar to modulation instability where the random
noise in a broad beam becomes amplified by the nonlinearity which eventually leads to
filamentation.”* At intensities at which self-trapping is observed, a 3-D waveguide is permanently
inscribed in the medium (Figure 1.10C). This approach can be extended to the fabrication of
metallodialectric waveguides by doping this organosiloxane photopolymer with Ag
nanoparticles.” The refractive index changes originated in this material not only induced self-
trapping; attraction and spiraling are also observed when two non-coplanar gaussian beams are
launched to the organosiloxane polymer.’® Figure 1.11 shows the interactions of two beams labeled
as A and B. In the absence of polymerization, the beams do not interact. Instead, they follow their
original trajectories while broadening. Reversible self-trapping of a gaussian beam and spiraling
as in the organosiloxane photopolymer is also possible in a hydrogel doped with Nal and
Ru(bpy);Clz in which the An is originated by oxidation of I' by [Ru(bpy)s;]*" in the presence of

light to produce I3 ions. Attraction and spiraling in these two systems are observed in the short-
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Figure 1.11 a) Representation of the linear propagation of a beam pair (A and B) under linear(left)
and nonlinear conditions in which self-trapping and spiraling takes place. Time evolution of the
beam output of the beam pair traveling through an organosiloxane sample at b) 6 = 0.70°, ¢) 0.23°,
and d) 0.86°. Centers of the beams under linear conditions are highlighted with white dots. The
trajectories of each beam at these angles under linear conditions are shown at the left in b-d.
Reprinted with permission from Morim, D. R.; Bevern, D.; Vargas-Baca, I.; Saravanamuttu, K. 3-
D Spiraling Self-Trapped Light Beams in Photochemical Systems. J. Phys. Chem. Lett. 2019, 10,
5957-5962. Copyright 2019, American Chemical Society.”®
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term range when the distance between beams is equal or smaller than the beams width which was
~ 20 um in these experiments. Most interactions between beams take place only when there is a
significant overlap between their optical field. In most photopolymers, there are not interactions
between self-trapped beams when the separation between them is four times the beam width.”’
Most interactions between self-trapped beams take place only when there is a significant overlap

of their optical fields. Our group showed recently that long-range interactions among self-trapped
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Figure 1.12. Photoisomerization  reaction of  merocyanine  substituents in a
methylenebis(acrylamide) cross-linked p(AAm-co-AAc) hydrogel. Upon absorption of visible light,
the merocyaine moieties switch to their closed-ring spiropyran form (top). This chemical change
increases the hydrophobicity in the irradiated area which causes the water in the irradiated zone to be
expelled which leads to a contraction of the hydrogel network. The refractive index change
originated by such contraction produces a temporal waveguide. The graph shows the peak intensities
of two self-trapped beams separated by 200 um while the interact remotely. The 2-D intensity profile
of the beams at selected times is shown at the bottom right. When both beams are launched
simultaneously, they self-trapped increasing their intensity (from an initial value of 1) to 12 and 9
(beam 1 and beam 2, respectively) with the final width of both beams being ~40 um (region A).
When beam 2 was intentionally blocked, the intensity of beam 1 increased to 20 while its beam
width decreased to 28 pm (region B). When beam 2 was launched again to the hydrogel, the peak
intensity of beam 1 decreased to 5.3 while the size of the beam increased to ~40 pm (region C). The
opposite effect is observed when beam 1 is block and then reintroduced (region D). Reproduced with
permission from Morim, D. R.; Meeks, A.; Shastri, A.; Tran, A.; Shneidman, A. V.; Yashin, V. V ;
Mahmood, F.; Balazs, A. C.; Aizenberg, J.; Saravanamuttu, K. Opto-chemo-mechanical transduction
in photoresponsive gels elicits switchable self-trapped beams with remoteinteractions. Proc. Natl.
Acad. Sci. U. S. A. 2020, 117, 3953-3959. Copyright 2020 National Academy of Sciences.”®
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beams take place in a hydrogel polymer bearing merocyanine moieties that undergo an
isomerization reaction that produces their closed-ring spiropyran form upon the absorption of
visible light.”® This change increases the hydrophobicity in the irradiated area which leads to the
expulsion of water and contraction of the polymeric network in the irradiated area (Figure 1.12
top). A temporal waveguide is produced because of the refractive index change originated by this
contraction (Figure 1.12 bottom left). When two beams (1 and 2) are launched simultaneously to
this hydrogel with distances between beams at least ten times the beam’s width, the extend of self-
trapping of both beams is smaller than when each of them is launched individually (Figure 1.12
bottom right, region A in graph and in the 2-D intensity profile images). When beam 2 is removed,
beam 1 increases its intensity and reduces its diameter (Figure 1.12 bottom right, region B). When
beam 2 is reintroduced again, the intensity of beam decreases while increasing its diameter (Figure
1.12 bottom right, region C). This effect can be explained in the following way: since water is
expelled due the isomerization reaction in the irradiated areas by both beams, opposing forces of
expansion prevent the contraction in the irradiated areas to the same extend as when only one beam

is traveling in the medium.

1.4.2 Self-trapping of incoherent beams

Self-trapping of incoherent light has also been extensively studied by our group in different
photopolymers. Our first demonstration of this phenomenon was done in an organosiloxane
photopolymer using white light.””%° Figure 1.13 shows the time evolution of the intensity profile
of a while beam with a 45 um width at the entrance face generated with QTH lamp traveling in a
sample 6 mm long. In addition to self-trapping, other interesting phenomena are elicited when an

incoherent beam travels in a photopolymerizable medium such as modulation instability.?!
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Figure 1.13 Time evolution of the 1-D, 2-D and 3-D intensity profiles of a white beam with a
width of 45 um at the entrance face traveling through an organosiloxane sample 6 mm long.
Section a shows the intensity profile of the beam at the entrance face. Section b shows the intensity
profile of the beam at the exit face of the sample under linear conditions. The size of the beam
increases to 268.5 um due to diffraction with a relative intensity of 15.4 %. As polymerization and
the increase of refraction index takes place, there is a 5.4-fold decrease in the beam’s width and at
least a 6.5-fold increase in the intensity of the beam before it slightly widens at the end of the
experiment. However, the width of the beam remained smaller than its value under linear
conditions. Reprint with permission from Zhang, J.; Kasala, K.; Rewari, A.; Saravanamuttu, K.
Self-trapping of spatially and temporally incoherent white light in a photochemical medium. J.
Am. Chem. Soc. 2006, 128, 406-407. Copyright 2006, American Chemical Society.”®

This phenomenon occurs when variations in the intensity of a beam leads to different rates of

photopolymerization in the irradiated area. Regions with higher rates of polymerization have a
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Figure 1.14 A Optical set up used to obtain a lattice by launching two orthogonal white beams to
an organosiloxane sample. Capital letters show the direction of the beam propagation. The
subscript in Y indicates the direction of the modulation. Only beam Y carried a modulation. The
top images in B (a, b, and ¢) are a representation of the evolution of lattice formation. Under linear
conditions, the modulation vanishes as the beam travels in the medium (a). Once the
photopolymerization reaction takes place rectangular self-trapped filaments emerged (b) which
eventually become unstable creating a lattice of self-trapped filaments (c). The bottom at B shows
the time evolution of the experimental 2-D intensity profiles at the exit face of the lattice side in
which the modulated beam is launched ([010] plane). C Scheme showing the fabrication of a
lattices with primitive cubic symmetry using three perpendicular incoherent modulated beams. A
and B were reprint (adapted) with permission from Burgess 1. B.; Ponte M.; Saravanamuttu K.
Spontaneous formation of 3-D optical and structural lattices from two orthogonal and mutually
incoherent beams of white light propagating in a photopolymerisable material. J. Mater. Chem.
2008 18, 4133-4139. Copyright 2008, ROYAL SOCIETY OF CHEMISTRY .®? C was reproduced
with permission from Ponte, M. R.; Welch, R.; Saravanamuttu, K. An optochemically organized
nonlinear waveguide lattice with primitive cubic symmetry. Opt. Express 2013, 21, 4205-4214.
Copyright 2013 Optical Society of America.®
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higher refractive index. Since light prefers to travel in regions of high refractive index, the beam
eventually breaks into many filaments randomly oriented in space that behave themselves as self-
trapped beams. Our group showed that is possible to create ordered lattices through modulation
instability by using two orthogonal white light beams with one of them bearing a 1-D weak
modulation (Figure 1.14A).%? The modulated beam produces an array of self-trapped rectangular
beams that eventually transform into a 2-D array of filaments. Surprisingly, the second beam also
creates a 2-D filament array despite not having any pre-seeded modulation. Poor alignment is
observed when none of the beams are modulated. This is remarkable since both beams are mutually
incoherent which makes interference impossible. Lattices with primitive cubic symmetry can be
obtained by using three perpendicular incoherent beams in which each of them carries a weak 1-
D periodic modulation.®® These findings represent a significant reduction of complexity in the
fabrication of 3-D photonic lattices since to obtain these kind of lattices 4 in-phase laser beams are
required for such process. In addition to transferring patterns to orthogonal beams, it is also
possible to encode data in lattices of this kind and perform binary arithmetic (addition and
subtraction).?* Periodic lattices with different geometries can be obtained using periodic amplitude
masks that create well-defined periodic arrays of bright spots (Figure 1.15). In the following
examples as well as in the fabrication of prisms with micro-waveguides embedded described in
Chapter 2 and 3, the same periodic amplitude mask was employed. The first example consists of
a free-standing square array of filaments obtained by launching a collimated white beam to a
silicone-acrylate-based photopolymer that was patterned with the periodic amplitude mask
described above.® The resulting arrays are flexible and can be compressed up to 70 % of the lattice
periodicity while retaining waveguiding capacity. Slim polymer films with a radial distribution of

cylindric waveguides can be obtained by launching a converging population of bright spots that
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Figure 1.15 Free-standing array of flexible square lattice of micro-waveguides made of a silicone-
based acrylate polymer. Reprinted with permission from ref. 85. Copyright 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.*®> Scheme of a polymer film with a radial distribution of
micro-waveguides that focuses light or increases its divergence depending on its orientation. These
films posses a field of view of 115° for wavelengths in the visible spectrum. Optical micrographs
obtained through transmission microscopy of the highlighted red and blue area in the scheme of
the polymer film are shown at the middle and bottom in the left rectangle. Reprint with permission
from ref. 86. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.* 3-D lattice
fabricated by launching five beams from different orientations. The top image in the rectangle at
the right shows a representation of the resulting intersecting lattice while the bottom images show
micrographs of such lattice. Reprint with permission from ref. 87. Copyright 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.®’

create a radial distribution of cylindrical waveguides which gives these films a field of view (FOV)
of 115° for all visible wavelengths.®® Depending on the orientation of the film, they can increase

the divergence of a LED or cause the beam to focus. 3-D lattices with higher complexity capable
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of performing multiple operations can be obtained by launching 5 collimated beams from different
angles.}” Each square spot in the amplitude mask produces five micro-waveguides that intersect
multiple times without any cross-talking observed among them. Such intersecting geometry not
only gives this film a panoramic field of view of 120° but also the ability to perform divergence
free transmission, focusing and inversion. In all these examples, the entire sample is polymerized.
The fabrication process usually takes several minutes. In this thesis, improvements to the
photopolymers are presented that make the fabrication of these lattices possible within seconds

and with well-defined shapes that do not require polymerization of the whole sample (molding).

1.5 Volumetric 3-D printing

3-D printing was introduced for the first time by Charles W. Hull in the 1980s.8® The new
technology immediately attracted the attention of the automotive industry to accelerate design
cycles since time-to-market was extremely slow at that time. Since then, several techniques have
been developed including inkjet printing, fused depositing modeling, selective laser sintering” and
stereolithography.®® Most of these techniques are based on a layer-by-layer approach. These
processes create objects with resolutions ranging from 1 to 100 um.*® However, printing times
usually require hours. In addition to being a time consuming process, the presence of layers,
introduces fracture planes that make these objects mechanically unstable.’’*? Support structures
are generally required during the printing process as well. A huge improvement in terms of speed
was achieved by a method termed continuous liquid interface production of 3D objects (CLIP).”
The set up used for CLIP is similar to the one used in a bottom-up stereolithographic printer but
includes a permeable membrane at the bottom that allows a flux of oxygen to the resin which

creates a “dead” zone to inhibit polymerization at the bottom of the bath. Above this dead zone, a
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slice of the object is cured by projecting a UV pattern. The layer thickness can be controlled by
the intensity used, irradiation time, photoinitiator coefficient, and resin absorption coefficient.
Once this layer is cured, the built support plate with the incomplete object is pull out of the resin.
New resin fills the space left and a new layer is cured in a nonstop fashion producing seamless
objects at a faster rate (500 mm/hour) than traditional stereolithography (few mm/hour). A similar
approach is known as volumetric polymerization inhibition patterning.’* In this case, two different
light sources are used simultaneously. A UV light source is responsible for activating an inhibitor
near the transparent window at the bottom of the bath that creates a dead zone similar to the oxygen
inhibition zone in CLIP. Unlike the dead zone created in CLIP that is ten of micrometers thick, the
dead zone created in polymerization inhibition patterning can be in the hundreds of micrometers.
Having a higher dead zone allows a faster resin flow below the object that is being printing without
sacrificing printing speed and it is particularly important when using resins with high viscosity.
This method can achieve printing speeds of 2000 mm/h. Another method that uses two light
sources to create 3-D objects is xolography.®® In this case, a photoswitchable initiator is employed.
Upon absorption of UV light, the photoinitiator is taken from a dormant state to a latent state with
a half-lifetime of 6 s that is capable of initiating free-radical polymerization in the presence of a
coinitiator (Figure 1.16, top rectangle). The printing process is carried out in the following way
using a horizontal configuration: a UV light sheet is generated within the vessel that contains the
resin by focusing a diverging beam that was previously collimated. In the irradiated area, the
photoinitiator, a spiropyran molecule that absorbs only in the UV region, is converted to its
merocyanine form. This molecule has a strong absorption in the visible region. Orthogonal from
the “latent” sheet produced by the first wavelength, a projector generates visible light images that

are focused within the latent sheet. In combination with a coinitiator, the merocyanine form
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triggers polymerization upon absorption of visible light in this cross-section. A movie of images
is launched to this spot while a linear stage moves the vessel away from the visible light source
until the whole object is printed. The resolution obtained by this technique is 25 um in the x and y
directions and 50 pum in the z direction. Methods that do not involve continuous layering but
instead instantaneous solidification of the resin into the desired object have also been
demonstrated. One of them is based on the superposition of three orthogonal laser beams patterned
using holographic beam shaping.®® The superimposed intensity profile accumulates
simultaneously reaching the required dose distribution to deplete the oxygen dissolved in the resin
initially and then to trigger photopolymerization (Figure 1.16, left rectangle). Volumetric printing
can be achieved using the same principles that governed computed tomography; an imaging
technique widely used in medicine (Figure 1.16, right rectangle). In this technique, cross-sectional
images are obtained after x-rays are absorbed by different tissues.”” The information obtained is
used either for diagnosis or therapy. A reversed process known as intensity modulated radiation
therapy is used for cancer treatment.”® A volume targeting a tumor is irradiated with a critical dose
to eliminate it while minimizing the intensity in the healthy areas. The same principle can be used
for 3-D printing. This method is known as Computed Axial Lithography (CAL).%” 3-D objects are
obtained by launching a movie of images that reconstruct the digital 3-D model to a rotating vessel
that contains the photopolymer. Such images are retrieved from a standard stereolithography file
format (.stl) The free radicals generated initially are consumed by the oxygen present in the
medium. Once the resin has been exposed by every angle, a critical dose threshold is achieved
which leads to depletion of the local oxygen and the solidification of the resin with the shape of

the target object. The resolution of CAL (300 um) can be improved by using a feedback system
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Figure 1.16. The top rectangle shows the two processes the photoinitiator undergoes to
trigger free radical polymerization. The first step consists of absorption of UV light to form a
latent state with a lifetime of 6 s. The graph at the top shows the photoswitching kinetics.
Irradiation for 145 s generates the latent state. Once the UV light is removed, the latent stay
decays with a lifetime of 6 s. The graph at the bottom shows the absorption spectrum of
the photoinitiator in its spyropiran (black line) and merocyanine form (blue line). A
representation of the set up used in xolography is shown at the bottom left. The
blue area represents the sheet in which solidification takes place. Reprinted with
permission from ref. 95. Copyright 2020, Springer Nature Limited.”> Bottom left
rectangle: Set up used in holographic volumetric 3-D printing. Three orthogonal
patterned beams generated using subregions of an image were launched into the sample
using 45° mirrors. A spatial light modulator was used to create the image. The 3 beams
intersected inside the bath to form the target object. Reprinted with permission from ref 96.
Copyright 2017, American Association for the Advancement of Science. Bottom right
rectangle: Set up used for Computed Axial Lithography printing. It consists of a Digital
Light Projector, and a rotating stage immersed in a fluid. Reprint with permission from ref.
99. Copyright 2019, American Association for the Advancement of Science.
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that consists of a camera placed perpendicular to irradiation source that monitors the rotating vessel
while getting images during the printing process.!” The image provide useful information to
improve the resolution since they show the order in which each part of the object solidifies. Such
information is used to stop the illumination of parts that are already formed or to increase the light
dose in areas that take longer to cure. High resolution is achieved by printing an object a second
time using the information obtained from a first print. CAL has been applied to obtain hydrogel

101 and has also been extended to thiole-ene formulations in addition to

cell-laden tissue constructs
acrylate-based resins.'? The first volumetric approach was proposed by our group in 2016. We
termed this method 3-D Nonlinear inscription of complex micro-components (3D NSCRIPT).*
The basic 3-D unit operation in this technique consists of launching a LED beam that is patterned
with an amplitude mask. The beam inscribes a polymeric structure in a continuous way without
layering artifacts as illustrated in the fabrication of the cone in Figure 1.17 (top rectangle). Objects
with higher complexity in situ can be obtained by launching two counter-propagating beams. The
cup in the rectangle at the bottom in the same figure was obtained this way. Each beam carried the
same cross-sectional profile. However, one of the beams carried a dark circular area that was
generated by blocking the beam at the center. This leads to an unpolymerized volume in the middle
of the cup. When the structures generated by each beam fused, a cup with the respective hole in
the middle was created. Metal nanoparticles can be incorporated in situ to the printed objects. Salts
containing the desired metal can be reduced in the medium upon exposure to light. The dark colour
of the gear in Figure 1.17 is originated by the presence of Au nanoparticles which were

incorporated by adding HAuCls to the resin. This salt was reduced to Au nanoparticles by the

radicals generated by the photoinitiator (camphorquinone) in the presence of the hydrogen donor
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Figure 1.17. Optical set up employed in 3D NSCRIPT. A blue LED beam (1) is collimated by a
planoconvex lens and then launched to an amplitude mask placed at the entrance face of a sample
cell that contains the resin (P). The rest of the set up consists of a pair of planoconvex lens and a
CCD camera used to monitor the intensity profile of the beam. Time evolution of the printing
process of a cone monitored through side view pictures (middle). The resulting cone after being
isolated and polished is shown at the bottom left. The gear at the bottom right was obtained in the
same manner but using an amplitude mask that produces a beam with cross sectional profile of the
gear. HAuCls was added to the resin that, upon irradiation, produces gold nanoparticles. b Optical
set up used to print the cup shown at the bottom right. Two counter-propagating beams were
launched simultaneously to the sample, each of them patterned with the amplitude masks shown
at the right. Each of the beams acquired the shape of the white area in the amplitude mask. The
time evolution of the printing process of the cup was monitored by imaging the sample cell from
the top of the set up. Reprinted with permission from Basker, D. K.; Cortes, O. A. H.; Brook, M.
A.; Saravanamuttu, K. 3D Nonlinear Inscription of Complex Microcomponents (3D
NSCRIPT): Printing Functional Dielectric and Metallodielectric Polymer Structures with
Nonlinear Waves of Blue LED Light. Adv. Mater. Technol. 2017, 2, 1600236-n/a. Copyright
2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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poly(1,4 butanediol). This clearly shows that we can incorporate different properties or
functionalities by adding to the formulation the right compound or precursor. In addition to the
gear and the cup, we printed all the components of the da Vinci catapult using a single amplitude
mask. We assembled all these parts to create a working catapult. Although this was an excellent
proof of concept, the process was lengthy due to the slow polymerization rate in cationic
polymerization reactions (Figure 1.18). For example, the cup was obtained in almost two hours

even though two different light sources were used simultaneously.

Figure 1.18 Assembled catapult. All the components were obtained through 3D NSCRIPT except
for the tension spring (k). Reprinted with permission from Basker, D. K.; Cortes, O. A. H.;
Brook, M. A.; Saravanamuttu, K. 3D Nonlinear Inscription of Complex
Microcomponents (3D NSCRIPT): Printing Functional Dielectric and Metallodielectric
Polymer Structures with Nonlinear Waves of Blue LED Light. Adv. Mater. Technol. 2017, 2,
1600236-n/a. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Therefore, photopolymers based on cationic polymerization only are not a viable choice for
practical applications. Solution Mask Liquid Lithography (SMaLL) is a similar approach in the

sense that also employs LED sources to induce continuous inscription of polymeric structures, but
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photochromic molecules are used to improve the printing resolution.!®® When the sample is
irradiated, light is absorbed by the photochromic molecules in the medium et the entrance face of
the vessel. Therefore, not photopolymerization is initiated at early stages. However, the
photochromic species undergo a transformation from an absorbing state to a non absorbing state.
As this transformation takes place, photopolymerization is initiated in a continuous way in the
same way that occurs in 3D NSCRIPT. This process was also demonstrated with moving parts.

However, only simple geometries were fabricated. In addition to printing macroscopic objects,
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Figure 1.19 Components of Resing G used in SMaLL(left). The ring-opening reaction of the
photochromic molecule (DAES530) used in this method produces an optically transparent solution
upon absorption of visible light (1 = 530 nm). The masking effect is clearly observed in the
absorption spectra in the middle. Before the ring opening reaction of the photochromic molecule
takes place, the absorption of the solution is dominated by the former. After this transformation,
light can be absorbed by the photosensitizer. Printing process of a cone through the SMalLL
principle (right). Reprint with permission from ref. Dolinski, N. D.; Page, Z. A.; Callaway, E. B.;
Eisenreich, F.; Garcia, R. V.; Chavez, R.; Bothman, D. P.; Hecht, S.; Zok, F. W.; Hawker, C. J.
Solution Mask Liquid Lithography (SMaLL) for One-Step, Multimaterial 3D Printing. Adv. Mater.
2018, 30, 1800364. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

our group has also shown that periodic microscopic features such as arrays of micro-waveguides
can be embedded in polymers using nonlinear waves.®>®’ These arrays are fabricated by
polymerizing the whole sample. A particular shape to the final polymer monolith can only be given
by using a mold. Additionally, the fabrication of these arrays is usually carried out at low intensities

(1-17 mW/cm?) since the whole sample is polymerized and no micro-features are observed when
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higher powers such as the ones in 3D NSCRIPT are used. Microscopic objects and nanometric
features have also been obtained through two-photon polymerization.'® However, it is still mostly
limited to laboratory setups rather than real life applications since the printing times are slow for

most practical applications (1-20 mm>h),105:106

1.6 3-D printing with functional materials

In additional to create objects with high resolution and mechanical stability in a short period of
time, another goal of 3-D printing is to create functional objects that can be integrated into working

devices. Different variations of this approach have emerged such as the creation of 3-D objects

107-109 113,114 115,116

using magnetic inks, conductive inks,''%!1? thermo-responsive materials, metals,
and fluorescent inks.!'” For example, chemical reactors have been fabricated using metal 3-D
printing (Selective Laser Sintering).!'® A frequency tunable patch antenna was obtained through
inkjet printing using an iron oxide nanoparticle-based magnetic ink.!”® The same technique was
used to print a capacitive touch sensor that acted as a computer mouse from a stretchable composite
ink made of Ag flakes, silicon rubbers and a solvent.!'® Electronic circuits, electrodes, and even a
soft neural probe were printed using the conductive polymer poly(3,4-ethylenedoxythiophene:
polystyrene sulfonate (PEDOT:PSS).!'® Combining different functional inks have also been done
to 3-D print quantum-dot light-emitting diodes (QD-LEDs).'!” In addition to this, objects made of
soft materials with the ability to deform has also been obtained using shape memory alloys'!?,

inorganic and polymer piezoelectrics'?*!?! liquid crystal elastomers'?>'?% dielectric

126,127 128,129

elastomers , ionic electroactive polymers , shape memory polymers'3%132

133,134 135,136

hydraulics and pneumatics , and hydrogels.!*’"!¥ Hydrogels are polymers that are
capable of incorporating large amounts of solvent within their network. Because of this ability to

incorporate a solvent such as water, some functionalities can be easily incorporated by dissolving
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species of interest such as salts'* or charged nanoparticles'® to make them conductive or dyes to

incorporate fluorescence.!* Additionally, hydrogels are flexible and can be biocompatible which

146,147

makes them great candidates the fabrication of artificial skins , optical waveguides that can

148,149 101, 150-152

be incorporated into the human body , and artificial organs.

1.7 Electroactive hydrogels

As mentioned above, hydrogels can also deform in response to some stimuli such as changes in

153, heat154,155 H156-158

temperature , magnetic'3%!% and electric fields.!#>:146:161.162 I order to have

P
a strong response to electric fields, the polymeric network of hydrogels has to have charged
monomers. Since some hydrogels respond to electric fields, they have been proposed for the
fabrication of artificial muscles'®? and electroactive soft robots.!**!®" These soft robots are only
show unidirectional motion towards the position of one of the electrodes. Hydrogels with
positively charged monomers bend towards the another while negatively charged networks bend
towards the cathode. When an electric field is applied to a charged hydrogel in solution, the
counterions within the hydrogel are the ones responsible for transporting the current inside the gel
because of its permselectively to counterions. The hydrogel used in this work is negatively
charged. Therefore, only cations are transporting the current within the hydrogel In the solution
near the gel surface facing the cathode, there is a depletion of positively charged ions which creates
a higher osmotic pressure on the anode side of the gel than in the cathode side giving as a result

swelling on the anode side and deswelling on the cathode side (Eq. 1.10). A positive pressure

difference (Eq. 1.11) is created which makes the gel bend towards the cathode :'¢°
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Figure 1.20 a) “Walker” robot made of negatively charged monomers under the effect of an
electric field. Reprinted with permission from ref. Han, D.; Farino, C.; Yang, C.; Scott, T.;
Browe, D.; Choi, W.; Freeman, J. W.; Lee, H. Soft Robotic Manipulation and Locomotion
with a 3D Printed Electroactive Hydrogel. ACS Appl. Mater. Interfaces 2018, 10, 21,
17512-17518. Copyright 2018, American Chemical Society.'** b) Walking robot made of two
legs. The purple leg is made of a hydrogel with positively charged monomers (right) while
the grey leg (left) contains negatively charged monomers. In the initial configuration, the
cathode is next to the positively charged hydrogel while the anode is next to the anionic
hydrogel. Once an electric field is applied, both legs bend inward in opposite directions. The
whole system moves toward the right since the anionic leg has a larger surface area than the
cationic counterpart. Reversing the fields stretches the anionic leg toward the cathode while the
cationic leg moves towards the anode but to a lesser extent due to its higher friction force with
the substrate which results in unidirectional motion of the two-leg robot. Reprinted with
permission from ref. Morales, D.; Palleau, E.; Dickey, M. D.; Velev, O. D. Electro-actuated
hydrogel walkers with dual responsive legs. Soft Matter 2014, 10, 1337. Copyright 2014, Royal
Society of Chemistry.'®

Tion = RT X;(Cl' — CF) (1.10)
ATtion = T — Ty (1.11)

Where m;,,, is the osmotic pressure difference at an interface hydrogel-solution, R is the ideal gas

constant, T is the temperature, C? is the concentration of ions inside the gel and CS is the
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concentration of ions in the solution outside the gel. The osmotic pressure difference between both
interfaces ( Am;,,) 1s obtained by subtracting the osmotic pressure of the cathode (7;) from the
one of the anode (7). Based on a three-point test, such pressure difference is equal to the

maximum tensile strength g:'6%161

Am;,, = 0 = 6DEY /I? (1.12)

Where D and L are the thickness and the length of the gel, E is the Young modulus and Y is the
degree of bending (the difference between the distance of the hydrogels ends before and after
bending). When the electric field is removed, the hydrogel returns to its original position over time.
If the polarity of the electrodes is inverted, the bending takes place in the opposite direction.
Bending an electroactive hydrogel from one direction to another can be done over multiple cycles
until some irreversible changes start to be observed due to cyclic fatigue damage.!®®> Even though
the sample might not completely fracture, some of its properties might change irreversibly. The
hydrogel waveguides described in ref. 148 and 149 are biocompatible and biodegradable which
makes them excellent candidates for light-based-therapies inside the human body such as drug
release, to trigger migration of cells and photocleavage chemical reactions. Optical fibers can
perform complex motions and deliver light towards specific target areas when incorporated into a
continuum soft robot.'** Navigation of such robot was demonstrated in a tortuous cerebrovascular
phantom with multiple aneurysms. However, the fabrication process of such robot is rather
complex. Since our printing method produces a polymeric waveguide in each step, we used a
precursor of an electroactive hydrogel to produce electroactive waveguides that can be controlled
remotely. Actuation of electroactive hydrogels mostly involves bending or displacement from right
to left or viceversa. For this reason, we built an array of electrodes that makes possible to combine

electric fields to bend waveguides towards specific directions and to make them rotate.
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Figure 1.21 a) Images of light of different wavelengths traveling through printed waveguides
within tissue. Reprint from Feng, J.; Jiang, Q.; Rogin, P.; De Oliveira, P. W.; Del Campo, A.
Printed Soft Optical Waveguides of PLA Copolymers for Guiding Light into Tissue. ACS Appl.
Mater. Interfaces 2020, 12, 20287-20294.Copyright 2020 American Chemical Society. b) The
top-left image is a representation of a continuum soft robot composed of an optical fiber wrapped
with a ferromagnetic polymer jacket with hydrogel skin. The top-right image shows the
experimental set up used to demonstrate steerable light delivery. The four images below show the
magnetic soft robot initially traveling through a set of rings while directing light and then directing
light towards specific areas (yellow dots). Reprint with permission from Kim, Y.; Parada, G. A.;
Liu, S.; Zhao, X. Ferromagnetic soft continuum robots. Sci. Robot 2019, 4, eaax7329. Copyright
2019, American Association for the Advancement of Science.
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1.8 Vortex beams

In addition to linear momentum, light can also carry angular momentum. The angular momentum
can have two contributions. The first one is known as spin angular momentum (SAM) which is
originated from the light polarization. The second one is known as orbital angular momentum
(OAM) which 1s associated with the spatial distribution of the optical field. The total angular

momentum in one photon is equal to the sum of spin and orbital angular momentum:
J=({+s)h (1.13)

Optical fields with a phase singularity known as optical vortices have been the focus of intense
research since they were introduced in 1974 for Nye and Berry.!% They possess a helical wavefront
and when projected onto a surface, they look like a ring of light with a dark region in the center

(Figure 1.22).

Figure 1.22. a) Phase surfaces of vortex beams with 1 = 1,2 and 3.'% b) Transverse profile of a
vortex beam.

Because of their helical wavefront, vortex beams, vortex beams carry orbital angular momentum
equal to [h.'®” The optical field has an azimuthal component (e"¢) in which / is an integer known
as topological charge which defines the handedness of the spiraling wavefront and ¢ is the
azimuthal angle. The ability to carry OAM open the possibility of using optical vortices in different

fields. One of the most known applications is their use as optical traps.!*®!%’ Vortex beams have
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also used to improve the image resolution in microscopy'’’, for the detection of spinning bodies'”",

to enhance internet data traffic capacity in optical fibers'’?

and also, in free-space data
transmission.!”® Vortex beams also form solitons when traveling in nonlinear media.'’”* As pointed
out earlier, the diffraction of light is suppressed in a nonlinear medium undergoing a An. A soliton

is formed when there is a balance between the natural diffraction of light which are stationary

solutions of the NLSE. A general way to describe a soliton is:!”
E = (xy,2) = U(x,y)e@xy+ikz) (1.14)

U is the real amplitude, @ is the phase and k is the soliton propagation constant. For a soliton with

radial symmetry, U(x,y) = R(r) which can be obtained only though numerical methods:'”®

R |, 18R m? Np
pw) ;;—FR—I(R+N(R JR=0 (1.15)
The phase of vortex solitons is described as lgp. When a vortex beam is projected, the transverse

shape is similar to a ring of light with a singularity. The soliton envelope R(r) vanishes at the

)
center since R~r!!l at r - 0 while the soliton tail decays as R(r)~e V& at r — co. Radially

symmetric vortices can be described by:!"
Ey = R(r)elletikz (1.16)

which is a solution of the NLSE. Vortex solitons undergo azimuthal instability in nonlinear media
which is a kind of transverse modulation instability analogous to the one experienced by regular
gaussian or incoherent beams. Such instability is caused by the amplification of a perturbation in
the medium. Equation 2.3 remains stable as long as [p] <« |E,] where p is the perturbation causing

MI. Such perturbation can be presented as Fourier series:!'”

p(r,¢,2) = Lps (r,2)e™? (1.17)
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Where s is an integer. The only two modes coupled for each s that create a closed eigenvalue p; ¢

and p;_s. We make sure all perturbations are taken into account by writing the perturbation as:'"
p(T, o, Z) =e ilk+ikz{us (r)e isp+ysz + v; (r) e—is<p+ys*} (1 1 8)

The magnitude of perturbation modes p,4; increases exponentially when the eigenvalue has a
positive real part (grow rate Re ys > 0). E is linearly stable when p does not increase with
propagation distance. The index s of the instability with the fastest grow rates determines the
number of filaments that are formed after the ring breaks up. Such grow rate depends mostly in 3
factors: the topological charge, the nature of the nonlinearity and the power of the beam. Vortex
beams with [ = 1 in saturable media tend to split into 2/ filaments. Since the photopolymers used
in our experiments are saturable, we will focus on discussing mostly previous work in saturable
nonlinear media in which the nonlinearity is originated from both physical and chemical
mechanisms. The filaments from after a vortex beam break behave as fundamental solitons. The
centrifugal force among solitons is always repulsive with the nature of the nonlinearity being
heavily involved in the outcome. However, solitons pairs with nonzero OAM in which there is an
attractive interaction, the centrifugal repulsive force can be balanced out giving as a result a
spiraling pair of solitons. Such spiraling was observed using rubidium vapor as the nonlinear
system.!”® In this system, the laser frequency detuning was 0.5 GHz close to the rubidium atomic
D, line at A~780 nm. This resulted in the formation of two spiraling solitons that were out of
phase. As a result, there is a repulsive force between the formed solitons. However, since the pair
of solitons has a nonzero OAM, they rotate around the beam axis while their distance between the
solitons increases. The speed of such separation and rotation increased with the concentration of
Rb atoms, the reduction of the detuning and the increase of the intensity. Nonrotating solitons were

also obtained in sodium vapor with the number of solitons formed following the 2 trend previously
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Figure 1.22 a) Beam profile at the exit face of a cell containing different concentrations of Rb
atoms at a power of 20 mW at the entrance face. Detuning= 0.56 GHz. Concentrations (10'!/cm?)
in the first column from top to bottom: 0.03, 1.0, 2.1, 3.1. The concentrations in the second column
also from top to bottom were 5.2, 6.2, 7.2 and 8.3 10'! cm™. The separation and the rotation angle
between the two solitons increases with the concentration of Rb atoms. Reprinted with permission
from Tikhonenko, V.; Christou, J.; Luther-Daves, B. Spiraling bright spatial solitons formed by
the breakup of an optical vortex in a saturable self-focusing medium. J. Opt. Soc. Am. B 1995, 12,
2046-2052. Copyright 1995 Optical Society of America b) Modulation instability of vortex beams
with [ = 1, 2, 3 traveling through sodium vapor as the nonlinear medium with pulse energies of
76, 234 and 359 nJ respectively. The beams break into 2,4 and 6 filaments. ¢) When the pulse
energy of these beams is increased to 9.1, 24.1 and 6.63 pJ for each topological charge (L = 1, 2, 3),
they no longer break since the nonlinearity is inmediately saturated.. b and ¢ were reprinted with
permission from Bigelow, M. S.; Zerom, P.; Boyd, R. W. Breakup of Ring Beams Carrying Orbital
Angular Momentum in Sodium Vapor. Phys. Rev. Lett. 2004, 92, 083902. Copyright 2004
American Physical Society.

described for vortex beams with [ = 1,2,3.!7” These experimental observations can be simulated
by propagating randomly perturbated Laguerre-Gaussian beams propagating in a two-level
homogeneously broaden system. The breakup of the vortex beam no longer takes places at

intensities above 9.1 plJ. It is believed such stability is caused by the saturation of the nonlinearity

which suppresses filamentation. Formation of stationary solitons after M1 in vortex beams has also
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1'® and Kerr

been observed in other kind of nonlinear media such as quadratic nonlinear crysta
media. Optical vortices with [ = 1 in a quadratic nonlinear form 3 solitons.!” In Kerr media, the
number of solitons depends on the power and the topological charge.'®" Before discussing vortex
beams in nonlinear media where there are chemical reactions involved, the effect of vortex beams
in some films elicited by physical mechanisms will be discussed. Vortex beams have shown the
capacity of creating chiral micro and nano- structures in which the handedness of the beam is
transferred to the material. Such process has been observed in the fabrication of silver'®!,
tantalum'®? and Cr/Au'®® helical neddles and silicon chiral cones.'®* In these cases, the material
that was on some support was irradiated. Mass transport can also be created by irradiating materials
from the backside. A micro- scale spin jet is created due to the forward and inward mass transfer
towards the center of a vortex beam when this one is launched through the backside of a glass plate
containing a film of a highly viscous material (4 PS).!5 Such jet is not created when a circularly
polarized beam is launched to the medium. Instead, droplets of the viscous material are ejected
from the film. In all these cases, the handedness of the vortex beam was transferred to the patterned
that were created. Manifestations of the properties of light beams are also observed when the light
field induces a photochemical reaction. Many studies of this kind were done in azo-polymers films.
Upon absorption of light, azobenzene molecules undergo cis-trans polymerization. The optical
scattering force creates a surface relief due to mass transport from bright to dark regions along the
polarization of light. When a vortex beam with [ = 10 was launched to an azopolymer film, a
spiral-shaped relief pattern on the polymer film with a shallow depth of 10-20 nm was obtained.!¢®
Conch-shaped relief with a height above 1 um can be obtained using vortex beam with circularly

polarized light. Such reliefs are only formed when the total angular momentum J # 0.'8” Relief

formation was not observed when launching higher order vortices to the film.!®” Omatusu et al.
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Figure 1.23. a) Chiral structures obtained upon vortex irradiation of thin films made of tantalum,
silver, silicon, and chromium/gold. Images (left to right) reprinted with permission from ref.
181,182,183 and 184. Copyright 2017 Optical Society of America. Copyright 2012 American
Chemical Society. Copyright 2018 AIP Publishing. Copyright 2017 AIP Publishing. Chiral
structures can also be obtained when the sample is irradiated from the substrate side rather than
the film side. The top images in b) show the time evolution of a spin jet created upon irradiation
of a viscous ink with a vortex beam. When the viscous ink is irradiated with a circularly polarized
beam, scattered droplets are formed which confirms a vortex beam is necessary for the formation
of the spin jet. Reprint with permission from ref. 185. Copyright 2019 Optical Society of America.

recently carried out experiments where vortex beams induced permanent changes in
photopolymers. It was observed that the vortex beam initially self-focused creating an annular-
shape vortex soliton at exposures times < 0.2 s. For longer exposures times, the hollowed center
disappears forming a fiber that breaks into |l| solitons or fibers. A theory to describe these
experimental observations is based on a coarse-grained particle model in which the primitive
growth mechanism of the particles is addressed.!®® There are two forces acting in the particles
formed at early stages of the photopolymerization: the gradient force Fy;.q4 and the scattering force

Fscat- Fgraa 18 expressed by the following equation:
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Figure 1.24 a) Surface relief pattern generated with a vortex beam with [ = 10. Reprint with
permission from ref. Ambrosio, A.; Marrucci, L.; Borbone, F.; Roviello, A.; Maddalena, P. Light-
induced spiral mass transport in azo-polymer films under vortex-beam illumination. Nat Commun
2012, 3, 989. Copyright 2012, Springer Nature. b) Conch-shape reliefs created through the
irradiation of a circularly polarized vortex beam with total angular momentum of +2 Reprinted
with permission from Watabe, M.; Juman, G.; Miyamoto, K.; Omatsu, T. Light induced conch-
shaped relief in an azo-polymer film. Sci Rep 2014, 4, 4281. Copyright 2014, Springer Nature. c¢)
Each column in the middle shows the time evolution of the fabrication of polymer fibers with [ =
0,1,2,4 (left to right). Images of the fibers obtained in the experiments are shown on the top (I =
0,2) and bottom (I = 1,4). Reprinted with permission from Lee, J.; Arita, Y.; Toyoshima, S.;
Miyamoto, K.; Panagiotopoulos, P.; Wright, E. M.; Dholakia, K.; Omatsu, T. Photopolymerization
with Light Fields Possessing Orbital Angular Momentum: Generation of Helical Microfibers. ACS
Photonics 2018, 5, 4156—4163. Copyright 2018 American Chemical Society.
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1 1 ot
oraa =50V |- [P E(r,6,2,0) dt (1.19)

Where «a is the polarizability of the coarse-grained particles, t,, is the period of the Pointing vector
S(r,0,z,t) = E(r,0,z,t) x H(r,0,z,t) where E and H are the electric and magnetic field. Due

to Fyrqq» @ coarse-grained particle is trapped and attracted to the focal plane. In this model, it is

assumed that the particles are not absorbing. After this consideration, F,.,; can be obtained as

follows:

n £ Eg wi  2r? 212 1
Fscar = TszcatI = Cscat L= 20 exp (— w2(2) - 772) (_ eg + ez) (1.20)

z w2(z) w2(z) er
ny is the refractive index of the fluid, c is the speed of light, Cs4; is the scattering cross-section

2
defined as Cs ot = %k}’ d® <ﬁ) where k¢ is the wavenumber of light in the liquid resin, d

is the diameter of the particle, €, and & are the dielectric constant of the particle and the resin
respectively. 77 is the absorption coefficient of the resin. The scattering force consists of both 6
and z components. Therefore, a coarse-grained particle experiences a force along a helical orbit.
The intensity of a vortex beam becomes 0 at r = 0 and reaches a maximum at r = w(z)/V2. At

the focal point, the optical forces can be written as follows:

1 Ep—E —
Fyraaz = —gﬂefd:;—z;b"gne ! (1.21)
1 AN
Fscatz = Engfkfd m Eg e (1.22)
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Figure 1.25 a) Diagram of optical forces acting on a particle generated by a vortex beam. Force
vectors are represented as bold black arrows while the narrow black arrows correspond to r and z
components. b) Scheme of the model proposed to explain polymer fiber formation upon
irradiation of a vortex beam based on a coarse-grained particle model. ¢) Simulated dynamics of a
coarsed grained particle with d = 50 nm in a medium where the absorption is n=9.24 x 10°* m™":
The top graph shows the trajectory of the particle on the xy plane while the graph at the bottom
shows the same trajectory of the particle on the yz plane (the z direction is compressed by 100
fold). Reprinted with permission from Lee, J.; Arita, Y.; Toyoshima, S.; Miyamoto, K.;
Panagiotopoulos, P.; Wright, E. M.; Dholakia, K.; Omatsu, T. Photopolymerization with
Light Fields Possessing Orbital Angular Momentum: Generation of Helical Microfibers.
ACS Photonics 2018, 5, 4156-4163. Copyright 2019 Optical Society of America.

When Fycqr, > Fgraa,z, @ coarse-grained particle could be launched into an orbit. The resulting

particle trajectory resembles a helix with a period defined as:
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L, = 2nr% = mhywg — [% (ﬁ)} L (1.23)
where wy is the beam waist. The period of the fibers obtained by Omatsu at al. and the one
obtained after plotting the experimental conditions in the equation for L, are in good agreement
so the model seems to describe the formation of twisted fibers created by vortex beams.!3%!8 The
fiber soliton formation has only been demonstrated in a photopolymer that undergoes free-radical
polymerization. We previously demonstrated that is possible to soliton-like beams in different
photopolymers in which the changes originated by the beam can be both reversible or irreversible.
So far, the fiber/soliton formation has only been demonstrated in a photopolymer that undergoes
free-radical polymerization. In addition, other parameters that can influenced the dynamics of
fiber/soliton formation such as absorption, have not been studied yet. We studied the effect of
vortex beams in a photopolymer that undergoes cationic radical photopolymerization. Our findings

are reported in Chapter 4 of this thesis.

1.8 Contributions

Chapter 2

I was responsible for adapting the resins to our 3-D printed method as well as for printing some
of the objects. Derek R. Morim was responsible for writing the segmentation algorithm to
decompose all objects. We both contributed equally to this work. Diego Colin, Eduardo Alonso
Martinez and Ramon Arora printed some of the objects and also helped to make some of the
images. Derek R. Morim and K. Saravanamuttu and I wrote the manuscript. Part of this chapter

was included in Derek Morim’s Ph.D. Thesis: (Morim, D. (2019). Harnessing Optochemical
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Waves in Polymers: From Beam Interactions to Inscription of Prismatic Elements [Doctoral

dissertation, McMaster University]. Macsphere. http://hdl.handle.net/11375/24750

Chapter 3

I proposed Prismatic 3-D printing for the fabrication of electroactive waveguides based on
observations from the work described in Chapter 2. I also developed the hydrogel formulations
with Derek. R. Morim and did the presented simulations. I proposed the set up to carry out
multidirectional bending. Natalie Blanchard carried out early experiments with the waveguide
lattices. Tomas Omasta did some analysis to quantify bending angles of slab waveguides Kathryn
A. Benincasa carried out the tracking of position and intensity of individual micro-waveguides in
the waveguide lattices. Kevin Vaughan and I carried out the experimental work analyzed by

Kathryn A. Benincasa. K. Saravanamuttu guided the project.

Chapter 4

I carried out early experiments with Derek R. Morim, Alejandro Vazquez and Fariha Mahmood
in different photochemical systems. I then focused on the epoxide system and obtained and
analyzed the results presented in the Chapter. Karen Volke-Sepulveda and Kalaichelvi

Saravanamuttu provided guidance and suggested experimental work.
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2 Decomposition and 3D Printing of Volumetric Prismatic Elements using Nonlinear

Optochemical Waves”

2.1 Abstract

Prismatic 3D printing exploits the use of nonlinear waves from light-emitting diodes (LEDs)
to create volumetric micro- and macroscopic structures. This technique harnesses the process of
optical self-trapping that occurs in the presence of photo-induced refractive index changes from
the free-radical photopolymerization of acrylate monomers. Unlike traditional layer-by-layer 3D
printing, this approach creates a prism in a single step using a patterned optical profile. Objects
were decomposed into eligible prismatic fragments using a segmentation algorithm that converts
a three-dimensional mesh into volumetric prisms. The resulting prisms were fused either during or
after the printing process to assemble the final object. Fusing of intersecting prisms during the
printing process was achieved by launching different optical profiles at different angles by rotating
the sample. Prismatic 3D printing offers increased printing speeds, improved mechanical

properties and the ability to impart the elements with different functionalities.

2.2 Introduction

3D printing has been harnessed for the fabrication of a variety of objects for applications
ranging from biomedical materials to smart robotics — these processes convert digital designs into
a physical form.!™ A large assortment of printing techniques have emerged over the years
including inkjet printing,’ fused deposition modeling,® selective laser sintering,’ and
stereolithography.® Many of these technologies are based on the sequential printing of layers of

patterned material and boast faster production times’ and lower production costs'® than traditional

*1 was responsible for adapting the resins to our 3-D printed method as well as for printing some of the objects. Derek
R. Morim was responsible for writing the segmentation algorithm to decompose all objects. We both contributed
equally to this work. Diego Colin, Eduardo Alonso Martinez and Ramon Arora printed some of the objects and also
helped to make some of the images. Derek R. Morim and K. Saravanamuttu and I wrote the manuscript. Part of this
chapter was included in Derek Morim’s Ph.D. Thesis: (Morim, D. (2019). Harnessing Optochemical Waves in
Polymers: From Beam Interactions to Inscription of Prismatic Elements [Doctoral dissertation, McMaster University].
Macsphere. http://hdl.handle.net/11375/24750.
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manufacturing approaches. For example, stereolithographic 3D printers write a 2D pattern into a
thin layer of photopolymer attached to a stage.® The stage is then translated to expose another layer
of resin to a new pattern of light, and the process repeated until the object is fabricated.

3D printing techniques that rely on the layer-by-layer assembly of polymer objects can have
long printing times and can impart mechanical weakness along the planes of the printed layers.!!"!2
To circumvent these limitations of printing with layers, continuous printing methods have been
introduced which mitigate these weaknesses while obtaining reasonable resolutions. These
techniques include continuous liquid interface production (CLIP),'* volumetric methods that rely

14,15

on tomographic reconstruction and those that rely on the propagation of nonlinear

optochemical waves.'®!”

Continuous liquid interface production (CLIP) is analogous to stereolithographic printing but
uses a resin bath containing an oxygen-permeable window that inhibits photopolymerization,
creating a polymerization dead zone that allows the object to be translated more rapidly within the
resin.!® This process is significantly faster (500 mm/hour) than conventional stereolithography
(few mm/hour) as the layers are formed continuously and create more seamless objects.

Volumetric methods that rely on tomographic reconstruction overcome the need for layer-by-
layer printing by calculating the necessary optical profiles required to generate an object volume
instead of the individual layers.!*!>!%1° Computed axial lithography (CAL), a technique based on
the concept of computed tomography (CT) imaging, calculates the profile required from a digital
light processing (DLP) projector at different angles in order to create the object of interest within

1819 resins,

seconds. While this technique is capable of printing objects in both static'* and rotating
the response of the material is nonlinear and will change more quickly near the front end of the

sample. The volumetric printing is also susceptible to gravitational and centripetal forces,
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absorbance, scattering, and oxygen inhibition, creating a complex system of variables that needs

to be adjusted for each resin.

While the propagation of nonlinear optochemical waves must also consider the same variables
seen with volumetric printing methods, the effects of centripetal forces, absorbance, scattering and
oxygen inhibition are eliminated, reduced, or even have a positive effect on the printing process.
Nonlinear waves produced from optical patterns from light-emitting diodes (LEDs) can trigger the
cationic photopolymerization of epoxides to create 3D objects from 2D amplitude masks.'® Light
employed in traditional stereolithographic techniques broadens due to the natural diffraction of an
optical beam as it propagates. The divergence of an optical beam will blur the projected image as
it travels in space, minimizing the depth at which a pattern will retain its resolution, but nonlinear
systems can control the divergence of light as it traverses the resin by taking advantage of the
photo-induced changes in refractive index that occur due to photopolymerization, thus allowing
an image to retain its shape as it travels. The use of self-propagating beams to create three-
dimensional objects has been used to create macroscopic objects,'® microscopic light-guiding
features such as optical waveguides?® and can also take advantage of other properties of the resin
to manipulate the polymerization and final objects. For example, polymerization rates and
absorbance can be adjusted by adding photochromic molecules that activate at the printing
wavelength and improve spatial resolution.?! Photoinhibitors that activate with a second
wavelength to decrease polymerization rates can be used to enhance resolution by using this
wavelength in unwanted regions.?>?* This is achieved using a photoinitiator/photoinhibitor system
in which polymerization is triggered with blue light and inhibition with UV light. Xolography is
another method that uses two different wavelengths simultaneously.?* A sheet of UV light with a

specific thickness is launched to a resin with a dual-colour photoinitiator (DCPI) that takes the
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photoinitiator from an inactive state to a short-lived (t12,= 6 s) latent state that absorbs in the visible
region. A second orthogonal laser projects a slice of a 3D object to be printed in the sheet while
exciting the photoinitiator that in combination with a co-initiator triggers free-radical
polymerization. After the slice has cured, the resin volumed is displaced while keeping the sheet

of light in the same position to create a different slice of the object.

Prismatic 3D printing builds on the methods that use nonlinear optochemical waves and
focuses on the potential geometries that this technique enables — prisms — polyhedra with two
parallel faces. Due to the nature of the propagation of these patterns through the resin, right prisms
such as cubes, cylinders, rectangular and triangular prisms are the easiest to print, but oblique
prisms such as trapezoidal prisms are also possible by changing the printing intensity. The optical
pattern determines the shape of the bases (2 parallel faces) of the prism. We illustrate the buildup
of increasingly complex objects composed of prismatic elements using an LED, a series of
amplitude masks, and a rotatable sample stage with a fast-curing acrylate photoresin. The
intensity-dependence of this process is highlighted, illustrating the ability to create tapered and
broadened structures, as well as the prismatic elements that maintain their shape as they propagate.
A systematic approach is described that breaks down 3D objects into printable volumetric
prismatic elements — these elements are permitted to intersect allowing for further buildup of
objects from nonlinear waves.

The formation of structures with nonlinear waves relies on the light-induced positive changes
in refractive index (An) that arise from photopolymerization to counteract the natural divergence
of the beam in the medium.?>?® This process can be described by (1) where the electric field

amplitude (&) can be described in terms of the free-space wavenumber of the optical field (ko), the
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attenuation coefficient of the medium (o), and the diffraction of the beam described by the

transverse Laplacian (V?).

ikong Z—i + %V%s + k3ngAne + %konoas =0 2.1)

As the refractive index increases, the beam will self-focus and narrow, until diffraction is

suppressed, and a self-trapped beam is formed.

2.3 Results and Discussion

2.3.1 Prismatic Printing Process and Calibration

The prismatic 3D printing optical apparatus (Figure 2) is calibrated by printing a cylinder
using a circular or near-Gaussian beam introduced into a resin. A blue beam (A = 460 nm) is
launched through an amplitude mask with a circular pattern onto the entrance face of a cell that
contains an acrylate photoresin and a visible light photoinitiator system (Figure 2a). A side-view
image illustrates the propagation of the polymerization front (Figure 2b) within the photoresin as
a 5 mm circular input beam (1.1 mW mm™) propagates through the 11 mm sample. After a delay
time of ~ 10 s from inhibition due to the presence of oxygen,?® the propagating polymerization
front can be seen travelling at a linear velocity of ~1.3 mm/s, which translates to printing speeds
of over 1000 mm/h; speeds faster than traditional SLA methods.

Observation of the spatial intensity profile at the exit face of a separate 11 mm sample with a
2 mm input width (Figure 2c) shows that as photopolymerization and the corresponding positive
changes in refractive index occur, the light begins to self-trap causing the diffracted beam to

narrow, changing the light distribution and the effective intensity in the central region of printing.
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The intensity of the light at the exit plane as visualized by the camera increases by 4.4-fold during
the course of the experiment. By controlling the intensity of the incident light, the rate of

photopolymerization and the propagation properties change.
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Figure 2.1 (a) Scheme of the optical assembly employed consisting of a blue LED (A = 460 nm)
and up to 3 amplitude masks (AM) placed at the transparent walls of the rotatable resin cell.
Imaging of the optical profile at the exit face of the resin bath during the formation of cylinders
was achieved with a planoconvex lens pair (L1, f.1. =250 mm and L2, f.1. =250 mm) and a CCD
camera. (b) Side-view images of the growing cylinder with input width = 5 mm, length =11 mm,
intensity = 1.1 mW mm and scale bar = 2 cm. The sample cell consisted of a cut syringe with
glass cover slips glued to each end. (c) Time evolution of the spatial intensity profile at the exit
plane of the sample with a growing cylinder with input width = 2 mm, length = 11 mm (Scale bar
=1 cm). (d) Final printed polymer cylinders with input width = 10 mm, length = 27 mm and
obtained with an LED beam at incident intensities from left to right of 0.47 mW mm?2, 1.1 mW
mm~ and 1.9 mW mm~. Scale bar = 1 cm.
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In order to identify an appropriate operational intensity, we performed several experiments
where we fabricated cylinders at different intensities (Figure 2d). A 10 mm input beam with an
intensity of 0.47 mW mmlaunched into a 27 mm long sample resulted in a tapered structure, with
a decreasing cross-section as it propagates along z. This behaviour is attributed to the
polymerization occurring predominantly in the centre as the outer regions of the beam are not
intense enough to overcome inhibition due to oxygen. In contrast, higher intensities of 1.9 mW
mm produce a large concentration of initial radicals in regions of the diffracted profile which can
initiate polymerization in those outer regions before self-trapping has time to occur. This results
in an oblique structure that gets larger as the light propagates. It is only at the intermediate intensity
of 1.1 mW mm™ that the propagation of the 2D circular beam results in the inscription of a
cylinder. The aforementioned calibration must be carried out for all photopolymer systems due to
their varying kinetics. While this calibration may seem tedious, the printing of a prism during the
calibration confirms that the intensity, absorbance, oxygen content and polymerization rate are
collectively at their necessary amounts to obtain a right-angled prism.

Prismatic 3D printing can be used to sequentially print individual prisms with nonlinear waves
using separate amplitude masks placed on the sides of the resin cell. The prisms can be combined
within the same sample cell or glued together separately if the prisms do not intersect. Each prism
is fabricated with a unique optical pattern imposed to the LED beam to create the desired part of
the object by propagating through the sample — the beam is then blocked, and the resin bath rotated
to launch the beam through another amplitude mask to create a different prismatic element. The
propagating element must connect with the previous element when this in situ process is

implemented, rotating the sample each time and repeating the process until the full object is
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complete. In order to identify prismatic elements within a 3D object, a manual method for mesh

segmentation was implemented.

2.3.2 Decomposition of Objects into Prismatic Elements

The systematic decomposition or segmentation of complex objects into separate elements is
based on pattern recognition and specific criteria. Mesh segmentation can occur based on

27-30

comparison to known models such as geometric primitives or even based on parameters such

3236 or printing volume.’’

as surface topology,*! hidden lines and internal faces,
Our manual approach to mesh segmentation is based on the identification of hidden lines and
concealed internal faces to partition an object into prisms.* The printing of an object, O, requires
that it can be decomposed into prisms, Py, such that the union of all prismatic elements results in
the formation of the object (2).
O=P, UP, U..P, (2.2)
This approach begins by taking a 3D mesh — a file comprised of the vertices, edges and
faces that define a 3D object — and sequentially performing operations until prismatic elements
are formed. Due to the nature of the printing process, it is necessary that each element takes the
shape of a prism (e.g., rectangular, triangular and trapezoidal prisms, cylinders, etc.) and prohibits
some geometric features based on 2 basic rules:
Rule 1: 1f two triangular faces share an edge, the mesh is not printable.
Rule 2: Two non-rectangular/non-trapezoidal faces cannot share an edge.
Each right-angled prism will have rectangles orthogonal to the propagation direction and each

oblique prism (e.g., trapezoidal prism) will have trapezoids orthogonal to the propagation axis.

These rules prevent the prismatic printing of spheres, cones and pyramids, for example.
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Modify mesh

I No Yes

Step 1 Step 2 Step 3 Step 4
Remove edges Identify and Shared non-rectangular/ Yes Shared
between coplanar - partiton along [~ non-trapezoidal faces? E triangle faces?
faces internal faces edge(s)

lNo

Step 5
Print prismatic elements

Figure 2.2 Flowchart depicting the decomposition steps that were carried out to convert mesh files into
printable prismatic elements and the decomposition of 3 objects. Algorithm written by Dr. Derek Morim.
Figure 2.2 shows a flow chart that includes the necessary steps for the decomposition of objects
into prismatic elements:
Step 1: Edges between attached coplanar faces are removed. This step is taken to ensure
that an object is broken down into the fewest number of possible fragments to reduce
the number of printing steps.
Step 2: Internal faces are identified within the mesh.** These internal faces are comprised
of visible edges and vertices, and do not intersect with any other edges within the
object. Partitioning along these internal faces creates 2 fragments, each possessing a
copy of the internal face and its associated vertices and edges.
Step 3: The geometric requirement for printable prisms is the presence of rectangular or
trapezoidal faces adjacent to each base. There can therefore be no two adjacent faces
that are not rectangular or trapezoidal. If two such faces share an edge, then one must
modify the object by creating new edges until this is no longer true. The new edge
should be drawn on the face comprised of more edges and it should be drawn either
parallel or orthogonal to the shared edge; this process reduces the final number of

components by breaking down the more complex polygon.
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Step 4. If at any point during the decomposition there exist two adjacent triangles that share
an edge, the object is not printable via prismatic 3D printing and the mesh must be
modified before returning to step 1. While our remeshing was performed manually,
there exist interpolating methods and even a polycube mapping method that can
change the mesh of an object.>%4

Step 5: 1If the reduced elements contain no two adjacent non-rectangular/non-trapezoidal
faces, then that prismatic element can be printed via this printing method. Elsewise,

repeat steps 2, 3, and 4 until this becomes true.

The manual decomposition was carried out for each object prior to printing, and each prismatic
element was assigned a different colour for clarity. The simplest decomposition occurs when the
object is already a prism. In these cases, there exist no edges between coplanar faces (Step 1), no
internal faces (Step 2) and no adjacent non-rectangular/non-trapezoidal faces (Step 3). The only
two faces with more than 4 edges are the bases of the prism and allows the object to be identified
as a printable prismatic element (Step 5). Figure 2.3 depicts the decomposition of a house with
two inequivalent slanted rooftops. Although two triangular prisms and a rectangular prism are
clearly visible, the printing of this house would require 3 steps for 3 prisms. The removal of edges
shared between the coplanar triangular and rectangular faces (Step 1) reduces the overall number
of printing steps. No internal faces are present (Step 2) but there exist two 6-sided faces that share
an edge (Step 3), so an additional edge was drawn parallel to the shared edge. With no shared
triangular faces (Step 4), we proceed to identify an internal face that can be partitioned (Step 2).
The resulting elements have no adjacent non-rectangular/non-trapezoidal faces (Step 3) and can

therefore be printed. (Step 5). The 2 printed elements were printed in a total of ~55 s.
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Figure 2.3 (a) Decomposition of a house into 2 separate prismatic elements. (b) Separate
printing of each element. (c) House constructed from glued fragments based on the identification
of prisms. Scale bar = 1 cm.

The next example (Figure 2.4) illustrates what occurs when the algorithm encounters a non-
printable element. There are no shared edges between coplanar faces (Step /) and multiple internal
faces (Step 2) exist in the object, resulting in several rectangular pyramids after the partitioning.
Rectangular pyramids violate Rule I since they possess shared triangular faces (Step 4). The only
way to mitigate this issue is to convert the rectangular pyramids into trapezoidal prisms and
repeating Steps 1-5. The resulting trapezoidal prisms were fabricated using higher intensities,
capturing and inscribing the diffracted profile (Figure 2.1d). Printing of 5 trapezoidal prisms and

one rectangular prism was completed in a total of ~160 s. Additional examples of decomposition
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Figure 2.4 (a) Decomposition of an object into separate printable, prismatic elements based on the
removal of triangular pyramid volumetric elements. (b) Separate in printing of each element. (c)
House constructed from glued fragments based on the identification of prisms. Scale bar = 1 cm.

into prisms and subsequent prismatic 3D printing can be found in Figure 2.5 and the

Supplementary Information.

2.3.3 Printing of Intersecting Prismatic Elements

The union of prismatic elements according to Sfep 2 remains true in instances when the
prismatic elements intersect. The following section highlights our ability to decompose
these intersecting prisms, by combining multiple decomposition pathways. Figure 2.5

depicts the decomposition of a runner using the previously described steps (Figure 2.2).
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The runner (Figure 2.5) possesses no shared edges between coplanar faces (Step 1) but does
possess several internal faces (Step 2) based on the mesh of the object. Depending on which
partition occurs first, one obtains either two prismatic body pieces and one unprintable non-
prismatic head OR one prismatic head and two unprintable non-prismatic body pieces. Both routes
on their own are unable to create the necessary elements to build the object, but a subset of
prismatic elements (P) within that superset (S) exist (Step 3) such that those prisms can combine

to create an object according to (Step 2).

Pcs (2.3)

As long as there exist enough volumetric prisms to cover the volume of the final object, the
object can be printed, even in instances of intersection. This runner is printed using 3 amplitude
masks and the sequential rotation of the sample. The LED beam was first launched through a
circular mask to create the head. This was followed by a 90-degree rotation and use of one body
mask to create half of the body by stopping the polymerization once the propagating wavefront
reached halfway. Finally, the resin bath was rotated 180° and the beam was launched through a
second body mask until the second half of the runner’s body fused with the other half (Figure 2.5).
The total printing time of the runner was ~40 s, and the process was extended to fabricate 2
additional runners (Figure 2.6, Supplementary Information). To reaffirm that these intersecting
prismatic elements can be created, we printed a lattice of intersecting rods (Figure 2.6) using 3
masks that each contain 9 square apertures. A lattice of 27 intersecting rods was fabricated. The
union of prismatic elements to create objects suggests that not only we can break down objects
into prismatic elements, but we can build up objects from a set of known prisms by creating meshes

that comprise of unified prisms.
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In order to compare the quality and speed of our technique with traditional stereolithography,
we printed a runner using an SLA printer with the same photoresin (Figure 2.5¢). Our technique
was significantly faster with a printing time of 40 s compared to 9960 s with the SLA printer. The
minimum feature size in the XY direction that can be printed via prismatic printing is on the order

of 500 um while those obtained with a Form 2 SLA printer are on the order of 100 um.

SetS

b Rotation Axis Base

Figure 2.5 (a) Decomposition of a runner using two degenerate methods and the fabrication of a
runner. Scale bar = 1 cm. (b) The object was printed by first projecting light onto AM1 of the cell
containing photopolymerizable resin, and then subsequently rotating the cell to AM2 and AM3
once each previous element was printed. (¢) Images depicting a runner printed using SLA (left)
and prismatic 3D printing (right). Scale bar =1 cm.
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A summary of the meshes, fragmented models from the decomposition and the final printed

structures are displayed in Figure 2.6.

Mesh Fragments
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Figure 2.6 Illustration of fragmented model from various meshes and the resulting printed objects.
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2.3.4 Printing Prisms Embedded with Microscopic Waveguide Arrays

We have previously shown that it is possible to generate arrays of micro-waveguides in
polymers with periodic amplitude masks.*'*** The fabrication of these micro-arrays is carried out
at intensities significantly lower (~ 0.01 mW/cm?) than the ones used for volumetric prismatic
elements (1.1 mW/mm?). When such intensities are used after the LED beam is passed through a
periodic amplitude mask, the entire sample cures to the same extend and no periodic micro-
structure is formed within the polymer.** For example, in our modified version of Autodesk with
Irgacure 819 alone or in combination with Irgacure 184 as photoinitator (s), there is not formation
of filaments after the LED beam is launched to an amplitude mask (A= 80 pm) with 40 um wide
square apertures. Even at very low intensities (~ 0.01 mW/cm?), a hard monolith without a periodic
microstructure is formed. Irgacure 819 undergoes a fast photolysis that generates up to four
radicals®*. The benzoyl and phosphonyl radicals that are generated are very reactive. The
photopolymerization initiated by the light leaking from these micro-filaments through scattering
and the diffusion of radicals lead to the same extend of polymerization even in regions that are not
irradiated directly. We have extensively studied the formation of self-trapped beams and the

17,4146, SO we

permanent inscription of waveguide arrays within an organosiloxane photopolymer
attempted to create prisms with arrays of micro-channel waveguides embedded in this material.
We hypothesized that by having a slower production and a lower concentration of radicals in the
surroundings of the square microfilaments would result in a smaller extent of polymerization. This
will produce the refractive index contrast needed for the formation of prisms with micro-
waveguides embedded. To prove this hypothesis, we used a mixture of Camphorquinone and

Irgacure 819. Camphorquinone produces a camphorquinone-derived radical upon absorption of

blue light that can undergo different reactions including dimerization, hydrogen abstraction
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reactions, radical polymerization or undergo oxidation in the presence of a diaryliodonium salt
and oxygen.*’ Although, it has been reported that this last one accelerates the rate of
polymerization of CQ in the absence of coinitiator such as a tertiary amine,*® free-radical
polymerization is rather slow and proceeds to a limited extend.*” Even in the presence of a
coinitiator, it was found that the polymerization rate of methyl methacrylate using Irgacure 819
was 1.3 x 10% (M s!) while for CQ in combination with ethyl p-dimethylamino benzoate (EDB)
was 1.1 x 10° (M s71).* Based on these results, it can be said that the rate of polymerization with
Irgacure 819 as photoinitiator is at least 12 times greater than the rate of polymerization when CQ
alone is used. The photon absorption efficiency of CQ in the blue region calculated in that work
from the superposition of the emission spectrum of the LED (Amax = 460 nm) and the absorption
spectra of the photoinitiator, is approximately two times greater than the one of Irgacure 819. Since
the emission of our LED is in the same region (Amax = 445 nm), it can be assumed that the
absorption efficiencies in our system are of the same order. To test the hypothesis that having a
slower and a smaller production of free radicals would result in the formation of polymeric prisms
with channel waveguides, we used a mixture of CQ and Irgacure 819 as the photoinitiator system
in which the concentration of CQ was 5 times larger than the concentration of Irgacure 819. As a
result, the absorption of light by CQ in the system is ~10 greater than the one of Irgacure 819. The
periodic amplitude mask described above (A= 80 um with 40 um wide square apertures) was used
in conjunction with a second amplitude mask that defined the shape of the prism. The time
evolution of an array of beams traveling in a photopolymerizable medium during the printing
process of a rectangular prism 3 mm long is shown in Figure 2.18. At t = 0 s, under linear
conditions, the micro-beams are 42 + 6 um in size at the exit face of the sample due to natural

divergence. As the polymerization takes place, the size of the filaments decreases since the
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divergence is suppressed by the refractive index changes within the medium. The final diameter
of the filaments is 37 = 9 um after irradiating the sample for 60 s. This is a clear indication that
even at high intensities, there is a lower degree of side-polymerization in the areas that are not
irradiated directly by each micro-beam. In the irradiated areas, due to the high intensities used,
some of the Irgacure 819 molecules absorb light undergoing photolysis and triggering local free-
radical polymerization. The light leaking from these filaments through scattering is mostly
absorbed by CQ molecules which carry out a slow and inefficient polymerization. The
concentration of free radicals generated in the irradiated areas is significantly smaller than when
Irgacure 819 is used alone. Therefore, the number of radicals that diffuses to the non-irradiated
areas is significantly smaller. These two factors result in a smaller degree of polymerization in the
non-irradiated during the printing process. The proposed mechanism is currently being
investigated as well as other factors that might play a role in the successful printing of prisms with
micro-waveguides embedded. The resulting rectangular prism is shown in Figure 2.7a. Optical
micrographs of the rectangular prism at the entrance and exit face show that a periodic array of
waveguides with square symmetry was inscribed in the rectangular prism of Figure 2.7b. Each
prismatic element created with this technique, with or without micro-waveguides embedded, has
a higher refractive index than their surroundings and since they are printed in a continuous manner,
these prisms possess excellent light-guiding properties. A proof of the light-guiding properties of
the rectangular prism with channel waveguides is show in Figure 2.7c; when a red LED beam is
launched to the prism, the micro-structure in the prism patterns the beam since light prefers to
travel in regions of high refractive index. These regions are the ones in which the filaments induced
local polymerization. The LED beam is divided into an array of filaments, each with a diameter of

37 £7 um at the exit face of the sample which is commensurate with the size of the aperture of the
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periodic amplitude mask used to pattern the prism. The far-field output of a red laser beam is also
shown at the right. The beam turns into a square array of bright spots as when a LED is launched.
This shows that Prismatic 3D printing is a fast route to obtain polymeric prisms embedded with
waveguide circuitry. The light-guiding properties of these prisms could be combined with others

by using stimuli-responsive materials for mechanical light manipulation.

A Prisms with channel waveguides
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Figure 2.7 a) Rectangular prism (Width x Height x Length= 4 x 8 x 3 mm) with waveguide
circuitry. b) Optical micrographs of the entrance (right) and exit face (left) of a rectangular prism
with waveguide circuitry. c) Near-Field view of a red LED beam that propagates through the
rectangular prism with waveguide circuitry at the exit face of the sample (left). A magnification of

the filaments formed is shown in the middle. ¢) Far-Field view of a laser beam propagating through
the same prism.
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2.4 Conclusions and Outlook

The prismatic 3D printing of three-dimensional objects using nonlinear waves offers a
facile and rapid, room temperature method of printing objects that are comprised of multiple
prisms using inexpensive, incoherent LED sources. The ability to manipulate both light and
photopolymerizable system provides several parameters that can be adjusted to influence the
development of the propagating wave. The decomposition of these objects into prisms have been
determined using a manual algorithm that reduces the object into smaller elements. The reverse
process of building objects starting from prismatic elements can be done by unifying multiple
prisms to build an initial mesh. As proof of concept, we showed that self-trapped beams
sequentially launched through 3 amplitude masks and 3 directions can inscribe prismatic elements
in situ to make objects including a series of runners, a lattice, and a skull. The higher refractive
index of these written structures relative to their surroundings may offer these materials light-
guiding properties, allowing us to print different waveguide array architectures into different
elements.?’ The speed and light-guiding characteristics of these printed elements offer many
possibilities for materials embedded with waveguides. Prismatic 3D printing of functional
materials with stimuli-responsive polymer elements may allow the build-up of more complex,
smart polymers for various applications.’® Future work may also entail creating software capable
of identifying prisms including microstructured optical waveguides formed within the resin,
software that allows scanning of objects and conversion into a printable mesh comprised of prisms

and formation of functional materials such as scaffolds for photocatalysis, LEDs and sensing.
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2.5 Methods
2.5.1 Materials

Abecryl® 8210, Genomer* 1122TF and Sartomer SR 494 were donated from Allnex, Rahn
USA Corp. and Arkema Inc, respectively. Photoinitiators Irgacure® 184 and Irgacure® 819 were
obtained from Ciba Specialty Chemicals. Coumarin 6 and N,N'-methylenebis(acrylamide) were
obtained from Sigma-Aldrich. 3-(Trimethoxysilyl) propyl methacrylate (MAPTMS) and 0.1 N

hydrochloric acid were purchased by Millipore Sigma.

2.5.2 Preparation of photopolymer

Resin 1 was used in most objects except for the prism in Figure 2.7. It is a modified version
of Autodesk Standard clear prototyping Resin (PR48). It was obtained by mixing Abecryl® 8210
(39.134 %), Sartomer SR 494 (39.134 %), Genomer* 1122TF (19.567 %), Irgacure® 819
(0.197 %) and Irgacure® 184 (1.968 %). The mixture was stirred for 48 hours before using it. For
the disk of the death, coumarin 6 was added to resin 1 prior to stirring for 48 hours. The
organosiloxane sample used to 3-D print the prism in Figure 2.7 was obtained by combining 1.1000
g (5.5 x 10° mol) of 0.05 N hydrochloric acid (diluted from a standardized 0.1 N HCI aqueous
solution), 17.6000 g (0.0708 mol) of 3-methacryloxypropyltrimethoxysilane, 0.0400 g
of camphorquinone (0.241 mmol), 0.0200 g of Irgacure 819 (0.0477 mmol) and 0.3000 g
(1.95 mmol) of N,N'-metheylenebis(acrylamide). The sample was stirred for 24 hours. The
undissolved crosslinker was separated by the solution by decanting.

2.5.3 Optical Apparatus and Imaging

A blue LED (Amax =460 nm, Kerber Applied Research Inc.) was used as the main light source.
Tapered objects were fabricated at 2.33 mW mm™ with a separate mounted LED (Amax = 470 nm,

Thorlabs). The dimensions of each cell varied depending on the target size for each object.
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Amplitude masks with the desired pattern to be imposed on the beam were placed at the entrance
face of the sample cell. Vinyl amplitude masks were printed using a Graphtec Craft ROBO vinyl
cutter. A plano-convex lens pair (L1, f.I. = 250 mm and L2, fl. =250 mm) and a CCD camera
(WinCamD XHR, DataRay Inc.) were used for monitoring the spatial intensity profile at the exit
face when printing cylindrical rods during calibration. A Samsung Galaxy S6 phone camera was
used for side imaging of the propagating structures.

To obtained prisms with waveguide circuitry, a LED beam (Amax = 445 nm, Thorlabs) was
passed through a 2D periodic amplitude mask (A= 80 um, = 0.94 mW mm, power measured after
periodic mask) before being launched to the rectangular amplitude mask that defines the shape of
the prism and a cell 3 mm long containing the organosiloxane solution.

2.5.4 Structural characterization of prisms with waveguide circuitry

A transmission microscope (Olympus BH2-UMA, Upright) coupled with a MOTICAM 3+ camera
was used to acquire micrographs of the channel waveguides at the entrance and exit face of the
prisms.

2.5.5 Optical characterization of the channel waveguides

Right after printing, the periodic amplitude mask was removed from the set up. The sample was
illuminated with a Compact Laser Module with USB Connector (635 nm, 0.9 mW). The light
output was monitored at the exit face of the prism with the same optical apparatus describe above.
Photographs of the Far Field profile were obtained by launching a hand-held red laser beam (Amax

= 635 nm, Thorlabs) through the rectangular prism 3 mm long.
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2.5.6 Post-Processing of Structures

Large elements were sanded due to excess side polymerization during the photoreaction. Prismatic
elements printed separately were glued together using 0.3 mL of photoresin and subsequently
irradiating with the LED.

2.5.7 Decomposition of Mesh

Mesh files were created in Blender (v.2.79) and manually modified using the decomposition

steps (vide supra) (prismatic elements coloured differently once decomposed).

2.5.8 SLA Printing

SLA printing of the runner was carried out using a Form 2 printer from Formlabs.
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2.8 SUPPLEMENTARY INFORMATION

2.8.1 Experimental Methods

2.8.1.1 Materials

Abecryl® 8210, Genomer* 1122TF and Sartomer SR 494 were donated from Allnex, Rahn

USA Corp. and Arkema Inc, respectively. Photoinitiators Irgacure® 184 and Irgacure® 819 were
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obtained from Ciba Specialty Chemicals. Coumarin 6 and N,N'-methylenebis(acrylamide) were
obtained from Sigma-Aldrich. 3-(Trimethoxysilyl) propyl methacrylate (MAPTMS) and 0.1 N

hydrochloric acid were purchased by Millipore Sigma.

2.8.1.2 Preparation of photopolymer resins

Resin 1

Resin 1 is a modified version of Autodesk Standard clear prototyping Resin (PR48). It was
obtained by mixing Abecryl® 8210 (39.134 %), Sartomer SR 494 (39.134 %), Genomer* 1122TF
(19.567 %), Irgacure® 819 (0.197 %) and Irgacure® 184 (1.968 %). The mixture was stirred for
48 hours before using it. For the disk of the death, Coumarin 6 was added to the resin prior to
stirring for 48 hours.

Resin 2

Resin 2 is an organosiloxane photopolymer obtained by combining 1.1 g (5.5 x 10 mol.) of
0.05 N hydrochloric acid (diluted from a standardized 0.1 N HCI aqueous solution), 17.6 g (0.0708
mol) of 3-methacryloxypropyltrimethoxysilane, 40 mg of camphorquinone (0.2406 mmol), 20 mg
of Irgacure 819 (0.0477 mmol) and 300 mg (1.9459 mmol) of N,N'-metheylenebis(acrylamide).
The sample was stirred for 24 hours. The undissolved crosslinker was separated from the solution

by decanting.

2.8.2 Post-Processing of Structures

Large elements were sanded (sandpaper grit 220) due to excess side polymerization during
the photoreaction. Prismatic elements printed separately were glued together using small amounts

of photoresin and subsequently irradiating with the LED.
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2.8.3 SLA Printing

SLA printing of the runner was carried out using a Form 2 printer from Formlabs.

2.8.4 Optical Assembly for Self-Trapping Experiments

A blue LED (Amax =460 nm, Kerber Applied Research Inc.) was used as the main light source.
Tapered objects were fabricated at 2.33 mW mm with a separate mounted LED (Amax = 470 nm,
Thorlabs). The dimensions of each cell varied depending on the target size for each object.
Amplitude masks with the desired pattern to be imposed on the beam were placed at the entrance
face of the sample cell. Vinyl amplitude masks were printed using a Graphtec Craft ROBO vinyl
cutter. A plano-convex lens pair (L1, f.I. = 250 mm and L2, f.I. = 250 mm) and a CCD camera
(WinCamD XHR, DataRay Inc.) were used for monitoring the spatial intensity profile at the exit
face when printing cylindrical rods during calibration. A Samsung Galaxy S6 phone camera was
used for side imaging of the propagating structures.To obtain prisms with waveguide circuitry, an
LED beam (Amax = 445 nm, Thorlabs) was passed through a 2D periodic amplitude mask (A= 80
pum, = 0.94 mW mm?, power measured after periodic mask) before being launched to the
rectangular amplitude mask that defines the shape of the prism and a cell 3 mm long containing
Resin 2.

2.8.5 Calibration of Intensity by Printing Cylinders

Cylindrical rods were printed as a means of calibration (Table S1) and yielded optimal printing
conditions at 1.1 mW mm. At distances larger than 5 cm, there is greater difficulty in maintaining

the beam diameter as the beam propagates, limiting our technique to objects smaller than 5 cm.
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Table 2.1 Diameter at the entrance and exit face of cylinders fabricated with a beam 10 mm wide
at 0.47, 1.1 and 1.9 mW mm (3 replicates).

10 mm Pathlength 27 mm Pathlength
Intensity Diameter at Diameter at Diameter at Diameter at
(mW mm) Entrance (mm) Exit (mm) Entrance (mm) Exit (mm)
0.47 9.4+0.20 50£2.0 9.5+0.10 8.5+0.50
1.1 99+0.10 10 £ 0.50 9.9+0.10 11+£0.30
1.9 10+0.10 11+£0.20 10+£0.30 13+0.10

2.8.6 Optical and Structural Characterization of Waveguides

A transmission microscope (Olympus BH2-UMA, Upright) coupled with a MOTICAM 3+
camera was used to acquire micrographs of the channel waveguides at the entrance and exit face
of the prisms.

Immediately following printing, the periodic amplitude mask was removed from the set
up. The sample was illuminated with a Compact Laser Module with USB Connector (635 nm, 0.9
mW). The light output was monitored at the exit face of the prism with the same optical apparatus
describe above. Photographs of the far field profile were obtained by launching a hand-held red

laser beam (Amax = 635 nm, Thorlabs) through the rectangular prism 3 mm long.

2.8.7 Decomposition and Printing of Objects

The following section describes the printing of multiple prismatic elements and then
separately combining those elements into a single object. The same decomposition steps are

applied to break down an object into the corresponding prismatic elements in Figures S1-S5. Mesh
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files were created in Blender (v.2.79) and manually modified using the decomposition steps within

the text (prismatic elements coloured differently once decomposed).

Figure 2.8 Decomposition steps that were carried out to identify a skull medallion mesh is a
printable prismatic element and the resulting printed object that resulted. Scale bar = 1 cm. The
skull medallion model is a reconstruction of the Mexican sculpture (right). Scale bar =30 cm.

printable prismatic elements and the resulting printed object that resulted within 100 s. Scale bar
=1 cm.
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Figure 2.10 Decomposition steps that were carried out to convert an inukshuk mesh into printable
prismatic elements and the resulting printed object. Scale bar = 1 cm.

¢4

Figure 2.11 Decomposition steps that were carried out to convert a skyscraper mesh into printable
prismatic elements and the resulting printed object. Scale bar = 1 cm.

The room of the house (Figure 2.12) (sky blue and red prisms) and the roof (pink prism) were
printed in situ as a single piece using the same method described in Figure 2.5b and in the next
section using 3 amplitude masks. The red rectangular prism was printed first by launching the
beam through a rectangular mask until the polymerization front reached halfway followed by a
180-degree rotation and the use of a second rectangular mask that blocks the beam at the
center/bottom creating a rectangular hole to obtain the sky-blue rectangular prism with the door.
Finally, the sample was rotated 90° and the beam was launched to a triangular mask to print the

roof. The other four pieces were print them individually.
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Figure 2.12 Decomposition steps that were carried out to convert a house mesh into printable
prismatic elements and the resulting printed object. Scale bar = 1 cm.

Unlike most of the previous examples that looked at printing individual elements and gluing
them together, we are also able to create multiple elements by rotating the stage of the sample. By
creating multi-element complex objects with amplitude masks (Figure 2.13) placed at the glass
walls of the resin cell, we are able to fuse together elements rather than using resin to combine the
pieces post-printing. Figures 2.14-2.17 illustrate the decomposition of objects with multiple
intersecting prismatic elements which necessitated the use of our decomposition method in situ

printing.

Runner 1 IH
Runner 2 HH

,!
Skull H -
D

Lattice #

Figure 2.13 Amplitude masks used to print objects in situ.

Runner 3
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Figure 2.14 Decomposition steps that were carried out to convert a skull mesh into printable
prismatic elements and the resulting printed object. Scale bar = 1 cm.

Figure 2.15 Decomposition of a sprinting runner using two methods and the fabrication of the
runner. Scale bar =1 cm.

Figure 2.16 Decomposition of a starting runner using two methods and the fabrication of the
runner. Scale bar =1 cm.
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Remaining Fragments

Figure 2.17 Decomposition of a lattice using 3 methods and the fabrication of the lattice in 3 steps
with overlapping elements. Scale bar = 1 cm.
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Figure 2.18 2-D and 3-D time evolution of the spatial intensity proﬁie of an array of filaments
generated with a periodic amplitude mask (A= 80 um) with square apertures (40 x 40 um) during
the printing process of a rectangular prism 3 mm long with a waveguide circuitry embedded.
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3 Dynamic, remote-controllable bioinspired electroactive hydrogel waveguide architectures”

3.1 Abstract

Electroactive hydrogel light-guiding structures are generated within seconds through Prismatic
printing, a volumetric technique that uses self-trapped visible beams from light emitting diodes
(LEDs) elicited when photo-induced refractive index changes counteract the natural divergence of
light. Due to irreversible refractive index changes experienced by photoinduced reactions, self-
trapped beams permanently inscribe cylindrical waveguides along their paths. The waveguides
orientation, motion and - thereby the direction of their light output - can be precisely and remotely
controlled through external electrical fields. This was achieved with a range of architectures
including planar slab waveguides, individual and small arrays of cylindrical waveguides as well
as long-range waveguide lattices (> 10 000 cm™) that were fabricated taking inspiration from soft
bodies/organs such as the lure of the female deep sea angler fish, cilia and squid skin. By applying
and varying external electric fields, we can then dynamically control the bending, angular

orientation and rotation (up to 360°) of these pliant light-guiding structures.

3.2 Introduction

3-D printing techniques that offer a fast route to create mechanically stable objects have emerged
recently. Although some of them rely on layering artifacts similar to the ones used in traditional
3-D printing techniques, they produce seamless objects.!* One of the best-known 3D printing
techniques that creates seamless objects is Continuous Liquid Interface Production (CLIP).!
Objects are printed by sequentially adding layers above an inert zone created by delivering oxygen
to the resin bath through a permeable window placed at the bottom of the bath. After a layer is

formed, the building support is pushed out of the resin vat at a faster rate than traditional

*I proposed Prismatic 3-D printing for the fabrication of electroactive waveguides based on observations from the
work described in Chapter 2. I also developed the hydrogel formulations with Derek. R. Morim and did the presented
simulations. I proposed the set up to carry out multidirectional bending. Natalie Blanchard carried out early
experiments with the waveguide lattices. Tomas Omasta did some analysis to quantify bending angles of slab
waveguides Kathryn A. Benincasa carried out the tracking of position and intensity of individual micro-waveguides in
the waveguide lattices. Kevin Vaughan and I carried out the experimental work analyzed by Kathryn A. Benincasa. K.
Saravanamuttu guided the project.
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stereolithography. Volumetric polymerization inhibition patterning operates in a similar manner,
generating an inhibitor in situ by irradiating the resin in the vat with a second light source.”? HARP
(light-area rapid printing) eliminates the need of a dead zone by making the resin float on a flowing
fluorinated oil that minimizes adhesion of the object being printed with the glass window.? The
flowing oil acts as a cooling system and the absence of an oxygen dead layer makes this technique
compatible with a wide range of photopolymers including oxygen-sensitive and -insensitive resins.
Xolography is another method that relies on curing layers but this method unlike the ones described
previously, uses a horizontal configuration.* A sheet of UV light with a specific thickness is
launched to a resin with a dual-colour photoinitiator (DCPI) that takes the photoinitiator from an
inactive state to a short-lived (ti2>= 6 s) latent state that absorbs in the visible region. A second
orthogonal laser projects a slice of a 3D object to be printed in the sheet while exciting the
photoinitiator that in combination with a co-initiator triggers radical polymerization. After the slice
has cured, the resin volumed is displaced while keeping the sheet of light in the same position to
create a different slice of the object. Techniques that create objects employing 3D-unit operations
have also emerged such as volumetric methods that rely on tomographic reconstruction> and those
that rely on the propagation of nonlinear optochemical waves.”® The former method is known as
computed axial lithography (CAL).®> Objects are created by launching 2D patterns calculated using
the same concepts from computed tomography imaging. The combined energy dose from the 2D
images solidifies the resin creating the desired object. 3D objects can be created in a single step
when patterned blue nonlinear beams from 2D amplitude masks propagate through a
photopolymerizable medium.®? In traditional stereolitographic methods, the thickness is limited
to <100 um since the divergence of beams blur the projected image as it travels in the medium

which decreases resolution. The beam divergence can be controlled in nonlinear media such as
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photopolymerizable media since the divergence of the beam is counteracted by the photo-induced
changes in refractive index originated by the photopolymerization reaction which allows for the
creation of 2D images with depth.!? Since the polymerization is localized, objects obtained through
this method have a higher refractive index than their surroundings and since the object is obtained
in a continuous manner without layering artifacts, they are homogenous along the propagation
front direction. These two properties make these objects light-guiding. Therefore, each element
obtained through this method is polymer waveguide. This method can be extended to long-range
waveguide lattices (> 10 000 cm™) embedded in the shape imposed by the 2D amplitude mask.
This lattice would be impossible to fabricate with traditional photolithographic methods and even
with all the volumetric 3-D printing techniques developed recently. Other 3D-printing techniques
such as extrusion-base ink writing,'! direct laser writing'? and meniscus-guided 3D writing!® have
also been used to fabricate individual micro- and nano-waveguides. Biocompatible waveguides
have potential applications in light-base therapies. For example, del Campo et al. demonstrated
that it is possible to induce migration of cells within a hydrogel waveguide with light'* and that
drug release can be photo-trigger with the guided light as well as activation of photocleavage
reactions. '’

Integrating multiple functions in the same object is a way to carry out multiple operations without
additional cost, weight or space. Multifuncitonal structures often rely on multiple materials to
function. For example, multifuncional flexible fibers made of polymer, metal and composite
materials are capable of optical stimulation, neural recording and drug delivery in mice.'® Fibers
made of polymers and polymer composites with six electrodes, an optical waveguide and two
microfluidics channels that performed similar functions to the ones described previously were also

developed by the same group.!” Niu et al. fabricated shape memory polymer waveguides
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embedded in AlbO3/ZnO photonic shells with the ability to guide light through deep tissues and
act as a temperature sensor to monitor in real time mouth respiration, nose breathing and infrared
light."® However, light delivery using these waveguides is limited to the trajectories that the
material experiences to go from the original state to the deformed state. Omnidirectional light
steering and navigation in a remotely controlled manner can be achieved by integrating optical
fibers into a magnetic soft robot with hydrogel skin that reduces the friction by more than 10 times
with their surroundings.'® There are examples in nature of living organisms with soft bodies/organs
from which we can take inspiration to create functional materials and devices for real life
applications. The female deep sea angler fish has lure filled with luminescent bacteria that is used
to attract pray or mates by moving the back and forth while pulsing the light.?° These creatures
also have a muscular skin flap to occult or reveal its bright lure. Motile cilia are hair-like organelles
present on the surface of some cells such as the ones present in lungs, respiratory tract, and middle
ear.”!?> They are generally present in large amounts and have synchronized waving motion. The
purpose of their motion varies on the kind of cells they are present which can be to maintain the
airways clear of mucus and dirt, to move the ovum from the ovary to the uterus, to propel sperm
and so on. Chromatophores are another kind of soft actuators present in the skin of several
cephalopods such as squids, cuttlefish and octopuses. These organs are filled with nanostructured
pigment granules joined together within an elastic sacculus that expand upon contraction of muscle
fibers triggered by an electrical stimulus which makes the chromatophores increase their size
temporally.?* The visual perception of an observer is changeable pattern in the form of an array of
coloured dots that seem to migrate in space. Inspired by these three examples of soft structures
present in nature, we printed light-guiding structures within seconds including planar slab

waveguides, individual and small arrays of cylindrical waveguides as well as long-range
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waveguide lattices (> 10 000 cm™?). We demonstrated that their orientation, motion and - thereby
the direction of their light output - can be precisely and remotely controlled through external
electrical fields. Through the vectorial sum of external electric fields, we can then dynamically
control the bending, angular orientation and rotation (up to 360°) of these pliant light-guiding
structures. Reminiscent of the camouflaging techniques of certain marine creatures, this allows

precise, remote control of the waveguided light output without the use of computers.

3.3 Horizontal Right-Left beam manipulation with slab electroactive hydrogels inspired by

deep sea angler fish lure.

Our hydrogel was developed using as reference two formulations described previously.?*?> Slab
hydrogel waveguides were obtained by patterning blue LED beams with circular or rectangu-
lar masks (Figure 3.1a). Radical polymerization of acrylic acid monomers was initiated launching
these patterned beams to cells containing resin Ha (Figure 3.1b). The refractive index change
initiated by the photopolymerization reaction counteracts the natural diffraction of light allowing
the patterned beam to travel without diverging while inscribing a polymeric structure in the
medium. A 3D-printed rectangular prism waveguide is shown in Figure 3.1c. These prisms
remained in the coverslip acting as entrance face of the cell in which they were printed. Such
coverslips were placed between two cylindric carbon electrodes that were 7 mm apart from each
other in a cage with two open sides that were sealed with coverslips. The slab waveguides were
partially immersed in a phosphate buffer solution (pH = 7.4, C = 0.4 M) that acted as electrolyte
with the top part of the waveguide above the buffer surface. We first carried out these experiments
using a horizontal configuration in which a blue LED beam was launched to the top part of
the waveguide before applying an electric field. Our set up is shown in Figure 3.1d. Although

there is buffer present in the hydrogel, only 2 % of monomers in the hydrogel are deprotonated
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after printing. When the sample is immersed in buffer solution, most acrylic acid monomers lose
their acidic proton producing an anionic network (Figure 3.1e, left). When an electric field is
applied, the counterions within the hydrogel migrate towards the side closer to the cathode
but remain within the network to preserve the electroneutrality inside the gel. The concentration
of positive ions at the polymer-solution interface within the hydrogel at the cathode side becomes
larger than the one at the anode side.?® In the external solution, there is a greater migration of
ions towards the cationic side of the hydrogel because of the gel permselectivity to cations
(Figure 3.1e, middle). This concentration gradient generates a higher osmotic pressure on the
anode side (mr 1)(Swelling) than on the cathode side (shrinks) (m ;) (Eq. 3.1). A positive
pressure difference (Eq. 3.2) gives as result swelling on the anode side and bending (Figure 3.1e,

right) towards the cathode:?’

Tion = RT Xi(C = CF) (3.1)

ATtipy = T — Ty (3.2)

Based on a three-point bending test, Am;,,, is equal to the tensile strength applied to the gel g:2"%8

Am;,, = 0 = 6DEY/I? (3.3)

Where D and L are the thickness and the length of the gel, E the Young modulus and Y the degree
of bending. In this instance, Y is defined as the difference between the distance of the hydrogel
ends before and after bending. A constant electric force produces a constant pressure difference.

Solving Eq. 3.3 for the degree of bending, we obtain:
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Y = ¢L?/6DE (3.4)

Since the length of the gel is the parameter that has the biggest impact on the degree of bending,
3D-printed rectangular prisms are fabricated keeping the width and the height constant (W x H =
2 mm x 10 mm) while varying their length (6, 9 and 10 mm). Figure 3.2a shows a slab waveguide
10 mm long under the effect of an electric field (1300 V/m). The slab waveguide bends towards
the cathode. At the same time, the beam output shifts in the same direction showing that this
hydrogel prism can spatially manipulate the beam. As a result, there is a drop in the intensity since
most of the light is guided away from the detector. When the polarity of the field is inverted, the
bending occurs in the opposite direction. The net effect is a bright sheet with a 2 mm thickness
that seems to turn “off” from the point of an observer or light detector. The intensity of the beam
is recovered when the waveguide is perpendicular to the optical set up and it decreases again as it
keeps bending in the opposite direction. The intensity output of the waveguide decreases ~92 %
(Figure 3.2¢) when the waveguide reaches its maximum bending angle 6,,,,, which is on average
10° £ 2° (Figure 3.2b). Although the waveguide seems to turn “off”, beam propagation simulations
show that the acceptance angle of this waveguide is 38° (Figure 3.9). This confirms that
the intensity only decreases because light is guided away from the detector. After 5 minutes
under the effect of the having the electric field on, the bending equilibrium is achieved faster
than at the beginning of the experiment (Figure 2c). This is most likely caused by an increase of

charge density in the network (mole fraction of charged species).

101



o
HLOH "‘\/IL /\ }\\/ =445 nm XOHV

b
NH
Phosphate buﬁer solution
Acrylic acid NN Mﬂhylemhlsacwlamude pH=T
Photoinitiators
Camphorqulncrle i id-
2,3-Bornanedione N Pcry[ncryllll: acid-co- "
Ir\gal:ure® 819 N,N methylenebis({acrylamide))
Bis(2,4,6-trimethylb yl)-pheny Irga:ura@ 819 Hydrogel
d Cellphone Camera
DC Power _
Supply
Hydrogel
CCD
Carbon Electrodes Camera

Focu slng LGses

L
> '\ll.

* Na ® )| - . e .
.p0, ® _+ PP Na
b o Na | o

- 3 -

HPOZ - e © | Hpog?
* N o Na

v . - L
o
- w T oo o M| -
v M . Hypo, -
Na -

N
* 1o, . ; -
Ne " HPOS™ |+ ];,‘ ' T Nl
e HPO, ® [ e o, @ LA - . .
. . N ® POy Ng N
\:1. - . . - -
@ ™ o <) @ m M, © 1(,
Anode Electric field “off" Cathode Anode Electric field “on” Cathode Bending
Migration of ions
wy > My

Figure 3.1 a) Slab waveguides were printed by launching a LED beam (A = 455 nm) through a
rectangular or circular mask (top and middle images). The patterned beam was then launched to a
cell containing resin Hs. Micro-patterned prisms were printed by passing the same LED beam
through a 2D periodic amplitude mask (A= 80 pm, = 0.94 mW mm) before being launched to the
amplitude mask that defines the shape of the prism(bottom). In this case the cell contained resin
Hs. b) The LED beam induces localized free radical polymerization of acrylic acid monomers
resulting in the formation of a prism hydrogel waveguide. ¢) Hydrogel prism 10 mm long (Width=
2 mm, Height= 10 mm). d) Optical up used to achieve horizontal right-left beam manipulation
with electroactive rectangular waveguides. Samples glued to coverslips placed between two
graphite electrodes were partially immersed in a phosphate buffer solution. A blue LED beam was
launched to the top part of the sample. Optical profile at the exit face of the gel was monitored
with a planoconvex lens pair (L1, f.I. = 250 mm and L2, f.I. = 250 mm) and a CCD camera. e)
Bending mechanism in electroactive hydrogels. Counterions within the anionic network migrate
toward the cathode when an electric field is applied but remain within the polymer to preserve the
electroneutrality inside the gel. The local concentration of ions at the cathode increases due to the
gel permselectivity to cations (middle). This concentration gradient generates a higher osmotic
pressure on the anode side than on the cathode. A positive pressure difference results in swelling
on the anode side and bending (right) toward the cathode.
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It has been previously shown that the rate of bending increases with the fixed charge density as
long as the total charge density is below 70 % in hydrogels with acrylic acid as the monomeric

unit.”®

The maximum bending angle for the waveguides 9 and 6 mm long is on average 10° & 2°
and 3° £+ 2°. When such angle is reached, the intensity decreases to ~ 22 and ~75 % of its original
value. Graphs showing the time evolution of bending angle and beam output can be found in
Figure 3.10. Right-left beam manipulation can also be done using a vertical configuration. For
this purpose, we 3D-printed a square cage and place two rectangular glassy carbon electrodes 29
mm apart (Figure 3.11). We inserted a cylindrical hydrogel waveguide (Diameter= 2 mm,
Length= 12 mm) in the middle of the cage through a 2 mm hole. The effective length of the
cylinder was 9 mm. Around 8 of the 9 mm were immersed in a buffer solution while keeping the
top of the waveguide above the solution surface. Unlike the horizontal configuration in which
light travels through entirely through the top part of a rectangular prism which is not immersed in
the buffer solution, ~ 89 % of the cylindric waveguide is immersed in a buffer solution and 11 %
is surrounded by air. We applied an electric field of 520 V/m and launched an attenuated green
laser beam (A = 520 nm). We followed the spatial evolution of the cylinder and the intensity of
the beam output with a Moticam 3+ CMOS camera. The polarity of the beam was switched every
180 seconds before reaching equilibrium to keep the tip clean since carbon particles and water
droplets are generated in the medium when the electric field is applied. We observed a similar
behavior to the horizontal configuration (Figure 3.3a). When the electric field is applied, the
cylinder bends towards the cathode and the intensity of the beam output decreases so the
waveguide turns into a cylinder with the bright tip seems to turn off and on from the point of view

of the detector. In this particular experiment, the intensity of the beam fully recovers during the

first 400 seconds when the polarity of the electric field is inverted and the waveguide points
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Figure 3.2. a) Top view and 2D beam output profile time evolution of a waveguide 10 mm long
under the effect of an electric field (6 = 1300 V/m) when irradiated with a blue LED (A =455 nm).
When the electric field is applied, the waveguide bends toward the cathode. At the same time, the
beam traveling though the waveguide bends in the same direction. When the polarity of the electric
field is reversed, the waveguide and the beam output move in the opposite direction. b) Time
evolution of the bending angle and integrated intensity of the beam output ¢) As the waveguide
bends away from the optical set up, the intensity on the detector decreases ~92% when
the maximum bending angle is reached.

directly at the camera again (Figure 3.3c). After 400 seconds of applying the electric field, the

intensity of the beam output starts to decrease over time as a result of three factors:
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fatigue damage, the fracture plane created by the base surface when the cylinder bends and/or
swells and, by the droplets of water with carbon particles that end on the waveguide output that

block the laser beam avoiding it to reach the camera that acts as detector.
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Figure 3.3 a) Top view of the time evolution of a waveguide 9 mm long under the effect of an
electric field (o = 520 V /c¢m) illuminated with a green laser (A = 520 nm). When the electric field
is applied, the waveguide bends towards the cathode as in the horizontal configuration. When the
polarity of the electric field is reversed after 180 s, the waveguide moves in the opposite direction.
b) Time evolution of the bending angle when the polarity of the electric field is switched every
180 s before reaching equilibrium. A maximum bending angle of 10° + 2° is achieved. ¢) The
intensity of the beam output decreases as it bends since light is guided away from the detector
reaching a minimum of ~23% of its original value. The intensity of the beam output is fully
recovered during the first 400 s when the polarity of the beam is inverted, and the cylinder points
out directly at the camera.
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During the first 600 seconds of having the electric field “on”, the maximum bending angle
achieved is 10° + 2° (Figure 3.3b) and the intensity drops to ~23 % of its original value when such

angle is reached.

3.4 Cilia-inspired array of cylindric electroactive waveguides

The female deep see angler fish is not the only living organism with a stick-like soft structure.
Some cells have organelles at their surface known as cilia which also have a periodic motion
known as metachronal rhythm in which there is a phase lag that leads to a sequential action similar
to a Mexican wave, an example of macroscopic methachronal wave.?’ Inspired by these organelles,
we printed a large-scale system that consists of arrays of cylindric waveguides that experience
coordinated bending towards the cathode. We hypothesized that the cylindric waveguides will be
affected in a different way depending on their position relative to the cathode. We carried out
bending experiments with square arrays of 4 (2 x 2) and 9 (3 x 3) cylindric waveguides as well as
with an individual waveguide. The individual waveguide which was placed at the center of the
cage with a distance of 14.5 mm from the edge of the cathode to the center of the hydrogel. In the
array of four cylindric waveguides, the first row of two was placed 13 mm away from the cathode
while the second row is placed 17 mm away. In the array of 9 waveguides, the first row of 3
cylinders is 11 mm away from the cathode. The second one is right at the center of the cage as in
the case of the individual cylinder while the third row is 19 mm away from the electrode. In these
experiments, we lead waveguides reached their maximum bending angle 0,,,,. Since significantly
damage in the cylinders is observed in the arrays after they bend for the first time, only the first
Omax Obtained in each experiment was used in the calculations. The polarity of the field was

inverted once equilibrium was reached. The individual cylinder achieves a maximum bending
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angle of 9° £ 0°. (Figure 3.4, left). In the case of the array of 4 cylinders, the two cylinders that are
close to the cathode (cylinders 21 and 22) bend on average 12° + 1° while the two cylinders that
are closer to the anode (cylinders 11 and 12) only bend 6° & 0° (Figure 3.4, center). Finally, in the
array of 9 cylinders, the row facing the cathode (11 mm away) bends on average 9° + 3°, the
cylinders in the middle of the cell (15 mm away from the cathode) and the row facing the anode
bend only 5 £+ 1° (Figure 3.4, right). Comparing the individual cylinder and the array of four
cylinders, it is clear that the closer the cylinders are to the cathode the more they bend. The closer
the cylinder is to the cathode the greater is the force mobile cations experience which results in a
higher concentration of mobile cations near the cathode. This produces a higher osmotic pressure
on the anode side of each cylinder, having this osmotic pressure a greater magnitude as they get
closer to the cathode. A similar trend is observed for the array of 9 cylinders. The second and third
row of cylinders have on average the same maximum bending angle of 5° + 1°. The row closer to
the cathode, as expected, achieves a greater maximum bending angle (9° + 3°). However, we can
see that the second column which is right at the center of the cage has a significantly smaller
bending angle than the individual rod which is placed in the same position which indicates that the
outer waveguides exert sort of electric field screening. The waveguides closer to the
cathode experienced a faster bending rate (9 = 1 x 10™ rad/s for the 3 x 3 array and 7 + 2 x
10" rad/s for the 2 x 2 array) than the waveguides that are place in the second and third row (4 £
0 x 10 rad/s for the 2 x 2 array and 4 + 0 x 10™* rad/s for the second and third row in the 3
x 3 array). Therefore, at early stages of the experiment the waveguides closer to the anode seemed
to experience a delay in their response compared to the waveguides in the first row.
Hydrogel arrays with the actual dimensions (typical lengths and thickness are 5-20 pm and 0.25-1

um) of cilia were fabricated by Mendes et al.*
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3.5 Hvdrogel waveguide array inspired by squid skin

Squids are soft marine animals that belong to the class Cephalopoda which also includes cuttlefish,

octopus and nautilus. The most dynamic camouflage changes in their skin are originated by
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Figure 3.4 Vertical right to left bending of an individual as well as square arrays of 4 (2 x 2) and
9 (3 x 3) cylindric waveguides (o = 520 V/cm) irradiated with an expanded green laser beam (A =
520 nm). Graphs at the top show the time evolution of the bending angle of the individual cylinder
and of cylinders 11 and 21 of the 2 x 2 array and, cylinders 12, 22 and 32 of the 3 x 3 array.
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thousands of dense organs in their skins filled with pigments that have a high refractive index (n~
1.9) known as chromatophores.’! The organ is an elastic sacculus filled with pigment granules
with fiber muscles attached to its periphery. Upon a neural signal, the muscle contracts while the
sacculus expand which produces a colorful dot which disappears when the neural signal is
removed. The net result from the point of view of an observer after a contraction wave is an array
of dots that seems to migrate in space. We previously showed that it is possible to print micro-
waveguide arrays in an organosiloxane polymer.” We can think about these arrays as polymer
fibers embedded in a gel and as high refractive index regions. We hypothesize that creating these
arrays using an electroactive hydrogel would allow the formation of a structure with a bright array
of dots that would seem to migrate in space from the point of view of an observer. In addition, the
light traveling through these microchannels is going to be directed towards the direction in which
the waveguide is bending. Our group recently showed that the intensity output and size of a
waveguide within a hydrogel network can be affected by contractions produced by the formation
of a temporal waveguide generated at a distance at least 10 times the beam width.*? Since the
bending in electroactive hydrogels is accompanied by contractions and expansions within the
network, we expect complex fluctuations in the intensity of the micro-waveguides embedded
within the hydrogel network under the effect of an electric field which will make some waveguides
to be expressed while others will turn off just as occurs in squid skin. For this purpose, we printed
hydrogel prisms with waveguide lattice embedded. Figure 3.5a shows an example of a hydrogel
rectangular prism 6 mm long and 2.5 mm wide with a waveguide lattice embedded that was printed
in only 12 seconds. Micrographs of the side view (Figure 5b), as well as entrance and exit face

(Figure 5¢ and d), of this lattice confirm the presence of the waveguides. Imaging with a blue LED
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Entrance face Exit face

Figure 3.5 a) Hydrogel prism (H x L x W= 10 mm x 6 mm x 2.5 mm) with a waveguide lattice
embedded. b) Side view, ¢) entrance and d) exit faces micrographs of the waveguide lattice. e)
Time evolution of the hydrogel waveguide lattice under the effect of an electric field 6 =350 V/cm.
The electric field was applied for 100 seconds to keep the lattice within the field of view of the
CCD camera. After this period, the electric field was turn off for 60 seconds before inverting the
field. The square light pattern generated by the lattice moves towards the cathode. f) Far field view
of the light pattern generated by a hydrogel prism (H x L x W= 10 mm x 6 mm x 3.5 mm). The
top image shows the hydrogel prism with the waveguide lattice embedded and the light pattern
before the electric field was applied. The middle image shows the position of the pattern and the
hydrogel lattice after applying the electric field (¢ = 350 V/cm) for 240 s. The light pattern is
clearly directed to the right. The bottom image shows how light is directed in the opposite
direction 240 seconds after the polarity of the field was inverted. Data acquired by Oscar Herrera
and Kevin Vaughan.
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launched into the sample exit face (at low intensities) shows the presence of an array of bright
micro-beams with non-uniform intensity and with the same periodicity of the amplitude mask used
to create the pattern. Under the effect of an electric field the waveguide bends towards the cathode
while the array of micro-beams also moves in the same direction (Figure 3.5¢). Changing the
polarity of the electric field after 100 seconds produces the same effect, now in the opposite
direction. The ability of the structure to direct light in the same direction of the bending is very
evident when the light pattern coming out of the lattice is projected onto a black surface, in
conjunction with a semi-coherent laser light source (Figure 3.5f). Positions and intensities of
filaments within the hydrogel lattice were analyzed using Trackpy, a Python particle tracking
package.’® Image sets were collected by applying an electric field for 100 seconds in one particular
direction before inverting its polarity. In this first trajectory, the whole pattern is initially displaced
approximated 509 um (Figure 3.6). After that, 60 seconds elapsed before applying the electric field
with an inversed polarity. The displacement of the hydrogel was only 170 um in the opposite
direction, taking as a reference the initial position. This effect is probably originated by the pH
gradient produced by the electrolysis of water.** OH" ions are produced in the cathode side while
H" ions are produced in the anode side. Unlike the slab waveguides, the high porosity of the
hydrogel lattice facilitates the penetration of ions from the solution to the polymer network. So as
the field is applied, some of the COO groups on the anode side get protonated. When the electric
field is inverted, the excess of protons on the anode side has to be neutralized first by the OH™ that
now are being produced in the former anode side before the COOH groups are deprotonated again.

Therefore, the ability of the hydrogel to respond to the applied stimulus decreases temporarily
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Figure 3.6. Graphs showing the time evolution of the displacement and intensity of the nine
waveguides highlighted in the image at the top right while. The electric field was applied for 100 in
one direction before inverting its polarity. As the displacement graphs show, when the polarity was
inverted, the waveguides does not bend to the same extend in the opposite. Unlike the intensity
output of the slab waveguide, the intensity output of the micro-waveguides shows random
fluctuations. Intensity/position filament tracking processing was done by Kathryn Benincasa.



ions facing the cathode. It is also possible that fatigue damaged in immediately manifest in the first
100 s. The intensity of the individual waveguides shows a completely different behavior compared
to the intensity output of the slab waveguides. Unlike the slab waveguides in which the intensity
decreases when the slab waveguides direct the light output away from the CCD camera and then

it is recovered again as goes back to the original position, the intensity output of the micro-
waveguides shows random fluctuations which indicates a complex dynamic taking place within
the lattice. Since the waveguide lattice is a network of interconnected polymer fibers, contractions
and expansions due to the osmotic pressure difference have an impact even in the area that we are
monitoring which is not immersed in the buffer solution. Protonation and deprotonation of the
COO" groups due to the pH gradient also induces contractions and expansions due to the increase
or decrease of the repulsion among charges of the same sign.>®> Local contractions and expansions
might affect waveguides that are located at a distance of at least 10 times the beam width of a
micro-waveguide.*? The change of the position of the waveguide with respect to the detector (CCD
camera) might also have an impact on the intensity output. Further investigation is needed to

explain the experimental results obtained through our analysis.

3.6 Multidirectional bending of cvlindric hydrogel waveguides

Soft robots made of electroactive hydrogels are only capable of performing unidirectional bending
and locomotion.”>* To the best of our knowledge, control over the bending direction of
electroactive hydrogels have not been achieved so far. We built a set up with a square geometry
made of four rectangular electrodes that can be used to achieve multidirectional bending by

combining the electric fields generated by two different power supplies. A scheme of this set up,
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Electric field “off’] Multidirectional bending
60°

Figure 3.7. Multidirectional bending of cylindric waveguides illuminated with an expanded green
laser (A = 520 nm). The top left shows an individual waveguide and arras of 4 and 9 waveguides
before the electric field is applied. Target angles are shown above each image. Target angles for
the individual waveguide are shown at the right of each image of the individual waveguide. Going
though each target angle in a sequence allows the waveguides to rotate.
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the vectorial analysis carried out to combine the electric fields and the polarity configuration on
the electrodes for each target angle can be found in Figure 3.12. We traced imaginary lines along
the direction of the electric field generated by each power supply that were treated like axis.
Bending angles were calculated only for individual cylindric waveguides placed in the center of
the square array although we also applied the same combined electric field for each configuration
to arrays of 4 (2 x 2) and 9 (3 x 3) cylindric waveguides. The combined force electric field was
kept constant (520 V/m). Our target angles were: 0°, 60°, 120°, 180°, 240°, 300° and 360°. We used
the first bending direction of the cylinder as the reference and assigned a 0° value. We used the
first bending direction of the cylinder as the reference and assigned a 0° value. For the
initial direction, the electric field was applied for 240 s. After that, we switched to the
second configuration while applying the electric field for 180 s. This process was
repeated until waveguides completed a full cycle. Experimental bending angles for the
individual waveguide obtained were 0°, 46°, 84°, 173°, 263°, 302° and 338° (Figure 3.7). A polar
plot tracking the position of the waveguide tip and the intensity output is shown in Figure 3.12.
This graph shows that the intensity of the waveguide remains steady as it bends to the initial
direction. The decrease of the waveguide intensity output overtime is mostly associated with
damage of the waveguide. Even though experimental angles show some deviation from target
angles, we showed that this approach allows to direct the waveguides towards specific directions
and also to achieve rotation. In our multidirectional bending experiments, waveguides were
fixed to the base of our set up so only multidirectional bending and rotation are possible.
However, this approach could also be used to make soft robots walkers move not only from

right to left but also, in multiple directions.
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3.7 Conclusions and Outlook

Taking inspiration from organs of living organisms such as the lure of the female angler fish, cilia
and squid skin, we fabricated electroactive planar waveguides, individual and small arrays of

cylindrical waveguides as well as long range waveguides lattices (> 10 000 cm?). We
demonstrated that their orientation, motion and -thereby the direction of their light output can be
remotely controlled using electric fields. Since both the fabrication and the manipulation of the
waveguides is inexpensive, we expect this work to be the benchmark for the fabrication of
inexpensive light steering devices for light-based therapies and surgery.’® Regardless of the
properties of the photopolymer used, each unit operation of our 3-D printing method produces a

light-guiding structure. Therefore, this work also opens the door to print not only electroactive
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waveguide actuators in a single step but also thermal®’ or photoresponsive® waveguides or even

waveguides that can respond to more than one stimulus.
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3.9 SUPPLEMENTARY INFORMATION

3.9.1 Resin formulations.

The hydrogel precursor for slab waveguides was obtained by mixing 67.61 mmol of acrylic acid,
6.94 mmol of N,N'-metheylenebis(acrylamide) as crosslinker, 4.48 x 102 mmol of Irgacure® 819
as photoinitiator and 5 mL of sodium phosphate buffer solution 0.4 M (pH= 7.4) (Resin H4). The
resin used to fabricate hydrogel prisms micropatterned with waveguide channels was a slightly
modification from the previous one. Same amounts of acrylic acid, N,N'-
metheylenebis(acrylamide) and phosphate buffer solution were used. In this case, Irgacure® 819

(2.24 x 102 mmol) was used in combination with camphorquinone (1.20 x 10 mmol) (Resin H6).

3.9.2 3-D printing of slab hydrogel waveguides and micro-patterned prisms with channel

waveguides

The slab waveguides were fabricated by launching a LED (A = 445 nm, Thorlabs, I = 0.94 mW
mm™) beam through rectangular or circular amplitude masks placed at the entrance face of cells
containing resin H4 (Figure 3a). The beam propagated through cells with transparent coverslips as
exit and entrance face with pathlengths of 6, 9, 10 and 12 mm for 14 - 20 seconds while triggering
localized free radical polymerization (Figure 3b). The beam was blocked when the polymeric
waveguide reached the exit face of the cell. Once the process was completed, the coverslip at the
entrance face was removed with the polymeric structure attached to it. To obtained micro-patterned
prisms with channel waveguides the LED beam was collimated using a planoconvex lens (F.L. =
250 mm, d=25.4 mm) and passed through a 2D periodic amplitude mask (A= 80 um, = 0.94 mW

mm™, power measured after periodic mask) before being launched to the rectangular amplitude
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mask that defines the shape of the prism (Figure 3a). In this case the cell contained Resin H6. The

length of all micro-patterned prisms was 6 mm. The sample was irradiated for 12 seconds.

3.9.3 Horizontal Right to Left beam manipulation with slab electroactive hydrogels

3D-printed rectangular prism waveguides were used right after printing without any further
treatment since they get cloudy upon swelling and tend to break easily as their swelling ratio
increases. Waveguides (width x height= 2 mm x 10 mm) 6, 9 and 10 mm long were glued to
coverslips between two graphite electrodes (diameter =10 mm) placed 7 mm apart. The coverslip
was glued to a rectangular cage with two open sides. The other side of the cage was sealed with a
coverslip as well. The waveguides were partially immersed in a phosphate buffer solution (pH=7.4,
C = 0.4 M) that acted as electrolyte. A blue LED beam (4 = 445 nm) was launched through the
top part of the slab waveguides. Imaging of the optical profile at the exit face of the gel was
achieved with a planoconvex lens pair (L1, F.L. = 250 mm and L2, F.L. = 250 mm) and a high-
resolution charge-coupled device (CCD) camera [ 1200 horizontal x 1024 vertical pixels; pixel size
= 3.2 um horizontal x 3.2 um;]. Images were collected every 10 seconds. Integrated intensity was
obtained by adding the intensity of all the pixels in each image. The bending of the hydrogel was
monitored with a cellphone camera (Samsung 9) placed at the top of the electrochemical cell. A
DC power supply (BK1735A-ND, B&K Precision) was used to generate the electric field. Once
the hydrogel reached equilibrium, the polarity of the beam was inverted. We repeated this process
until fatigue damaged in the hydrogel was observed. We performed 3 experiments for each

different pathlength.
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3.9.4 Calculation of bending angles

Since the bending curvature (1/R) for the longest waveguide (10 mm) is very small at the maximum

bending angle 6,,,,, (~0.02), it can be assumed that the all the waveguides remain a straight line

as they bend and that the length of the waveguide (y) remains constant over the experiment.
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Figure 3.8. a) The average bending curvature of the longest waveguide at 6,,,, i1s ~0.02.
Therefore, it can be assumed that the waveguide remains a straight line and that its length does not
change during the experiment. b) Illustration of how the displacement of the waveguide Ax was
calculated for horizontal and vertical bending. Subtracting the initial position of one of the edges
of the beam from the of the edge after 10 s. Bending angles were obtained using the inversed sine
function.
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The displacement of the waveguide Ax was calculated by subtracting the initial position of one of
the edges of the beam from its new position after 10 seconds. Bending angles were obtained using

the inversed sine function.

3.9.5 Beam Propagation Method (BPM) simulations of light propagation in slab hydrogel

waveguides.

Y (mm)

X (mm)
Figure 3.9 Beam propagation method simulations of a beam (A = 445 nm) traveling through a slab
waveguide 10,000 um long (An = 0.4) oriented at 0-12°, 30°, 38° and 40° with respect to the x axis.
Transverse (xy) cross sections of the beam output are shown. After 38°, the beam output does not
follow the trajectory of the waveguide. Instead, the beam is guided at an angle smaller than the
angle at which the waveguide is oriented.
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To find out the acceptance angle of the waveguide, we carried out simulations using Beam
Propagation Method implemented in the BeamPROP software package (RSoft Products,
Synopsys, USA). We simulated the hydrogel as a slab waveguide assuming an index step profile.
The refractive index of the hydrogel was assumed to be an average between the refractive index

of polyacrylic acid and water (n = 1.4).

3.9.6 Horizontal Right-Left beam manipulation with slab electroactive hydrogels
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Figure 3.10 Time evolution of the bending angle (left) and integrated intensity of the beam output
(left) of slab waveguides 6 and 9 mm long (c). As the waveguide bends away from the optical set
up, the intensity on the CCD camera decreases. The maximum bending angle 6,,,, for the
waveguides 9 and 6 mm long is on average 10 + 2 and 3 + 2. When 6,,,, is reached, the intensity
decreases to ~ 22 and ~75 % of its original value.

Since only the part of the hydrogel that is not immersed in water was imaged, the refractive index

contrast used was An=0.4. The waveguide was 2 mm wide and 10 mm long. The waveguide was
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oriented at 0-12°, 20°,30°, 38° and 40° with respect to the x axis. The beam was launched parallel

to the z axis. Beam profiles were captured at the xy plane.

3.9.7 Vertical right-left bending beam manipulation with slab electroactive hydrogels

We 3D printed a square prism cage (44 x 44 x 25 mm) with 4 electrode holders on each edge. This
set up was used for multidirectional bending and rotation of cylindric waveguides as well. We
placed 2 rectangular glassy carbon electrodes (25 x 25 x 3 mm) parallel to each other. The cylindric
hydrogel (Diameter = 2 mm, Length= 12 mm) were inserted through circular holes in the bottom
of the cage. The effective length of the waveguides was 10 mm for most experiments except for
the experiments where the intensity was monitored in which the effective length was 9 mm. The
cage was sealed with a coverslip glued to the bottom. 8 mm of the waveguides were immersed in
buffer solution. We performed these experiments using individual and arrays of 4 and 9 cylindric
waveguides. The rods were illuminated with a Compact Laser Module with USB Connector, 520
nm, 0.9 mW placed underneath the cube. A beam expander was used to illuminate the arrays. The
time evolution of the waveguide position was followed with a Moticam 3+ camera. We analyzed
the intensity of individual waveguides as they bend to compare their behavior with the rectangular
prism waveguides. To keep the waveguide tip clean from the carbon particles generated during
experiments with individual cylinders, we switched the polarity of the electric field every 180 s
before the waveguide reached equilibrium. We tracked the position of the end of the waveguide as
well as the intensity of the beam output using ImagelJ. Experiments in which the waveguides
reached equilibrium were also carried out with individual waveguides and arrays of 4 and 9
cylinders to analyze the relationship between the extend of bending and the distance of the

waveguide from the cathode. Bending angles were calculated in the same manner as in the
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horizontal experiments: the displacement of the waveguide Ax was calculated by subtracting the
initial position of the center waveguide’s end from its new position after 10 seconds. It was
assumed that the effective length of the waveguide remained constant (9/10 mm) during the
experiment. Bending angles were obtained using the inversed sine function. The polarity of the
electric field was switched every 240 s. The electric force used was 500 V/m. We performed 3

experiments for each different pathlength.

3.9.8 Horizontal Right-Left beam manipulation with micro-patterned prisms with

channel waveguides.

We used a set up for experiments with micro-patterned prisms similar to the one used for horizontal
right-left beam manipulation with slab electroactive hydrogels. The only difference between this
set up and the previous one is that electrodes were place 43 mm apart. The field strength used was
350 V/m. The polarity of the electric field was switched every 100 seconds before equilibrium was
reached to keep the array of microwaveguides within the camera field of view to monitor the
highest number of filaments possible. We analyzed the intensity and tracked the position of each

filament in a grid 10x10 filament in 3 different samples using Imagel.

3.9.9 Structural characterization of prisms with micro-channel waveguides

A transmission microscope (Olympus BH2-UMA, Upright) coupled with a MOTICAM 3+camera
was used to acquire micrographs of the channel waveguides at the entrance and exit face of the

prisms.
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3.9.10 Tracking and intensity quantification of micro-beams within a hydrogel waveguide lattice

Trackpy' is a particle tracking program (PTP) that implements Crocker-Grier algorithm? to follow
particles through a series of images. Briefly, the algorithm works in the following way. First, the
program allows the user to determine the best parameters to select particles for a single frame -
these will later be used for the entire set using a designated function in the package. The particle
coordinates are then found in each frame to form particle trajectories. Lastly, the package offers
different analysis tools to further compliment the dataset that is acquired, but that is solely up to
the experimental design and what information is needed to be obtained. Using Trackpy' and other
Python programming packages, herein will be discussed the methods used to track filament
location and intensity over a series of frames (i.e. time steps). Features are detected based on the
local brightness of said feature. As such, particles should be as bright, distinct, and highly
contrasted from the background as possible. Trackpy detects filaments by identifying the local
brightness maxima within an image. To do this, a series of image filters are applied -to images to
help enhance any filament features; are not to create new ones; or amplify noise in the structure.
First, a white top hat filter is applied to amplify any small bright features. This is followed by a
gaussian filter (also known as a gaussian blur), which reduces noise. Lastly, a maximum filter
removes dark spots and widens bright image structures. To absolutely ensure that the highest
regions of intensity are being selected, a binary map is created of the maximum filter image.

Crocker and Grier had written their algorithm based on tracking the movement of a suspension of
colloidal particles, and thus assumed the particles were following a noninteracting, Brownian
motion.! As a result of this assumption, if the particle moves significantly from one frame to the

next (i.e., larger than the particle radius), the approximation fails and tracks are not correctly
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linked.? Therefore, minimizing the timesteps between frames was optimized by recording multiple
logs with as short of time step as possible between frames.

First the raw data (i.e., .wct files acquired from DataRay beam profiling software) and grayscale
images (as .png) are used to aquire a binary map of each image in the dataset of interest. From here
a function returns a 2D numpy array of filament locations and their specified intensities.

3.9.11 References
1) D.B. Allan, et al. trackpy:Trackpy v0.4.1, https://zenodo.org/record/3492186, (2019).
2) Crocker, J. C.; Grier, D. G. Methods of Digital Video Microscopy for Colloidal Studies. J.
Colloid Interface Sci. 1996, 179 (1), 298-310. https://doi.org/10.1006/jcis.1996.0217.
3) Couédel, L.; Nosenko, V. Tracking and Linking of Microparticle Trajectories during
Mode-Coupling Induced Melting in a Two-Dimensional Complex Plasma Crystal. J.
Imaging 2019, 5 (3). https://doi.org/10.3390/jimaging5030041.

3.9.12 Multidirectional bending of cylindric hydrogel waveguides

To achieve multidirectional bending, we combined electric fields generated from two power
supplies connected to four glassy carbon plates. The combined electric field was kept constant
(500 V/em). We traced imaginary lines along the direction of the electric field generated by each
power supply that were treated like axis. An example of the vectoral analysis carried out to
combine the electric fields is shown in Figure 5a. The voltages employed to achieve each target

angle as well as the polarity configurations on the carbon plates are shown in Figure 5b. Our target

angles were: 0°, 60°, 120°, 180°, 240°, 300° and 360°. We used the first bending direction of the
rod as the reference and assigned a 0° value. For the initial direction, the electric field was applied
for 240 s. After that, we switched to the second configuration while applying the electric field for
180 s. This process was repeated until the waveguide completed a full cycle. It was assumed that
the length of the cylinders remained 10 mm during the whole experiment. The same procedure

was used for the array of 4 and 9 waveguides.
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Figure 3.11 a) Top view of the set up to achieve vertical right-left and multidirectional bending
of cylindric hydrogel waveguides (left). b) An example of the vectoral analysis carried out to
combine the electric fields from both power supplies is shown at the right and bottom. To make
the waveguide bend 60° taking as a reference a vertical line going through the center of the cage,
the voltage from power supply 1 was set at 7.5 V producing a electric field pointing down of 260
V/m. Power supply 2 was set at 13 V with a horizontal field towards the right of 450 V/m. The
combined electric field from both power supplies is 520 V/m. The same electric field (500 V/m)
is obtained with an individual power supply is set at 15 V. ¢) All configurations used to direct the
cylindric waveguide in a circular trajectory.
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3.9.12 Trajectory of the end of a cylindric hydrogel waveguide during a multirectional
bending experiment.
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Figure 3.12 Polar plot of the position of a cylindric waveguide 10 mm long and its intensity output
during a multidirectional bending experiment. The intensity of the waveguide output remains
unchanged as it bends towards the first target angle (0°). Although times are not shown in the polar
plot, the intensity of the waveguide output starts to decrease after 7 minutes due to damage
within the hydrogel. Data processed by Tomas Omasta.

129



4 Dynamics of a vortex beam in a medium undergoing cationic photopolymerization

4.1_Abstract

Vortex beams have been shown to form helical fibers upon self-focusing and self-trapping in
resins that undergo free-radical polymerization. In those experiments, when monitoring the beam
output during fiber formation, rotation of the fiber output is observed. The length of the fibers is
limited to <200 um for pure vortex beams but it can be extended to ~1 cm when vortex beams
are embedded in a Bessel beam. These beams also remain stable as they propagate in the
photopolymerizable media. In this work, we showed that rotational phenomena are also induced
by vortex beams in a medium undergoing cationic polymerization. Unlike the rate of rotation,
which is proportional to the intensity, the extend of the rotation is independent of the intensity as
long as the polymerization reaction does not take place instantaneously. Even though the beam
becomes unstable in only a few seconds, a ring-shape polymer fiber with the length of the sample
(6 mm) can be obtained when the sample is irradiated for a few minutes. These results indicate
rotational phenomena induced by vortex beams can be elicited in a variety of photopolymers with

different polymerization mechanisms and that polymer fibers > 200 pm can be fabricated.

4.2 Introduction

Vortex beams have a helical wavefront that produces a ring-like intensity profile when
projected onto a surface. Such helical wavefront is described by a phase term (exp (ilgp)) where ¢
is the azimuthal angle and [ is an integer known as topological charge. The sign of | defines the
direction of the twist while its magnitude is associated with the number of twists. They form
unstable solitons when traveling in saturable nonlinear media that break into 2! filaments that

behave as fundamental solitons.! Such solitons can be stationary,? or they can orbit around each

I carried out early experiments with Derek R. Morim, Alejandro Vazquez and Fariha Mahmood in different
photochemical systems. I then focused on the epoxide system and obtained and analyzed the results presented in the
Chapter. Karen Volke-Sepulveda and Kalaichelvi Saravanamuttu provided guidance and suggested experimental
work.
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other.®> Vortex beams remain stable when the nonlinearity of the medium is saturated.? Partially
incoherent beams were also shown to be stable in nonlinear media as long as certain threshold was
exceeded.* Vortex beams have the ability to induce mass transport on thin films made of different
materials such as silver,>® tantalum,” Cr/Au,® Silicon’ and azobenzene polymers.'®!! This mass
transport produces chiral structures with a handedness defined by the sign of [. They also can
induce forward mass transfer when the beam is launched from the substrate side.!?> The mass
transport in most of these cases involves physical mechanisms except for the azobenzene polymers
in which a reversible cis-trans isomerization reaction takes place. Omatsu at al. demonstrated that
vortex beams can induce the formation of helical microfibers.!* Just like it occurs with gaussian
beams in a photopolymerizable medium, the positive An originated by the photopolymerization
reaction leads to self-trapping and self-focusing.'*'® The resulting self-trapped beam produces a
self-written waveguide. In Omatsu’s experiments, a hollowed waveguide with an anular shape is
initially formed when the sample is irradiated for < 0.2 s. When the sample is irradiated for longer
periods of time, the center gets polymerized so a waveguide that breaks into|l| smaller fibers with
a minimum fiber diameter d,,,4 = 0.9 um. The chirality of the fibers is determined with the sign
of L. Interestingly, attraction is observed among the two fibers when [ = 2 which results in the
formation of a double helix. The rotation rate is proportional to the power of the beam. The length
of these fibers is limited to < 200 um. Helical fibers up to ~ 1 cm long can be obtained when an
optical vortex is embedded in a Bessel beam.!” In both cases, the rotation rate during fiber
formation is proportional to the power of the beam while the period of the fiber is the same for
each wavelength regardless of the power used. Nagura at al. proposed a model to explain the
formation of helical fibers based on the formation of coarse-grained polymer nanoparticles

generated at the focal plane of the beam.!® The formation of the polymer creates a refractive index
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difference between the resin and the polymer. The initial polymer chain is assumed to have a
nanometric size. In this regime, Rayleigh scattering theory applies.!® The radiation force exerted
by the vortex beams has two different contributions: the scattering force Fg.,; and the gradient

force Fyrqq. The former one acts in the positive z direction the Fyrqq acts in the negative z
direction. When Fycqt , > Fyraa 2, the coarse-grained nanoparticle is launched into a helical orbit
since Fgqq; has also an azimuthal component (Fg¢q¢9).

The resulting particle trajectory resembles a helix with a period described as:!®

L. = gy faradztFscatz 4.1)

p Fscat:,G

where 7 is the radius of the nanoparticle. The continuous generation of such nanoparticles produces
a helical fiber with a period L,. The fibers fabricated so far have been fabricated using resins that
undergo free radical polymerization. Our group recently proved that phenomena such as self-
focusing, self-trapping and modulation instability can also be induced in media undergoing
cationic polymerization and not only in media that undergoes free radical polymerization.?*-2?
Despite being significantly slower than free radical polymerization, cationic polymerization offers
some advantages over free radical polymerization such as less volume shrinkage, lack of oxygen
inhibition and monomers with low toxicity.?* Inhere, we studied the dynamics of a vortex beam
traveling in a medium undergoing cationic polymerization of epoxide moieties. We observed that
the area of highest intensity in the nonuniform vortex beam turns into a filament that rotates around

the beam axis with a rate proportional to the intensity of the beam output. Followed this rotation

process, the whole ring turns into a single filament in at least 67% of the cases in this intensity of
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the input beam is between 21 and 63 W/cm?. The extend of rotation is not statistically different in
this intensity range. When the intensity is raised to 140 W/cm? the rotation does not take place to

the same extend but a polymer fiber is formed when the sample is irradiated for 5 minutes.

4.3 Results and Discussion

The set up used is shown in Figure 4.1. A green, continuous-wave laser light (A = 532 nm) from
a solid state, diode-pumped source (Verdi V5 Coherent, Inc., California) was passed through a A/2
waveplate and a series of neutral density filters to attenuate intensity. The resulting linearly-
polarized beam was then passed through a spiral phase plate (Holo/Or Ltd., Israel) to generate a
vortex beam with [ = +1. The sign of I was modified through rotation of the phase plate. The
vortex beam was then focused onto the entrance face of the sample using a plano-convex lens (f=
75.6 mm).The epoxide resin was obtained following a procedure by Crivello at al. Samples were
placed in ring cells 6 mm long with optically transparent sides. The evolution of the vortex beam

was followed by imaging with a CCD camera at the exit face of the sample or within the sample.

. Laser
E 4 532 nm

ccb Ly L, F,

Figure 4.1 The optical assembly consists of a A/2 waveplate (W1), a mirror (M), a neutral
density filters (F1 & F2), a spiral phase plate (V), a focusing lens (L1), a sample stage (S),
imaging lenses (L2 & L3) and a charge-coupled device camera (CCD).
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A typical result is shown is shown in Figure 4.2. The focused beam has a 27 pm diameter which
increases to 105 pm due to the natural divergence of the beam. As can be seen at t = 0 s, the
intensity around the ring is not homogeneous. The intensity is higher in the red areas and therefore,
the rate of polymerization is faster in this region of the beam. As the polymerization process takes
place, this area turns into a filament that rotates around the beam axis. The rotating filament is
always the one formed at the region of highest intensity. The sense of the rotation depends on the
sign of [. For a vortex beam with [ = —1 (Figure 4.2), a counter-clockwise rotation is observed
while for [ = +1 (Figure 4.4) there is a clockwise rotation. In this system, the area of highest
intensity starts to rotate before an “actual” filament is completely formed. Once the filament is
formed, no rotation is observed. The extend of the rotation (Af) (see Figure 3a) was calculated by
following the evolution of the rotating filament around the beam axis. We found that A8 is not
statistically different when this intensity of the input beam is between 21 and 63 W/cm? Similar
results were obtained by Omatsu when using a pure vortex beam (1 = 405 nm ) and when using
a vortex beam embedded in a Bessel beam (4 = 532 nm ). In both cases, the periodicity of the
resulting polymer fiber was independent of the intensity of the beam. In our experiments, we do
not observe the formation of a stable polymer fiber but the extend of rotation (A6 = 405.73 £
68.46,416.26 + 114.26,379.37 £ 42.68) is ~ 1 cycle which corresponds to a period of the helix
trajectory before the formed filament breaks into a random pattern. Regardless of the irradiation
time, the length of the fiber obtained by Omatsu is limited to <200 pm when a pure vortex beam
is launched to the sample. In both systems, the rotation process associated with the OAM and the
helical wavefront is only observed at early stages which indicates the vortex beam is not stable in
the self-formed polymer structure. The rate of rotation of the filament is proportional to the

intensity (Figure 4.3b) as it has been previously observed in photopolymers and in other nonlinear
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media.?> However, the linear relationship between rotation and intensity is lost when the intensity

is raised to 140 W/cm?. This is mostly caused by the fact the rotation is supressed in some

Figure 4.2 Temporal evolution of the vortex beam with [ = —1 at I = 42.08 W/cm? in the
epoxide system. The filament formed at the region of highest intensity rotates counter-clockwise
around the beam axis.

experiments due to the fast increase of viscosity in the medium because of the cationic
polymerization which results in a A@ significantly smaller than the A@ in the experiments with
lower intensities and also in a value with a un uncertainty (211 £+ 176°). In order to corroborate

the hypothesis of the rotation being counteracted, we launched the vortex beam to a

prepolymerized sample which resulted in a solid sample rather than a viscous resin. We observed
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that the rotation in the prepolymerized sample does not take place to the same extend even when

the intensity is within the range at which rotation always takes place. A comparison between and
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Figure 4.3. a) Extent of the rotation A6 as a function of intensity. b) Rate of rotation as a function
of intensity. ¢) Polar plot showing the evolution of a rotating filament at I = 42 W/cm®. d)
Micrographs of the entrance and exit face of a polymer fiber obtained after irradiating an epoxide
sample for 5 minutes at I= 140 W/cm?.

experiment carried out using an intensity of at 140 W/cm? in a regular sample and one in a
prepolymerized solid sample at 42 W/cm? (Figure 4.5). At 140 W/cm?, it is possible to obtain a

polymer fiber 6 mm long when irradiating the sample for 5 minutes (Figure 4. 3d). The effect of

An in the divergence of the beam is clearly illustrated by measuring the area of the ring before it
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breaks, by following the trajectory of the rotating filament and also by analyzing the dimensions
of the fiber at the entrance and exit face when the sample is irradiated for 5 minutes using a
intensity of 140 W/cm?. As illustrated in Table 4.1, the area of the ring for the lowest intensity
undergoes a 38 % decrease before breaking up while for the highest intensity the area of the ring
only decreases 7 % before breaking up. The polar plot in Figure 4.3c¢ also illustrates the evolution
of the rotating filament obtained after launching a vortex beam with an intensity of 42 W/cm?
which shows an inward spiraling trajectory indicating that the divergence of the beam is
counteracted as the magnitude of An increases. Finally, the size of the polymer fiber obtained at
the exit face when irradiating the sample for 5 minutes has a diameter of 30 um which is slightly
greater than the size of the input beam (Diameter= 27 um) but significantly smaller than the size

of the beam at the exit face (Diameter= 105 pm) (Figure 4.3d).

4.4 Conclusions and Outlook

We have shown vortex beams induce rotational phenomena in a medium undergoing cationic
polymerization. The area with the highest intensity in the non-uniform beam starts rotation around
the beam axis once polymerization takes place and eventually turns into a filament in most cases.
The extend of the rotation is independent of the intensity of the input beam as long as there is not
a fast solidification of the resin and the rate of rotation is proportional to the intensity of the beam.
These observations are in agreement with the experiments performed by Omatu at al.!>!” and with

1'% which indicates

the model to describe the formation of helical fibers proposed by Kawano at a
the rotation phenomena induced by vortex beams can be elicited in all kinds of photopolymers.

Unlike the experiments performed with Omatsu with pure vortex beam in which the length of the

fibers is limited to <200 pm, we showed that it is possible to obtain fibers with a ring shape 6 mm
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long by irradiating the sample for a few minutes. Such fibers are obtained despite the vortex beam
becomes unstable within seconds. Further fiber characterization is needed in order to know
whether the fiber has a helical shape or if it the circular shape is maintained through its whole
length. Helical microfibers 1 cm long were fabricated previously by embedding a vortex beam in
a Bessel beam. Although further characterization is pending, we showed it is possible to create
fibers of similar lengths only with a vortex beam which suggest fibers with lengths in the cm scale
can be obtained under certain conditions which might be dependent on the material, the size of the

beam, the irradiation time, etc.
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4.6 SUPPLEMENTARY INFORMATION

4.7 Methods

4.8 Materials

3,4-Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (ERL), camphorquinone (PS), and
poly(tetrahydrofuran) (pPTHF) were purchased from Sigma Aldrich. Epoxypropoxypropyl-
terminated  polydimethylsiloxane (DMS) and  bis(4-tert-butyl  phenyl)iodonium
hexafluoroantimonate (PI) were purchased from Gelest and Hampford Research, respectively. All
chemicals were used without further purification.

4.9 Preparation of photopolymer

The epoxy sol was made by mixing and stirring ERL (76 wt %), DMS (10 wt %), pTHF
(10 wt %), PS (0.5 wt %) and PI (0.5 wt %) for 48 hours. A viscous, transparent solution
was obtained. To obtain the prepolmerized sample, the epoxide sol. was injected in thering

cell and irradiated for 36 minutes using a white light source.
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Figure 4.4. Temporal evolution of the vortex beam with [ = +1 atI = 42.08 W/cm? in the
epoxide system. The filament formed at the region of highest intensity rotates counter-clockwise
around the beam axis.

Figure 4.5 a) Typical result in a regular epoxide sample with [ = —1 at ] = 140.27 W/cm? (top)
and in a prepolymerized sample (bottom) at I = 42.08 W/cm?.
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Table 4.1 Area of a vortex beam with [ = —1 at the exit face at t = 0 s (A,) and before breaking
up into filaments (Af). The calculations were made for each of the intensities used by subtracting
the area of the dark center from the area of the whole ring.

Intensity Ao (um?)
(W/cm?)
21 8472
42 7931
63 8158
140 8708
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Ar(pm?)

6147

7162

7680

8145

AA (%)

38

11



5 Conclusions and future work

The propagation of light can be modified and modulated by the refractive index changes that are
self-induced in a nonlinear material. This becomes a powerful tool when such changes are induced
permanently such as the liquid-solid transition induced by photopolymerization reactions. Taking
advantage of this, we developed a new 3-D printing technique that inscribes polymeric structures
using nonlinear waves in a time scale ranging from seconds to minutes using inexpensive light
sources. Because of the nature of the process, each 3-D unit operation produces a polymer
waveguide. We demonstrated that further properties such as electroactuation can be incorporated
by using resins that produce functional materials. Inspired by organs presented in a variety of
organs present in different living organisms such the lure of the female angler fish, cilia and squid
skin, we created electroactive hydrogel architectures in which their angular orientation and
waveguided output can be remotely controlled using electric fields. The refractive index changes
generated through photopolymerization can also counteract the divergence of nonconventional
beams such as vortex beams and induce further transformations until it becomes unstable. Along
this process, the properties of the beam such as the helical wavefront and its ability to carry OAM

are manifested as rotational phenomena while inscribing its 2D intensity profile in the medium.

5.1.1 Prismatic 3-D printing

We presented several improvements to the volumetric 3-D printing technique we developed in
2016 based on the continuous inscription of polymeric structures using nonlinear waves which
includes materials with a fast-curing rate, objects with higher complexity and even with additional

features such as the incorporation of waveguide circuitry. The basic 3-D unit operation of our
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method consists of patterning a blue LED beam with an amplitude mask placed at the entrance
face of a rectangular/cubic resin container. The 2D light image created with the amplitude mask
inscribes such image in the medium with certain depth. Due to the nature of the method, our
printing technique is limited to objects made of overlapping/intersecting prisms. To aid with the
printing process of an existing 3D mesh, we wrote a segmentation algorithm that allows to
decompose such mesh into the fewest number of prismatic elements that can be printed
individually to be assembled as a form of post processing or fused in situ by rotating the sample
after each prism is printed. Due to the nature of the printing process, certain geometries such as
spheres, cones and pyramids are forbidden. However, some modifications to these particular
shapes can be done in order to obtain objects that resemble the 3-D mesh. Each prismatic element
obtained though this method is homogenous along the propagation front direction and also has a
higher refractive index than their surroundings. These two properties make each prismatic element
light-guiding. We also showed that by using a periodic amplitude mask, micro-waveguides can be
embedded in these prisms as long as the side-polymerization is controlled. Most objects presented
in Chapter 2 were fabricated in a time scale ranging from seconds to minutes. The method is also

unexpensive since it only relies on visible light produced by a LED and vinyl amplitude masks.

5.1.2 Electroactive hydrogel waveguide architectures.

Since prismatic printing creates micro- and macro-waveguides, we realized further properties
could be incorporated to these waveguides. We explored electroactuation as the first example
which is the ability to deform, under the effect of an electric field. We developed two different
hydrogels that produce an anionic network when immersed in a basic solution. Inspired by three

different soft organs present in different living organisms such as the lure of the female angler fish,
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cilia and chromatophores in squid skin, we created a range of architectures including planar slab
waveguides, individual and arrays of cylindrical waveguides as well as long-range waveguide
lattices. All these architectures can be remotely control through external electric fields which also
means directing the waveguided output towards the bending direction of the waveguide. In the
case of the planar slab waveguide, the net result is a bright sheet that seems to turn off from the
point of view of a detector when light is directed away from its field of view. For the array of
cylindrical waveguides, we used the light output of the waveguide to track the position of each
individual waveguide. We observed that the waveguides in the arrays closer to the cathode bend
faster and to a greater extend than the ones closer to the anode. The electric field generates a
contraction wave in the array that affects each row of waveguides to a different extend producing
a sequential motion as it occurs in the metachronal waves motile cilia experience. For our last
system, we got inspired by squid skin. The main camouflage mechanism in squids involves
thousands of soft actuators present in their skin known as chromatophores which are perceived as
colorful dots which are manifested upon a contraction when a neural signal is received. When the
neural signal is removed, the chromatophores are not manifested. Contraction waves in their skin
are perceived from the point of view of an observer as an array of colourful dots migrating in
space. Inspired by chromatophores in squid skin, we printed hydrogel prisms with micro-
waveguides embedded. We can think about this system as circular regions of high refractive index
embedded in a gel from the surface point of view which turn into a bright spot when light is
launched to the lattice. When the electric field was applied, we were able to make these bright
spots migrate in space towards the cathode. Just as in the case of slab waveguides, inverting the
polarity of the electric field makes the micro-beams and the lattice migrate in the opposite

direction. We observed that all the cylindric waveguides do not bend to the same extend in the

145



opposite direction taking as a reference the initial position of the lattice, but they bend to a greater
extend overall every time the field is inverted and tend to bend more towards the first bending
direction. The higher porosity of the lattice as well as the lower degree of crosslinking makes the
lattice more sensitive to changes of pH which occur due the electrolysis of water and also to fatigue
damage. It is possible that fatigue damage is observed since the first time the hydrogel is bended
or that the initial pH gradients generated at the beginning of the electro actuation experiments are
not immediately reversed.! Therefore, the solution at initial cathode side remains mainly basic
while the solution at the initial anode side remains acidic which favors bending towards the initial
cathode. Unlike the intensity of the slab waveguides that decreases when the waveguide is directed
away from the CCD camera and increases again to its original value when the waveguide points
directly at the camera after the field is reversed, the beam output in the micro-waveguides show
random fluctuations in intensity due to the multiple process taking place within the lattice such as
contraction and expansions due to swelling/deswelling because of the osmotic pressure difference
created due to the migration of ions when the electric field is applied® and also due to local pH
changes that lead to protonation and deprotonation within the hydrogel network.! Regardless of
the origin of the contractions and expansions, volume changes in the hydrogel network can have a
long-range effect impacting neighboring waveguides.® Additionally, fatigue damage and just the
change in position of the micro-waveguides with respect to the detector might affect the intensity
detected as well. Finally, we build a set up that consists on a 3-D printed cage with four electrode
holders in a quadratic configuration. This system allows to combine perpendicular electric fields
to remotely controlled the bending of cylindric waveguides toward target directions. Therefore,

we can control their angular orientation and even induce rotation without the use of computers.
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5.1.3 Dynamics of a vortex beam in a medium undergoing cationic photopolymerization

We demonstrated that vortex beams can induce rotational phenomena in a medium undergoing
cationic polymerization. We observed that the extend of rotation is independent of the intensity
used but the rate of rotation is linearly dependent on this parameter. Both observations are true as
long as the solidification of the resin does not take place instantaneously. These observations match
previous results observed in media undergoing free radical polymerization* and also can be
described by the coarse-grained particle model proposed by Nagura at al.> Even though the vortex
beam becomes unstable within seconds, it is possible to inscribe polymer fibers with the
dimensions of our sample (6 mm) which are significantly longer than the ones obtained by Omatsu

at al. which are <200 pm.*

5.1.4 General conclusions

This thesis provides several improvements to our volumetric 3-D printing technique developed in
2016 which includes the introduction of resins with fast curing rate as well as functional resins
which allows the fabrication of 3-D objects in a time scale ranging from seconds to minutes. We
also showed that embedding micro-waveguides lattices within these objects is also possible as long
as the side-polymerization in the medium is controlled. Our second contribution illustrates how
we can introduce additional functionalities to the light-guiding objects obtained through this
technique such as electroactuation which opens the possibility to print waveguides with different
properties in a single step and using only one material. This is the first time electroactive hydrogel
waveguides have been fabricated. A method to orient electroactive waveguides towards targeted

directions and to rotate such waveguides was also proposed. To be best of our knowledge, only
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unidirectional bending and locomotion has been achieved in electroactive hydrogels. Our last
contribution shows that vortex beams can induce rotational phenomena in a medium undergoing
cationic polymerization and that vortex beams can produce fibers with a ring shape with lengths a
few mm long. Previous experiments were carried out in media undergoing free radical

polymerization and the length of fibers in these experiments was in the pm scale.

5.2 Future work and outlook

5.2.1 Prismatic 3-D printing

Although the field of 3-D printing has undergone tremendous progress in recent years and there
are techniques in the market that create all kind of shapes made of a variety of materials, our
method offers a cheap yet effective alternative to produce microfluidic devices, waveguides and
so on. Printing over existing objects is also a viable alternative with our method. Some properties
such as autofluorescence® and conductivity’ could be easily incorporated to the 3-D printed objects
by adding to the resin the particles of interest. Waveguides that are photo-® and thermo-responsive’
could also be fabricated. Automatizing the printing process through the use of a light projector and
a rotating stage is also necessary for real life applications. A futuristic vision of this technique
would be a combination of prismatic 3-D printing and optical traps to assemble nano and micro
patterns!'® in the volume that is to be printed and possible the use of two-photon polymerization

and moving waveguides for fine details in the structure.

5.2.2 Electroactive waveguides.

Both hydrogels fabricated contain already 45% (w/w) buffer solution after printed. Therefore, they

are conductive. Figure shows a LED that is turned on using a 3-D printed hydrogel waveguide as
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a part of the electronic circuit. A potential application would be their incorporation into ionotronic
devices.!""!? These waveguides could also be printed without buffer solution to be used in
combination with the electrode array for educational purposes in physics/chemistry labs.
Locomotion of soft robots in multiple directions rather that not only bending could also be

achieved using our square electrode array. Modifications to the resin in order to eliminate fatigue

Figure 5.1. LED driven by a 9 V battery with a hydrogel prism acting as a part of the electronic
circuit.

damage are also needed. Fatigue damage is a problem in most hydrogels. Increasing the
crystallinity of hydrogels proved to be an efficient method to increase fatigue. Increasing the
crystallinity of hydrogels proved to be an efficient method to increase fatigue resistant.!'?
Increasing the crystallinity of electroactive hydrogels could also be explored. Multiresponsive
waveguides could also be fabricated by using a crosslinker with azobenzene groups while keeping
acrylic acid as monomer.'* In addition to being electroactive, incorporating such crosslinker would

give the hydrogel the ability to deform even with guided light. Patterning hydrogel waveguides
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with soft electrodes is also worth exploring in order for them to operate in air and not only in
aqueous media. Making these electroactive waveguides biocompatible and biodegradable could

have potential application in light-based therapies'>!®

and also for inexpensive devices for
minimally invasive surgery!’ since they would allow to deliver light an even cellsm to specific

regions rather than a fixed spot.

5.2.3 Dynamics of a vortex beam in a medium undergoing cationic photopolymerization

Even though we demonstrated rotational phenomena can be induced in a vortex beam and that a
fiber a few mm long with a ring shape can be created, further characterization of the fiber remains
pending, especially a side characterization to know whether the helical wavefront is transferred to
the fibers. Such characterization has been challenging since the fiber gets severely
disturbed/damaged when isolated from the unpolymerized resin and due to the fact, some side
polymerization around the fiber hinders the structure created by the vortex. Twisted photonic
crystal fibers can act as optical polarizers and that also preserve the chirality of OAM modes. It is
expected fibers fabricated with vortex beams will show similar properties. The behavior of vortex

beams in other photochemical systems developed in our lab is being explored.
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