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Abstract

Neuron-inspired structures are 2D or 3D artificial structures that emulate the structural
features in biological neural networks (BNNs). Due to their inherent varied
characteristics, such as geometrical characteristics, mechanical properties and
biocompatibility, these neuron-inspired structures not only provide structural supports
and direct neuron shapes and affect neuron differentiation, migration and proliferation
in the field of neuron tissue culturing but have proved to reflect their involvement in
different neuron functional tasks in neuroelectronic interfacing applications and

neuromorphic computing purposes.

The design, fabrication and characterisation of neuron-inspired structures has received
considerable attention over the past decades, with many fabrication techniques,
including electron beam lithography (EBL) and three-dimensional (3D) additive
printing, utilised in fabrication of two-dimensional (2D) or 3D neuron-inspired

structures.

In addition, future applications of neuron-inspired structures require development in
the fabrication of 3D neuron-inspired structures at the sub-micrometre scale with high

biocompatibility as well as emulation of the structural features in BNNS.

However, owing to the fact that BNNs possess extraordinary complexity and
connectivity at the sub-micrometre scale in 3D space, traditional fabrication of
neuron-inspired structures cannot emulate the complexity in BNNs. One reason is the
constraints rooted in the fabrication technologies used in the fabrication of neuron-
inspired structures, such as EBL, mask lithography and other recent developments in
3D fabrication techniques. These techniques are generally limited to fabrication in
either 2D substrate or 3D space lacking resolution. Another reason is the lack of
emulation of the structural features in BNNs. Neuron-inspired structures that have

been fabricated are generally very simple, such as microholes or micro-grooves.
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These structures cannot emulate geometrical features such as the branching structures
in BNNs.

The solution lies in the combination of 3D direct laser writing (DLW), biomimetics
and recently developed biocompatible hydrogel materials. 3D DLW based on two-
photon absorption (TPA) is a cost-effective fabrication technique that can fabricate
3D arbitrary structures down to the 9 nm feature size. Biomimetics is a
multidisciplinary field that has provided numerous solutions in the fields of physics,

chemistry and engineering.

In this PhD project, we propose and demonstrate the use of 3D DLW to fabricate
biomimetic neuron-inspired structures with a sub-micrometre feature size. In the

main, we focus on four aspects of research:

1. discovery of unique structural features in BNNs networks and mathematical

definition of the corresponding structures based on biomimetics

2. investigating the challenges in the fabrication of these structures and

identifying solutions to tackle these challenges using 3D DLW

3. understanding the relationship between structure and properties (such as
mechanical properties) based on experimental and theoretical study, revealing
the physics principles and underlying mechanisms

4. developing a biocompatible photosensitive material suitable for 3D DLW.

3D biomimetic neuron-tracing structures can be directly fabricated using 3D DLW
with a sub-micrometre feature size, tenfold smaller than biological counterparts. By
introducing the mathematical model behind the elastic-capillary phenomenon, stable
3D biomimetic neuron-tracing structures can be fabricated by tuning fabrication
conditions such as laser power and writing speed. This work solves the fabrication
challenge faced in the fabrication of 3D neuron-tracing structures at the sub-

micrometre scale.
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Inspired by the mathematical formula for the ‘shortest connection distance’ in BNNS,
biomimetic 3D Steiner tree microstructures were introduced and fabricated using
galvo-dithering DLW. The mechanical properties of the fabricated 3D Steiner tree
microstructures are theoretically and experimentally studied, and the power-law
scaling relationships between relative density and Young’s modulus / yield strength
confirmed. 3D Steiner tree microstructures have the smallest relative density
compared with traditional low-density structures, rendering them potential candidates

in many fields, including biomedical engineering and mechanical metamaterials.

A novel biocompatible hydrogel suitable for 3D DLW for future applications in
biomedical science was developed. Demonstration of the properties of our selected
components were performed using z-scan methods. The range of the Young’s
modulus of the hydrogel material was studied by fabricating hydrogel microcubic
structures with different laser powers. Further experimental fabrication and theoretical
study showed the reversibility of the hydrogel microstructures resulted from the
swelling and shrinking effect of hydrogels. A series of neuron-inspired fractal tree
structures were fabricated using optimised conditions in the hydrogel. This chapter

demonstrated the properties of the biocompatible hydrogel for 3D DLW.






Chapter 1: Introduction

1.1 Background

Since the early 21st century, there has been ongoing interest in brain science, resulting
in several nation-wide brain projects, such as BRAIN initiative in USA [1], Human
Brain Project in European Union [2], Brain/MINDS project in Japan [3], the China
Brain Project [4] and the Australian Brain Alliance [5].

As one of the research fields among these brain projects, design, fabrication, and
characterisation of neuron-inspired structures mimicking the structural features in

biological neural networks (BNNs) has been an active area over the last decades [6].

Neuron-inspired structures are two-dimensional (2D) or three-dimensional (3D)
structures that emulate the structural features in BNNSs. In line with the varied
characteristics of these structures, such as geometrical characteristics, mechanical
properties and biocompatibility, these neuron-inspired structures not only provide
structural supports [7] and direct neuron shapes [8], and affect neuron differentiation
[9], migration and proliferation [10-12] in the field of neuron tissue engineering, but
reflect their involvement in different neuron functional tasks [13] in neuroelectronic
interfacing [14] and neuromorphic computing systems [15], among others. Several
examples of 2D and 3D neuron-inspired structures are shown in Figure 1.1.
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Figure 1.1: Examples of 2D and 3D neuron-inspired structures fabricated by different
methods. (a) Visualisation of neuron structures using 3D additive printing [16], scale
bar is 5 cm. (b) Brain-like structures fabricated using 3D ink jet printing, scale bar is 2
cm. (c) A typical 2D neuron-inspired structure fabricated on a silicon chip, scale bar is
100 pm.

To date, as shown in Table 1.1, the methodologies employed to manufacture neuron-
inspired structures include 2D and 3D fabrication techniques. Traditional fabrication
techniques, such as electron beam lithography (EBL) and ultra-violet (UV) mask
lithography, despite drawing on a wide range of materials and nanometre feature size
[17], lack the possibility to create true 3D architectures, leaving the neuron-inspired
structures on 2D surfaces. While those platforms attempt to mimic the in vivo
environment, they do not truly resemble the three-dimensional (3D) microstructure of
neuronal tissues. Development of an accurate in vitro model of the brain remains a
significant obstacle to our understanding of the functioning of the brain at the tissue or

organ level.

The recent development of 3D additive printing, also called ‘ink jet printing’, has
been shown capable of fabricating neuron-inspired structures in 3D space, with many
biocompatible materials used in building 3D large-scale neuron-inspired structures
[18]. Different from 2D structures, 3D neuron-inspired structures could be able to
recapitulate the environment in However, the resolution of this technique is limited to

the millimetre size.

More recently, increasing interest has been devoted to fabricating 3D neuron-inspired
structures using 3D light-assisted photopolymerisation techniques [19], such as
stereolithography (SLA), selective laser sintering and digital light projection, where

the 3D structures are realised by exploiting a layer-by-layer approach from a series of



Chapter 1 Introduction 3

transverse-plane image slices. However, these approaches can reach a resolution of
only a few micrometres, and there is a more limited availability of materials capable

of featuring biocompatibility and photosensitive properties simultaneously [20].

Table 1.1: Comparison between the performances of the different fabrication

techniques used in manufacturing neuron-inspired structures.

Dimension Techniques Mmlmurn Available Materials | Fabrication method
feature size
Electron beam Polymers, metals, . .
<.
D Lithography [17] 20 nm semiconductor Pointby point
UV mask Polymers, metals,
Lithography[19] 25 pm semiconductor Layer by layer
Stereolithograph 100 pm Polymers Layer by layer
y [19]
Digital light
projection [20] 25 um Polymers Layer by layer
]jr[':n?i(lilgt[llv ;] 0.5 mm Polymers, hydrogels Point by point
3D direct laser
writing [23] 9nm Polymers, hydrogels Point by point
based on TPP

However, because BNNs possess extraordinary connectivity and complexity in 3D
space at the sub-micrometre scale [21], previous neuron-inspired structures fabricated
by these techniques are either limited to a 2D surface or lack resolution in 3D space,
and most are generally very simple 2D structures, such as microholes, micro-cages,
micro-grooves, woodpile structures or random large-scale structures in 3D. These 2D

or 3D structures do not represent the structural complexity of BNNSs.

This has prompted discussion on the fabrication of ideal neuron-inspired structures
[22], which requires innovation in fabricating 3D neuron-inspired structures at the

sub-micrometre scale from three aspects:

1. Neuron-inspired structures should have 3D features that emulate the structural
features of BNINs at the micrometre scale.
2. Neuron-inspired structures should provide tuneable mechanical properties

ranging from several Pa to several GPa.
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3. Neuron-inspired structures should be biocompatible.

As shown in Table 1.1, among fabrication techniques, 3D direct laser writing (DLW)
based on two-photon absorption (TPA) [23] is attracting interest because it is a
promising and versatile tool in fabricating precise and arbitrary 3D structures with a
sub-micrometre feature size (see Figure 1.2b). Most importantly, 3D DLW is the only
method that can fabricate 3D neuron-inspired structures at the sub-micrometre scale.

(a) Single photon absorption Two photon absorption
: = I

(b) \ ¢

owm

Figure 1.2: Photon polymerisation techniques. (a) Experimental figures showing
single-photon absorption and TPA [24, 25]. (b) Schematic diagram showing single-
photon polymerisation and two-photon polymerisation.

3D DLW based on TPA [26, 27] employs a femtosecond laser source that is able to
pass through a transparent photosensitive material (transparent to the wavelength that
is used and highly absorptive at corresponding wavelength) where, by controlling the
direction of the laser beam and/or using a motorised stage, it is possible to ‘write’
directly inside the material in extremely confined regions (hundreds of nanometres)
called voxels. Development of 3D DLW has offered many solutions in varied fields,
such as photonics [28], biomedical science [29], solar energy [30] and optical data
storage [31].

Apart from the advantage of high fabrication resolution in 3D space, 3D DLW also

embraces a wide range of photosensitive materials, which can be used in 3D DLW for
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different applications, such as dedicated polymers [32,33], composite materials [34]

and biocompatible materials [35].

Recent research utilising 3D DLW in building biomimetic structures includes red cell
structures [36] and gecko feet structures [37]. However, none of these focus on
emulating the complexity structures in BNNSs in brain science. Therefore, there is an
urgent need to introduce novel models in 3D DLW to fabricate 3D neuron-inspired

structures at the sub-micrometre scale.
1.2 Objectives of this PhD Project

The objectives of this PhD project can be summarised into four aspects:

1. Discovery of unique structural features in BNNs and mathematically defining

the corresponding structures

2. Identifying the challenges in the fabrication of these structures and finding
solutions to tackle these using 3D DLW

3. Exploring the relationship between structure and properties (such as
mechanical properties) based on experimental and theoretical study, to reveal

the physics principles and underlying mechanisms
4. Developing a biocompatible material suitable for 3D DLW.

The first motivation is to introduce ‘biomimetic design’ in neuron-inspired structures.
Biomimetic designs have recently received special attention because of their reported
adaptability in a wide range of applications [38]. The internal structures in BNNs
possess high complexity and connectivity, such as dendritic branch angles, branch
lengths and branch diameters from the millimetre down to the nanometre scale [39];
these are given particular attention in this thesis for their potential in the design of
biomimetic neuron-inspired structures. Several novel neuron-inspired biomimetic

designs are introduced in each chapter.
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The second motivation of this PhD project is to fabricate 3D neuron-inspired
structures at the sub-micrometre scale that emulate the structural features in BNNs
based on the 3D DLW technique, by making use of the fundamental understanding of
light-matter interactions under different fabrication conditions, such as laser power
and writing speed in photosensitive polymers and hydrogels. As the interaction of
laser beams with photosensitive materials is highly dependent on the conditions used
for the irradiation, it is the intent of this thesis to undertake a thorough investigation
into the influence of the different physical phenomena involved in the polymerisation
process as accessed by studies in the laser fabrication process, such as writing speed,

laser power, feature size and mechanical properties.

Another motivation of this thesis is to study the mechanical properties of neuron-
inspired structures fabricated by 3D DLW at the sub-micrometre scale. When the
feature size of microstructures decreases to the sub-micrometre scale, gravitational
force is negligible compared with capillary force and elastic strength of the
microstructures [40]. This size effect is a critical factor in determining the mechanical

stability of microstructures during the developing process in 3D DLW.

In addition, size effect also has a major impact on the mechanical performance of
neuron-inspired structures at the sub-micrometre scale [41]. When the feature sizes of
structures reduce to micrometre or nanometre scales, the mechanical properties of
these structures will undergo a size-affected transition. These properties include the
power-law scaling relationship among low-density microstructures [42], which is a
prevalent feature in biological materials. The mechanical properties of these structure
can be enhanced due to the size effect, such as Young’s modulus, stiffness, and yield
strength. Therefore, it is necessary to investigate mechanical properties, such as
Young’s modulus and yield strength of neuron-inspired structures fabricated by 3D
DLW at different scales.

Moreover, further studies in this thesis focus on developing a biocompatible hydrogel
suitable for 3D DLW, which can fulfil the requirement of future applications of 3D
DLW in biomedical science, and a detailed analysis to characterise the properties of

our hydrogel material specially designed for 3D DLW is performed.
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Figure 1.3: Concept of the thesis.

In summary, the concept of the thesis is shown in the flow chart in Figure 1.3. By
combining the fundamental principles of 3D DLW, biomimetic design and neuron-
inspired structures, the research work conducted in this thesis demonstrates that 3D
DLW is a powerful tool for fabricating neuron-inspired structures at the micrometre
scale. The knowledge obtained is of great potential for future applications in many
fields, such as biomedical engineering, biomimetic design for low-density materials

and future applications in biomedical engineering.
1.3 Organisation of the Thesis

The research work presented in this thesis explores both theoretically and
experimentally the fabrication of neuron-inspired structures using 3D DLW. Three

main research projects are presented.

Before beginning the main body of the thesis, a review of the major works related to
neuron-inspired structures and biomimetic design is provided in Chapter 2. Detailed
review and discussion of 2D and 3D neuron-inspired structures is presented in
Sections 2.2 and 2.3, to develop an understanding of the application of neuron-
inspired structures in different communities. Section 2.4 offers a discussion on
biomimetic designs. Two principles of biomimetic design adopted in scientific
research related to 3D DLW are discussed in this section, with a focus on ‘nature as
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model’ and ‘nature as a mentor’. The basics, practical limitations of and recent

developments in the 3D DLW technique are discussed in Section 2.5.

The fabrication conditions used during laser fabrication not only affect the fabrication
feature size of the 3D neuron-inspired structure, but also have a crucial influence on
the mechanical stability of neuron-inspired structures through the drying process after
the laser fabrication. Chapter 3 performs a detailed study to understand the
mechanism behind the phenomenon by introducing a novel mathematical model to
describe the capillary force effect. Section 3.1 discusses the concept of the project, in
which BNNs are directly used as biomimetic models. Section 3.2 discusses the effect
of fabrication conditions on feature size in 3D DLW. Section 3.3 introduces a
branching model to describe the capillary effect during the developing process.
Section 3.4 argues that branching structures can be fabricated under optimised
fabrication conditions, and that several 3D biomimetic structures can be fabricated.
Characterisation of the fabricated structures is performed using a scanning electron

microscope (SEM) and an optical fluorescent microscope.

In Chapter 4, BNNs are introduced as a mentor. A novel biomimetic design is
introduced, inspired by the ‘shortest connection distance’ in biological neurons. The
history of Steiner tree structures and the relationship between the structural features of
BNNSs are discussed in Sections 4.1 and 4.2. An analytical discussion of the relative
density of the Steiner tree structures is provided in Section 4.3. In Section 4.4, the
influence of laser fabrication conditions, such as laser power (P), writing speed (s) and
galvo-dithering) on the feature size, relative density and mechanical properties of
microstructures are studied. The mechanical properties of the fabricated 3D Steiner
tree microstructures are theoretically and experimentally studied in Sections 4.5 and
4.6. Section 4.7 compares the theoretical and experimental results. A conclusion for

the chapter is given in Section 4.9.

Chapter 5 introduces a novel biocompatible hydrogel suitable for 3D DLW in future
applications in biomedical science. Section 5.2 introduces the principles in the
selection of the photoinitiator and hydrogel precursor. Section 5.3 demonstrates the

properties of our selected components for the photosensitive hydrogel. Section 5.4
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focuses on the confirmation and study of laser fabrication conditions by
experimentally characterising the optimised laser power and writing speed. Section
5.5 concerns the demonstration and characterisation of the reversibility of the
hydrogel microstructures fabricated by 3D DLW. Section 5.6 introduces a neuron-
inspired fractal structure fabricated under optimised conditions. Section 5.7 concludes
with a discussion of the characteristics of our novel biocompatible hydrogel.

The thesis concludes with Chapter 6, which summarises the work presented in the
previous chapters. An outlook for future work related to this topic is provided, with

three aspects nominated as potential future projects.






Chapter 2: Literature Review

2.1 Introduction

Design, fabrication and characterisation of neuron-inspired structures has been a very
active research field over past decades. Neuron-inspired structures are 2D or 3D
structures that emulate the structural features in BNNs. Much effort has been made to
design, fabricate and characterise various kinds of neuron-inspired structures in
different materials using different fabrication technologies. In this chapter, we first
review the structural features of BNNs, and summarise recent developments in 2D
and 3D neuron-inspired structures. In addition, biomimetic design is discussed in this
chapter, because it has been widely investigated and studied for different applications
in different fields, in line with the diversity and complexity of nature. Principles and
practical limitations of and recent developments in 3D DLW are also discussed in this

section.
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2.2 Review of the Structural Features of Biological Neural Networks

10 pm

Figure 2.1: lllustration of multiple scales of structural features of BNNs. (a) The
macroscale (mm?): fluorescent image of brain regions and pathways. (b) The
mesoscale: fluorescent image showing neuronal circuitry consisting of neurons
connected with each other. (c) and (d) The microscale (nm-pm): fluorescent images of
individual neurons and synapses.

The brain, also technically a BNN, is regarded as the information processing centre in
animals [43]. It collects information, react towards the information and store the
information as memory reference, therefore, various life can be possible. The first
studies on structural features of BNNs were conducted in 1899 by a Spanish
neuroscientist Santiago Ramon y Cajal [44]. Figure 2.1 (c) is a typical fluorescent
image of a single neuron, which consists of multiple branch structures, called
dendritic structures (axons and dendrites), made of membrane. Diameters of axons

and dendrites range from several hundreds of nanometres to 2~5 micrometres [45].

BNNs are complex 3D network structures organised on multiple spatial scales [46].
Generally speaking, BNNs consist of millions of individual neurons connected to each
other. Taking the human brain as an example, it consists of 10 neurons, with each
neuron connected to at least 10,000 other neurons through synapses. Typically, three
scales of organisation may be distinguished (see Figure 2.1): from the macroscale to

the mesoscale, and down microscale of single neurons and synapses. The scale ranges
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from mm? (distinct brain areas) to um?® (neuronal circuit), and to nm scale (single

neurons and synapses).
2.3 Review of Neuron-inspired Structures

2.3.1 Neuron-inspired structures in two dimensions

2D neuron-inspired microstructures were first introduced with the development of soft
lithography or 2D fabrication techniques based on EBL or UV mask lithography.
Many kinds of 2D structures have been designed and fabricated with different

materials.

Figure 2.2: 2D neuron-inspired structures fabricated by different techniques. (a) SEM
image of a single neuron on a pattern of extracellular matrix proteins deposited via
microcontact printing [47]. (b) Fluorescent image of a triangle neuron network
structure made of micro-holes providing an environment for neuron growth and
neuron connection [48]. (c) Neuro-cage manufactured on an electrode [49]. (d) A
PDMS network structure made of micro-holes [50]. (e) Micro-walls fabricated to
polarise the growth of axons for microfluidic culture platform [50]. (f) Microplates
structures fabricated in constructing arbitrary neuronal networks [51].

The most frequently used neuron-inspired structures are micro-holes, micro-grooves,
openings and wells. These structures can be etched into a 2D substrate [52] with
different connection patterns. A triangle neuron network of micro-holes with closest
neighbour interconnections has been manufactured using mask lithography [53] to

entrap neurons and guide their neurite growth. With structures such as micro-holes


https://www.sciencedirect.com/science/article/pii/S0165993616000200#bib0080
https://www.sciencedirect.com/science/article/pii/S0165993616000200#bib0090
https://www.sciencedirect.com/science/article/pii/S0165993616000200#bib0130
https://www.sciencedirect.com/topics/chemistry/microfluidics
https://www.sciencedirect.com/science/article/pii/S0165993616000200#bib0140
https://www.sciencedirect.com/science/article/pii/S0165993616000200#bib0145
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[54], immobilisation of neuron cells can be achieved using micro-tunnels. Examples

are shown in Figure 2.2.

Other 2D microstructures such as barriers have also been fabricated and have proven
very effective in neuron culturing for neural axonal connection repair, regeneration
and transport with the help of microfluidic technologies [55]. Depending on the
design of microfluidics, these 2D microstructures can also facilitate independent
biochemical analyses of these components [47]. Single neurons can also be isolated at
given spots with the help of these simple 2D microstructures [50]. In addition, these
2D microstructures can be fabricated with different degrees of roughness [49], or
different shapes as physical barriers interconnecting larger components [50].
Unidirectional connections of biological neurons can also be achieved by tuning the
compartment sizes [51]. Nanowires are a good candidate in providing better nutrient
flow diffusion in the surrounding environment in neuron culturing. Such physical

guidance of neuron growth can also be achieved using microplates [52].

Recent developments in neuron-inspired structures include those designed and
fabricated by nature forms, such as the vein structure in leaves [56] (see Figure 2.3).
Recent work [57] focuses on design and fabrication of multichannel microstructures
inspired by other natural structures such as kites, snow and stomachs. These
microstructures are fabricated by micropatterning or micro-moulding, generally based
on mask lithography. Even though these structures are complicated, they are generally

limited to 2D substrates.
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Figure 2.3: Nature-inspired 2D microstructures for neuron tissue engineering. (a) The
10 different PDMS channel structures investigated in [57]. Multichannel structures
inspired by snow, kites, side kites, and so on, fabricated by EBL. (b) Perusable
network structures in the hydrogels inspired by natural leaves [58], using micro-
moulding or micropatterning technique based on UV mask lithography.

2.3.2 Neuron-inspired structures in three dimensions

As summarised above, traditional methods for fabricating neuron-inspired structures
for neural tissue engineering are generally limited on 2D surfaces. One obvious
disadvantage is that 3D spatial extensions of axons and dendrites during neuron tissue
engineering could not be achieved. Consequently, the development of 3D fabrication
techniques that facilitate 3D neuron-inspired structures is of great importance in

mimicking the structural features in BNNs.
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Figure 2.4: 3D additive printing of bioengineered brain-like cortical tissues fabricated
in [58]. (a) 3D assembled tissue structures made of several concentrically doughnuts
made of silk scaffolds dyed with food colour. Scale bar is 1 cm. (b) Fluorescent
images of layered structures cultured with different primary rat cortical neurons, live-
stained with Dil in red and DiO in green. Scale bar is 1.5 cm.

Recent developments in 3D additive printing techniques have demonstrated its great
potential in building large-scale 3D neuron-inspired structures in the field of neuron
tissue engineer (Figure 2.4 (a) and (b)). Hydrogel-made 3D brain-like structures
consisting of primary neurons have been created with a peptide-modified biopolymer
[59, 60]. This technique has been used for the creation of intricate functionalised 3D
brain-like modulars formed from cortical tissue, kept alive for months in vitro. 3D
architectures that compartmentalise biological tissues have also been achieved by 3D
additive printing using silk-collagen protein scaffolds and hydrogels, which have then
been used to build 3D brain-like tissue seeded with primary cortical neurons. One
obvious disadvantage of these 3D neuron-inspired structures is that the connections
between neurons are randomly patterned. The fabrication resolution of traditional 3D
additive printing limits its capability to create 3D neuron-inspired structures with

micrometre- or nanometre-scale resolution.
2.3.3 Materials for building neuron-inspired structures

This section presents a brief overview of new advances in biomaterials for building
neuron-inspired structures for neuron tissue engineering. Materials that have been
used in neural tissue engineering include organic or inorganic polymers; traditional
inorganic nontoxic materials and natural materials (see Table 2.1). Generally, these

materials focus on emulating the stiffness in BNNs, from several Pa to several GPa.



Chapter 2 Literature review 17

Comparisons of these materials across several factors are also shown in this table,
such as biodegradability, mechanical strength (Young’s modulus) and fabrication

methods.

Table 2.1: Materials applied for building neuron-inspired structures.

Biomaterials Biodegradable Fabrication method Mechanical
strength
PDMS [62-66] low 2D mask lithography/EBL MPa
Silicon wafer
[67-60] no EBL GPa
PLA [70] low 2D mask lithography MPa
hydrogel [76,77] high 2D mask lithography/3D DLW Pa-kPa
Collagen gel ) .. . Pa-kPa
[73.74] high 3D additive printing
Gelatin [73] high 3D additive printing kPa
SU-S[E/);)]lymer no 2D mask lithography/3D DLW GPa
Parylene [72] low 3D additive printing kPa

Polydimethylsiloxane (PDMS) is the most widely used material in building neuron-
inspired structures for neuron tissue engineering [61-64] due to its advantage of easy
processing in fabrication and biocompatibility. Several works have been published
using 2D lithography to fabricate PDMS microstructures to promote spatially resolved

adhesion of neuron cells.

Nontoxic and inorganic materials such as silicon wafer [65-67] have been used to
fabricate neuron networks with well-defined geometries on semiconductor substrates,
enabling a non-invasive observation and detection of neuron activity at an individual
neuron scale. These structures enabled the outgrowth of neurons and the formation of

synapses inside structures fabricated by 2D mask lithography.

Photocurable polymers such as 4-arm photocurable poly-lactid acid (PLA) [68] and
SU-8 [69] (a commonly used epoxy-based negative photoresist) are both used in
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fabricating microstructures for neuron tissue engineering, such as micro wells and
woodpile structures. Parylene [70] has also been used for the fabrication of

microstructures in neuron tissue engineering.

Using 3D additive printing, collagen gel [71,72] was also used to build novel
implantable devices to deliver a tethered aligned collagen guidance conduit containing
Schwann cells into a peripheral nerve injury site. The advantage of collagen is that
few people possess humeral immunity against it, and a simple serological test can
verify if a patient is susceptible to an allergic reaction in response to this collagen-
based biomaterial. Similar materials such as gelatine [73] can also be used in creating
substrate for neuron tissue engineering. And, collagen can be easily obtained from

mammals, such as rats, bovines and humans.

Biodegradable hydrogels [74,75] have attracted significant attention over the past five
years because they have favourable characteristics for neuron tissue engineering, such
as easiness in processing, a highly hydrated environment similar to that in biological
cases for biological tissue growth, the ability to construct in vivo, and especially,
recent development of fabricating hydrogel microstructures using 3D DLW. Many
other properties are of great importance to the design of a hydrogel scaffolds, such as
stimulus swelling, tuneable mechanical properties, and bio-degradation. These
characteristics are a result from the crosslinked network structures of the hydrogel
molecules, which can be tailored via adjusting the processing conditions during the

fabrication process.
2.4 Biomimetic Design

As discussed in Chapter 1, novel models in designing of neuron-inspired structures
are urgently required. The solution lies in the field of ‘biomimetics’. Here, a
discussion of biomimetic design is given, from which two important design principles

can be generalised.
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2.4.1 Introduction

Inspired by natural/biological solutions at macro and nanoscales, biomimetics is a
multidisciplinary field that has given rise to new understanding of fundamental
science and technologies. The primary goal of biomimetics is to conduct an in-depth
understanding of the solutions and strategies that have evolved over time in nature and
their potential implementations in science and technology practices. Therefore, the
scope of biomimetics focuses on the design, fabrication and characterisation of

nature-inspired structures for different application purposes.

In line with the diversity and complexity of nature, biomimetic design has been
widely investigated and studied for applications in different fields, such as
construction and architecture [76], structural materials [77], self-healing materials
[78], surface science [79], nanophotonics [80], biomedical engineering [81], solar cell
design [82] and energy storage [83]. For instance, the generation of colour in natural
photonic crystals that reflect light at certain wavelengths can be found in various
species, including butterfly wings [84]; the artificial replication of this biomimetic
structure, called a ‘gyroid’ lattice, shows a circular dichroism in the near-UV

wavelength region, shorter than that exists in the natural butterfly wings of C. rubi.
2.4.2 Design principles of biomimetic structures

Many review papers and articles discuss the propositions put forward to categorise the
families and design principles of biomimetic structures. The first codification of
biomimetic structures was introduced by Janine Benyus, a science writer and lecturer
in environmental science. Her 1997 book entitled ‘Biomimicry: Innovation Inspired
by Nature’ summaries recent findings in a variety of fields, from science to
engineering, that could be traced to investigations into the designs and processes
found in nature. A number of propositions are put forth in the book to effectively
illustrate the current trends and principles of biomimetic structures and related

research fields.
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In general, the design of biomimetic structures must incorporate knowledge of
features of natural forms. There are generally two design principles that have been

widely used in the design of biomimetic structures [85,86]:

e Nature as a model: Biomimicry is a science that studies the models in nature
and emulates or takes inspiration from their designs and processes to solve

human problems.

e Nature as a mentor: Biomimicry is also a novel way of viewing and valuing
nature, based not only on what we can extract from the natural world, but also

on what we can learn from it.

2.4.2.1 Nature as a model

Figure 2.5: Nature as a model. (a) Gecko feet structure. (b) Bio inspired gecko feet
structures to selectively trap and release micro objects (shown in the inset) fabricated
by 3D DLW. Scale bar is 10um.

Natural structures can directly use as models for artificial counterparts. For example,
as shown in Figure 2.5, by directly mimicking the self-assembly structures in gecko
feet structures, a micro pillar system fabricated by 3D DLW [87] can be used to
selectively trap and release micro objects; this has many potential applications in the
fields of biomedical research and tissue engineering. In addition, biomimetic red
blood cells fabricated by 3D DLW that directly emulate the structure of biological red

blood cells have also been fabricated [36]. These biomimetic structures directly mimic
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the structural features in biological parts at the scale of the micrometre to

nanometre and have proved to be very useful in various fields.

2.4.2.2 Nature as a mentor
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Figure 2.6: Nature as a mentor and nature-inspired low-density structures from
mathematically defined ‘minimal surface’. (a)-(c) A natural bubble system,
mathematical formula of Kelvin foam introduced by Lord Kelvin, and artificial
Kelvin foam structures. (d)-(f) and (g)—(h) A natural bubble system between water
and oil with minimal surface area, triply minimal surface area structures of P-surface
introduced by HA Schwarz, artificial octet-truss structure and Kagome trusses. (i)—(k)
Natural butterfly wing structure (SEM image), mathematically defined gyroid surface

and artificial gyroid lattice structures.
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Evolution in nature has also found a way to achieve high efficiency in various aspects,
such as a high surface area to volume ratio, maximum structural strength, maximum
enclosed volume, high strength-to-weight ratios and self-similar fractal structures
[87]. Inspired by these features, biomimetic devices or structures have been designed
with high efficiencies, such as high capacity in energy storage [88], ultra-light and
ultra-stiff mechanical metamaterials [89] and architecture [90].

Natural foams such as honeycomb, wood, trabecular bone, coral and artificial
synthesised polymer foams not only have low weight density (in a given application)
[91], but also exhibit outstanding strength-to-weight ratios (see Figure 2.6). Inspired
by these natural foams, various biomimetic lightweight/ low-density structural
materials with feature sizes ranging from micrometres to nanometres have been
manufactured using advanced manufacturing methods, such as gyroid lattice [92],
ultra-light metallic micro lattices [ 93], ultra-light and ultra-stiff mechanical
metamaterials [94] and ceramic Nano lattices [95]. Compared with the natural
lightweight foams, biomimetic lightweight structural materials have better properties,
such as higher mechanical strength, better recoverability [96], longer range of optical
response [84] and better thermal conductivity and electric conductivity. Because of
this better performance, these lightweight materials have shown great importance as
filters, catalyst carriers, metamaterials, photonic crystals and scaffolds for tissue

engineering [97].

Other work has used fractals for the design of supercapacitors [98]. In 2015, inspired
by the fractal structures of fern leaves and characterised by the geometric family of
space-filling curves of fractals, a new design for biomimetic laser scribed graphene
electrodes for solar energy storage was introduced. By using the fractal design, the
ratio of active surface area to volume of the electrodes was significantly increased,

removing the limit of conventional planar supercapacitors.
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2.5 Three-dimensional Direct Laser Writing
2.5.1 Introduction

Compared with traditional advanced manufacturing techniques, 3D DLW is a cost-
effective, single-step nanofabrication technique. It has been developed over the past
two decades [99], with several commercial systems in the market. The technology
enables the fabrication of complicated 2D and 3D structures with resolutions as small
as 9 nm via the use of advanced techniques [100] such as STED-based laser

fabrication.
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Figure 2.7: Various microstructures fabricated using 3D DLW for different
application purposes. (a) Bull sculpture produced by 3D DLW, scale bar is 2 um. (b)
Elastic fully 3D microstructure scaffolds for cell force measurements fabricated by 3D
DLW. (c) Photonic crystal fabricated by 3D DLW, scale bar is 5 um. (d) Ultra-strong
material made of hexagons fabricated by 3D DLW, scale bar is 1 pm.

The vast range of applications of 3D DLW includes biomedical [ 101 ],
telecommunication [102], micro-optics [103], optical data storage [89], photonics
[104], the fabrication and patterning of low-dimensional materials [91] and micro-

electronics [105].
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2.5.2 Principles of three-dimensional direct laser writing
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Figure 2.8: Diagrams showing the principle of 3D DLW based on two-photon
polymerisation (TPP). (a) Schematic diagram showing the fabrication process of 3D
DLW. (b) Diagram showing the TPP process during 3D DLW.

Effective intensity

The 3D DLW method generally uses an ultrafast laser, such as femtosecond or
picosecond laser beams [106]. The laser beam source is tightly focused on a
diffraction-limited focal spot, using an objective made of different numerical
apertures (NAs) to form a tightly focused intensity of light (see Figure 2.8 (a)).
Transparency at the wavelength of the involved laser beam and uniformity of the
sample are necessary to obtain high-quality structures. However, because of the tight
focus condition, when high intensity is achieved, within this region, nonlinear
reactions such as TPA [23] arise (see Figure 2.8 (b)), which triggers reactions such as
crosslinked photo-polymerisation, or photo-reduction of inorganic materials. Because
of the nonlinearity of these photo-reactions, nonlinear reactions can only take place
within the focal region in which effective intensity stays the highest, leaving the
surrounding material comparably intact. Therefore, by introducing a 3D translation
stage, the sample can be moved with the focal spot drawn inside it while designed 3D
structures can be traced out. In this sense, 3D DLW is regarded as a low-cost
fabrication technique capable of fabricating 3D microstructures at a very fast speed
[107].

Line width (feature size) and writing resolution are the two most significant features

determining the dimensionality and feature size of the microstructures in 3D DLW.
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The line width and the writing resolution fabricated by 3D DLW are sensitively
determined by the joint contribution of the following three factors in a 3D DLW
system [108]:

e laser source and equipped optics,
e photoresist or photosensitive material,
¢ photoinitiator and monomers (precursors).

In case of the laser source, two types of laser sources can be used in 3D DLW: CW or
pulsed laser. Parameters such as excitation wavelength of the laser source and
repetition rate of the laser pulse are of great significance to the performance of the
system. This is because all of these parameters have an impact on the final
characteristics of the microstructures [109]. Performances of optics devices that are
used in the fabrication system are also critical for the feature size; for instance, the
focusing distance (focal length) and numerical aperture (NA) of the objective lenses
will influence the beam quality and focusing quality of the laser. The properties of the
photoresist also play an important role because of the polymerisation mechanisms
(typically radical polymerization or cationic polymerization), degree of crosslinking
between the polymer molecules, which is related to the subsequent change in the
physical phase of the resist. And the propagation and termination of the active
polymeric chains between one another are also very important in 3D DLW [110].

The nature of TPA process greatly helps the reduction of the fabrication feature size
in 3D DLW [111]. Nonlinear absorption of photons in TPA depends on the square of
the illumination intensity (see Figure 2.8 (b)), and therefore, the profile of the
exposure dose is different compared with the shape of the focal intensity volume, as it
Is in the traditional one-photon DLW case. The size of the exposure dose in x-y plane

equals to that of the focusing volume, which is smaller than the full width at half

maximum, by a factor of V2 [112],

A

2v2NA (2.1)

line width (nm) =
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Therefore, photosensitive reactions occurred in the polymerisation of the photoresist,
along with the crosslinking of the polymer molecules, a threshold effect can be
observed (see Figure 2.8). Hence, when the crosslinked polymerisation concentration
increases over a certain value, an irreversible phase change in the photoresist (e.g.,
from liquid to solid) will occur in the middle part of the focal region. In contrast, in
those parts of the focal region where illumination intensity is lower (surrounding area
of the focal region), the density of the crosslinked polymerisation is below the
required threshold for incomplete phase change to occur; this is removed later during
the developing process (bath in a certain kind of developing solvent). Since the value
of polymerisation threshold is determined already for a given photoresist, it is
necessary to slowly decrease the illumination intensity of the laser source until the
illumination intensity goes slightly higher than the value of the threshold, where the
smallest feature size (under the diffraction limit compared with single-photon

polymerisation) can be obtained (please refer to Equation (2.1)).
2.5.3 Schemes of three-dimensional direct laser writing

3D DLW is a well-developed technigue in the fabrication of 3D structures with nano-
and micrometre feature sizes. In general, in 3D-DLW, a (pulsed) laser is tightly
focused on a diffraction-limited spot within the volume of a thick-film photoresist.
Taking advantage of a super-linear effect (e.g., two photon absorption), the exposed
volume can be restricted to a small volume element, the voxel, which is then scanned
in 3D to obtain arbitrary structures. Typically, two schemes of 3D DLW are used in
this field (see Figure 2.9).
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Figure 2.9: Two schemes of 3D DLW. (a) Focusing scheme of traditional 3D DLW
optical lithography. (b) Focusing scheme of dip-in 3D-DLW approach. Figures are
from [113].

Traditional 3D DLW (see Figure 2.9 (a)) involves a high NA objective lens, emersion
oil, substrate and photoresist. However, with the limited working distance of the
microscope objective lens and the aberrations arising from the refractive index
mismatch between glass substrate and photoresist, this method has a limited
obtainable height. Typically, the overall height of 3D DLW using this scheme is only

tens of micrometres.

Recent developments in 3D DLW have utilised a novel method named ‘dip-in’ 3D
DLW (see Figure 2.9 (b)). A liquid photoresist is used as the immersion medium
between the focusing lens and the sample (photoresist), which does not necessarily
need to be transparent. Therefore, structures with height even up to millimetres along

with sub-micrometre feature sizes can be easily fabricated.
2.5.4 Practical constraints of three-dimensional direct laser writing
2.5.4.1 Voxel formation

While theoretically speaking, 3D arbitrary microstructures could be fabricated
utilising 3D DLW, there are several practical constraints. First, the 3D writing voxel
(or pixel) that is used to trace out and fabricate the microstructures has a fundamental
limitation on this feature size. As discussed above, the exact minimum feature size

that can be achieved in 3D DLW depends on the photosensitive material and
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wavelength/frequency of the laser in use. For instance, commercially available
photosensitive polymers such as IP-L [114], Ormocer [115] and SU-8 [116] generally
have comparably small voxel size, about 100 nm in the x-y plane and 300 nm in the z-
direction. The inequality of sizes in the x-y plane and z-direction of the voxel is a
result of the unavoidable elongation from the focusing of the lens in the focusing
region [117]. This elongation is even worse when the refractive index of the
photosensitive materials increases, such as in chalcogenide glass, or when unexpected

spherical or birefringent aberrations are introduced in the system [103].
2.5.4.2 Structural integrity and shrinkage

The second practical constraint is integrity of the microstructures; in other words, the
mechanical stability of the 3D microstructures. An inevitable drawback related to 3D
DLW of any photoresist is lack of mechanical strength to form stable structures and
resulting deformation such as shrinkage [118,119]. This lack of mechanical strength
results from reducing the laser power (intensity) when fabricating smaller feature
sizes. For each design of 3D microstructure, these mechanical requirements must be
taken into consideration; fabrication conditions and strategies should be carefully
designed corresponding to their unique structural features, such as square [120] or
circular cross-section [121] structures to provide enough mechanical support for the

stability of the microstructure.
2.5.4.3 Crosslinking density

As we discussed above, the shrinkage of 3D microstructures poses a huge challenge in
3D DLW. This can occur both during and after the laser fabrication process and both
are related with the crosslinking density during the fabrication. During the laser
fabrication or polymerisation process, the mass density of the photoresist is increased
due to the phase change (from the liquid to the solid, larger volume to smaller
volume), therefore, the generated 3D microstructures have the potential to shrink
[122]. Additional shrinkage happens during the developing process to remove the un-
polymerised materials [123]. This additional shrinkage originates from the laser
fabrication process and is highly dependent on fabrication conditions. During the

developing process, capillary forces experienced by the structures during drying



Chapter 2 Literature review 29

process can easily exceed the elastic strength of the fabricated 3D microstructures
[121]. Eiffel-tower-like deformation can be generally observed, in which the

shrinkage leads to more volume loss further from the solid surface.

Various commercial photosensitive materials, such as Epon and SU-8, have been
introduced to minimise shrinkage or with optimisation for low shrinkage purposes.
Some other strategies in compensating for shrinkage are focused on the 3D design of
the structure appropriately; for example, by using inverse shrinkage volume, the
shrinkage of woodpile-like structures can be almost eliminated [124]. In addition,
increased shrinkage can also be used to enhance the fabrication resolution, when the

microstructure is designed appropriately.
2.5.5 Recent developments in three-dimensional direct laser writing

In regard to solving the practical limitations of 3D DLW based on single-beam
fabrication, recent developments in 3D DLW have witnessed several technical
improvements to tackle the problems discussed in Section 2.5.4.

2.5.5.1 Reduce feature size beyond diffraction limit

Traditional single-beam two-photon DLW requires a high energy dose to polymerise
the materials; therefore, by adjusting the laser energy dose and exposure time, the size
of polymerisation can be changed. However, this method sacrifices the polymerisation
rate during fabrication, resulting in a microstructure with very low-level mechanical
properties. Inspired by the invention of the stimulated depletion (STED) microscope
[125], super-resolution two-beam laser fabrication has been developed based on

similar mechanisms.
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Figure 2.10: Two-beam super-resolution photoinduction-inhibited nanolithography
(SPIN). (a) Ilustration of the principle of two-beam SPIN lithography [84]. (b)
Decrease of the fabricated feature size by increasing the inhibition beam power.
Smallest feature size 9 nm. Scale bar 100 nm.

Fourkas [126], McLeod [127], Menon [128] and their research groups proposed and
experimentally achieved super-resolution laser fabrication technique based on STED
mechanism in 2009. The principle of two-beam super-resolution laser fabrication is
that during the laser-induced polymerisation process, a second laser beam, called the
‘inhibition beam’, is introduced to inhibit the polymerisation. Because the second
beam is a doughnut shape, effective polymerisation can only be achieved in the centre
part of the two laser beams (see Figure 2.10 (a) and (b)). This method not only
effectively reduces the laser fabrication feature size but maintains a very high
polymerisation rate and correspondingly high mechanical properties. In 2013, Gu
[129] and his research group achieved a world record with a single line feature size of
9 nm (see Figure 2.10 (c)) and two-line resolution 52 nm. The super-resolution laser
fabrication technique pushes the fabrication resolution of the TPP technique from the
sub-micrometre scale to the nanometre scale. It has been demonstrated that two-beam

SPIN lithography can not only achieve super-resolution feature size, but also has
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stronger mechanical capability compared with single-beam DLW because of the
induction and inhibition process.

2.5.5.2 Compensate the elongation of writing voxel

As discussed above, the elongation of the writing voxel in DLW is a problem
resulting from the high NA of the objective, refractive index difference in the optical
system, and the polarisation state difference in the laser beam [104]. Several methods
have been proposed and tested to compensate for the elongation of the writing voxel
in laser fabrication. Some groups use mechanical compensation methods, such as
parallel superposition [102] and galvo-dithering [84]; others have proposed optical
compensation methods, such as optical slit [130] and adaptive optics [131] to tune the
beam profile before the objective. All these have been shown to have a great influence
on compensation for the elongation in the writing voxel and have been very useful in

different applications [132].
2.5.5.3 Improve fabrication efficiency

In general, the smallest feature size in 3D DLW is around 200 nm. By using the point-
by-point fabrication method, target microstructures can be achieved using nano
movement stages. Therefore, the fabrication efficiency and fabrication scale are all
limited by the nanostage. To speed up fabrication, Braun [133] and his group
proposed using scanning dithering mirror systems to achieve small scale of high-
speed fabrication. Instead of using a mechanical movement of the stage to fabricate,
the use of the rotation of a reflection mirror achieves the highest speed of 19 cm/s.
Other methods are also proposed to achieve parallel fabrication. Micro lens arrays
[134], optical diffraction devices [135] and spatial light modulators [136] have been
utilised to achieve multiple focusing fabrications. In particular, the use of spatial light
modulators not only achieves multiple focusing, but dynamically tunes the focusing
positions, intensities and polarisation states at each focusing point. In 2015, Gu [137]
and colleagues combined super-resolution laser fabrication and the multi-focus
technique to realise a writing and reading speed at KB/s with capacity of 30 TB in an

optical data storage device.
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2.5.5.4 Expand the material library

2.5.5.4.1 Inorganic materials for 3D DLW
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Figure 2.11: Two-photon fabrication technique in inorganic materials. (a) Fabrication
of conductive structures using a femtosecond laser beam used in photoresist doped
with ions. (b) Fabrication of microstructure arrays based on two-photon reduction in
metal ion solution. (c) Fabrication of a conductive graphene structure using two-
photon reduction of graphene oxide.

Traditional 3D DLW based on the TPP technique can only fabricate structures in
polymers. Processing of inorganic materials or metals can only be achieved using
atomic layer deposition and spin coating on the polymer structures. Recent
development of reduction of metal ions using a femtosecond laser based on TPA has
shown potential for many applications [138]. As shown in Figure 2.11 (a), metal ions
are first dispersed in the photoresist. After, with the illumination of the femtosecond
laser beam, photoresist in the focusing region polymerises, while the metal ions
experience photo-reduction. Thus, a conductive microstructure can be realised. Pure
metal microstructures can be also achieved if metal ions are dispersed in water [105],
with the aid of surfactant (see Figure 2.11 (b)). In addition, reduction of grapheme
oxide can also be achieved using a femtosecond laser [139] to reduce the oxygen

groups on grapheme oxide film (see Figure 2.11 (c)).
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2.5.5.4.2 Biocompatible hydrogels for 3D DLW

Biocompatible hydrogels have been utilised for many applications in biomedical
science, such as biosensors [101], self-healing materials [140] and contact lens [141]
because of their highly absorbent property in water, high flexibility and high
biocompatibility. Technically, hydrogel materials are a kind of organic material
composed of macro-molecules of polymer gel, constructing of a network of

crosslinked polymer chains.

Figure 2.12: 3D Biocompatible PEGDA hydrogel structures fabricated by 3D DLW.
SEM image of a 3D PEGDA hydrogel scaffold colonised by neuron cells [153].

Recent development of hydrogels focuses on the selection of photoinitiators that are
compatible with hydrogels for 3D DLW based on TPP. As shown in Table 2.2,
various types of photoinitiators [142-147] have been proposed and utilised in
fabrication of hydrogels based on TPP. Due to the high biocompatibility of the
materials, 3D scaffolds have been fabricated for cell cultures in tissue engineering
[148]. The high resolution of the TPP approach allows the creation of free-standing
microstructures, providing the effective development of a cell network throughout the
3D microstructure, promoting the formation of regeneration neurotic extensions for

individual neuron cells [149].
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Table 2.2: Comparative analysis of various photoinitiators in water solubility
and biocompatibility.

. Grps Water .
Year PI Chemical Structure (GM) Soluble Cytocompatible
2000 | Rose Bengal 10 Yes No
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O
2010 Irgacure 369 —~ N 7 No Yes
(Commercial) LN / N
2011 Irgacure 2959 Y 2 D & / Yes Yes
(Commercial) DA VP A
WSPI from Ek T S ,
2012 R = M TH Jorupne 120 Yes No
J. Stampfl e o?\ a & e
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2014 T, e 200 Yes No
M. Duan L._Lf,gjjzﬁi,y ¥
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2017 Y Zhao " o - 231 Yes Yes

2.5.6 3D DLW of bioinspired microstructures

Recent developments in 3D DLW have also been proposed and utilised in fabrication
of complicated bio inspired microstructures, such as red blood cell structures [36] and
ovarian cancer cells [150] (see Figure 2.13), which genuinely emulate the structural
features of their natural counterparts and have proved very useful in generating a
variety of cell-matrix studies in biology, providing insight into generating scaffolds
for tissue engineering. Another group fabricated biocompatible microstructures by
means of 3D DLW, demonstrating that these microstructures can be rhythmically

deformed by single beating cardiomyocytes [151].
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Figure 2.13: Bio inspired microstructures fabricated by 3D DLW. (a) Hydrogel red
blood cell microstructures of varied geometries fabricated using 3D DLW. (b) 3D
blood vessel structure (right) fabricated by laser renderings based on the model (left)
derived from mouse ventricle. The large feature indicated by the arrow is a blood
vessel.

2.6 Summary

In this chapter, we provided an overview of the structural features of BNNs and
current state-of-the-art development of neuron-inspired structures, biomimetic design,

material development and 3D DLW.

A general introduction to the structural features of BNNs was given in the beginning
of the chapter. Other neuron-inspired structures were also compared and summarised.
Dimensionality and scale for 2D and 3D neuron-inspired structures were discussed. In
addition, recent developments in nature-inspired structures were also discussed
because these are also utilised in neuron-related research. All these reviews provide us

a detailed understanding of the development of neuron-inspired structures.
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Biomimetic designs are considered a solution to many human-related issues, and a
detailed discussion of nature as a model and nature as a mentor was provided. We
utilise this concept to assist the design of neuron-inspired structures in this thesis.
When we regard neurons as a model, the branch structures of neurons can be used as a
biomimetic design. Chapter 3 focuses on fabrication of biomimetic neuron structures
based on this concept. However, if neurons are regarded as a mentor, a mathematical
model can be generalised as a biomimetic design for neuron-inspired structures.
Chapter 4 introduces a novel neuron-inspired structure based on this concept (Steiner
tree structures). A comprehensive study of the design, fabrication and characterisation

of this structure is given in Chapter 4.

The state of art development of 3D DLW discussed in this chapter showed the
principles and limitations of 3D DLW. As a generalisation of the challenges for our
fabrication of neuron-inspired structures at the sub-micrometre scale, we focus on

solving fabrication challenges for different fabrication designs.

Recent developments in using biocompatible hydrogels in 3D DLW show that
hydrogel is a promising material for fabrication of neuron-inspired structures. Chapter
5 introduces and develops a hydrogel suitable for 3D DLW. The TPP process is
studied, and optimal laser power and writing speed confirmed. Based on the swelling
behaviour of hydrogel, in Chapter 5, reversible shape microstructures are fabricated,

and characterised, and neuron-inspired fractal structures are also fabricated.



Chapter 3: Three-dimensional
Direct Laser Writing of

Biomimetic Neuron Structures

3.1 Introduction

Reproducing the structure of BNNs to create optimised biomimetic structures has
been an active area of research over the last decade, with many fabrication
approaches, such as EBL and soft lithography developed to build 2D biomimetic
neuron structures in a variety of materials including hydrogels [152] and silicon wafer
[153]. The recent development of 3D additive manufacturing has shown potential to
produce 3D large-scale biomimetic neuron structures using biocompatible inks
[154,155]. These biomimetic structures not only provide structural supports [156] and
direct neuron shapes [157], affect neuron differentiation [158], migration and
proliferation [159-161], but also have proved to reflect involvement in different
neuron functional tasks [162] because these structures provide varied mechanical and
biochemical cues. However, because BNNs possess extraordinary connectivity and
complexity with different dendritic branch angles, branch lengths and branch
diameters from the millimetre down to the nanometre scale [163,164], previous
methods to reproduce the topological features of BNNs are either limited to 2D or
lack fabrication resolution in building 3D structures. 3D DLW based on multiphoton
absorption, such as single-beam two-photon DLW [165] and two-beam SPIN [166],

has been widely studied and utilised to produce 3D micro and nano structures [167].
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In this chapter, we demonstrate the ability of 3D DLW to generate 3D biomimetic
neuron structures with various geometrical features of a sub-micrometre feature size.
We theoretically and experimentally demonstrate a semi-empirical theory, modelling
the capillary force induced during the developing process after laser fabrication.
Based on our theoretical model, complicated biomimetic neuron structures are
fabricated by directly implementing the neuron structural database of biological
neurons with optimum laser fabrication conditions. The size of our fabricated
biomimetic neuron structures is 10 times smaller than biological counterparts. This

work is published in Optics Express [168].

3.2 Concept of Three-dimensional Direct Laser Writing of

Biomimetic Neuron Structures

(a) (b) =z

Figure 3.1: Concept of 3D DLW of biomimetic neuron structures. (a) Illustration of
fabrication process of a typical 3D DLW system. (b) Diagram demonstrating the
process of building biomimetic neuron structures using 3D DLW.

The concept of using 3D DLW to fabricate biomimetic neuron structures is shown in
Figure 3.1. The structural data of biomimetic neuron structures are obtained from the
online neuron database neuromorph.org. After being processed by MATLAB, the
neuron structures are written by translation of the sample on the piezoelectric nano-

translation stage to trace out the structure in the sample (see Figure 3.1 (b)).
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3.3 Branch Features of Individual Neurons

Individual neurons are the basic topological and functional elements in BNNs.
Famous as a dendritic branching structure, the structural features of individual
neurons have been widely studied in neuro-morphology because of their unique
contribution between topological and functional relationships in BNNs [169-173].
Recent studies in neuronal morphology show that neurons come with different
branching angles (0°~90°), branching diameter(<um), and branching length (~um)
and branching orders [174, 175] (see Figure 3.2). The branching features of neurons
are regarded as fractal and self-similar using mathematical analysis methods to
describe the branching structure [176-178]. Branching features also been studied
using path optimisation theory [179,180], which shows that neuron branching
structures pursue the shortest connection distance between each neuron. Further,
topological features of individual neurons also play an important role in neuron
information processing and their involvement in neuron-environment interactions,

such as angiogenesis and metabolic exchange, has been studied.

(b)
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Figure 3.2: The branch tree of biological neurons and the morphological represented
model in micromorphology research. (a) A rat Purkinje neuron injected with a
fluorescent dye. Purkinje neurons are the major output neurons of the cerebellum. (b)
Branch structures consist of different branch angles (arbor angles), branch length and
branch order (arbor nodes).
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3.4 Challenges in Fabricating 3D Biomimetic Neuron Structures
Using 3D DLW

As we can see from the branching structures of biological neurons, fabrication of 3D a
biomimetic neuron structure using 3D DLW to emulate the branching features of

biological neurons faces several fabrication challenges.

First, the fabrication feature size needs to be smaller than 1 um. Biological neuron
structures possess feature sizes ranging from several micrometres to down to hundreds
of nanometres; therefore, it is necessary to understand the formation of the writing
voxel in 3D DLW, and the influences of fabrication conditions, such as laser power

and writing speed, on the feature size in 3D DLW.

Second, the branch structures of biological neurons are microstructures with high
aspect ratio. The stability of these high-aspect ratios of branch structures are greatly
influenced by the capillary force induced during the drying process after the laser
fabrication. In particular, when a thin elastic structure comes in contact with a liquid
interface, capillary forces can be sufficiently large to induce elastic deformations. This
effect becomes particularly relevant at small scales where capillary forces are
predominant, for example in microsystems (micro-electromechanical systems or
microfluidic devices) under humid environments, and thus much effort has been made

to eliminate its negative effects.

Therefore, when high aspect ratio biomimetic neuron structures are fabricated using
3D DLW, the dominant capillary force will drive them to collapse, cluster or be
destroyed. This detrimental phenomenon is highly dependent on the condition of the
scanning beam, and well within the scope of optical technology as part of applied
optics. However, previous studies in 3D DLW, such as the simple pillars model [181]
and a supercritical-point dryer [182], which focus on eliminating the detrimental
effects of capillary force, are not suitable for complicated neuron structures (being
either too complicated or too expensive). Novel model and theory must be introduced
to consider the effect of capillary force in 3D DLW and the effect of fabrication

conditions on capillary force during the developing process. Sections 3.5 and 3.6
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investigate the prospects for tackling the challenges in fabrication of 3D biomimetic

neuron structures.

3.5 Influence of Fabrication Conditions on Fabrication Feature Size
in 3D DLW

To fabricate biomimetic neuron structures that emulate the branch features in
biological neurons at the sub-micrometre scale, our first task is to understand how to
control the fabrication feature size in 3D DLW. 3D DLW, based on TPP, is a popular
nano fabrication method, where nonlinear TPA by the photoinitiators in the
photoresist starts the polymerisation reaction. The polymerisation reaction can be
confined into a small volume around the focal spot given that the excitation
probability of a single photoinitiator molecule via TPA depends on the square of the
incident light intensity.

Theoretically, given a 3D DLW system and a certain material used in 3D DLW, the
writing feature sizes in single-beam DLW based on TPP are defined by Equation (3.1)
in x-y plane and Equation (3.2) in the z-direction:

A
Ly = 2V2xNA (3.1)
__2.5%x4
L, = 2V2XNA (3.2)

in which A is the wavelength of the laser used and NA is the numerical aperture of the
objective. Therefore, for our experimental set up, the smallest linewidth that we can
achieve using the single-beam DLW system is approximately 150 nm in the x-y plane

and 375 nm in the z-direction.

Practically, the feature size produced by single-beam DLW is influenced by various
experimental parameters in the fabrication system, such as laser power, writing speed

and threshold of the photosensitive material.

Following an experimental model describing the linewidth formation in 3D DLW
[188], we present the fabrication of suspended polymer lines using our home-built 3D

DLW system in our zirconium-based organic—inorganic photoresist to investigate the
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influence of laser power and writing speed on the linewidth. This is because, in 3D
DLW based on TPP, the polymer line consists of the voxel. The width of the polymer

line is the diameter of the voxel in the x-y plane and the height of the line is the height

of the voxel in the z-direction.
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Figure 3.3: Two-photon fabrication linewidth as a function of laser power and the top
view of the SEM images of suspended polymer lines fabricated at constant writing

speed of 10 pm/s with laser power ranging from 0.50 mW to 4.50 mW. The side view
of the lines in the inset.

To determine the laser threshold and linewidth of the as-prepared photoresist, polymer
lines were fabricated at a constant writing speed of 50 um/s. The relationship between
the linewidth and laser power at a linear writing speed of 10 um/s was confirmed by
adjusting the laser power from 0.5 mW to 4.5 mW. As shown in Figure 3.3, it can be
observed that the resolution improves as laser power decreases, which is consistent
with previous results reported by our and other groups [189]. In the laser threshold of
1.0 mW, the line width is around 300 nm (Figure 3.4). When the laser power is 8.0
mW, the line width is larger than 2,500 nm. It can be found that the height of the lines

Is 2.5-2.6 times the width, in accordance with previous studies [190].
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Figure 3.4: Two-photon fabrication linewidth as function of writing speed and the top
view of the SEM images of suspended polymer lines fabricated at a constant laser
power of 1 mW with the writing speed ranging from 5 pm/s to 50 um/s. The side view
of the lines in the inset.

Similarly, the relationship between the line width and writing speed at the given laser
power of 1 mW was confirmed by adjusting the writing speed from 5 um/s to 50
um/s. As shown in Figure 3.4, resolution falls as the writing speed increases. At the
writing speed of 50 um/s, the line width is 475 nm, and the height of the lines is 2.5—
2.6 times the width.

Our experimental results were fitted to the formula in reference [183]. According to
this formula, L(P, s) is the line width in 3D two-photon DLWs, P is the average
power of the beam, wo is its half width at 1/e? of the intensity maximum, and s is
writing speed. I is the incident energy (in J/m?) at a distance d from the middle of the
propagation direction. Thus, I;;4x is the incident energy at the waist (d =0; I,,,5 =

3%) and It is the polymerisation threshold energy of the photoresist.
0

V3
L(P,s) = wy ’Zlnm (3.3)
Ith
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I(d) = \/% wioe_Zd /w§ (3.4)

Here, in our experimental set up, the beam waist of the femtosecond laser is 480 nm,

laser power ranges around several microwatts, and writing speed is around 1
millimetre per second. The threshold energy of our photoresist is about 73.9 J/cm?,
and 39.5 J/lcm?, which is in agreement with results in previous research [184]. The
spatiotemporal polymerisation behaviour described by Equation (3.4) is further
confirmed by studying the relationship between fabrication line width and laser power

/ writing speed (shown in Figures 3.3 and 3.4).

3.6 Influence of Fabrication Conditions on the Stability of 3D
Biomimetic Structures in 3D DLW

As discussed in Section 3.3, another challenge in fabrication of 3D biomimetic neuron
structures using 3D DLW is the detrimental effect induced by the capillary force
during the developing process. Controlling the stability of 3D structures at the scale of
the micrometre is challenging. Previous methods that have been used are either too
simple (such as single pillar theory) or too difficult to achieve (such as the critical

dryer).

It is well known that the capillary force exerted by the developing process is
significantly influenced by the geometrical characteristics of the microstructures, such
as aspect ratio, suspended angle between liquid and the structure, length of the
microstructure, diameter of the structure and the spatial arrangement of the
microstructures. For our task of fabrication of 3D biomimetic neuron structures, the
geometrical characteristics of our 3D biomimetic neuron structures, such as branch
diameter, branch angle and branch length, are influenced by fabrication conditions,
such as laser power and writing speed. Therefore, it is convenient to introduce a
model that can describe the impact that fabrication conditions have on the stability of

our microstructures.

In Sections 3.6.1 and 3.6.2, a simplified branch model is introduced that is able to

relate the fabrication conditions, such as laser power and writing speed, to the
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geometrical characteristics of 3D biomimetic neuron structures at the micrometre

scale.

3.6.1 Branch model

(a) (b) ) -
Branch diameter B
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Figure 3.5: Branch models inspired by biological neurons. (a) Single branch model of
biomimetic neuron structures. (b) Multiple branch structure models of biomimetic
neuron structures.

As shown in Figure 3.5, a branching model is introduced to study the mechanical
properties of biomimetic neuron structures and investigate fabrication conditions
using 3D DLW.

Biological neuron structures are constructed with individual single branch structures,
such that each single branch structure has a certain dendritic branch angle and
dendritic branch length. Similarly, our branching model constitutes both single branch
structures and multiple branch structures. A single branch structure, as shown in
Figure 3.5 (a), corresponds to a single branch beam posing a certain angle 8 on top of
a stronger beam, at a certain branch length L. In multiple branch structures, as shown
in Figure 3.5 (b), single branch structures stack into a multiple branch structure, with
different branch orders (n=0, 1, 2...), branch diameters R, branch angles 8 and branch

lengths L.

Thus, to construct biomimetic neuron structures using 3D DLW, we start by studying
the mechanical properties of single branch structures, then move to extrapolate the

knowledge to multiple branch structures, and eventually demonstrate biomimetic
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neuron-tracing structures emulating from the biological neuron structures with

different average branch angles and topologies.

3.6.2 Influence of elastic-capillary force in fabricating a single branch structure

(a) A Fr (b)

Figure 3.6: lllustration of the elastic-capillary behaviour of single branch structures.
(@) Nlustration of the forces interacting on the single branch structure. (b) Single
branch structure deformed by capillary force.

Consider a single branch structure with branch length L, branch diameter R and
branch angle 6, fabricated by 3D DLW (shown in Figure 3.6 (a)). After the laser
writing, fabricated structures are dipped into a solvent to remove unpolymerised
materials. According to the semi-empirical theory discussing the stability of a piercing
branch structure in [23], when the solvent (1-propanol) of the photoresist evaporates
to the level of the freestanding branch tips during the developing process, capillary

force F, is yielded on this single branch structure, and given by
F.~2my X R(P,s) X cos?a x 1/|cos6)| (3.5)

which is proportional to the interfacial tension y (for liquid 1-propanol, y =25.26
mN /m), the branch diameter R and the cosine of the contact angle a (typical value:
60°) between the solvent and the surface of the branch, and disproportional to the

cosine of the branch angle 6.

Resistance to the capillary force is the elastic restoring force F,., which is proportional
to the Young’s modulus of the material E (1-2 GPa) and the branch diameter R, in

proportion to the branch length L, given by
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Fr~(§)2 X E x R*/L? (3.6)

When F, = F,, a balance between the capillary force and the elastic restoring force
reaches the undeformed shape of the single branch structures. By combining Equation
(3.5) and Equation (3.6), a critical diameter R_,;;icq; CaN be derived given a single

branch structure with branch angle 6 and branch length L, and can be expressed as

R ritical(0, L)~3\/1/77.' Xy X 1/E X cos?a X L? X 1/|cos6| (3.7)

The branch diameter corresponding to the fabrication line width in 3D DLW, which is
a parameter relying on laser power P and writing speed s described by [18], is

expressed as

Rcritical(efL) = wo(ﬁln(\/% X a )1/2 (3-8)

(O ><s><1th

in which I, is the polymerisation threshold energy of the photoresist and w, is the
half width of the laser beam in the focusing region. For the convenience of our
discussion and experiments, branch length is fixed at 10 um, both in our theoretical

discussion and experiments.

According to this theory, stable single branch structures can be fabricated by
controlling the laser power and writing speed to tune the size of branch diameter that
satisfies the balance between capillary force and elastic restoring force. The criteria
that we use in qualifying the deformation and undeformed structures (shown in Figure
3.6 (b)) depend on the displacement of the tip of a branch. The structure is regarded as

undeformed if the displacement is less than the branch diameter.
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3.6.3 Quantitative study of the stability of single branch structures
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Figure 3.7: Quantitative study of the deformation behaviour of single branch
structures fabricated by 3D DLW. (a) Side view of SEM images (tilting angle of 30°)
of single branch structures with branch angle of 45° fabricated at varied writing speed
and laser power; inset top: illustration of the forces interacting on the single branch
structure; bottom: single branch structure deformed by capillary force. (b)
Quantitative study on critical boundary of single branch structures with different
branch angles. ‘+’ and ‘0’ are experimental results; solid lines are theoretical fitting.

First, given a single branch structure, faster writing speed requires larger laser power
when fabricating stable single branch structures. This is confirmed by fabricating
arrays of single branch structures with varied branch angles (branch length of 10 um)
at different laser powers (from 0.5 mW to 2.0 mW) and writing speeds (from 10
um/s to 50 um/s). As shown in Figure 3.7 (a), a single branch structure with the
branch angle of 45° is fabricated by scanning laser power and writing speed. A critical
line is shown in Figure 3.7 (b) with red circles, and quantitatively summarised and
fitted theoretically in Figure 3.7 (b). Above this critical line, un-deformed single
branch structures can be achieved; below this, a deformation resulting from the
capillary force would occur. This is in agreement with the theory discussed above.
The position of this line is influenced by the critical branch diameter R, ;¢icq; Of the

structure itself and the laser dose required in the fabrication.
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Figure 3.8: Quantitatively study on critical boundary of single branch structures with
different branch angles as a function of laser power and writing speed.

Second, for a fixed writing speed, single branch structures with larger branch angles
require larger critical branch diameters to achieve balance between capillary force and
elastic restoring force, which corresponds to higher laser power during fabrication.
Further experiments were also performed to confirm our theory by fabricating single
branch structures with different branch angles. As shown in Figure 3.8, single branch
structures with different branch angles have unique critical fabrication condition lines.
As discussed above, the position of this line is influenced by the critical branch
diameter required. As seen from Figure 3.8, for a given fabrication speed of 50 um/s,
a single branch structure with a branch angle of 85° requires a fabrication laser power
of 1.2 mW, while the former laser power is 1.0 mW to fabricate a single branch
structure with branch angle of 30°. Because the photoresist in the fabrication area is
only exposed once by the laser beam, the phenomenon of deformation seen in the
laser power / writing speed matrix presented in Figure 3.8 can be explained by
Equation (3.4).
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3.6.4 Fabrication of multiple branch structures

Figure 3.9: Fabrication results of multiple branch structures with different branching
angles. Side view of the SEM images (tilting angle of 30°) of multiple branch
structures with average branch angles of 30°, 45°, and 60° fabricated at varied writing
speed and laser power (corresponding to panels (a), (b) and (c)).

Based on the study on maintaining mechanical stability in building single branch
structures, we demonstrate that multiple branch structures with average branch angles
of 30°, 45° and 60° can be fabricated under optimised fabrication conditions with
laser power of 0.8 mW, 1.1 mW and 1.2 mW at the writing speed of 50 um/s. We note
that subtle changes in our fabrication resulted from an uncontrollable

microenvironment change during the drying process.
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3.7 Fabrication of Biomimetic Neuron-tracing Structures

Figure 3.10: Fabrication results of biomimetic neuron structures with different
average branching angles. (a), (b), (c) and (d) are the top view of the SEM images of
3D biomimetic neuron structures with different average branch angles fabricated
under optimised conditions. Insets in each figure are the 3D digital reconstruction of
biological tracing structures.

The feasibility of 3D DLW in producing biomimetic neuron structures with high
mechanical stability and desired structural features is further demonstrated by

building biomimetic neuron-tracing structures.

We begin by extracting the morphology data of various kinds of neurons from an
online database [20]. The morphology data are processed by a custom MATLAB code
and a LabVIEW system to create 3D printable neuron models for our home-build 3D
DLW system. By tracing out the topology of neuron structures, biomimetic neuron
structures with different branch angles, branch lengths and branch diameters can be
generated through 3D DLW. The topology of neuron structures from raw neuron
morphology data and our fabricated 3D biomimetic neuron structures are shown in
Figure 3.10. Four selected biological neuron structures from different parts of neuron
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system in an animal body are shown in the insets of Figure 3.10, respectively: (a)
Ganglion neuron cell from the retina of a rabbit, with biological neuron size: height
302.16 um, width 257.57 um, depth 13 um; (b) Pyramidal neuron cell from the
neocortex of a human, with biological neuron size: height 383.18 um, width 141.25
um, depth 51.41 um; (c) Pyramidal neuron cell from the dorsal thalamus of a rat
brain, with biological neuron size: height 232.39 um, width 256.21 um, depth 177.1
um; (d) Pyramidal neuron cell from the retina of a human, with biological neuron
size: height 245.77 ym, width 189.62 um, depth 90.56 um. Biomimetic neuron
structures were created with sizes 10 times smaller than their original biological
counterparts; SEM of biomimetic neuron structures are shown in Figure 3.10.

3.8 Optical Characterisation of Biomimetic Neuron-tracing

Structures

Rhodamine 6G Zirconium based
Photoresist

Figure 3.11: Synthesis of fluorescent photoresist (Rhodamine 6G added into
zirconium-based photoresist).

To visualise the 3D feature of our fabricated biomimetic neuron structures with
optical method, Rhodamine 6G was added into our photoresist before laser fabrication
to create 3D fluorescent biomimetic neuron structures. Synthesis of the fluorescent
photoresist is shown in Figure 3.11. Rhodamine 6G power is added into our
zirconium-based photoresist to achieve an evenly mixed solution with 0.002 mg/ml of
Rhodamine 6G.
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Figure 3.12: Confocal fluorescent microscope images of biomimetic neuron-tracing
structures obtained using a Nikon confocal microscope. The excitation wavelength is
444 nm and the detection wavelength is 550 nm. (a) Perspective view of the
fluorescent image. (b) View from the x-y plane.

A Nikon confocal microscope was used to image the fluorescent structures. A
continuous wave (CW) laser source operating at the wavelength of 444 nm was used
as the excitation beam to excite the Rhodamine 6G. The detection wavelength of 550
nm was chosen to obtain the fluorescent signal in our microstructures. 3D confocal
fluorescent images of biomimetic neuron structure (d) were taken after the fabrication
and shown in Figure 3.12 (a) and (b). Different from scanning electron microscope,
confocal fluorescent microscope can give us a real 3D view of the structures by
slicing the structure into different layers and reconstruct the 3D structures, which
reveals that these biomimetic neuron structures maintained outstanding 3D features at
the micrometre scale. This is of great significance for future applications in

engineered neural networks.
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3.9 Experimental Set Up
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Figure 3.13: Experimental set up for our 3D DLW system.

The experimental set up of the 3D DLW is illustrated in Figure 3.13. A femtosecond
laser beam operating at a wavelength of 535 nm (Fidelity), with a pulse width of 270
fs and a repetition rate of 50 MHz, was steered by a combination of a 4f imaging
system and 2D galvo mirrors (Thorlabs) into a 1.4 NA %100 oil immersion objective
(Olympus); beam delivery and power were controlled by an acoustic optical
modulator. Within the focus of the laser beam, polymerisation occurred when the
effective laser intensity was above the threshold of the photoresist (a zirconium-based
hybrid organic—inorganic photoresist (see Appendix A). Biomimetic neuron structures
were fabricated by translation of the sample on the piezoelectric nano-translation
stage (Physik Instrumente). The measurement of the laser power was achieved using a
power meter before the objective. The material synthesis process and mechanical
property characterisation of our photoresist are discussed and shown in Appendices A
and B.
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3.10 Conclusion

In summary, we have demonstrated the fabrication of biomimetic neuron structures
using 3D DLW and evaluated the influence of laser power and writing speed in

fabricating biomimetic neuron structures with varied topologies.

First, the influence of the laser power and writing speed on the feature size of
biomimetic neuron structures was studied and confirmed both experimentally and
theoretically. The feature size during the fabrication depends on the fabrications such

as laser power and writing speed.

Second, a model was introduced to study the influence of fabrication conditions on
the capillary force experienced in the microstructures during the developing process.
The quantitative experiment results revealed that neuron structures with different
average branch angles require different fabrication conditions, such as laser power

and writing speed.

Based on these understandings, the first experimental realisation of a micrometre
scale biomimetic neuron structure 10 times smaller than biological neurons has been

achieved using two-photon DLW in this work.

This result provides a potential method to replicate the topological features of BNNs
and opens a new avenue for a higher level of understanding the structure—function
relationship in engineered neural networks. Combining galvo-scanning devices, long-
range translational stages and nano-translation stages can provide a potential method
to replicate the topological features of BNNs to a larger scale and form a new optical

technology platform for applications using 3D DLW in engineered neural networks.






Chapter 4: Three-dimensional
Direct Laser Writing of Ultralow-
density Neuron-inspired Steiner

Tree Structures

4.1 Introduction

The neuron-tracing structures fabricated in Chapter 3 were designed when the
structural features of biological neurons were directly regarded as models. In this
chapter, an advanced mathematical formula was derived from the biological neurons
following the design principle in biomimetics of ‘nature as a mentor’, producing a

novel neuron-inspired biomimetic low-density structure.

The design and fabrication of biomimetic low-density microstructures has been a hot
topic for two decades. Because of their unique topographical, mechanical and
biochemical characteristics, these biomimetic structures have potential applications in
thermal insulation, shock damping and catalyst support, especially in neuron tissue
engineering. Many fabrication techniques have been utilised to enable the creation of
microstructures with controllable architectures that have structural features that can
span from the um to the nm scale. These techniques include micro-stereolithography,
holographic lithography and 3D DLW. Combined with other advanced fabrication
techniques, the development in this field has led to series of novel low-density
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materials with unprecedented mechanical characteristics, such as ultra-light, ultra-stiff

metal or ceramic-based micro lattices.

Traditionally, these biomimetic low-density structures are inspired by the prevalent
features in nature: minimal surface or triply minimal surface, such as Kelvin foam,
gyroid structures, octet trusses, Kagome trusses and the recently proposed Shelluar
structures. Consequently, the question arises of whether a minimal surface is the only
option available in designing ultralow-density microstructures. It has been
demonstrated that the structures of BNNs have the ‘shortest connection distance’,
which corresponds to the ‘Steiner tree problem’ in mathematics, described in 1876 by
a Swiss mathematician, Jakob Steiner [185] (1796-1863).

Therefore, the work in this chapter investigates the design, fabrication, mechanical
characterisation and theoretical calculation of a new type of low-density
microstructure fabricated by 3D DLW: neuron-inspired Steiner tree structures. First,
inspired by the geometrical features in BNNs, a new type of low-density
microstructure is introduced in this part of the PhD project. It is further shown that
neuron-inspired Steiner tree structures have the lowest relative density compared with
traditional microstructures. Steiner tree structures with sub-micrometre feature sizes
were fabricated with different relative densities using our home-built galvo-dithering
DLW system. In situ nanomechanical deformation experiments showed that the
biomimetic neuron-inspired Steiner tree microstructures fabricated in this work have
tenable Young’s modulus and yield strength along with relative density. Based on
rigidity theory, the mechanical properties of Steiner tree structures are also discussed.
The mechanical properties of the Steiner tree structures fabricated by 3D DLW are
investigated both experimentally and theoretically. At the end of this chapter, a
conclusion is introduced. Theoretical study and finite element simulations were

performed to further elucidate the mechanical properties of the microstructures.

Our work demonstrates that 3D DLW is a versatile tool in creating mechanically
tuneable biomimetic microstructures for future applications in neuron tissue

engineering. The introduction of neuron-inspired Steiner tree structures opens a new
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family of design where microstructures with different mechanical properties can be

designed and adjusted by designing the architecture geometry.
4.2 Neuron-inspired Steiner Tree Structures

4.2.1 Shortest connection distance in biological neural networks

Biological neurons often possess complicated axonal and dendritic structures spinning
in 3D space, as shown in Chapter 3. It is believed that the shape of neurons reflects
their function in neuron signal communication and information processing. By
introducing dendritic branching structures, it has been proved that BNNs evolve
according to the mechanism of optimisation in connection length, signal propagation
speed and surface area [169]. One of the most important characteristics of BNNS is
‘pursuing the shortest connection distance’ [174]. Neuron optimisation of dendritic
and axonic arbores can be evaluated using a generalisation of the Steiner tree concept

from combinatorial network optimisation theory [175].

Therefore, inspired by the geometrical characteristic of biological neurons, a new type

of low-density biomimetic structure is introduced: Steiner tree structures.

4.2.2 History of Steiner tree structures

a C a C

b d b d

Figure 4.1: 2D minimum Steiner tree (left) and a solution to the Fermat—Torricelli
problem (right) for a set of four points N = [a, b, ¢, d] on a unit square. The minimum

Steiner tree has two Steiner points, s1 and s2, and length of 1 + /3. The network
resulting from the solution to the Fermat—Torricelli problem has length 2+/2.
The history of Steiner tree structure can be dated back to the Euclidean Steiner tree

problem, on constructing the shortest possible network interconnecting a set of given
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points in 2D or 3D space, which goes back to Gergonne in the early nineteenth
century [186]. The Euclidean Steiner tree problem looks for the shortest possible
network interconnecting n points in a 2D plane or 3D space. As a classic example of
problems that are easy to state and understand, but very difficult to solve, an
increasingly sophisticated mathematical theory of minimal networks has been
developed to solve this problem since the 1960s. These theories are based on a
combination of techniques from combinatorics, geometry and data analysis. The
interest in solving Steiner tree problem stems not only in the challenge that it
represents mathematically, but also from its wide range of potentials in areas such as
telecommunications, city infrastructure network design and computer chip design
[171]. Figure 4.1 shows an example of 2D minimum Steiner tree structure (left)
compared with a Fermat-Torricelli problem (right) connecting four points in 2D
space. By introducing two Steiner points, s1 and s2, the Steiner tree structure achieves

the shortest connection distance compared with other connection patterns.

Inspired by this similarity between biological neurons and Steiner tree structures, we
introduce 3D Steiner tree structures as a novel biomimetic model. For the case of 3D
Steiner tree structures, we follow research published in a PhD thesis in the 19th
century [187]. A more detailed discussion of 3D Steiner tree structures is given in
Section 4.2.3.
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4.2.3 Analytical calculation of relative density of a 3D Steiner tree structure

(a) (b)

Steiner tree

structure
120°

w| '
1201

AW, W, 0); . .

B(W/2, W/4, W/4xtan (1/6)); B4 g 2

C(0, W, 0); 120°

D(W/2,W/2, Wf2xtan (r/6)); ¥ x

X ¥
(c)

-

Figure 4.2: 3D Steiner tree structure connecting eight points calculated using the
algorithm from reference [102]. (a) Single unit of Steiner tree structure. (b) Steiner
tree structure model constructed with circular-shaped cross-section beams and built by
CAD software Solidworks. (c) x-z plane view. (d) y-z plane view.

A Steiner tree structure with eight points of connection is calculated using MATLAB
code [102]. In this cubic unit (unit size W), four groups of beams are shown in Figure

4.2 (a). The angles between each beam are 120°. The length of each of the red and

1
2cosm/6

1
4cosm/6

green colour beams is W. The length of the blue colour beams is

The length of the purple beams is (1 — W

costm/6

Here, an analytical expression for the relative density of a 3D Steiner tree structure
can be derived. Consider a 3D Steiner tree structure made of circular-shaped cross-
section beams with beam radius R within a cubic unit cell with a width of W, as is

shown in Figure 4.2. For a unit cell of a Steiner tree structure, we define the relative
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density of the solid beam lattices, respectively, to be p =§x ps. Therefore, the

relative density of the 8-points Steiner tree structure can be written as

3v3+1 t2
p=( " )nxmx;)s (4.1

in which v is the volume of constructed beams, V is the volume of the cubic unit, and

ps 1s the density of the constituent material.
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Figure 4.3: Analytical comparison of the relative densities between a 3D Steiner tree
structure and other well-known lattice structures as a function of beam diameter.
Black dashed line: Kelvin foam lattice; red dashed line: Octahedron lattice; blue:
Octet-truss lattice, purple: Gyroid lattice. Detailed mathematical formulas are

provided in Appendix. C.

Compared with other widely studied lattice structures, neuron-inspired Steiner tree
structures have the smallest relative density; in other words, highest porosity among
all structures. This structural feature is very advantageous for potential applications
such as low-density construction materials and scaffolds for biomedical engineering.

In Sections 4.3 and 4.4, we explore the fabrication of neuron-inspired 3D low-density

Steiner tree microstructures using galvo-dithering DLW.



Chapter 4 63

4.3 Galvo-dithering Direct Laser Writing

As discussed in previous sections, the aim of this chapter is to fabricate neuron-
inspired 3D low-density Steiner tree microstructures and characterise the mechanical
properties. The galvo-dithering fabrication technique is very important to produce 3D
microstructures consisting of circular-shaped cross-section beams [121]. Here, the
writing voxel formation of galvo-dithering DLW is studied theoretically and
experimentally. With this in mind, Steiner tree structures with various relative
densities can be fabricated by tuning fabrication conditions such as laser power P,
writing speed s and galvo amplitude Dxy.

Accurate control of writing voxel through galvo-dithering is very complicated
because of the complexity of thermal effects and diffusion phenomenon in the
photoresist [188]. However, it is possible to explain the effect of galvo-dithering via
an empirical theory [189] in our case.
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Figure 4.4: Schematic diagrams showing the writing voxel formation process in
galvo-dithering DLW using circular dithered correction applied by galvo mirrors. (a)
Schematic of the GD DLW set up consisting of a 2D galvo mirror and 4f imaging
system to dither the laser focus. (b1) Illustration of circular dithering applied by the
galvo mirrors: step 1, galvo-dithering in circular. (b2) Effect of the galvo-dithering on
the fabrication voxel greatly reducing the aspect ratio. Step 2, movement in the
fabrication direction. Figures redrawn from [190].
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As shown in Figure 4.4, during the galvo-dithering fabrication process, the writing
voxel of the laser beam inside the photoresist can be described as two movements:
movement along a circular pathway by dithering of the galvo mirror, and movement
along the z-direction of fabrication pathway. This simplified assumption is reasonable
because the speed of galvo-dithering is much faster than the speed of movement in the
z-direction. For instance, the frequency of galvo-dithering in our experiment is 1000
Hz, corresponding to a speed of 1570 um/s (galvo-dithering diameter 0.500 pm),
while the speed of movement in the z-direction is only 20 um/s. A theoretical
discussion on the relationship between galvo-dithering voltage and galvo-dithering

diameter can be found in reference [193].

To investigate the effect of galvo diameter Dxy, a series of suspended polymer lines
were fabricated at laser power of 0.4mW and laser fabrication speed of 20 um/s. The
diameter of the polymer lines in the x-y plane were characterised using a SEM (see

Figure 4.5, right panel).
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Figure 4.5: Effect of galvo-dithering diameters on fabrication linewidth in the x-y
plane. Right: Fabrication linewidth as a function of galvo-dithering diameter. Black
dots are experimental results; red dashed line is theoretical fitting according to
Equation (4.2). left: SEM images of fabricated polymer lines with different galvo-
dithering diameter. Scale bar is 500 nm.

As shown in Figure 4.5 right, given a fixed power and laser speed, the experimental

results can be fitted theoretically into an empirical formula,
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Dyy = @ X dyy” + Dy (4.2)

where 0=0.1278, B=1.2560, and Dmin=224.74 nm. Here, Dmin is the minimum
fabrication voxel diameter in the x-y plane for a fixed laser power and writing speed,

and a and f are coefficients related to fabrication conditions and photoresists.

By tuning the applied galvo-dithering diameter, laser power and writing speed,
accurate control of the aspect ratio of the writing voxel can be achieved (refer to
Section 4.4.3), and fabrication of micro-lattice structures with circular-shaped cross-

section beams with high accuracy can be accomplished.

4.4 Fabrication of 3D Neuron-inspired Steiner Structures Using
Galvo-dithering 3D DLW

In this section, we investigate the fabrication of low-density 3D Steiner tree structures
using galvo-dithering 3D DLW. Our fabricated method involves a galvo-dithering
DLW fabrication system. In contrast to the traditional 3D DLW, the galvo-dithering
technique has been widely studied and utilised in 3D DLW fabrication systems and
has proved very effective in improving the fabrication resolution of 3D
microstructures. In addition, the compensation of writing voxel in the x-y plane and
the z-direction can have a significant impact on the cubic symmetry of photonic
crystals, influencing transmission and optical activity. Further, it is also demonstrated
that the galvo-dithering technique enhances the mechanical properties of the

microstructures.
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4.4.1 Standard process of fabrication of 3D microstructures using DLW

Fabrication design 3D nanoprinting Development

Model design Laser printing _.] Developer bath

Figure 4.6: Microstructure fabrication process. Step 1: Design of fabrication path.
Step 2: Import the fabrication path 3D DLW fabrication system. Step 3: Post-
fabrication developing process. After these three steps, the sample is characterised
using a SEM.

Nanolattices in this chapter were created using a multi-step 3D DLW in a zirconium-
based organic—inorganic negative photoresist (refer to Appendix. A) synthesised in
our lab. First, the fabrication path controlling the laser movement was designed using
MATLAB. The codes were then transferred to the 3D DLW system to accomplish the
laser fabrication. After fabrication, the samples were dipped into a developing
solution (Isopropanol solution) for one hour and dried at room temperature in air. The
characterisation of the feature sizes of the fabricated results were performed using a
high-resolution FEI Verios 460L SEM in the RMIT Microscopy and Microanalysis
Facility (RMMF), RMIT University.
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4.4.2 Fabrication path design

(a) (b)

Figure 4.7: Design of fabrication path for the Steiner tree structure (viewed from an
oblique angle). Note all of the axes are created in dimensionless unit cells. (a) A
single unit cell of the Steiner tree structure. (b) Single unit cell of the Steiner tree
network but with rods moved to neighbouring unit cells to form a fully connected unit
cell. (c) and (d) 5 x 5 x 3-unit cells of the Steiner tree network.

The fabrication capabilities provided by our home-built 3D DLW system enable
several methods of fabrication of 3D microstructures, such as the layer-to-layer
fabrication of most 3D printing systems, and line-by-line methods. In this PhD
project, we use a line-by-line fabrication method. As such, periodic lattices created
with this system can be fabricated in a unit by unit fashion. Firstly, single unit cells
are taken and patterned according to their symmetry directions (see Figure 4.7 (a) and
(b)). Secondly, more unit cells can be fabricated along another direction (shown in
Figure 4.7 (c)). Finally, the whole 3D structures can be fabricated by fabricating the
upper layers of structures. Compared with other fabrication methods [104], this is the
most convenient and efficient fabrication method for our Steiner tree structures with
simple cubic symmetry, and very versatile because any unit cell can easily be

substituted in for fabrication.
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4.4.3 Fabrication results

In this section, the fabrication results of our Steiner tree structures are shown from

different aspects.

4.4.3.1 Compensation in the x-y plane and z-direction of the writing voxel

(b)

Figure 4.8: Fabrication results showing SEM images of Steiner tree networks without
and with galvo-dithering. Each microstructure contains a rectangular 5 x 5 x 5 array
of unit cells with unit cell size 5 pm. (a) Steiner tree structure fabricated without
galvo-dithering. (b) Steiner tree structure fabricated with galvo-dithering.

The impact of GD DLW on the cross-section of 3D microstructures can be seen in
Figure 4.8, which shows SEM images of two fabricated structures, both fabricated

with laser power of 0.5 mW and writing speed of 50 um/s.

First, galvo-dithering produces a smoother structure with a better circular-shaped
cross-section. This effect is marked in Figure 4.8 (a) and (b) using two different
colours. Quantitively, we measured the cross-section aspect ratio of the structure to
compare the effect. Figure 4.8 shows a SEM image of a Steiner tree structure without
galvo-dithering by traditional DLW. The z-direction and x-y plane linewidths of the
structure are D; = 1150 nm and Dyxy = 398 nm, producing an aspect ratio of e = 2.8809.
In comparison, Figure 4.8 (b) shows the corresponding SEM image for a Steiner tree
structure fabricated with GD DLW. Z-direction and x-y plane line widths of the
structure are D; = 954 nm and Dxy = 968 nm respectively, corresponding to an aspect
ratio of e = 0.985.
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4.4.3.2 Improvements in mechanical properties and fabrication feature size
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Figure 4.9: SEM image of Steiner tree structures fabricated by 3D DLW with galvo-
dithering in the zirconium photoresist, showing the advantageous influence of galvo-
dithering in reducing the shrinkage effect. (a)- (d) and (e)—(h): with laser power fixed
to P = 0.40 mW or 0.3 mW, shrinkage in microstructures dramatically reduces as the
galvo-dithering amplitude increases. In particular, when we use the lowest laser power
of P = 0.30 mW, microstructures fabricated by DLW without galvo-dithering (where
A =0) could not sustain the shrinkage (Figure 4.9 (e)). Introducing galvo-dithering to
the fabrication, 3D microstructures become stronger and are able to balance the
shrinkage effect (Figure 4.9 (e)-(h)).

In addition to capability in achieving circular-shaped cross-sections, the use of GD
DLW enables improvements in mechanical stability and fabrication feature size.
Parameters, such as laser power (P), writing speed (s) and galvo-dithering amplitude
(A), are very important in this process. To demonstrate the effect of galvo-dithering,
microstructures were fabricated by varying two parameters (laser power (P) and
galvo-dithering amplitude (A)). When laser power increases, shrinkage of the
microstructures reduces (see Figure 4.9)-this is because the polymerisation ratio
increases along with the laser energy dose, and increases the filling fraction of the
microstructures, leading to stronger mechanical strength. For the lowest power of 0.3
mW, the effect of galvo-dithering helps to increase mechanical stability by
introducing more energy dose in fabrication and reducing the shrinkage effect for very

slender microstructures.
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Figure 4.10: SEM image of Steiner tree structures in the zirconium photoresist
demonstrating the advantageous influence of galvo-dithering on the reduction of
fabrication feature size. Laser powers of P = 0.30 mW, laser speed of 15 um/s and
galvo-dithering diameter 150 nm (corresponding to galvo amplitude of A = 3).

In addition, galvo-dithering can assist the fabrication of microstructures with smaller
fabrication feature size. As shown in Figure 4.10, with the lowest laser power of 0.30
mW and galvo-dithering amplitude of A =3, the structure feature size is around 200
nm. First, compensation of voxel z-direction using galvo-dithering can add extra
mechanical stability to the microstructures. Second, the dithering process increases
the polymerisation ratio of the photoresist and improves the mechanical stability of
the structures fabricated by very small laser power.

4.4.3.3 Steiner tree structures with various relative densities

A series of Steiner tree structures are fabricated by tuning the fabrication conditions,
such as laser power P, writing speed s, and galvo-dithering diameter D. Our fabricated
results are characterised by SEM to determine the beam diameter and structure size
after the fabrication. The relative density of our fabricated results is mathematically
calculated out using the formula in Section 4.2.3. As what we can see, each of our
fabricated structures maintained very good structural integrity. The fabrication
feature sizes (beam diameter) are 220 nm, 288 nm, 324 nm, 346 nm, 394 nm, and 431
nm, corresponding to the relative densities of 5.05%, 6.81%, 8.73%, 10.70%, 12.81%
and 14.84%.
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Figure 4.11: Fabrication results of Steiner tree structures with different relative

densities. Unit size of 2 um (scale bar 10 um). Corresponding beam diameters are 220
nm, 288 nm, 324 nm, 346 nm, 394 nm, and 431 nm.

4.5 Characterisation of Mechanical Properties of 3D Steiner Tree
Structures
To characterise the mechanical properties of our fabricated Steiner tree structures, it is

essential to understand the mechanism in mechanical properties for artificial 3D low-

density structures. In this section, we introduce the principle in defining the properties
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and discuss factors that influence the mechanical properties and rigidity of Steiner tree

structures.
4.5.1 Theoretical discussion of mechanical properties of Steiner tree structures

Similar to previous low-density structures or 3D architected lattice structures, such as
low-density foams and low-density lattices, which have been investigated in great
detail over the past several decades, the mechanical properties of Steiner tree lattices
rely on the properties of constituent material, geometry of the structures and relative
density. Two significant mechanical characteristics, Young’s modulus and vyield

strength, are known to follow a power law scaling with the relative density as

E~B X E; x p™ (4.3)
0s~C X 0y X p" (4.4)

Here, E; is the Young’s modulus of the constituent material, and o, is the yield
strength, B and C are proportional coefficient constants and the exponents m and n are
defined by the distribution of constructing beams in the geometry. Classical theories
of the mechanics of 3D low-density structures are built on the assumption that the
mechanical properties of constituent material remain scale-invariant, which means
that the relative Young’s modulus and yield strength of a given structure with the
same geometry and constituent material remains unchanged regardless of its absolute
size. Therefore, the mechanical characteristics of our Steiner tree structures rely on

the following three aspects:
e the properties of the bulk material of which the lattice is made
e the geometry and shape of the cell struts and faces

o the relative density, p/ps, of the lattice structure, where p is the density of the

lattice structure and py is the density of the constituent material.

However, as discussed in the literature review, the value of the exponents in
Equations (4.3) and (4.4) rely on the rigidity of the lattice structure. In the following

section, a discussion of the rigidity of Steiner tree structure is given.
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4.5.2 Theoretical discussion of the rigidity of Steiner tree structures

According to traditional 3D low-density structure theories, two main categories of
geometries exist with different mechanical responses: stretching-dominated (rigid
structures) and bending-dominated (non-rigid structure). As the most important
concept in defining the mechanical behaviour of low-density materials, a stretching-
dominated structure is stiffer and stronger for a given mass, while a bending-
dominated structure is relatively soft but absorbs energy better when compressed. To
understand the rigidity of a Steiner tree structure and determine whether it is
stretching-dominated or bending-dominated, a general principle, the Maxwell stability

criterion, needs to be introduced.

The Maxwell stability criterion was introduced in 1864 by James Maxwell [93]. It
describes the stability of a structure consisting of bars connected by pin-joints. The
argument behind the Maxwell stability criterion is that, for a given structure with
joints and beams, rigidity depends on the kinematic constraints in dimensions or the

connectivity between the struts.

As described in the Maxwell criterion, a structure with j frictionless joints and b
beams subject to k kinematic constraints in d dimensions is considered. With these, a

structure has the potential to be rigid if it satisfies the equation:

d=2in2D

d=3in3D (45

dj-b-k<o{
This equation is a necessary but not a sufficient condition to determine the rigidity of
a low-density structure. To make the equation more accurate, structural mechanisms
and states of self-stress must be accounted for [94]. For a structure with m

mechanisms and s states of self-stress, Equation (4.5) can be generalised to:
dj—b—k=m-—s (4.6)

A structure that is rigid will have m =0, and a structure is non-rigid will have m > 0.
It is not possible to determine the number of mechanisms or states of self-stress from

this equation, but if either is known, it is possible to determine the other.
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In the case of the Steiner tree structure, as we can see from Equation (4.5):
dj—-b—-—k=16>0 4.7)

Our designed Steiner tree structure is a bending-dominated structure, corresponding to
a non-rigid mechanical property. With this in mind, it is possible to assess the
mechanical properties of Steiner tree structures from experiment tests and

mathematical simulations.

4.5.3 Finite element simulation of the Young’s modulus of Steiner tree structures

Top surface

Bottom surface

Constraint

Figure 4.12: Simplified 5x1 unit structure modelled by Solidworks used in FEM and
illustration of the simulation set up of the force and constraint on the simplified 5x1
unit structure.

FEM simulations of the uniaxial compression of our Steiner tree structure were
performed using software ABAQUS, a commercial finite element simulation
software. Full-scale simulations of lattice structures consume prohibitive
computational memory, therefore, our 5x1 cells were chosen to simulate 5x1 cell
structures (see Figure 4.12) along with periodic boundary conditions. The linear
elastic solver in ABAQUS was chosen to simulate the Young’s modulus of our lattice

structures. The structure was modelled using CAD Solidworks to obtain a geometry
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that is precise enough and can represent the real structure. A C3D10 10-node
quadratic tetrahedral element was chosen to mesh the model during the simulation
(the Young’s modulus of the constituent polymer was obtained using atomic force
microscope (AFM) in Appendix B). A constraint boundary condition was applied to
the bottom surface of the simulated structure (see Figure 4.12) according to the

following steps:
1. For each node on X" face: find matching node on X* face.
2. Constraint in-plane displacements: Uy = Uy, Uy = U,.
3. Repeat this process for Y faces.

Rotational degrees of freedom were not considered for solid structures. The Young’s
modulus of the simulated structure was defined as the ratio between the average strain
and the average stress of the unit cell in the z-direction, where F is the applied force
on the structure and L is the height of the structure:
o, F
E=-%9 _ ___

e LAz
wo (4.8)

(b)

Figure 4.13: Finite element analysis of a 5x1 simplified structure with the beam
diameter of 430 nm with relative density of 15%. (a) Meshed model for FEM
simulation, with 5x1 unit structure when no compression force is applied. (b) 5x1 unit
structure after linear elastic compression using external force.

As observed during the FEM simulations, the 5x1 simplified lattice structure

experienced the linear compression deformation along the z-direction under the
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applied force of 10000 puN, which is the same as our experimental condition. In
addition, the Young’s modulus of the material in our simulation was defined as 2 GPa
for the polymer material. The Poisson ratio is 0.3. The size of the designed unit in our
simulation is 2 um. It is important to note that ABAQUS is a dimensionless
simulation software; therefore, all values used in our FEM simulation are defined as

proportional and consistent with each other.

Table 4.1: FEM simulation results of the Young’s modulus of the
microstructures.

Diameter(nm) | Relative density Az Calculated modulus (MPa)
430 0.15 43.04 286.45
390 0.13 22.33 179.77
345 0.11 13.68 149.87
325 0.09 9.25 98.55
280 0.07 6.68 58.30
220 0.05 5.05 28.87

Our theoretical simulation results are summarised and shown in Table 4.1. As can be
seen, the calculated modulus of the Steiner tree structures changes with relative
density. Structures with smaller relative densities experience larger shape change in
the z-direction compared with those with larger relative densities, corresponding to
smaller modulus from our calculation. This is in agreement with our theoretical
discussion in Section 4.5.1.

4.5.4 Experimental characterisation of Steiner tree structures

4.5.4.1 Experimental set up of measurement of Steiner tree microstructures using
nano-indentation

For the experimental characterisation of 3D Steiner tree microstructures, we use the
Hysitron TI 950 Tribolndenter. The Hysitron TI 950 nanoindenter system
incorporates a powerful measurement module and advanced control module, which
dramatically enhance the accuracy of mechanical measurement and provide

unprecedented low-noise performance.
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Figure 4.14: lllustration of the measurement of Steiner tree microstructures. (a)
Experimental set up of the measurement of the Steiner tree microstructures using a
flat-end probe. (b) Definition of the loading force as a function of time during the test
used in nanoindentation.

As can be seen from Figure 4.14 (a), we used a flat-end punch from Bruker to test the
whole structure’s response to the loading force (shown in (a)). The loading force is
defined as a function of time, with a loading speed around 1000 — 2000 uN/s
(depending on the tested sample). By collecting the load-displacement/stress-strain
signal from the nanoindentation, the mechanical properties of the microstructures can

be obtained.
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4.5.4.2 Experimental results
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Figure 4.15: Experimental characterisation results of microstructures. (a)
Undeformed structure under the built-in optical microscope before the compression
test. (b) Deformed structure after the yield point indicated in the graph. (c)
Compressive stress-strain data obtained from nanoindentation system for Steiner tree
microstructures with different relative densities, corresponding to microstructures
shown in Figure 4.11.

As shown in Figure 4.15(c), the compressive stress and strain curves showed that all
samples with different relative densities have similar mechanical behaviours. In
Samples 1-6, the compressive-strain curve of each sample starts with a toe region, the
result of the mismatch between the probe and the sample. Afterwards, a linear elastic
pattern is found in each sample. When the strain increases to a certain point, around
20% of the size of the structure (corresponding to peak stress), a catastrophic
collapsing phenomenon can be observed. This large strain displacement demonstrates
that the nanoindenter controller was unable to keep the probe at the prescribed
displacement rate, which is a result of the inertia of the testing system. The before-

and post-deformation images of the structure show our micro-lattice structures
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experienced the whole process of nanoindentation. The elastic modulus, or the
Young’s modulus, of the structures were defined by the slope of the compressive
stress-strain data in the linear region. The yield strength of the structures is defined as

the largest load value before the collapsing of the structures (see Figure 4.15).

Here, we introduced a consistent criterion to measure the Young’s modulus of the
data obtained from the compression experiments, because the data obtained have
varied stress-strain responses. As shown in Figure 4.15, the compressive stress-strain
curves for samples tested consist three different regions: toe, linear and failure
regions. At the beginning of the loading process, there is a nonlinear segment of the
data called “the toe region”, which arises from the misalignments and imperfections
between the sample and the indenter probe. After the toe region, a linear region can be
observed, demonstrating that the samples experienced a linear shape change along the
compression direction. The Young’s modulus of the structure is defined as the
maximum slope of this linear region. In our samples, a 0.02% strain offset is taken to
fit the Young’s modulus of the samples (see Figure 4.15 (c)). The yield strength of the

sample is defined as the intersection of this line and the stress-strain data.

Table 4.2: Obtained Young’s modulus and yield strength data from compression
test for 3D Steiner tree microstructures with different relative densities.

Relative Density Modulus | ModulusStd. Dev. | Yield strength Strength Std. Dev.

(2 pm unit size) (MPa) Average (MPa) Average
14.84% 284.2 10.7% 61.6 15.6%
12.81% 181.4 12.3% 42.7 12.1%
10.70% 168.7 9.4% 29.7 13.5%
8.73% 87.3 13.4% 151 15.1%
6.81% 43.1 6.3% 9.8 19.5%
5.05% 37.1 15.6% 5.9 13.5%

Our experimental characterisation shows that samples with smaller relative densities
reach their collapsing points very quickly compared with samples with larger relative
densities. For instance, the sample with relative density of 14.84% experienced a
linear elastic shape change until 22% of the strain, while the sample with relative

density of 5.05% could only sustain less than 10% of the strain applied.
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In addition, different lattice structures with different relative densities have different
compressive stress-strain curves, which shows that mechanical properties rely on
relative density. The lattice structure with the largest relative density of 14% (black
curve) has the largest slope during loading, corresponding to a Young’s modulus of
E = 287.7 MPa, compared with the structure with small relative density of 5%
(purple curve), for which E = 37.1 MPa. The Young’s modulus and yield strength of
the lattice structures change along with relative density. As discussed in Section 4.3,
the relative density is a function of unit size and the beam diameter, and therefore, the
mechanical properties such as Young’s modulus and yield strength rely on the
slenderness of the structure. Discussion and comparison between experimental results

and simulation in the following sections confirm this.
4.5.5 Comparison between experimental results and FEM simulation
4.5.5.1 Young’s modulus scaling with relative density

As can be seen from Figure 4.16, the Young’s modulus of all the Steiner tree micro
lattices follows a power-law scaling with relative density of E = 0.151 X E,p2989
This scaling is similar to traditional lightweight and ultralight bending-dominated
structural materials, whose properties scale around E~Ep? or E~E,p3 [93]. The
results follow the analytic prediction for an ideal non-rigid bending-dominated

structure, E~Ep? (for further discussion, refer to Appendix C).



Chapter 4 81

= Experimental results
3504 —e— FEM simulation

Young's Modulus (MPa)
- - N N w
(=] (3] [=] [} o
o o o o o
| ] 1 1 1

(3.
o
| -

Y T T : T T T m T T T T
0.04 0.06 0.08 0.10 0.12 0.14 0.16

Relative density (p/p_)

Figure 4.16: Measured Young’s modulus of Steiner tree microstructures as a function
of relative density. A power-law scaling with relative density can be seen.

There is very good agreement between the experimental results and the finite element
method simulations of the Young’s modulus of the structures. This close agreement
between the experimental results and the simulation results indicates that the linear
elastic model is able to sufficiently simulate the linear behaviour observed in
experiment. These results of the power law scaling relationship between Young’s
modulus and relative density of the structure correlate well with several other research
results in non-rigid structures (summarised in Appendix C). The Young’s modulus of
the Steiner tree structures fabricated by 3D DLW depends on the slenderness of the
structure, or the diameter achieved in the fabrication process.

The difference between the FEM simulation and our experimental results can be a
result of by several reasons, such as the ellipticity of the beams due to the mismatch of
galvo-dithering and laser fabrication condition, structural imperfections resulting from
fluctuation of the laser energy dose, and mismatch during compression probe and the
samples. In our case, this deviation is primarily attributed to the joint connection of
the beams, which affects the relative density of the structures, where the
mathematically calculated relative density can be adjusted [100] according to the node

interference.
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4.5.5.2 Yield strength scaling with relative density
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Figure 4.17: Yield strength of fabricated 3D Steiner tree microstructures as a function
of relative density. Black dots are experiment results from compression test. Dashed
red line is the theoretical fitting.

Similar to many research results, the yield strength of the fabricated Steiner tree
microstructures follows a power-scaling law o = 5.863 x a,p?388. This result is
reasonable as the Steiner tree structure is a bending-dominated structure. As a
bending-dominated structure, the yield strength of the Steiner tree structure depends
on the bending and buckling of the geometry units. The yield strength of our micro-
lattice structure is a result of beam buckling of a truss member [97].

4.6 Conclusion

In this chapter, we explored the design, fabrication and characterisation of the
mechanical properties of neuron-inspired Steiner tree structures fabricated by 3D

DLW at the sub-micrometre scale.

The biomimetic design of regarding the neuron as a mentor corresponds to the
‘Steiner tree problem’ in mathematics, described in 1876 by Swiss mathematician
Jakob Steiner (1796-1863). Compared with traditional lattice structures such as

Kelvin foam, gyroid structures, octet trusses, Kagome trusses and recently proposed
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Shelluar structures, which are inspired by the minimal surface in nature (see Figure
2.6), neuron-inspired Steiner tree structures are designed in line with the principle of
‘shortest connection distance’. Therefore, it has the lowest relative density (four times
lower) of the four traditional lattice structures. Consequently, the principle inspired by
BNNs—the shortest connection distance—could be an alternative to design ultralow-

density microstructures.

In addition, our proposed neuron-inspired Steiner tree structures were fabricated by
3D DLW to achieve different relative densities by tuning the beam diameter of the
microstructures. The major challenges we faced in this fabrication were how to
fabricate stable microstructures with smaller feature size and how to achieve a
circular-shaped beam cross-section in the microstructures. By introducing a galvo-
dithering DLW system based on previous work, stable Steiner tree structures with the
smallest feature size of 200 nm can be fabricated with a circular-shaped beam cross-
section. The relative densities of our fabricated Steiner tree structures range from 5%
to 15% of the bulk material.

The size effect of our Steiner tree structures was thoroughly studied and confirmed
theoretically and experimentally. The experimental and simulation characterisation of
the Steiner tree structures showed that they possess tuneable mechanical properties
(Young’s modulus ranges from 25 MPa to 300 MPa, and yield strength ranges from
about 5 MPa to 65 MPa) that are in the range of biological neuron tissue and are
promising for future applications in neuron tissue engineering. In addition, the
ultralow-density features of the microstructures fabricated by galvo-dithering DLW
provide a novel design for ultralow-density materials, which are of great potential in

applications such as biomedical engineering, filters and energy storage.

In summary, by regarding biological neurons as mentors, we introduced a novel type
of nature-inspired low-density structure: neuron-inspired Steiner tree structures. The
unique structural feature of Steiner tree structures is endowed with an ultralow-density
feature and mechanical properties, which are of great importance to applications in

many fields.






Chapter 5: Design, Fabrication
and Characterisation of Hydrogel
Microstructures Using Three-

dimensional Direct Laser Writing

5.1 Introduction

As an attractive biocompatible material having similar structural and biochemical
characteristics to those of neuron tissues, hydrogels have been widely studied and
utilised in many fields, such as biosensors and tissue engineering. In addition,
hydrogels have outstanding cytocompatibility as well as low cellular damage when
used in tissue engineering. In addition, hydrogels are regarded as crosslinked
networks constructed by hydrophilic monomers. Due to the existence of
macromolecular pores in hydrogel networks, hydrogels provide high diffusion and
transportation for nutrients, oxygen and cellular waste. Moreover, the mechanical

characteristics of hydrogels can be tuned to fit those of biological tissues.

Compared with conventional nanofabrication methods, 3D DLW possesses many
advantages, which include cost-effective fabrication, simple design of structures and
high fabrication resolution in 3D space. These advantages have enabled a vast range

of applications, such as nanophotonics, biomedical engineering and solar cells.
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As BNNs possess substantial complexity, it is becoming increasingly important to
develop hydrogels suitable for fabrication of well-defined structures and adjustable
biocompatible functions. To this end, one promising method is to utilise 3D DLW
based on TPP in combination with photosensitive hydrogels. Integration of 3D DLW
with biocompatible hydrogels has shown its great potential in tissue engineering
applications, such as in situ cell encapsulation and spatial and temporal

immobilisation of bioactive ligands.

In this chapter, based on our previous work [191] published by Dr Haibo Ding
(Southeast China University), we demonstrate the design, fabrication and
characterization of a novel biocompatible hydrogel and 3D hydrogel microstructures
fabricated using 3D DLW based on TPP. Our biocompatible hydrogel consists of 2-
hydroxy-2-methylpropiophenone (HMPP) as the photoinitiator and poly (ethylene
glycol) diacrylate (PEGDA) as the monomer. The photopolymerisation properties of
the hydrogel were demonstrated by fabricating various 3D microstructures. The
optimal fabrication conditions of our hydrogel are confirmed by fabricating woodpile
structures. The mechanical properties, such as hardness of these hydrogel
microstructures depend on the degree of polymerisation, which depend on laser power
and writing speed. It is also demonstrated that reversible shape changes of these
microstructures fabricated by 3D DLW can be tuned by external stimulus such water
concentration using the swelling behaviour of hydrogel. Therefore, our demonstrated
biocompatible hydrogels open a new avenue for 3D microstructure scaffolds
fabricated by 3D DLW and will promote the utilization of 3D DLW in development

of neuron tissue engineering.
5.2 Selection of Photoinitiator and Hydrogel Precursors

When designing a photopolymerisation system of hydrogel for 3D DLW based on
TPP, a proper combination of photoinitiator and hydrogel precursors should be

carefully designed to satisfy the following principles:
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e The photoinitiator needs to have a high TPA cross-section in regard to the
fabrication laser source (wavelength or frequency), to maintain high radical

generation efficiency.

e Both photoinitiator and the hydrogel precursor should have good water

solubility.
Detailed discussion is provided in the sections below.
5.2.1 Selection and characterisation of photoinitiators

As the primary component in a photopolymerisation system, selection of an effective
photoinitiator is of great importance. First, the selected photoinitiator should possess a
relatively high absorption efficiency at the wavelength of the laser used, which means
the absorption spectrum of the photoinitiator is required to overlap that of the laser
source. Second, the photoinitiator should have high efficiency in generating free
radicals. This is very important because it will influence the polymerisation process.
Many photoinitiators have been studied and utilised in designing photopolymerisation

hydrogels and are shown in Chapter 2.

Due to the fact that the working wavelength of our femtosecond laser beam is 535 nm,
it is convenient that our synthesised hydrogel work at the same wavelength.
Consequently, 2-hydroxy-2-methylpropiophenone (HMPP) is an ideal candidate for
the photoinitiator. HMPP has been widely studied and utilised as a photoinitiator in
optical lithography using UV light [8,9] because of its high absorption efficiency in
the UV region. In addition, HMPP has proved to have a high degree of biosafety in

biomedical applications.
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Figure 5.1: Absorption spectrum of photoinitiator HMPP measured using a UV-
visible spectrometer.

As shown in Figure 5.1, HMPP has a single-photon absorption peak of 247.5 nm,

corresponding to a two-photon wavelength at 495 nm, very close to our operating

wavelength. The single-photon absorption spectrum of HMPP was obtained using a

UV-visible spectrometer. The photoinitiator HMPP was bought from Sigma-Aldrich

and used as received.
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Figure 5.2: lllustration of the measurement of two-photon cross-section using the Z-
scan method. (a) Set up for z-scan method. (b) Transmission spectrum of
photoinitiator HMPP solution obtained using the z-scan method.
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HMPP also exhibits very strong TPA at the wavelength of 535 nm. TPA cross-section
of HMPP was measured using a z-scan system (see Figure 5.2). For z-scan
measurements, deionised water was chosen as the solvent, as often described in the
literature, to achieve s reliable reference and to test the z-scan device. Our laser source
Is a femtosecond laser from Fidelity with working wavelength of 535 nm, a pulse
width of 270 fs and a repetition rate of 50 MHz. The incident laser power was

measured using a digital power meter prior to each measurement before the sample.

Measurement of the two-photon cross-section of HMPP was conducted using the z-
scan method. A schematic of the experimental set up is shown in Figure 5.2 (a). The
sample solution was put between two cover glasses. A femtosecond laser beam was
focused into the tested sample using a high NA objective (Olympus NA = 1.4) with a
150 mm focal length. After illuminating the sample, the transmittance signal was
detected by a power meter. A Nano stage was used to move the sample along the z-
direction. As shown in Figure 5.2 (b), the HMPP showed an absorption peak at the
position of 0 (relative position), corresponding to the nonlinear absorption with a TPA
cross-section of 4.5 GM at the excitation wavelength of 535 nm. The TPA cross-

section was fitted based on the theory discussed in reference [192].
5.2.2 Selection of hydrogel precursors

In terms of chemical characteristics, the water solubility of hydrogel precursors is the
primary factor when selecting precursors. To achieve this goal, polyethylene glycol
(PEG) based synthetic polymers and several species of naturally achieved polymers
such as gelatin and hyaluronan (HA) have drawn much attention due to their superior
hydrophilicity. Second, the photoactivity of hydrogel precursors is of great
importance in the fabrication capability in 3D DLW based on TPP. To fabricate a
microstructure with feature sizes suitable for biomedical engineering applications
(generally, millimetre to the centimetre scale), the photoactivity of precursors directly
determines both laser power and writing speed during the laser fabrication process.

Further requirements of hydrogel precursors are summarised from a biological point

of view:
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e Biocompatibility: biocompatibility or low cytotoxicity is a favourable feature
for in neuron tissue engineering applications. Hydrogel precursors used in this
field are generally required to have very high biocompatibility or low

cytotoxicity.

e Bioactivity: in addition to biocompatibility, hydrogel scaffolds produced by
3D DLW based on TPP should provide bio tissue with a physical appropriate
environment and could support all bio functions that are occurring in vivo

(such as cell migration, proliferation and differentiation).

e Biodegradability: The eventual goal of implantable hydrogel structures is to
replace or repair injured bio tissues, therefore, the degradation characteristics
of fabricated hydrogel structures should match the growth rate of biological

tissues.

Based on these principles, we chose poly (ethylene glycol) diacrylate (PEGDA) as our
hydrogel precursor. Poly (ethylene glycol) (PEG) hydrogels comprise 3D networks of
polymer chains, which can swell in water and maintain their shape when dry. They
have been investigated for many biological applications because of their
biocompatibility, as well as the similarity of their hydration and flexibility to nature
tissue. PEG is considered an excellent hydrogel material because of its low toxicity
and limited immunogenic recognition following implantation or injection. PEG-based
hydrogel systems are useful for a myriad of biological applications such as drug
delivery carriers in pharmaceutical applications, scaffolds in tissue engineering and
imaging, bioassays and biosensors in biomedical applications. Therefore, we chose
PEGDA hydrogel as our precursor. PEGDA has an average molecular weight of 700

DA (see Figure 5.3 for the chemical structure).
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5.3 Biocompatible Hydrogel Synthesis
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Figure 5.3: Diagram showing components and volume ratio in synthesising HMPP +
PEGDA hydrogel.

Our biocompatible hydrogel is a combination of HMPP as the photoinitiator PEGDA)
as the hydrogel precursor, because both has been proving to have a high degree of
biosafety. The synthesis of our hydrogel follows the process described in [195]. A
volume ratio of 59% of the monomer PEGDA (Sigma) is first added, and then 1% of
photoinitiator HMPP (Sigma) is added into PEGDA. Afterwards, 40% of deionised
water is added into the mixture. The whole mixture is then put into sonication for
about 60 seconds to achieve an evenly mixed solution (components shown in Figure
5.3). The ratio of water can be tuned from lowest (0%) to highest (79%) from our

tested results.
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5.4 Two-photon Polymerisation Process
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Figure 5.4: Illustration of TPP process in HMPP + PEGDA hydrogel. (a) Schematic
showing 3D DLW of hydrogel. (b) Diagram showing the polymerisation process
during TPP (confirmed by Haibo Ding). (c) Home-built 3D DLW system and
fabrication process (LAIN RMIT).

The TPP process of PEGDA and HMPP hydrogel is achieved using our home-built
3D DLW system (see Figure 5.4 (c)). During the DLW process, a femto-second laser
beam at wavelength of 535 nm is tightly focused into the hydrogel, causing the
photoinitiator to absorb two-photon energy and generate radicals in the material (step
1). At the same time, the monomer PEGDA receives the radicals, causing the
monomers to be polymerised through this free radical polymerisation process and
generating long chains of larger molecules (steps 2 and 3). Thus, polymerised
structures such as lines and dots can be fabricated in the hydrogel. After fabrication,
the sample is rinsed in deionised water for 30 minutes to wash out the unpolymerised

materials.
5.5 Experimental Confirmation of Two-photon Polymerisation

Hydrogel is a very sensitive material for laser fabrication. Fabrication conditions such
as laser power and writing speed exert critical impacts on the fabrication of

microstructures in hydrogel. First, as a thermal-sensitive material, too much laser
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energy dose during fabrication gives rise to explosion of the material, resulting in
bubbles and chemical decomposition. Second, the mechanical stability of
microstructures fabricated in hydrogel is highly dependent on fabrication conditions.
Inadequate energy dose from the laser beam will result in less crosslinked
polymerisation, reducing the Young’s modulus of the polymerised material and the
deformation of the microstructures. Therefore, it is necessary to investigate optimal
fabrication conditions in our hydrogel, such as laser power and fabrication speed, on
the mechanical property of the HMPP + PEGDA hydrogel.

We chose the fabrication of woodpile structures as a demonstration to confirm the
TPP process in our HMPP + PEGDA hydrogel and study the optimal fabrication
conditions for our hydrogel. A 3D woodpile, a photonic crystal with tuneable
structural colours, is a typical microstructure widely used in 3D DLW. The fabrication
path of our woodpile structures is designed using a MATLAB code similar to those in

related research.
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Figure 5.5: Experimental confirmation of the fabrication conditions of the HMPP +
PEGDA hydrogel. Laser threshold as a function of writing speed in the HMPP +
PEGDA hydrogel.

By sweeping the laser power and writing speed, the applicable fabrication conditions

for our HMPP + PEGDA hydrogel are confirmed. From our experimental results,
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several fabrication conditions can be used in the fabrication of microstructures in the
HMPP + PEGDA hydrogel (see Figure 5.5). The HMPP + PEGDA hydrogel shows a
very wide range of applicable fabrication conditions; the laser power can be adjusted
from 2.8 mW to 4.5 mW and the writing speed from 1 pm/s to 100 pm/s.

As a demonstration of the success of TPP in HMPP + PEGDA hydrogel, a series of
woodpile structures were fabricated with laser power of 3.6 mW and at writing speed
of 50um/s. Instead of choosing low fabrication speed with high power, or high speed
with low power, our choice not only gave us a relatively high speed corresponding to
a shorter fabrication time but provided a strong mechanical property in the
microstructures. As shown in Figure 5.6, a series of woodpile structures were
fabricated in the hydrogel with different periods. The woodpile structures maintained
a very homogeneous shape and periods, with a very small amount of distortion
resulting from the washing out process. Corresponding periods are 2um, lpum and

0.5um, with a whole structure size of 5S0um x 50um x 20um.
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Figure 5.6: Optical images of fabricated woodpile structures with different periods in
air to confirm optimal fabrication conditions for the HMPP + PEGDA hydrogel.
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Fabrication conditions: laser power=3.6 mW, writing speed =50 um/s.
Corresponding woodpile periods are 2 um, 1 pm, and 0.5 um.

5.6 Characterisation of Mechanical Property of HMPP + PEGDA
Hydrogel

Force (uN)

0 50 100 150 200 250 300
Displacement (nm)

Figure 5.7: Illustration of the measurement of hardness of the HMPP + PEGDA
hydrogel using nanoindentation. (a) Top view of the measurement of microcubic in
Hyston nanoindentation. (b) Typical force-displacement data obtained from
nanoindentation.

The mechanical property of the HMPP + PEGA hydrogel relies on the fabrication
condition, such as laser power and writing speed. Therefore, microcubic structures
with 60 x 60 x 5 um?® (length, width and height of the cubic microstructure,
respectively) were fabricated under various laser powers, to act as samples to study
the Young’s modulus of the hydrogel. A transmissive optical image of a 3D cubic
microstructure fabricated with laser power of 3.6 mW, writing speed of 50um/s and

layer distance of 500 nm in the top view is shown in Figure 5.7 (a).

The hardness of the PEGDA hydrogel was experimentally characterised by
nanoindentation (Bruker). The 5 um Hystron flat-end probe was used. The loading
force was a function of applied time with a maximum of 30 uN. All procedures follow
the Hystron manual. Loading rate was 10-3 Hz. The hardness of the material is
defined as the slope of the force-displacement curve during the withdrawing process
(shown in the red line in Figure 5.7 (b)).
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F_igure 5.8: Measured hardness of PEGDA hydrogel as a function of laser power in
air.

The hardness of the microcubic structures in air fabricated by different laser powers
with a writing speed of 50 pm/s in air is shown in Figure 5.8. The mean value of each
data item was obtained by averaging multiple times the data at different test areas in
one sample; the error bars are modulus deviations in the measurement data compared
with the average value. As can be seen from Figure 5.8, the hardness of the hydrogel
micro cubic structures relies on the fabrication laser power used. When the laser
power increases from 3.4 mW to 4.0 mW, the hardness of the hydrogel increases from
6 MPa to around 11 MPa. In addition to our experimental results, laser power lower
than 3.4 mW could not sustain the fabrication of 3D micro cubic structures because of
the insufficient concentration of free radicals generated by TPA excitation, resulting
in an inadequate polymerisation in the fabrication area. Theoretically, more free
radicals could be generated by increasing the laser power; this would result in higher
density of crosslinking and the obtained microstructure would be hard to deform.
However, if the laser intensity becomes higher than 4.0 mW, micro-explosion could
occur because of excessive heat from the laser source, and consequently, bubbles or

even polymer decomposition would occur.
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5.7 Characterisation of Swelling Property of HMPP + PEGDA
Hydrogel

5.7.1 Swelling behaviour of hydrogel

The outstanding characteristic of hydrogels is their capability to shrink and swell
when put in contact with a dynamically compatible solvent (water, for instance).
When a hydrogel in its initial state is in contact with solvent molecules, the latter
attacks the hydrogel surface and penetrates the polymeric network (as shown in
Figure 5.9). Since the first time of observation of swelling and shirnking of hydrogel
by Achilleos et al. [142], the swelling property of hydrogel has been widely studied

and utilised in many microdevice systems.

(a) Hydrogel
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Figure 5.9: Representation of hydrogel stimuli responsive swelling and un-swollen
with water content [193].

In this section, to study the swelling properties of the PEGDA hydrogel, we
introduced a reversible shape microstructure fabricated by 3D DLW called a
reversible ‘octagon to square’ structure. The design, fabrication and characterisation
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of the microstructure was conducted along with investigation of the reversibility of
the microstructure and the swelling behaviour of the PEGDA hydrogel.

5.7.2 Design of reversible ‘octagon to square’ structure

(a) _.-- Fixed joints
\ -~ Applied
s force A

— >

Octagon Square

(b)
/.\.

Square Octagon

Figure 5.10: Design of ‘octagon to square’ reversible structure. (a) and (b)
Mechanical analysis of reversible structures and the shape deformation process. Left:
Octagon with four fixed joints and four free joints. Right: after the deformation, the
octagon can change into a square.

We designed an ‘octagon to square’ reversible structure based on mechanics [194]. As
shown in Figure 5.10 (a), the octagon has four fixed joints (shown in red) and four
free joints (shown in light blue). When an external force is applied homogeneously on
the free joints towards the inside of the octagon structure, the octagon gradually
changes into a square. When external force is applied on the free joints outwards of
the structure (as shown in Figure 5.10 (b)), the square changes gradually into an
octagon. This behaviour is very important as, in the next sections, we show that the
shrinking and swelling behaviour of the hydrogel acts as the driving force to change

the structure at the micrometre scale.
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5.7.3 Fabrication of reversible ‘octagon to square’ microstructures using 3D

direct laser writing

water content |
[—
—

water content t

Figure 5.11: Design and fabrication of reversible ‘octagon to square’ microstructures.
Each octagon is located in a 40 um x40 um square can that are connected to each
other. The designed component block dimension is 5.5 um. The designed thickness of
the structures is 5.5 pm. The model is designed using Solidworks.

We designed a reversible ‘octagon to square’ microstructure that consists of an array
of octagons (4x4) connected to each other (shown in Figure 5.11 (a)) using
Solidworks. Each of the octagons is made of eight solid blocks connected to each

other; the designed blocks have size 5.5 ym x 5.5 um X 15 pm.

The microstructures were fabricated using a home-built 3D DLW system, which
consists of the femtosecond laser operating at the wavelength of 535 nm (as shown in
previous chapters). The sample of our HMPP + PEGDA hydrogel was dropcasted on
cover glass. By moving the sample using a piezo-nanostage, the microstructures were
fabricated. The laser power we used in the fabrication was 3.6 mW and writing speed
was 50 um/s. After fabrication, the sample was rinsed in de-ionised water for 15-30
minutes to wash out the unpolymerised hydrogel. The characterisation of the
microstructures was performed using an optical microscope and measurement was

conducted using ImageJ.
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5.7.4 Fabrication results

Figure 5.12: Transmissive optical images of reversible shaped microstructures
fabricated by 3D DLW. (a)-(c) Shrinking process when the water content in the
hydrogel is evaporating, during which, the whole structure shrinks from octagons to
squares. (e)—(g) Swelling process when the hydrogel is absorbing water content,
during which the whole structure swells from squares back to the original octagon
shapes. Scale bar is 40 um.

As shown in Figure 5.12, the reversible behaviour of the fabricated structures can be
separated into two processes. One is from octagons to squares (from (a) to (c))
resulting from the shrinking effect of the PEGDA hydrogel, during which the water
content is flowing out of the PEGDA hydrogel material. The second is from squares
to octagons (from (e) to (g)) due to the swelling effect of hydrogel when water content
is diffusing into the material. During the water evaporating and absorbing process of
the hydrogel, the force resulting from water diffusion acts as the external force
(similar to the process described in the previous section). Because of the swelling
behaviour of the hydrogel material stimulated by the concentration of water content,
the microstructure is expected to experience shape change as shown in Figure 5.12.
Inside the microstructure, the octagons shrink into squares when the water content in

the hydrogel material is evaporating. When the hydrogel material absorbs water, the
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squares swell back to their octagon shapes. Therefore, a reversible shape

microstructure is achieved.
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Figure 5.13: Quantitative study of reversible behaviours of ‘octagon to square’
microstructures fabricated by 3D DLW. Distance between free joints as a function of
time. Inset figure: illustration of the two directions of distance between free joints.

A gquantitative study of the reversible behaviour of the microstructures was performed
by measuring the distance between the two free joints shown in Figure 5.13 inset
microscope pic. Two different directions (shown in red and blue in Figure 5.13 inset)
of measurement of the distance between free joints were obtained to achieve more
reliable results in describing the shape change of our fabricated structures. As
illustrated in Figure 5.8, the distance between the free joints changes with time. From
t = 0s to t = 15s, when the microstructure is shrinking due to the evaporation of water
content, the distance between the free joints in the octagon changes from 34.5 um to
28.30 um. From t = 15s to t = 30s when a drop of water is dropped on our sample, the
absorption of water content in hydrogel acts as an external force applied outwards on
our fabricated structures, changing the structure from square to octagon.
Correspondingly, the distance between the free joints in our measured target changes
from 34.5 um, 34.5235 pm, 33.663 um, 31.55 um, 28.304 um, 28.7805 um, 29.815
um, and 34.618 pm. The deformation rate of our fabricated structure is defined by the
largest shape change divided by the original distance, Ad/d=18%. As can be seen
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from Figure 5.13, our fabricated microstructure exhibits almost 100% reversibility.
The measured distance between the free joints recovered to its original value after the

whole shape changing cycle.
5.7.5 Characterisation of the swelling behaviour of HMPP + PEGDA hydrogel

To understand the reversibility behaviour of our fabricated structures, it is necessary
to study the swelling behaviour of the HMPP + PEGDA hydrogel. The reversibility of
the microstructures relies on the water sensitivity of our hydrogel material. This
property has been widely studied and utilised in describing drug release from

hydrogels.

Traditionally, this property can be described by Fick’s law, as set out in Equations
(5.1) and (5.2) [195]:

J=-D(%) (5.1)

X=-p (g) (5.2)

Assuming a binary system, t, c, J, and D represent time, solution concentration, mass
flux and the diffusion mutual differential coefficient, respectively. For our case, the
swelling kinetics of the hydrogels follows an even simple model, and the water-
stimulated swelling behaviour of our HMPP + PEGDA hydrogel can be explained

using Schott’s second-order diffusion kinetics, which is written as Equation (5.3):

& = K X (Mo, — M)? (5.3)

in which M, M and Ks are the maximum or equilibrium weight of water uptake, the

water uptake at time t, and the kinetic rate of swelling (or shrinking), respectively.

However, it is very difficult to measure the weight change of our microstructures,
because of the micrometre scale size. Instead of measuring the weight change of our
microstructures, we measured the volume change of our fabricated structures during

the shape changing process. Therefore, Equation (5.3) can be transformed into:
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T = Ky X (Voo — V(1))? (5.4)

in which V,,, V(t) and K, are the maximum or equilibrium volume water uptake, the
water uptake at time t, and the kinetic rate of swelling or shrinking (negative for

swelling and positive for shrinking process).
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Figure 5.14: Shrinking and swelling behaviour of the PEGDA hydrogel. Volume of
the microstructures as a function of time.

As shown in Figure 5.14, the volume change of the microstructure made of PEGDA
hydrogel is depicted as a function of time. From t=0s to t=17.5s, a shrinking
behaviour is observed, and the volume of the microstructure shrinks from 450 um?3 to
150 um3. From t=17.5s to t=35s, a swelling behaviour of the microstructure is
shown, with a volume change from the minimum 150 um3 to maximum 450 um3.
These behaviours can be fitted into Equation (5.4), shown in the red dotted curve,
corresponding to V,,= 483 um3,K,= 9.2716 um~3s~* (close to reported values in

related references 196). The swelling ratio of our PEGDA hydrogel is calculated as:
Swelling ratio = (V; — Vi) /Vy X 100 (5.5)

Thus, the swelling ratio of our PEGDA hydrogel is around 66%. Compared with bulk
PEGDA hydrogels, this value is relatively higher than the common 40%. Several
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reasons may give rise to this phenomenon. First, our microstructure has a high or very
high surface area to volume ratio compared with bulk materials. Second, our
measurement is limited to the x-y plane; shrinkage and swelling behaviour in the z-
direction is assumed to be similar to that in x and y. In reference [147], a discussion of
the size effect on the swelling ratio of PEGDA hydrogel and the theoretical fitting

process is discussed in detail.
5.8 Fabrication of Neuron-inspired Fractal Tree Structures

In this section, we explore the design, fabrication and characterisation of a novel
neuron-inspired fractal tree structure in PEGDA hydrogel. Based on the hardness and
swelling properties discussed in Section 5.7, neuron-inspired fractal tree structures

can be fabricated with controlled laser power and speed.
5.8.1 Design and fabrication of neuron-inspired fractal tree model

A model to emulate the branching structures in BNNs was implemented using home-
built MATLAB code. The mathematical model is based on Murray’s laws [196]. This
fractal tree model shares a lot of similarities of that in BNNs, which has been
discussed in Chapter 3. These models permit the description of the geometrical
parameters of a neural network (i.e., the length of each branch, its branching order and

its branching angle).

(b)

Biclogical Neuron Fractal tree n=3 n=4

Figure 5.15: Diagrams showing the design of neuron-inspired fractal structures.
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Given a branch, as illustrated in Figure 5.15 (a), with original branch [; and sub
branch length [;,; with a branching angle of 6 and another sub branch [;,, branching
off to the right at angle 0, with respective lengths [, [;, and [,. Therefore, relations
between different branches can be written as it was proposed by Murray [198]: ;1 =
1/21;. By increasing the branch or fractal order, different neuron-inspired fractal
structures can be generated using MATLAB code based on Murray’s equations. The
calculated fractal tree structures are shown in Figure 5.15 (b), corresponding to n =1,

n=2,n=3andn=4.

The fabrication path is designed based on the positions calculated using the MATLAB
code. To maintain strong bonding between the hydrogel structures and the cover
glass, for each line in the fractal structure, we employed a layer-by-layer fabrication

path.
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5.8.2 Fabrication results
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Figure 5.16: Design and fabrication results of neuron-inspired fractal structures.
Neuron-inspired fractal structures with different fractal orders. (b), (d), (f), and (g)
correspond to the structures designed in (a), (c), (e) and (h). Scale bar is 5 pm.

As shown in Figure 5.16, neuron-inspired fractal tree structures are fabricated in
HMPP + PEGDA hydrogel. These fractal tree structures maintained perfect shape
compared with the original design at a different fractal order. The smallest feature size
of our fabricated structures is 1.5 um. The images are taken from a transmissive

optical microscope and a SEM.
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5.9 Conclusion

In summary, this chapter developed and characterised a novel biocompatible material
suitable for 3D DLW: HMPP + PEGDA hydrogel. Single-photon absorption spectrum
of the photoinitiator HMPP shows an absorption peak at wavelength of 245 nm, and
two-photon characterisation of photoinitiator HMPP confirms the TPA cross-section
with a value of 4.5 GM.

Second, by scanning the laser threshold power and writing speed, optimal fabrication
conditions are confirmed for the HMPP + PEGDA hydrogel. Stable woodpile
structures with feature sizes around 1 micrometre were fabricated using our home-
built 3D DLW system. The laser power ranged from 1-8 mW, and the writing speed
ranged from 1-100 pm/s.

In addition, we studied the influence of laser power on the mechanical property
(hardness) of the HMPP + PEGDA hydrogel. The hardness of the hydrogel material

depends on laser energy dose during the fabrication and ranged from 6-12 MPa.

Based on the unique swelling response behaviour of the HMPP + PEGDA hydrogel,
we investigated the design, fabrication and characterisation of reversible ‘octagon to
square’ microstructures in hydrogel in Section 5.6. Shrinking and swelling behaviour
for a ‘octagon to square’ structure fabricated using 3D DLW showed almost 100%
reversibility. In addition, the swelling behaviour of HMPP + PEGDA hydrogel
material was around 60% higher than the bulk material. A size effect can explain the
difference.

In the last part of this chapter, we demonstrated a novel neuron-inspired fractal tree
structure. Our fabricated structures maintained a stable and undeformed shape
compared with the design, which may be very useful for future applications in neuron

tissue engineering.

In summary, our results in this chapter show that our HMPP + PEGDA hydrogel
photopolymerisation system is highly suitable for 3D DLW. The hydrogel performed
with a very high photopolymerisation efficiency, corresponding to a wide range of
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applicable laser powers and writing speeds. The mechanical property of the hydrogel
is highly suitable for applications in tissue engineering.



Chapter 6: Conclusions

6.1 Thesis Conclusions

In this thesis, we theoretically and experimentally investigated the design, fabrication
and characterisation of neuron-inspired biomimetic structures for a wide range of
applications, such as biomedical engineering and low-density material. Our innovative
biomimetic designs are based on the structural features in BNNs, and fabrication was
conducted using a home-built 3D DLW system.

This PhD thesis makes several important achievements towards the development of
utilising 3D DLW as a fabrication technique in achieving neuron-inspired biomimetic

structures with sub-micrometre feature size in 3D space:

1. Two neuron-inspired biomimetic models were introduced based on the
principles in biomimetics: a neuron-tracing model and a neuron-inspired

Steiner tree structure.

2. Based on 3D DLW, 3D biomimetic structures with different geometries were

fabricated.

3. For neuron-tracing structures, we experimentally demonstrated fabrication of
3D biomimetic neuron structures at scales of the sub-micrometre and tenfold

smaller than biological counterparts.

4. For neuron-inspired Steiner tree structures, we experimentally characterised

fluorescent behaviours of 3D biomimetic structures.
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5. We introduced a novel biocompatible hydrogel material suitable for 3D DLW,
and theoretically and experimentally characterised the influence of fabrication
conditions on the properties of the hydrogel, such as Young’s modulus and

swelling behaviours.

In this thesis, we investigated a range of 3D neuron-inspired biomimetic structures

based on the structural features of BNNSs.

In Chapter 3, we demonstrated the fabrication of biomimetic neuron structures using
3D DLW. The influences of laser power and writing speed in fabricating biomimetic
neuron structures with varied topologies were studied. The quantitative experiment
results revealed that neuron structures with different average branch angles require
different fabrication conditions. Based on this, in this work, the first experimental
realisation of a micrometre-scale biomimetic neuron structure 10 times smaller than
biological neurons has been achieved using two-photon DLW. Combining galvo-
scanning devices, long-range translational stages and nano-translation stages can
provide a potential method to replicate the topological features of BNNs to a larger
scale and forms a new optical technology platform for applications using 3D DLW in

engineered neural networks.

In Chapter 4, we explored the design, fabrication and characterisation of the
mechanical properties of neuron-inspired Steiner tree structures fabricated by 3D
DLW. Compared with traditional lattice structures, which are inspired by the minimal
surface in nature, neuron-inspired Steiner structures are designed with the principle of
shortest connection distance and have the lowest relative density among the four

traditional lattice structures.

The major challenges we faced during the fabrication of the Steiner tree structures
using 3D DLW were how to fabricate stable microstructures with smaller feature size
and how to achieve a circular-shaped beam cross-section in the microstructures? By
introducing a galvo-dithering DLW system based on previous work, stable Steiner
tree structures with the smallest feature size of 200 nm were fabricated with a

circular-shaped beam cross-section. The relative densities of our fabricated Steiner
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tree structures range from 5-15% of the bulk material. The experimental results and
simulation results showed that Steiner tree structures possess tuneable mechanical
properties that are in the range of biological neuron tissue and are promising for future
applications in neuron tissue engineering. In addition, the ultralow-density features of
the microstructures fabricated by galvo-dithering DLW provide a novel design for
ultralow-density materials, which have great potential in applications such as

biomedical engineering, filters and energy storage.

In Chapter 5, we developed and characterised a novel biocompatible material suitable
for 3D DLW: HMPP + PEGDA hydrogel. The single-photon absorption spectrum of
the photoinitiator HMPP shows an absorption peak at the wavelength of 245 nm, and
two-photon characterisation of the photoinitiator HMPP confirms a TPA cross-section
of 4.5 GM. Second, optimal fabrication conditions are confirmed for PEGDA
hydrogel by scanning the laser threshold power and writing speed. The laser power
ranges from 1-8 mW and the writing speed ranges from 1-100 um/s. Stable woodpile
structures with feature sizes around 1 micrometre were fabricated using our home-
built 3D DLW system. In addition, the Young’s modulus of the hydrogel material
depends on the laser energy dose during fabrication.

Based on the unique swelling response behaviour of PEGDA hydrogel, we
investigated the design, fabrication and characterisation of reversible ‘octagon to
square’ microstructures in hydrogel in Section 5.6. Shrinking and swelling behaviour
in ‘octagon to square’ structures fabricated using 3D DLW showed almost 100%
reversibility. In addition, the swelling behaviour of PEGDA hydrogel material is
around 60%, higher than the bulk material. A size effect can be used to explain the
difference. In the last part of this chapter, we demonstrated a novel neuron-inspired
fractal tree structure, such that our fabricated structures maintained stable and
undeformed shapes compared with the design, which should prove very useful for
future applications in neuron tissue engineering. In summary, our results in this
chapter show that our HMPP + PEGDA hydrogel photopolymerisation system is very
suitable for 3D DLW. The hydrogel performed with a very high photopolymerisation
efficiency, corresponding to a wide range of applicable laser powers and writing
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speeds. The mechanical property of the hydrogel is highly suitable for applications in

tissue engineering.

To conclude, this PhD thesis focused on the design, fabrication and characterisation of
neuron-inspired biomimetic structures using 3D DLW. In particular, we studied and
examined the stability and mechanical properties of these neuron-inspired
microstructures fabricated by 3D DLW. The fabrication conditions involved during
the fabrication process pose great influences on the stability and mechanical
properties of these neuron-inspired biomimetic structures. We carefully studied the
influence of laser power and writing speed on mechanical properties, such as elastic-
capillary force behaviours in Chapter 3, the power-scaling law of Young’s modulus in
Chapter 4 and the swelling behaviour of hydrogel in Chapter 5. The knowledge
generated in this PhD thesis is of great potential in many applications in biomimetics,

low-density material and biomedical engineering.
6.2 Future Outlook

In this section, we discuss the future outlook of this research and propose possible

research projects based on the results of this PhD thesis in three areas.

6.2.1 Three-dimensional direct laser writing for large-scale fabrication of

neuron-inspired structures

Regarding the biomimetic neuron structures fabricated using single-beam two-photon
DLW we introduced in Chapter 3, creation of biomimetic neuronal structures that
emulate the structural features in BNNs at the micrometre scale would be of great

benefit in areas of research such as engineered neural networks.

However, large-scale biomimetic neuronal structures cannot be easily achieved using
3D DLW because of the structural complexity of BNNs. This challenge can be

articulated in two aspects:

1. Unachievable fabrication time. BNNs are 3D networks structures spinning at a

very large scale; in the human brain, for example, the total neuron circuit length is
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estimated to be 100 billion um, resulting in a fabrication time of 1 billion seconds

(roughly 31.7 years).

2. Structural data on neuronal circuits at synaptic resolution are rarely available from

neuroscience.

One solution to achieve large-scale biomimetic neuronal structures is the utilisation of
‘multifocal arrays’ in 3D DLW. It has been demonstrated that large-area fabrication
using fast and parallel laser processing can be obtained via multifocal array generation
[85]. The vectorial Debye-based 2D or 3D Fourier-transforms can generate phase-
modulated diffraction-limited volumetric multifocal arrays with diminished cross-talk,
resulting in high uniformity [96]. Even though the concept generated a single structure
using a multifocal array, the technique has potential to generate an array of 2D or 3D
structures. Therefore, it is possible to effectively utilise this ability for the generation
of an array of biomimetic neuron structures in series or parallel for large areas, which

could be very useful in scaffold design in biomedical engineering.

Another solution lies in the recent use of deep-learning algorithms to aid fabrication
path design in 3D DLW. First, deep learning has been a very hot research topic
because of its capability in solving challenges arising from large amounts of data,
such as those related to path design, population control and the economy. Similarly,
the structural data of neuron networks can be regarded as a huge database, consisting

of billions of positions connected with each other through a 3D network.

Therefore, we proposed a project named “Deep-learning-aided three-dimensional
direct laser writing of the complete connectome of mushroom body from an insect
brain” (journal publication 4) as a possible solution to solve the technique challenges

in fabrication of large-scale biomimetic neuronal structures.

Future work should focus on the replication of a 3D biomimetic mushroom body from
an insect brain with sub-micrometre feature size using 3D DLW aided by a deep-
learning algorithm. The first complete connectome of a mushroom body in Drosophila
was achieved in 2017 [136]. A mushroom body is a higher-order parallel neuronal

circuit in many invertebrate brains and has proved essential for associative learning
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and cognitive processing in adult insects. A deep-learning algorithm [142] for
fabrication path optimisation is introduced to assist our laser fabrication to find the
shortest fabrication time. This work provides a potential method to replicate the
structural features of BNNs at a larger scale and opens a new avenue for higher-level

understanding of the structure—function relationship in engineered neural networks.

6.2.2 Enhancing the mechanical properties of Steiner tree microstructures at the
ultralow-density scale

The Steiner tree structures introduced in Chapter 4 were shown to possess the lowest
relative density from the geometrical design due to the shortest connection distance in
the unit. However, in Section 4.3, the fabrication of Steiner tree structures using
single-beam two-photon DLW could not achieve ultralow-density microstructures
with strong mechanical properties, such as Young’s modulus. The smallest fabrication
feature size available in single-beam two-photon DLW is limited to around 150 nm in
our fabrication system. While it is possible to reduce the fabrication feature size and
relative density by decreasing the energy dose in laser writing, this would
dramatically decrease the mechanical strength of the microstructures. Two solutions
may help to enhance the mechanical properties of the Steiner tree structures at the

ultralow-density scale (see Figure 6.1).
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Figure 6.1: Illustration to fabricate Steiner tree structures with ultralow-density using
SPIN lithography.

One solution is the recent development of two-beam SPIN lithography [197]. As
discussed in Section 2.6, two-beam SPIN lithography achieves super-resolution
feature sizes by tuning the shape of both the induction and inhibition beam during the
focusing, and also by tuning the power of the induction and inhibition beams. The

relationship between the fabrication feature size (linewidth) and the inhibition laser

power can be explained via the formula,

line width (nm) = a (6.1)

4
\/1+BXIinhibition/IS

This formula has been proved using a photoinitiator BDCC, along with a
photoinhibitor TED in a published work in 2013 [198], where a 3D optical beam
lithography with 9 nm feature size and 52 nm two-line resolution in a newly

developed TPA resin with high mechanical strength was achieved (see Figure 2.10).
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6.2.3 Developing a hydrogel material for two-beam super-resolution direct laser

writing

The utilisation of single-beam two-photon DLW enabled the fabrication of 3D
microstructures with adequate or controllable characteristics to mimic in vivo
extracellular matrix (ECM) properties (e.g., stiffness, porosity and degradability), and
has emerged as a promising method in tissue engineering. However, the fabrication
resolution in hydrogel materials is still limited to hundreds of nanometres in single-
beam two-photon DLW. Development of a novel material as a photoinhibitor in
hydrogel would be of great importance for future development of hydrogel in laser

fabrication.
6.3 Summary

In summary, progressive integration of material science, biomimetics, biomedical
engineering, mechanical engineering and 3D DLW techniques based on
photopolymerisation has enabled the creation of 3D biomimetic microstructures for
specific applications. It is critical to mention that 3D DLW is still in its early stages of
application, and there is a huge number of challenges that need to be addressed.
However, from the perspective of using 3D DLW to further development in neuron-
related research, such as neuron-tissue engineering and neuron computing interfaces,
3D DLW is the best option compared with other fabrication methods. More research

should be focused on the application of 3D DLW in these fields.



Appendix A: Synthesis of the Zirconium-based

Organic—-inorganic Photoresist

In this project, a zirconium-containing organic—inorganic photosensitive material
doped with tertiary amine metal-binding moieties was chosen as the material for the
fabrication of 3D neuron-inspired structures because of its good performance in 3D
DLW [30]. Preparation, modification and processing are straightforward and, in
combination with their high optical quality, post-processing chemical and
electrochemical inertness, and good mechanical and chemical stability, they have
found several applications in photonics and biomedical devices when structured by
DLW.

Monomers in the photoresist of our project are methacryloxypropyl trimethoxysilane
(MAPTMS) and 2-(dimethylamino) ethyl methacrylate (DMAEMA); 4, 4-
bis(diethylamino)benzophenone (BIS) was used as the photoinitiator and zirconium
propoxide (ZPO, 70% in propanol) and the alkoxysilane groups of MAPTMS served
as inorganic forming moieties. Each component can be obtained from Sigma-Aldrich

and does not need further purification.

Synthesis of the photoresist is as follows:

1. Mix 4.96 mL diluted water into 39uL. HCI to achieve a solution of HCL with
0.1mol/L molecule density.

2. Mix the HCI solution with 13.03 mL MPTMS and stir at a speed of 500/300
for 5 minutes.

3. Mix 3.8 mL DMAEMA with 9.96 mL ZPO and stir at a speed of 500 for 15
minutes.

4. Mix solution 3 with solution 2 and stir for 15 minutes.

5. Finally, mix 1.89 mL diluted water in solution 4 and stir for 15 minutes.



118 Appendix

Appendix B: Mechanical Characterisation of

Zirconium-based Photoresist

To study the mechanical property of the organic—inorganic photoresist, the Young’s
modulus of the 3D polymer microstructures was measured by an AFM. Combined
with the characteristics of the layer-by-layer process of TPP microfabrication and the
real condition of AFM measurement, cubic microstructures with 10 x 10 x 10 um3
(length x width x height) at various laser powers and writing speeds were fabricated
using a layer-by-layer writing process. As an example, SEM images of the 3D cubic
microstructures fabricated with laser power of 1 mW and writing speed of 50 um/s are

shown in Figure B.1 (a2) and (a3).

(al) ; Laser (a2)

(b1) (b3)

2/ (nm)

Figure B.1: Tllustration of fabrication and measurement of the Young’s modulus of
the photoresist. (al), (a2) and (a3) are fabrication of micro-sized cubic structures
using 3D DLW using a SEM. (bl), (b2) and (b3) are the measurement of the modulus
of microstructures using an AFM. Correspondingly, (b2) is an example of the
deflection signal as a function of distance during the measurement. (b3) is the real-
time image of the measurement under the built-in microscope of the AFM.

To investigate the polymer’s ability to resist deformation during microfabrication, the
Young’s modulus of the microstructures in air was studied. Laser power and writing

speed are two important parameters for microstructure fabrication; the crosslink
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density of 3D microstructures can be changed by adjusting the laser power or writing
speed. First, to study the influence of laser power on the Young’s modulus of
organic—inorganic photoresist, cubic microstructures were fabricated with laser power
ranging from 0.25-2.0 mW, and writing speed of 50 um/s. The schematic diagram of
the Young’s modulus measurement is shown in Figure B.1 The AFM images of
height and modulus of cubic microstructures fabricated with laser power of 1.0 mW in

the test region are shown in Figure B.2 (al) and (a2).
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Figure B.2: The influence of laser parameters on the Young’s modulus of the
organic—inorganic photoresists in air. (al) and (a2) AFM images of height and
modulus of cubic microstructures fabricated with laser power of 1.0 mW in the test
region. (b1) Modulus of the polymer as a function of laser power. (b2) Modulus of the
polymer as a function of writing speed.

The Young’s modulus of our photoresist ranges from 1-3.5 GPa, which shows that
our zirconium-based photoresist is very strong. Therefore, in our theoretical
calculation in Chapters 3 and 4, we chose a Young’s modulus of 2 GPa for the

material.
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Appendix C: Properties of Low-density 3D

Microstructures

Octahedron lattice

(b1) ‘\ (b2) \ "l/
e' 2N

Kelvin foam lattice Gyroid lattice

@» /

Figure C.1: Four typical low-density lattice structures. (al) Octahedron lattice. (a2)
Octet-truss lattice. (b1) Kelvin foam lattice. (b2) Gyroid lattice.

There are four kinds of architecture structures that have been widely studied in low-
density lattice structures (see Figure C.1). Among these four different lattice
structures, octahedron and octet-truss lattice structures are generally categorised as
bending-dominated, while the Kelvin foam lattice and gyroid lattice structures are
defined as stretching-dominated. The mechanical properties of these lattice structures
rely on the relative density of the fabricated structures. As discussed in Section 4.5.1,
the Young’s modulus and yield strength of the lattice structures follow a power-

scaling law with relative density:

E~B X Eg X p™ (4.3)
0s~C X 0y X p" (4.4)
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in which Eg and o,,; are the Young’s modulus and yield strength of the constituent
material, and the exponents m and n are defined by the cell geometry. B and C are
proportionality coefficients also defined by the cell geometry. Here, we summarise the
experimental results of these four lattice structures from the literature [199]. Even
though the results are sometimes not in agreement, there is some general
understanding of the mechanical properties of the structures. Steiner tree lattice

structure is also showed in this table.

Table C.1: Summary of the scaling constant (m and n) and proportionality
constants (B and C) of the Young’s modulus and the yield strength scaling
relationships respectively for each lattice structure made of polymers.

Rigidity Lattice B m C n
Rigid Octahedron | 0.57 1.1 1.59 1.92
Rigid Octet-truss | 0.82 1.77 1.31 1.88

Nonrigid Kelvin foam | 0.57 2.0 0.84 1.63

Nonrigid Gyroid 0.32 2.0 0.315 1.5

Nonrigid Steiner tree | 0.15 2.08 5.86 2.39

As seen in Table C.1, lattice structures with different topologies have different
exponents in the power-scaling law with relative density. Steiner tree structures show
a similar scaling behaviour as Kelvin foam, which proves that Steiner tree structures
are dominated by the bending of the beams in terms of the scaling constants and
proportionality constants.

We also summarised the mathematical formulas of different lattice structures, shown
in Table C.1. Compared with the other four lattice structures (octahedron, octet-truss,
Kelvin foam and gyroid), Steiner tree lattice structures have the smallest relative
density given the same unit size W and beam diameter t.
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Table C.2: Summary of the mathematical formulas of relative densities of
different lattice structures.

Lattice type Relative density (p/ps)
8 points Steiner tree 3vV3+1 % 2
lattice 4 w?2
t2
Octahedron lattice 321 X T
: t2
Octet-truss lattice 321 X T
: : t2
Kelvin foam lattice 6(V2 — 1)m x 7z
: : 3v2 t2
Gyroid lattice X —
2 W2
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