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Abstract

The primary objective of this research is to develop an efficient protocol which can be used to 3D print multi-
material microfluidic devices with a high resolution. During this research, the fabrication of multi-material mi-
crofluidic valves is discussed as a showcase to verify the multi-material protocol, using a single affordable
printer and multiple resin vats. In contrast to single material microfluidic fabrication methods, complex geome-
tries can be created by the use of combinations of stiff and flexible materials in a single 3D print. This protocol
aims to streamline the fabrication process while ensuring precise feature reproduction and robust mechanical
properties in multi-material 3D printed microfluidic parts.

In this study, the effects of UV light exposure on feature accuracy and mechanical performance is system-
atically investigated. It is observed that for the rigid material, Anycubic High Clear, sample sizes increase and
void features shrink when the exposure to UV light increases. For the soft material, Liqcreate Elastomer-X,
shrinkage rates after swelling due to IPA absorption are compared under different conditions, revealing that
shrinkage occurs more rapidly with a heat source than at ambient temperature.

Mechanical properties are further evaluated through tensile testing of four sets of printed dogbones, show-
ing that extended UV exposure enhances mechanical properties such as the Young’s modulus, ultimate tensile
strength and strength at break. Elastomeric materials assessed in this study demonstrate an optimal measure-
ment accuracy within a strain range of 10% to 50%. The influence of print orientation is assessed for the hard
material. This experiment is executed for layer thicknesses from 10 um to 200 uym across horizontal, vertical,
and diagonal orientations, with vertically printed samples being closest to the intended dimensions.

A comprehensive multi-material 3D printing protocol based on the existing "print-pause-print” technique and
utilizing the software UVTools is presented. Finally, a microfluidic Quake valve is designed and optimized for
3D printing, its performance is analyzed through finite element (FEM) simulation and analytical calculations.

The results of this study offer valuable insights into the optimization of multi-material 3D printing for microflu-
idic applications, highlighting several critical parameters that affect feature resolution and mechanical perfor-
mance. The proposed protocol and findings serve as a foundation for future advancements in the fabrication
of complex microfluidic devices.
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Introduction

Microfluidic valves play a central role in the dynamic world of microfluidics, a field dedicated to the manipu-
lation and control of small volumes of liquids at the microscale. These miniature valves serve as essential
components, allowing precise control and regulation of fluid flow within microfluidic devices. Microfluidic de-
vices usually operate in the micrometer to millimeter range and can integrate various functions such as sample
injection, mixing, and separation into compact and efficient systems. Its importance extends to applications
such as medical diagnostics, chemical analysis, and environmental monitoring, where the ability to precisely
manipulate small amounts of liquid is paramount. Traditionally manufacturing components such as microflu-
idic valves in microfluidics has required complex processes such as micromolding, microforming, embossing,
and soft lithography [1]. However, these traditional microfluidic fabrication methods have common drawbacks.
Multi-step processing is required and must often be performed in a cleanroom. Besides, alignment errors
are prone to occur due to the multi-step fabrication process. These challenges hinder seamless assembly of
high-resolution microfluidic components.

To overcome these challenges posed by traditional microfluidic manufacturing methods, 3D printing provides
a streamlined solution that eliminates the aforementioned multi-step processes and alignment issues. Additive
manufacturing allows for microfluidic devices to be manufactured directly from digital models, increasing design
flexibility and accuracy. The rapid prototyping capabilities of 3D printing further accelerate the development of
complex microfluidic devices.

3D printing, also known as additive manufacturing (AM), is a technology that allows objects to be created
layer by layer from a digital design. The process starts with an STL (Stereolitography, also called Surface
Tessellation Language or Standard Triangle Language) file containing geometric information about the object
[2]. Slicer software is used to slice the 3D object to create 2D cross-sectional images (layers) which will be
printed one by one. The variety of materials available offers great advantages in terms of design flexibility
and functionality. 3D printing has already been used for microfluidic valve manufacturing, but its widespread
adoption is hampered by several limitations, including: the trade-off between resolution and cost, and the
challenge of achieving a balance between multi-material capabilities and resolution.

As mentioned, 3D printing is a promising fabrication method to create multi-material microfluidics. Prelim-
inary studies have shown multifunctional integrated microfluidic systems and integrated electrodes [3], which
remedies the need for complex multi-step processes and complicated alignment procedures. However, exist-
ing multi-material additive manufacturing (MMAM) has its limitations, because traditional methods often show
a higher resolution microchannel. Besides, most 3D printing techniques are not suitable for MMAM and when
they are, the material adhesion has to be optimized between the two materials. To overcome these problems,
a printing technique must be chosen which can utilize multiple materials while maintaining a high resolution.
One example of such a 3D printing technique is MultiJet Printing (MJP), which uses multiple nozzles and is
therefore capable of MMAM. Other methods such as liquid crystal display (LCD), stereolitography (SLA) and
digital light processing (DLP) 3D printing require modifications to both software and hardware to be capable of
MMAM.

The aim of this study is to overcome the limitations associated with traditional manufacturing approaches
in microfluidics by creation of a novel high-resolution multi-material 3D printing protocol. These efforts not only
focus on achieving technological advances, but also emphasize the scalability and affordability of new manu-
facturing technologies. The importance of multi-material 3D printing in microfluidics is its ability to seamlessly
integrate different materials in a single step manufacturing process, which is critical to create complex structures
and functions, and it expands the potential applications of microfluidic devices. An application to demonstrate
this novel manufacturing technique will be shown and evaluated on an MMAM microfluidic valve.
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2.1. Microfluidic Devices

Microfluidic devices are systems that can manipulate fluids at the microscale level with precise control. These
small amounts of fluid can be manipulated by using small channels or valves, often utilizing channel sizes
ranging from 1 um to 500 ym [4]. Besides precise control, the downscaling of traditional biomechanical protocols
offers benefits in efficiency and cost-reduction [5]. Gharib, Bitin, Muganli, et al. [5] distinguishes passive and
active microfluidics. As the name suggests, active microfluidic devices require external energy to disturb these
particles or fluids inside the device. This distinction is also applicable for microfluidic valves, active microfluidic
valves require an energy consuming actuation mechanism. Various actuation methods for microfluidic valves
will be discussed in the next subsection.

2.1.1. Microfluidic valves
Microfluidic valves can be used to manipulate fluid samples in channels with tens to hundreds microns in size
[6], which makes microfluidic valves important components in microfluidic systems. As stated in Section 2.1,
a clear distinction can be made between passive and active microvalves. Passive microvalves are driven by
the back pressure, whereas active microvalves need a driving device. Microvalves can be driven by several
different actuation mechanisms, some examples of which are electricity, magnetism, gas, and Surface Acoustic
Waves (SAW). Qian, Hou, Li, et al. [6] describes these actuation mechanisms, which will be further elaborated
in this section.

Electricity can be used to drive piezoelectric actuators. Microvalves using piezoelectric actuation can create
large bending forces with resulting small displacements, making them particularly suitable for high pressures
and precise control.

Membrane Boss

Valve scal — . Middle orifice
L 4

Inlet Static resistance (Wlet|

Figure 2.1: An example of a high pressure piezoelectric actuated
microfluidic valve, picture adapted from [7].

Electricity can also be used to induce magnetism, magnetic actuation is characterized by a low energy con-
sumption and easy scalability of the structure [6]. Electromagnetic actuation can in some cases be a require-
ment for pneumatic pressure control for the lab-on-a-chip [8]. Some advantages of electromagnetic actuation
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are the reversibility of flow, a fast response and precise control [6]. For more simplistic applications, permanent
magnets can be used to actuate the microvalve.

Microcoil

——t— Upper silicon substract ~J
‘g/ PF I~

|_— Bonding layer
Microchannel

I~ Sample liquid

~ Middle silicon substrate”]

I Ferrofluid =i
\ Cavity —

PDMS diaphragm

(‘d) Bottom silicon (b)

substract

Figure 2.2: An example of an electromagnetic actuated microfluidic valve in which
(a) is the open state and (b) is the closed state, picture adapted from [9].

Besides piezoelectric and magnetic actuation, photoresponsive actuation is possible using a light source,
photoresponsive microvalves are based on light (photon) actuation [10]. Unlike other types of microvalves,
photoresponsive microvalves are actuated externally, therefore the need for physical contact between the ac-
tuator and valve is eliminated, this reduces the complexity of the microfluidic device. The main disadvantage
of photoresponsive actuation is its slow response time of over 1 second.

Gas actuated microfluidics in the form of pneumatic systems can be easily actuated using a compressor or
another pressure source, the response time is fast and pneumatics have been used extensively in microvalves,
micropumps, microsensors, microchannels, micromixers and other control systems [6] [11]. An example of gas
actuated microfluidic valves is the Quake valve [12]. Pneumatic systems can be combined with thermal func-
tions to obtain thermopneumatic systems, thermopneumatic systems utilize a microheater (thermoelectrically
driven) to thermally expand minute volumes of air [6]. These valves are examples of bistable microvalves,
bistable microvalves are valves which are either open or closed. The main drawback of bistable microvalves
is the continuous addition of energy in the form of heat to keep the valve closed. The energy consumption of
bistable microfluidic valves can be lowered by using thermal buckling of the membrane [6]. Pneumatic actuation
requires a rounded microfluidic channel due to the pressure distribution on the membrane. This requirement
is a drawback of gas actuated microvalves, since rounded microfluidic channels are a challenge to realise in
current microproduction technology, to overcome this challenge, the design needs alteration or the fabrication
method needs to be revisioned.

Liquid Liquid
Pneumatic channel

Flow Flow

Pneumatic channel

Figure 2.3: An example of a gas (pneumatic) actuated microfluidic valve in which
(a) has a rectangular cross section and (b) has a semicircular cross section,
picture adapted from [13].

Surface acoustic waves (SAW) are elastic waves that propagate along the surface of an object [6]. This
technique relies on the generation and manipulation of sound waves to achieve fluid control. When interro-
gated by the corresponding signal, the double membrane expands due to electrostatic drive and sucks liquid
into the chamber [14]. The coded interdigital transducer (IDT), which can be seen in figure 2.4, only responds
to a coded signal. Transducers are devices which can convert energy from one form to another, an example of
a transducer is a loudspeaker which converts electrical energy to acoustic waves. As can be seen, both input
IDTs and output IDTs are used in this example of a SAW device. The IDTs are deposited on a piezoelectric
substrate. The difference with the previously described piezoelectric actuation is the fact that this technology
uses wireless actuation. The working principle is as follows, the input IDT transduces the coded input radiofre-
quency (RF) signal into an acoustic wave. These surface acoustic waves interact with liquids or gases within
microchannels. This interaction can lead to the formation of pressure nodes and antinodes along the channel.
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This type of actuation allows microvalves to open and close, regulating the flow of liquid by precisely controlling
the frequency and amplitude of the surface acoustic waves.

Conducting SAW Conducting SAW

< -camcrnuET:- di“ph“gms\‘!:\:vv:7|:11:!1:7!:\:!1:1!:1-Eqv:1J Correlated
tput
Input Inlet Outlet > Input Tnlet Outlet b
o — —_— T Py — = | Input
IDT IDT
N 4 .
= SN —
SAW Coded AW P
DT DT
RFCoded
(a) (b) Signal

Figure 2.4: An example of a SAW actuated microfluidic valve in which (a) is the
normally closed state and (b) is the open state, picture adapted from [14].

Qian, Hou, Li, et al. [6] describes current microfluidic valves as an imperfect technology and describes sev-
eral problems with existing microfluidic valves. Some of these problems are a high leakage rate, low precision,
poor reliability, high energy consumption and a high cost of manufacturing. These problems lead to some re-
quirements for microfluidic valves, it is described that microvalves must have a low leakage rate, small dead
volume, low power consumption, insensitivity to contamination, fast response and linear operation. The dead
volume of a microvalve refers to the volume of liquid that remains trapped within the valve, or is not flushed
out, when the valve is in the closed position. This is the part inside the valve that does not participate in fluid
flow through the system. Dead volume can impact accuracy and precision, especially in microfluidic applica-
tions that manipulate extremely small volumes. Current microvalves often meet only one requirement instead
of all requirements. To overcome some of the above mentioned disadvantages of current microfluidic valves,
an appropriate and versatile fabrication method must be chosen. A list of recommendations to improve mi-
crofluidic valves is given by Qian, Hou, Li, et al. [6], some key points are the use of less components to reduce
complexity and reduce the leakage rate. Besides, to control the fluid flow more precise, optimization of the
actuation mechanism itself is advised. Lastly, the biocompatibility of certain materials needs to be evaluated
before application in the human body. However, biocompatibility is out of scope for this literature review. In the
next section, several traditional microfluidic fabrication methods will be described.

2.2. Traditional Microfluidic Fabrication Methods
2.2.1. Replica Molding

Replica molding (often called soft litography) is a commonly used fabrication method for biomedical microfluidic
devices [3], [15], [16]. The fabrication method consists of the following steps: coating a photoresist on a silicon
substrate, exposing the wafer to UV light, etching the photoresist, pouring polydimethylsiloxane (PDMS), and
curing the PDMS in an oven [5], [17]. After curing, the PDMS can be separated from the mold and bonded
(plasma bonding or PDMS) to a piece of microscope glass, this forms the microchannel(s) [5].

a) photoresist spin coating b) UV exposure ¢) photoresist etching
=,

PrAS R 12222222 T

d) PDMS pouring i ) oven curing f) glass plasma bonding

BN 0N

L ) |

Figure 2.5: An example of replica molding using PDMS, picture adapted from [17].

Techniques such as replica molding are challenging due to the multi-step process. PDMS microfluidic
devices are created out of 2D planes making up a 3D structure, the alignment of these planes is a known
difficulty [4], [18]. For example, devices with an inflatable structure are hard to fabricate using this technique
[11]. Besides alignment errors, replica molding is time consuming and the design complexity is limited. Also,
the need for a cleanroom makes this method costly [5].

2.2.2. Injection Molding

Injection molding is a fabrication method which produces parts by injection of molten material (thermoplastics)
into a mold. This fabrication method is characterized by a high throughput and high accuracy while being cost
efficient [19]. The fabrication method consists of the following steps: a thermoplastic is melted in a compressible
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chamber, both sides of the mold are compressed to form the inside of the mold, the cast object can be removed
from the mold after cooling down [5]. Some drawbacks of this fabrication method are the restriction to use
thermoplastics and the molds can be expensive to fabricate [15], [19]. Besides, the process requires multiple
fabrication steps and is only able to create 2D single material structures.

2.2.3. Hot Embossing

Hot embossing is a fabrication method which uses heat and pressure to transfer a mold pattern onto a ther-
moplastic substrate. The thermoplastic substrate is often a thin film, after heating this thin film between the
molds in a vacuum chamber, pressure can be applied to transfer the mold shape onto the substrate. After
cooling down, the processed polymer can be removed [3]. Hot embossing creates less stress on the substrate
in contrast to injection molding, this is due to a smaller distance traveled by the thermoplastic [5]. However,
both fabrication methods are restricted to the use of thermoplastics. Also, hot embossing is not suitable for the
fabrication of complex devices [19].

Injection Molding Hot Embossing
Mold T Thermoplastic sheet
covers the mold
Injection of I l ‘
thermoplastic T Mold and thermoplastic
heat up
Filling —.—.—-— T l Filling under
T pressure
Thermopaistic 1 l
cooling t t Cooling
Ejection Ejection

Figure 2.6: The difference between injection molding and hot embossing, picture
adapted from [20].

2.2.4. 3D Printing for microfluidics

3D printing is a fabrication method which successively fuses or bonds layers of materials to create a 3D object.
Microfluidic devices can be fabricated through direct or indirect 3D printing. Direct 3D printing encloses the
microchannels during fabrication, whereas indirect 3D printing creates the microchannels using the 3D printed
mold to cast PDMS or another material [21]. The difficulty of fabricating microfluidic devices lies in special
requirements, both high resolution and correct handling of small sized structures are required. 3D printing is
a promising method to fabricate microfluidics, however some challenges do exist. The Z-resolution can be
a drawback depending on application, the surface finish is not smooth due to layering, there are not many
transparent materials to choose from, and the precision of fabricated hollow and void sections is low [22]. De-
spite these disadvantages, 3D printing is very promising for the fabrication of microfluidic devices, it offers the
ability to create microfluidic devices with fine features at a low cost in contrast to processes which are tradi-
tionally executed in a cleanroom [3]. Although the resolution is still limited, 3D printing enables for the design
and construction of complex shapes through one-step manufacturing [23]. Besides, manufacturing digitally de-
signed parts can be completed in hours, compared to days for soft lithography [18]. This makes 3D printing a
very promising fabrication method to overcome the limitations from traditional microfluidic manufacturing meth-
ods. Additionally, the design freedom to create complex devices increases, whereas the cost to produce the
microfluidic device decreases when using 3D printing [24]. This extended design freedom results in the devel-
opment of complex designs such as three-dimensional microfluidic designs and modular microfluidic devices
[25], modular microfluidic devices allow for quick changes to a device without refabricating the entire device
[4]. A successful implementation of modularity in microfluidics has been proposed by Bhargava, Thompson,
and Malmstadt [26].

It has been shown that additive manufacturing, also known as 3D printing or layered manufacturing is a great
tool to improve or replace the above mentioned traditional microfluidic fabrication methods. Eliminating the need
for replica molding (formative manufacturing) or machining (subtractive manufacturing), additive manufacturing
serves as a great tool to produce custom parts from a broad range of materials. With 3D printers becoming more
and more consumer available, a large variety of available materials, a high design flexibility, and decreasing
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prices, 3D printing becomes an attractive microfluidic fabrication method. Moreover, the broad range of 3D
printing techniques, of which various techniques will be described in the next section, further enhances its
appeal as a versatile microfluidic fabrication method.

2.3. Additive Manufacturing Techniques

The procedure to 3D print objects, starts with the creation of a digital model (CAD design), after creation of this
model it will be exported as a STL file. This STL file is then opened and sliced using slicer software (such as
CURA or PrusaSlicer), which creates numerous 2D layers that represent a cross section of the object. After
configuring the printer settings and the slicer settings, the 3D printer will start building the designed object layer
by layer. Depending on the material and support generated by the slicer, post-processing may be necessary, for
example: removing the support material, sanding the object, polishing the object or applying paint. Nowadays
print-in-place is becoming more popular, which creates movable mechanisms from a single print sequence,
eliminating the need for assembly.

Several 3D printing techniques exist nowadays, from the extremely popular Fused Deposition Modeling
(FDM) to the more expensive 2-Photon-Polymerization (2PP). Some of the currently existing 3D printing tech-
nigues are suitable for the manufacturing of micro- and nanostructures. 3D printing techniques can offer several
advantages such as the elimination of multi-step fabrication, and a reduction of the likelihood that manufactur-
ing constraints complicate the fabrication. Each 3D printing method has its pros and cons that will be discussed
in this chapter.

An assessment of resolution and multi-material capabilities in 3D printing will be made in the next section.
Two types of resolution will be distinguished in this literature review; the Z-Resolution (i.e. the minimal thickness
or vertical layer height) and the horizontal XY-resolution, also called spatial resolution. The multi-material
additive manufacturing capabilities will be assessed using information from the available literature.

2.3.1. Fused Deposition Modelling (FDM)

FDMis a 3D printing technique which uses material properties of thermoplastics for the benefit of 3D printing, by
melting and extruding the thermoplastic filament an object can be created layer by layer. FDM is very popular
due to its affordability and wide range of applications.
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Figure 2.7: A schematic overview of FDM 3D Printing,
picture adapted from [27]

The resolution of FDM printing is dependent on the nozzle diameter. The diameter of the extruded filament
results in a minimum feature size. For most commercial printers the minimum nozzle size is 0.1 mm, therefore
the theoretical XY-resolution is at best 0.1 mm with a vertical resolution of 0.05 mm [28]. The difference between
the minimum feature size and resolution is described as follows: the minimum feature size focuses on the
smallest details, while maximum resolution is a comprehensive measure of the level of detail. When printing
holes (for example for microfluidic devices), the mean measured diameter error is mostly affected by the nominal
diameter of the hole itself according to Alexopoulou, Christodoulou, and Markopoulos [29]. According to this
research, the printing speed and layer thickness do not appear to affect the mean measured diameter error.

This technique allows for multi-material additive manufacturing within a single print, since the printer can be
(manually or automatically) paused and the material can be swapped. Multi-material FDM 3D printing has been
conducted for sensors in soft pneumatic actuators in previous work by Dezaki, Sales, Zolfagharian, et al. [30].
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Besides the ability to create multi material 3D printed objects, Damanpack, Sousa, and Bodaghi [31] states
that the density can be adjusted by altering the nozzle temperature and flow rate. This density was altered by
creating bubbles during fabrication, essentially creating a lightweight PLA foam.

However, FDM 3D printing does not have a sufficiently high resolution, speed and/or material strength
for certain applications [32]. In applications where functional parts with specific mechanical properties are
essential, such as in the aerospace or automotive industry, metal 3D printing technologies like Selective Laser
Sintering (SLS) or Multi Jet Fusion (MJF) may offer superior material strength and performance. The strength
is based on fusion or bonding between layers, in FDM 3D printing this fusion is not sufficient and will often lead
to stress fractures [15]. The accuracy of FDM 3D printing is low in contrast to other techniques. This is mostly
due to shrinkage, with additional factors such as the motion system, the viscosity of the thermoplastic filament,
and the nozzle size. Shrinkage makes it difficult to create geometric accurate results and is hard to compensate
for, adjusting parameters such as the top/base layer thickness or infill density will lead to shrinkage in different
directions (anisotropic) [33]. To fabricate microfluidic devices using FDM 3D printing, obtaining sufficiently
transparent microchannels can be challenging [34] [35] [36].

Macdonald, Cabot, Smejkal, et al. [37] states that FDM printed samples have channels with high deformation
in areas in which the channel direction changes. According to Collingwood, Silva, and Arif [4] it might be
beneficial to bond the microfluidic device to glass on one side, with an FDM 3D printed object this is difficult
due to leakage, a resin-based 3D printed object is easier to attach to glass using resin as glue and curing it
afterwards. As stated, FDM has a high surface roughness, which is undesirable for most microfluidic devices,
except for the fabrication of micromixers where turbulent flow is beneficial [4].

2.3.2. An introduction to 3D Photopolymerization

Photopolymerization is a process in which a liquid resin, usually containing a polymer and a photoinitiator,
undergoes a chemical reaction when exposed to ultraviolet (UV) light. The UV light triggers a polymerization
reaction that solidifies the liquid resin. This technique is commonly used in 3D printing techniques such as
stereolithography (SLA) and digital light processing (DLP), which enable precise layer-by-layer construction
of objects by controlling the exposure to UV light. 3D printers using vat polymerization techniques (3D pho-
topolymerization), work by using a vat filled with liquid pohotopolymer resin to create objects layer by layer.
Polymers consist of a repeating framework of monomers which are created by polyaddition (conservation of
substance) or polycondensation (loss of substance, e.g. water or alcohol) reactions of the monomer units [38].
Similar to the approach discussed in section 2.1.1, a digital model is sliced into cross sections, these layers
are illuminated by a photon source and subconsequently the build platform is incrementally lifted or lowered
(depending on the design of the 3D printer), these steps are repeated until a full representation of the 3D model
is completed. Afterwards, the object should be rinsed with isopropy! alcohol to remove uncured resin.
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Figure 2.8: A schematic overview of stereolitography using a laser
as photon source, picture adapted from [39].

The high resolution which can be achieved by 3D photopolymerization, aided by the use of materials with
certain properties (such as shore hardness, transparency, opacity etc.) has resulted in a rapid rise of application
in microfluidics, biomedical devices and soft robotics [40]. A thorough description of the viscous properties of
the resin is important for the required resolution in the z-direction. The recoating process is dependent on both
the viscosity of the resin and the accuracy of the stepper motor operating the build platform [41], it involves
spreading a thin layer of liquid photopolymer resin evenly across the build platform after the previous layer is
solidified with UV light. The viscosity of the resin affects how evenly the resin spreads across the platform,
while the precision of the motion system that controls the movement of the platform determines the accuracy
of the placement of each layer and ultimately the overall quality of the printed object.
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2.3.3. Stereolitography (SLA)

SLA 3D printing is a method introduced and patented by Chuck Hull in 1986, it is a method that uses a movable
photon source (a LED or a laser) to activate the photopolymerization process in a VAT of photocurable resin
to successively print solid layers on top of the previous layer [42]. SLA is part of the vat (3D) polymerization
techniques, in which a resin tank is filled with liquid polymer. An UV laser with a specific wavelength (usually in
the UV-range) solidifies the liquid resin by means of polymerization and cross-linking, corresponding to the 2D
sliced image from the CAD model. Since the resolution of FDM 3D printing is relatively low, stereolitography
using photopolymerization is a better option for the fabrication of microfluidic devices, stereolitography has a
resolution in the micron scale [43]. Therefore, in contrast to FDM printing, the surface finish is smooth. Like
FDM, SLA is an affordable and therefore consumer friendly 3D printing technique. Due to the point by point
exposure, printing speeds are relatively slow. In SLA 3D printing, the layer of resin which is polymerized is
in direct contact with the air. During this polymerization, oxygen may inhibit the polymerization reaction by
absorbing UV light and interfering with the free radical reaction which initiate the polymerization. As a result,
the resin may fail to cure or cure completely in the presence of oxygen, resulting in failed layers or partially
cured layers of the printed object.
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Figure 2.9: a schematic overview of SLA 3D printing using a laser
as photon source, picture adapted from [44].

SLA printed parts need to be rinsed in IPA (isopropyl alcohol) before final curing with an UV lightsource.
Another disadvantage of SLA 3D printing is the slow printing rate, it can only print at speeds which are supported
by the movement of the laser beam [45].

The vertical (Z-axis) resolution is described by the minimum distance the stepper motor can generate, which
is approximately 25 ym for consumer level printers. However, with a more expensive SLA 3D printer (dwslab
xfab), minimum layer heights of 10 um have been described by [46]. The high spatial resolution or the XY-
resolution is one of the main advantages of SLA 3D printing [41]. The spatial resolution is dependent on the
minimum laser spot size, the highest spatial resolution is around 25 ym with a Formlabs Form 3+ printer [47].
SLA 3D printing exposes every pixel to UV light sequentially, meaning that in theory the irradiation could be
adjusted per pixel, allowing the printer to print grayscale patterns. The vertical resolution (z-direction) is de-
pendent on the depth of penetration from the photon source and can be controlled using suitable absorbers.
However, the curing depth is also dependent on the intensity and exposure time of the photon source [41]. An-
other technique which is similar to SLA is Low Force Stereolitography (LFS). LFS can be seen as the successor
of SLA, it utilizes a special Light Processing Unit (LPU) [48] which eliminates stray light by using a spatial filter
to eliminate stray light from entering the resin tank, and a series of mirrors to ensure that this filtered light beam
is always perpendicular to the print plane.
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Figure 2.10: Conventional stereolitography vs LFS. LFS 3D printing uses the
same principle as SLA, but uses filters and mirrors to eliminate stray light, picture
adapted from [49].

Besides a more consistent layer spot, LFS utilizes a flexible film on the bottom of the vat, which reduces
stress on the partially cured resin. Due to these improvements, the surface finish is smoother and there is less
need for support material, which is claimed to be around 4 times less. SLA 3D printing can be used for MMAM,
however to enable the 3D printer to do so, adaptation to both software and hardware is needed. For example,
a multi-layered polypill containing six drugs has been reviewed by Robles-Martinez, Xu, Trenfield, et al. [50],
using SLA 3D printing as the fabrication method. This study shows that after modifications, SLA is suitable for
multi-material additive manufacturing, the main adaptation is a vat change or change of resin during printing
[51]. Therefore, out of the box, SLA 3D printers are not suitable for MMAM.

2.3.4. Digital Light Processing (DLP)

In DLP, a projector is used to project an image of a complete cross section of a CAD model (the model is sliced
into 2D layers) [45]. The generated layers consist of voxels, which essentially is a 3D pixel [52].
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Figure 2.11: A schematic overview of DLP 3D printing, picture
adapted from [53].

This technique is relatively fast, because of plane exposure (illumination of a complete layer). The amount
of pixels on the imaging chip (DMD, Digital Mirror Device) is fixed, therefore the resolution is dependent on
the optics. Imaging lenses of different magnification can be used. When a higher resolution is required, the
print size will shrink, 0.6 pm to several 100 pm is possible using the DLP technique [54], whereas [45] gives
the minimum print size (of an object) to be 50 um and [41] states the spatial resolution to be 10-50 ym and
the resolution in vertical (z-direction) to be dependent on the penetration depth of the photon source and the
resulting curing depth, this vertical resolution can be altered using light absorbing additives which help to reduce
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undesirable events such as light scattering. Since altering of the optics is out of scope for this research, known
parameters from the "B9Creations Core 5 Ascent XL” will be taken, which has a spatial resolution of 25 um and
a vertical resolution of 10 um.

A great advantage of DLP 3D printing is that the layer of resin being illuminated and polymerized by the
photon source is often on the bottom of the vat (bottom-up configuration), making DLP less susceptible to
oxygen inhibition as compared to SLA 3D printing (top-down configuration) [41]. Another advantage of DLP
3D printing is that it can print very high resolution objects with a small size [55]. Besides, DLP 3D printing has
the ability to process both regular nonfilled photopolymers and slurries containing ceramic or metal particles
[56]. DLP, like SLA 3D printing, can also be used to print objects with multiple materials when both printer and
software are modified. One example of MMAM enabled DLP 3D printing is a study by Kang, Chang, Costa, et
al. [57], which shows a heterogeneous structure made out of two materials using a custom built DLP 3D printer.
Therefore, out of the box, DLP is not suitable for MMAM.

2.3.5. Liquid Crystal Display (LCD)

LCD 3D printing utilizes a liquid crystal display as an imaging system, an electric field is applied to the liquid
crystal in order to change its molecular arrangement, which prevents light from passing through. The working
principle is almost the same as DLP 3D printing, both techniques use UV light to illuminate a complete layer.
However, DLP 3D printing uses a projector, whereas LCD 3D printing uses the LCD screen as a mask with
UV lights underneath. This technique is often labeled as Masked SLA or MSLA [52]. The resolution of this
technique is high, however fully dependent on the pixel density of the LCD screen used, for example 4K, 6K,
8K and 12K screens are currently available. The highest spatial (XY) resolution of LCD 3D printing is described
to be 22 ym with a vertical resolution of 10 um [47]. However, when this technology improves, an even higher
pixel density (and thus resolution) is possible.
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Figure 2.12: A schematic overview of LCD 3D printing, picture adapted from [58].

According to [59] the LCD panel has a certain lifetime, which means its performance decreases over time.
The main disadvantage of LCD panels is the occurence of light leakage when such a screen degrades. Which
in turn decreases the quality of the printed objects or even the quality of the resin. This phenomenon has also
been described by [45], in which it is added that a small number of faulty rearranged liquid crystal molecular
results in weak light leakage. Since the whole screen is illuminated at once, this light leakage can be described
to be uniform, and thus can be accounted for in the slicer settings [52].

The difference between LCD 3D printing and other photopolymerization additive manufacturing methods is
the lower light intensity. A lower light intensity makes it harder to initiate photopolymerization, which is induced
by photolysis of the cationic photoinitiatiors. It can however print objects utilizing the same resins as the DLP
3D printing technique by varying the amount of initiator or an extended exposure time. LCD 3D printing, like
SLA and DLP 3D printing, requires post processing in the form of rinsing and post curing [52].

2.3.6. Continuous Liquid Interface Production (CLIP)

CLIP is a more advanced version of DLP 3D printing, utilizing a permeable membrane to permeate oxygen,
which inhibits the radical polymerization by (i) quenching of the excited state photoinitiator or (ii) forming a
peroxide when interaction with a free radical of a propagating chain occurs [60].
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Figure 2.13: A schematic overview of CLIP 3D printing, picture
adapted from [61].

The permeated oxygen creates a dead zone at the bottom of the vat, the thickness of the dead zone is given
by formula 2.1, in which ¢, is the photon flux, ap, is the coefficient of absorption and D, is the curing dosage
of the resin.

dead zone thickness = C(———) 75 2.1)

boap;
DCO

A widely used example of such a permeable membrane is the amorphous fluorpolymer window, Teflon AF
2400, which shows a very high oxygen permeability [62].

The printing speed for CLIP is limited by the resin cure rates and resin viscosity instead of stepwise layer
formation. However, CLIP is a continuous process and the refresh rate of the projected images can be increased
without changing the print speed itself [63], therefore CLIP enables printing speeds 25 to 100 times faster than
DLP.

The light source and imaging system (projector + lenses) are exactly the same for DLP and CLIP. However,
due to the high speed, adhesion problems may arise which can be eliminated by using a lower viscosity resin.
The same resin as used with DLP 3D printing can be used if the speeds are set lower [45]. The resolution
is similar to the resolution of DLP 3D printing, which is 10 um in Z-direction for DLP, however CLIP creates
smooth layers and eliminates the voxelated effect that is typically seen in DLP prints [47], [64]. Lee, Hsiao,
Lipkowitz, et al. [65] enhanced this technology, obtaining a spatial (XY) resolution of 30 um, which is defined
as the smallest feature size (1 pixel) in his work.

2.3.7. MultiJet Printing (MJP)

MJP uses arrays of piezo activated nozzles (printhead) to deposit photosensitive resin. This resin is cured by
an UV lamp and after curing of the first layer, it is ready to deposit the next layer and repeat the process. This
process is repeated until the object is finalized.

The main difference between MJP and techniques such as SLA, LCD, DLP and CLIP is that MJP is extrusion
based. Besides, the imaging control and curing light source are independent, the image is created by the
printhead instead of a UV laser or UV lights. Due to the extrusion based nature of MJP 3D printing, no masking
is required. After extrusion, the entire 2D plane can be illuminated with UV light. As described in the section for
LCD, resin exposed to a small amount of UV light can degrade, a phenomenon which does not occur in MJP.
Therefore every wavelength can be used and a larger variety of resins can be implemented. Resins inhibiting
radical, cationic and hybrid photopolymerization can be chosen for this technique, the working principle of these
photopolymerization systems will be explained in section 2.4.
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Figure 2.14: A schematic overview of MJP 3D printing, picture
adapted from [66].

The main advantage of MJP is the ability to spray multiple materials and colors through various nozzles.
The resolution in Z-direction is very high and can be as low as 16 ym [67]. This number is supported by
manufacturers (proto3000), which states that MJP 3D printing can achieve a spatial resolution of 0.0017 mm,
which equals 1.7 ym [68]. Besides, support material can be easily removed and eliminates the need for post
processing. Keating, Gariboldi, Patrick, et al. [69] have used MJP 3D printing to fabricate a microfluidic valve
using multiple materials. However, a low viscosity is advised to keep the resin printable through the nozzles.
Another disadvantage is that both the machine and the low viscosity resins are expensive.

2.3.8. Two Photon Polymerization (2PP)

2PP is a technique commonly used in micro- and nanofabrication, just like SLA and LFS a laser is directed into
a photosensitive resin, the resin cures (polymerizes) at the point where the 2-photon absorption occurs. The
photosensitive resin used in 2PP is designed to polymerize when it simultaneously absorbs two photons of that
particular wavelength. However, unlike stereolithography, 2PP does not cure the resin with UV light, but with
femtosecond laser pulses in the visible to near-infrared spectrum [70].

Figure 2.15: the difference between 1PP and 2PP,
1PP cures the entire path of illumination, whereas 2PP
only cures a small focal volume [70].

2PP uses a resin which is transparent to NIR (near infrared light), to make sure cross-linking will only occur
within the vocal volume of the laser [71]. Normally, these wavelengths are not absorbed by transparent resins.
However, due to the narrow focus and the pulsed nature of the irradiation (energy released over a few hundred
femtoseconds), two-photon absorption occurs within the focal volume, triggering the same chemical reaction
as UV-light irradiation. Therefore, the polymerization is strongly restricted to a small focal volume. 2PP is often
referred to as Direct Laser Writing (DLW), because the focal point of the laser can be positioned anywhere within
the resin (3D) [72]. This technique allows for high resolution and intricate structures due to its self supporting
nature, hence no supports are needed.
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Figure 2.16: A schematic overview of a 2PP process,
picture adapted from [73].

Rad, Prewett, and Davies [74] describes 2PP as the leading technology in ultra precision, 2PP has several
advantages over SLA 3D printing, some of which are: a nonlinear response of the photoresists which creates
superior resolution and the ability to create a high ratio between length and width. The XY-resolution of 2PP
printing is described to be around 100 nm, whereas the best attainable resolution for uSLA printing is 0.5 ym
[75]. For example, the Z-resolution for the commercially available "Nanoscribe Professional GT2” 2PP 3D
printer is 160 nm [76]. However, it is noteworthy that the resolution of 2PP 3D printing is adjustable, both the
voxel dimensions and the objective lens can be changed [74].

2PP 3D printing can be further enhanced by adding a cross-linker to the used material, therefore generating
more support and resistance to stresses during the building phase. By using this method, Emons, Obata,
Binhammer, et al. [77] achieved a spatial resolution of 45 nm, which is a factor 10 better than even micro SLA.
Out of the box, 2PP is not suitable for MMAM, however an example of multi-material objects is provided by Hu,
Rance, Trindade, et al. [78], in which a multi-material basket is presented.

2.3.9. Comparison of 3D Printing Techniques

Table 2.1: A comparison of techniques

Categorized techniques XY-Resolution Z-Resolution Materials Multi-material
FDM 100 um [28] 20 um [47] Thermoplastic filaments Yes [30]

SLA 25 um [47] 10 um [46] Liquid photopolymer resins No

DLP 25 um [47] 10 ym [47] Liquid photopolymer resins  No

LCD 22 uym [47] 10 ym [47] Liquid photopolymer resins  No

CLIP 30 um [65] 10 um [64] [47] Liquid photopolymer resins No

MJP 1.7 um [68] 16 um [67] Liquid photopolymer resins  Yes [69]

2PP 45 nm [77] 160 nm [76] Liquid photopolymer resins  No

As can be seen from table 2.1, two techniques are particularly suitable for MMAM, being FDM and MJP
3D printing. Both of these techniques are capable of MMAM out of the box. The main problem with FDM 3D
printing is its relatively low resolution, which is difficult to improve due to the minimum nozzle size a viscous
thermoplastic filament can be pushed through. FDM 3D printing can achieve a vertical resolution of up to 20 ym
and a lateral resolution of 100 um, however in reality these values will be at least double of which is mentioned.
Besides, this resolution is not repeatable for every shape [79]. Figure 2.17, adapted from Collingwood, Silva,
and Arif [4], elaborates on the minimum channel size and minimum resolution for positive features. From this
table, it can be seen that FDM has the largest minimum channel size with a very high surface roughness,
compared to other techniques.
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3DP Reported Reported Minimum Reported

process Minimum Resolution for Positive Surface
Channel Size Features Roughness

M] 205 pm [34] 270 pm [34] 0.99 [34]
250 um [38]

DLP 154 pm [34] 94 um [34] 0.35 pm [34]
200 pm [39] 200 pm [18]
250 pm [18]

SLA 300 pm [38] - -

FDM 500 pum [34] 250 pm [18] 8 um [18]

321 pm [34] 10.97 pm [34]

Figure 2.17: Minimum channel size and minimum resolution for positive features,
table adapted from [4]

Another downside of FDM 3D printing is that due to the circular shape of the filament and a layer-by-layer
approach poor layer adhesion can occur using single or even multiple materials [80]. MJP 3D printing, in
contrast to FDM, shows a very high resolution, which is promising for creating microchannels in microfluidic
devices. However, MJP 3D printing limits the available resins to proprietary and low viscosity ones, this makes
the process costly. Besides, custom resins are not easy to formulate.

2PP 3D printing shows a very high resolution, this technique is however expensive in contrast to other stere-
olitography methods. Other stereolitography methods such as DLP, LCD and SLA show comparable resolution
to each other, but none of these techniques is suitable for MMAM out of the box. Therefore, modification of the
3D printing process, hardware and software is necessary to enable MMAM on these printers.

Preliminary research has shown that both SLA and DLP have been used succesfully for MMAM after modifi-
cations to hardware and software [50] [57]. However, SLA and LCD 3D printers are more suitable for modifying
since the DMD chip of a DLP 3D printer can get dirty easily. Besides this clear advantage, the availability of
SLA and LCD 3D printers is high and the prices for both resin and the 3D printer itself are relatively low. LCD is
currently the cheapest technology and has the highest availability, resolution, and speed (due to plane illumi-
nation). Therefore, LCD 3D printing is the method of choice to create a novel high-resolution and multi-material
protocol. Another advantage lies in the fact that a broad range of photoresins is commercially available for these
techniques [79]. Materials with different transparency, opacity, different shore hardnesses and combinations
of such material properties are possible to print using stereolitography 3D printing. The use of photoresins is a
hallmark of SLA 3D printing, these photoresins are sensitive to UV light, under which they cure. This technique
was first used by Hull in 1984 and has been improved ever since.

2.4. Photoresins

As stated in Hull's patent from 1984, the first photoresins were not meant for additive manufacturing [42]. The
resin came from Loctite and was used as an UV curable adhesive, it consisted of urethane dimethacrylate with
a small fraction of acrylic acid, benzophenone (photoinitiator) and methylethylhydro-quinone (MEHQ)/triallyl
phosphate (to inhibit premature polymerization) [81]. Like other resins in every manufacturing process, the
composition is build up out of a homogenous liquid mixture of photo-initiators, monomers, crosslinkers and
fillers [32].

Hull kept working on this principle of photopolymerization, SLA, and found a way to cure resins that absorb
light with a wavelength of 325nm efficiently using a He-Cd laser [82]. The first photocurable materials used
for SLA consisted of an urethane dimethacrylate (UDMA), with a small amount of acrylic acid, benzophenone
(used as photoinitiatior) and methyl ethyl hydroquinone/triallyl phosphate (to prevent premature polymerization)
[82]. However, with future research it became apparent that a smaller amount of energy to reach gelation (the
transition from liquid resin to a gel-like state) of the resin equals to faster 3D printing speeds [83].

The following equations for gelation are adapted from Ligon, Liska, Stampfl, et al. [41]. To reach gelation in
a SLA 3D printing system, the critical exposure E, is measured in mJ cm~2. The equation for E, is given below,
with E, being the dose at the surface, C, the depth of curing, D,, the depth of penetration.

Ca
=5,.)
EC = EO 4 (2.2)
D, is given and defined as
D, = 1/(2.3¢[I]) (2.3)

In which e is the molar extinction coefficient at the utilized wavelength and [I] is the photoinitiatior concen-
tration [84]. Ligon, Liska, Stampfl, et al. [41] argues that E, is important, but the strength and young’s modulus
at the point of gelation are too low to survive additive manufacturing processes. To compensate for this lack
of strength, excess energy is defined to provide sufficient "Green” strength. "Green” strength is the ratio of
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strength of the firstly photopolymerized object in contrast to the final object (the final object is often cured). The
equation of this excess energy is given as:

(££-1)-1)

Dp P
E, = EC(C_d) (2.4)

The strength can be increased and the layer size can be decreased by use of UV or visible absorbers which
are not involved in initiation, at the cost of a longer build time a higher vertical resolution can be obtained [41].

2.4.1. Radical Systems

Radical systems are composed of three steps, which are; Generation of the radical, initiation and propagation of
the radical. To induce photopolymerization, photolytic energy is converted into reactive species by the photoini-
tiator. Radical systems are classified to be Norrish Type | or type Il [85]. Commercially available photoinitiators
often undergo the Norrish type | a-cleavage reaction, this reaction generates radical fragments when irridiated
with a certain wavelength.

Radical generation, initiation and propagation are fast processes which makes them suitable for rapid pro-
totyping [41]. Resins such as (meth)acrylate monomers and oligomers are commonly used in 3D photopoly-
merization processes that occur through a radical system. The most common meth(acrylate) monomers and
oligomers are poly(ethylene glycol) diacrylate (PEGDA), urethane dimethacrylate (UDMA), triethylene glycol
dimethacrylate (TEGDMA), bisphenol A-glycidyl methacrylate (Bis-GMA), trimethylolpropane triacrylate (TTA)
and bisphenol A ethoxylate diacrylate (bis-EDA) [86]. Hull, Clarita, Spence, et al. [87] states that shrinkage and
stresses can ultimately result to deformations in the 3D printed object, which can be an issue for high resolution
applications. To overcome this limitation, advises the use of high molecular weight oligomeric acrylates, an-
other downside (making the process more intricate) is the need for heating up the resin to reduce the viscosity
[88].

For 3D polymerization techniques such as DLP, which use a higher wavelength light source, acyl phosphine
oxides are the preferred photoinitiatiors [89]. It is concluded from both Ligon, Liska, Stampfl, et al. [41] and
Bagheri and Jin [86] that a photoinitiator with a lower energy level 7+ corresponds to a higher wavelength to
initiate the generation of the radical.

Bagheri and Jin [86] also discusses the use of Thiol-ene and Thiol-yne systems, where acrylates can have
problems regarding oxygen inhibition (especially in open vat SLA 3D printers), thiol-ene chemistry can reduce
the oxygen inhibition. The oxygen inhibition is thus the first advantage, the second advantage is a lower shrink-
age stress and thirdly thiol-ene systems show higher biocompatibility than (meth)acrylates. Thiol-ene resins can
for example be bought from Norland Optical Adhesives, which has been used extensively by research groups
using SLA and 2PP 3D printing processes, using photon sources (lamps) with 320 to 380nm wavelengths [41].

2.4.2. Cationic Systems
Cationic systems often employ commercially available epoxy monomers such as 3,4 epoxycyclohexane)methyl
3,4 epoxycyclohexylcar- boxylate (EPOX) and bisphenol A diglycidyl ether (DGEBA) [86]. The compounds used
are thermally stable and will decompose under influence of UV radiation into a mix of cations, radical cations
and radical intermediates [41]. The molecular structure of these monomers is very important, because their
reactivity differs, fast polymerization can be achieved using cycloaliphatic epoxides [90]. In SLA based systems,
1,4-cyclohexane dimethanol divinyl ether (CDVE) is a commonly used material [91]. The main advantage
of using epoxide monomers in photopolymerization 3D printing is the low volumetric shrinkage [86]. Lapin,
Snyder, Sitzmann, et al. [91] describes the shrinkage to be only 2-3% volumetric. Therefore, epoxides are
very commonly used in photobased additive manufacturing, they show good mechanical properties and can be
postcured using heat or light, whereas (meth)acrylate-based resins can only be postcured using light [41].
However, epoxides have a much slower polymerization rate than acrylates and have been used in SLA 3D
printing in combination with much more reactive cationic polymerizable vinyl ether monomers [91]. The vinyl
ethers will polymerize very quickly and harden acceptably, while the epoxide will minimize the shrinkage during
post curing. For example, disubstituted oxetane (DSO) monomers show even higher reactance than epoxides
and provide almost identical low shrinkage [92].

2.4.3. Hybrid Photopolymerization Systems

In addressing the challenges of rapid and inhomogeneous shrinkage eventually leading to curl, distortions
and ultimately a product that will not meet it's desired specifications, a strategic approach involves the use
of hybrid polymerization systems. This can be solved by incorporating multiple types of monomers, each
providing different rates of reaction. A less reactive monomer has less curl and distortion and can be postcured
afterwards. A mixture does not necessarily have to be only cationic or radical, a hybrid formulation can contain
both systems. These mixtures of both radical and cationic monomers and initiators have been widely accepted
in the industry [93].
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2.4.4. Suitable Photoresins

Suitable photoresins for microfluidic manufacturing must comply with several material requirements. Mate-
rial requirements such as transparency and biocompatibility are important considerations in microfluidics and
form the basis for advanced applications in microfluidic systems. Besides, to create multi-material compli-
ant microfluidics, requirements exist such as (transparent) materials with high elasticity and stretchability [94].
Commercially available UV curable resins possessing elastomeric properties, which can be used in either SLA
or DLP 3D printing to create soft membranes, are for example Carbon EPU 40, Stratasys TangoPlus, Formlab
Flexible and Spot-A Elastic [95]. To create a PDMS-like membrane, the young’s modulus of this soft membrane
material must be in the same order of magnitude as the young’s modulus of PDMS, this way a soft membrane
can be 3D printed. The young’s modulus of PDMS is given to be 600 to 1400 kPa (0.6 to 1.4 MPa), depending
on the thickness [96]. However, soft materials are often characterized by their shore hardness. For PDMS,
40 shore A is a suitable shore hardness [97]. A suitable SLA photoresin with a shore hardness in this range
(43 shore A) is "Liqgcreate Elastomer-X” [98]. The rigid part of the microfluidic valve can be created out of com-
mercially available clear resin such as "Anycubic high clear” or "Anycubic clear”. To obtain sufficient bonding
between the rigid and soft part during the fabrication of multi-material microfluidic valves, Song, Chen, Hou,
et al. [11] states that both resin formulations must consist of a high concentration of acrylate monomers. As a
result, strong interlinking (due to covalent bonding) decreases the risk of delamination. Besides strong bond-
ing at the interface, the first layer must adhere to the build platform, which can be ensured by using a longer
exposure time for the first layer [79]. The downside of these commercially available UV curable resins are
the fixed mechanical properties and the low value of elongation at break [95]. To gain more flexibility from the
soft material, a monofunctional monomer of epoxy aliphatic acrylate (EAA), a difunctional cross-linker (aliphatic
urethane diacrylate (AUD)) and a thermoplastic polyolefin (TPO) were used to create a custom elastomer resin,
which resulted in a 5 times higher stretchability than the commercially available UV curable resins [95].

Others have found materials such as ethylene glycol dimethylacrylate (EGDMA) and bisphenol A glycerolate
dimethacrylate (BAEDA) suitable for use as a curable base material in Multi Material Stereolitography [99] [100],
accompanied by a photoinitiator which cured at 350 to 430 nm (Diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO)). Khatri, Frey, Raouf-Fahmy, et al. [79] states that an optimal resin for SLA 3D printing has a
viscosity (at ambient temperature, i.e. around 25°C) below 0.2 Pas, however an increase in temperature will
also lead to a lower viscosity, making it possible to use thicker resins using a heated vat for SLA 3D printing.

Like the research from Patel, Sakhaei, Layani, et al. [95], Khatri, Frey, Raouf-Fahmy, et al. [79] have re-
searched the effect of TPO contents and have found a significantly higher ultimate tensile strength when in-
creasing the amount of TPO in the resin, a maximum failure strain of around 3.5% has been found at 1 wt.%.
An increase of the photoinitiator results in a system consisting of a high cross link density, which results in an
increased ultimate tensile strength and a decreased maximum strain.

2.5. Multi-Material LCD 3D Printing

Multi-material 3D printing refers to additive manufacturing which exploits several materials within a single step
fabrication process. This single step fabrication process can be performed by use of LCD 3D printing, which
makes the process not only cost effective, but also scalable. As stated before, 3D printing techniques such
as SLA, DLP and LCD are out-of-the-box only suitable for single-material fabrication processes. To process
two or more different materials in a single 3D printed object, one must be able to (manually or automatically)
switch materials during the printing process. To enable multi-material additive manufacturing on these types of
printers, techniques such as the print-pause-print method or the layer-on-demand method can be used. Utilizing
these methods, several multi-material structures have been created already, such as magnetically activated
microfluidic devices by Nakahara, Suzuki, Hosokawa, et al. [101] and Lazarus, Bedair, and Smith [102], and
hydrogel valves with a porous film by Al-Aribe and Knopf [10]. Additional information on both techniques will
be provided in the following subsections.

2.5.1. Print-pause-print

A research exploiting the print-pause-print principle to create pneumatic actuators using vat based stereolitog-
raphy was conducted by Song, Chen, Hou, et al. [11]. 3D printed micro-actuators can for example be used
for soft robotics [103], microfluidics [104] and biomedical engineering [105]. This print-pause-print technique
is used for multi-material 3D printing (MMAM) and can be performed by using multiple resin vats, the object is
transferred from one vat to the other during building, an early study on this subject consisting of multiple vats
in a rotating carousel was already published in 2006 [106], [107]. Besides multi-material layers, multi-material
structures within the same layer becomes possible using multiple vats [32].
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Figure 2.18: (a) Schematic of
multi-material 3D-printing procedure with
three different resins using
print-pause-print (b) Two 3D printed
channels, picture adapted from [108].

Multi-material vat polymerization exploits the print-pause-print method, which is nicely elaborated on by
Robles-Martinez, Xu, Trenfield, et al. [50], where a multi layer polypill containing multiple drugs was created
using this method. Robles-Martinez, Xu, Trenfield, et al. [50] states that the following steps were performed:
(1) gain manual control over the 3D printer using the OpenFL version of PreForm software, which enables
pausing and raising the build platform to allow switching of the vat, (2) resume printing after changing the vat,
(3) between changes of the vat a deionised water rinse is necessary to avoid cross-contamination of resins.

Pausing the 3D printer and lowering or elevating the build platform may lead to an alignment error. Therefore,
the precision of the Z-axis must be elaborated on. Inamdar, Magana, Medina, et al. [106] claims a precision
in vertical direction (z-direction) of around 20 um, with a repeatability (the precise reproduction of a process or
measurement under the same conditions) of around 1 uym, this has however not been verified on the printed test
samples. Another system consisting of syringes to exchange resins has been researched, however manual
cleaning and rinsing of the vat was still necessary, using this technique a minimum thickness of 21 ym was
aquired [109]. Using this technique, more curable materials such as polyethylene glycol (PEG) based hydrogels
and conductive materials could be used [110]. In 2011 another MMAM SLA system using a DMD chip has been
presented by Zhou, Chen, Yang, et al. [111], by using a vat change and 2 different polyethylene diacrylate based
hydrogels, a sub-millimeter sized object could be achieved. Another study by Kim, Castro, Bhattacharjee, et
al. [112] shows printed microchannels with dimensions of 200 um using this technique.

To assess the layer formation between multiple materials, it can be helpful to add fluorescent dyes, when
dissolved in the base resin these dyes help visualize the normally transparent parts. However, adding such
dyes to the resin calls for the need of longer exposure times, this is due to the absorption characteristics of the
material, a 30 second layer exposure time instead of the usual 3 seconds to 5 seconds has been reported by
Khatri, Frey, Raouf-Fahmy, et al. [79]. In this study a minimum XY-resolution of 30x30 ym? has been found,
with an aspect ratio of 1 to 5, using two different resins the smallest features have been found to be in the
200-300 uym range. Another aspect of SLA 3D printing is described, which is the occurence of micro cracks
due to internal stresses induced by the polymerization process, decreasing the risk of micro cracks can be done
by varying the light intensity and the exposure time. Khatri, Frey, Raouf-Fahmy, et al. [79] recommends to look
into the assembly of high precision positioning elements such as better lead screws or more precise stepper
motors, because most print defects are related to alignment issues.

To disregard these alignment issues, a small change in working principle should be made. As stated by
Song, Chen, Hou, et al. [11], using a single vat in which the resin is changed and the object is cleaned inbetween
resin changes eliminates the alignment error (due to the object not changing position) in the spatial plane. Other
recommendations for improvement of the multi-material 3D printing process are for example: measuring the
layer thickness vs exposure energy, this gives the required exposure time for a given layer height, rinsing
the material between material changes with ethanol or 2-propanol, washing the 3D printed object (with water,
isopropanol and ethanol) in an ultrasonic bath, drying in the oven and to check if the elastic properties degrade
after exposure to UV light for different periods of time [11]. Possible drawbacks such as differences in reactivity
(thermal or rheological) or incompatibilities of materials may arise and should be taken into account [113].
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2.5.2. Layer-on-demand

The layer-on-demand approach is characterized by a thin layer of material which is provided as needed [32].
To generate such a layer, several methods are described such as: a fluidic cell or microfluidic cell [114], [115],
liquid deposition by a syringe [116] and VLM (viscous litography manufacturing) [117]. The layer-on-demand
approach is able to quickly switch from one material to another, it is stated by An and Leong [32] that uncured
resin can be cleaned or recycled.

The layer on demand method as described by Kowsari, Akbari, Wang, et al. [116] can be seen in figure
2.19. The layer puddle is deposited by syringes, the build plate can selectively lower into both created puddles
(material A and material B). When the puddle is exposed to UV light with a wavelength of 405 nm, the layer
is formed and the object can be cleaned using compressed air after the build plate is raised by 5 mm, after
which the process repeats itself until the object is finished. This technique requires custom coding in Labview
to control the electronics of a purpose built DLP apparatus.
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Figure 2.19: Steps required to create a multi-material
structure using the layer-on-demand method on a
custom DLP apparatus, picture adapted from [116].

VLM on the other hand, requires a roller to pick up the resin which is laminated to the bottom of a transparent
film. This resin is transported to the printing area, where the build plate rises and presses up against the resin.
UV light is used to cure the resin which is between the build plate and the laminated area, creating a specified
layer thickness. After these steps, the build plate lowers and consequently peels the cured resin from the
transparent film, as stated before the uncured resin can be recycled by transferring it back to the resin reservoir
VLM, [118].
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Figure 2.20: VLM 3D printing using the
layer-on-demand approach, picture adapted from
[118].

2.6. Research gap

Several fabrication methods have been discussed for the development of microfluidic devices and their manu-
facturing methods. However, there are still challenges, particularly in the fabrication of both high-resolution and
multi-material microfluidic components. Traditional microfluidic fabrication methods, such as replica molding,
injection molding, and hot embossing are well-established but suffer from inherent limitations. They all rely on
multi-step processes, cleanroom environments, and alignment issues that hinder the integration of complex
designs. These limitations constrain scalability, affordability, and the ability to fabricate and iterate rapidly.

Relevant studies have highlighted the potential of 3D printing as an alternative manufacturing technique, of-
fering flexibility, rapid fabrication, and reduced process complexity. However, current 3D printing technologies
face critical trade-offs. High-resolution techniques, such as SLA and DLP, are often limited to single-material
printing or require extensive modifications to achieve multi-material capabilities. On the other hand, meth-
ods like MJP support multi-material additive manufacturing (MMAM) but are expensive and require special
resins. Furthermore, adhesion between printed materials and the optimization of interfaces in MMAM remain
untouched areas.
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While prior work has demonstrated the feasibility of (M)SLA/DLP 3D printing to create multi-material mi-
crofluidic systems, there is a lack of standardized protocols for achieving high-resolution MMAM with
seamless material integration. Additionally, scalability and affordability remain under-explored areas,
especially in the context of biomedical and diagnostic applications where cost-effective and precise manufac-
turing methods are critical. This research addresses these gaps by developing a novel MMAM protocol tailored
for the fabrication of multi-material microfluidic valves, focusing on material properties, enhancing resolution,
material compatibility, and process scalability.



Research Questions and Project Outline

The scope of this research is to create a novel 3D printing protocol which enables to create high-resolution
multi-material integrated microfluidic devices with a single step fabrication process. This protocol is expected
to contribute to the further development of microfluidic devices and enable for applications in various fields
such as biotechnology, medicine, and analytical chemistry. Some requirements are a high resolution, good
scalability, affordability, elimination of the alignment error and good compatibility between various materials.

3.1. Research Questions
Hypothesis:

+ In this thesis, it is hypothesized that a novel 3D printing protocol can be created which meets or exceeds
the expectations in the fabrication of microfluidic valves using LCD 3D printing.

Main question:

» How to develop a novel 3D printing protocol which enables for the fabrication of a high resolution multi-
material microfluidic device in a single step fabrication process?

Subquestions:
« Which 3D printing protocol can be used to develop a high-resolution multi-material microfluidic structure?

» How do the 3D printing process parameters influence the resolution of microfluidic channels in multi-
material microfluidic structures?

* How do the 3D printing process parameters influence the mechanical properties of MSLA (LCD) 3D printed
multi-material structures?

A microfluidic valve consists of a thin membrane which blocks a channel. For a multi-material microfluidic
valve, the membrane is created out of a soft polymer, whereas the body is created out of a rigid polymer (see
Figure 3.1).

Flexible Liqcreate

Elastomer-X

Thin membrane Anycubic High Clear
Control channel

Anycubic High Clear
Flow channel

Figure 3.1: Diagram of a multi-material microfluidic valve and its
materials.

Inspired by the recommendations of Qian, Hou, Li, et al. [6], certain important requirements for microfluidic
valves have been highlighted. This primarily includes the preference for lightweight materials, with a particular
emphasis on polymers. A list of requirements is provided below.

1. Multi-material, due to the soft membrane and the rigid body, a difference in Young’s modulus between
both materials is essential

2. Transparency for visualization

21
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3. Sufficient material adhesion or bonding between different components/layers
4. 3D printable using an LCD 3D printer

5. High resolution/precision, minimum channel size of 50-100 ym

6. Cost effective

7. Elimination of the alignment error

8. Low leakage rate, preferably zero leakage

3.2. Methodical Approach
3.2.1. Materials and Equipment

In this Subsection, an overview of materials and equipment is provided.

+ Stereolitography MSLA 3D printer - The printer of choice is an Elegoo Mars 4 9k, this printer is chosen
due to its availability, high resolution (18 um) and relatively low cost of both the 3D printer and the materials
which it can process.

+ Printable resolution block - The printable resolution block is used to gain insight in the printers’ capabil-
ities, the minimum feature size is assessed for both wells and extrusions as shown by [119]. The model
consists of a rectangular block with lines of various widths in horizontal, vertical, and diagonal directions
to avoid a directional bias [120].

» 3D CAD software - Solidworks is used to create all CAD models.

+ Slicer software - Lycheeslicer and Chitubox are used to slice STL files.
* Photoresins - Anycubich High Clear and Ligcreate Elastomer-X.

» UV curing device - A Formlabs Form Cure is used for UV post-curing.

+ Cleaning solvent - Isopropanol alcohol is used to rinse 3D printed objects and clean the build plate and
resin vat.

+ Ultrasonic cleaning - A Sonorex ultrasonic cleaner is used for seperate parts. A Nanografi Ultrasonic
Processor is used for parts attached to the build plate (during print-pause-print).

+ Digital microscope - To clearly visualize and measure the resolution and minimum feature size, a
Keyence VHX-6000 Digital Microscope is used.

» Data analysis software - To analyze the resolution of samples, the free software ImageJ is used [120].
» Tensile testing device - A Zwick Roell Z005 tensile testing device is used for tensile testing.

» Safety equipment - Safety equipment consists of gloves and protective eyewear.

3.2.2. Resin preparation

A rigid and a soft (flexible) resin are chosen to create a microfluidic valve. Anycubic High clear, a rigid resin,
is used to create the body of the microfluidic valve. Liqcreate Elastomer-X, a soft resin, is used to create the
flexible membrane.

Both materials are acrylate based, this ensures covalent bonding of both materials. The red dye is used to
visualize the membrane layer, during operation this membrane should be distinguishable from the transparent
Anycubic High Clear layers. Besides, the mechanical properties of dyed Ligcreate Elastomer-X are compared
to their non-dyed counterparts.

3.2.3. Material Characterization

Tensile testing is performed using the Zwick Roell 005 to characterize both materials separately and the combi-
nation of both materials in a multi-material sample. Using Hooke’s law, the young’s modulus of both materials is
determined, graphs are made of several dog-bone-shaped specimen. For the multi-material dog-bone-shaped
specimen, the tensile strength is used to draw conclusions about layer bonding.
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3.2.4. Printing Parameter Optimization

The printing parameter optimization starts with the design of the designed resolution block, the model is created
with grooves of various widths in horizontal, vertical, and diagonal directions to avoid a directional bias [120].
This resolution block is used to measure the dimensional accuracy and the minimum feature size (by use
of a VHX-6000 Digital Microscope and Imaged). Only Anycubic High Clear is evaluated using this approach,
because the channels will be created out of this material. The output of this stage is a graph which covers the
intended size vs the measured size, as described by Wang, Enders, Preuss, et al. [119]. After graphing the
data, conclusions are drawn on how to minimize channel sizes using known and documented settings.

3.2.5. Multi-material 3D Printing

To enable MMAM on the Elegoo Mars 4 9K, a pause step is initiated using the UVTools software. Afterwards,
the printer is paused using its firmware and the build plate and object are cleaned using a Nanografi Ultrasonic
Processor. After this cleaning step, a new vat containing the second material is placed and printing is resumed.

Print layered 3D print dog-bone-
Gain manual control structures with
shaped specimens
multiple materials

Figure 3.2: A schematic overview of the 3D printing process. First, manual control over the 3D printer is
obtained, to allow for the print-pause-print method. Second, layered structures with multiple materials are
printed using this method. Lastly, 3D printed dog-bone-shaped specimens are created to evaluate the
material properties using tensile testing.

After printing the multi-material dog-bone-shaped specimens, post-processing of the 3D printed structures
is executed by cleaning and post-curing them. After post-processing, the structures are ready to be tested in a
tensile testing setup (as described previously).

3.2.6. Design a multi-material microfluidic valve

A multi-material microfluidic valve is designed using Solidworks. The design is based on the Quake valve
with incorporated desired features and functionalities suitable for 3D printing. Directions of channels, width and
height of channels and membrane diameter are taken into account in this design. The membrane’s performance
is theoretically proven using a FEM analysis and an analytical approach.
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Figure 3.3: The basic working principle of a Quake valve. The control channel
and flow channel are separate channels, the flexible membrane expands when
pressure is applied to the control channel, which blocks the flow channel. Picture
adapted from [121]

3.3. Project Outline

This thesis explains the development of a novel multi-material 3D printing protocol using a stepwise approach.
Chapter 4 of the thesis consists of the optimization of the print process, incorporating several aspects such as
geometrical dependency on exposure times and the investigation of mechanical properties for both Anycubic
High Clear and (dyed) Ligcreate Elastomer-X. Chapter 5 of this thesis is dedicated to the minimum channel size
which can be reproduced by an affordable MSLA 3D printer. Chapter 5 also discusses the design of a resolution
block and its application to find the minimum groove width. Chapter 6 discusses the steps required to obtain
multi-material structures, the stepwise protocol is based on the print-pause-print protocol, and is adapted to print
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a multi-material dogbone. This dogbone is tensile tested to assess the layer bonding between both materials.
In chapter 7 the creation of the microfluidic valve is discussed, this valve is designed and FEM simulated in
Solidworks, an analytical approach is used to check these FEM simulations. In chapter 8 an overview of the
conclusions from this thesis is provided and future work is discussed.



Print Process Optimization

This chapter aims to optimize the printing process for both Anycubic High Clear and Liqcreate Elastomer-X
seperately, before expanding the research to multi-material 3D printing. First, the objectives are defined in
Section 4.1. Secondly, an overview of parameters and performed measurements is provided in Section 4.2.
The results are presented in Section 4.3 and lastly a conclusion is drawn in Section 4.4.

4.1. Resin characterization objectives

The primary objective of this chapter is to characterize the rigid material (Anycubic High Clear), which is used
to create the valve’s body, by examining the relationship between exposure time and feature size. This chapter
aims to determine how variations in exposure time influence the accuracy and resolution, and mechanical
properties of 3D printed features, providing insight into optimal settings to achieve a desired level of detail and
strength. Additionally, the ease of printing of dyed resins is investigated, assessing how the introduction of
a red dye influences print quality and exposure time requirements. The aim of this section is to combine the
objectives to answer the following research question: How do the 3D printing process parameters influence the
resolution of microfluidic channels in multi-material microfiuidic structures?

4.2. Materials and methods

This section discusses the parameters and measurements of several 3D printed samples.

4.2.1. Anycubic High Clear

XP2 Validation Matrix

The body of the multi-material microfluidic valve will be created out of Anycubic High Clear. In this Subsection,
this resin is used to print the XP2 validation matrix [122] (see Figure 4.1a), which is designed by Photonsters
to determine the optimal exposure time for accurate feature replication. The XP2 Validation Matrix includes
several features such as holes, pins, bars, and grooves which can be seen from Figure 4.1b.

The STL file is sliced using the LycheeSlicer software, with the layer height set to 0.01 mm (see Figure 4.2).
The exposure time is varied between 1 and 15 seconds to identify the exposure time that produces the most
accurate features.

25
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(a) Photonsters XP2 Validation Matrix to find the right (b) (A) holes, (B) pins, (C) connecting halves of the infinity
exposure time. sign, (D) bars and channels.

Figure 4.1: The XP2 matrix and its relevant features.
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Figure 4.2: Settings in Lychee slicer for Anycubic High Clear

XP2 validation matrix measurements

To assess the accuracy of the 3D printed features on the XP2 validation matrix, the largest hole, pin, bar, and
groove are measured using the Keyence VHX-6000 Digital Microscope. Measurements are performed using
the built in measurement tools of this microscope. The largest features are chosen, because discrepancies in
size will occur due to the nature of STL files, round objects are merely straight lines connected to each other
to form a circle. It is observed that smaller diameter circles consist of less straight line segments and larger
diameter circles consist of more straight line segments, which can be seen from Figure 4.3a and Figure 4.3b
respectively. This means that larger holes or pins have more line segments and are therefore a more accurate
representation of a certain shape.

The measurements are repeated three times to minimize measurement errors and are compared to their
intended size as found in the STL file (as measured in Solidworks). The measurements with the digital micro-
scope were taken for the largest hole (3000 pm), largest pin (3000 um), largest bar (1000 um), and largest
groove (999.1 um). The graphs contain the exposure time on the X-axis and the measured size on the Y-axis,
revealing the relationship between exposure time and accuracy. The standard error of the mean is calculated
for each measurement and added to the graph.

Post processing
After the 3D printing process, all samples are cleaned using a Sonorex ultrasonic cleaner which is filled with
demineralized water. The samples are submerged in IPA in a plastic beaker, this beaker is inserted in the
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(a) STL files often contain straight lines which represent a
circle, on the bottom of this figure it can be seen that for very (b) More straight line segments lead to more accurate
small holes the software creates a rectangle. circles.

Figure 4.3: A comparison between straight line segments in an STL file.

ultrasonic bath for 10 minutes. This ensures that the printed parts are clean and free of any residual uncured
resin, which could otherwise interfere with the measurements.

4.2.2. Ligcreate Elastomer-X

Print settings

The membrane of the multi-material microfluidic valve is created out of Ligcreate Elastomer-X. This is a 3D
printing resin which is developed specifically for producing flexible, rubber-like parts where elasticity and dura-
bility are of key importance. Even though this is a specialty resin, it can be used for SLA, MSLA, and DLP 3D
printers with a wavelength of 385 to 420 nm, making it compatible with a range of affordable printers such as
the Elegoo Mars 4 9k which is used for this research. Due to the resin’s soft and IPA absorbing nature, XP2
matrices are difficult to measure accurately, it is recommended by Ligcreate to use the optimal settings for a
50 ym layer height which are provided by Liqcreate and can be seen from Figure 4.4.
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ELEGOO SATURN Rest Time After Retract: [ 200 |5

AnyCubic Photon Mono

Figure 4.4: Recommended settings for Liqcreate Elastomer-X, using the settings provided by
Ligcreate after contacting them directly.

Ultrasonic cleaning and swelling test
To investigate the effects of IPA absorption on dimensional stability, a sample strip of Ligcreate Elastomer-X
resin with 1 wt% of red dye is prepared with dimensions of 1 cm by 2 cm and a thickness of 0.4 mm, this design
is created in Solidworks. These samples are used to determine the optimal cleaning time, measure dimensional
changes after an ultrasonic IPA bath and to determine the time required for the sample to shrink back to its
original dimensions. Additional images of this process are provided in Appendix C.

After a 30-minute ultrasonic IPA bath, the sample’s length is measured using a ruler. The length of the
samples is monitored over a 4-hour period to observe the shrinkage. The measurements are conducted at
both ambient temperature (27°C) and at 50°C within a heated enclosure to assess the effects of temperature
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on the shrinkage rate. Each measurement was captured by photographing the sample and creating a scale
bar in ImageJ using a ruler as a reference.

Preparation of Dyed Elastomer-X Samples

The colorant of choice is the color "traffic red” from 3D Jake, this company offers a wide variety of colors which
are also discussed and used by Ligcreate. 3D Jake states that the maximum amount of colorant should be
equal to or less than 2.44 wt%, this corresponds to 25 g of colorant with 1000 g of resin [123]. Higher amounts
of colorant could potentially lessen the printing quality or material properties. This is in line with statements from
Ligcreate, properties of the resin can change due to the addition of a colorant. Therefore, weight percentages
of colorant should not exceed 2.5 wt% [124], because pigment stability, print speed and mechanical properties
can be impacted drastically. To use this colorant, several best practices are described by the manufacturer (3D
Jake) and are listed below.

1. Shake the bottle of resin colorant for 15-20 seconds.
2. Pour the colorant into the resin and shake or stir until a homogeneous mixture is obtained.
3. Leave the resin for a few minutes to remove air bubbles.

4. When the resin has been stored for a while, it should be shaken or stirred before use.

Ligcreate states that the colorant and resin should both be homogeneous (mixed properly) before mixing
the two together, otherwise it becomes impossible to duplicate results. It is stated that translucent pigments will
not alter the mechanical properties or the printing behavior. These problems only occur when colorants block
or absorb the emitted UV light coming from the LCD screen. When printing at 405 nm, this might occur using
the colors yellow, orange, black and other opaque colorants [125]. However, opaque resins block UV light
and therefore reduce light bleeding, which in turn has a positive effect on the accuracy. A trade-off between
opaqueness (contrast) and printing properties has to be made.

The resin is mixed using a plastic cup, wooden stick and a calibrated scale. The Ligcreate Elastomer-X is
shaken and poured into the cup to the desired amount, any excess is removed using a syringe. The red dye
is shaken and extracted from the bottle using a pipette, several droplets were meticulously dispensed into the
resin to the desired amount. The resin was gently stirred with a wooden stick, carefully blending the droplets to
achieve a homogeneous mixture without introducing bubbles. The dyed resin is assessed for 1, 2 and 3 wt%
respectively. For example, to create a red resin with 1 wt% of red dye, 0.5 g of red dye is added to 49.5 g of
Ligcreate Elastomer-X resin, of interest are the color (contrast) and the ease of printing.

4.2.3. Tensile testing
Preparation of dog-bone-shaped specimens

For tensile testing, dog-bone-shaped specimens, also referred to as tensile bars or simply dogbones, were used
to perform tensile testing. This design, developed and distributed by staff at the TU Delft, has a total length of
100 mm, a width of 12.0 mm, and a thickness of 2.00 mm, with a narrower section in the middle of 6.00 mm
wide. This narrow section is called the gauge length (effective straining region) and equals approximately 30.6
mm when measured in Solidworks. The specimen with its respective measurements taken in Solidworks can
be seen from Figure 4.5. The most important measurements are the gauge length and its respective area.

100.00 mm |

Wmm
30.58 mm

Figure 4.5: Measurements of the provided dogbone design.

To improve build plate adhesion and ensure stability during printing, a raft was designed in Solidworks
and added to the base of each dogbone (Figure 4.6). This raft negates the need for additional support ma-
terial, simplifying the post-processing phase while enhancing print reliability. Post-curing of these dogbones
is performed using a Formlabs Form Cure. Anycubic High-Clear samples are post-cured for 5 or 30 minutes.
Ligcreate Elastomer-X samples are post-cured for 5 minutes in demineralized water, followed by 0, 30 or 60
minutes of dry post-curing.



4.3. Results and discussion 29

y

Figure 4.6: A raft has been added to
enhance build plate adhesion.

Tensile testing procedure

The 3D printed dogbones are tested on a Zwick Roell Z005 tensile testing machine, which provides stress-strain
data in the form of a .TRA file. This file is imported into Matlab to extract the data and to generate stress-strain
curves. From these curves, the Young’s modulus is calculated using a linear fitin Matlab. The Young’s modulus
is a key parameter that indicates a material’s resistance to deformation and provides a basis for subsequent
FEM simulations. In short, the Young’s modulus describes the relationship between force per unit area (stress)
and the proportional deformation of an object (strain).

4.3. Results and discussion

This section discusses the results of measuring the digital microscopy images of XP2 matrices and the tensile
testing of dogbones, both printed using Anycubic High Clear resin.

4.3.1. Anycubic High Clear

Hole size vs exposure time

The size of the largest hole on the XP2 matrix, initially designed to be 3000 uym in diameter, is measured across
various exposure times ranging from 1 to 15 seconds. The results show a clear trend, when the exposure
time increases, the measured hole size decreases. This suggests that the hole size is inversely proportional
to the exposure time. This is likely due to over-exposure (and thus over-polymerization) of the resin. It can
be observed from Figure 4.7 that the red line, which is the intended size of 3000 uym is not reached for any
amount of exposure time. This is likely due to light bleeding, which can be explained by the fact that scattered
or diffused light unintentionally cures resin beyond the boundaries of the desired area, reducing precision and
causing features to deviate from their intended dimensions.

Holes

3000
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Exposure time (s)

Figure 4.7: Hole size vs exposure time.

Pin size vs exposure time

For the largest pin on the XP2 validation matrix, which also has a size of 3000 ym, the results show that the
measured size increases when the exposure time is increased. The perfect exposure time, where the measured
size is equal to the intended size (red line), is approximately between 11 and 12 seconds according to the graph
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which can be seen from Figure 4.8. Beyond this exposure time, the pin size begins to exceed the intended
size, reaching sizes of almost 3050 um, which indicates overexposure of the resin.
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Figure 4.8: Pin size vs exposure time.

Bar size vs exposure time

The largest bar, located under the "v” of the text "validation matrix” on the XP2 matrix, is intended to be 1000
pm wide. The results from Figure 4.9 show that for exposure times of 3 to 4 seconds, the measured bar size
closely matches the intended size (red line). As the exposure time is increased, the measured bar size grows
far beyond the intended dimensions with measured sizes reaching almost 1070 uym. This can be explained by
the broadening effect caused by overexposure, which causes the bar to expand in size. It is also observed from
4.9 that the distribution of data points is less linear than for other features. This is likely due to light bleeding,
and refraction, which occurs when light travels through different media, such as the uncured-cured interface.
The refraction index of cured resin is different than for uncured resin [126] and is thus a viable explanation for
the nonlinear behaviour which occurs for features which are very close to each other.
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Figure 4.9: Bar size vs exposure time.

Groove size vs exposure time

The largest groove, intended to be 999.1 um, is measured for various exposure times. The results from Figure
4.10 reveal that the groove size closely matches the intended size (red line) around 3, 4 and 5 seconds, with
4 seconds resulting in the closest match between intended size and measured size. When the exposure time
increases beyond these ranges, the groove size decreases. This is likely due to overexposure causing the
extrusions around the channel to broaden.
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Figure 4.10: Groove size vs exposure time.

Observations and optimal exposure time

The found results indicate that exposure time plays a crucial role in determining the accuracy of 3D printed
features. Shorter exposure times result in incomplete curing or under-exposure, leading to smaller sizes than
intended, whereas longer exposure times do the exact opposite. A clear difference in exposure time has
been observed for rectangular shaped features and round features, therefore it is recommended to determine
the exposure time with the intended shape in mind (rectangular or circular). The optimal exposure times for
Anycubic High Clear are as follows:

» Hole: No correct exposure time matches the intended size.
* Pin: Approximately 11 seconds brings the measured size closest to the intended size.

« Bar: 3 or 4 seconds can be used to match the intended size closest, with 3 seconds being a bit more
accurate.

» Groove: 3 or4 seconds can be used to match the intended size, with 4 seconds being a bit more accurate.

For the design of a microfluidic valve, the only feature type of interest is the groove. For other feature types,
such as bars, pins, and holes, the design could be adjusted by scaling specific features to account for variations
in exposure times if needed.

4.3.2. Ligcreate Elastomer-X

Observations on dye concentration

To enhance the visibility of the 3D printed membrane, a red dye is mixed into the resin. The printed samples
containing 1, 2 and 3 wt% of red dye can be seen from Figure 4.11. Increasing the dye concentration leads to
a more saturated red color. A change in mechanical properties and build plate adhesion is observed.

=\

Figure 4.11: Comparison of 1, 2 and 3 wt% red dye
respectively.

* 1 wt% red dye: The addition of 1 wt% of red dye to Ligcreate Elastomer-X resin results in a slightly
translucent sample with good adhesion to the build plate. The material’s flexibility is maintained. This
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concentration of red dye meets all demands for a suitable colored resin without sacrificing print quality or
durability.

* 2 wt% red dye: The sample with 2 wt% of red dye concentration presents a slightly more saturated red
color, it is observed that translucency is not much reduced from the previous sample. It must be noted
that print defects are in exactly the same region compared to the 1 wt% sample. This means that the
print parameters do not have to be altered (there is no under- or overexposure due to the addition of a
red dye).

+ 3 wt% red dye: At 3 wt% notable decreases in build plate adhesion and durability are observed. The
sample did not stick to the build plate and broke when it was removed from the build plate, see Figure
4.12. This underlines the statements from Ligcreate and 3D Jake, and indicates potential issues with
printability at higher dye concentrations. This brittleness is likely due to the increased dye concentration.
This supports Ligcreate’s and 3D Jake’s statements that opaque pigments, which absorb or block UV
light, can have a negative impact on printing stability and material properties. However, it must be noted
that print defects are in exactly the same region compared to the 1 and 2 wt% samples. This means that
also for 3 wt% the print parameters do not have to be altered.
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(b) The XP2 validation matrix broke directly when a small force
(a) The XP2 validation matrix containing 3wt% of red dye does was applied to remove it from the build plate, indicating
not stick to the build plate using the recommended settings. brittleness and loss of material strength/elasticity.

Figure 4.12: Ligcreate Elastomer-X with 3 wt% red dye.

Observations on cleaning time of sample strips

After 3D printing, shiny spots can be observed on the features, these shiny spots represents dirty areas con-
taining unpolymerized resin. From the pictures in Appendix C, it can be concluded that 25 to 30 minutes of
ultrasonic cleaning has the best effect on removing these shiny parts (see Figure 4.13).

Figure 4.13: A cleaned sample using ultrasonic
cleaning for 25 minutes.
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Observations on swelling behavior in IPA

Multiple samples have been measured after 30 minutes in an ultrasonic IPA bath, it can be observed from Figure
4.14 that the samples grow from 2 cm to 2.5 cm in length. The results of ultrasonic cleaning these sample strips
in IPA indicate that Ligcreate Elastomer-X samples tend to swell upon exposure to IPA. This swelling is likely
due to IPA absorption, which temporarily increases the sample’s dimensions.

AR

Figure 4.14: Measured sizes of 6 samples after a 30-minute
ultrasonic IPA bath.

Observations on shrinkage at different temperatures
To further investigate the shrinkage behavior, the sample strip’s length was recorded over a 4-hour period at
both ambient temperature (27°C) and at an elevated temperature (50°C). Figure 4.15 illustrates the length
of the sample over time, showing that samples return more quickly to their original dimensions at elevated
temperatures compared to ambient conditions, the error is associated with the spacing between the lines of the
ruler. This graph suggests that elevated temperatures accelerate the evaporation of absorbed IPA in Ligcreate
Elastomer-X samples, which promotes faster dimensional recovery. However, this measurement method is not
very accurate, but is nonetheless useful to show a clear difference in shrinkage between ambient temperature
and elevated temperature.

The findings show that usage of IPA for cleaning Ligcreate Elastomer-X samples can cause temporary ex-
pansion, with dimensional recovery being highly dependent on temperature. For applications requiring precise
dimensions, it is essential to allow the samples to revert back to their original size after IPA exposure.
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Figure 4.15: Shrinkage visualized with a graph of the measured
size using ImageJ.
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4.3.3. Tensile testing

Anycubic High Clear

The Anycubic High Clear dogbones are printed at exposure times of 5 and 10 seconds per layer, followed by
washing in an ultrasonic IPA bath for 10 minutes. Subsequently, the samples are subjected to either 5 or 30
minutes of post curing in the UV curing device. The mechanical properties of these samples, specifically the
average stress at break, ultimate tensile strength (UTS), and Young’s modulus, were evaluated through tensile
testing. An example of a single graph showing the maximum stress at break, the Young’s modulus and the
ultimate tensile strength can be seen from Figure 4.16.

Stress vs. Strain with Young's Modulus Fit (E = 1.09e+03 MPa)
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Figure 4.16: An example of a graph showing the fit of

the Young’s modulus, the maximum stress at break
and the ultimate tensile strength.

The results of the combined (averaged) stress at break, ultimate tensile stress and Young’'s modulus are
shown in Figure 4.17, the stress-strain data is accompanied by the standard error of the mean for each group.
The following experimental groups are tested:

* A: Anyc. HC - 5 seconds exposure time, 5 min post curing
* B: Anyc. HC - 10 seconds exposure time, 5 min post curing
* C: Anyc. HC - 5 seconds exposure time, 30 min post curing

* D: Anyc. HC - 10 seconds exposure time, 30 min post curing
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Figure 4.17: The average stress at break, UTS and Young’s modulus
accompanied by the standard error of the mean.

From the tensile testing results, it becomes evident that exposure time and post curing duration significantly
influence the mechanical properties of 3D printed samples. The samples with a 5 second exposure time and
5-minute post curing time (Group A) exhibit lower mechanical properties compared to those printed with a 10
second exposure time (Group B). This is fully in line with expectations since longer exposure times generally
lead to higher levels of curing and polymerization of the resin, improving the material’s structural integrity.
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The samples which are subject to 30 minutes of post curing time (Groups C and D) show an increase in
the ultimate tensile strength (UTS), average stress at break and Young’s modulus, suggesting that longer post
curing times enhance the material’s final stiffness and resistance to deformation. The increase in mechanical
strength is likely due to the enhanced crosslinking (polymerizaton) achieved through longer post-curing.

Overall, the results suggest that both the exposure time and the post-curing time are crucial parameters
that dictate the mechanical performance of Anycubic High Clear printed samples. The optimal mechanical
properties, including the highest UTS, stress at break and Young’s modulus, were achieved with the 10 second
exposure time and 30 minutes of post curing time (Group D). During these tests, no brittleness due to over-
curing was observed, from these 4 test groups, Group D shows optimal resin curing and thus mechanical
performance.

Ligcreate Elastomer-X

For the Ligcreate Elastomer-X samples, both dyed and undyed samples are washed in an ultrasonic IPA bath
for 30 minutes and heated at 50°C for 1 hour to recover the original dimensions. As per the manufacturer’s
(Ligcreate) guidelines, the samples underwent an initial curing step in demineralized water for 5 minutes. Sub-
sequently, UV post-curing for different times (0, 30, and 60 minutes) is executed to assess the impact of post-
curing duration on mechanical properties.

The mechanical properties of the samples are analyzed by evaluating their stress-strain behavior, as shown
in Figure 4.18. The results clearly indicate that both post-curing duration and the addition of a red dye, do not
play a significant role in enhancing or reducing the mechanical strength of the Liqcreate Elastomer-X material.
Between 0 and 175% of strain, it is safe to conclude that the mechanical properties are not affected. Large
deviations which are observed above 175% of strain may come from defects such as air bubbles or small
indentations.

Stress (MPa) vs. Strain (%) for Elastomer-X and Dyed Elastomer-X
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Figure 4.18: Stress vs strain for (dyed) Elastomer-X.

However, it must be noted that the base of the dogbone also adds to the elongation of the sample. This is
due to the soft and elastic behavior of Ligcreate Elastomer-X, which makes it almost impossible to stretch the
gauge length in an isolated manner.

4.4. Conclusion Print Process Optimization

This chapter has outlined the methodology to characterize resins, namely Anycubic High Clear and Liqcreate
Elastomer-X with varying dye concentrations. The effects of exposure time on feature accuracy have been
examined, as well as the influence of red dye additions on mechanical properties. The outcomes are relevant
for the fabrication of multi-material microfluidic devices, particularly valves, where the soft material (Liqcreate
Elastomer-X) will form the membrane, and the rigid material (Anycubic High Clear) will create the channels.
The primary objective of this chapter was to understand how the exposure time impacts the accuracy of
3D printed features using an affordable MSLA 3D printer (Elegoo Mars 4 9k). The Keyence VHX-6000 Digital
Microscope has been used to systematically measure the feature size on the XP2 validation matrix, revealing
that altering the exposure time significantly affects the accuracy and resolution of 3D printed features. For
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Anycubic High Clear resin, exposure times of 3 to 4 seconds yielded optimal results for bars and grooves
(rectangular sections), while pin sizes were most accurate at approximately 11 seconds. However, no optimal
exposure time was found for the holes, which highlights challenges in achieving accurate void circular features.

In addition to exposure time, the effect of adding a red dye to Ligcreate Elastomer-X was investigated in this
chapter. It was observed that small dye additions (1-2 wt%) have minimal impact on print quality and mechanical
properties, making them suitable for customizing the appearance or optical properties of membranes without
compromising performance. However, higher dye concentrations (3 wt%) reduce build plate adhesion and part
durability, which could affect the reliability of the membranes in microfluidic valve applications.

Ultrasonic cleaning in IPA and dimensional stability were also investigated in this chapter. It was found that
Ligcreate Elastomer-X samples are sufficiently clean after 25-30 minutes of ultrasonic cleaning in IPA . However,
it was observed that these samples swell in IPA, to allow for dimensional recovery the samples can be put in
a heated enclosure of 50°C for at least one hour. This observation suggests that a deeper understanding of
cleaning processes is required to maintain dimensional accuracy across samples.

Tensile testing on the Zwick Roell Z005 highlighted the influence of exposure and post-curing times on the
mechanical properties of Anycubic High Clear. The highest mechanical properties were achieved with a 10-
second exposure time with 30 minutes of UV post-curing. For Liqgcreate Elastomer-X, post-curing and dying of
the resin had minimal impact on mechanical characteristics for strains between 0% and 175%, although some
variability was observed at higher strains. The minimal impact of dye addition and post-curing on its mechanical
behavior further supports its suitability for application in microfluidic valves as a membrane.



Finding the minimum channel size

This chapter discusses the stepwise approach to obtain the minimum groove size which an affordable MSLA 3D
printer can produce. This minimum groove size will represent the minimum channel size which can be obtained
and created in the rigid part of the valve. To do so, a resolution block has been designed using Solidworks, 3D
printed in Anycubic High Clear and is lastly imaged using a digital microscope and measured using ImageJ.

5.1. Minimum channel size objectives

The objective of this chapter is to determine the minimum groove size which is achievable by an affordable
MSLA 3D printer. The minimum groove size is assumed to be the minimum channel size, this leads to design
properties which can be used to create flow and control channels in the rigid part (valve body) of the microfluidic
valve. This process involves designing a resolution block in Solidworks, which is then 3D printed using Any-
cubic High Clear resin. The printed resolution block is subsequently analyzed using the Keyence VHX-6000
Digital Microscope to capture high-resolution images, which are further processed and measured using ImageJ
software. The goal is to systematically assess the limitations of the 3D printing process in terms of channel
width, and to identify the smallest functional features that can be reliably produced for microfluidic applications.

5.2. Materials and methods

This section discusses the design of a resolution block and the measurements which are executed to obtain a
minimum groove width.

5.2.1. Design of a resolution block

A tool is designed in Solidworks to measure various groove widths, the design consists of a rectangular block
with a total width and height measuring 24 mm and 25 mm respectively. The width of the wells (grooves)
and extrusions on the resolution block features can be seen from Figure 5.1 and range from 10 ym to 200
pum in steps of 10 um. Therefore, the minimum reproducible groove width in the desired orientation can be
visualized. In this chapter, only the wells are investigated and discussed, extruded surfaces are not required
for the fabrication of micro channels. The wells are oriented in vertical, horizontal and 2 diagonal directions
with respect to the build plate. For simplicity, the first diagonal direction is called "diagonal 1” and the second
diagonal direction is called "diagonal 2” in subsequent sections. The samples are printed using the settings
from LycheeSlicer (see Figure 4.2) with an exposure time of 4 seconds which is based on the results from the
previous chapter.
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Figure 5.1: Resolution block.



5.2. Materials and methods

5.2.2. Measuring the resolution block

A Keyence VHX-6000 Digital Microscope is used to take high-resolution pictures of the resolution block sam-
ples. These pictures are taken of 2 groove sizes at a time to reduce the number of pictures, an example of

such a picture containing 2 groove sizes (150 and 200 um) can be seen from Figure 5.2.
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Figure 5.2: Picture taken with the Keyence microscope of grooves
with a width of 150 and 200 um. A scale bar is added for digital
imaging.

These pictures are imported in ImageJ software, this software is used to measure the width of 3D printed
grooves on the resolution block samples. The analysis involves selecting regions of interest, which are high-
lighted by yellow rectangles, these yellow rectangles and the fitted ellipses can be seen in Figure 5.3 and Figure

5.4.
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Figure 5.4: ImageJ analysis for a 150 um groove width.
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The ImageJ software tries to fit ellipses to all grooves within these selected regions. These ellipses consist
of a minor and major axis, which relate to width and length. The ImageJ software calculates the groove width
using the minor axis of the fitted ellipses. These measurements are conducted on grooves ranging from 10
to 200 um, using three resolution block samples to minimize measurement errors. The resulting data was
recorded in Excel for subsequent graphing and analysis. A summarized version of the workflow to accurately
measure the width of grooves in 2D can be seen from Figure 5.5, the detailed explanation of this workflow can
be found in Appendix A.3.
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Figure 5.5: Workflow to obtain elliptical measurements from particles in ImageJ.

5.3. Results and discussion

5.3.1. Observations measurements

During these measurements, limitations of the Imaged software were observed. For smaller groove widths, such
as 50 uym, the software occasionally failed to fit ellipses accurately as can be seen from the right side of Figure
5.3. In some cases, the software did not display any fitted ellipses despite the region of interest encompassing
all grooves. For larger groove widths, such as 150 um, almost all ellipses can be fitted accurately as can be
seen from Figure 5.4. The yellow rectangle or region of interest, results in the ellipses which are shown on the
right.

5.3.2. Measured size vs intended size resolution blocks

The following graphs depict a comparison between the intended size and the measured size (in ym) of grooves
on the designed resolution block, the data points are connected by the blue line. The red line represents the
intended size, which would represent perfect accuracy. A trend closely following the red line indicates an overall
consistency between intended and actual measurements.

Vertical

From Figure 5.6 it can be seen that the measured size deviates a lot from the intended size especially at smaller
feature sizes and around 190 um. These deviations at the higher range can be explained by the fact that the
grooves are too close to each other on the resolution block, which the Imaged software can not distinguish.
Also, the LCD screen plays an important role with its organized pixels. It is hard to align the channels perfectly
with the pixels on the LCD screen, perfect alignment is rarely guaranteed. As a result, aliasing may occur,
where misalignment between the feature and the pixel grid causes distortions, such as inaccuracies in the
intended geometry of the grooves.
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Figure 5.6: Measured size vs intended size for vertically oriented grooves.

Horizontal

The data shows that for mid-range sizes (approximately 120 to 170 ym), the printer performs reliably, with
measurements aligning closely to intended values. The lower values have a larger standard error of the mean,
therefore these measurements can not be trusted. In reality, they might be closer or further away from the
intended size. In this case, a visual interpolation between 90 um and 110 ym shows that the value at 100 ym is
likely higher than depicted. The same goes for the value at 80 um, which can be printed reliably using a vertical
orientation. It is assumed that 80 um could in theory work, since values closer to the red line have been found
(standard error of the mean taken into account). Also, the pixel density of the LCD screen plays a huge role,
alignment of these pixels with the channels is difficult as discussed previously for the vertical channels.
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Figure 5.7: Measured size vs intended size for horizontally oriented grooves.

Diagonal 1

The results from the diagonal measurements of the resolution block demonstrate the MSLA 3D printer’s capacity
and limitations when printing features at a 45 degree angle. As shown in Figure 5.8, 90, 130, 170 and 190 pm
wide channels can be accurately printed. All other channels deviate from the intended size with small error bars,
this means that the measurements are likely acceptable and the problem lies elsewhere. One explanation might
be the LCD screen, which has to perform aliasing to illuminate overlapping pixels. This might describe the fact
that every step of 40 um (almost 2 pixel sizes, 18 um for Elegoo Mars 4 9K) from 90 ym results in a close
resemblance of the intended size. The influence of aliasing reduces when the size increases, which can be
seen from 190 pym.
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Figure 5.8: Measured size vs intended size for diagonally oriented grooves.

Diagonal 2

In Figure 5.9, the diagonal measurements for the second orientation of the resolution block reveal results similar
to previous observations, it is observed that 120, 170, 190 and 200 um replicate the intended size very well.
Again, this is likely due to the interaction between the print angle and pixelation effects (aliasing). This data

further emphasizes the importance of optimizing feature orientation when aiming for precise microstructures
on MSLA 3D printers.
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Figure 5.9: Measured size vs intended size for diagonally oriented grooves.

5.4. Conclusion minimum channel size

The primary objective of this chapter was to identify the minimum achievable groove width by following a struc-
tured approach. This methodology uses digital microscopy using a Keyence VHX-6000 Digital Microscope and
imagedJ image analysis software, revealing the deviations between the intended feature size and printed feature
size. The resolution block design includes a variety of groove widths, ranging from 10 to 200 um in steps of 10
um, and is oriented in multiple directions to ensure the diagonal bias is visible in the results. It was observed
that aliasing may have a larger influence on diagonal grooves, whereas horizontal and vertical grooves can be
printed more accurately.

The results indicate that the used 3D printer can reliably produce grooves as small as 80 um, with variations
observed based on orientation and proximity of next to each other located large features. Some deviations at
small scales could be attributed to limitations in the printer’s resolution and the influence of pixel alignment on
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the LCD screen. These results show the importance of considering both design aspects (channel orientation)
and printer capability (resolution) in microfluidic applications.






Multi-material 3D printing

This chapter discusses the created protocol to enable for MMAM. The protocol involves several manual as well
as software dependent steps. All aspects will be discussed and a conclusion will be drawn.

6.1. Multi-material objectives

The objective of this chapter is to create a novel 3D printing protocol which enables for multi-material 3D printing
to aid in the creation of microfluidic devices using an affordable MSLA 3D printer. A multi-material microfluidic
valve is chosen as a showcase for this protocol. First, the research question: How do the 3D printing process
parameters influence the mechanical properties of LCD 3D printed multi-material structures? will be answered.
The combination of the newly created protocol and the results regarding the mechanical properties will answer
the following research question: Which 3D printing protocol can be used to develop a high-resolution multi-
material microfluidic structure? and the main question of this research: How to develop a novel 3D printing
protocol which enables for the fabrication of a high resolution multi-material microfluidic device in a single step
fabrication process?

6.2. Materials and methods
This section discusses the adaptation and refinement of the existing print-pause-print protocol.

6.2.1. Print-pause-print

The used protocol is based on the existing Print-Pause-Print protocol, see Figure 6.1. This protocol can be
carried out utilizing a single affordable MSLA 3D printer and multiple resin vats. The first step is to print with
material A, the printer is then paused through a software called UVTools, all aspects of this software will be
explained in Section 6.2.2. After this pause step, the build plate has to be cleaned which is the most challenging
part. A thorough explanation of this cleaning step is provided in Section 6.2.3. When the part is fully clean,
the resin vats can be switched and the printing can be resumed with material B. This protocol can be iterated
without upper limit on executions and materials.

Print

with

material
A

Pause
the
printer
through
oftware,

Clean
bu(ii::algte buildplate
ol Protocol and

sample
sample

Pause
the
printer

through

software Print with

material
B

Figure 6.1: Protocol for print-pause-print.
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6.2.2. Software

To enable for switching of the material during multi-material 3D printing, while using the print-pause-print pro-
tocol, a unique software called UVTools is used. This computer program enables for a pause step and custom
slicing (exposure time, layer thickness etc.) which can be used by the MSLA 3D printer. To import a file into
UVTools, a presliced .goo file is required in which the right printer is chosen. This .goo file is obtained by slicing
an STL file in Chitubox. However, other slicer softwares are equally capable at this task.

To create a multi-material structure, consisting of 3 layers (a valve), it is required to have 2 pause steps.
The first pause step will be directly after the first part which is made out of Anycubic High Clear, to enable for
such a pause step several settings are required. In UVTools a setting called "Timelapse” can be found from
the "Tools” menu. Timelapse was initially created to raise the build plate after each layer to take pictures of the
process (a timelapse video consists of these images). This setting can be used to enable for 1 pause step per
layer. There are four variables which are of particular interest. The first is the layer range selector (number 1
in Figure 6.2). When only 1 layer is required to pause, both input boxes should contain the same number. The
height of the build plate also has to be specified (number 2 in Figure 6.2), in this case the maximum height of
the Elegoo Mars 4 9K is automatically entered when the "Max” button is pressed. It also needs to be specified
wether it is required to raise per amount of layers (number 3 in Figure 6.2). When 0.0 is entered, the software
accepts that only 1 lift is required. Lastly, the wait time for the pause step is entered (number 4 in Figure 6.2).
Any arbitrary number between 0 and 1000 seconds can be chosen, as an example 600 seconds has been
chosen. Care must be taken to provide enough time to pause the printer using the pause button on the printer
itself, allowing for enough time to clean the build plate.

BB Timelapse - X
Description (Click to toggle) o~

Raise the build platform to a set position every odd-even height to be able to take a
photo and create a time-lapse video of the print

You will require external hardware to take the photos, and create the time-lapse video
by your own.

NOTE: Only use this tool once. It will delay the total print time significantly.

Layer range selector [: Synchronize
From’l 99 el g | To | 99 | -~ | \/ | Select
(5.000mmy) (5.000mm) (1 layers / 0.050mm)
Profiles: 0 x
+
Timelapse

Raise method: Lift height: Use the lift sequence to raise to the set postion (Faster)

Raise plate 10: || 175 Ea | Auto Max  Print height: 9.35mm
Raise each: > 0.0 ~~ | V‘ layer(s) | Lifts:1
4 Wait time I 600 ~~ | hd |
] Set custom lift parameters

~ Timelapse [+ Cancel

Figure 6.2: Step 1: Set the required layer range to create the timelapse on. Step 2: Raise the
build plate to the required height, in this case maximum (Max) was chosen. Step 3: Only 1 lift is
required per pause step, choose 0.0. Step 4: The wait time can be chosen, in this case 5
minutes was chosen.

The next important setting from the "Tools” menu is the "Phased exposure”. Using this setting, the exposure
time can be altered for a selected range of layers. From Figure 6.3, it can be seen from number 1 that the
range is set from 30 to 60, a total of 31 layers will be affected by this altered exposure time. The layers which
will be altered for the creation of a microvalve are at the middle section of the valve, therefore the bottom
exposure does not have to be altered (only applicable to the first layers of Anycubic High Clear). From number
2 in Figure 6.3, it can be seen that only the normal exposure time has to be altered. The printing time will
increase substantially when the exposure time is increased, the software "adds” or duplicates layers with the
added exposure time. For example, when the exposure time is increased from 10 to 16 seconds, a 10 seconds
original layer and a 6 second additional layer are created without raising the build plate between those layers.
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(B Phased exposure

Description (Click to toggle)

*

~

The phased exposure method clones the selected layer range and print the same layer with different

exposure times and strategies.

Can be used 1o eliminate the elephant faot effect or to harden a layer in multiple steps.

After this, do not apply any modification which reconstruct the z positions of the layers.
Note: To eliminate the elephant foot effect, the use of wall dimming method is recommended.

Layer range selector
1 > - -
= From: | 30 Alv| e |80 ~ | Select
(1.550mm) (3.050mm) (31 layers / 1.550mm)
Profiles: 0
Change the exposure time of layer 30 to 60
Phased exposure
+ Add exposure — Fe X Reset 2 exposures
o
2 > 2.50s
2 2.50s Opx 2.50s
® ) Exposure the whole image for the sequential layers

(] Use different settings for the sequential layers:

+ Phased exposure

(] synchronize

[ Cancel

Figure 6.3: Phased exposure is used to alter the exposure time for a selected range of

It is known from Ligcreate (by contacting them directly) that Ligcreate Elastomer-X does not print well at
layer heights less than 0.05 mm or 50 ym due to the soft nature of the material, therefore 50 um is chosen
as the layer height for this material. However, Anycubic High Clear prints perfectly fine on 0.01 mm or 10 pym.
Therefore, another setting is required to alter the layer height during printing, it is required to change the layer
height for layers associated with Ligcreate Elastomer-X from 10 um to 50 ym as described, this can be realized
with the "Edit print parameters” setting from the "Tools” menu. When the "Change settings per a layer range”
box is ticked, settings can be altered per layer. For example, from Figure 6.4 it can be seen that Z-position
is at 1.550 mm, this layer can be edited to 1.510 mm to obtain a 10 uym increase at layer 30, instead of 50
pm. It must be noted, that subsequent layers must be altered manually, the software does not calculate the
Z-position of the remaining layers automatically. Another note for this setting is the exposure time, this can also

layers.

be manually altered using "Edit print parameters” setting instead of the "Phased exposure” setting.

@
Description (Click to toggle)

Edits the available print parameters.

Note: Set global parameters will override all per layer settings when they are available.

1

Layer range selector

From 30 ~ ‘ ~ To: | /\| vl

(1.550mm) (1.550mm)

Edit print parameters

Change settings per a layer range

|A ~ | layers, and skip the next | O

Sequentially set each | 1

8 synchronize

Select

(1 layers [ 0.050mm])

A [ |1ayers

D —

Properties:

| # Position Z: 1550 |V I
& Light-off delay: 0.00 -~ I
& Wait before cure: 0.50 ~

@ Exposure time:

& Wait after cure: 0.00
& Lift height: 2.00 j >| 200
& Lift speed: j> 230,00
& Wait after lift: 0.00

+& Retract speed

+& Retract height:

AEARARAA;

£ Light PwWM!

+ Edit print parameters

& Cancel

Figure 6.4: The edit function is used to manually alter the layer height per layer.
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The edited layer height has been tested on a small sample, this sample is a unit cube with dimensions of
1x1x1 mm, it is designed in Solidworks. The layer height for several separate layers is altered from 0.01 mm to
0.05 mm, which creates a total length of 1.8 mm in the UVTools software. The total size of the unit cube after
editing of the layer height is 1x1x1.8 mm, an increase in height of 0.8 mm with respect to the original size should
be observed. After printing the sample, it’s length is measured with digital calipers to validate the expected size,
which is 1.8 mm in this direction. Using the calipers, the found value is 1.7 mm, which is significantly higher
than 1 mm, it can be concluded from this test that manually altering the layer height is a valid method. The
measurement using the digital caliper can be seen from Figure 6.5. Note that these cheap digital calipers are
not accurate, nonetheless a large difference between the expected size of 1.8 mm and original size of 1 mm is
observed.

Figure 6.5: Calipers were used to validate if the
printed object has the correct dimension, as edited in
the UVTools software.

6.2.3. Cleaning and MMAM

The first step to enable for MMAM is to create a cleaning stand, which can be used to clean the build plate
and the partially printed sample during the pause step of the printer. Ultrasonic cleaning will be performed
using a Nanografi Ultrasonic Processor. The cleaning stand is created using a custom frame, several parts are
designed in Solidworks and 3D printed on an FDM printer (Bambulab X1C) using PETG filament. The frame
itself is created out of 2020 and 2040 aluminum profiles, which are often used to create stands and devices or
machines. This makes it easy to attach other pieces onto the frame using T-nuts and M5 bolts. The designed
parts consist of 2 brackets which attach to the 2020 profiles, the Nanografi Ultrasonic Processor and the IPA
bath are mounted to these brackets. The complete stand accompanied by its 3D printed attributes can be seen
from Figure 6.6.
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Ultrasonic Processor

Bracket

Bracket

IPA Bath

Figure 6.6: The cleaning stand is created out of 2020 and 2040 aluminum profiles
and consists of an IPA bath, a holder for the Nanografi Ultrasonic Processor and
brackets to connect these attributes to the frame.

The attributes consist of an IPA bath, a holder for the Nanografi Ultrasonic Processor, and brackets to mount
the IPA bath and holder. Pictures of the CAD files which are used to create this cleaning stand can be seen

from Figure 6.7.
ﬂ
(b)

Figure 6.7: Attributes for the cleaning stand, with (a) the IPA bath, (b) the bracket and (c) the holder for
the Nanografi Ultrasonic Processor.

(c)

(a)

First, initial testing of the developed cleaning stand is required, the first cleaning was executed on a multi-
material test sample. The samples of choice are multi-material dogbones, which are required to evaluate the
bonding strength between both materials. These dogbones were shortened to eliminate long printing times,
otherwise the print could not be finished in one day. This shortened dog bone is created in Solidworks using the
original dog bone as base design. The gauge length of this modified shorter dogbone is 15 mm. However, it
must be noted that this dogbone will be printed in both materials, Anycubic High Clear and Liqcreate Elastomer-
X, it is assumed that the Elastomer-X will provide the most elasticity, therefore the effective gauge length is
assumed to be 7.5 mm (0.5*15 mm). The design of this shortened dog bone can be seen from Figure 6.8.
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Figure 6.8: The dogbone is shortened to reduce
printing time, in order to be able to pause the printer in
time.

The shortened dog bones are saved in Solidworks as an STL file, this STL file is sliced in Chitubox using the
exposure settings for Anycubic High Clear and the retraction settings for Liqcreate Elastomer-X, these retraction
settings are chosen because Liqcreate is a more viscous liquid, therefore these retraction settings are viable
for both materials. This file is saved and imported into UVTools. During this test, both layer heights are kept
at 50 ym due to ease of programming. The pause step is enabled at layer 453 in UVTools, which is exactly at
the middle of this shortened dog bone. This pause step is set to a Z height of 175 mm (max. height of the print
bed) and a wait time of 1000 seconds, which is the maximum pause time and equals around 16 minutes and
40 seconds. The file is saved to a USB drive and the usb drive is inserted into the 3D printer.

The sliced file is selected on the 3D printer and the first 452 layers are printed in Anycubic High clear. The
second vat with material B (Liqcreate Elastomer-X) can be prepared before or during printing with material A
(Anycubic High Clear). Itis advised to cover the second vat to avoid UV exposure or dust particle contamination.

When the printer is done with layer 452, it will pause on layer 453 and raise the build plate to a Z height of
175 mm. The 16 minutes and 40 seconds of pause time starts immediately. It is advised to press the pause
button manually during these 16 minutes and 40 seconds to elongate the pause time, it is of strong importance
to stay in proximity of the 3D printer to press this button in time.

When the printer pauses, the build plate is covered in material A (Anycubic High Clear). To prevent dripping
of resin directly onto the LCD screen, aluminum foil is used to cover the build plate with the partially printed
sample attached. The resin vat can be safely removed when everything is covered correctly. Cleanroom paper
is placed on top of the LCD screen to prevent damage or scratches.

The cleaning stand is placed around the 3D printer, the IPA bath is on its lowest position and the homogenizer
is placed in the holder. When everything is in place, the aluminum foil is removed from the build plate and the
IPA bath is raised to the desired level and filled with IPA until the build plate is fully submerged in IPA.

The homogenizer can be turned on when no leakage is observed, in this example a cleaning time of 15
minutes at 10% of power is used. During ultrasonic cleaning, it is observed that cavitation occurs locally around
the homogenizer tip. Besides this observation, the temperature (19 degrees Celsius) of the IPA in the bath is
monitored to prevent IPA from evaporating too quickly.

Figure 6.9: Temperature of IPA bath during ultrasonic
cleaning is observed to be 19 degrees Celsius

After the cleaning time is elapsed, the homogenizer is turned off and the IPA bath is lowered to its lowest



6.2. Materials and methods 51

point. The IPA which is still on the build plate will evaporate over time. Compressed nitrogen or air can be used
to speed this process up. The result of the ultrasonic cleaning can be seen from Figure 6.10. When the build
plate is sufficiently dry and no wet spots are observed, the stand can be removed from the 3D printer.

I

Figure 6.10: The partially printed dog bones are
cleaned using ultrasonic cleaning.

The cleanroom paper is removed from the LCD screen and the new vat consisting of material B (Ligcreate
Elastomer-X) is placed on top of the LCD and screwed firmly in place. The red UV cover is placed back on the
3D printer and the printing is resumed using the resume button on the 3D printer’s touch screen.

When the print is complete, it can be cleaned like a normal single material 3D printed object using the steps
described in Appendix A.1.

To assess layer bonding between both materials, the dog bones are tensile tested in the same way as
described in Chapter 4 and their ultimate tensile stress (UTS) is compared to the UTS of single material 3D
printed dog bones using Liqgcreate Elastomer-X. The results of this comparison can be seen from the graph in
Subsection 6.3.2.

6.2.4. Protocol for MMAM microvalves

This protocol outlines and summarises the previous steps involved in the multi-material 3D printing process,
from preparing the model to post-processing the 3D printed part. The intermediate (between 2 materials) clean-
ing step can be found in Appendix A.2 and will be referenced throughout this thesis to keep the protocols short
and to the point. Also listed are the used equipment, used chemicals, associated dangers and the protective
gear which is advised to perform these tasks.

Step 1

Cleaning solution
1. Create a frame
2. Design attributes to hold vat and homogenizer
3. Waterproof the IPA bath by using a plastic bag
4. Attach the attributes to the frame

Step 2
Software and model preparation

1. Prepare STL file in slicer
2. Import the file in UVTools
3. Export the file to a USB drive

Step 3
Printing material A
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1. Insert USB drive in 3D printer
2. Select the model and start the print

3. Prepare resin vat with material B and cover the vat

Step 4
Pause and cleaning

1. Follow the protocol as described in Appendix A.2.

Step 5
Printing material B

1. Resume the printer

2. Clean and post cure the part as described in Appendix A.1

Equipment

* MSLA 3D printer

* 2 resin vats

* Resin vat cover

» Nanografi ultrasonic processor / Homogenizer
+ 3D printing Resin

* Aluminum foil

+ Cleanroom paper

+ Plastic bag

* Isopropanol (IPA)

Chemicals
» Anycubic High Clear
* Ligcreate Elastomer-X

* Isopropanol (IPA)

Dangers
* Dripping resin onto LCD screen.

 Dripping IPA which can drip into the printer.

Protective gear
* Protective glasses

* Gloves
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6.3. Results and discussion

6.3.1. Multi-material 3D printing interface observations

After printing with both materials, it was observed that the protocol resulted in successful multi-material 3D
printed objects, in this case dogbones were printed. The 3D printed dogbones were printed in Anycubic High
Clear and Liqcreate Elastomer-X. The results of multi-material 3D printing on an affordable 3D printer can be
seen in Figure 6.11.

Figure 6.11: MMAM dog bones, created in Anycubic
High Clear and undyed Ligcreate Elastomer-X.

These clear samples were used to evaluate the bonding strength, this evaluation can be found in the next
subsection (Subsection 6.3.2). To visualize the bonding between both materials, dyed dogbones have been
created, showing a distinct variation in color (clear and red). These samples can be seen from Figure 6.12.

1D} 1 1 |
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Figure 6.12: MMAM dog bones, created in Anycubic
High Clear and dyed Ligcreate Elastomer-X.

A closeup of the bond between both materials can be seen from Figure 6.13. The sharp interface indicates
a well-aligned printing and cleaning process, with no visible misalignment or delamination.

A%ycubic High Clear

Lens: 7520:X20 = 1000.00um

Figure 6.13: Material interface on a multi-material
dogbone.
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6.3.2. Results for multi-material tensile testing

To verify the performance of the interface (bonding strength) between Liqcreate Elastomer-X and Anycubic
High Clear, tensile testing is performed and the average UTS is compared to the average UTS of single-
material Ligcreate Elastomer-X dogbones. Using Matlab, the average UTS of all single-material Ligcreate
samples (dyed and undyed) is found to be 2.28 MPa. The same Matlab script (Appendix B.6) has been used
to calculate the average UTS of all multi-material dogbones, of which the average UTS is 2.43 MPa.

Multiple Stress vs. Strain Curves (Multi-Material)

Sample 1
Sample 2
Sample 3
Sample 4
15+ Sample 5
Sample 6

Stress (MPa)

0 50 100 150 200 250 300 350 400
Strain (%)

Figure 6.14: Six multi-material samples have been
tensile tested.

It is remarkable that the multi-material dogbones show a higher UTS than its single-material counterpart.
This can be explained by several factors. The interface strength may have gotten even higher than with the
single-material Ligcreate Elastomer-X samples due to covalent bonding, the composite interface may therefore
not experience the same localized failure such as delamination that a single material might. It can be seen
from Figure 6.15 that failure does not occur exactly at the interface, indicating a strong covalent bonding. This
strong and rigid interface could allow the stress to be distributed more evenly over the area of the dogbone,
enhancing its UTS.

ey Ligcreate Elastomer-X

Figure 6.15: Broken tensile testing samples, it can be seen that failure does not occur across the (entire) interface. It is observed that a
small piece of Elastomer-X stays attached to the Anycubic High Clear, indicating a good bonding strength.

6.4. Conclusion multi-material 3D printing

In this chapter, a novel protocol for multi-material additive manufacturing (MMAM) is successfully created and
implemented using the print-pause-print method as foundation to fabricate microfluidic devices. The focus in
this chapter lies on the fabrication of multi-material dogbones and the bonding strength between both materials.

Key to this process is the ability to pause the 3D printer while printing, and effectively and efficiently clean
the build plate and attached part. It was discovered that the printer can be paused manually during the pause
step provided by UVTools. This provides enough time to clean the part, which ensures a clean multi-material
interface.

It was shown that the interface between both materials had no defects and was consistent across the entire
width. This sharp interface indicates that no visible misalignment or delamination occurs while printing multi-
material objects, however this is only applicable to the used materials.

The experimental results show that the multi-material interface enhances the ultimate tensile strength (UTS)
compared to single-material Ligcreate Elastomer-X dogbones with an observed average UTS of 2.43 MPa, sur-
passing the 2.28 MPa of single-material Liqcreate Elastomer-X dogbones. This improvement can be attributed
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to the robust interface bonding that potentially creates an even stress distribution across the multi-material
interface.

These findings underscore the viability of the multi-material protocol and creates high hopes for the fabrica-
tion of more complex structures such as multi-material microfluidic valves which will be discussed in the next
chapter.






Multi-material microvalve

This chapter discusses the simulation and validation of membrane deflection under pressure. As well as the
CAD design of a multi-material microfluidic valve which could be created through multi-material additive man-
ufacturing (MMAM). Finite Element Method (FEM) simulations using Solidworks are employed to predict the
valve’s behavior, allowing for precise analysis of the performance of the valve for various membrane diameters.
To ensure accuracy, these simulations are validated using an established analytical approach from relevant lit-
erature, providing a robust assessment of the valve’s functionality. Lastly, a protocol is proposed and validated
on a simplified valve-like sample without the membrane and channels, consisting of 2 material interfaces.

7.1. Valve objectives

The primary objective is to show that a valve can be created, which complies with certain performance re-
quirements. FEM simulations are used to predict the valve’s mechanical performance for various membrane
diameters, enabling an in-depth understanding of its operational behavior. The second objective of this chapter
is to validate the accuracy of FEM results by comparing them against an established theoretical formula from
relevant literature. The third objective is to create a robust design in Solidworks, which serves as a foundation
for the MMAM microfluidic valve. The last objective is the creation of a protocol which allows for the fabrication
of this designed and simulated microfluidic valve. This protocol is validated by showcasing the fabrication of
a valve-like sample. These objectives combined will provide a robust design and fabrication strategy for 3D
printed multi-material microfluidic valves.

7.2. Materials and methods

7.2.1. CAD Design

The design of this microfluidic valve is based on the Quake valve, which is a type of valve which is open at rest.
This active valve requires air pressure in the control channel to close the flow channel. The design consists of
2 orthogonal channels lying on top of each other, these channels are separated by a thin elastomer membrane.
Several dimensions and their justification will be provided in this paragraph. The dimensions of interest are the:

+ Channel width: The width of the channel is already provided in Chapter 5.3, therefore 80 ym wide
channels will be used for the final design of the microfluidic valve.

» Channel height: The height of the channel is dependent on the flow rate, the optimization of the channel’s
flow rate is out of scope for this study. Therefore, any arbitrary height can be chosen, in this case an aspect
ratio of 1:1 is chosen which makes the channel square.

+ Membrane diameter: The membrane diameter can be chosen arbitrarily, allowing for flexibility in the
design to meet specific requirements for deformation, pressure response, or integration within the overall
device dimensions. A membrane diameter of 1 to 3 mm is chosen for this exemplary simulation and
design.

+ Membrane thickness The membrane thickness is chosen to be one or two layer heights of Liqcreate
Elastomer-X, which equals 50 ym and 100 ym respectively.

It must be noted that for an optimized microfluidic device, several requirements have to be made beforehand.

This ensures that the performance of the device is linked to its design elements. However, optimization of flow
and measurements on leakage rates etc. are out of scope for this research.

57
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An example of a multi-material microfluidic valve has been designed in Solidworks. This exemplary design
can be seen from Figure 7.1, the design consists of 2 materials and 3 sections. The first section is created
using Anycubic High Clear and contains the flow channel. The second section is the thin membrane, which
is created out of Liqcreate Elastomer-X. Lastly, another section is created out of Anycubic High Clear, which
consists of a control channel and Luerlock connectors. This way, syringes can be applied as a pressure source.

Luerlock /

connectors

Ligcreate Elastomer-X
Thin membrane

Anycubjc

Hi;
Control gh Clear

hanne|
High CleBr

Anycupijc
low Channg|

Figure 7.1: An assembled microfluidic valve; consisting of a rigid part with 4 Luerlocks (blue), a thin flexible
membrane in the middle and a rigid base (red).

The separate sections can be seen from Figure 7.2, it can be seen that the flow channel consists of a seat
for the membrane. The seat is designed to have a diameter of 3 mm. The top section and the thin membrane
are shown in (b) and (c) respectively.

(a) (b) (c)

Figure 7.2: An overview of parts to create the valve. (a) The base consisting of a flow channel and a seat for the membrane, (b) the top
of the valve consisting of the control channel and Luerlocks to attach a pressure source, and (c) the thin and flexible membrane.

This design is exemplary and will not be created during this research. However, to prove that this design can
be manufactured, a simplified 3-section design without the membrane, channels and Luerlocks will be created
as a showcase.

7.2.2. FEM simulation

Simulation of the flexible membrane

Elastomeric and rubber-like materials, such as Ligcreate Elastomer-X, typically demonstrate isotropic and elas-
tic behavior without any permanent set (like plasticity). Besides, they demonstrate a nonlinear stress-strain
behavior, therefore Hooke’s law is usually not applicable. A full non-linear model would describe this behav-
ior best, but would require a lot of computational resources. Another option is to use the first portion of the
graph, this portion of the curve often leads to the estimated Young’s modulus as can be seen from Figure 7.3.
However, this method is only applicable to low strain levels before non-linearities occur.
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s Stress vs. Strain with Young's Modulus Fit (E = 9.56e-01 MPa)
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Figure 7.3: An example of the approximation of the Young’s
modulus of Ligcreate Elastomer-X using a 10% linear fit in Matlab.

It is observed that a linear fit across the entire graph resembles the stress-strain curve quite well. The same
Matlab code with small adjustments can be used to increase the reach of the linear fit. The result of this method
can be seen from Figure 7.4. The average Young’s modulus is calculated for all Elastomer-X samples and is
found to be 0.693 MPa, this is calculated using the Matlab code which can be found in Appendix B.7. The

output of this matlab code can be seen from Figure 7.3.

Stress vs. Strain with Young's Modulus Fit (E = 7.08e-01 MPa)
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Figure 7.4: An example of the approximation of the Young’s
modulus of Ligcreacte Elastomer-X using a 100% linear fit in Matlab.

To use this linear fit, the coefficient of determination, R?, has to be provided to make a good estimate of the
correctness of this fit. A value close to 1 indicates that a large proportion of the variance is explained by the
model, meaning a better fit. Values close to 0 indicate a poor fit. The R? for each linear fit can be found in Table

7.1.

Sample 1 2 3 4 5 6 7 8 9
R? 0.95223 | 0.95572 | 0.95708 | 0.95378 | 0.91630 | 0.95631 | 0.95858 | 0.94992 | 0.95517
10 11 12 13 14 15 16 17 18 Avg.

0.95960 | 0.95285 | 0.94827 | 0.95604 | 0.95120 | 0.95211 | 0.94529 | 0.96513 | 0.95875 | 0.95246

Table 7.1: The R? for each linear fit, performed on graphs of tensile tested Ligcreate Elastomer-X.
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Based on the found R? values for the linear fits on Ligcreate Elastomer-X tensile test graphs, the results
consistently show high correlation values. The average R? value of 0.95246 further confirms the strong linear
relationship in the dataset. This indicates that a linear model using 100% of data points, provides an excellent
fit for the tensile test data across all samples.

In conclusion, a 100% linear fit describes the data very well with an average R? of 0.95246. This fit represents
the entire strain range, whereas a 10% linear fit is limited to a very small strain region. Therefore, it is chosen
to perform the FEM simulations with data (average Young’s modulus) from the 100% linear fits, because this
option allows for a larger stress range to simulate while representing a large portion of the curve. This average
Young’s modulus is found to be 0.693 MPa.

Second, the Poisson ratio must be known, the Poisson ratio can be estimated to be close to the value of 0.5
[127], in this case 0.495 is chosen, because a Poisson ratio of exactly 0.5 corresponds to an incompressible
material. This can sometimes lead to issues with the finite element solver, to avoid these issues a slightly lower
value of 0.495 is used to approximate near-incompressibility while maintaining numerical stability. Third, the
average ultimate tensile strength (UTS) must be known, this value is found using a Matlab code which averages
the highest values from each tensile test, this code can be found in Appendix B.6. This value is found to be
2.43 MPa and is entered in the "Tensile strength” field of the custom material in Solidworks. Lastly, the density
of the material has to be considered, this density is provided by Ligcreate and is equal to 1180 kg/m3. A picture
summarizing these values can be seen from Appendix D.

The membrane can be simulated while it’s integrated in the valve or isolated from the valve. The first option
is to simulate the entire valve with an integrated membrane. The main benefit of this method is that the pressure
for full wall contact of the membrane is correctly simulated. However, this requires more computational cost
and can not be validated manually. The second option is to design an isolated membrane on which a pressure
can be applied, this membrane deformation can be validated using a theoretical approach. Full wall contact can
be realized by modeling a negative of the deformed membrane’s shape as the valve seat. This ensures proper
wall contact during operation for a certain pressure. Therefore, due to ease of operations, the second method
is chosen for these FEM simulations. Trial and error is used to match the deformation of the membrane’s center
to the channel depth (80 um) to ensure full sealing of the channel. The mesh is left unchanged, the standard
setting for Solidworks simulations has been used and an example of the mesh can be seen from Figure 7.5,
which shows the mesh for a membrane with a diameter of 2 mm and a thickness of 50 ym. Membranes with a
diameter of 1, 2 and 3 mm are simulated using the described method.
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Figure 7.5: The mesh for a membrane with a diameter of 2 mm and
a thickness of 50 ym.

Workflow
The stepwise workflow to create FEM simulations for thin membranes is described in this paragraph, the list of
steps can be seen from the list below.

1. Design a circular membrane in Solidworks, using dimensions which are either provided or required. In
this case, combinations of thicknesses of 50 and 100 um, and diameters of 1, 2 and 3 mm are used.

2. Add a material to the membrane in Solidworks, go to "Edit material” and create a custom material. In this
case, the custom material was named “Liqcreate Elastomer-X".

3. The material properties can be entered, a Young’'s modulus of 0.693, Poisson ratio of 0.495 and density
of 1180 kg/m? are entered in the table, as well as the Tensile strength of approx. 2.4 MPa.

4. The Solidworks simulation manager requires several settings before a simulation can be executed. First,
the type of simulation has to be chosen, in this case non-linear was chosen. Second, the fixtures or
constraints have to be chosen. The membrane is connected to the valve at its edges, therefore these
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5.
6.

edges (or outer face) can be chosen as constraints. Third, a uniform pressure of arbitrary magnitude
must be applied.

A mesh has to be created, the default settings are used to mesh the model.

Run the simulation, the results can be seen from the "Results” tab.

7.2.3. Validation

The validation is performed using the formula provided in Figure 7.6. This formula relates the applied pressure
to the membrane deflection at the center of a thin circular membrane. The outcome of this analytical validation
serves as a comparison to the computational FEM model.

+
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Figure 7.6: This equation describes the relationship between applied pressure P (MPa) and membrane
deflection y (mm) at the center of a thin circular membrane. This membrane has a thickness t (mm), a radius r
(mm), and is made of a material with a Young’s modulus E (MPa) and Poisson’s ratio v [12].

This formula can be written as the pressure P in terms of the membrane deflection y. The value of y is
determined by the valve’s requirements and is therefore a known value. The pressure P will be compared to
the by trial-and-error found pressures from the FEM simulations. This formula is used in Matlab to generate
graphs, the code can be found from Appendix B.8.

7.2.4. Protocol MMAM microfluidic devices

The following protocol which can be used to 3D print multi-material microfluidic valves is based on the protocol
which can be found in Subsection 6.2.4. Several adjustments are made to accommodate for 2 pause steps
and a change in layer height during printing.

Step 1
Software and model preparation

1.
2.

Create the valve design in CAD software, in this case Solidworks is used.

Prepare the STL file in the slicer software, use the settings for Ligcreate Elastomer-X to slice the file with
the exposure settings from Anycubic High Clear. This way only the exposure time for the soft intermediate
part has to be changed in the following steps.

Check the amount of layers and the height in the slicer, compare this to the CAD model and identify which
layers need alteration.

Import the file in UVTools and use the "Timelapse” setting to create 2 pause steps. One pause-step is
required between the interface from rigid to soft material and one pause-step is required between the
interface from soft to rigid material.

Since the file is sliced with the exposure time for Anycubic High Clear, it is only required to change the
exposure time for the intermediate part. Select the "Phased exposure” option and select a layer range to
set the "Normal exposure time” to 16 seconds.

Be aware that a pause step at "layer 5” pauses the printer after finishing layer 4. The "Phased exposure”
setting affects the layers by adding a duplicate layer with a certain amount of exposure time, when for
example “from: layer 100 to: layer 105” is selected, 12 (2*6 layers) frames are created in UVTools, this
does not affect the total height.

The last setting which is required is "Edit print parameters”, in which manual adjustments to the layer
height can be made. Creating larger layer heights, result in a larger model (Z-height). This has to be
compensated for in the CAD design. For example, if the file is sliced at 10 ym and the membrane is
supposed to be one layer of 50 um, this layer should be designed in CAD to be 10 um. In the UVTools
settings this single layer is altered to be 50 pym.
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8. UVTools does not automatically calculate the Z height of the subsequent layers. For example, when a
single layer is edited from 45.050 mm to 45.100 mm and the file is sliced at 10 ym, the next layer after a
Z height of 45.100 mm will start at the "following” layer height, which is 45.060 mm. All subsequent layers
have to be edited manually to overcome this problem.

9. Check the file, layer per layer, using the navigation menu to check the correctness of all values. If all
values are correct, save the file.

10. Export the file to a USB drive and insert it in the 3D printer. Select the file and start the print, during
printing the vat containing material B can be prepared. Make sure to cover the vat.
Step 2

Pause and cleaning

1.

Follow the protocol as described in Appendix A.2.

Step 3
Printing material B

1.

Resume the printer

Step 4
Pause and cleaning

1.

Follow the protocol as described in Appendix A.2.

Step 5
Printing material A

1.
2.

Resume the printer

Clean and post cure the part as described in Appendix A.1

Equipment

MSLA 3D printer

2 resin vats

Resin vat cover

Nanografi ultrasonic processor / Homogenizer
3D printing Resin

Aluminum foil

Cleanroom paper

Plastic bag

Isopropanol (IPA)

Chemicals

Anycubic High Clear
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+ Ligcreate Elastomer-X

* Isopropanol (IPA)

Dangers

* Dripping resin onto LCD screen.

* Dripping IPA which can drip into the printer.

Protective gear
* Protective glasses

* Gloves
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7.3. Results and discussion

7.3.1. FEM simulation

The average Young’'s modulus of all Elastomer-X samples, which is the result of the described method in
Subsection 7.2.2, was found to be 0.693 MPa. The pressures which are required to deflect the center of
various membrane diameters for 80 um, and their accompanying Von Mises stress are found using trial-and-
error and are given in the list below. An example picture of these FEM simulations can be seen from Figure
7.7, all pictures of the FEM simulations containing both displacement and stress can be found in Appendix D.
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Figure 7.7: FEM simulation using Solidworks for a 2 mm diameter membrane with a thickness of 50 ym. The
color bar displays the deviation of the membrane’s center in mm.

» For a membrane with a diameter of 1 mm and a thickness of 50 um, the actuation pressure required is
1660 Pa to close the valve. The stress value for this pressure is 7.523x10* Pa.

» For a membrane with a diameter of 1 mm and a thickness of 100 uym, the actuation pressure required is
5860 Pa to close the valve. The stress value for this pressure is 9.166x10* Pa.

» For a membrane with a diameter of 2 mm and a thickness of 50 um, the actuation pressure required is
120.0 Pa to close the valve. The stress value for this pressure is 2.328x10* Pa.

» For a membrane with a diameter of 2 mm and a thickness of 100 um, the actuation pressure required is
505.0 Pa to close the valve. The stress value for this pressure is 2.998x10* Pa.

» For a membrane with a diameter of 3 mm and a thickness of 50 ym, the actuation pressure required is
25.90 Pa to close the valve. The stress value for this pressure is 9.532x103 Pa.

» For a membrane with a diameter of 3 mm and a thickness of 100 um, the actuation pressure required is
105 Pa to close the valve. The stress value for this pressure is 1.297x10* Pa.

The average UTS of Liqcreate Elastomer-X samples is 2.43 MPa, it is observed that all stress values are
far below this value. Therefore, the prediction is that the membrane will not break during operation with these
pressures.

7.3.2. Validation

Using the explained method, graphs have been created using Matlab which show the pressure in terms of
deflection. The deflection is known from the design requirements and this results in several actuation pressures
for 1, 2 and 3 mm diameter membranes.

Pressure values for a 50 um thick membrane can be seen from Figure 7.8 and are listed below for a deflection
of 80 ym:

* 1 mm diameter - 1750.97 Pa (1660 Pa from FEM)
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* 2 mm diameter - 109.436 Pa (120.0 Pa from FEM)
* 3 mm diameter - 21.6169 Pa (25.90 Pa from FEM)
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Figure 7.8: Graph showing the analytical approach to calculate the
50 um thick membrane’s deflection at the center.

Pressure values for a 100 uym thick membrane can be seen from Figure 7.9 and are listed below for a
deflection of 80 ym:

* 1 mm diameter - 8186.85 Pa (5860 Pa from FEM)
* 2 mm diameter - 511.678 Pa (505 Pa from FEM)
* 3 mm diameter - 101.072 Pa (105 Pa from FEM)
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Figure 7.9: Graph showing the analytical approach to calculate the
100 pym thick membrane’s deflection at the center.

It can be seen that these values are very close to the values found using the FEM analysis. The biggest
discrepancy is found at a diameter of 1 mm with a thickness of 100 um. This result may implicate that the used
formula is only applicable to thin membranes in which the radius is a lot larger than the thickness (r»t). However,
this result is in the same order of magnitude as the FEM simulated value. Since all other values found from FEM
simulations are very close to the analytically found values, this analytical approach is a good validation of the
FEM model. This means that the selected simulation model (non-linear) in Solidworks is sufficiently accurate
to model thin flexible membranes. However, several remarks can be made about this method. First, this result
would probably be more accurate with a full non-linear model of the Ligcreate Elastomer-X material. Second,
a sensitivity analysis of the mesh should be made. Due to time constraints, no sensitivity analysis has been
performed. Third, this simplified model does not account for the dead volume in channel, and because no wall
contact was modeled, no conclusions can be drawn on the leakage of the valve. In conclusion, a microfluidic
membrane can be simulated accurately using FEM simulations in combination with an analytical validation.

7.3.3. MMAM two material interfaces structure
The creation of a simplified valve-like structure consists of 3 sections and two material interfaces, it is fabricated
without the membrane and channels. Fabrication of this structure proves the reliability and functionality of the
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discussed newly developed protocol. This simple design can be expanded to functional microfluidic valves
and other devices by simply adding channels and membranes in the design. The current design consists of
a rectangular block of 25x25x2 mm, in which a 1 mm thick dyed (1 wt%) Liqcreate Elastomer-X "membrane”
was printed between both sections of Anycubic High Clear. Due to time limitations, the layer height was set to
0.05 mm or 50 ym for both materials. A pause step was initiated at layer 10 and at layer 30, the exposure time
was set to 16 seconds for layer 10 to layer 30. The result of this method, utilizing the developed protocol, can
be seen from Figure 7.10. The figure illustrates the interfaces between the three sections of a multi-material
structure using Anycubic High Clear and dyed Ligcreate Elastomer-X. Notably, the first section (the left side,
attached to the build plate) of Anycubic High Clear has a reduced height compared to the upper section (right
side) of Anycubic High Clear. The reduced height of the bottom part can be explained by resin compression
by the build platform, this occurs because the printer presses the build platform against the resin vat. For
applications such as multi-material microfluidic devices, where precise layer thicknesses are critical, especially
in components like flexible membranes or rigid channels, accurate layer control is essential for maintaining
performance and functionality. However, the lost height can be added in the CAD design, therefore this loss in
height can be mitigated by compensation in the design.

Anycubic High Clear

—
1000.00um

Figure 7.10: Material interfaces between sections in a multi-material
dual-interface structure.

7.4. Conclusion multi-material microvalve

This chapter provided an examination of the design, simulation, and validation of a multi-material microfluidic
valve using multi-material additive manufacturing (MMAM). The primary objective was to develop a protocol to
fabricate multi-material microfluidic devices. This protocol considers aspects such as model preparation and
software settings to the actual printing and cleaning processes. The protocol consists of 2 pause steps and
numerous settings in the UVTools software to accommodate for the change in layer height and exposure time,
while ensuring that the pause steps enable for cleaning in between layers.

The membrane’s performance was simulated in Solidworks using FEM, these simulations were validated
against a relevant analytical method. The FEM results obtained in Solidworks have shown that membranes
with 1, 2 and 3 mm diameters will not break due to pressures required to close a membrane. The membranes
were simulated to deflect 80 um and several pressures have been found to close the valve. These pressures
have been validated using an analytical approach to calculate membrane deflection under a given pressure.
It was found that the pressures are very similar, except for the 1 mm diameter membrane with a thickness of
100 ym, implicating that this analytical approach might only be applicable to very thin membranes in which the
radius is a lot larger than the thickness. A mesh sensitivity analysis could improve the results as well, which
was not performed due to time constraints.

The microfluidic valve design is based on the Quake valve, which consists of dual orthogonal channels sep-
arated by a thin membrane. By choosing channel dimensions based on prior characterization, and exploring
a range of membrane sizes, the design aims to meet specific functional requirements while allowing for man-
ufacturability within the constraints of MMAM. However, due to time constraints a fully functional microfluidic
valve was not created during this research. Instead, the protocol was validated on a three-segment valve-like
structure, which has proven the protocol’s reliability and usability.
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8.1. Conclusion

This thesis has successfully demonstrated the potential of using multi-material additive manufacturing (MMAM)
to create high-resolution, functional microfluidic devices, specifically focusing on microfluidic valves. However,
the actual creation of a functional microfluidic valve was beyond the scope of this research. The research
has outlined a novel protocol utilizing the print-pause-print technique, which has been shown to enable for the
fabrication of multi-material microfluidic devices utilizing a single step fabrication process.

To create a multi-material microfluidic valve, it is required to have a flexible membrane and a rigid part
containing the channels, therefore a rigid material and a flexible material were evaluated. The rigid material
was used to create features, which can be distinguished as pins (extruded circles), bars (extruded rectangles),
grooves (void rectangles) and holes (void circles), these features have been used to optimize the printing
process. It was found that altering the exposure time can significantly affect the accuracy and resolution of 3D
printed features. Exposure times of 3 to 4 seconds yielded optimal results for bars and grooves (rectangular
sections), while pin sizes were most accurately reproduced at approximately 11 seconds. However, no optimal
exposure time was found for the holes, which highlighted challenges in achieving accurate void circular features
and calls for mitigation by using a scaling factor which is unique per feature shape.

The soft and flexible membrane material was printed with various dye concentrations to enable for visual-
ization of the membrane during operation of the valve. It was observed that smaller dye concentrations of 1 and
2 wt% minimally impacted print quality, whereas a higher concentration of 3 wt% negatively affected build plate
adhesion and durability. Therefore, 1 wt% was chosen as the minimal invasive dye percentage for subsequent
testing. Ultrasonic cleaning in IPA of these soft samples caused swelling, which was shown to be reversed by
heating the samples at 50°C for at least one hour. Subsequently, both undyed and dyed soft material, as well
as the rigid material, were used to create dogbones for tensile testing. It was observed that the rigid material
showed the highest mechanical properties at 10 seconds exposure time per layer and 30 minutes of UV post-
curing, whereas the mechanical properties of the (dyed) soft and flexible material was largely unaffected up to
a strain of 175%.

After the mechanical properties of both materials were known, the minimum feature size to create channels
in the rigid material was evaluated by creating grooves as small as 10 ym, it was found that 80 pm could be
printed reliably in the vertical direction. Variations were observed due to feature orientation, proximity of close
to each other features, and printer resolution limits which are influenced by LCD pixel size and alignment.

As the mechanical properties of the two materials were already known, an expansion of the research to
multi-material additive manufacturing was made by creating a novel protocol. For the fabrication of multi-
material microfluidic devices, the bonding strength between both materials is of key importance, therefore
multi-material dogbones were created and tensile tested. To fabricate multi-material dogbones, the UVTools
software and a custom cleaning stand effectively facilitated the print-pause-print process, ensuring clean ma-
terial interfaces. The tensile testing results showed that the ultimate tensile strength (UTS) of multi-material
dogbones increased to 2.43 MPa, surpassing the 2.28 MPa UTS of single-material Ligcreate Elastomer-X dog-
bones. This improvement is attributed to the strong and possibly covalent interface bonding, which promotes
an even stress distribution.

In order to ensure that microfluidic devices can withstand operational stresses, Finite Element Method (FEM)
simulations were employed on several diameter membranes for the valve, which are created out of the flexible
material of which the mechanical properties are already known. An exemplary valve was designed and it's
membrane with various diameters was simulated in Solidworks to deflect 80 uym, these numerical simulations
were validated against an analytical method from relevant literature. It was found that the pressures from FEM
simulations and the analytical method are very similar, except for a 1 mm diameter membrane with a thickness
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of 100 um, implicating that this analytical approach is only applicable to very thin membranes or that the mesh
should be improved by using a mesh sensitivity analysis. Finally, as a showcase of the newly developed protocol
a multi-material structure was created with 2 material interfaces (rigid - soft - rigid).

In conclusion, to develop a novel 3D printing protocol which enables for the fabrication of high-resolution
and multi-material microfluidic devices, several aspects have to be taken into account. The print process was
optimized for the specific printer and resin, these parameters led to the minimum feature size of the rigid ma-
terial, which the printer can accurately reproduce. To expand the research to multi-material devices, UVTools
software and custom equipment were employed, leading to multi-material dogbones. This already answers
the main research question, because this method can be expanded to an arbitrary number of multi-material
interfaces. An exemplary valve was designed using Solidworks, and FEM simulations and analytical calcu-
lations of the isolated membrane were conducted. Lastly, a showcase was presented using both materials
to create 2 material interfaces. With all information combined, this thesis establishes a strong foundation for
the future development of complex, multi-material microfluidic devices using MMAM on affordable MSLA 3D
printers. Furthermore, the developed protocol has the potential to be expanded to various fields where both
multi-material and precise fabrication techniques are of key importance.

8.2. Future work

While this thesis has demonstrated the potential of multi-material additive manufacturing (MMAM) for fabricating
multi-material microfluidic devices, several limitations were identified that might require further investigation.
One notable area is the alignment error between layers. It was assumed that eliminating the need to remove
the build plate would negate alignment inaccuracies. However, this assumption remains unverified and to fully
address this, the linear stage’s precision and the printer’s overall alignment accuracy must be assessed. If
alignment issues are confirmed, improvements such as a higher-precision linear stage or investing in a more
advanced printer may resolve the problem.

The ultrasonic cleaning process also presents an opportunity for improvement. First, the Nanografi Ul-
trasonic Processor used in this research is designed for sample homogenization and is limited to localized
cleaning close to and around the tip. Globally cleaning the build plate is a challenge using this device, normal
ultrasonic cleaners like the Sonorex create ultrasonic sound waves across the whole area. Therefore, A cus-
tom designed ultrasonic cleaner could provide more consistent and thorough cleaning across the entire build
plate, addressing these limitations. Second, cleaning procedures for Ligcreate samples also require optimiza-
tion. The observed swelling and shiny spots during cleaning with IPA might be mitigated by using dedicated
cleaning solvents instead of IPA, such as those provided by Ligcreate. This alternative cleaning approach could
enhance the dimensional stability and surface quality of printed parts.

Besides, problems exist to capture the true shape of transparent 3D printed grooves. It was observed that
the Keyence VHX-6000 doesn’t capture the details of transparent objects, therefore more advanced 3D imaging
techniques should be employed or a material with a lower transparency has to be selected. These methods
would provide insights into channel depths and shapes, ensuring design accuracy and functionality.

Another significant limitation relates to the membrane’s interaction with the valve walls. This interaction was
left out of consideration in the simulations, potentially leading to deviations between FEM simulated and real-
world performance. To create a more realistic simulation, future simulations should simulate the entire valve,
with its integrated membrane, to achieve a more accurate representation of its behavior under operating condi-
tions. Also, a mesh sensitivity analysis, which can prove critical for the validation of FEM simulations in certain
scenarios, was not performed in this study due to time constraints. This sensitivity analysis makes sure that
the simulation results are independent of the mesh size, which provides more confidence in the accuracy and
reliability of the model’s behavior. Therefore, future work should include a systematic mesh sensitivity analysis
to confirm that the chosen mesh resolution is sufficient for accurately capturing the membrane’s behavior and
to identify any discrepancies that could arise from inadequate mesh refinement. Incorporating this step would
enhance the credibility of the FEM results.

Further exploration of layer-by-layer MMAM processes could shed light on the mechanics of material bond-
ing and stress distribution at interfaces, which remain under explored in this thesis. Additionally, elastomeric
materials exhibit hysteresis losses, Ligcreate Elastomer-X as used in this study has not been analyzed for hys-
teresis. This leaves a gap in the understanding of its performance under cyclic loading. Incorporating these
analyses could refine the design and functionality of future devices.

Addressing these challenges in future work will strengthen the reliability and applicability of MMAM to aid in
the creation of high-resolution, multi-material microfluidic devices and other advanced structures.



Protocols

A.1. Cleaning a single material print

Step 1
Remove part from buildplate

1. Use the metal scraper to carefully detach the printed part from the build plate, avoid damage to the part
and/or build plate.

Step 2
Initial rinse in Isopropyl Alcohol (IPA)
1. Place the part in a beaker filled with IPA.

Step 3
Ultrasonic cleaning

1. Transfer the beaker with the part into the ultrasonic cleaner. The ultrasonic cleaner can be filled with
demineralized water or IPA.

2. Anycubic High Clear can be cleaned by 10 minutes of ultrasonic cleaning. For Ligcreate Elastomer-X,
use 25 to 30 minutes.

Step 4
Dry the part
1. Remove the part from the beaker using tweezers.

2. Use compressed air or nitrogren to blow out excess solvent until the part is dry.

Step 5
Final inspection
1. Inspect the part for any uncured resin or defects.

Step 6
Dispose of waste properly

1. Dispose of the used IPA and resin residues according to the lab rules.
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A.2. Pause and cleaning step for MMAM

Step 1
Before pause

1. Stay in proximity of the printer and be ready for step 2.

Step 2
During pause

—_

. When the printer pauses, press the pause button on the printer.

Cover the build plate using aluminum foil.

Remove the resin vat containing material A.

Place a protective layer (cleanroom tissue or aluminum foil) on top of the LCD screen.
Place the cleaning stand and remove the aluminum foil from the build plate.

Raise the IPA bath and fill with IPA until the build plate is fully submerged.

Turn the ultrasonic processor on and monitor the IPA temperature during ultrasonic cleaning.

© N o o &~ Db

Turn the ultrasonic processor off and lower the IPA bath, wait for the part to dry or blow dry using com-
pressed air or nitrogen.

9. Remove the cleaning stand and protective layer from the LCD screen, and install the resin vat containing
material B.

10. Resume printing using material B.

Step 3
After pause

1. Clean the object as described in Appendix A.1 OR

2. Stay in proximity of the printer for the next pause step.
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A.3. Measuring the resolution block

Step 1
Taking pictures

1.

Take a picture of several grooves using the Keyence microscope. Be sure to enable the scale bar function
in the software. For example, a picture of a 150 ym and 200 ym sample is shown in Figure 5.2.

Step 2
Processing the pictures

1.
2.
3.

Import the picture in the Imaged software using the "File” menu and choose "open”, or press CTRL + O.
Go to the "image” menu, choose "type” and lastly choose "8 bit” to simplify the picture for the software.

In ImagedJ, zoom in on the scale bar and trace a straight line on top of this scale bar. Then go to the
"Analyze” menu and choose "Set scale”. The scale is now set with respect to the scale bar.

Go to the "Process” menu and choose the option "Find edges”. This setting will automatically find all
edges, such as boundaries of grooves in this case.

. Go to the "Process” menu again, choose the option "Binary” and press "Make binary”. This converts the

image to a binary format, in which every pixel is either black (0) or white (1 or 255).

The result of the previous steps may result in an inverted picture, in which the background is black instead
of white. When this happens, go to the "Edit” menu and choose the option "Invert”, this will automatically
invert the image making the background white and the previously found edges black.

Step 3
Taking measurements

1.

To fit an ellipse (with both length and width measurements), go to the "analyze” menu and choose the
option "set measurements” and tick the "ellipse” box. Now for every measurement an ellipse is fitted
inside the boundaries of each groove.

. To select the region to analyze, draw a rectangle using the "Rectangle” feature around the grooves of

interest.

To analyze the particles go to the "Analyze” menu, choose the option "Analyze particles”, tick the box
"Clear results” to delete previous measurements. Tick the box "Display results” to display the results
when the ellipses are fitted. Tick the box "Add to manager” to see labels on the various samples, making it
possible to distinguish the various grooves and directions. Tick the box "Overlay” to create an overlay with
the labels which are added to the manager. Choose "Ellipses” to show the ellipses when the measurement
is complete, this way it can be verified which ellipses are fitted correctly.







Matlab code

B.1. Create a linear fit to determine the Young’s modulus

This Matlab code is used to create a linear fit which fits the first portion of the graph best. The value of the
Young’s modulus in the title is multiplied by 100 to reverse the percentage calculation, which would otherwise
lead to a 100 times smaller Young’s modulus.

% Load the .TRA file into MATLAB

data = readtable('tensile dog bone 3D printlé6 sept7.tra', 'FileType', 'text');
% Extract columns: Standard Force and Strain

strain = data{:, 'Strainl'}*100/30.58; % The column is named 'Strainl'

force = data{:, 'StandardForcel'}/leé6; % The column is named 'StandardForcel'

[

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm"2

nominal area m2 = nominal area * le-6; % Convert to m"2
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

o)

% Plot the original Stress vs. Strain curve

figure;

plot(strain, stress, 'r', 'LineWidth', 1.5);

hold on;

% Automated detection of linear region for Young's modulus calculation
best r2 = 0;

best slope = 0;

best intercept = 0;

[

% Iterate through different regions of the curve to find the most linear region

for i = 1l:length(strain)-10 % Start from 1 to avoid too small portions
for j = i+l1l0:length(strain) % Ensure at least 10 points are used for
fitting
% Take the current slice of data
strain_slice = strain(i:Jj);
stress_slice = stress(i:j);

[

% Perform linear fit
coeffs = polyfit(strain slice, stress slice, 1); % Linear fit
fit line = polyval(coeffs, strain slice);

% Calculate R-squared to determine goodness of fit

ss _res = sum((stress slice - fit line).”2); % Residual sum of squares
ss_tot = sum((stress_slice - mean(stress_slice)).”2); % Total sum of
squares
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o)

r2 =1 - (ss_res / ss_tot); % Coefficient of determination (R-squared)
% Check if this region has a better linear fit
if r2 > best r2

best r2 = r2;

best slope = coeffs(l); % Save the slope (Young's modulus)
best intercept = coeffs(2);
best range = [i, j]; % Save the best fitting range
end
end
end

[

% Use the best fitting region to plot the linear fit
strain linear = strain(best range(l):best range(2));
stress linear = stress(best range(l):best range(2));
fit line = best intercept + best slope * strain linear;
% Plot the linear fit line on the graph

plot(strain linear, fit line, '--g', 'LineWidth', 1.5);

% Find the ultimate tensile strength (UTS) and its corresponding strain
[stress max, i1dx max stress] = max(stress);
strain at max stress = strain(idx max stress);

% Plot the UTS point
plot(strain at max stress, stress max, 'ko', 'MarkerSize', 8, 'MarkerFaceColor',
lkl);
text (strain _at max stress, stress max, ['UTS: (', num2str(strain_at max stress,
'$.2f"), ', ', numZ2str(stress max, '%.2e'), ' Pa)'], 'VerticalAlignment', '
top');

Find the tensile stress at break

Tensile stress at break is the last point before a significant drop in stress
We'll define a ”significant drop” as a decrease of more than 10% from UTS
drop_threshold = 0.1 * stress max; % 10% drop from UTS

for k = idx max stress:length(stress)-1

e e oe

if (stress(k) - stress(k+l)) > drop threshold
break idx = k; % The last point before the significant drop
break;
end
end

strain at break = strain(break idx);
stress_at break stress (break idx);

[

% Plot the tensile stress at break
plot(strain_at break, stress_at break, 'bo', 'MarkerSize', 8, 'MarkerFaceColor',

'b");
text (strain at break, stress at break, ['Break: (', num2str(strain at break, '
%.2f'), ', ', numZ2str(stress_at break, '%.2e'), ' Pa)'], 'VerticalAlignment',
'bottom') ;

% Add labels and title

xlabel ('Strain');

ylabel ('Stress (Pa)');

title(['Stress vs. Strain with Young''s Modulus Fit (E = ', num2str(best slope
*100, '%$.2e'), ' Pa)'l);

legend ('Stress vs. Strain', 'Linear Fit', 'Ultimate Tensile Strength (UTS)', '
Tensile Stress at Break');

grid on;
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% Display the value of Young's modulus, R-squared, UTS, and tensile stress at
break

disp(['Young''s Modulus: ', num2str (best slope*100), ' Pa'l);

disp(['Best R"2: ', numZstr(best r2)]);

disp(['Ultimate Tensile Strength (UTS): ', num2str(stress max), ' Pa'l);

disp(['Tensile Stress at Break: ', num2str(stress _at break), ' Pa'l);
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B.2. Create a linear fit eliminating first datapoints

This Matlab code is used to skip the first few data-points in case the first data-points are not valid for the linear
fit. The value of the Young’s modulus in the title is multiplied by 100 to reverse the percentage calculation,
which would otherwise lead to a 100 times smaller Young’s modulus.

Load the .TRA file into MATLAB
Replace 'yourfile.tra' with the name of your file
data = readtable('tensile dog bone 3D printl6 septll.tra', 'FileType', 'text');

o
°
o
°

o)

% Extract columns: Standard Force and Strain
strain = data{:, 'Strainl'}*100/30.58; % The column is named 'Strainl'
force = data{:, 'StandardForcel'}/le6; % The column is named 'StandardForcel'

)

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm”"2

nominal area m2 = nominal area * le-6; % Convert to m"2
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

[

% Plot the original Stress vs. Strain curve
figure;
plot (strain, stress,
hold on;

r', 'LineWidth', 1.5);

o)

% Automated detection of linear region for Young's modulus calculation
best r2 = 0;

best slope = 0;

best intercept = 0;

% Ignore the first 10 data points for the linear approximation

o)

start idx = 5; % Start the linear fit search from the 11th data point

[

% Iterate through different regions of the curve to find the most linear region
for i = start idx:length(strain)-10 % Start from the 1lth data point to avoid
too small portions
for j = i+l1l0:length(strain) % Ensure at least 10 points are used for
fitting
% Take the current slice of data
strain_slice = strain(i:Jj);
stress_slice = stress(i:Jj);
% Perform linear fit
coeffs = polyfit(strain slice, stress slice, 1); % Linear fit
fit line = polyval(coeffs, strain slice);

[

% Calculate R-squared to determine goodness of fit

ss_res = sum((stress_slice - fit line).”2); % Residual sum of squares

ss_tot = sum((stress _slice - mean(stress slice)).”2); % Total sum of
squares

r2 =1 - (ss_res / ss_tot); % Coefficient of determination (R-squared)

% Check if this region has a better linear fit
if r2 > best r2
best r2 = r2;

best slope = coeffs(1l); % Save the slope (Young's modulus)
best intercept = coeffs(2);
best range = [i, j]; % Save the best fitting range

end
end
end
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[

% Use the best fitting region to plot the linear fit
strain linear = strain(best range(l):best range(2));
stress linear = stress(best range(l):best range(2));
fit line = best intercept + best slope * strain linear;
% Plot the linear fit line on the graph

plot(strain linear, fit line, '--g', 'LineWidth', 1.5);

% Find the ultimate tensile strength (UTS) and its corresponding strain
[stress max, i1dx max stress] = max(stress);
strain at max stress = strain(idx max stress);

% Plot the UTS point
plot(strain at max stress, stress max, 'ko', 'MarkerSize', 8, 'MarkerFaceColor',

k')
text (strain at max stress, stress max, ['(', num2str(strain at max stress, '%.2f
"), ', ', num2str(stress max, '%.2e'), ' MPa)'], 'VerticalAlignment',6 'bottom

', 'HorizontalAlignment', 'right');

Find the tensile stress at break
Tensile stress at break is the last point before a significant drop in stress

o e oe

We'll define a ”significant drop” as a decrease of more than 10% from UTS
drop_threshold = 0.1 * stress max; % 10% drop from UTS
for k = idx max stress:length(stress)-1

if (stress(k) - stress(k+l)) > drop threshold
break idx = k; % The last point before the significant drop
break;

end

end
strain at break strain (break idx);
stress at break = stress(break idx);

[

% Plot the tensile stress at break
plot(strain_at break, stress_at break, 'bo', 'MarkerSize', 8, 'MarkerFaceColor',

') ;
text (strain _at break, stress at break, ['(', numZ2str(strain _at break, '5.2f'), '
, ', num2str(stress_at break, '%.2e'), ' MPa)'], 'VerticalAlignment',6 'top',

'HorizontalAlignment', 'right');

% Add labels and title

xlabel ('Strain (%) "),

ylabel ('Stress (MPa)');

title(['Stress vs. Strain with Young''s Modulus Fit (E = ', num2str(best slope
*100, '%$.2e'), ' MPa)'l);

legend ('Stress vs. Strain', 'Linear Fit', 'Ultimate Tensile Strength (UTS)', '
Tensile Stress at Break'):;

grid on;

% Display the value of Young's modulus, R-squared, UTS, and tensile stress at
break

disp(['Young''s Modulus: ', num2str(best slope*le8), ' MPa'l]);

disp(['Best R"2: ', num2str(best r2)]);

disp(['Ultimate Tensile Strength (UTS): ', num2str(stress max), ' MPa'l);

disp(['Tensile Stress at Break: ', num2str(stress_at break), ' MPa'l);
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B.3. Graphs for Anycubic High Clear

This Matlab code is used to create graphs of the data obtained from the graphs, which are generated by the
previous 2 matlab codes.

Q

% Data for each sample and each test
youngs = [

1088527894, 1038555852, 1116494934;
1107914033, 1062545818, 1152166722;
1124046019, 1152188605, 1197788062;
1187091567, 1228169560, 1175796189

Anyc HC - 5S, 5 min

Anyc HC - 10S, 5 min
Anyc HC - 5S, 30 min
Anyc HC - 10S, 30 min

o° o° oP

o°

uts = [
42778508.50, 40876950.58, 42494590.76;
42702418.01, 44631164.55, 43837870.28;
45998113.00, 46198852.54, 45490193.68;
49816818.24, 51765747.07, 50461390.18

o\°

Anyc HC - 5S, 5 min
Anyc HC - 10S, 5 min
Anyc HC - 5S, 30 min
Anyc HC - 10S, 30 min

o\°

o° oo

1;

stress at break = [
40316630.05, 38777336.12, 40730852.76;
40341623.94, 41734252.93, 40957186.38;
42953033.45, 42862192.79, 42051704.41;
47450754.80, 51057922.36, 47624033.61

Anyc HC - 5S, 5 min
Anyc HC - 10S, 5 min
Anyc HC - 55, 30 min
Anyc HC - 10S, 30 min

o° o° o° oe

17

% Number of tests

n_tests = 3;

% Compute averages for each sample

avg_youngs = mean (youngs, 2)/le6;

avg_uts = mean(uts, 2)/le6;

avg stress_at break = mean(stress at break, 2)/le6;

% Compute standard deviations for each sample

std youngs = std(youngs, 0, 2);

std uts = std(uts, 0, 2);

std stress at break = std(stress_at break, 0, 2);

% Compute standard error of the mean (SEM) for each sample
sem_youngs = std _youngs / (sqrt(n_tests)*1le6);

sem_uts = std uts / (sqrt(n_tests) *leb);

sem stress_at break = std stress at break / (sqrt(n tests)*le6);

Labels for x-axis (samples)

o
°
o
°

x labels = {'Anyc. HC - 5s exposure time, 5 min post curing', 'Anyc. HC - 10s
exposure time, 5 min post curing', 'Anyc. HC - 5s exposure time, 30 min post
curing', 'Anyc. HC - 10s exposure time, 30 min post curing'};

x_labels = {'A', 'B', 'C', 'D'};

% Plot Young's Modulus (Averaged) with error bars

figure;

bar (avg _youngs, 'grouped');

hold on;

errorbar (1:1length(avg_youngs), avg _youngs, sem youngs, 'k', 'linestyle', 'none')
title('Average Young''s Modulus', 'FontSize', 14);

xlabel ('Samples', 'FontSize', 14);

ylabel ('Average Young''s Modulus (MPa)', 'FontSize', 14);

set(gca, 'FontSize', 14); % This affects the tick labels on both axes
set (gca, 'xticklabel', x labels);
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grid on;
hold off;

% Plot Ultimate Tensile Stress (UTS) (Averaged) with error bars

figure;

bar (avg uts, 'grouped');

hold on;

errorbar (l:length(avg uts), avg uts, sem uts, 'k', 'linestyle', 'none');

title('Average Ultimate Tensile Stress (UTS)', 'FontSize', 14);

xlabel ('Samples', 'FontSize', 14);

ylabel ('Average UTS (MPa)', 'FontSize', 14);

set (gca, 'FontSize', 14); % This affects the tick labels on both axes

set (gca, 'xticklabel', x labels);

grid on;

hold off;

% Plot Stress at Break (Averaged) with error bars

figure;

bar (avg _stress at break, 'grouped');

hold on;

errorbar (l1:length(avg stress at break), avg stress at break, sem stress at break
, 'k', 'linestyle', 'none');

title ('Average Stress at Break', 'FontSize', 14);

xlabel ('Samples', 'FontSize', 14);

ylabel ('Average Stress at Break (MPa)', 'FontSize', 14);

set(gca, 'FontSize', 14); % This affects the tick labels on both axes

set (gca, 'xticklabel', x labels);

grid on;

hold off;
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B.4. Writing data to Excel

This Matlab code is used to write the .TRA data from tensile testing into an excel file which makes it easier to
copy the data.

% Load the .TRA file into MATLAB

data = readtable('tensile dog bone 3D printl6 sept30.tra', 'FileType', 'text');
% Extract columns: Standard Force and Strain

strain = data{:, 'Strainl'}; % The column is named 'Strainl'

force = data{:, 'StandardForcel'}; % The column is named 'Standardforcel'

[

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm"2

nominal area m2 = nominal area * le-6; % Convert to m"2
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

o)

% Define the original length of the sample (30.6mm)
initial length mm = 30.58; % mm

% Convert strain to percentage (strain in percentage = (strain / initial length)
* 100)
strain percentage = (strain / initial length mm) * 100;

[

% Initialize arrays to store the extracted data for Excel
strain percentages = [];

stress values = [];

% Loop through 10% intervals and store values

for strain mark = 10:10:350 % Strain percentage from 10% to 350%

% Find the index of the strain value closest to the current strain mark
[~, idx] = min(abs(strain percentage - strain mark));

% Store strain and stress values for Excel export

strain percentages = [strain percentages; strain mark]; % Store strain mark
(e.g., 10%, 20%, etc.)
stress values = [stress values; stress(idx)]; % Store corresponding stress
values

end

% Create a table with strain percentages and stress values

results table = table(strain percentages, stress values, 'VariableNames', {'
Strain Percentage', 'Stress Pa'});

% Write the table to an Excel file

writetable (results table, 'Test30.xlsx');

% Display the generated Excel file content
disp('Stress-strain data has been written to Test30.xlsx');
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B.5. Creating graphs for Elastomer-X with percentages

This Matlab code is used to create a single graph of an elastomer from its tensile data as stored in the .TRA
file, the output shows 1 elastomer with its corresponding values for 10-350%.

% Load the .TRA file into MATLAB

data = readtable('tensile dog bone 3D printl6 septld.tra', 'FileType', 'text');
% Extract columns: Standard Force and Strain

strain = data{:, 'Strainl'}; % The column is named 'Strainl'

force = data{:, 'StandardForcel'}; % The column is named 'Standardforcel'

[

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm"2

nominal area m2 = nominal area * le-6; % Convert to m"2
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

o)

% Define the original length of the sample (30.6mm)
initial length mm = 30.58; % mm

% Convert strain to percentage (strain in percentage = (strain / initial length)
* 100)
strain percentage = (strain / initial length mm) * 100;

[

% Plot the original Stress vs. Strain (percentage) curve
figure;
plot(strain percentage, stress, 'r', 'LineWidth', 1.5);
hold on;
% Add dots at every 10% strain interval and display corresponding stress values
for strain mark = 10:10:350 % Strain percentage from 10% to 350%
% Find the index of the strain value closest to the current strain mark
[~, idx] = min(abs(strain percentage - strain mark));
% Plot a dot at each 10% strain interval
plot(strain percentage(idx), stress(idx), 'bo', 'MarkerSize', 6, '
MarkerFaceColor', 'b');

o)

% Annotate each dot with its strain percentage and corresponding stress

value
text (strain percentage (idx), stress(idx),
[' ', num2str(strain mark), '% (', num2str(stress(idx), '%.2e¢'), ' Pa)'

1,
'VerticalAlignment', 'bottom');
end

% Add labels and title

xlabel ('Strain (%) "');

ylabel ('Stress (Pa)');

title('Stress vs. Strain with Stress Values at Every 10% Strain Interval');
grid on;

% Display the maximum stress value
[max stress, max idx] = max(stress);
disp(['Maximum Stress: ', num2str(max stress), ' Pa at ', num2str(

[

strain percentage (max idx)), '% strain']);
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B.6. Highest MPa from each file

This Matlab code takes the highest stress across all files and gives the average value.

Define file names
file names = {
'tensile dog bone 3D printl6é septl3.tra',
'tensile dog bone 3D printl6 septléd.tra',
'tensile dog bone 3D printl6 septl5.tra',
'tensile dog bone 3D printl6 septl6.tra',
'tensile dog bone 3D printl6 septl7.tra',
'tensile dog bone 3D printl6 septl8.tra',
'tensile dog bone 3D printlé6 septl9.tra',
'"tensile dog bone 3D printl6 sept20.tra',
'tensile dog bone 3D printl6 sept2l.tra',
'tensile dog bone 3D printl6 sept22.tra',
'tensile dog bone 3D printl6 sept23.tra',
'tensile dog bone 3D printl6 sept24.tra',
'tensile dog bone 3D printl6 sept25.tra',
'tensile dog bone 3D printl6 sept26.tra',
'tensile dog bone 3D printl6 sept27.tra',
'tensile dog bone 3D printl6 sept28.tra',
'tensile dog bone 3D printl6é sept29.tra’,
'tensile dog bone 3D printlé6 sept30.tra',

d° d° A A A° A A A A A° O A° O O A° A A ° ° o° o°

_,_,
~e

file names = {
'tensile dog bone Denzel 1.TRA',
'tensile dog bone Denzel 2.TRA',
'tensile dog bone Denzel 3.TRA',
'tensile dog bone Denzel 4.TRA',
'tensile dog bone Denzel 5.TRA',
'tensile dog bone Denzel 6.TRA',

}s

[)

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm"2
nominal area m2 = nominal area * le-6; % Convert to m"2

[

% Define the original length of the sample
initial length mm = 30.58; % in mm

% Initialize an array to store the highest stress from each file
highest stresses = zeros(l, length(file names));

% Loop through each file

for i = l:length(file names)

% Load the current file
data = readtable(file names{i}, 'FileType', 'text');

% Extract strain and force data

strain = data{:, 'Strainl'}; % The column is named 'Strainl'

force = data{:, 'StandardForcel'}; % The column is named 'StandardForcel'
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

% Convert strain to percentage

strain percentage = (strain / initial length mm) * 100;
% Find the maximum stress in the current file

highest stresses(i) = max(stress);
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end

% Calculate the average of the highest stresses

average highest stress = mean(highest stresses);

% Display the highest stresses from each file and the average
disp ('Highest stress values from each file (Pa):'");

disp (highest stresses);

disp (['The average of the highest stresses across all files 1is:

average highest stress), ' Pa'l);

4

num2str (
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B.7. Young’s modulus estimate for Elastomer-X

This Matlab code displays the estimated Young’s modulus for Elastomer-X samples. In this file 10% of data-
points are taken into account, when “"round (0.1 * num_points)” is changed to "round (1 * num_points)” the file
will display the linear fit across the entire graph, instead of focusing on the first 10% of datapoints.

$ Load the .TRA file into MATLAB

data = readtable('tensile dog bone 3D printl6 sept30.tra', 'FileType', 'text');
% Extract columns: Standard Force and Strain

strain = data{:, 'Strainl'}*100/30.58; % The column is named 'Strainl'

force = data{:, 'StandardForcel'}/le6; % The column is named 'StandardForcel'

o)

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm"2

nominal area m2 = nominal area * le-6; % Convert to m"2
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

Q

% Focus on the first 10% of the data points
num points = length(strain);
first 10 percent idx = round(0.l * num points);
strain_ subset = strain(l:first 10 percent idx);
stress subset = stress(l:first 10 percent idx);

% Perform linear fit on the first 10% of the data

coeffs = polyfit(strain subset, stress subset, 1); $ Linear fit
youngs modulus = coeffs(l); % Young's modulus is the slope

)

% Generate extended strain values for linear fit visualization

strain min = min(strain_subset);

strain max max (strain_ subset);

strain extended = linspace(strain min - 0.01, strain max + 0.02, 100); %
Slightly extend the range

fit line extended = polyval (coeffs, strain extended);

o

% Plot the Stress vs. Strain curve

figure;

plot(strain, stress, 'r', 'LineWidth', 1.5);
hold on;

% Plot the extended linear fit line

plot(strain extended, fit line extended, '

--g', 'LineWidth', 1.5);

% Add labels and title

xlabel ('Strain (%) ");

ylabel ('Stress (MPa)');

title(['Stress vs. Strain with Young''s Modulus Fit (E = ', num2str(
youngs modulus, '%.2e'), ' MPa)'l);

legend ('Stress vs. Strain', 'Linear Fit (10%)"');

grid on;

[

% Display the value of Young's modulus
disp(['Young''s Modulus (First 10% of data): ', num2str(youngs modulus*100), '
MPa'l);
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B.8. Validation of pressure on membrane

This Matlab code uses the analytical formula to create graphs of Pressure (P) vs Deflection (y) on a thin circular
membrane.

% Constants

E = 0.693e6; % Young's modulus in Pa

v = 0.495; % Poisson's ratio (example value, adjust as needed)

t = 0.05; % Thickness in mm

r values = [1, 2, 3] / 2; % Radii in mm for diameters 1 mm, 2 mm, and 3 mm

% Membrane deflection range (y) in mm
= linspace (0, 0.1, 100); % Deflection range from 0 to 0.100 mm

=

% Pre-allocate matrix to store results
P = zeros (length(r values), length(y));

% Calculate P for each radius and deflection

for i = l:length(r_values)
r = r values(i); % Current radius in mm
P(i, :) = (E * £ / r™4) .* ...
( (5.33 / (1 = v*2)) .* (y / t) +
(2.6 / (1L - v"2)) .* (y / £)."3);

end

Q

% Plot P vs y for different radii

figure;
hold on;
colors = ['b', 'r', 'g'l; % Color options for plots
for i = l:length(r values)
plot(y, P(i, :), colors(i), 'Linewidth', 1.5,
'DisplayName', ['Diameter = ', num2str(r values(i) * 2), ' mm']); %
Convert radius back to diameter for display
end

% Add labels, legend, and title

xlabel ('Membrane Deflection, y (mm)"');

ylabel ('Pressure, P (Pa)');

title('Pressure vs Membrane Deflection for Diameters 1 mm, 2 mm, and 3 mm');
legend ('show'") ;

x1lim ([0, 0.08]); % Set X-axis range to 0 to 0.100 mm

Sylim ([0, 60]); % Set Y-axis range to 0 to 400 psi

grid on;
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B.9. Accuracy of the fit R?

This Matlab code calculates the coefficient of determination across the linear fit, the displayed value is used to
calculate an average manually.

% Load the .TRA file into MATLAB

data = readtable('tensile dog bone 3D printlé6 septlb.tra', 'FileType', 'text'):;
% Extract columns: Standard Force and Strain

strain = data{:, 'Strainl'}*100/30.58; % The column is named 'Strainl'

force = data{:, 'StandardForcel'}/le6; % The column is named 'StandardForcel'

o

% Nominal area of the sample (6mm by 2mm)

nominal area = 6 * 2; % Area in mm"2

nominal area m2 = nominal area * le-6; % Convert to m"2
% Calculate stress (Stress = Force / Area)

stress = force / nominal area m2;

[

% Focus on the first 100% of the data points

num_points = length(strain);
first 10 percent idx = round(l * num points); % Adjust for first 10% of points
strain subset = strain(l:first 10 percent idx);

stress subset = stress(l:first 10 percent idx);
% Perform linear fit on the first 10% of the data
coeffs = polyfit(strain subset, stress subset, 1); % Linear fit

Q

youngs modulus = coeffs(l); % Young's modulus is the slope

% Generate extended strain values for linear fit visualization

strain min min(strain_subset);

strain max = max(strain_ subset) ;

strain extended = linspace(strain min - 0.01, strain max + 0.02, 100); %
Slightly extend the range

fit line extended = polyval (coeffs, strain extended);

o)

% Plot the Stress vs. Strain curve

figure;

plot (strain, stress, 'r', 'Linewidth', 1.5);

hold on;

% Plot the extended linear fit line

plot(strain extended, fit line extended, '--g', 'LineWidth', 1.5);

% Add labels and title
xlabel ('Strain (mm) ") ;
ylabel ('Stress (MPa)');

title(['Stress vs. Strain with Young''s Modulus Fit (E = ', num2str (
youngs modulus, '%.2e'), ' Pa)'l);

legend ('Stress vs. Strain', 'Linear Fit (100%)"');

grid on;

o)

% Display the value of Young's modulus

disp(['Young''s Modulus (First 100% of data): ', num2str (youngs modulus), ' Pa'
1)

% Assess the accuracy of the fit

assess linear fit(strain subset, stress subset, coeffs);

% Function to assess the accuracy of the linear fit

function assess linear fit(strain, stress, coeffs)

o)

% Predicted stress values from the linear fit



B.9. Accuracy of the fit R?

stress fit = polyval (coeffs, strain);

o)

% Calculate residuals
residuals = stress - stress fit;

% Calculate R"2

SS _res = sum(residuals.”2); % Residual sum of squares
SS_tot = sum((stress - mean(stress)).”2); % Total sum of squares
R2 = 1 - (SS_res / SS _tot);

% Calculate RMSE

RMSE = sqgrt (mean (residuals.”2));

% Display results

disp(['R*2: ', num2str (R2)1]);
disp(['RMSE: ', num2str (RMSE), ' MPa'l);

o)

% Plot residuals

figure;
plot (strain, residuals, 'o');
xlabel ('Strain (mm) ") ;

ylabel ('Residuals (MPa)'");
title('Residuals of the Linear Fit'):;
grid on;

end






Sample size pictures

C.1. Cleaning of Elastomer-X

Figure C.1: Strips of 1 cm by 2 cm have been 3D
printed in Ligcreate Elastomer-X with 1 wt% of red dye

Figure C.2: 5 minutes of ultrasonic cleaning
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C. Sample size pictures

Figure C.4: 15 minutes of ultrasonic cleaning

Figure C.5: 20 minutes of ultrasonic cleaning

Figure C.6: 25 minutes of ultrasonic cleaning
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Figure C.7: 30 minutes of ultrasonic cleaning

C.2. Shrinkage of Elastomer-X

Figure C.8: 1 hour at ambient temperature.

Figure C.9: 1 hour at 50 degrees Celsius.



92

C. Sample size pictures

Figure C.10: 2 hours at ambient temperature.

Figure C.11: 2 hours at 50 degrees Celsius.

Figure C.12: 3 hours at ambient temperature.



C.2. Shrinkage of Elastomer-X

93

Figure C.13: 3 hours at 50 degrees Celsius.

Figure C.14: 4 hours at ambient temperature.

Figure C.15: 4 hours at 50 degrees Celsius.






FEM simulation

D.0.1. Solidworks settings

Property Value Units
Elastic Modulus 0.693 M/mm#~2
Poisson’s Ratio 0.495 M/A
Shear Modulus M/mm*~2
Mass Density 1180 kg/m*3
Tensile Strength 2.4 M/mm*2
Compressive Strength M/mm*2
Yield Strength M/mm*2
Thermal Expansion Coefficient K

Figure D.1: Properties of the custom Liqcreate Elastomer-X
material in Solidworks.
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Figure D.2: Displacement for a 1 mm diameter membrane with a 50 micron thickness.
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Figure D.3: Stress for a 1 mm diameter membrane with a 50 micron thickness.
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96 D. FEM simulation

URES (mm)
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Figure D.4: Displacement for a 1 mm diameter membrane with a 100 micron thickness.
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Figure D.5: Stress for a for a 1 mm diameter membrane with a 100 micron thickness.
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Figure D.6: Displacement for a 2 mm diameter membrane with a 50 micron thickness.
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Figure D.7: Stress for a for a 2 mm diameter membrane with a 50 micron thickness.
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Figure D.8: Displacement for a 2 mm diameter membrane with a 100 micron thickness.
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Figure D.9: Stress for a for a 2 mm diameter membrane with a 100 micron thickness.
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Figure D.10: Displacement for a 3 mm diameter membrane with a 50 micron thickness.
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Figure D.11: Stress for a for a 3 mm diameter membrane with a 50 micron thickness.
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D. FEM simulation
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Figure D.12: Displacement for a 3 mm diameter membrane with a 100 micron thickness.
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Figure D.13: Stress for a for a 3 mm diameter membrane with a 100 micron thickness.



Tensile testing graphs

E.1. Anycubic High Clear dogbones
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Figure E.1: Test1.

Stress vs. Strain with Young's Modulus Fit (E = 1.04e+03 MPa)
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Figure E.2: Test2.
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E. Tensile testing graphs
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Figure E.3: Test3.
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Figure E.4: Test4.
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Figure E.5: Test5.
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Stress vs. Strain with Young's Modulus Fit (E = 1.15e+03 MPa)
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E. Tensile testing graphs
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Figure E.11: Test11.
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E. Tensile testing graphs

5 Stress vs. Strain with Young's Modulus Fit (E = 7.14e-01 MPa)
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Figure E.15: Test15.
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Figure E.16: Test16.
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Figure E.17: Test17.
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3 Stress vs. Strain with Young's Modulus Fit (E = 7.50e-01 MPa)
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Figure E.18: Test18.
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Figure E.19: Test19.
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Figure E.20: Test20.
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Stress vs. Strain with Young's Modulus Fit (E = 7.03e-01 MPa)
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Figure E.21: Test21.

3 Stress vs. Strain with Young's Modulus Fit (E = 7.40e-01 MPa)
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Figure E.22: Test22.
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Figure E.23: Test23.
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3 Stress vs. Strain with Young's Modulus Fit (E = 6.90e-01 MPa)
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Figure E.24: Test24.
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25 Stress vs. Strain with Young's Modulus Fit (E = 6.47e-01 MPa)
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Figure E.26: Test26.
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E. Tensile testing graphs

5 Stress vs. Strain with Young's Modulus Fit (E = 7.30e-01 MPa)
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Figure E.27: Test27.
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Figure E.29: Test29.
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5 Stress vs. Strain with Young's Modulus Fit (E = 6.69e-01 MPa)
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Figure E.30: Test30.
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