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Abstract

Microfluidic platforms that physically guide axons enable controlled studies of neuronal connectivity,
injury, and regeneration in vitro. This thesis investigates two fabrication routes for Polydimethylsiloxane
(PDMS)-based axon-guidance structures: direct ink writing of printable PDMS inks and cleanroom
microfabrication using photolithography and DRIE, with the goal of achieving high-aspect-ratio and
high-density features suitable for neuronal applications.

Printable PDMS inks were formulated by blending shear-thinning SE1700 with Sylgard 184 at
varying ratios and characterized by shear viscosity and oscillatory rheology at 25 °C. SE1700-containing
blends exhibited pronounced shear thinning and gel-like behavior (G′ > G″) in the linear viscoelastic
regime. DIW printability was assessed via dual-layer tests and filament-width analysis under different
nozzle sizes, speeds, and displacements. The 8:2 ink provided the best balance between extrusion
and shape retention; however, multilayer pores still showed sagging or merging depending on overhang
span and dose, and dimensional errors on printed microchannels ranged from 32 to 157 µm depending
on geometry.

Additionally, microfabrication produced high-aspect-ratio features on silicon using positive and
negative routes. PDMS–PDMS double casting from positive molds revealed failure modes—lateral
collapse and longitudinal tearing, in dense, narrow structures during demolding. Direct PDMS casting
from negative silicon molds improved geometric fidelity and avoided tearing; measured aspect ratio is
close to the wafer values and spontaneous collapse was not observed after demolding.

Overall, DIW enables fast, mold-free prototyping but is limited in resolution and multilayer fidelity;
microfabrication delivers micron-precision HAR arrays but entails higher process complexity and de-
molding risks for dense features. The results outline practical design and process for building PDMS
platforms that can be further integrated with MEAs for functional neural studies.
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1
Introduction

This chapter outlines the methods for developing microfluidic platforms tailored to neuroscience re-
search. It begins with the global impact and complexity of neurological disorders, highlighting the need
for in vitro systems that better replicate the neural microenvironment. Polydimethylsiloxane (PDMS)-
based platforms are widely used for constructing axon guidance channels due to their mechanical
properties, biocompatibility, transparency, and ease of fabrication. To fabricate these devices, two ma-
jor approaches are discussed: cleanroom microfabrication and additive manufacturing (AM). While AM
offers rapid and low-cost prototyping, limited resolution and lack of validation for neuronal culture pose
challenges to its application. In contrast, microfabrication can produce high-aspect-ratio (HAR) struc-
tures; dense HAR integration remains technically challenging. The chapter concludes by formulating
a research question that addresses how to optimize both approaches to create PDMS-based in vitro
platforms for neuronal applications.

1.1. Background and Significance of Neurological Disorders
Neurological disorders represent a major global health burden, affecting hundreds of millions of peo-
ple worldwide. These disorders include a broad spectrum of conditions such as Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, epilepsy, and stroke, many of which are chronic, pro-
gressive, and currently incurable [1]. The social and economic impacts are substantial, with increasing
prevalence due to global aging populations. For instance, Alzheimer’s disease alone affects millions of
people globally and is expected to reach 106 million by 2050 [2]. A study on DALYs (disability-adjusted
life-years) across the 28 European union (EU) countries and the world health organization (WHO) Eu-
ropean region showed that both the total number of DALYs and the DALY rate increase significantly
with age [3], indicating a higher disease burden and declining health status in older populations.

1



1.2. Challenges in Modeling and Treating Neurological Disorders 2

Figure 1.1: EU28 and WHO European region DALYs[3]

1.2. Challenges in Modeling and Treating Neurological Disorders
These disorders often involve complex pathological mechanisms at both cellular and circuit levels, in-
cluding synaptic dysfunction, neuronal death, glial activation, and circuit reorganization [4]. Despite sig-
nificant advances in neuroscience, our understanding of the underlying biological processes remains
incomplete, and therapeutic options are often limited to symptom management rather than disease
modification. One of the major challenges in developing effective therapies is the intricate architecture
and functional dynamics of the human nervous system, which complicate the modelling and analysis of
diseasemechanisms. Many neurological disorders are also highly heterogeneous, with diverse genetic,
epigenetic, and environmental contributions, resulting in complex diagnosis and treatment [5]. There-
fore, there is an urgent need for advanced experimental systems that allow for the detailed investigation
of human neuronal function and dysfunction in both health and disease contexts.

1.3. In Vitro Platforms in Neuroscience
The fundamental units of the human brain are neurons, each of which forms thousands of synaptic
connections. These intricate patterns of connectivity enable neurons to assemble into specialized
circuits that perform specific functions, therebymaking the brain a highly powerful computational system
[6]. However, this complexity that poses significant challenges in understanding and treating disorders
of the nervous system [7]. Gaining insight into the pathophysiological mechanisms underlying such
diseases at the cellular and circuit levels is essential for developing novel andmore effective therapeutic
strategies. Currently, the approaches to studying brain function include investigating native neural
circuits in vivo, ex vivo brain slices, and in vitro platforms that mimic in vivo environment [8, 9, 10, 11].

Ideally, the study of the causes of neurological disorders should be conducted using human tissue.
However, access to human tissue (typically obtained through autopsy or pathological specimens) is
limited, especially in the case of rare diseases [12]. Therefore, suitable model systems are needed to
advance our understanding of human nervous system development and disease. Among these, mice
and non-human primates are the primary model organisms used in neuroscience research. However,
animal models are associated with ethical concerns and are limited by the significant differences be-
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tween animal models and human cellular and molecular neurobiology, which restrict our understanding
of fundamental mechanisms in the human brain [13]. Ex vivo brain slices offer a compromise, preserv-
ing some tissue structure but losing the dynamic functionality of living systems.

1.3.1. Neuron Sources for In Vitro Studies
To study neurons and the nervous system in vitro, a reliable source of neurons is essential. Since neu-
rons are post-mitotic and do not undergo cell division, they must be continuously harvested from fresh
animals. For decades, rodents have been proven to be an economical, reliable, and valuable source of
primary mammalian brain tissue and neuronal cells for most laboratories [14]. Although rodent-based
in vitro models are feasible, their translational value is clearly limited by interspecies differences. At
best, the rodent brain approximates the human central nervous system; however, certain diseases can-
not be replicated in rodents at all. The method for generating “induced” pluripotent stem cells (iPSC)
was first developed by Shinya Yamanaka’s team [15]. A major advantage of iPSC is that they can be
derived postnatally, enabling patient-specific cultures based on individual genetic backgrounds. More-
over, neurons derived from these stem cells are expected to more closely reflect each patient’s unique
physiological functions.

1.3.2. Advantages of In Vitro Platforms
In vitro experiments offer a controlled and simplified platform for studying biological processes, mak-
ing them highly valuable in neuroscience research. By isolating cells or tissues in a laboratory set-
ting, researchers can precisely manipulate experimental conditions, such as chemical gradients [16],
mechanical stimulation [17], electrical stimulation [18], or temperature [19], to investigate specific neu-
ronal mechanisms. This controlled environment reduces the uncontrollable variables present in in
vivo systems, enhancing experimental reproducibility and facilitating the elucidation of nervous system
mechanisms under specific conditions. The second advantage is the significant reduction in labor and
resource costs. In vitro platforms eliminate the need for complex animal facilities, shorten experimen-
tal timelines, and enable high-throughput screening using technologies like microfluidic devices. This
helps reduce the cost and time required for bringing drugs to market and supports the development
of personalized medical approaches tailored to individual patients and their conditions [20]. These ad-
vantages make in vitro systems an efficient and ethical choice for treating neurological disorders and
advancing our understanding of the nervous system.

1.4. Microfluidic Platforms for Neuronal Research
Conventional cell culture systems, such as two-dimensional monolayer cultures, are widely used to
study neuronal growth and differentiation. These systems are simple and cost-effective but often lack
complexity and precise spatial control.

In contrast, microfluidics-based cell studies offer significant advantages by enabling precise con-
trol over cell positioning and the surrounding microenvironment. This is achieved by using microfluidic
structures to either confine or guide cells to designated areas. Additionally, the controlled environment
provided by microfluidic platforms helps to mitigate common issues associated with standard in vitro
techniques, such as unintended external influences, diffusion limitations, and population heterogeneity
[21]. Cost-efficiency is another benefit of microfluidic experiments, as the volumes of culture media,
hormones, and growth factors required are several orders of magnitude lower than those used in tradi-
tional culture flasks.
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Figure 1.2: An example of a microfluidic device for culturing neurons [22]

1.5. PDMS as an Ideal Material for Microfluidics and Axon Guidance
Structures

Common materials used for microfluidic devices include silicon, glass, polymers, thermoplastics, ther-
mosets and paper. Microfluidic devices made from each of these materials play significant roles in their
respective research fields. In cell culture studies, polymer-based microfluidic devices have attracted
considerable attention. Since polymers were introduced into the microfluidics field, they have remained
the materials of choice for commercial applications and high-throughput systems. Among them, PDMS
stands out due to its excellent properties. Liquid PDMS prepolymers can be thermally cured at mild tem-
peratures (room temperature to 150 °C) and cast with nanometer resolution from photoresist templates,
making the fabrication process easier and more cost-effective compared to silicon or glass molds. Its
low surface tension allows the cured PDMS to be easily peeled off from the mold. PDMS chips can
form reversible conformal seals with other PDMS layers, glass, or various substrates simply by bring-
ing them into contact. Irreversible bonding to PDMS, glass, or silicon can also be achieved by plasma
oxidizing the PDMS surface or using a thin layer of PDMS as an adhesive [23].

Another advantage of PDMS is its high elasticity and low Young’s modulus which makes it well-
suited formimicking soft tissues and thus recreating themechanical environment of cells in vivo. Rachelle
et al. [24] reported a PDMS-based substrate material whose elastic modulus can be easily and indepen-
dently tuned, enabling the simulation of soft tissues across a range spanning three orders of magnitude.
They demonstrated that the material supports cell adhesion and growth, and that such substrates can
be used to probe the mechanosensitivity of various cellular processes. Compared to glass, silicon, and
other rigid materials such as polymethyl methacrylate (PMMA), PDMS is gas-permeable, allowing the
exchange of oxygen and carbon dioxide, which is critical for long-term cell culture in sealed microchan-
nels. Due to these properties, PDMS-based devices are widely used in studies involving neuronal
cells.

Figure 1.3: Schematic illustration of Young’s modulus of common materials and tissue [25]

In neural engineering applications, microfluidic channels are often designed to physically exclude
neuronal cell bodies while permitting only thin axons to enter. Such “axon-isolation” structures have
been widely used in studies of axonal compartmentalization [26], axonal electrophysiology [27], axon
injury and regeneration [28], and synaptic function [29].
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Most axon-guidance microfluidic devices are cast in PDMS because it uniquely combines high
optical transparency, excellent biocompatibility, and sub-micrometer pattern fidelity. Transparency is
especially important: it allows researchers to perform real-time, high-resolution imaging (brightfield,
fluorescence, confocal) of growing axons without signal loss or background autofluorescence [30].

By contrast, even though silicon can be etched into equally fine structures, is opaque and unsuit-
able for live-cell microscopy. Thermoset resists like SU-8 can produce high-aspect-ratio features but
tend to be more expensive and less transparent than PDMS. Thermoplastics such as PMMA suffer
from poor gas permeability, which hinder oxygen and carbon-dioxide exchange. PDMS’s combination
of gas permeability, optical clarity, surface-patternability, and low cost therefore makes it the material
of choice for axon-guidance platforms.

1.6. Fabrication Methods and Their Challenges for PDMS-based Mi-
crofluidics

1.6.1. Additive Manufacturing
There is significant interest in applying AM to the fabrication of microfluidic devices, especially those
made from PDMS for biological applications. AM approaches for microfluidic device fabrication can be
categorized into two types: indirect printing and direct printing.

In indirect three-dimensional (3D) printing, a sacrificial mold is first printed, and PDMS is then
cast over or into the printed structure to replicate the desired microfluidic geometry. After curing, the
sacrificial mold is removed, leaving behind a PDMS replica of the internal channel design.

Stereolithography (SLA) and digital light processing (DLP) are two light-based additive manufactur-
ing techniques that are particularly well-suited for producing high-resolution molds from photopolymer
resins for indirect PDMS microfluidic fabrication. Their ability to achieve microscale resolution (typi-
cally down 50μm) arises from their fundamentally different printing mechanisms compared to extrusion-
based techniques.

In SLA printing, a tightly focused UV laser beam is directed by galvanometric mirrors to selectively
scan and cure a liquid resin layer according to the desired cross-sectional geometry. The laser spot size,
often less than 100μm, and the fine control of the scanning path contribute to high feature resolution.

In contrast, DLP printing cures each layer by projecting a full two-dimensional (2D) image using a
digital micromirror device (DMD), which consists of thousands of individually addressable micro-mirrors.
Eachmirror corresponds to a pixel in the image, allowing precise spatial light modulation. Because DLP
cures an entire layer simultaneously, it offers faster printing speeds while maintaining XY resolution
typically determined by the pixel pitch of the projection system.

Figure 1.4: Schematic diagram of SLA and DLP technology [31]

The choice of photopolymer resin plays a crucial role in print fidelity andmold usability. Commercial
resins such as Formlabs resin and Envisiontec resin are commonly used due to their mechanical stabil-
ity and ability to replicate fine microchannel geometries. After printing, these resin molds are typically
post-cured using UV light to fully polymerize residual monomers and increase hardness. Subsequently,
PDMS is cast onto the cured resin mold, cured thermally, and peeled off.

Although SLA and DLP printed resin molds enable fabrication of complex and even 3D intercon-
nected microchannel geometries. These include resin cytotoxicity, and potential inhibition of PDMS
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curing at the mold interface if not properly post-processed. Bastien et al. [32] reported that most
commercial 3D printing resins inhibit the curing of PDMS. Specifically, photoinitiators in the resin can
poison the platinum-based PDMS catalyst, thereby impeding the reliable replication of 3D-printed struc-
tures in this elastomeric material. To improve demolding and minimize PDMS curing inhibition, surface
treatments such as silanization or extending thermal and UV curing times beyond the commercial for-
mulation recommendations are often applied to the resin mold prior to PDMS casting.

In direct printing of PDMS, direct ink writing (DIW) stands out due to its advantages such as energy
efficiency and process simplicity [33]. DIW is an extrusion-based additive manufacturing technique that
has emerged as a promising approach for fabricating PDMS-based microfluidic devices without the
need for mold. In DIW, a viscoelastic ink is extruded through a fine nozzle under controlled pneumatic
or mechanical pressure, allowing programmable deposition of material along predefined 3D paths. This
method offers several advantages over indirect printing approaches, including fewer fabrication steps,
mold-free prototyping, and the potential to directly construct multilayer.

Figure 1.5: Schematic diagram of DIW [34]

However, printing PDMS via DIW presents considerable challenges due to the inherent rheological
properties of standard PDMS prepolymers, such as Sylgard 184. These formulations are low-viscosity
liquids before curing, making them unsuitable for extrusion-based printing in their native state. To
overcome this limitation, recent studies have focused on formulating printable PDMS inks with shear-
thinning behavior and shape retention upon deposition. A common strategy is to mix low-viscosity
commercial Sylgard 184 PDMS with rheological modifiers, such as PDMS SE 1700, graphene oxide,
or carbon nanotubes, to increase viscosity and yield stress [35, 36, 37]. Other approaches include
heat-assisted PDMS curing [38] and the use of UV-curable PDMS for printing [39].

DIW offers a mold-free alternative for fabricating PDMS-based structures. While there has been
notable progress in formulating printable PDMS inks and characterizing their line widths, aspect ratios,
or integration with stretchable electronics and sensors [40, 41], the direct application of DIW-printed
PDMSmicrochannels in cell culture, particularly for neurons, remains underexplored. There is currently
a lack of comprehensive studies validating the biocompatibility, long-term stability, and neuronal support
capacity of such printed platforms, which are critical for neuroscience applications. This gap limits the
impact of DIW in neuronal system development.

1.6.2. Microfabrication
Despite the rapid progress in 3D printing technologies, their limited resolution continues to pose a
major constraint in fabricating microfluidic devices for neuroscience applications. Most conventional 3D
printers lack the ability to produce cellular or subcellular-scale features, which are essential for isolating
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fine neuronal structures such as axons and dendrites. This resolution limits the utility of 3D-printed
platforms in studies that require high-precision microenvironments, such as axon guidance, localized
stimulation, or axon–soma compartmentalization. In in vitro neuroscience research, the ability to isolate
and control distinct compartments of a neuron, such as the soma, axon, and dendrites, is essential
for dissecting neuronal function, connectivity, and response to external stimuli. One of the landmark
approaches in this area was introduced by Taylor et al. [26], who developed a microfluidic device
featuring parallel microgrooves (approximately 10μm wide and 3μm high) that physically restrict cell
bodies while allowing axons to grow across compartments. This architecture enabled the physical and
fluidic isolation of axons from their somas, opening new possibilities for investigating axonal transport,
degeneration, and regeneration in a controlled environment. Since then, similar microgroove-based
designs have been widely adopted as the standard for compartmentalized neuronal cultures, especially
in studies of axon guidance, axon-specific stimulation, and neuromuscular junction [42, 43].

Fabricating the precise microstructures necessary for neuronal research often requires advanced
microfabrication techniques, including photolithography, wet etching, dry etching, as well as focused
ion beam (FIB) milling and electron beam lithography. Many of these processes utilize silicon wafers as
substrates, owing to their superior rigidity, dimensional stability, and excellent wear resistance, enabling
the accurate replication of micro and nanoscale features [44].

However, despite their precision and widespread use, most microfluidic devices fabricated through
traditional cleanroom microfabrication methods remain inherently 2D, limiting the ability to replicate the
3D microenvironment found in vivo. Neural tissues in the brain and spinal cord are embedded in a
highly organized 3D extracellular matrix, where neurons are subject to topographical, mechanical, and
biochemical cues in all spatial dimensions. An ideal 3D in vitromodel not only incorporates appropriate
cell types and biomimetic extracellular matrix (ECM), but also provides biochemical cues (e.g., growth
factors) and biophysical signals (e.g., mechanical stimulation). This ensures greater precision and relia-
bility in recapitulating the complex microenvironment encountered in native tissues. These extracellular
cues can significantly influence cell viability, proliferation, migration, and differentiation within the brain
and spinal cord [45]. Therefore, mimicking 3D geometries in microfluidic neural platforms is essential
for achieving physiologically relevant outcomes.

This is where HAR structures offer a promising design feature. By extending vertically while main-
taining narrow lateral dimensions, these structures facilitate multilayer stacking and the formation of
3D deformable channels [46]. They can be used for cell separation [43] and are particularly suited
for constructing axon guidance pathways or axon channels, in which axons are also allowed to ex-
tend vertically through the structures, while cell bodies remain restricted due to size exclusion. This is
meaningful for studying the 3D growth behavior of axons.

Photolithography and deep reactive ion etching (DRIE) are two predominant microfabrication tech-
niques used to create HAR structures. Many of these processes use silicon wafers as substrates due
to their excellent dimensional stability and wear resistance [44]. The process typically begins with the
design of a microfluidic pattern using computer-aided design (CAD) software, followed by the creation
of a master mold using photolithography. In this process, a silicon wafer is coated with a photoresist,
exposed to ultraviolet (UV) light through a patterned mask, and developed to create a mold with precise
microchannels. This mold can be either negative or positive. Positive molds are commonly made using
SU-8. SU-8 enables the fabrication of structures with thicknesses exceeding 1mm and aspect ratios up
to approximately 40:1 [47]. Photolithography can be performed using standard contact UV exposure
systems operating at wavelengths between 320 and 450nm. The developed SU-8 structures generally
exhibit smooth surfaces. The simplicity of this method and its compatibility with standard cleanroom
environments are key advantages of the SU-8 UV process [44]. After fabrication, these molds are
typically used to cast PDMS replicas.

Alternatively, negative molds can be fabricated using DRIE, a powerful technique widely adopted
in MEMS and microfluidic device fabrication. DRIE allows for the creation of deep, vertical structures
in silicon substrates with high aspect ratios and excellent sidewall definition. Among various DRIE ap-
proaches, the Bosch process is the most used. It operates by alternating cycles of SF6-based isotropic
etching and C4F8-based passivation, which together enable anisotropic etching with minimal lateral
undercutting [48]. This makes it ideal for producing precise, narrow channels that are well-suited for
microfluidic applications requiring cellular-level resolution. In contrast to SU-8 photoresist molds, which
suffer from mechanical degradation after repeated PDMS demolding [49], DRIE-etched silicon molds
exhibit exceptional mechanical robustness and can be reused multiple replication cycles without di-
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mensional deformation. This durability, combined with their ability to produce complex HAR features,
makes DRIE attractive for neuronal applications such as axon guidance platforms.

Nevertheless, despite the established capabilities of photolithography and DRIE in fabricating HAR
structures, significant challenges persist in achieving both HAR and high-density microchannel arrays
simultaneously. Reports demonstrating the successful fabrication of densely packed HAR structures
remain scarce due to mechanical instabilities, such as channel collapse or deformation during fab-
rication and demolding. Yet, achieving dense arrays of HAR channels would substantially increase
experimental throughput, enabling multiplexed analyses of neuronal responses under varied chemical
and physical conditions. Moreover, high-density structures have potential advantages in constructing
more complex and realistic neural networks that closely approximate the dense neuronal connectiv-
ity observed in vivo. It is therefore important to address these fabrication challenges in advancing in
vitroneuronal models towards true three-dimensional complexity and physiological relevance.

1.7. Integration of PDMS Axon-Guidance Structures with Microelec-
trode Arrays (MEAs)

Microelectrode arrays (MEAs) are in vitro platforms consisting of a grid of closely spaced, extracellular
microelectrodes embedded in a rigid substrate. These electrodes can simultaneously record electri-
cal spiking and local field potentials from multiple neurons or deliver precise electrical stimulation to
targeted cell populations. When combined with PDMS-based axon-guidance microchannels, MEAs
exhibit powerful new capabilities: (1) physical isolation of axons into predefined paths for determined
signal routing, and (2) spatially resolved stimulation and recording along those paths, enabling high-
resolution electrical measurements of neural network dynamics. In one study, Léo et al. [50] created
an implantable biohybrid neural construct composed of neuronal spheroids housed in separate cham-
bers, all interconnected by PDMS microstructures and positioned on high-density MEAs. By pattern-
ing dendritic guidance channels directly over the electrode arrays, each spheroid could be stimulated
and recorded independently, without electrical crosstalk from neighboring units. This configuration
achieved sub-100 µm resolution in both stimulation and recording, demonstrating the potential to tar-
get deep-brain analogues for applications such as restoring visual function in blind patients.

Additionally, Katarina et al. [51] designed a radial array of PDMS microchannels—ranging from
1.5 to 75 µm in width—emanating from a 400 µm-diameter central well placed over an MEA. After
seeding neuronal spheroids containing roughly 500 cells, axons entered each channel uniformly, and
high-throughput electrical recordings tracked their outgrowth dynamics. Axonal extension peaked in the
second week of culture—reaching up to 2 mm in channels wider than 2.8 µm—before stabilizing, while
narrower channels limited growth to under 1 mm. By varying the number of channels, the researchers
modulated axon bundle size and observed that bundles containing more axons extended further and
exhibited distinct conduction velocities and synchrony patterns. This integration of PDMS guidance
structures with MEAs provides a powerful platform for dissecting axon physiology, modelling injury and
regeneration, and engineering bespoke neural networks.
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Figure 1.6: Integration of PDMS axon-guidance microfluidics with MEAs [50, 51]

1.8. Research Question
The current literature suggests a significant gap in the development of microfluidic platforms that ef-
fectively replicate 3D microenvironments suitable for in vitro neuroscience research. While a number
of compartmentalized 2D microfluidic systems have been proposed to study neuronal growth, axonal
guidance, and cell–cell interactions, these designs remain inherently limited in their ability to mimic the
vertical complexity, hierarchical organization, and structural density that characterize the in vivo ner-
vous system. In particular, 2D layouts can capture lateral compartmentalization but fail to reconstruct
critical aspects such as layered tissue architectures, depth-dependent gradients, and the extracellular
matrix that modulates neural connectivity in the brain.

Cleanroommicrofabrication techniques, such as SU-8 photolithography, reactive ion etching (RIE),
and DRIE, have provided powerful routes to achieve HAR microstructures that could better capture the
spatial constraints of neuronal networks. These methods offer submicron resolution, excellent repro-
ducibility, and compatibility with established microelectronic integration processes. However, despite
these advantages, relatively few studies have succeeded in producing dense HAR arrays specifically
tailored for neural applications. This limitation is largely attributed to challenges including photoresist
stability during multi-step fabrication, mechanical fragility of tall and narrow structures, and non-uniform
etching across large wafer areas. Such constraints often result in device failure during demolding, re-
duced yield, or compromised biocompatibility of the final structures.

Meanwhile, additive manufacturing approaches, particularly DIW, have emerged as highly attrac-
tive alternatives due to their flexibility, low cost, and ability to rapidly iterate device designs without the
need for cleanroom infrastructure. DIW has demonstrated great potential in fabricating PDMS-based
devices with tunable mechanical properties, enabling the creation of curved geometries, gradient struc-
tures, and soft interfaces that more closely resemble the neural tissuemicroenvironment. Nevertheless,
most existing studies remain focused on embedding electronic and chemical sensors into PDMS sub-
strates. There is a lack of systematic validation regarding the long-term biocompatibility, microchannel
stability, and the ability of DIW-fabricated PDMS platforms to support physiologically relevant neural
network formation, particularly when used for microfluidic structures and axon guidance.

The resulting research question based on this identified gap is formulated as:
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“How can additive manufacturing and photolithography technologies be optimized to pro-
duce high-aspect-ratio and high-density microstructures for axon guidance?”

This system could serve as a tool for studying neuronal development, axon guidance, neural con-
nectivity in 3D environments. Multiple sub-objectives will be answered to achieve this goal:

• To formulate and characterize DIW PDMS inks with appropriate rheological properties and print-
ability.

• To design, fabricate and characterize DIW PDMS structures.
• To explore the microfabrication limits in producing dense HAR microchannels suitable for axon-
guidance applications.



2
Direct Ink Writing of PDMS Structures

2.1. Materials and Methods
2.1.1. Ink Preparation
The viscoelastic PDMS inks were formulated by blending two types of silicone elastomers: a shear-
thinning PDMS material, SE 1700 (Dow Corning, Japan), and a low-viscosity PDMS material, Sylgard
184 (Dow Corning, USA), which was used to dilute SE 1700 to achieve the desired rheological proper-
ties.

Prior to blending, both SE 1700 and Sylgard 184 base components weremixed with their respective
curing agents at a weight ratio of 10:1 (base:curing agent) in a mixer (Speedmixer DAC 150.1 FVZ).
The two mixtures were then degassed separately in a vacuum desiccator (Lab Commpanion) for 15
minutes. The final inks were loaded into 20mL syringes (Fisher scientific, China) at room temperature.
The total weight of each filled syringe was measured, and an object of equal weight was placed on
the opposite side of the centrifuge (Eppendorf Centrifuge 5702) for balance. The syringes were then
centrifuged at 3,000rpm for 2 minutes to remove all air bubbles and to drive the ink toward the end.
Finally, PDMS inks were prepared by blending SE 1700 and Sylgard 184 in five different weight ratios:
10:0, 9:1, 8:2, 7:3, and 0:10.

2.1.2. Rheological Characterization
Rheological measurements were performed using a HAAKE MARS III rheometer (Thermo Scientific)
equipped with a parallel plate geometry (20mm diameter). An appropriate amount of the prepared
PDMS ink was dispensed onto the bottom plate, and the upper plate was adjusted to ensure that
the ink fully occupied the gap between the two plates. After zeroing the normal force, rheological
measurements were initiated. The storage modulus (G′) and loss modulus (G″) were recorded during
amplitude sweeps performed at a constant frequency of 1Hz over a strain range of 0.001% to 100%,
for ink formulations with SE 1700: Sylgard 184 weight ratios of 10:0, 9:1, 8:2, 7:3, and 0:10. The 10:0
and 0:10 formulations were used as control groups. In addition, frequency sweeps were conducted to
obtain G′, G″, and complex viscosity (|η*|) at a constant strain of 0.01%, within the linear viscoelastic
regime, over a frequency range of 100 to 0.1Hz. Flow and viscosity curves were obtained through
rotational tests, with shear rates ranging from 0.01 to 1000s-1. All measurements were performed at a
controlled temperature of 25°C. After each measurement set, the parallel plates were carefully cleaned
with isopropanol (IPA), and the procedure was repeated for the next sample.

2.1.3. Printability Analysis
The model used for printability testing was designed using CAD software (SOLIDWORKS 2023 SP2.1).
3D printing was performed using a commercial desktop printer (Ultimaker 2+) that was modified by
replacing the original print head with a custom-made ink extrusion system consisting of a 25mL syringe
holder and a mechanically driven syringe pump [52]. PDMS ink was loaded into the syringe barrel at
room temperature and capped with dispensing nozzles of 25GA (260μm), 27GA (210μm), and 30GA
(160μm) (PATIKIL beveled tip dispenser, China).

The syringe pump controls the displacement of the syringe plunger. Since the ink is extruded

11



2.1. Materials and Methods 12

Figure 2.1: 3D printing experimental setup

slowly during printing and the extruded volume typically exceeds the amount required for deposition,
extrusion pressure can be represented by displacement. The printing speed and paths were controlled
using UltiMaker Cura 5.9.1. Dual-layer printing tests were performed under a constant printing speed
(15mm/s) and a fixed nozzle diameter (260um) with three different ink formulation (9:1, 8:2 and 7:3) at
three displacements (0.4mm, 0.7mm and 1mm). The purpose of this experiment was to evaluate the
basic printability of prepared PDMS ink and to preliminarily assess the influence of nozzle diameter and
printing speed on the printing quality. In the printed two-layer structures, the spacing between adjacent
filaments was kept constant in both the x and y directions. Veli et al. [35] use circularity (C) to define
printability (Pr):

C =
4πA

L2
(2.1)

where L and A represent the perimeter and area of the pore, respectively. A C value of 1 indicates
that the enclosed area is closest in shape to a perfect circle. Since the maximum circularity of a square
is equal to π/4, the Pr of the ink based on the printed square shape is defined as follows:

Pr =
π

4C
=

L2

16A
(2.2)

This indicates that when the printed pore approximates a perfect square, a Pr value of 1 reflects
optimal printability of the ink under the given conditions. The greater the deviation from 1, the poorer
the printability. To evaluate different parameters influencing the printability, the printed filament widths
were measured and analyzed under different conditions, including three types of inks (9:1, 8:2, and
7:3), three nozzle sizes (260, 210, and 160 μm), three levels of displacement (0.1 mm, 0.4 mm, 0.7
mm), and four printing speeds (5, 10, 15, and 20 mm/s). In all experiments, the gap between the nozzle
tip and the printing platform was fixed at 0.2 mm. After printing, the samples were cured by heating
at 100°C for 30 minutes in a VacuTherm Vacuum Oven (Thermo Scientific). The filament widths were
measured using a Dino-Lite microscope.

2.1.4. 3D Printing of Microfluidics
A gradient generator for producing solute concentration gradients and a simplified open-channel mi-
crofluidic design, were modeled using SolidWorks. Both designs are of single-layer structures. The
corresponding printing paths were automatically generated by UltiMaker Cura. 3D models were printed
using ink 8:2 and a 210 μm nozzle tip, with a constant printing speed of 10 mm/s and a syringe dis-
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placement of 0.1 mm.

Figure 2.2: Dimensions of the gradient generator (unit: cm)

Figure 2.3: Dimensions of the microfluidic design (unit: cm)
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2.2. Results
2.2.1. Rheological Properties
The flow and viscoelastic behavior of the five PDMS ink formulations (0:10, 9:1, 8:2, 7:3 and 10:0) were
characterized by shear viscosity, oscillatory amplitude sweep and oscillatory frequency sweep tests.

Shear Viscosity Test

Figure 2.4: Viscosity of Inks 10:0, 9:1, 8:2, 7:3, and 0:10 at 25 °C

Table 2.1: Measured viscosity of PDMS inks at 25 °C (mean, n=3)

Shear rate (s−1) Viscosity (Pa·s)

0:10 9:1 8:2 7:3 10:0

0.1 12.1 667,100.3 263,100.2 15,950.4 1,237,000.0
1.0 11.1 2,654.4 2,503.0 1,234.5 3,290.0
10.0 10.8 338.5 323.4 287.3 502.3
100.0 10.7 68.4 63.2 60.3 69.3

1,000.0 4.5 11.8 6.9 5.1 12.1

All viscosity values representmeanmeasurements of three replicates at 25 °C. The PDMSSE1700–
Sylgard blends (10:0, 9:1, 8:2, and 7:3) each displayed shear-thinning behavior, with viscosities that
dropped steeply from the lowest shear rate (0.1 s-1) through around 10 s-1 and then declined more
gradually up to 1000 s-1. At 0.1 s-1, the pure SE1700 formulation (10:0) exhibited the highest viscosity
on the order of 106 Pa∙s, while the 9:1, 8:2, and 7:3 blends measured approximately 6.7 × 105, 2.6 ×
105, and 1.6 × 104Pa∙s, respectively. By 100 s-1, these shear-thinning inks had converged to viscosi-
ties of order 101Pa∙s (roughly 60–70 Pa∙s), and at 1000 s-1 they reached values below about 15 Pa∙s.
In contrast, the pure Sylgard formulation (0:10) behaved as a newtonian fluid, maintaining a nearly
constant viscosity of 12 ± 1 Pa∙s across the entire shear-rate range (Figure 2.4, Table 2.1).
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Oscillatory Amplitude Sweep Test

Figure 2.5: G’ and G” from oscillatory amplitude sweep of Inks 10:0, 9:1, 8:2, 7:3, and 0:10 from 0.001% to 100% strain at 25
°C
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Table 2.2: Measured G′, G′′ and yield point from oscillatory amplitude sweep of PDMS inks (0.001%–100% strain, 25 °C;
mean, n=3)

Formulation 0.001% 0.01% 0.1% Yield point
G′ (Pa) G′′ (Pa) G′ (Pa) G′′ (Pa) G′ (Pa) G′′ (Pa)

0:10 5.4 53.8 1.2 58.3 1.8 60.0 NA
9:1 379,515.8 123,990.8 147,689.9 101,981.9 9,491.2 15,705.5 0.01% to 0.02%
8:2 120,482.0 47,725.3 73,261.4 46,796.4 5,962.5 10,500.0 0.02% to 0.04%
7:3 39,665.5 25,602.0 27,401.6 22,412.3 2,852.3 5,507.1 0.02% to 0.04%
10:0 860,417.2 226,912.5 177,829.3 238,676.5 23,628.5 37,193.2 0.003% to 0.007%

Ratios denote SE1700:Sylgard 184 by weight; G′/G′′ in Pa. Yield point is the strain where G′ = G′′.

All oscillatory amplitude sweep measurements were conducted at 25 °C with three replicates per
formulation. The storage modulus G’ exceeded the loss modulus G” at very low strain (0.001%) for
PDMS SE1700–Sylgard blends (10:0, 9:1, 8:2, and 7:3). As strain increased from 0.001% to 100%,
both G’ and G” decreased steadily for these blends, and a crossover point was observed in each case.
In contrast, the pure Sylgard formulation (0:10) showed a fluid-like response at all strains, with G”
remaining above G’ and no crossover within the tested strain range (Figure 2.5).

From Table 2.2, the initial moduli at 0.001 % strain for the blends spanned from 3.97 × 104 Pa (7:3)
to 8.60 × 105 Pa (10:0) for G’ and from 2.56 × 104 Pa to 2.27 × 105 Pa for G”. At 0.01% strain, G’ values
fell to between 1.48 × 105 Pa (9:1) and 2.74 × 104 Pa (7:3), and at 0.1% strain they further decreased
to 9.49 × 103 Pa, 5.96 × 103 Pa, 2.85 × 103 Pa, and 2.36 × 104 Pa for the 9:1, 8:2, 7:3, and 10:0 inks,
respectively. Corresponding G” values at 0.1% strain ranged from 1.57 × 104 Pa down to 60 Pa (0:10).
The yield points, defined by the strain at which G′ and G″ cross, occurred at approximately 0.003%-
0.007% for the 10:0 ink, 0.01%-0.02% for 9:1, and 0.02%-0.04% for both the 8:2 and 7:3 blends. Pure
Sylgard (0:10) did not reach a yield point within the tested strain range.

Oscillatory Frequency Sweep Test
All oscillatory frequency sweep tests were conducted at 25°C. At all frequencies, the G’ of PDMS
SE1700–Sylgard blends at various ratios was higher than the G”. Specifically, for the 7:3 ink, as the
frequency increased from 0.1Hz to 100Hz, G’ rose from 3.50 × 104 to 1.80 × 105Pa, G” increased from
2.96 × 104 to 1.66 × 105Pa, and the complex viscosity (η*) decreased from 7.3 × 104 to 392Pa∙s. For
the 8:2 ink, G’ rose from 4.3 × 104 to 2.33 × 105Pa, G” increased from 3.9 × 104 to 2.20 × 105Pa, and
η* decreased from 9.3 × 104 to 511Pa∙s. For the 9:1 ink, G′ rose from 5.44 × 104 to 3.07 × 105Pa, G”
increased from 4.14 × 104 to 1.83 × 105Pa, and η* decreased from 1.09 × 105 to 570Pa∙s.
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Figure 2.6: Complex viscosity η∗, G′ and G′′ from frequency sweep of inks 7:3, 8:2 and 9:1 at 25 °C.
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2.2.2. PDMS Printability
Based on the above results, the 0:10 PDMS ink does not exhibit shear-thinning behavior and consis-
tently behaves as a liquid; therefore, it is not printable. In contrast, the 10:0 ink is extremely difficult to
extrude through small nozzles, while extrusion through larger nozzles defeats the purpose of achiev-
ing high-resolution printing. Consequently, it is not discussed further in this section. The printability
characterization in this section focuses solely on the 9:1, 8:2, and 7:3 inks.

Dual-layer printing

Figure 2.7: Dual-layer extrusion printing of PDMS inks (9:1, 8:2, 7:3) at a constant speed (15 mm/s) and 260 µm nozzle
diameter, shown for three displacements: 0.4 mm (top row), 0.7 mm (middle row) and 1.0 mm (bottom row).

All measurements were based on nine replicates (n = 9). For the 9:1 ink formulation, no stable
pore structures were detected at displacements of 0.4 mm and 0.7 mm. At a displacement of 1.0 mm,
the mean perimeter was 5.39 ± 0.80 mm, the mean pore area was 1.99 ± 0.06 mm², and the Pr value
was 0.91 ± 0.02.

For the 8:2 ink formulation, increasing the displacement from 0.4 mm to 1.0 mm produced a de-
crease of the pore area. At 1.0 mm, the mean perimeter measured 4.76 ± 0.24 mm, the mean pore
area was 1.55 ± 0.12 mm², and Pr was 0.91 ± 0.03. At 0.7 mm, the mean perimeter increased to 5.14
± 0.20 mm, the pore area to 1.72 ± 0.12 mm², and Pr to 0.96 ± 0.02. At 0.4 mm, the perimeter reached
5.96 ± 0.17 mm, the area 2.30 ± 0.13 mm², and Pr remained at 0.96 ± 0.01.

For the 7:3 ink formulation, a displacement of 0.4 mm yielded a mean perimeter of 4.80 ± 0.20 mm,
a mean pore area of 1.71 ± 0.12 mm², and a Pr value of 0.84 ± 0.01. At 0.7 mm, the mean perimeter
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Table 2.3: Influence of ink formulation and displacement on printed pore perimeter, pore area, and Pr (mean ± SD; n = 9)

Ink formulation Displacement (mm) Perimeter (mm) Pore area (mm2) Pr

9:1
0.4 NA NA NA
0.7 NA NA NA
1.0 5.39 ± 0.80 1.99 ± 0.06 0.91 ± 0.02

8:2
0.4 5.96 ± 0.17 2.30 ± 0.13 0.96 ± 0.01
0.7 5.14 ± 0.20 1.72 ± 0.12 0.96 ± 0.02
1.0 4.76 ± 0.24 1.55 ± 0.12 0.91 ± 0.03

7:3
0.4 4.80 ± 0.20 1.71 ± 0.12 0.84 ± 0.01
0.7 4.35 ± 0.11 1.31 ± 0.07 0.90 ± 0.02
1.0 3.34 ± 0.12 0.82 ± 0.04 0.80 ± 0.02

NA: no stable pores formed.

decreased to 4.35 ± 0.11 mm, the pore area to 1.31 ± 0.07 mm², and Pr rose to 0.90 ± 0.02. At 1.0 mm,
the perimeter further decreased to 3.34 ± 0.12 mm, the pore area to 0.82 ± 0.04 mm², and Pr was 0.85
± 0.02.

Filament widths measurements
Filament width measurements were conducted under four different printing speeds (5, 10, 15, 20mm/s),
various ink formulations (9:1, 8:2, 7:3), different tip sizes (260µm, 210µm, 160µm), and different dis-
placements (0.1mm, 0.4mm, 0.7mm), as shown in Figure 2.8. Missing data points in the figure indicate
that the ink was not printable under the corresponding conditions.

In Figure (A), with the displacement fixed at 0.4mm, the extrusion filament widths of different ink for-
mulations were compared under identical conditions. As the proportion of SE1700 in the ink increased,
the extruded filament widths decreased. Meanwhile, with a smaller nozzle size and higher printing
speed, inks with a higher SE1700 content became increasingly difficult to extrude.

In Figure (B), with the displacement fixed at 0.4mm, all three inks showed a decrease in filament
width when the nozzle size was reduced from 260µm to 210µm. However, when the nozzle size was
further reduced to 160µm, the filament widths of inks 8:2 and 7:3 increased instead, whereas ink 9:1
became difficult to extrude at all printing speeds.

Figure (C) investigates the effect of displacement on filament width. It can be observed that for
all ink formulations, filament width decreases as the displacement decreases. Moreover, smaller dis-
placements can only produce printable filaments at lower printing speeds.
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Figure 2.8: Influence of different printing parameters: (A) ink formulation, (B) tip sizes, (C) syringe displacement on the
filament widths for 4 printing speeds(5, 10, 15, 20mm/s)
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3D printed models measurements

Figure 2.9: Optical images of 3d printed PDMS structures: (A) microfluidic channels (B) gradient generator

Table 2.4: Comparison of designed and measured dimensions of 3D-printed PDMS microfluidic structures (mean values, n=5)

Structure Region Designed (µm) Measured (µm) Absolute error (µm) Max–Min (µm)

A
Central channel 700 543 157 54
Peripheral channel 410 314 96 32
Inlet/outlet porta 850 724 126 27

B Channel 300 268 32 157
a For the circular inlet/outlet port the designed value is the radius.

Figure 2.9 shows optical microscope images of two representative 3D printed PDMS microfluidic
structures. Image (A) presents a four-arm microfluidic channel with a central junction and circular
inlet/outlet ports, while image (B) displays a gradient generator composed of multiple curved serpentine
channels. Both designs were printed using a DIW method and assessed for dimensional fidelity.

Table 2.4 summarizes the comparison between designed and measured dimensions for different
regions of the printed structures. For Structure A, the central channel was designed with a width of
700 μm, but the average measured width was 543 μm, resulting in an absolute error of 157 μm and
a variation range (Max–Min) of 54 μm. The peripheral channels showed a designed width of 410 μm
and a measured width of 314 μm, corresponding to a 96 μm absolute error and a 32 μm range. The
inlet/outlet ports were designed with a radius of 850 μm, while the printed structures had an average
radius of 724 μm, producing an absolute deviation of 126 μm and a variation of 27 μm.

For Structure B, the designed channel width was 300μm, and the actual printed width averaged
268μm, with an absolute error of 32μm. However, this region exhibited the highest variability among
all structures, with a Max–Min spread of 157μm.
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2.3. Discussion
2.3.1. Rheological Properties and Their Implications for Printing
The rheological analysis of PDMS blends revealed distinct differences in viscosity curves depending on
the ratio of SE1700 to Sylgard 184, as shown in Figure 2.4 and Table 2.1. All formulations containing
SE1700 (10:0, 9:1, 8:2, and 7:3) exhibited pronounced shear-thinning behavior, an ideal characteristic
for DIW applications. Specifically, the viscosity of these inks dropped sharply from the low shear-rate
region (0.1 s-1) to around 10 s-1, followed by a more gradual decrease up to 1000 s-1. This behavior
supports the presence of a structured internal network that breaks down under shear, allowing smooth
extrusion through the nozzle, and then sufficiently recovers after deposition to maintain the fidelity of
the printed shape.

The highest viscosity was observed in the pure SE1700 ink (10:0). As the Sylgard 184 content
increased, the viscosity decreased significantly, suggesting that Sylgard acts as a diluent, reducing
network density and flow resistance. At a shear rate of 100 s-1, all SE1700-containing inks converged
to a similar viscosity level (60–70 Pa∙s), indicating that regardless of SE1700 content, the viscosity
gradually plateaued as the shear rate increased. At 1000 s-1, their viscosities further decreased to
the range of 5–12 Pa∙s. In contrast, the 0:10 formulation composed entirely of Sylgard 184 exhibited
Newtonian behavior, maintaining an almost constant viscosity of 12 Pa∙s across the entire shear-rate
range. This result confirms the absence of shear-sensitive microstructures in Sylgard-only systems,
whereas adjusting the SE1700-to-Sylgard ratio effectively tunes the shear-thinning properties of the
inks.

The oscillatory amplitude sweep results of PDMS showed that the formulations containing SE1700
(10:0, 9:1, 8:2, 7:3) exhibited a G′ that significantly exceeded the G″ at low strain amplitudes, indicat-
ing that these inks displayed more gel-like characteristics. The yield point defines the threshold for
permanent structural deformation and reflects the sample’s stability (i.e., its resistance to internal sedi-
mentation). As the proportion of Sylgard 184 in the ink increased, the yield point shifted to higher values.
When the applied shear strain exceeded this threshold, the structure began to deform permanently, and
the material started to flow like a liquid. Because the structural strength of the inks is reflected by the
magnitude of G′, ink 10:0 exhibited the highest structural strength, while ink 0:10 showed the lowest.
The 0:10 ink, composed solely of Sylgard 184, behaved as a liquid across all shear strains, as G″
dominated its response. Consequently, this type of ink exhibited no discernible yield point. Attempts
to perform extrusion printing with ink 0:10 failed because the printed filaments could not retain their
shape.

The frequency sweep test results for inks 9:1, 8:2, and 7:3 showed that G′ exceeded G″ at all
frequencies, indicating that the inks would not spontaneously relax, collapse, or flow inside the syringe.

Overall, the rheological tests of the PDMS inks demonstrated that SE1700 is crucial for adjusting
the printability of the inks. As the proportion of SE1700 increases, both the viscosity and structural
strength of the ink increase. However, excessively high viscosity may lead to nozzle clogging. In
contrast, pure Sylgard 184 ink lacks shear-thinning behavior and exhibits fluid-like characteristics under
all shear stresses, making it non-printable.

2.3.2. Factors Affecting PDMS Printability
The dual-layer printing tests showed that printing quality and pore clarity were influenced by both the
ink formulation and the syringe displacement. The 9:1 ink, with the highest SE1700 content, failed to
form stable porous structures under low extrusion conditions (0.4 and 0.7 mm). This is likely due to its
excessively high viscosity and the lack of support at the bottom, causing interruptions in filament depo-
sition. In contrast, for the 8:2 ink, reducing the displacement from 1.0 mm to 0.4 mm led to a decrease
in the extruded filament width, which directly resulted in an increase in pore area and a correspond-
ing increase in perimeter. At the same time, its printability gradually approached 1. Additionally, for
each displacement level, the upper layer structure showed slight sagging. The 7:3 ink exhibited similar
behavior, but at low displacement (0.4 mm), the filament width was too small, causing the upper fila-
ments to collapse severely onto the bottom layer. As a result, the ideal square pores transformed into
hexagon-like shapes, leading to a reduction in the Pr. At high displacement (1.0 mm), the excessive
extrusion caused the upper and lower layers to fully merge, with ink accumulating at the intersections
to form rounded pores.

Overall, the dual-layer printing tests confirmed that printing double-layer structures with these inks
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remains challenging. For high-structural-strength inks (9:1), the unsupported overhanging regions in
the second layer could not sag due to the high G′, leading to interruptions in the suspended segments.
For low-G′ inks, insufficient structural strength resulted in sagging and low printability. The 8:2 ink, with
its intermediate G′, achieved higher printability, though some sagging still occurred (the widths of the
overhanging segments were slightly smaller than those of the supported segments).

The results of the filament width tests indicate that the final filament width is determined by multi-
ple interacting factors. First is the ink formulation. When printed with the same nozzle size, different
ink ratios yielded different results. As the proportion of SE1700 increased, the printed filament width
decreased. This is because inks with higher G′ more readily retain their original shape after extrusion
without spreading, and under the same syringe displacement, inks with a higher SE1700 content ex-
trude more slowly, resulting in narrower filaments. Second is the nozzle size. When the nozzle tip
diameter decreased from 260 µm to 210 µm, the filament width showed a clear reduction. However,
with a further decrease to 160 µm, the 9:1 ink produced discontinuous filaments, while the 8:2 and 7:3
inks were still able to form continuous filaments, but with increased widths. This occurs because at the
same displacement level, a smaller nozzle tip significantly increases the shear strain on the ink, which
markedly reduces both G′ and G″ during extrusion, with G″ exceeding G′, thereby increasing flowability.
Third is the syringe displacement. A larger displacement produces wider filaments and allows for faster
printing. This is because a higher displacement leads to a larger extrusion volume per unit time; at the
same printing speed, the filament width therefore increases. Lastly is the printing speed. Generally,
increasing the printing speed decreases filament width. However, excessively high speeds may lead to
discontinuous filaments, while overly low speeds may cause ink accumulation at the nozzle tip. In sum-
mary, achieving the desired printing performance and minimizing filament width requires a balanced
optimization of these four parameters.

The dimensional fidelity of 3D-printed PDMS microfluidic structures was evaluated by comparing
the designed and measured dimensions of different geometric features in two representative designs.
For both structures, the measured widths were smaller than the designed widths, with absolute errors
ranging from 32 µm to 157 µm. This discrepancy can be attributed to several factors: the limited resolu-
tion of the DIW printer, the mismatch between the actual filament width and the filament width defined
in the slicer software, and the gradual recovery of the ink’s G′ and G″ after printing, which allows slight
filament spreading during the transition from printing to final curing.

In the microfluidic channel structures, both circular and linear sections exhibited relatively small
deviations (less than 60 µm). In contrast, the gradient generator channels showed the largest deviation
(157 µm), with the narrowest region occurring at the U-shaped corner and the widest region at the
right-angle entry of the U-shaped channel. In addition to the factors mentioned above, this can also be
explained by the adhesion of the filament to the glass slide and the traction exerted by subsequently
deposited filaments during printing. When printing sharp corners, this effect causes the actual sample
to form a slight curve, widening the right-angle entrance. Conversely, when printing curved channels,
the actual radius tends to be smaller than the design, leading to narrower U-shaped corners. Tomitigate
these effects, channel widths should be re-optimized at the design stage to compensate for dimensional
deviations inherently introduced by the printing process.

2.3.3. Advantages and Limitations of DIW
DIW offers a mold-free route that greatly accelerates design–build–test cycles: layouts can be edited
and printed within hours without the lead times of mask fabrication or wafer processing. Because the
rheology of PDMS inks is tunable (by blending shear-thinning SE1700 with Sylgard 184), extrusion pres-
sure, filament continuity, and shape retention can be optimized for specific geometries. The process
uses equipment at low temperatures, which lowers cost and simplifies operation. In addition, printed
PDMS preserves optical transparency and gas permeability, which supports imaging and long-term cell
culture, making DIW attractive for early-stage neural platform prototyping.

However, there are some limitations that matter for axon-guidance microstructures. First, geomet-
ric resolution and fidelity are constrained by nozzle diameter, shear-thinning during extrusion, and post-
deposition filament spreading; in the measurements, microchannel deviations ranged approximately
from 32 to 157 µm depending on feature and layout. Second, multilayer features with overhangs are
sensitive tomechanical support from the underlying layer; excessive spans promote sagging or merging
of filaments, and the printability metric (Pr) departs from unity as pores distort. Third, the usable rheol-
ogy window is narrow: inks that are too viscous risk discontinuities and clogging, while inks that are too
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fluid lose definition. The coupled nature of speed, displacement, nozzle size, and ink composition also
means that parameter changes can have non-intuitive effects (e.g., smaller nozzles producing wider
lines due to elevated shear and slow recovery). Finally, although PDMS is biocompatible, the long-term
stability and guidance efficacy of DIW-printed microchannels still require systematic validation.



3
Microfabrication of PDMS

Microfluidics

3.1. Materials and Methods
3.1.1. Mask Design
The photomask used for microfluidic device fabrication was designed using K-Layout (version 0.30.0),
a layout editor compatible with GDS format. The mask adopts a single-layer design intended for PDMS
casting based on soft lithography. As shown in Figure 3.1, the complete mask layout consists of 21
identical microfluidic structures uniformly arranged on a single foil mask to facilitate batch manufactur-
ing.

Figure 3.1: The foil mask layout

25
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Each individual microfluidic structure, as illustrated in Figures 3.2 and 3.3, exhibits symmetry and
comprises two major functional regions: a central main channel, 500μm in width, which is designed for
cell seeding; and branch regions on both sides, each extending 5000μm in total length and 100μm in
width, which contain multiple subchannels that guide axonal growth. Each branch is further subdivided
into three distinct functional zones: Nerve bundle channels: Straight channels region that allow axons
to interconnect and form nerve bundle. Axon guidance channels: Designed to generate axon guidance
channels of different lengths to evaluate the impact of guidance length on nerve bundle formation. From
left to right, the lengths of guidance channels are: 2000μm, 1500μm, 1000μm, 500μm, and 250μm.
Cell body blocking channels: Located at the distal end of each guidance channel, these restrictive
channels are intended to block cell bodies from the outside but allow axons to grow inside. Two sets of
photomask designs were created, each incorporating cell body blocking channels with different widths
(5 μm and 10μm), enabling comparative analysis of axon penetration under varying physical constraints.
Each cell body blocking channel is connected to its respective guidance channel via a funnel-shaped
transition region. The layout was exported in GDSII format and submitted for high-resolution chrome
mask fabrication, enabling precise pattern transfer during the photolithography process.

Figure 3.2: Schematic layout of the microfluidic structure for axon guidance

Figure 3.3: The cell body blocking channels
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3.1.2. Fabrication of the Microfluidic Structures
The fabrication of the microfluidic structures consisted of the following seven steps. The first five steps
were used to produce the silicon master mold, while the final two steps were used for PDMS–PDMS
double casting.

Figure 3.4: The flowchart of microfluidic structures fabrication

1.Wafer cleaning The silicon wafer is first immersed in 99 % HNO3 in a wet bench for 10 minutes
to strip away organic residues. After a 5-minute rinse in deionized water, the wafer is transferred to
a 69.5 % HNO3 bath for another 10 minutes to remove any metal particulates, followed by a second
5-minute rinse in deionized water. Finally, the wafer is dried under a nitrogen stream to ensure a clean,
particle-free surface.

2. Oxide deposition A uniform, 3000 nm-thick layer of silicon dioxide is deposited onto the cleaned
wafer using plasma-enhanced chemical vapor deposition (PECVD) in a Novellus Concept 1 tool. This
oxide layer will act as the hard etch mask for all subsequent pattern transferring steps.

3. Photoresist spin-coating and development AZ ECI 3027 positive photoresist is spin-coated to
a thickness of approximately 2.3 µm using the EVG 120 coater-developer. The coated wafer is on a
SUSS MicroTec MA/BA 8 mask aligner and exposed to ultraviolet light, transferring the pattern into the
resist. Development removes the exposed resist, leaving behind a precise photoresist template at the
top of the oxide.

4. Reactive ion etching In a Drytek Triode 384T etcher, a fluorine-based plasma is used to
anisotropically etch the exposed silicon dioxide, transferring the photoresist pattern into the underly-
ing oxide and forming a durable hard mask.

5. Deep reactive ion etching Using a Rapier Omega i2L DRIE system and the Bosch “etch/passi-
vation” cycle, the etch rate of the system was 0.72 µm per loop. To achieve 100µm-deep, HAR pillars,
139 loops were performed to etch the features into the silicon substrate. After completing the silicon
etch, a thin teflon passivation layer was deposited at the bottom of the structures to reduce adhesion
between the silicon master and the subsequent PDMS replicas.

6. PDMS casting and surface treatment The PDMS prepolymer is prepared by mixing the base
and curing agent in a 10:1 weight ratio, then poured over the etched silicon master. The wafer carrying
liquid PDMS is placed in a vacuum degasser for 15 minutes to remove air bubbles, then transferred
to an oven and cured at 100 °C for one hour. Once cured, the PDMS master mold is carefully peeled
from the silicon wafer with tweezers. Because PDMS adheres strongly to itself, the demolded mas-
ter mold must undergo anti-adhesion treatment before it can serve as a mold for a second PDMS
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cast. A vapor-phase silanization is performed by introducing a few drops of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFOCTS) into a sealed container with the PDMS master, pumping down to vac-
uum, and leaving overnight. This treatment deposit a thin anti-adhesive layer that facilitates easy
separation of subsequent PDMS replicas.

7. PDMS-PDMS double casting PDMS (10:1 base to curing agent by weight) is poured over the
surface-treated PDMS master mold and degassed under vacuum for 15 minutes to eliminate any air
bubbles. The mold is then cured in an oven at 100 °C for one hour. During demolding, the newly cured
PDMS replica is slowly peeled away along the length of the microchannels to minimize shear forces. A
small amount of ethanol is introduced at the PDMS–PDMS interface to further reduce friction.

Additionally, an alternative method was employed in this study to fabricate microfluidic structures
by etching the regions outside the desired patterns, allowing PDMS to be directly cast onto the wafer to
form the microfluidic channels. The fabrication of the wafer mold generally followed the same five steps
described above. However, a key difference was the use of a negative photoresist (AZ nLOF 2020),
which was spin-coated to a thickness of 2 µm onto a wafer pre-coated with a SiO2 layer. After UV
exposure, the unexposed photoresist was removed using a developer, leaving the exposed, patterned
areas covered with resist. Using the same RIE and DRIE settings, the patterned regions remained
higher relative to the etched surroundings on the wafer, enabling direct PDMS casting to obtain the
final microfluidic structures.

3.1.3. Characterization
Three distinct silicon molds were evaluated: a 10 µm positive mold, a 5 µm positive mold, and a 10
µm negative mold. Here, “positive” indicates that the features were etched into the wafer, whereas
“negative” means that material outside the pattern was removed. “5 µm” or “10 µm” refers to the width
of the cell body blocking channels. All measurements were performed on a Keyence VK-X250 confocal
laser scanning microscope. On each wafer, two regions were measured to quantify etch depth and
surface roughness: the main channel and axon guidance channels. In addition, the aspect ratio of the
cell body blocking structures was calculated from the measured channel depths and widths.

Replication fidelity and demolding performance were first assessed by optical inspection of the
PDMS master molds cast from the 5 µm and 10 µm wafers using the Keyence VK-X250. These obser-
vations confirmed whether fine features from the wafer mold were faithfully reproduced and whether the
PDMS masters could be cleanly separated from their molds. Because the confocal profiler has limited
accuracy on transparent samples, PDMS molds and their corresponding final microfluidic devices that
passed the optical observation were further characterized by scanning electron microscopy (Hitachi
Regulus 8230). SEM images of the main channels, axon guidance channels, and cell-body-blocking
channels were used to precisely measure feature depth, surface roughness, and aspect ratio in the
transparent PDMS structures.
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3.2. Results
3.2.1. Wafer Mold Characterization

Figure 3.5: Optical images of wafer molds: (A)10 µm positive mold, (B)5 µm positive mold, and (C)10 µm negative mold (top to
bottom).
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Table 3.1: Summary of morphological parameters of wafer molds

Wafer mold Region Average height/depth (µm) Average roughness Ra (µm)

10µm Positive Mold Main channel 106.578 0.730
10µm Positive Mold Axon guidance channels 103.588 1.026
5µm Positive Mold Main channel 107.533 0.777
5µm Positive Mold Axon guidance channels 103.907 1.265
10µm Negative Mold Main channel 72.286 0.145
10µm Negative Mold Axon guidance channels 73.364 0.184

Aspect ratio of cell blocking channels

10µm Positive Mold Cell blocking channels 8.712
5µm Positive Mold Cell blocking channels 8.773
10µm Negative Mold Cell blocking channels 6.108

Table 3.1 summarizes the morphological characteristics of three wafer mold types, including their
average feature height, surface roughness, and aspect ratio. For all designs, the target height was
100μm and the ideal aspect ratio was 10.

For the 10 μm positive mold, the main channel exhibited an average height of 106.578 μm with a
surface roughness of 0.730 μm. The axon guidance channels in the same mold had a slightly lower
average height of 103.588 μm and a higher roughness of 1.026 μm. The 5 μm positive mold showed
similar trends, with the main channel height averaging 107.533 μm (Ra = 0.777 μm) and the axon
guidance channels measuring 103.907 μm in height with 1.265 μm surface roughness. In contrast, the
10 μm negative mold has significantly lower height values, with the main channel and axon guidance
regions 72.286 μm and 73.364 μm, respectively. These structures also exhibited the smoothest sur-
faces, with Ra values of 0.145 μm and 0.184 μm, respectively. The aspect ratios of the cell blocking
channels were also analyzed. The 10 μm and 5 μm positive molds have aspect ratios of 8.712 and
8.773, respectively, both close to the design goal of 10. However, the 10 μm negative mold presented
a lower aspect ratio of 6.108.

3.2.2. PDMS Master Molds
PDMS master molds with micropillars of two different spacings (5 µm and 10 µm) were observed under
a confocal microscope and SEM, as shown in Figures 3.6 and 3.7.

Figure 3.6: Optical images of PDMS master molds: (A) 10μm mold, (B) 5μm mold

Figure 3.6 shows optical microscope images of the PDMS master molds fabricated with different
feature sizes. Figure (A) corresponds to the 10 µm mold, while Figure (B) shows the 5 µm mold. The
10 µm mold displays well-defined microchannel structures and clear boundaries between the axon
guidance channels and the wider main channels, whereas in the 5 µm mold, adhesion occurred in
some of the channels.
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Figure 3.7: SEM images of PDMS master molds: (A) 10μm mold, (B) 5μm mold, (C) measurements

Figure 3.7 shows the SEM images of the PDMS master molds. Figure (A) presents the 10 µm
master mold at different magnifications. The left image demonstrates well-defined rectangular channels
with uniform widths over a large area. The middle image shows periodically arranged, HAR pillar
structures with steep vertical sidewalls, while the right image displays a cross-section of the cell body
blocking channels, with no adhesion observed between adjacent structures. The surface smoothness
and line spacing appear consistent across the entire field of view.

Figure (B) presents the 5 µm master mold. Due to the smaller feature size, slight tearing of the cell
body blocking channels was observed, while the remaining features were replicated well. The SEM
image on the right further confirms the presence of high density and HAR structures.

In addition, “V”-shaped profiles can be observed in both the 10 µm and 5 µm molds, indicating that
the height of the main channels is actually greater than that of the axon guidance channels. Measure-
ments show a marked height difference of 7.664 µm. Considering the 45° viewing angle, the actual
height difference is estimated to be approximately 10.806 µm. Themiddle and right images also provide
measured channel widths of 10.202 µm and 4.839 µm, respectively.

3.2.3. PDMS Master Mold and Microfluidic Structures after Demolding
Figure 3.8 shows optical microscope images of the PDMS master molds and the corresponding mi-
crofluidic structures after the demolding process. Figure (A) presents the original master molds, with
the upper and lower panels corresponding to the 10 µm and 5 µm designs, respectively. The mi-
crostructures appear clean and intact; however, compared to the undemolded PDMS master molds,
some tilting and misalignment are observed. Figure (B) shows the PDMS microfluidic structures ob-
tained after demolding. Notably, the 5 µm structures exhibit severe structural damage, particularly in
the cell body blocking channel regions, where vertical pillars collapse, shift, or even tear completely. In
contrast, the 10 µm structures appear to retain most of their integrity under optical observation.



3.2. Results 32

Figure 3.8: Optical images of PDMS master molds and microfluidic structures after demolding: (A) master molds (B)
microfluidic structures

Figure 3.9: SEM images of PDMS 10μm master mold and microfluidic structures after demolding: (A) master mold (B)
microfluidic structures
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To further verify whether the 10 µm structures remained intact, the master mold and the correspond-
ing microfluidic structures were further examined under SEM. Figure 3.9 shows the optical microscope
images of the PDMS master mold and the corresponding microfluidic structures after the demolding
process. Figure (A) presents the original master mold with well-defined microfeatures. Noticeable tilting
was observed in the “cell body blocking channels,” and some axon guidance channels exhibited severe
structural loss. Figure (B) shows the PDMSmicrofluidic structures produced after demolding, which dis-
play significant structural damage, particularly in the cell body blocking channel regions, where vertical
pillars collapsed, became misaligned, or were even completely torn. In the axon guidance channels,
residual PDMS from the master mold was also observed, indicating material transfer during demolding.

3.2.4. PDMS Microfluidic Structures Derived from Negative Wafer Mold
Figure 3.10 shows SEM images of PDMS microstructures obtained by direct casting from the negative
wafer mold. The left image presents a low-magnification cross-sectional view of the entire microchannel
region, while the right image provides a close-up of a high density and HAR feature.

The results confirm that the PDMS structures largely retained their overall structural integrity after
demolding. The vertical micropillars and surrounding channel structures are well-defined, with no large-
scale fractures or delamination observed. The bottom surface appears flat and clean, indicating good
mold contact and uniform curing during the casting process. However, some defects are apparent.
Certain PDMS pillars exhibit tilting, and slight adhesion between adjacent features can be observed,
particularly near the top of the structures. In addition, the calculated aspect ratio of the micropillars is
5.932, which is close to the value previously measured for the wafer mold under a confocal microscope
(6.108).

Figure 3.10: SEM Images of PDMS structures directly cast from negative wafer mold
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3.3. Discussion
3.3.1. Wafer Mold Quality and Etching Depth
The morphological evaluation of microfabricated wafer molds provides valuable insights into the accu-
racy and quality of photolithographic pattern transfer, particularly in terms of height, surface smooth-
ness, and feature fidelity.

Both positive molds exhibited average feature heights slightly higher than expected, indicating
that the number of DRIE etching cycles was slightly above the intended value. For both positive wafer
molds, the average etching depth of the main channels was higher than that of the axon guidance
channels, while their average roughness was lower. This is because the main channels are 500 µm
wide, compared to 200 µm for the axon guidance channels. During the etching process, SF6 gas
penetrates narrow channels less efficiently, resulting in a higher effective etching rate in the wider main
channels. Moreover, due to the etching rate differences: main channel > axon guidance channels > cell
body blocking channels, a “V”-shaped slope can be observed at the bottom of the cell body blocking
channels. This feature is more clearly visible in SEM images of the PDMS master molds.

In contrast, the average height of the 10 µm negative mold was significantly lower. This is because
the DRIE etching rate is calibrated for standard positive molds, which only require etching of patterned
areas. Negative molds, however, require etching of all regions except for the pattern, covering over
90% of the wafer surface, which results in a lower effective etching rate. Additionally, because the cell
body blocking channels are only 10 µm wide, gas penetration is even more limited. This is shown in the
3D surface profiles, where the depth of these narrow regions is shallower than that of the surrounding
features, contributing to a lower aspect ratio.

Surface roughness is another critical indicator of mold quality and varied across the three molds.
The negative mold exhibited the smoothest surface because its roughness reflects the deposited SiO2
layer, which is not etched during the DRIE process. By contrast, the roughness of the positive molds
was slightly higher due to direct silicon etching. Among the positive molds, the main channels showed
higher roughness than the axon guidance channels, indicating that etching in the main channels was
more uniform.

3.3.2. PDMS–PDMS Double Casting and Failure Analyses
The PDMS master mold peeled from the wafer exhibited good fidelity in replicating fine details. Mea-
surements showed that the widths of the cell body blocking channels closely matched the theoretical
values. Additionally, a height difference between the main channel and axon guidance channels was
observed, along with the “V”-shaped profile. However, damage was found in the 5 µm-wide blocking
channels. This damage resulted from friction between the wafer sidewalls and the cured PDMS dur-
ing demolding. Compared to the 10 µm structures, the 5 µm channels are thinner and more prone to
tearing.

When PDMS was cast onto the PDMS master mold and subsequently peeled off, the blocking
channels on the master mold exhibited noticeable misalignment. Despite surface passivation of the
mold and a relatively smooth demolding process, friction between the replica and the mold led to two
issues: first, parts of the mold’s channels were torn off and adhered to the replica; second, the blocking
channels on the replica were severely deformed. The failures of the replicas can be categorized into
two main types: lateral collapse and longitudinal tearing.

When high aspect ratio structures are densely packed, lateral collapse can spontaneously occur
if the elastic restoring force generated by elastic strain is insufficient to overcome the surface adhe-
sion between adjacent structures. Researchers have investigated the potential for lateral collapse of
elastomeric structures during demolding, which is described by the following equation [53]:

h
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<
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)
(3.1)

where h is the structure height, 2a the line width, 2w the spacing between adjacent structures, E the
Young’s modulus, and γs the surface tension.

The formula indicates that collapse is more likely to occur when the structures are taller, narrower,
more closely spaced (as shown in Figure 3.11), or made from softer materials with lower elastic moduli.
For PDMSmicropillars, structures that are 10 μm wide, with an aspect ratio of 8 and a spacing of 10 μm,
are prone to such failure.
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Figure 3.11: Illustration of lateral collapse

Longitudinal tearing refers to the phenomenon during demolding in which the replica is subjected
to friction against the mold, causing the raised features on the replica to be significantly stretched (as
shown in Figure 3.12). The stress induced by this friction can exceed themaximummechanical strength
of the structure, leading to fracture at the top. Another possible reason is that, since PDMS is not a
rigid material when used as a master mold, it may bend during the demolding process. The bending
of the micropillars can cause stress concentration at the bending points, which may eventually lead to
fracture.

Figure 3.12: Illustration of longitudinal tearing

3.3.3. Direct Demolding from Negative Wafer Mold
The PDMS microfluidic structures directly demolded from the negative wafer mold exhibited high struc-
tural fidelity. Although slight lateral collapse was observed, this is attributed to the elastic rebound of mi-
cropillars during extraction from the mold, as no spontaneous lateral collapse occurred post-demolding.
Additionally, no longitudinal tearing was observed, and the channel bottoms remained flat without form-
ing V-shaped slopes. These observations indicate that the spacing and aspect ratio of the high-density
axon-blocking channels were close to the theoretical threshold for lateral collapse. The absence of
longitudinal tearing can be explained by two factors. First, the micropillars are relatively short, resulting
in a limited elastic strain length under frictional forces during demolding, thereby reducing the likelihood
of tearing. Second, the wafer mold can be regarded as a rigid body, which does not deform during the
demolding process, thus minimizing bending or breakage of the micropillars.
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3.3.4. Advantages and Limitations of Microfabrication
Cleanroommicrofabrication combines photolithography with deep reactive ion etching to deliver micron-
precision, HAR features with steep sidewalls—well suited to axon–soma compartmentalization and
directional guidance. Wafer-scale patterning generate many identical devices per run, improving uni-
formity and reproducibility for biological comparisons. PDMS replicas cast from silicon molds remain
optically clear and are readily aligned to MEAs, facilitating integration for stimulation and recording.
In the study, direct PDMS casting from negative silicon molds preserved dense arrays and improved
geometric fidelity relative to PDMS–PDMS double casting from positive masters, while durable silicon
tooling supported repeated use.

The method’s drawbacks are largely practical. Process complexity and cost are higher than DIW,
requiring masks, multiple deposition/etch steps, and access to cleanroom infrastructure. Demolding re-
mains a critical failure point for dense HAR patterns: during PDMS–PDMS double casting, we observed
lateral collapse and longitudinal tearing of slender features, whereas negative silicon molds mitigated
these issues but did not eliminate. Aspect- and width-dependent etch rates in DRIE introduce depth
non-uniformity (e.g., shallower narrow channels and V-shaped bottoms), which may necessitate staged
patterning/etching or design compensation. Planarity constraints limit truly three-dimensional topolo-
gies without additional stacking and bonding, and overall turnaround, dominated by mask lead time
and queueing, slows iteration compared with DIW.



4
Conclusion

4.1. Conclusion
This thesis presents a comprehensive investigation into the development of PDMS-based microfluidic
platforms for in vitro axon guidance, utilizing both DIW and cleanroommicrofabrication techniques. The
objective was to fabricate microstructures capable of mimicking the structural and functional compart-
mentalization of neuronal tissues, thereby enabling high-resolution studies of axon guidance.

In the first part of the study, a series of PDMS inks were formulated by blending shear-thinning
SE1700 with low-viscosity Sylgard 184 at varying ratios. Rheological characterization revealed that
increasing the SE1700 content significantly enhanced both the viscosity and elastic modulus of the
inks, improving shape retention during printing. The 8:2 formulation exhibited the best balance between
printability and structural fidelity, as confirmed by dual-layer pore formation and filament width analysis.
In contrast, the 9:1 ink was too viscous to extrude under low-pressure conditions, whereas the 0:10 ink
lacked sufficient yield stress to maintain printed shapes. These findings underscore the critical role of
tuning viscoelastic properties to meet DIW printing requirements.

Beyond rheological optimization, a detailed investigation into filament width in relation to nozzle
size, printing speed, and syringe displacement highlighted the complex interconnection between pro-
cessing parameters and final structural resolution. Notably, unexpected filament widening was ob-
served when using the smallest nozzle (160 μm), likely due to the ink transitioning into a fluid-like state
under high shear and recovering its gel-like behavior more slowly. These insights offer guidance for
achieving high-resolution patterning with PDMS.

The second part of the study focused on the fabrication and characterization of silicon molds using
photolithographic techniques. Positive molds fabricated via DRIE produced HAR features (>8:1) with
sub-10 μm resolution. However, PDMS–PDMS double casting using these molds presented mechani-
cal challenges during demolding, including lateral collapse and longitudinal tearing of narrow structures.
These failures were attributed to strong surface adhesion between adjacent micropillars and stress con-
centration at bending points during demolding.

To overcome these limitations, an alternative approach was adopted using etched negative silicon
molds, onto which PDMS was directly cast. The resulting microfluidic structures exhibited improved
geometric fidelity and mechanical robustness. Vertical micropillars retained their shape, and no lon-
gitudinal tearing was observed. Moreover, spontaneous lateral collapse did not occur, indicating that
the combination of pillar spacing and aspect ratio (HAR = 5.932, spacing = 10 μm) remained within the
threshold. Additionally, the inherent rigidity of the silicon wafer prevented substrate deformation during
demolding, further reducing structural failure.

In conclusion, this work demonstrates that DIW enables rapid prototyping, while microfabrication
offers high precision and reproducibility at the micron scale. The insights gained from this study, rang-
ing from ink formulation and printability to mold performance and demolding mechanics, form a solid
foundation for building reliable in vitro systems for axon guidance and neural interface research.
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4.2. Recommendations
Further research is required to deepen the understanding and enhance the fabrication of PDMS-based
in vitro platforms. Accordingly, the following recommendations are proposed:

1. Multilayer printing with DIW: When performing dual-layer printing using DIW, different ink for-
mulations exhibit varying degrees of collapse. To achieve reliable dual- or multi-layer printing,
the bottom layer must provide sufficient mechanical support for the overhanging segments of
the upper layer. This implies that the span length and area of the overhangs critically influence
printability, and should be carefully addressed during the design phase.

2. Ink optimization: Although the PDMS ink formulations tested in this work demonstrated satis-
factory printability, further improvements are necessary to achieve higher printing resolution and
long-term structural stability. Future efforts may explore the incorporation of nanoparticle addi-
tives (e.g., silica, graphene oxide) or rheology modifiers to enhance shear-thinning behavior with-
out significantly increasing the risk of nozzle clogging. Additionally, active curing strategies such
as in situ thermal crosslinking or UV-assisted crosslinking during extrusion may reduce filament
spreading and improve feature fidelity.

3. Depth control in wafer etching: The fabrication process using photolithography and DRIE re-
vealed inconsistencies in etching depth for structures of varying widths, particularly in narrow (10
µm) channels. A potential solution is to develop a staged patterning process, in which narrower
channels are first developed and etched for several cycles, followed by patterning of wider fea-
tures. This staggered etching approach would better compensate for the varying etch rates and
help ensure consistent channel depths across different feature sizes.

4. Toward functional neural platforms: To translate these platforms into functional in vitro neural
models, future work should incorporate long-term neuronal culture and axonal guidance studies.
The integration of MEAs with PDMS-based axon guidance structures could enable real-time mon-
itoring of neural activity, network formation, and synaptic connectivity. The platform developed
in this study provides a foundation for demonstrating the feasibility of DIW-printed PDMS cul-
ture systems and the effectiveness of HAR, high-density axon guidance features in constructing
engineered neural networks.
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A
Microfabrication Flowchart

STARTING MATERIAL
Use wafers / substrates with the following specifications:

Type: Regular silicon Wafer (SSB)

Orientation: <100>, 0 deg off orientation

Resistivity: Any

Thickness: 525 ± 15 µm

Diameter: 100.0 ± 0.2 mm

If the wafers / substrates are taken out of an unopened wafer box, no cleaning will be necessary.
Wafers / substrates taken from an already opened box must be cleaned following the standard procedure.

Step 1: Cleaning
Tool(s) Wet bench; HNO3 modules (99% and 69.5% at 110◦C); QDR; Avenger Ultra Pure-6

rinse/dry tool
Location Class 100 tunnel 5
Manual Manual operation for the HNO3 modules
Recipe Default recipe for the Avenger Ultra Pure-6 rinse/dry tool
Settings Use the white wafer carrier labelled with the red dot for HNO3 99%, Rinse 1, HNO3

69.5%, and Rinse 2; use the wafer carrier with the red dot for Rinse 3. Verify HNO3

69.5% bath temperature is 110◦C.

Step 2: Oxide Deposition
Tool(s) Novellus Concept 1
Location CR 100 – Tunnel 3 (Plasma)
Recipe .xxxsiostd
Settings Ensure the gas switch is ON (see wall instructions). Press F10→ Group→ undoped

oxides → select .xxxsiostd. Set deposition time to 30 s to deposit ∼2500nm SiO2.
Open the door, load cassette (no empty slots), close door, press F10, enter wafer
count, then press GO.

Step 3: Photoresist Coating (positive mold)
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Tool(s) EVG120 system
Location Class 100 tunnel 1B
Manual See printed manual at the module
Recipe 1 Co - 3027 - 3.1 µm - no EBR
Settings Adhesion promotion: EVG120 1-Only HMDS on coater 50 s, or

manual HMDS vapor priming 10min. Spin coating: 700 rpm
(accel 1000 rpm/s); dispense 3mL AZ ECI 3027; ramp to
2840 rpm (accel 1750 rpm/s); spin 30 s; stop (decel 5000 rpm/s).
Soft bake: 95◦C for 30 s at 500µm proximity, then 100µm for
90 s.

Step 4: Pattern Exposure
Tool(s) SUSS MicroTec MA/BA8 Mask Aligner
Location Class 100 tunnel 1B
Manual See printed manual at the module
Recipe 1_FSA_Hard_Contact
Settings Lamp temperature 55◦C; lamp power 999/1000W. Follow the manual: adjust WEC

pressure until the dial is within±1.0 kPa of the value on the chuck. Compute exposure
time from required dose and lamp output.

Step 5: Photoresist Development (positive mold)
Tool(s) EVG120 system (developer station)
Location Class 100 tunnel 1B
Manual See printed manual at the module
Recipe 1-Dev-DP 1
Settings Post-exposure bake 115◦C for 90 s; develop in Shipley MF322 using double puddle

process; hard bake 100◦C for 90 s. Always follow on-tool instructions.

Step 6: Reactive Ion Etching (RIE)
Tool(s) Drytek Triode 384T
Location Class 100 tunnel 3
Settings Etch rate ≈600nm/min. For a 3000 nm layer, etch ∼5min with ∼10% over-etch to

ensure full clearance.

Step 7: Deep Reactive Ion Etching (DRIE)
Tool(s) Rapier Omega i2L DRIE etcher
Location CR 100 – Tunnel 2
Manual See printed manual at the module
Recipe 0EKL_Smooth_20C_xxx
Settings Log in→ VCH→ Eject; load wafer and close door. Select Recipe→ waferview. Etch

rate ≈0.72µm per loop; for 100µm depth, set about 139 loops.

Photoresist Coating (negative mold)
Tool(s) EVG120 system
Location Class 100 tunnel 1B
Manual See printed manual at the module
Recipe 1 Co - Nlof - 3.0 µm - no EBR
Settings Adhesion promotion: EVG120 1-Only HMDS (50 s) or manual

HMDS vapor prime (10min). Spin coating: 700 rpm (accel
1000 rpm/s); dispense 2.6mL AZ nLOF 2020; ramp to 1500 rpm
(accel 1500 rpm/s); spin 30 s; stop (decel 5000 rpm/s). Soft
bake: 95◦C for 30 s at 1000µm proximity, then 100µm for 105 s.

Photoresist Development (negative mold)
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Tool(s) EVG120 system (developer station)
Location Class 100 tunnel 1B
Manual See printed manual at the module
Recipe 1-Dev-lift off
Settings Double-puddle develop: Dispense MF-322 to form a puddle;

wait 75 s; rinse thoroughly with DI water (≥10 s). (Optional) spin-
dry. Repeat once (second puddle 75 s); rinse ≥10 s; spin-dry.
Hard bake: 100◦C for 90 s at 100µm proximity.



B
Additional Figures

B.1. 3D-Printed Structures Under Different Printing Parameters

Figure B.1: Ink:9:1, nozzle size:210μm, displacement 0.1mm, printing speed 10mm/s

45



B.1. 3D-Printed Structures Under Different Printing Parameters 46

Figure B.2: Ink:8:2, nozzle size:210μm, displacement 0.4mm, printing speed 5mm/s

Figure B.3: Ink:8:2, nozzle size:210μm, displacement 0.4mm, printing speed 10mm/s
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Figure B.4: Ink:8:2, nozzle size:210μm, displacement 0.4mm, printing speed 15mm/s
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B.2. SEM Images of the 5μm Wafer Mold
Previous 3D images from the confocal microscope suggested that the adjacent pillars appeared to be
connected, and here clearer SEM images are provided.

Figure B.5: SEM images of the 5μm wafer mold
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B.3. Demolding Failure Cases

Figure B.6: Demolding Failure Cases



B.4. Aspect Ratio of Wafer Molds 50

B.4. Aspect Ratio of Wafer Molds

Figure B.7: Cross-sectional view of the 10 µm negative mold cell body blocking channels

Figure B.8: Cross-sectional view of the 10 µm positive mold cell body blocking channels

Figure B.9: Cross-sectional view of the 5 µm positive mold cell body blocking channels



C
Another Ultimaker Cura Settings

Figure C.1: Another Ultimaker Cura settings

The above are additional settings used for DIW printing of PDMS ink. Apart from the printing speed,
these settings have little effect on the width of a single filament but can influence the overall printing
quality of the object.

The Line Width needs to match the actual size of the printed filament to avoid distortion. In the
case of a single filament structure (only one line without a surface), the concept of Wall is almost
meaningless, as there is no enclosed outer wall. At the same time, the values of Layer Height and
Top/Bottom also do not affect the structure. Retraction is only performed when the print head moves
more than 0.5 mm. During retraction, the nozzle lifts in the Z direction to avoid scratching the already
printed structure. Since PDMS is not thermally extruded, Cooling is in fact ineffective. Setting Build
Plate Adhesion to None during printing can prevent interference from additional material.
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