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ABSTRACT OF DISSERTATION

Manipulating Light-Matter Interactions in Photopolymerization-based Microscale 3D Printing

by

Shangting You

Doctor of Philosophy in Nanoengineering

University of California San Diego, 2019

Professor Shaochen Chen, Chair

Functional microdevices such as micro-robotics, tissue engineering scaffolds, and lab-on-
a-chip are finding promising application across many industries, such as energy, environment,
medicine, defense, and consumer products, due to their high performance and miniaturized size.
These devices often have complex 3D geometry across multiple length scales to achieve their
functionalities, and their performance is strongly dependent on the accuracy and precision of these
features.

Microscale 3D printing is an emerging free-form additive manufacturing technique for

Xvii



fabricating functional microdevices. Among various types of 3D printing methods,
photopolymerization-based 3D printing is the most promising technique, because of its fine
resolution, fast speed, and ability to fabricate structures with high quality.

Despite numerous instances of successful fabrication of functional microdevices using
photopolymerization-based 3D printing, this technique still faces many challenges to produce
micro-architectures in high fidelity and high resolution. It is important to study and refine our
ability to manipulate light-matter interactions in the photopolymerization process during printing.

One significant challenge in fabricating microdevices using photopolymerization-based 3D
printing is that the functional materials used in their construction can be light scattering, thus
deteriorating final fabrication fidelity and resolution. In this dissertation, two methods are
developed to overcome this issue: one method uses flashing photopolymerization approach to
avoid the effect of light scattering, and the other method uses a machine learning approach to
compensate for the effect of light scattering.

Furthermore, photopolymerization-based 3D printing technique has an issue of anisotropic
resolution, where the axial resolution can be much worse than the lateral resolution due to the
nature of light’s propagation. To address this, a projection printing method using patterned
evanescent fields was developed. This approach could be a promising solution to improving the

axial resolution.
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Chapter 1 Introduction

11 Motivation

Functional microdevices, such as microrobots,[1-3] microfluidic devices,[4—6]
microsensors,[ 7-9] electronic and photonic devices,[ 10—12] tissue engineering scaffolds,[13—17]
drug delivery vessels [18,19] are having increasingly significant impact on many important
industrial sectors such as energy, environment, defense, medicine, and consumer products. They
are promising tools for various applications because of their high performance and miniaturized
size. These devices often have complex 3D geometry across multiple length scales to achieve their
functionalities, and their performance is strongly dependent on the accuracy and precision of their
features.

To date, a variety of technologies have been developed to fabricate functional parts and
devices. However, precise 3D fabrication at micro- and nano-scale remains challenging simply
due to the size of the desired features. Traditional fabrication technologies such as machining is
commonly used in macro-scale fabrication, however, it is not adequate for micro and nanoscale
fabrication. Molding can rapidly replicate either macro-scale and micro-scale structures, however
they are limited to simple 3D geometries without overhanging or hollow structures. Modern micro-
and nano-scale fabrication technologies such as photolithography, soft lithography, physical vapor
deposition, chemical vapor deposition, electron beam lithography, focused ion beam lithography,
are often 2D in nature for thin film and surface patterning.

3D printing has emerged as a powerful additive free-form 3D fabrication technology in the
past decades because of its low cost, simplicity, and versatility. Additionally, this technology does

not employ extreme environmental conditions such as vacuum, high temperature, or ionizing



radiation, and is thus capable of handling delicate materials such as hydrogels and biological
proteins. Among various types of 3D printing techniques, photopolymerization-based 3D printing
stands out because of its fine resolution, fast fabrication speed, and good structural quality of the
resultant constructs.

In order to meet the growing requirement of precise fabrication of functional microdevices
with micro- and nano-scale features, fabrication fidelity and resolution of photopolymerization-
based 3D printing need to be further improved. Therefore, the following chapters will be devoted
to developing novel approaches to study and manipulate light-matter interaction in
photopolymerization-based micro 3D printing. These studies aim at developing advanced methods

to improve the fabrication fidelity and resolution of photopolymerization-based micro 3D printing.

1.2 3D Printing Techniques

Generally, there are two additive 3D fabrication approaches. One is to selectively deposit
the building materials to the desired location, and the other is to selectively deliver energy to the
desired location to trigger phase changes in a building material.

Typical 3D printing techniques that selectively deposit the building materials to the
desired location, such as fused filament fabrication,[20] powder bed 3D printing,[21] and ink-jet
3D printing,[22] utilize an inkjet head or a nozzle, which can move in 3D and precisely deliver the
material to the desired location in a drop-by-drop or strand-by-strand manner.[23] The deposited
material can quickly solidify to support the entire structure. By scanning through the designed
object, a 3D structure is thus fabricated. However, these methods come with some disadvantages.
The inkjet head or nozzle limits the size of a single drop or strand. As a result, the fabrication

resolution is typically limited to around 50 microns. Interfaces between adjacent drops or strands



are inevitable in these methods, thus the structural quality is compromised. In addition, when using
this technique to fabricate cell-laden biomedical microdevices such as tissue engineering scaffolds,
the shear stress caused by the nozzle can lower the cell viability.[24]

3D printing techniques that selectively deliver energy to the desired location typically use
light energy to induce  sintering,[25]  photopolymerization/photocrosslinking,[24]
photoreduction,[26] and so on. The most common techniques are based on photopolymerization.
Photopolymerization-based 3D printing utilizes photosensitive materials, which can polymerize
and solidify upon light exposure. By spatially controlling the exposure dose, a desired 3D structure
can be fabricated, and because light can be precisely manipulated on the micro- and nano-scale,
photopolymerization-based 3D printing can therefore achieve micron or sub-micron scale
resolution. In addition, when printing biomedical microdevices in this manner, much higher cell
viabilities can be achieved.[24] Therefore, photopolymerization-based 3D printing techniques

have been widely used for fabricating functional microdevices.

1.3 Photopolymerization-based 3D Printing

Photopolymerization-based 3D printing is a light-assisted 3D additive fabrication
technology. This technology utilizes photosensitive materials, which can solidify upon light
exposure. The light to induce photopolymerization is typically ultraviolet (UV) or blue light. By
spatially controlling the exposure dose, a desired 3D structure can be fabricated.

The prevailing polymerization mechanism in photopolymerization is based on free radical
photopolymerization,[27] where free radicals interact with reactive end groups to form polymers.
The basic structure of the active group is CH>=CR|R2, as the n-bond in the carbon-carbon double

bond allows it to be rearranged when exposed to a free radical. Photoinitiators are used to create



free-radicals upon light exposure. Once initiated, the active polymer chain begins to propagate
until termination.

There are different methods to deliver light energy to the desired position, based on which
we can classify the photopolymerization-based 3D printing techniques into three categories: point-

scanning methods, plane-projection methods, and volumetric photopolymerization methods.
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Figure 1.1| Typical setups of various types of photopolymerization-based 3D printing
techniques. (a) Single-photon point-scanning method (side view). (b) Two-photon point-scanning
method (side view). (c) Layer-by-layer plane-projection method (side view). (d) Continuous plane
projection method (side view). (e) Holographic volumetric photopolymerization method (side
view). (f) Tomographic volumetric photopolymerization method (top view). SM: scanning mirrors;
ST: shutter; L: lens; OL: high numerical aperture objective lens; R*: photosensitive resin; LS:
linear stage; 3AS: 3-axis stage; RS: rotary stage; DMD: digital micromirror device; SLM: spatial
light modulator; AAS: anti-adhesion substrate; IMM: refractive-index-matched medium.

1.3.1 Point-scanning Methods
The idea of point-scanning methods is to use a lens to focus the beam, thus

photopolymerization happens only at the focal point. A desired 3D structure can be made by



scanning the focal point through the volume of the whole design. The most popular point-scanning
methods include single-photon point-scanning method and two-photon point-scanning method,

and recently super-resolution point-scanning method has also been reported.

Single-photon point-scanning method

As shown in Figure 1.1(a), typical single-photon point-scanning method uses a lens to
focus the UV laser beam. The focused UV laser then induces photopolymerization at its focal
point. A set of X-Y Galvo scanning mirrors are used to steer the beam to scan on the plane, and a
linear stage control the z position of the fabrication platform. The on/off state of the laser beam is
manipulated by a computer-controlled shutter. Hence, photopolymerization can happen only at
desired positions. During fabrication, the platform first moves to a position which is slightly under
the liquid surface, then translates in a 2D horizontal plane, thus forming a thin layer of 2D solid
structure made from the liquid solution. Then the platform moves the structure down to a certain
distance in z-direction, allowing a thin layer of unpolymerized solution to cover the top of the
polymerized structure. Another round of 2D translational scanning follows, and a new layer of 2D
structure is stacked on top of the previous layer. Therefore, a 3D structure can be fabricated by this

layer-by-layer scanning process.[28]

Two-photon point-scanning method
Two-photon point-scanning method utilizes two-photon photopolymerization to
polymerize prepolymer. Two-photon polymerization refers to photopolymerization initiated by

two-photon absorption. The wavelength of the photons used in two-photon polymerization is twice



as long as in single-photon polymerization. Therefore, near-infrared light is typically used in two-
photon point-scanning method.

As shown in Figure 1.1(b), a two-photon photopolymerization system is typically built on
a microscope platform, where a high numerical aperture microscope objective lens is used to
tightly focus the laser beam, and the prepolymer is loaded on the 3-axis microscope platform. Two-
photon polymerization requires extremely high power density. Thus an ultrafast pulsed laser
should be used, and the laser beam should be tightly focused by a high numerical aperture objective
lens.[29][30] Sub-micro resolution down to 100 nm can be achieved by two-photon
stereolithography, which is much finer than single-photon stereolithography.

An important feature of two-photon point-scanning method is that it can establish a focal
point inside the volume of a prepolymer solution, instead of being limited to the just the surface.
The prepolymer solution, which consists of monomer and photoinitiator, has a high absorbance in
UV range but very low absorbance in visible and near infrared (IR) range. As a result, unlike in
single-photon point-scanning method where the UV light can only polymerize the surface of
prepolymer solution; in two-photon stereolithography, the near IR light can penetrate into the
prepolymer solution and induce two-photon polymerization at a point inside the solution.
Compared to single-photon stereolithography, there is no invasive part dipping into the
prepolymer. Therefore, solid state prepolymer solutions such as soft-baked negative photoresists

are also applicable to this technique.

Super-resolution point-scanning method
Optical microscopy and lithography technologies are subjected to the diffraction limit due

to the wave nature of light. Therefore, the resolution limit of these technologies was considered to



be around half a wavelength for centuries. Although two-photon and multi-photon approaches are
capable of reaching sub-diffraction-limited resolution, microscopy techniques with resolution far
beyond the diffraction limit were not developed until the 1990s. These techniques, termed as super-
resolution  microscopy, include stimulated-emission-depletion  microscopy (STED),
photoactivated localization microscopy (PALM), structured illumination microscopy (SIM), and
so on.[31-33]

Inspired by STED microscopy, STED-type super-resolution 3D printing methods have
been developed.[34-37] In a typical STED-type super-resolution 3D printing setup, two beams are
focused to the same point. Photopolymerization can be initiated by one beam, and be depleted by
another. The depletion beam goes through a modulator, which is typically a 0-2z vortex phase
plate, thus its focal spot is a donut-shaped spot; the focal spot of the initiation beam is a normal
Airy spot. Because these two spots are overlapping, the peripheral area of the initiation focal spot
is depleted by the depletion beam. Only the area at the center of the donut spot can be effectively
initiated. Thus, the effective initiation area is reduced. Therefore, the fabrication resolution is
improved.

Super-resolution stereolithography has pushed the fabrication resolution to around 50

nanometers. Recent research has even shown that a resolution of 9 nm was reached.[38]

1.3.2 Plane-projecting Methods

Photolithography is the most important technology in modern semiconductor industry. A
typical projection-based exposure system for photolithography contains a UV light source,
photomask, lens, and photoresist. The UV light is patterned by the photomask and is then projected

onto the photoresist by a lens.



Recent advances of digital light processing (DLP) devices have allowed maskless
photolithography. DLP devices include liquid crystal displays (LCD) and digital micromirror
devices (DMD).

A DMD is a micro-electro-mechanical system (MEMS), which consists of millions of
micro mirrors that can flip to two different angles. By flipping the mirrors, the incoming light can
either be directed into the projection light path, or be deflected out of the projection light path. By
individually controlling each micro mirror on the DMD chip, a desired pattern can be projected
onto the photo-sensitive polymers by optical lenses.

Inspired by maskless photolithography, plane-projection methods using LCD or DMD
were invented.[39,40] These methods polymerize a 2D plane at a time, and can produce 3D
architecture in a layer-by-layer or continuous manner. Compared to the point-scanning methods,
these plane-projection methods provide extremely fast fabrication speeds since it is a parallel
process. A complex 3D structure on the millimeter scale can be fabricated in mere seconds. This

high throughput feature is very attractive for industrial manufacturing.

Layer-by-layer plane-projection method

In a typical layer-by-layer plane-projection 3D printing setup, photopolymerization
happens at the liquid-air interface. As shown in Figure 1.1(c), the prepolymer solution is loaded in
a vat. The UV light is modulated by a DLP device and projected from the top of the vat. Hence,
photopolymerization happens at the liquid-air interface. During fabrication, a motorized platform
first moves to a position slightly under the liquid. A pattern is then loaded on the DLP device and
projected onto the prepolymer solution, fabricating a 2D structure in one exposure. The platform

then brings down the structure to allow a thin layer of unpolymerized liquid to cover the fabricated



structure, and the DLP device loads a new mask for the next layer. It is then followed by another
exposure to create another layer of 2D structure. By this layer-by-layer exposure process, a 3D
structure is fabricated.

In order to achieve a high quality fabrication, the liquid-air interface should maintain good
flatness. Therefore, the meniscus caused by surface tension and any ripples caused by motion
should be avoided after the platform moves down to get ready for the next layer.

There are two ways to make a flat surface. One method is that, instead of directly moving
to the desired z position, the platform first moves to a z position which is much lower than the
target position, then rises back to the target position. This roundabout motion ensures the
unpolymerized liquid can efficiently cover the polymerized structure. The liquid will calm down
after a few seconds, making a flat surface for the next exposure. Another method is to use a
recoating blade. The platform directly moves to the target position, then the recoating blade skims
through the liquid surface to help making a thin layer of unpolymerized liquid on top of the
fabricated structure. Both ways introduce a time interval between two exposures, therefore, it
slows down the whole fabrication process, and also introduces visible “interfaces” between layers

due to the discrete motion and exposure.[41]

Continuous plane-projection method

In the continuous plane-projection method, photopolymerization takes place at the liquid-
substrate interface. [42,43] As shown in Figure 1.1(d), the prepolymer solution is loaded into a vat,
and the UV light is modulated by the DLP device and projected from the bottom of the vat.[44] A
transparent anti-adhesion substrate is installed at the bottom of the vat. During fabrication, the

platform first moves to a position very close to the anti-adhesion substrate. After exposure, the



polymerized structure fills the space between the platform and the anti-adhesion substrate, and
adheres to the platform. The motorized platform then moves up to allow a thin layer of
unpolymerized liquid to flow into the space above the substrate, and the mask of the next layer is
loaded on the DLP device. A second layer of structure can then be fabricated by another exposure.
Therefore, a new layer of polymer is fabricated beneath the structure, and eventually a 3D structure
is printed in a continuous fashion.

Since the substrate helps to maintain good surface flatness, there is no time interval
required between motion and exposure. Hence, the platform motion and UV exposure can both be
performed in a continuous manner instead of a layer-by-layer manner. Thus, the fabrication time
is significantly reduced. Furthermore, the “interface” between layers is eliminated, resulting in a
smooth and layerless surface.

The key factor of continuous production is the anti-adhesion substrate. Fluorinated oil can
prevent adhesion.[45] Since oxygen can inhibit photopolymerization,[46] a gas permeable
membrane, such as polydimethylsiloxane (PDMS) or Teflon can also be a good anti-adhesion
substrate. Simply applying a PDMS layer to passively supply oxygen is a common choice to
fabricate small scale (< 10cm) structures.[47] To fabricate large scale (> 10cm) structures, actively
supplying oxygen is necessary.[42]

The thickness of the photopolymerization oxygen-inhibition layer is typically around a
hundred microns.[42] Such a narrow gap limits the refill speed of the prepolymer, thus limits the
fabrication speed. Recent research has introduced optical inhibition using a second wavelength of
light, creating an inhibition layer of several hundreds of microns thick, hence greatly improving

the fabrication speed.[48]
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1.3.3 Volumetric Photopolymerization Methods

Both point-scanning methods and plane-projection methods polymerize material
sequentially, therefore, the latterly solidified parts need structural support from the formerly
solidified parts. Because of gravity and fluid dynamics, insufficient support can cause deformation
of the 3D printed construct, especially in soft materials such as hydrogels. However, these
structural supports are often undesired to the 3D printed functional devices.

Volumetric photopolymerization-based 3D printing methods have been developed recently.
Instead of sequential polymerization, these methods can polymerize the whole volume
simultaneously, thus structural supports are not required. Also, solid state prepolymer can be used,
because there is no invasive part dipping into the prepolymer. Typical volumetric methods include

holographic method and tomographic method.

Holographic volumetric photopolymerization method

Holographic method uses a phase-only spatial light modulator (SLM) to modulate the laser
and generates a 3D holographic image inside the prepolymer materials.[49] A computer generated
hologram (CGH) is calculated by iterative algorithm and loaded on the SLM. In a low-numerical-
aperture imaging system, the axial (along the light’s propagation direction) resolution can be far
worse than the lateral (perpendicular to the light’s propagation direction) resolution. To overcome
this problem, in holographic volumetric 3D printing method, the laser beam is split into three
beams that propagate along x, y, and z directions, and then superpose at the resin container, as
shown in Figure 1.1(e). Therefore, isotropic resolution can be achieved. During the entire
fabrication process, the CGH is unchanged, and there is no motion involved. The whole 3D

construct is solidified synchronously by one shot.
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The CGH is calculated by iterative algorithm, which is very calculation-intensive and time-
consuming. What’s more, a common problem associated with CGH is that it has poor intensity
uniformity. Visually, there are “speckles” in the image which is supposed to have a uniform light

intensity distribution. This results in a coarse surface of the printed structure.

Tomographic volumetric photopolymerization method

Tomographic 3D printing method is the inverse process of computed tomography (CT)
imaging. As shown in Figure 1.1(f), tomographic method uses a DMD to project a series of
sinograms through the whole prepolymer container, while a rotary stage rotate the container in
coordinate with the change of the sinograms. A cuboid secondary container with refractive-index-
matched medium (which has the same refractive index as the prepolymer) is used to avoid the
cylindrical prepolymer container deflecting light like a lens. The accumulated effect of
photopolymerization reconstructs the desired 3D structure. [50,51]

The main problem associate with this method is its poor fabrication fidelity. Unlike all the
other photopolymerization-based 3D printing methods mentioned in Section 1.3, which can deliver
light energy to the prepolymer and yield a clear and hard-edged 3D energy distribution map either
by sequentially scanning or by volumetric exposure; tomographic method yields a blurry and soft-
edged 3D energy distribution map in the prepolymer. This is due to the fact that to reconstruct a
hard-edged 3D image, the sinograms, which are calculated by Radon transform, contain negative
values, which are physically invalid because light energy is always non-negative. As a result, the
3D image reconstructed by the sinograms without negative values become blurry and soft-edged.
By carefully tuning the exposure dose to match the photopolymerization threshold, the desired

targeted structure can be fabricated. However, compared to those methods with hard-edged energy
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distribution map, this method is far more sensitive to the fluctuation of exposure dose, thus

fabrication fidelity compromises.

1.3.4 Summary
As an actively developing technology, various photopolymerization-based 3D printing

methods have been invented. Each method has its own pros, cons, and unique features.

Fabrication resolution

Two-photon point-scanning method and super-resolution point-scanning method have the
best performance in resolution, which typically can be as fine as 100 nm or even a few tens of
nanometers. Single-photon point-scanning method, layer-by-layer plane-projection method, and
continuous plane-projection method can achieve resolution of a few microns. The typical
resolution reported for holographic volumetric photopolymerization method and tomographic

volumetric photopolymerization method is a few tens of microns.

Fabrication speed

Here we use “typical time to fabricate a sample of 1 cm® volume” to compare the
fabrication speed of different methods. Both holographic volumetric photopolymerization method
and tomographic volumetric photopolymerization method take a few tens of seconds to complete.
Continuous plane-projection method typically takes around 2 minutes, and layer-by-layer plane-
projection method takes around 10 minutes. Single-photon point-scanning method takes a few
hours. Two-photon and super-resolution point-scanning methods will take a few weeks to finish

this same task.
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Structural quality

Structural quality is important to the sample’s mechanical properties. Samples of poor
structural quality are more likely to break, and will last a shorter time. Tomographic volumetric
photopolymerization method and continuous plane-projection method have the best structural
quality performance, and holographic volumetric photopolymerization method is slightly worse
due to the holographic speckles. Layer-by-layer plane-projection method create interfaces between
layers, thus the structural quality is worse than continuous plane-projection method. All point-
scanning methods create interfaces between lines, and have poor structural quality.

Overall, plane-projection 3D printing methods have a good balance among resolution,
speed, and structural quality, hence it is the most promising tool for 3D printing functional

microdevices.

1.4  Fabrication Resolution of Plane-projecting Methods

The fabrication resolution is a critical index to evaluate a 3D printing method. Because of
the propagating nature of light, in a wide-field optical microscope, it is easier to achieve fine
resolution in lateral direction (perpendicular to the propagation direction of light) than in axial
direction (along the propagation direction of light). Similarly, plane-projecting methods also
feature anisotropic fabrication resolution. We can use the lateral resolution and the axial resolution
to characterize the fabrication resolution of plane-projecting 3D printing methods.

Lateral resolution determines the finest feature size on the X-Y plane, whereas axial
resolution determines the finest overhanging layer thickness in the Z direction. Ideally, the lateral

resolution should be determined by the size of micromirror on the DMD and the magnification of
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the projecting optics, while the axial resolution should be determined by the vertical stage’s
positioning resolution. However, there are a few factors that can also affect the lateral resolution
and the axial resolution, including the Abbe diffraction limit, aberration, material absorption, light
scattering, molecular diffusion, and so on. The influence of these factors can be negligible in
macro-scale 3D printing, yet they have substantial influence on the resolution for micro-scale 3D

printing.

1.4.1 Diffraction Limit

Though an optical projection system with greater de-magnification results in finer lateral
resolution, infinitely fine resolution is not achievable. Abbe diffraction limit is a resolution limit
applies to optical system due to the wave nature of light. A light beam cannot be focused into an
infinitely small point by optical systems. Instead, an Airy disk will be formed. The diameter of the
Airy spot can be estimated by Equation (1.1), where 4 is the wavelength of light, and N4 is the
numerical aperture of the lens. According to Rayleigh’s criteria, the resolution limit of the optical

system is half of the diameter of the Airy disk, as given in Equation (1.2).

1222

Dairy = "ot (1.1
0.614
dxy = W (12)

A common plane-projection type 3D printer uses near UV light. A small numerical aperture
lens is used in order to have enough field-of-view. Assume that 4 = 405 nm, N4 = 0.05, then the
resolution limit is calculated as dy, = 4.05 pm.

A finer diffraction resolution limit can be achieved by using a lens of higher numerical
aperture or using a light source of shorter wavelength. Besides, super-resolution methods can

bypass the diffraction limit. [36,37]
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1.4.2 Optical Aberrations

Optical aberration is an important factor that can affect the resolution. There are two classes
of aberrations, including monochromatic aberrations and chromatic aberrations. Both aberrations
result in imperfect imaging, thus the resolution is deteriorated.

A well-designed objective lens, which contains multiple lens elements, can reduce the
influence of aberrations, but also greatly increase the cost. Applying a smaller aperture to the
imaging lenses can also reduce the aberrations, however the Abbe diffraction limit worsens. Using
anarrow-spectrum light source such as single-color LED or laser is another way to avoid chromatic

aberrations.

1.4.3 Material Absorption
Material’s light absorption plays an important role in affecting the axial resolution. Light
decays exponentially along the propagation direction due to absorption, as shown in Equation (1.3),
where [y is the initial light intensity, / is the light intensity at the calculating position, a is the
absorption coefficient, and z is the travel length of light. The light penetration depth is defined as
the inverse of the absorption coefficient as Equation (1.4).
I =Ie™% (1.3)
d, =~ (1.4)
Prepolymer material subjected to exposure above the photopolymerization threshold will
polymerize. As the light intensity decays along the propagation direction, photopolymerization

only happens in the surface layer. Here we define the curing depth as the same as the light

penetration depth d-, which is also the axial resolution of the 3D printer.
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Material absorption can also affect the lateral resolution. Upon light exposure, a layer of a
certain thickness is polymerized. If the curing depth is greater than the optical depth of focus, then
the out-of-focus plane will also polymerize, resulting in a deteriorated lateral resolution.

Equation (1.4) indicates that, in order to improve the axial resolution (i.e., to decrease d-),
the absorption coefficient of the prepolymer material a should be increased. This can be achieved
by using high-absorption photoinitiators, increasing the photoinitiator concentration, or doping
light-absorbing additives. [52] Common prepolymer materials have a curing depth of around 100
pm ~ 1 mm. By doping the material with absorptive additives, the curing depth can be reduced to
tens of microns.

In order to prevent lateral resolution deterioration caused by out-of-focus plane
polymerization, the curing depth should be smaller than the depth of focus. The depth of focus can
be calculated by Equation (1.5), where ¢ is the required resolution, and NA is the numerical

aperture.

)
dpor = NA (1.5)

If the projection optics has a numerical aperture of 0.05, and 5 pm lateral resolution is

required, then the depth of focus dp,r is 100 pm. Hence, the material absorption should be strong

enough to ensure the curing depth d. < dpor = 100 pm.

1.4.4 Light Scattering

Light scattering can significantly deteriorate the fabrication resolution and fidelity. An
optically clear media allows projecting a sharp pattern, however, an opaque media can scatter light
and blur the projected pattern.

Although optically clear materials are desirable for photopolymerization-based 3D printing,
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some optically scattering materials are widely used in making functional devices. For example,
micro/nano particles are added into the polymer to achieve specific physical properties; cells can
also been incorporated to achieve biological activity. These particles can strongly scatter light.
Besides, the polymers such as some hydrogels themselves can be intrinsically scattering.

The effect of light scattering is difficult to eliminate if an opaque material is used. A
common practice to mitigate is to increase the material absorption by doping light absorptive

additives.

1.45 Molecular diffusion

Although free radicals are only generated within the light illuminated region, the free
radicals and propagating chains can diffuse out of the illuminated region and cause unwanted
polymerization. According to Fick’s laws of diffusion, the diffusion length can be estimated as
Equation (1.6), where D is the diffusivity and ¢ is the free-radical lifetime.

L =2vDt (1.6)

In order to reduce the diffusion length, we can either use high viscosity materials which
feature lower diffusivity, or dope free radical quencher such as 2,2,6,6-Tetramethylpiperidine 1-
oxyl (TEMPO) to reduce the free radical lifetime. [53]

Besides the diffusion of free radical and propagating chain, the diffusion of oxygen also
plays an important role.[46] As a photopolymerization inhibitor, oxygen is consumed by
combining with free radicals or propagating chains, and is supplied from the ambient atmosphere.
Those oxygen molecules diffused into the prepolymer solution from surrounding atmosphere
create an uneven distribution of oxygen concentration, hence spatially uneven inhibition occurs.

As a result, the fabrication fidelity is worsen.
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15  Research Objectives

Although plane-projection photopolymerization-based 3D printing technique can reach
micron scale resolution in the lateral direction under optimal condition, there are still some
challenges with this technique.

One major challenge is the resolution deterioration caused by light scattering. The best
fabrication resolution can only be reached when using a resin optimized for fabrication, however
this is usually not the case when using functional materials. Functional materials can be light-
scattering, either due to the polymer’s properties, or due to the functional impurity such as
micro/nano particles, biological cells, and so on. Light scattering can deteriorate the fabrication
fidelity and resolution.

Another challenge is the poor axial resolution. Light projection method naturally comes
with poor axial resolution. Though the lateral resolution is at micron scale, the axial resolution is
at hundred-micron scale. Such anisotropic resolution make it difficult to make fine structures along
the axial direction.

The following chapters are dedicated to address the light scattering issue and axial
resolution issue in plane-projection photopolymerization-based 3D printing by manipulating light-
matter interaction.

In Chapter 2, a flashing photopolymerization method is developed to improve the
fabrication fidelity and resolution, where the prepolymer material is clear liquid before
polymerization and become opaque solid after polymerization.

In Chapter 3, an artificial intelligence assisted approach is developed to improve the

fabrication fidelity and resolution, where the prepolymer material is light scattering before
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polymerization.

In Chapter 4, a projection printing technique using patterned evanescent field is developed.

By making use of the sub-micron scale penetration depth of evanescent field, this technique can

be a good solution to improve the axial resolution of plane-projection 3D printing.
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Chapter 2 High-fidelity 3D Printing using Flashing Photopolymerization

Abstract

Photopolymerization-based 3D printing has emerged as a promising technique to fabricate
3D structures. However, during the printing process, polymerized materials such as hydrogels
often become highly light-scattering, thus perturbing incident light distribution and thereby
deteriorating the final print resolution. To overcome this scattering-induced resolution
deterioration, we developed a novel method termed flashing photopolymerization (FPP). Our FPP
approach is informed by the fundamental kinetics of photopolymerization reactions, where light
exposure is delivered in millisecond-scale flashes, as opposed to continuous light exposure. During
the period of flash exposure, the prepolymer material negligibly scatters light. The material then
polymerizes and opacifies in absence of light, therefore the exposure pattern is not perturbed by
scattering. Compared to the conventional use of a continuous wave (CW) light source, the FPP
fabrication resolution is improved. FPP also shows little dependency on the exposure, thus
minimizing trial-and-error type optimization. Using FPP, we demonstrate its use in generating

high-fidelity 3D printed constructs.

2.1  Introduction

Photopolymerization-based 3D printing techniques [ 1-5] are powerful tools in 3D freeform
structure fabrication—they are able to fabricate micro- and nano- scale complex geometries that
would otherwise be challenging to achieve with traditional fabrication methods, such as machining
or molding. Among the various types of photopolymerization-based 3D printing techniques, light-

projection-based 3D printing methods, such as continuous liquid interface production (CLIP),[1]
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projection micro-stereolithography (PuSL),[2] and dynamic optical projection stereolithography
(DOPsL) [6] employ a digital light processing (DLP) technique to project arbitrary patterns onto
a prepolymer solution, achieving both a fine resolution and fast fabrication speed.[7]
Photopolymerization-based 3D printing has found numerous promising applications in consumer
products as well as biomedical engineering such as implantation,[8] imaging,[9] tissue
culture,[10,11] drug delivery,[12] and so on.[13-16] However, despite these successful
demonstrations of 3D polymeric structure fabrication, this technique faces significant challenges
to fabricate functional devices with micron-sized features when using materials that are not
optimized for fabrication. For example, water-containing hydrogel scaffolds for biomedical
applications often demand a complex 3D architecture with micron-scale features in order to
capture the dynamic interactions between the cells and microenvironment, yet most hydrogel
materials can hardly be fabricated at a very fine resolution.

To achieve a high resolution in photopolymerization-based 3D printing, the proper light
exposure dose must be determined. Insufficient exposure doses cannot photopolymerize the
material, while excessive exposure doses can lead to polymerization beyond the desired regions.
Generally, the proper exposure dose window is very narrow and needs to be identified for each
desired structure and prepolymer material; usually done through manual trial-and-error. This
optimization process is time-consuming and costly, and often the resultant fabrication resolution
achieved is suboptimal compared to both the desired designed dimensions and the printer’s optical
resolution.

This resolution deterioration is mainly caused by three factors, the first of which is light
scattering. Optically-clear media allow for sharp patterns of high-fidelity, but the same patterns

would be inevitably blurred or have suboptimal features in an optically-scattering media. The
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second factor is optical depth of focus—depending on the printing media, light can penetrate and
polymerize up to a certain depth from the initial plane of incidence. If this cure depth is greater
than the optical depth of field, then the out-of-focus plane may experience unwanted
polymerization. According to ray optics theory, an imaging system with a lens of numerical
aperture of 0.05 and a resolution requirement of 5 um will have a depth of focus of 100 pm. The
cure depth is determined by the absorption of the material, typically ranging from 100 pum to a few
millimeters. [17,18] By doping the media with light absorbers, the cure depth can be significantly
reduced, minimizing resolution deterioration. The third is molecular diffusion, related to free-
radical generation and propagation. Although free radicals are only generated within the light-
illuminated region, free radicals and propagating chains can diffuse out of the light-illuminated

areas and thus cause unwanted polymerization. According to Fick’s laws of diffusion, the diffusion

length can be estimated as L = 2v/Dt, where D is the diffusivity and ¢ is the free-radical
lifetime,[ 19] where the diffusion coefficient of common free radicals are reported to be around 1
x 10 ¢cm™/s in both polar and nonpolar solvents, [20,21] and free radical lifetimes has been
reported to be at the scale of 10 milliseconds. [22] Thus, the free radical diffusion length is at the
scale of a few microns, but by doping free radical quenchers, the diffusion length can be reduced.
[6] These three factors may all be negligible in fabricating a macro-scale device, yet they have
substantial influence in microstructure fabrication or biological structure fabrication, where
required feature sizes are on the order of microns as well. Among these three factors, light
scattering represents a significant challenge, and can be difficult to mitigate since it is a material-
dependent property.

Depending on the prepolymer’s formulation and homogeneity, it may be optically clear

prior to the start of fabrication, yet light scattering can increase as the material begins to polymerize.
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Some polymers, such as poly(methyl methacrylate) (PMMA), are as transparent as glass, thus
barely suffer from the light scattering problem. Some others, notably hydrogels such as
poly(ethylene glycol) diacrylate (PEGDA) hydrogel and di(ethylene glycol) dimethacrylate
(DEGDMA) hydrogel, are initially a transparent liquid before polymerization, but once
polymerized, they become translucent like agarose, thus can be scattering.

Ideally, light exposure should be avoided as scattering increases, however current light-
projection-based 3D printing techniques employ a continuous wave (CW) light source, such as a
mercury lamp, laser, or light emitting diode (LED), to photopolymerize the prepolymer solution.
With such CW sources, the light exposure, polymerization propagation, and increased scattering
(opacification) all begin to overlap during the printing process, compounding the inevitability of
scattering-induced photopolymerization of undesired regions, thus resulting in low print fidelity.

To address these challenges, we take advantage of how free-radical photopolymerization is
a multi-step process, where light exposure conditions only affect free radical generation, [23,24]
while the propagation of polymerizing chains can continue to take place even in dark conditions
(i.e. after light illumination). Scherzer et. al. used real-time Fourier-transform infrared (FTIR)
spectroscopy to investigate the photopolymerization process of tripropylene glycol diacrylate
(TPGDA) and found that chain propagation continues to proceed a few seconds after a short (~
100 ms) and intense light exposure dose, eventually reaching a conversion rate similar to that when
using a CW exposure.[25] Only a small fraction of the monomers in solution was consumed during
the exposure period, while the majority was consumed during the dark period thereafter.

Here, we report a light-projection-based 3D printing system that uses flashing exposures
for photopolymerization, henceforth referred to as flashing photopolymerization (FPP). With FPP,

we chronologically separate three key events: light exposure, polymerization, and opacification.
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First, we apply a flashing exposure to generate a large amount of free radicals in the desired pattern;
this is the light exposure step. Second, after light exposure has ceased, the prepolymer solution
undergoes polymerization and opacification in the dark. In this way, the prepolymer is only
exposed to light while it is negligibly scattering, thus minimizing scattering-induced resolution
deterioration.

In this report, we first present the setup of the FPP 3D printer as well as examples of FPP-
printed constructs. Next, we conducted resolution comparisons between CW and FPP and show
how polymerization can increase scattering. Lastlyy, we model and simulate the

photopolymerization process to explain the mechanism of FPP.

2.2 High Fidelity 3D Printing

The schematic of the FPP 3D printer is shown in Figure 2.1(a). The system uses a xenon
flash tube as the light source, which is connected to an electronically-triggered controller unit.
Using an optical lens setup, a digital micro-mirror device (DMD) projects the photomask image
onto and through a transparent anti-adhesion substrate made of polydimethylsiloxane (PDMS,
Sylgard 184, Dow Corning) coated on a glass vat containing the prepolymer solution. A motorized
stage is used to control the motion of the sample-supporting platform. Finally, a computer with

custom software controls and synchronizes these mechanisms.
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Figure 2.1| Flashing photopolymerization 3D printing. (a) Schematic of the FPP 3D printing
system. (b) SEM image of a micro “altar” printed by FPP with 100 um layer thickness. Scale bar
=400 um. (¢) SEM image of a micro “apple” printed by FPP with 20 pm layer thickness. Scale
bar =400 um. (d) and (e) are the original 3D models of (b) and (c), respectively.

The 3D printing process is as follows: a digitally-designed 3D model is sliced into 2D
cross-sectional images. The supporting platform is lowered to maintain a very narrow spacing
(typically between 10 to 100 microns) between the supporting platform and the anti-adhesion
substrate before printing. During printing, the xenon flash tube is triggered to flash at a specified
energy; the resulting first layer photopolymerizes and attaches to the supporting platform. The
motorized stage then raises the supporting platform by one-layer thickness of typically 10-100
microns so that unpolymerized material can refill the subsequent vacant space between the anti-
adhesion substrate and the previously-polymerized layer(s). A new 2D image slice can be loaded
onto the DMD, and the flash tube flashes to solidify this new layer. By repeating these steps, a 3D
object can be printed in a layer-by-layer manner.

In general, there is a tradeoff between print speed and quality, usually mediated by layer
thickness. Printing with larger layer thicknesses allows for faster print times, albeit at the expense
of more inter-layer artifacts and a generally coarser quality, while printing with smaller layer

thicknesses will produce better fabrication quality over a longer period of time. We demonstrate
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this with the 3D-printing of two representative structures using 100% PEGDA (Mn =575 Da) and
4% (w/v) Irgacure 784, depicted in Figure 2.1. Figure 2.1(b) shows the scanning electron
microscopy (SEM) image of an altar-like structure printed with a 100-pm-layer thickness, and
Figure 2.1(c) shows the SEM image of an apple-like structure printed with 20-pm-layer thickness,
which has a much smoother surface compared to the altar.

To compare the resolution differences between the FPP and CW printing modes, we
designed a photomask with sharp, fine lines culminating in a spoke-like pattern. The photomask
was printed on the same instrument using a UV-LED for CW and a xenon flash tube for FPP
modes and with an aqueous hydrogel prepolymer solution containing 50% (v/v) PEGDA mixed
with 4% (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the photoinitiator. To
simplify testing and analysis, we limited the printed structure to a single 250-pm thick layer, where
different exposure doses were used to polymerize the structure. For the continuous UV-LED, we
used a series of different energy outputs but kept the illumination time constant, whereas for the
flash tube we used a series of different total energies but delivered in a single flash exposure for
each. We evaluated resolution in this case by determining the unresolved fraction, that is, the ratio
between the unresolved diameter and the outer diameter of the spoke-pattern. Here, a smaller
unresolved fraction would mean a better resolution.

To calibrate the exposure dose, we used a series of different LED output powers and a
series of different flash energies to polymerize a volume of prepolymer solution. At low exposure
doses, the material is unable to polymerize, but as we increased the energy, at a certain value the
spoke-pattern was able to polymerize — we defined this value as the minimum unit exposure dose.
Note that the unit exposure dose represents different energies in the CW vs. FPP modes as they

are significantly different in both duration time and electromagnetic spectrum. From this, we
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defined a relative exposure dose E; the ratio between the actual exposure energy and the unit
exposure dose. We used E; = {1, 1.26, 1.59, 2, 2.52, 3.18, 4} across both the CW and FPP modes
to polymerize our spoke pattern structure and assess the unresolved fractions for each mode.

Figures 2.2(a) and 2.2(b) show bright-field microscopy images of the resultant structures for the
CW exposure and FPP exposure modes, respectively. We noted two trends: 1) that the peripheral
parts of the spoke pattern are often well-resolved due to their large relative spacing, while the
centers are difficult to resolve due to their small relative spacing; and 2) that a higher total exposure
dose leads to a larger unresolved area. The outer diameter of the spoke is 1.9 mm, and the
unresolved diameter is less than 0.4 mm for all samples. The relation between the exposure energy
and unresolved fraction is plotted in Figure 2.2(c). As can be seen from the plot, the FPP exposure
mode always has a better resolution than that of the continuous mode. For the CW mode, it is clear
that the unresolved fraction is strongly-dependent on the exposure dose, while for the FPP exposure
mode, the unresolved fraction is insensitive to the exposure energy. When E; = 1, the unresolved
region resulting from FPP is 82% as large as that of when using CW. When E; = 4, the unresolved
region resulting from FPP is 23% as large as that of when using CW. These results show that using
FPP can achieve better capability in resolving fine structures than using CW, and by using a
flashing light source, the tolerance window of exposure dose is significantly broadened while
simultaneously increasing fabrication resolution, thus significantly simplifying the optimization

process.

32



|- oY
O flashing

o
=1
a

relative energy (a.U.)

Figure 2.2| Resolution test for the CW exposure mode and FPP exposure mode. (a) Patterns
printed with CW exposure at different relative energies. (b). Patterns printed with FPP exposure at
different relative energies. (c) Relation between the relative energy and unresolved fraction. Yellow
and red circles in (a) and (b) indicate the outer diameter and the unresolved diameter, respectively.
Scale bar = 500 um.

2.3  Theory and Mechanism

2.3.1 Material Scattering

Scattering is a significant factor in resolution deterioration, and there are three main factors
that determine optical scattering in polymers. The first factor is the size of the molecules
themselves — in a homogeneous polymer system, Rayleigh scattering dominates, where the
intensity is proportional to the molecular weight of the polymer.[23] The second factor is the
degree of crystallinity, where some polymers can form micron-size crystallites which induce
strong Mie scattering.[26] The third factor is phase separation. Typically, a polymer has porous
microstructures if it is polymerized from a monomer in solution because local solubility decreases
as the polymer chain length increases. As polymerization continues, system homogeneity
decreases as a result of phase separation, making it highly scattering.[27] In photopolymerization-
based 3D printing, all three of these effects may occur and compound — light exposure induces

molecular weight increase and thus Rayleigh scattering also increases. As the liquid-state
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prepolymer starts to solidify, crystallites also begin forming, thus causing further light scattering.
In cases where the prepolymer contains solvents (e.g. hydrogels), the scattering phenomenon can
be even stronger due to the resultant phase separation. Altogether, opacification of the material
leads to nonspecific exposure and polymerization in undesired areas, resulting in deteriorated

fabrication resolution.
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Figure 2.3| Scattering changes during polymerization. (a) FTIR spectrum of pure PEGDA (Mn
= 575), dehydrated PEGDA slab polymerized with FPP exposure, and dehydrated PEGDA slab
polymerized by CW exposure. Inset: zoom-in view at around 1630 cm™. (b) Scattering coefficient
of PEGDA prepolymer solution, PEGDA slab polymerized with FPP exposure, and PEGDA slab
polymerized by CW exposure at 365 nm.

In order to demonstrate that the material opacifies as it polymerizes, we fabricated slab
samples with 50% PEGDA and 4% LAP via both CW and FPP methods and measured their
monomer conversion rates and scattering coefficients at 365 nm. A FTIR spectroscope was used
to measure the infrared (IR) transmittance of the unpolymerized PEGDA, the slabs polymerized
via CW, and the slabs polymerized via FPP, the results of which are shown in Figure 2.3(a). As
compared to unpolymerized PEGDA, the alkene groups were consumed after exposure as shown

in the reduction of absorption peak of C=C bond around 1630 cm™.[28,29] The conversion rate of

PEGDA polymer after CW and FPP exposure was calculated to be 27.5% and 22.2%, respectively.
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Separately, a UV-Vis-NIR spectroscope with integrating sphere was used to measure the
scattering property of the same three sample types. The scattering coefficients were calculated with
the Inverse Adding-Doubling (IAD) algorithm, which is widely used in calculating the scattering
coefficient and absorption coefficient of thick biological tissue. [30,31] The scattering coefficients
at 365 nm were calculated to be 0.82 mm?, 1.23 mm™, and 2.07 mm for the prepolymer sample,
slab polymerized via FPP, and slab polymerized via CW exposure, respectively (Figure 2.3(b)).
This shows that as the PEGDA prepolymer undergoes photopolymerization either by CW or FPP
exposure, its scattering coefficient increases. A high-speed camera was used to record this

opacification in real-time to further validate the opacification phenomenon, shown in Figure 2.54.

2.3.2 Photopolymerization Kinetics

Using FPP we can chronologically separate the light exposure event from downstream
polymerization and opacification effects, the mechanism of which can be explained by
photopolymerization kinetics. The free-radical photopolymerization process can be divided into
three stages: 1) photoinitiation, where upon exposure to light, a photoinitiator molecule is
homolytically-cleaved into two free radicals. These react with monomers and then become active
propagating chains. 2) The second stage is propagation, where the initial chains continue to react
with monomers and grow longer. 3) The third is termination, where an active chain stops
propagating after combining with a free radical or another propagating chain.[32]

The initiation rate is proportional to the photoinitiator quantum yield ® and photon
absorption quantity per unit volume per unit time Nabs. The reaction rate of chain propagation rp is
proportional to reactive functional group concentration [M], propagating chain concentration [P*],

and chain propagation rate coefficient kp. The reaction rate of chain termination is proportional to
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the square of propagating chain concentration [P*] and chain termination rate coefficient k:. The

initiation rate, propagation rate and termination rate are given by Equations (2.1)-(2.3). [23]

r.i = 2(I)Nabs (2.1)
r,=k,[M][P*] (2.2)
=k [P*T’ (2.3)

The change of reactive functional group concentration and propagating chain concentration

are given by Equations (2.4), (2.5).

oM] _ _
= (2.4)
ﬂgj—n—n (2.5)

As the prepolymer solution becomes more viscous, both the propagation kinetic constant
and termination kinetic constant decrease during polymerization reaction. According to the well-
established diffusion-controlled free-radical polymerization model,[28,33-37] the propagation
rate coefficient kp, and the termination rate coefficient k; can be determined by Equations (2.6) and

(2.7), [28,37]

K =— = (2.6)

PO p.D

1

k, = +
Uk so +1/Kiro

Ko (2.7)

where kpo is the propagation rate coefficient without diffusion control; kpp characterizes the

diffusion-controlled part of the propagation reaction; ksp is the segmental-diffusion-controlled
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termination rate coefficient; kitp Is the translational-diffusion-controlled termination rate
coefficient; kirp IS the reaction-diffusion-controlled termination rate coefficient. Additional
equations and constants to model the photopolymerization process are available in the
Experimental Section.

Here we use the model described above to numerically solve the photopolymerization
kinetics problem in two scenarios. For both scenarios, the material system is 100% PEGDA with
4% (w/v) Irgacure 784 photoinitiator. Sample thickness is 100 microns. The photoinitiator has an
absorbance A =1.6 at 365 nm at 1 cm thickness at 0.1% concentration, thus A = 0.64 at 100 micron
thickness at 4% concentration. We assume that the quantum efficiency of the photoinitiator is 1.
In the first scenario, there is a low-intensity CW exposure lasting for 5 seconds. We simulated the
photopolymerization kinetics under the light illumination intensity at 1.1 mW-cm™, 2.2 mW-cm?,
or 43 mW-cm?. In the second scenario, there is a flashing exposure, which lasts for 10
milliseconds. We simulated the average flashing intensity at 106.5 W-cm, 117.2 W-cm, or 127.8
W-cm™. (See Table S1 for the relation between illumination intensity and free radical generation
rate).

The simulation results are shown in Figure 2.4(a) and (b), respectively. The shaded area in
Figure 2.4 indicates the light exposure period. The material properties and kinetic parameters of

PEGDA have been studied previously [28] and are summarized in the Experimental Section.
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Figure 2.4 PEGDA photopolymerization simulation of the CW exposure mode and the FPP
exposure mode. (a) Unconverted functional group concentration versus time. The system is
subject to a 5-second light exposure under the light illumination intensity at 1. mW-cm™, 2.2
mW-cm?, or 4.3 mW-cm™. (b) Unconverted functional group concentration versus time. The
system is subject to a 10-millisecond light exposure at 106.5 W-cm?, 117.2 W-cm™, or 127.8
W-cm?. The inset of (b) is a zoom-in view in time scale. The shaded area indicates the light
exposure period.

From Figure 2.4, we can see that both scenarios reach a similar final conversion rate,
showing that even a short exposure is sufficient to photopolymerize the monomer. The difference
is that in the CW exposure scenario, polymerization and opacification begins and continues to
occur while the light is still on, and the aforementioned scattering effects will deflect light outside
of the desired areas. In the FPP scenario, the material can ‘safely’ polymerize and opacity in

darkness, with no light to scatter into undesired areas.

2.4  Conclusions

We have successfully developed a flashing photopolymerization (FPP) method for
photopolymerization-based 3D printing. By using a brief flash exposure instead of a continuous
exposure, the material remains optically clear during the exposure period, thus minimizing light

scattering and resulting in finer fabrication resolution. Both theoretical analysis and experimental
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demonstration have revealed the different scattering effects associated with CW vs. FPP exposure
modes. By chronologically separating the light exposure event from the polymerization and
opacification events, one can significantly improve the fidelity of 3D-printed structures. This is
particularly significant for microscale 3D printing where scattering effects can have significant
impacts on the feature sizes necessary for microstructure formation, such as hydrogel 3D printing

for bioengineering.

2.5  Experimental Section
Materials

PEGDA (Mn =575 Da) was purchased from Sigma-Aldrich. Irgacure 784 was purchased
from Ciba Specialty Chemicals, now a subsidiary of BASF. LAP was synthesized in-house
following previously-published methods.[38] The xenon flash tube was purchased from Xenon

Flash Tubes.

Simulation of photopolymerization

The propagation and termination kinetic of the system is related to the degree of

conversion, as shown in Equations (2.8)-(2.12), [28,37]

X =(M],~-[M])/[M]; (2.8)
k D
oo =5 (29)
Ko = kt’IEO (2.10)
’ e
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kt,SD = kt,SDo (2.11)

K. rp = Crok, (1—X) (2.12)
where X is the degree of conversion; [M] is the unconverted functional group (C=C double bond)
concentration, [M]o is the initial unconverted functional group concentration; c is the relative
viscosity coefficient; kppo is the diffusion-controlled propagation rate coefficient at zero
conversion; k¢too and kispo are the translational-diffusion-controlled termination rate coefficient
and the segmental-diffusion-controlled termination rate coefficient at zero conversion; Crp is the
reaction-diffusion proportion parameter.

The material properties and kinetic parameters of PEGDA (Mn = 250) determined by Wu,

et. al, are listed in Table 2.1. [28] Matlab was used to perform the numerical simulation.

Table 2.1. Material properties and Kinetic parameters of PEGDA

[My] 8.88 mol-L! c 34.149

kpo 1860 L-mol'-s™! kp,po 8.994 x 10" L-mol-s™!
kisp 4.39 x 10° L-mol st ki, Do 1.002 x 107 L-mol!-s™!
Crp 1.0146

Infrared spectrum measurement

IR spectrum measurements were performed on a Perkin Elmer Spectrum Two FTIR
spectroscope. Polymerized samples were dried to eliminate the influence of the spectrum of water;
first by snap-freeze in liquid nitrogen, then dried by lyophilization (Labconco Freezone, lyophilize

at -55 °C for 3 days).
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Scattering coefficient measurement

Three samples were prepared for the measurement in a UV-Vis-NIR spectroscope (Perkin
Elmer, Lambda 1050). The prepolymer solution (50% PEGDA, 4% LAP) is loaded in a 1 mm wide
glass container. The FPP sample is polymerized by a single flash (20 J) into a 1 mm slab. The CW
sample is polymerized by UV-LED (0.4 mW cm™, 10 s) into a 1 mm slab.

By using the integrating sphere, the diffusive reflectance Ry, total reflectance R;, diffusive
transmittance 7y, and total transmittance 7; at 365 nm wavelength are measured. Then we used
Inverse Adding-Doubling (IAD) algorithm to calculate the scattering coefficient of the samples.
The executable program of IAD algorithm was acquired from

https://omlc.org/software/iad/index.html, copyright 2017 Scott Prahl.
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Supplementary Information
Figure 2.S1 shows close-up views of the images in Figure 2.2. Visual observation makes
it clear that the fabrication resolution of the CW mode decreases as exposure dose increases. By

comparison, the FPP mode can maintain fine resolution even at excessive exposure doses.

Figure 2.51| Zoom-in view of images in Figure 2.2. First row: patterns printed with CW
exposure. Second row: patterns printed with FPP.

The slab samples for scattering measurement in Figure 2.3 have different visual
appearances. The CW sample is much more opaque than the FPP sample. Figure 2.S2 shows the

appearance of the two samples.
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Figure 2.52| Appearance of the slab samples. The upper-left disc is made by CW exposure,
and the lower-right disc is made by FPP exposure.

In order to visualize the opacification during photopolymerization in real-time, a high-
speed camera was used to record the change of Tyndall effect on a photopolymerizable material.
The material is aqueous 50% (v/v) PEGDA with 4% (w/v) LAP added as the photoinitiator. The
prepolymer solution was loaded in a cuvette, and a He-Ne laser beam (633 nm) was shone through
the solution such that the beam path and its shape was visible to the high-speed camera (Figure
2.S3). Finally, either a UV-LED light source (365 nm) or a xenon flash tube was set up near the
cuvette to photopolymerize the PEGDA solution.

The UV-LED was record to have a light intensity of 12 mW cm™ at the cuvette. The xenon
flash tube has a broad emission spectrum encompassing from UV to NIR, with an electrical energy
per flash of 40 J. However, we did not have a suitable instrument to measure the actual light
intensity of the flash illumination at the cuvette. The high-speed camera was set to record at 500
fps, with a 2 ms exposure time for each frame. The image was recorded at monochromatic 16-bit

bit-depth, and the gray scale value ranged from 0 to 65535. The original recorded grey scale value
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was used as the intensity in Figure 2.S4 (b) and (d). The beginning and ending time of exposure
was determined based on the subtle change of background brightness, since the long pass filter
does not completely block the light from the LED or flash tube.

We used either a 2.3-second CW exposure from the UV-LED or a single flashing exposure
from the xenon flash tube to polymerize the prepolymer solution. The change of shape of the laser
beam inside the PEGDA was recorded, as shown in Figure 2.54(a) for CW exposure and in Figure
2.54(c) for FPP exposure. The intensity profiles along the green arrows were plotted in Figure
2.54(b) for CW exposure and in Figure 2.54(d) for FPP exposure.

As was expected, light scattering increased during photopolymerization in both cases. In
the CW exposure case, scattering steadily increases during the 2.3-second exposure, and at the end
of exposure period the material is highly scattering, with scattering still continuing to increase even
after the exposure period. In the FPP exposure case, the first 50 milliseconds of the recorded video
was strongly interfered with by the intense flashing, and laser beam shape was unable to be
observed, but at the end of the flash (t = 50 ms), the material scattering has increased only slightly.

The scattering keeps increasing in the next several hundreds of milliseconds.
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Figure 2.S3| Optical setup for visualizing the opacification during polymerization.
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Figure 2.54| Scattering changes during polymerization. (a) Images of Tyndall effect at
different time point of CW exposure. (b) Intensity profile of the laser beam along the green
arrows in (a). (c) Images of Tyndall effect at different time points of FPP exposure. (d) Intensity
profile of the laser beam along the green arrows in (c).
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In the simulation, the type and concentration of photoinitiator, and the illumination
intensity are given, thus the free radical generation rate can be calculated, then the kinetics
simulation can be performed with Equations (2.1) — (2.11). Here is the method to convert the
illumination intensity into free-radical generation rate.

The free radical generation rate 7; is proportional to the quantity of photons absorbed per
unit time per unit volume Naps, and to the quantum efficiency @:

1; = 20Ny (2.S1)

According to Beer-Lambert law, the molar quantity of photons absorbed, Nus per unit
volume is related to the material absorbance A4, light power intensity /, sample thickness L, and

photon frequency v:

— I 1
Naps = (1 -1074) - —— .~ (2.82)

Nahv
where N4 and / are Avogadro constant and Plank constant.
The material absorbance A is determined by the molar extinction coefficient &, the

photoinitiator concentration C (neglecting monomer absorption), and the sample thickness L.

_ &CL
~ In(10)

(2.83)

Combining Equations (2.S1) — (2.S3), the free radical generation rates at different
illumination intensities can be calculated. Table 2.S1 lists the corresponding free radical generation

rates associated with the light illumination intensities used in the simulation.
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Table 2.S1| Free radical generation rates and corresponding illumination intensity.

Free Radical Generation Rate Light Intensity
0.0005 mol L' s™! 1.1 mW cm™
0.001 mol L' 57! 2.2 mW cm™
0.002 mol L' 57! 4.3 mW cm
50 mol L' s™! 106.5 W cm™
55mol L s’ 117.2 W cm™
60 mol L 5! 127.8 W cm™
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Chapter 3 Mitigating Scattering Effects Using Machine Learning

Abstract

When using light-based 3D printing methods to fabricate functional micro-devices,
unwanted light scattering during the printing process is a significant challenge to achieve high
resolution fabrication. We report the use of a deep neural network (NN)-based machine learning
(ML) technique to mitigate the scattering effect, where our NN was employed to study the highly-
sophisticated relationship between the input digital masks and their corresponding output 3D
printed structures. Furthermore, the NN was used to model an inverse 3D printing process, where
it took desired printed structures as inputs and subsequently generated grayscale digital masks that
optimized the light exposure dose according to the desired structures’ local features. Verification
results showed that using NN-generated digital masks yielded significant improvements in printing

fidelity compared to using masks identical to the desired structures.

3.1 Introduction

Light-based 3D printing methods using digital light processing (DLP) technique,[1,2] such
as projection micro-stereolithography (PuSL),[3] dynamic optical projection stereolithography
(DOPsL),[4] continuous liquid interface production (CLIP)[5] and microscale continuous optical
bioprinting (WCOB),[6] have emerged as promising tools for fabricating functional devices such
as tissue engineering scaffolds,[6,7] implantable medical devices,[8,9] microfluidic devices,[10]
microsensors,[11] and micro robots[12] for a variety of applications in medicine, manufacturing,
and consumer products due to their rapid fabrication speed and micron-scale fabrication resolution.

For these applications, high-fidelity fabrication for the 3D printed part as compared to its intended
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design is highly-desired. However, functional devices are often made of a mixture of polymeric
materials and functional elements such as cells,[7,10] micro/nano particles,[11,12] and micelles.
These elements often scatter the incoming light during the photopolymerization process, and
additionally the polymer materials themselves may have turbidity, form crystallites, or even
micropores during and/or after polymerization, which can also give rise to light scattering. [13]
Such light scattering ultimately reduces fidelity in the final product due to suboptimal
polymerization of both the intended and unintended design areas. (Figure 3.S1) Therefore, it is
challenging to achieve high-fidelity and fine resolution in printing turbid materials using light-
based 3D printing methods. Generally, the fabrication resolution and fidelity achievable in turbid
materials are worse than in optically-clear materials, thus it would take more effort to optimize
proper exposure dosages during printing. Such process optimization adds significant cost and time
for product development, making it especially onerous in the case of 3D bioprinting where
expensive cells are involved in the printing process to make biological tissues.

In most implementations of light-based 3D printing, binary digital masks identical to the
desired structures are used. We will term these “identical masks,” where in binary fashion, a 1
(shaded white) represents light exposure and 0 (shaded black) represents no light exposure.
However, directly applying these binary identical masks will not produce the exact copies of the
desired structures due to challenges such as the aforementioned light scattering effect, thus
motivating us to modulate the input mask in ways that might sufficiently compensate. With
advances in DLP techniques, patterns utilizing grayscale values (ranging from 0 to 255 instead of
binary 0 & 1) can be employed in light-based 3D printing. We expect that by using grayscale masks
which are not necessarily identical to the desired patterns could compensate or counterbalance the

effect of scattering, thus resulting in 3D printed structures as designed. Unfortunately, the light
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scattering properties of the prepolymer materials are complicated (e.g. vary during printing and
over time), making it difficult to a priori model the scattering and photopolymerization behavior
of these materials as well as calculate the grayscale digital masks for 3D printing.

Recent advances of machine learning technologies based on deep neural networks (NNs)
have successfully demonstrated their capability in assisting industrial manufacturing.[14] For
example, researchers have reported the use of NN-based machine learning (ML) technique to help
optimize the processing parameters of inkjet-based 3D printing[15] and fused filament fabrication
(FFF)-based 3D printing.[16,17] However, to the best of our knowledge, using ML to assist in
light-based 3D printing has not yet been reported. Moreover, it is far more complicated for NN to
optimize a 2D image than to optimize a few scalar parameters.

Here we report the use of deep NN-based ML to study the 3D printing behavior of light
scattering materials and to generate grayscale digital masks to mitigate the effect of scattering in
light-based 3D printing. A NN is trained to model the inverse process of 3D printing, where the
input is the desired structure, and the output is the grayscale digital mask. We used 300 mask-
structure pairs, which were produced by an in-house DLP-based 3D printer, to train the NN. Masks
generated by the NN were then used to 3D print the desired target structures. Finally, we compared
the printed structures created from NN-suggested masks to the structures printed from traditional
identical masks. The results show that higher fabrication resolution and better fidelity can be

achieved by our ML assisted approach.

3.2  Experimental Setup

3.2.1 Modeling DLP-based 3D Printing

Figure 3.1a shows the setup of a DLP-based 3D printer in this work. A light source of 405
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nm wavelength illuminates the digital micromirror device (DMD). The DMD chip consists of 4
million of micro-mirrors, which can be individually controlled to flip toward two different
directions, thus displaying a pattern. The reflected light is patterned by the DMD, and is projected
onto the liquid state prepolymer solution by lenses. A computer is used to control the DMD to
display the cross-sections at different position of the 3D model. Upon light exposure, the
photosensitive material polymerizes, forming a thin layer of solid structure. The motorized stage
brings the solidified part up by a layer thickness, which is typically tens to hundreds of microns,
then unpolymerized material refills the gap. The DMD then displays the next cross-section and
photopolymerizes the next layer. By repeating this process, a 3D construct is thus printed. Figure
3.1b and Ic¢ show the scanning electron microscopy (SEM) images of the printed structures using
this 3D printer.

The whole multi-layer 3D printing process can be discretized into multiple single-layer
prints, which is the focus of this study.

There are several tunable variables for a single-layer print: 1) the digital mask determines
the shape of the exposed area; 2) the exposure duration, and 3) the light intensity define the
exposure dose. We can combine these variables into a “generalized digital mask”, where the
grayscale value of any given pixel on the digital mask represents the local exposure dose.

We abstracted the 3D printer as a nonlinear time-invariant system. The input of the system
is the digital mask, which is a 512 x 512 pixel grayscale image, where the grayscale value
represents the local exposure dose. The output of the system is the single-layer 3D printed structure,
which is represented by a 512 x 512 binary image, where a 1 represents a solidified area and 0

represents a void area.
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Figure 3.1| Schematic of the 3D printer and the printed structures. a The DLP-based 3D
printer setup. b SEM image of a printed 3D “fractal tree”. ¢ SEM image of a printed 3D “blood
vessel”.

3.2.2 Neural Network

The NN models the inverse process of 3D printing, which takes a 512 x 512 binary image
(the desired printed structure) as an input and generates a 512 x 512 grayscale image (the digital
mask) as the output (Figure 3.2a). We used mask-structure pairs from the 3D printer to train the
NN. The digital masks are grayscale images of an assortment of random shapes, e.g. checkerboards,
discs, and rectangles (Figure 3.S2). The 3D printer then used these masks to print their
corresponding structures. The exposure duration was fixed to 5 seconds. During printing, the actual
light intensity of the maximum grayscale value (255) was measured to be 5.6 mW/cm?, and 0
mW/cm? for the minimum grayscale value (0). The light source was a light emitting diode (LED)
centered at 405 nm wavelength. The prepolymer material was 50% (V/V) poly(ethylene glycol)
diacrylate (PEGDA, Mn = 575) aqueous solution, with 1% (w/V) lithium phenyl-2.4,6-
trimethylbenzoylphosphinate (LAP) as photoinitiator, and 0.1% (w/V) glass microbeads (diameter

=4 pum) as scattering particles. The microscope images of the printed structures are then processed
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into binary images with the use of custom code. We collected 300 mask-structure pairs, which
were then augmented to 900 pairs by random rotation about the image center. The detailed training

method is available in the Method section.
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Figure 3.2| Data flow and architecture of the neural network. a The 3D printer takes the digital
masks as input, and output the printed structure. The neural network takes the desired structure as
input, and output the suggested digital mask. The input and output of the 3D printer are used to
train the neural network. b The neural network has a 14-layer convolutional neural network
architecture with U-Net style skip connections. The rectangles represent the feature maps, with
their feature resolution denoted at the bottom, and their feature channel number denoted on the top.

The architecture of our NN is adapted from the generator design in image-to-image style
transfer which is an encoder-decoder fully convolutional network with U-Net style skip
connections|[18-20], a schematic depiction of which is shown in Figure 3.2b. We also introduced
partially cycle-consistent image-to-image translation loss to better meet our task characteristics
which will be explained in the Method section. The NN consists of 14 building blocks, where each
building block is a convolution or deconvolution layer followed by batch normalization[21] and

the activation function. The convolution layers in the first seven building blocks are set with stride
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2 to down-sample the features, while the deconvolution layers in the last seven building blocks
up-sample the feature using stride 2 to recover the output image to the original resolution. The
activation function of the first thirteen building block is a rectifier linear unit (ReLU) function[22].
The last building block uses a hyperbolic tangent function (tanh) as the activation function in order
to restrict the output value in the range of -1 and 1, which is then linearly mapped to the grayscale
value ranging from 0 to 255. There are also skip connections that copy the feature maps from the
down-sampling process and append to the corresponding feature maps of up-sampling process,

allowing the network to learn more precise local information.

3.3  Methods

Our objective is to find proper masks according to any target structure. Intuitively, we can
achieve this objective by training the NN alone with the mask-structure data pairs we have made.
The trained NN will learn to mimic the mapping from our dataset. However, we have limited data
to train the NN, which prevents our NN from generalizing well on the entire structure space.

To address this challenge, we introduce a slave NN which learns the mapping of the 3D
printer (the mapping from the mask to the structure). The slave NN has a similar architecture as
the master NN as shown on Figure 3.2b, and the difference is that the last layer of the slave NN
has two output channels and the tanh is replaced with a softmax function. We train the master NN,
which models the inverse process of 3D printing (i.e., from the structure to the mask), based on
not only the data generated by the actual 3D printer but also the extra information provided by the
slave NN, thus we can allow the master NN to fit to a broader and smoother distribution of data.

We formulate the training process of the NN as solving a minimization problem with the

following objective function. For simplicity in expression, we define a function S: X - Y, which
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represents the slave NN that learns the mapping from any grayscale mask x to the binary structure
y. In the optimal case, the slave NN behaves exactly as the 3D printer, which is denoted as S*.
Similarly, we denote M: Y - Z as the transformation of master NN that learns a mapping from the
desired binary structure y to a suggested grayscale mask z.

We first look at the slave NN. Since we want the slave NN to mimic the behavior of a 3D
printer, i.e. we want the output of S to be as close as the output of S* for the same input x, the ideal
objective function for the slave NN can be expressed as Equation (3.1)

Litave = Ex[l0ss(S(x), " (x))] 3.1
where loss can be any loss function.

However, we only have limited access to the 3D printer S* due to the cost and time, and
we decide therefore only to use the data pre-generated by S* for training, which are the 300 mask-
structure pairs. We denote the training dataset as (X,Y), such that any (x,y) chosen from (X,Y)
satisfies S*(x) = y. According to this data set, we can come up with a new objective function as
Equation (3.2)

Lsiave = Ex,y[loss(S(x), y)] (3.2)

This objective (Equation (2)) is ultimately the same as the ideal objective (Equation (3.1))
if we have unlimited data. However, due to the limited amount of data we have, we expect the
trained S to have relatively high variance. This variance can be a form of useful noise to help
generalize the master NN, which will be trained using this slave NN.

Next, we are looking at the master NN. We define the ideal objective equation for
optimizing the master NN as Equation (3.3)

Lyaster = Ey[loss(S™(M(¥)), y)] (3.3)

We can see that M is trained to minimize the error between the actual output structure and
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the desired structure. Again, we use data set (X,Y) instead of $* during training. According to this
data set, we can come up with a new objective function as Equation (3.4)
Lyastern = Exyl[loss(M(y), x)] (3.4
In the optimal case M (y) = x. Since we know S*(x) = y, we will have S *(M (y)) =y for
the y’s in set Y. This means the new objective leads to the same optimized M as the ideal objective
(Equation (3)). However, we will have a severe generalization issue with this new objective.
Imagine a small disturbance is applied to the input y, a well generalized M (y) will then output an
image X close to x. However, notice that S* can potentially be very non-linear, which means that
S*(X) can be very different from S*(x) even though X is very close to x. We may then interpret
this effect as having relatively high variance if $*(X) is not smooth enough. Due to this issue, we
need to find a way to better generalize M.
Let’s take a look at another way to address the ideal master NN objective (Equation (3.3))
which is to replace S* by its approximation, S. The objective becomes Equation (3.5)
Luaster2 = Ey[loss(S(M(3)), )] (3.5)
This objective has the benefit of generalizing well thanks to the information previously
learned from S. The disadvantage is the cumulated error in the term S(M(y)). Notice that both S
and M in this objective are neural networks and will potentially have some error even after
convergence. If we use this Ly qs¢er 2 as objective, the calculation of S(M (y)) will suffer from the
error of both S and M, making the trained M biased according to the error from S.
Since the two feasible master NN objective functions either have small bias or small
variance, we decide to combine them together. The resulting objective combining Lyqster,1 and

Lyaster,2> (Equation (4,5)), becomes Equation (3.6)

Luaster = Ey[loss(S(M(¥)), ¥)] + A4 * Eyy[loss(M(y), x)] (3.6)
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where A is a tunable weight term to control the tradeoff between bias and variance. Notice that the
first term is also a cycle-consistent loss, which is empirically proved to add performance to the
network when the data set is having this cycle-consistency property[23-25].

We decide to train S and M simultaneously instead of fully training S before starting to
train M. Our final objective function for both master NN and slave NN therefore is the combination
of Equation (3.2) and Equation (3.6).

L = Ey[loss(S(M(¥)), )] + A1 * Exy[loss(M(y), x)] + A * Ex,y[loss(S(x),y)]
(3.7

The advantage of training the master and slave NN simultaneously using Equation (3.7)
is demonstrated in Figure 3.S3, where only training the master NN with Equation (4) is used for
comparison.

Following this approach, we can interpret S as a gradually reducing noise term, and this
noise will make the output of S to bounce around the ground truth after convergence. We find this
noise useful to generalize M to fit the distribution of varying output of S and avoid overfitting M
to a deterministic output of S. We decide not to apply other commonly used noises, like adding
Gaussian noise to the input or applying dropout to the network weights during training [26], while
updating M. In terms of S, we add Gaussian noise to the input with zero mean, initial standard
deviation 0.1, and 0.97 decay rate at each iteration.

In terms of hyperparameter choices, we use L1 norm as loss function for comparing
grayscale images, and we use cross-entropy loss for the loss between binary images. The tradeoff
weight A1 is set to 0.1 and Az is 1.

Consider the small amount of training data we had access to, we implemented data

augmentation techniques to better train the networks. Typical image processing tasks use
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hierarchical algorithm [27] or use data augmentation to improve the learning of many invariance
properties such as shift invariance, rotational invariance, and deformation invariance[19,20,28].
We augment our data by applying rotation and flipping with respect to the image center. In our
implementation, the 300 pairs of data were augmented to 900 pairs following this method.

We trained both networks under PyTorch[29] framework with mini-batch stochastic
gradient descent (SGD) using Adam solver[30]. The batch size is set to 10 due to the memory limit
(8 GB). The momentum parameters are set to (0.9, 0.999), and the learning rate is 0.00001. All
network model weights and biases are initialized using random samples from normal distribution
with zero mean and 0.02 standard deviation. The whole training process took six and a half hours
on a personal computer with a GTX 1070Ti discrete graphics processing unit (GPU). Once trained,
the NN takes only a few seconds to calculate an output digital mask on a personal computer, and
the speed is about ten times faster when utilizing the GPU. The training error curve is shown in

Figure 3.54.

3.4 Results and Discussion

To evaluate our ML method, we designed several target structures that were never used in
the course of training the NN. The NN-suggested digital masks for these targets, after which we
then used our 3D printer to print the structures using these masks and compare them to the targets.

As shown in Figure 3.3, the NN-suggested masks (Figure 3.3b) are not necessarily
identical to the desired structure (Figure 3.3a). Compared to the traditional “identical masks”, the
NN-suggested masks show significant use of grayscale variation and local feature deformation.
3D printing using the NN-suggested masks resulted in structures (Figure 3.3¢) that more closely

match our desired structures. We find that the NN-suggested mask is able to compensate for the
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scattering effect by ‘stretching out’ at the corners and ‘squeezing in’ at the edges, as shown in
Figure 3.3d. The NN’s behavior matches our human intuition of how we would counter the

scattering effect.
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Figure 3.3| Comparison of the targets, the NN-suggested masks, and the microscopic images
of the printed structures. a The target structures. b The NN-suggested masks for the targets. ¢
The actual printed structures using the masks from b. d The NN-suggested mask overlaid with its
target (shown as red contour).

More importantly, using the NN-suggested mask, we can reach a printing fidelity that
cannot be achieved by using traditional “identical masks”. Traditionally, people tend to optimize
the printing process by only tuning the exposure dose but keep using “identical mask”. To
showcase the fidelity achievable with our method, we 3D printed and then compared the same
target shape using both the NN-suggested masks as well as the traditional “identical masks.” For
the traditional “identical masks,” we used exposure doses of 50% (2.8 mW/cm?), 75% (4.2
mW/cm?), and 100% (5.6 mW/cm?) to simulate how an operator might optimize the 3D printing
by tuning the global exposure dose.

Figure 3.4 shows the printed results of several targets using traditional “identical masks”
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at different exposure doses, or using the NN suggested masks. These targets include simple
geometries as well as complex shapes. For all of these targets, the NN suggested masks yield the
best printing fidelity, and are able to fabricate the most fine features such as sharp corners.

Figure 3.5 shows the overlaid contours of part of the printed structures in Figure 3.4. White
contours represent the target structure; red contours represent the structures printed using NN-
suggested masks; and the blue, green, and yellow contours represent the structures printed using
the “identical masks” at 50%, 75%, and 100% exposure doses, respectively. Compared to the
targets, the blue (50% dose) structures are shrunken considerably compared to the target (Figure
3.5d), indicating under-exposure condition; while the yellow (100% dose) structures are expanded
well beyond the target structure (Figure 3.5f), indicating over-exposure. The green 75% dose
structures expand at the edges but also shrink at the corners, thus indicating over-exposure at some
locations and under-exposure at others (Figure 3.5¢). This suggests that by using an “identical
mask”, we cannot achieve proper exposure across the entire printing area.

The NN-suggested masks digitally individualize the local exposure dose depending on the
local feature, hence an optimized map of exposure doses can be achieved across the entire printing
area. We can see from Figure 3.5a-g that the red (Al-suggested) contours best match the targets.
Significantly, fine features such as sharp corners seem particularly well-preserved. Thus, the NN-

suggested masks outperform the “identical masks™.
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target 50% 75% 100% Al

Figure 3.4| Printed structures using NN-suggested masks and identical masks. The first
column is the target structures (designs). The second to forth columns are the printing result using

the identical masks at 50%, 75%, and 100% exposure dose. The fifth column uses the NN-
suggested masks.

64



200 pm

Chamfer distance

W50% mM75% 100% MNN

)
109
68.6
47
38.7
29.2 27.2
19.1 21.1
8.7
- [ |

spoke squares triangles

Figure 3.5| Printed structures using NN-suggested masks and identical masks. a-c are overlaid
contours of the structures printed under different conditions. The white contours are the target
structures. The red contours are the structures printed using NN-generated mask. The yellow, green,
and blue contours represent the structures printed using identical masks with 100%, 75%, and 50%
exposure dose, respectively. d-g are zoom-in views in the dashed frame in C, where the contours
of the structures printed under four different conditions are isolated. h Chamfer distances between
the printed structures and the desired targets.

In order to quantitatively evaluate the printing fidelity of the printed structures shown in

Fig 3.5a-c, we compare those printed structures with their targets using Chamfer distance defined
by Equation (3.8)[31].

Chamfer(P,Q) = Epep minllp — qll3 + Eqeo minllp — qli2 (3.8)

In Equation (3.8), P and Q are the two binary images (or, two sets of non-zero pixels) we

compare, p and q are the positions of individual non-zero pixels from the corresponding sets.
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If a pair of images have a greater similarity, they have a smaller Chamfer distance. The
calculated Chamfer distances between the 12 printed structures and their corresponding targets are
shown in Figure 3.5h. The index suggests that using the NN-suggested mask, we can achieve better
printing fidelity, which matches our qualitative evaluation.

The evaluation results have shown that our ML approach can help to address the scattering
issue in light-based 3D printing, achieving a better fabrication fidelity and resolution than
traditional non-ML method. It should be noted that the NN we presented does not take the material
properties as input variables. Therefore, the NN should be trained individually for different
materials. However, we believe that our method and the NN architecture can be applied to different

materials to address the scattering problem in light-based 3D printing.

3.5 Conclusions

We have successfully demonstrated the use of ML to assist light-based 3D printing. When
using turbid materials to fabricate functional devices, the printing fidelity deteriorates due to light
scattering. The NNs allow us to study the relationship between the input digital mask and the actual
output printed structure. Using the image-to-image fully convolutional NN that takes the desired
structure as input and the grayscale digital mask as output, we succeeded in training the NN with
a notably small amount of data (300 original mask-structure pairs). After training, the NN provides
a digital mask with digitally optimized light dose map. Compared to traditional “identical masks”,
the NN-suggested masks mitigate the scattering effect and enable better fabrication resolution and
fidelity. Such intelligent advice empowered by ML could minimize the trial-and-error inherent in
optimizing printing parameters, thus significantly reducing the costs across the board for time,

labor, resources, customized parts, and time-to-delivery. We expect that this method can be applied
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to light-based 3D bioprinting, where complex 3D scaffolds embedding live cells with micron-scale
features to mimic the native biological tissue are highly desired. This will further create a new
paradigm for 3D bioprinting of functional organs and tissues due to expensive cell sources, patient-

specific design, and required microscale printing resolution.
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Supplementary Information

Scattering elements can strongly affect the fabrication quality of DLP-based 3D printing.
Figure 3.S1 shows a comparison between 3D printing of non-scattering material and scattering
material under the same fabrication condition. Figure 3.S1a is made of 100% PEGDA (Mn = 575)
plus 1% w/V Irgacure 819. Figure 3.S1b is made of 100% PEGDA (Mn = 575), 1% w/V Irgacure
819, and 1% w/V glass microbeads (diameter = 4 pm). The “blood vessel” is hollow in Figure

3.S1a, while it is clogged in Figure 3.S1b due to light scattering.
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Figure 3.S1| Comparison between 3D printing of non-scattering material and scattering
material. a A “blood vessel” structure fabricated with a non-scattering material. b A “blood vessel”
fabricated with a highly scattering material.

The 300 pairs of digital masks for training are grayscale images of checkerboard shape,

disc shapes, and rectangle shapes, as shown in Figure 3.S2. The size, position, and grayscale value

of those shapes are all random.
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Our ML model consists of two NNs, the master NN and the slave NN. They are trained

Figure 3.S2| Examples of the training digital masks.

simultaneously, and the loss function we used is Equation (8), which contains cycle-consistency
loss term.

It is quite straight-forward to use only the master NN to perform the same task. In this case,
the loss function does not contain cycle-consistency loss term, as Equation (5).

In order to prove the benefit of using our two-NN design, we also did an ablation study
with a ML design which only consists of the master NN with the same dataset. Figure 3.S3
compares the performance of these two ML designs. We noticed that the masks generated by the
master-only design contains some “ghost images”, which may be due to the poor generalization
capability of the master-only design. The contours of the printed structures are shown in the second
column, where the white contours are the target, the red ones are the two-NN design, and the cyan
ones are the master-only design. We can see that the red contours perform better than the cyan

contours. The calculated Chamfer distances also prove that the prints using the master-only design
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have a greater Chamfer distance than the prints using our two-NN design.

Masks Printed structures (x 10°) Chamfer distance

Al (master-only) Al (two-NN) vs. Al (master-only) 3
Al (master only) ® Al (two-NN)

30 293

27.7

25
20 19.1

15

7.3
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0 |

spoke squares triangles

Al (master-only) AT (two-NN)

Figure 3.S3| Comparison between the two-NN design and the master-only design. The first
column is the masks generated by the master-only design. Those masks generated by the two-NN
design can be found in Figure 3.3. The second column is the contours of the printed structures
using the two-NN design (red) and the master-only design (cyan), where white contours are the
target. The bar chart is the Chamfer distance between the prints using two-NN design and the target
(red), and the Chamfer distance between the prints using master-only design and the target (cyan).

The training curve on Figure 3.S4 shows that the network is converging smoothly. We used
33 pairs of test data isolated from the train data to calculate the test errors, and these errors
represents that our networks can indeed generalize well on unseen data. Although the error value

does not give intuitive results, since the slave NN and master NN errors are calculated differently,

we can still find out that the slave NN is converging faster than the master NN. This might prove
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that the mapping learned by slave NN is a relatively easier transformation compared to what master

NN learns.
Final test error=[0.16554, 0.15435]
0871 . —— frain err
test S err
0.7 s testMerr
0.6 1
| ==
2
Ll
2 0.5 1
z
&
E 0.4
©
|_
0.3
0.2 1
T T T T T T T T T
0 25 50 75 100 125 150 175 200

Num of epochs

Figure 3.S4| Plot of errors versus episodes. The red line represents the loss calculated for master
during training. The yellow and blue dots are errors of slave and master NN calculated using the
test set. Final test error shows the value for slave and master NN errors after the last (200) epoch.
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Chapter 4 Projection Printing using Patterned Evanescent Field

Abstract

Spatial control of photon energy has been a central part of many light-based manufacturing
processes. We report a direct projection printing method for ultrathin structures with nanoscale
thickness control by using a patterned evanescent field. The evanescent field is induced by total
internal reflection at the interface between the substrate and a prepolymer solution, and it is
patterned by a phase-only spatial light modulator. The ultrathin structure is printed on a high-
refractive-index glass substrate through photopolymerization. An iterative algorithm is used to
calculate the phase pattern for generating arbitrary holography images and making the image plane
to coincide with the interface. The thickness of the pattern is limited by the penetration depth of
the evanescent field. Experiment results demonstrated that polymer structures as thin as 200
nanometers can be patterned without significant process optimization. Such fine control in
thickness could transform many techniques such as light-based 3D printing and laser direct-write

manufacturing.

4.1  Introduction

Light-based fabrication methods such as photolithography,[1] laser direct writing,[2,3] and
light projection based 3D printing [4—6] have been playing significant roles in micro- and nano-
scale 3D manufacturing in many industrial sectors. Among them, light projection based 3D
printing which features fine fabrication resolution and extremely fast fabrication speed has
attracted intense research interest.[7,8] The resolution of light projection based 3D printing in

lateral direction is determined by the objective lens, which is typically a few microns,[9] and
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theoretically it can reach the diffraction limit, which is a few hundreds of nanometer. However, its
fabrication resolution in the axial direction (along the light propagation direction) cannot match its
lateral resolution. The typical axial resolution of light-based 3D printing method ranges from tens
to hundreds of microns, depending on the material’s light absorption property.[4]

When light propagates in an absorptive medium, it decays exponentially. The axial
resolution of light-based 3D printing is determined by the light penetration depth in the
photopolymerizable resin. Although doping highly light-absorptive additives does help to improve
the axial resolution, the improvement is limited.[8] This has been a bottleneck for 3D printing of
finer structures. To address this bottleneck, it is critical to limit the penetration depth of the
patterned light field.

When light propagates from one medium to another, it can be partially reflected and
partially refracted at the interface. If the first medium has a higher refractive index than the second
medium, and the incident angle is greater than the critical angle, the light will be totally reflected
back to the first medium. This phenomenon is well known as total internal reflection (TIR).[10]
Rigorous solution of Maxwell’s equation of electromagnetic wave reveals that, though the light is
totally reflected, a thin layer of electromagnetic field still exist in the second medium. This
electromagnetic field, named as evanescent field, decays exponentially along the normal direction
of the interface, and has a penetration depth at the scale of a wavelength.[10]

This thin evanescent field is very useful in some applications. For example, total internal
reflection fluorescence microscopy (TIRFM) [11] uses the evanescent field to excite fluorescence
from the specimen. The fluorescence signal comes only from a very thin layer, thus an ultrahigh
signal-to-noise ratio can be achieved. Attenuated total reflection infrared spectroscopy (ATR-IR)

[12] also uses the evanescent field to measure the infrared absorption spectrum of the samples.
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The evanescent field can also be used for fabrication. Periodic patterns in photoresist have
been fabricated by the interference of evanescent fields[13—16] or surface plasmonic waves.[17]
Although ultrathin patterning can be achieved, arbitrary pattern cannot be generated by these
multi-beam interference methods. Metamaterials can be used to manipulate the light field and
fabricate ultrathin arbitrary patterning.[18,19] However, using metamaterials will significantly
increase the cost and complexity of the system. Laser direct writing technique employs a lens of
high numerical aperture to focus the laser beam to achieve a fine resolution. However, the point-
scanning process is very time-consuming. Although ~50 nm lateral and ~20 nm axial resolutions
has been achieved by femtosecond laser parallel scanning using microlens array on a phase-change
film,[20] improvement in the fabrication speed is still limited. The fabricated pattern consists of
array of small repeating patterns, and the use of phase-change film compromises the flexibility of
this approach. Therefore, a flexible, cost-efficient approach for rapid fabrication of ultrathin
arbitrary pattern is highly desired.

In this work, we show that the evanescent field can be patterned through a phase-only
spatial light modulator (SLM) and projected to a prepolymer solution for direct printing of
designed ultrathin structures. No physical masks is needed, and arbitrary patterns are produced
with nanoscale thickness control in a projection fashion within a few seconds of exposure. The
lateral resolution is theoretically limited by the diffraction limit. Because this setup requires a
relatively long working distance, a high numerical aperture (NA) objective lens cannot be used.
For the case of NA = 0.05, the lateral resolution limit is 4 pm. In our experiments, lens aberration
dominates because we were using spherical lens instead of aberration-corrected lens, thus the
lateral feature size we demonstrated is around 20 microns.

In order to make the image plane coincide with the TIR interface, the image plane cannot
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be perpendicular to the light incident direction. This tilted image plane is achieved by using
holography technique to control the light distribution in 3D. To achieve good image quality and
the smooth intensity distribution, we adopt the mixed-region amplitude freedom (MRAF)
algorithm [21] to generate an image in a tilted image plane. Various ultrathin patterns with arbitrary

shapes are demonstrated.

4.2 Results and Discussion

4.2.1 Polymerization Effect of Evanescent Field

In common light-based fabrication systems, light transmits through the prepolymer resin
and gets attenuated exponentially inside the resin due to absorption, according to Beer-Lambert
law. The penetration depth of the propagating light field is typically in the range of hundreds of
micrometers to a few millimeters at near ultra-violet (350 nm to 400 nm) wavelength.[22] For
example, the 0.2% solution of a common photoinitiator, Irgacure 819, in ethonal has a absorbance
of 3.0 cm™. Thus, the penetration depth of 1% Irgacure is calculated as 0.29 mm.

Total internal reflection creates an evanescent field, which decays exponentially. The

penetration depth of the evanescent field is given by

d :i(nfsinzel—ng)’l’z, (4.1)
A

where A is the wavelength, n, and n, are the refractive indices of the two medias, and 6, is the

incident angle.
Consider a situation where the refractive indices of the two mediums are 1.85 and 1.4, the
wavelength is 400 nm, and the incident angle is 60< Then the penetration depth of the evanescent

field is 41 nm. Hence, direct patterning with nanoscale thickness control is possible to achieve.
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We compared the photopolymerization effect between the propagating field and the
evanescent field as shown in Figure 4.1. A 400 nm laser beam was modulated by a SLM and
formed a line pattern at the interface between the glass slide and the photopolymerizable resin.
Figure 4.1a shows a propagating field interacting with the resin, and Figure 4.1b shows an
evanescent field interacting with the resin. The exposure time is 5 seconds for both cases. After
exposure, we used isopropanol to remove the uncured resin. Both the glass slide and the equilateral
triangular prism used in this experiment have a refractive index of 1.85 (N-SF11 glass). The index-
matched medium couples the prism and the glass slide. The photosensitive resin is
dipentaerythritol pentaacrylate (DPPA) with 1% Irgacure 819 as the photoinitiator. Figure 4.1c
shows a scanning electron microscopy (SEM) image for the patterning result in case (a). Figure
4.1d is an optical profiler image showing the patterning results of case (b). The thickness of the
polymer pattern polymerized by the propagating field is around 500 pm, and in comparison, the

thickness of the polymer pattern polymerized by the evanescent field is only around 200 nm.

79



R* GS
e IMM

400 nm

400 nm /
M

(d) 200 nM

300 150 nm

200
100 NM

nm

100

250

Figure 4.1| Comparison of the polymer pattern thickness between the propagating field and
the evanescent field. (a) Schematic showing resin polymerized by the propagating field. (b)
Schematic showing resin polymerized by the evanescent field. (¢c) SEM image of a structure
polymerized by the propagating field. (d) Optical profiler image of a structure polymerized by the
evanescent field. M: mirror, PR: prism, IMM: index-matched medium, GS: glass slide, R*:
photopolymerizable resin.

4.2.2 Direct Printing System Setup

The experimental setup of the ultrathin surface patterning system is shown in Figure 4.2.
An ultraviolet laser beam (400 nm, 50 mW) passes through a beam expander and a tunable
attenuator, and is modulated by the phase-only SLM. The phase pattern is loaded into the SLM so
that the holographic image (intermediate image) can be found near the back focal point of lens L1.
A diaphragm serves as a spatial filter which only allows the 1st order diffraction image to pass
through. Lens L2 is used to convert the intermediate image to the final image at 1:1 ratio. A mirror

is used to redirect the beam so that it passes the prism at a normal incident angle. The equilateral
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prism is coupled with a glass slide by an index-matched medium. The laser beam irradiates the top
surface of the glass slide at an incident angle of 60< which leads to TIR. The prepolymer solution
on the glass slide is polymerized by the evanescent field from the TIR. A camera is set up above
the glass slide to collect the fluorescence excited by evanescent field and to help focusing the final
image on the top surface of the glass slide. Note that by using holography method, the intermediate
image is tilted by 43.1°(namely, making a 46.9<angle to the light propagation direction), and the
final image is tilted by 60< (namely, making a 30<angle to the light propagation direction).

Therefore, the final image coincides with the top surface of the glass slide.

phase pattern

final image

@
=

_,N
/ PR I
A M

SLm 11 SF \\J) 12

46.9°

R*

intermediate image

Figure 4.2| The optical setup of the ultrathin surface patterning system. BE: beam expander;
ATT: attenuator; SLM: spatial light modulator; L1: lens 1; SF: spatial filter; L2: lens 2; M:
mirror; PR: equilateral prism; IMM: index-matched medium; GS: glass slide; R*:
photopolymerizable resin.

Both the equilateral prism and the glass slide is made of a high refractive index glass (N-
SF11 glass, n = 1.85). An index-matched medium is used to couple the prism and the substrate.
Diiodomethane (CH:l>) is one of the liquids with the highest known refractive index (n = 1.74)

[23], hence it is selected to be the index-matched medium in this work.
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The final image should be tilted by 60°. The prism’s refractive index is 1.85 at 400 nm

wavelength, under paraxial condition, the relation between the tilting angle of the virtual object

O and the tilting angle of the final image J,,, is tand, /tan Oy =N . Thus, the virtual object

of the final image should be tilted by 43.1< Since lens L2 images at 1:1 ratio, the intermediate
image should also be tilted by 43.1<

This tilted image plane can be achieved by using a tilted lens according to Scheimpflug
principle,[24] or by using holography technique to control the light distribution in 3D. We found
that a tilted standard spherical lens came with severe aberration, hence a specially designed tilted

lens may be required. Therefore, we selected holography method to tilt the image plane.

4.2.3 Holography Algorithm

Iterative Fourier transform algorithms such as Gerchberg—Saxton (GS) algorithm,
adaptive-additive (AA) algorithm, and mixed-region amplitude freedom (MRAF) algorithm are
commonly used in calculating the phase pattern in computer-generated holography (CGH)
.[21,25-29] Among those algorithms, GS algorithm and AA algorithm have shown their capability
of shaping the light in 3D .[27,30] However, the intensity profile of the images generated by these
algorithms is not smooth. Therefore, multi-exposure by multiple frames of CGH are needed to
smoothen the image and to avoid speckles.[31]

MRAF algorithm [21] can achieve better image quality and smoother intensity distribution
than other iterative Fourier transform algorithms. Although the original MRAF algorithm can only
be applied to creating 2D arbitrary images ,[21] we modified this algorithm so that it is capable of

controlling the light distribution in 3D. A 2D image in a tilted plane is fed into the 3D-MRAF
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algorithm as a 3D target image. The phase pattern can be calculated within half an hour by a
common desktop computer.

The key idea of the MRAF algorithm is to divide the image space into a signal region and
a noise region. In the signal region, phase freedom is allowed, and the intensity is restricted. In the
noise region, both phase freedom and intensity freedom are allowed. In order to extend this idea
into a 3D space, we make the 3D signal region as a single layer rectangular sheet (namely, 1 voxel
thickness), which contains the target image, and coincides with the tilted image plane (see Figure
4.3: signal region). The rest of the voxels in the image space are noise region.

The schematic of 3D-MRAF algorithm is shown in Figure 4.3. The 3D inclined target
image and 3D signal region are first determined according to the desired 2D target. Next, the initial
amplitude on the SLM is set to 1 and the initial phase is set as a quadratic function, so that the
resulting holography image is a square that covers the signal region.[21] Next, the light field on
the SLM is converted into a 3D k-space, and all the non-zero voxels are on the Ewald’s surface
[27,32] (See Figure 4.3: k-space light field). Then it goes into the iteration.

The iteration is a loop among four complex light fields. Light field U, is a 3D light field
in the k-space, where non-zero voxels are all on the Ewald’s surface. U, represents the light field
modulated by the SLM. Then the light field U, is acquired by applying a 3D Fourier transform to
U, .

Light field U, is the holography image of U, in image space. U, is converted to U, by
substituting its amplitude with a mixture of its amplitude A, and the target A, (Equation (4.2)).
The mixing parameter £ is 0 in the noise region, and is a number between 0 and 1 within the

signal region.
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{As = A+ (- PA w2

P=P
Then U, is converted to U, by applying an inverse Fourier transform.
Light field U, is not achievable by an SLM. Therefore, a physical restrain needs to be

applied. The amplitude of voxels beyond the Ewald’s surface are set to zero, and the amplitude of

voxels within the Ewald’s surface is set to the initial intensity A, . The phase of all voxels remain
unchanged. By this substitution, we get a new U, .

This loop is repeated until the maximum count of iteration is met, or the error function

between A, and A, is smaller than the threshold. The phase of U, is converted back to the 2D
space on the SLM: P,(x, y), which is the output of the algorithm. By using this algorithm, a phase
pattern P,(x,y) can be acquired. The algorithm can be completed within half an hour by a common

desktop computer.
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Figure 4.3| Block diagram of the 3D-MRAF algorithm.

4.2.4 Surface Topography of the Printed Patterns

A phase pattern is calculated and loaded on the SLM, then a tilted intermediate image can
be formed. The final image is formed at the interface between the glass slide and the prepolymer
solution. We used poly(ethelene glycol) diacrylate (PEGDA, Mn = 575) mixed with 1% Irgacure
819 photoinitiator as the prepolymer material. After a few seconds’ exposure, ultrathin polymer
patterns are formed on the glass slide.

Then we used the optical profiler to measure the surface topography of the patterns. Figures

4.4a and 4.4b show the topographies of a “smiling face”. Figures 4.4c and 4.4d show the
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topography of a “honeycomb”. Figure 4.4e and 4.4f show the topographies of a “UCSD” pattern.

The thickness of these patterns are around 200 nm.
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Figure 4.4| The optical profiler images of the patterned structure. (b), (d), and (f) are the side
views of (a), (c), and (e), respectively. The thickness of these pattern is around 200 nm.

4.3 Methods
Materias

DPPA was purchased from Sartomer. Irgacure 819 was purchased from Ciba Specialty
Chemicals, which is now acquired by BASF. PEGDA was purchased from Sigma Aldrich. CH:l
was purchased from Alfa Aesar. N-SF11 equilateral prism was purchased from Edmund Optics.
N-SF11 glass slide was purchased from VVolume Precision Glass.
Equipment: The SLM is Holoeye Pluto. The SEM is Zeiss Sigma 500. The optical profiler is Veeco

NT1100. The sputter coater is Emitech K575X.

Sample characterization
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Samples for SEM imaging were sputter coated by Iridium, then were imaged under 2kV
voltage. Samples for optical profiler were imaged without coating. Due to the limitation of the
optical profiler which uses white light interference to detect the height profile, height values at
steep edges are not able to be detected. In order to make a complete topography, these “bad pixels”
are replaced with the average of their surrounding “good pixels”. This processing was performed

with Matlab.

Software Program
The program of the 3D-MRAF algorithm was developed by the authors. This program runs
in Matlab environment. The light filed is represented by a 1080x1920x128 matrix, thus a computer

of 32GB memory can handle this program.

4.4 Conclusions

We have developed a new method that utilizes the patterned evanescent field to create
arbitrary structures with nanoscale thickness control without using spin-coating to control the
thickness or using a physical photomask for patterning. The phase-only SLM can generate an
image that coincides with the TIR interface and prints the structures in a projection fashion. We
have demonstrated that arbitrary ultrathin structures as thin as 200 nm can be achieved. However,
its lateral resolution is theoretically limited by the diffraction limit. Because this setup requires a
relatively long working distance, a high numerical aperture (NA) objective lens cannot be used.
Thus, the lateral resolution is limited to a few microns. Due to the aberrations, we could only
demonstrate a 20 microns feature size. In order to make the image in-focus on the entire TIR

interface, the image plane should not be perpendicular to the light incident direction. The tilted
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image is generated by the holography method in this work for proof-of-concept purpose. However,
the holography method requires an expensive coherent light source. Calculating the phase pattern
by the 3D-MRAF algorithm is time-consuming. In practice, it is more favorable to use a tilted lens
combined with a digital mirror device (DMD) to pattern the light field. Although the tilted lens
needs to be specially designed, better image quality can be achieved, and it does not need the time-
consuming algorithm.

Currently two-photon polymerization method is the most popular nanoscale 3D fabrication
technique. Although it features extremely fine resolution, its fabrication speed is very slow due to
the point-scanning nature.[3] On the other hand, light-projection-based 3D printing methods are
facing the bottleneck of poor axial resolution. We expect this evanescent field patterning concept
can be applied to light-projection-based 3D printing in the future,[6] offering a fast fabrication

speed, sub-micron axial resolution, and micron scale lateral resolution.
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Chapter 5 Conclusions and Future Perspectives

5.1 Conclusions

Various methods to improve fabrication fidelity and resolution in photopolymerization-
based micro 3D printing via manipulating light-matter interaction are developed.

In Chapter 2, a flashing photopolymerization approach is reported. This method applies to
a common scenario where the optically transparent and clear prepolymer solution become optically
opaque and scattering after polymerization. In traditional photopolymerization-based 3D printing,
the polymerization and the opacification of material occur simultaneously, thus the fabrication is
strongly affected by the scattered light. By using flashing photopolymerization, light exposure,
polymerization, and opacification are chronologically separated. During the exposure period, the
material is not yet opacified, thus resolution deterioration caused by light scattering is avoided.
Therefore, the fabrication fidelity and resolution in such material are improved.

In Chapter 3, a machine learning approach is reported. This method applies to a common
scenario where functional impurities such as micro/nano particles and cells are doped in the
prepolymer solution. These impurities often scatter light and deteriorate fabrication fidelity and
resolution. A convolutional neural network is trained to study the relation between the digital
photomask and the actual printed structure, and then suggest the optimal photomask for a desired
structure. Such NN-suggested photomasks can counterbalance or compensate the effect of light
scattering, thus the fabrication fidelity and resolution in such material are improved. Also, the
effort spent on optimizing the exposure dose is minimized by using the NN-suggested masks.

In Chapter 4, a printing method using patterned evanescent filed is reported. Though

micron scale resolution can be achieved in photopolymerization-based 3D printing, the axial
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resolution is typically at the scale of a hundred microns. The evanescent field naturally has a very
shallow penetration depth, thus can be used to control the curing depth. A method to pattern the
evanescent field and induce photopolymerization is reported, where the curing depth is at sub-
micron scale. This method can potentially be applied to photopolymerization-based 3D printing,
thus greatly improve the axial resolution.

Microscale photopolymerization-based 3D printing techniques are developing rapidly.
Various novel methods have been invented in recent years, which have greatly improve the

performance of microscale 3D printing.

5.2 Perspectives
In the future, photopolymerization-based 3D printing techniques can evolve in various

directions.

High resolution fabrication

High resolution fabrication can enable microdevices in smaller size with better
performance. Photonic devices with micron scale feature resolution can only operate at an infrared
wavelength. In order to operate at a visible wavelength, sub-micron scale fabrication resolution is
necessary. Currently two-photon point-scanning method is the most reliable sub-micron
fabrication technique. However, the fabrication speed is slow, and the cost of a femtosecond laser

is very high. A low-cost rapid sub-micron scale 3D printing method is highly desired.

High speed and high throughput fabrication

3D printing has been proved to be a good prototyping technique, yet its throughput needs
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to be further improved for industrial manufacturing. Plane-projection methods and volumetric
methods can print much faster than point-scanning methods. Besides, parallel processing
approaches using microlens arrays or optical diffractive elements can be another way to improve

the throughput of the 3D printing system. [1,2]

3D printing without supporting structures

Supporting structures can improve the mechanical stability during the printing process, and
prevent deformation. But these supporting structures can affect the performance of the printed
microdevices. Volumetric photopolymerization 3D printing methods can polymerize the whole
volume simultaneously, thus supporting structures are not necessary for these methods. However,
there are a few issues associated with volumetric photopolymerization methods, such as the
“speckle” problem in holography method,[3] and the “soft-edged image” problem in tomography
method.[4] More efforts should be paid to the further development of 3D printing methods free of

supporting structures.

More material choices

More choices of 3D printing materials can enable more functionality and better
performance of the microdevices. Currently most 3D printing materials are polymers. There are
only a few reports on 3D printing of other types of materials such as metal, ceramic, and glass.[5,6]
These materials can usually have better mechanical, thermal, or electrical performance than

polymer materials.

Multi-material 3D printing
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Functional microdevices can have multiple types of materials in a construct. A common
solution is the “expose-and-flush” method: load material A, expose to light, flush away, load
material B, expose to light, flush away... Such “expose-and-flush” cycle is very time-consuming,
thus significantly decrease the throughput of the printing system. A multi-wavelength approach to
trigger free-radical and cationic photopolymerization orthogonally is recently reported to get rid

of this “expose-and-flush” cycle.[7]
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