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ABSTRACT OF THE THESIS 
 

Fabrication of Elastomer Microfluidic Devices using Additive Manufacturing Methods 
 

By 
 

Christopher W. Lim 
 

Master of Science in Materials Science and Engineering 
 

 University of California, Irvine, 2016 
 

Professor Marc J. Madou, Chair 
 
 

 
Fabrication of a microfluidic ELISA assay can be a very time-consuming method, due to the 

curing process required for molded parts. This thesis examines Fused Deposition Modeling 

and Stereolithography as candidates for rapid prototyping microfluidic devices. Individual 

components of the device were designed on SolidWorks, and underwent several 

generations of revisions to address problems of air and fluid leakage. We present an 

automated ELISA assay device created using a combination of Fused Deposition Modeling 

and Stereolithography as a comprehensive demonstration of additive manufacturing 

capabilities, as well as the methodology used to create such a device. A detailed explanation 

on how to troubleshoot the fabrication process and machines is also discussed.



 

1 

 

CHAPTER 1: INTRODUCTION 

 

 

1.1   Preface 

1.1.1   Motivation 

In the tech industry today, there is a growing need for 3D parts that can be manufactured 

precisely and efficiently with high aspect ratios. Additive Manufacturing (AM), also more 

commonly known as 3D Printing, is a popular fabrication option. The manufacturing process 

involves designing a part using a CAD program, like SolidWorks, and extrapolating the 

structural information into a stereolithography file (STL file) [1]. The STL file approximates the 

CAD drawing into a series of volumetric pixels, which are then digitally sliced into layers along 

the Z direction. These layers are deposited onto a substrate, layer-by-layer, using various 

manufacturing methods like Fused Deposition Modeling (FDM) and Stereolithography (SLA) 

[2]. FDM and SLA typically utilize rigid materials to create parts, which can limit their 

applications. Devices that require flexible parts, like valves, must use more elastic materials. 

This thesis explores how to fabricate microfluidic devices with flexible parts using additive 

manufacturing methods. 

1.1.2   Introduction to Fused Deposition Modeling (FDM) 

 FDM is a process that feeds thermoplastic polymer filament through a heated nozzle to be 

extruded onto a collector substrate. The nature of this process is layer-by-layer, with each ―slice‖ 

of the CAD file deposited sequentially along the Z direction. This allows for the fabrication of 

unique and complex geometries that are not normally feasible with other fabrication methods. 
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There is no need for bonding between layers, because the filaments are heated before extrusion. 

Thus, the printed structure is largely a finished product, without any need for further curing. 

However, the bonding between the layers is not always air-tight, which poses problems when 

fabricating structures that are intended to hold liquids. Methods to mitigate this problem of liquid 

and air leakage are discussed in later sections.  

1.1.3   Introduction to Stereolithography (SLA) 

 SLA is a process that solidifies layers of liquid resin into a part through exposure to UV 

light. The liquid resin is contained within a specially designed reservoir bath, which features a 

transparent window on the bottom face. A projector or laser stationed below the reservoir bath 

crosslinks the resin through the window, layer-by-layer. This initial crosslinked layer adheres to 

a collector plate submerged within the bath. The collector plate is attached to a computer-

controlled platform apparatus and is raised up slightly after each crosslinking exposure. 

Subsequent layers are deposited onto previously crosslinked resin layers until an entire part has 

been fabricated. It is not uncommon to expose the entire finished part to UV light to ensure that 

all of the resin has been solidified. While this extra step is time-consuming, the trade-off is that 

the resolution of the part is much higher and the bonding between layers is much stronger, with 

little to no porosity. It is important to note however, that the entire process is very expensive and 

wasteful. Resin has a limited shelf life due to its light-sensitive nature and must be replaced 

routinely. The soiled liquid resin is highly toxic to the environment and must be disposed of 

properly. 
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1.2   Progress in Additive Manufacturing 

1.2.1   Current Capabilities 

Progress in Additive Manufacturing can be measured by resolution. Currently, the 

resolution of structures fabricated using FDM is dependent on the layer thicknesses of extruded 

filaments. Layer thicknesses are typically in the range of about 100 microns and are influenced 

by many factors, like filament temperature, extrusion speed, and nozzle travel speed. More 

expensive printers have been reported to extrude filaments as thin as 16 microns [3]. A refined 

balance of these settings is imperative in fabricating structures with high resolution. With the 

ability to utilize multiple materials with different properties, as well as fabricate complex 3D 

geometric structures, FDM is a strong contender over more traditional fabrication methods. 

SLA retains most of the capabilities of FDM, except it can only utilize a single material 

at a time. However, the fabrication resolution is magnitudes better, with some SLA machines 

able to achieve resolutions as precise as 0.1 microns [11]. This makes SLA an appropriate 

method to fabricate structures that require precision. However, as mentioned previously, the 

process is very expensive and wasteful when compared to FDM. 

1.2.2   Utilizing Elastomeric Materials in Additive Manufacturing 

 Using elastomers in Additive Manufacturing allows for a variety of novel design 

possibilities, including living hinges, actuators, and more. These designs are contingent on an 

elastomer’s ability to experience repeated strains without undergoing plastic deformation [7]. A 

living hinge refers to a 3D printed part with a movable component: a flap that can move in more 

than one direction. For example, a structure with flexible square walls can be folded up into a 

cube (Fig. 1.1). 
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Fig. 1.1: 3D Printed Cube with Living Hinges [7] 

 

The applications of a living hinge are not limited to just simple cubes. Rossiter, Walters, 

and Stoimenov (2009) utilized the basic principles of a living hinge to create a dielectric actuator 

using elastomeric materials [8]. Dielectric elastomer actuators make use of an electroactive 

polymer material, and consist of repeated layers of 2D actuator structures. Each layer is 

fabricated individually and exposed to UV light to crosslink the structure (Fig. 1.2). After 

repeated 2D layer depositions, a 3D structure is eventually built up. Upon electrical actuation, 

the structure deforms (Fig. 1.3).  

Elastomer actuators are useful in the field of soft robotics, an emerging field that attempts 

to mimic and recreate the characteristics of natural organisms through the use of soft materials. 

Take for example, a device that mimics an octopus. An octopus is able to deform itself and 

squeeze through a hole a tenth of its own cross sectional area, all while maintaining its ability to 

move rapidly in water. Furthermore, an octopus’ limbs can be articulated in complex manners 

and exert large forces without containing any rigid materials [8]. Mimicking such characteristics 

found in nature has a myriad of unique applications in the fields of engineering and medicine. 
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For example, a drug delivery capsule can precisely deliver a drug through selective opening and 

closing of a valve controlled by a dielectric actuator. 

 

 

 
Fig. 1.2: Layer by Layer Deposition of Actuators [8] 

 

 

 
Fig. 1.3: Deformation of Structure Upon Electrical Actuation [8] 
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1.3   Thesis Objectives 
 

1.3.1   Using Thermoplastic Elastomers to Create Microfluidic Devices  

 with FDM 
 

The conventional filament used in FDM is acrylonitrile butadiene styrene (ABS), a rigid 

and brittle polymer. While these properties may be desirable for Rapid Prototyping, they do not 

allow for the movement of joints or parts within a fabricated structure. This severely limits the 

applications of devices that can be produced using FDM. Fortunately, there are other materials 

that can be used with FDM.  

Thermoplastic polyurethane (TPU) is a filament manufactured by Airwolf 3D that can be 

extruded into a soft and flexible structure (Fig. 1.4). This opens up many possibilities in devices 

that can be fabricated using FDM, principally in the application of microfluidics. For example, 

elastomeric pumps can be created by fabricating a hemispherical dome connected to a 

microchannel. The dome pump can be filled with a fluid and pressed down, pushing the fluid 

through the channel into a collector reservoir. In this thesis, flexible microfluidic structures are 

fabricated using TPU. 

 
 

Fig. 1.4: TPU Filament and Structures [12] 
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 Before the fabrication process itself can begin, there are various settings that can be 

decided upon. These settings include extrusion rate, temperature, and speed. A delicate balance 

of parameters is required to produce a structure with high resolution. While the optimal extrusion 

settings for ABS are relatively well-known and documented, the same cannot be said of TPU. 

The optimal extrusion settings for TPU are determined in this thesis through trial and error. 

 The flexible nature of elastomers also introduces an extra element of uncertainty during 

the fabrication process. Structures that were previously able to be fabricated using ABS may not 

feasible with TPU. However, the converse is also true. As mentioned previously, producing 

movable and flexible structures with TPU is possible. The hemispherical dome pump is just one 

example of how TPU can be applied in the field of microfluidics, and these structures are 

sometimes prone to leak fluid through imperfectly sealed layers. Methods to rectify this problem 

are discussed in later sections. 

 

1.3.2   Using Photosensitive Elastomers to Create Microfluidic Devices  

           with SLA 
 

 Flexible resin, developed by Formlabs, is a material that produces compressible and 

bendable parts. Its native and non-crosslinked form is viscous and transparent. But after exposure 

to UV light, it solidifies into a flexible part (Fig. 1.5). This process, like FDM, is also layer-by-

layer. However, because fabrication occurs within a liquid resin bath, the bonding between layers 

is much stronger, so the problem of leakage present in FDM is not as apparent in SLA. Instead, 

there are other challenges that are unique to working with a liquid photosensitive polymer. 
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Fig. 1.5: Flexible Resin Part [18] 

 

 After a part has been completely crosslinked, it remains submerged within the liquid resin 

bath. When fabricating flexible pumps and channels, this poses an enormous problem: the pumps 

and channels are filled with liquid resin, even after crosslinking is complete. Effectively 

removing this excess resin is imperative. If it is not removed, the microfluidic device is rendered 

unusable, since the remaining resin would cross-contaminate any samples or reagents placed 

within the pumps and channels. This thesis examines appropriate techniques to properly clean 

microfluidic devices post-fabrication. 

 Similar to the extrusion settings present in FDM, SLA has its own set of selectable 

parameters for fabrication. These settings include layer height, layer thickness, and more. This 

thesis experiments with and determines the proper parameters for fabricating a device using 

flexible resin. It is important to note that while SLA has markedly less parameters to experiment 

with compared to FDM, there is much more work to be done pre- and post-fabrication. More pre- 

and post-fabrication maintenance steps are discussed in later sections. 
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 Lastly, upkeep and troubleshooting of machines is just as important as producing a 

working part. A well-maintained machine is paramount to producing a working structure. A 

comprehensive list of possible problems, as well as how to remedy them are summarized. 
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CHAPTER 2: FUSED DEPOSITION MODELING (FDM) 

 

 

2.1   Basic Principles of FDM 

2.1.1   Overview  

 FDM is a process that melts and deposits thermoplastic polymer layer-by-layer onto a 

substrate. After extrusion through a printer head, the polymer hardens when it cools down. 

Typically, filaments are stored on a rotating spool on the side of the machine, which features a 

rotating gear mechanism to control the uptake. Developed in 1991 and commercialized by 

Stratasys in 1996, FDM has become ubiquitous in the manufacturing industry [4]. It is one of the 

most important Additive Manufacturing techniques due to its versatility in building prototypes 

and functional parts. The fabrication process is directed by instructions derived from a digital 

model of the part. 

2.1.2   Material Deposition and Operation 

 The basic principles of FDM are summarized in Fig. 2.1. The build material and support 

material are located on reels located at the sides of the machine. They are fed upwards through a 

tube into the extrusion head via drive wheels controlled by the machine. The build material is the 

material that will make up the final part, while the support material is sacrificial. Parts that have 

free hanging parts must have support structures, since the filaments cannot be deposited in mid-

air. These support structures are dissolved in a solution and removed after the part is finished. 

Within the extrusion head is a liquefier, which heats and melts the material to be extruded 

through the extrusion nozzle. This material is deposited onto the base collector plate, which is 
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also heated to aid in the adhering of the build material to the plate. The temperature of the plate 

is below the glass transition temperature of the extruded filament, allowing for the liquefied 

filament to solidify upon contact. 

The X-Y element of the deposition process is controlled by movement of the extrusion 

head in the X and Y directions. Once a single layer of the structure has been completed and 

successfully deposited onto the base collector plate, the build platform is lowered slightly. The 

process repeats, and another layer is deposited onto the previous layer, eventually generating a 

3D model.  

 
Fig. 2.1: Basic Working Principles of FDM [9] 
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2.2   Equipment and Software 
 

2.1.1   Machine Selection 
 

 FDM uses 3D printers to fabricate parts. While there are many 3D printers available 

commercially on the market, the ones used in this thesis are Airwolf 3D and Flashforge Creator 

(Fig 2.2 and Fig 2.3). Flashforge Creator utilizes rigid polylactic acid (PLA) while Airwolf 3D 

can accommodate flexible thermoplastic polyurethane (TPU) and acrylonitrile butadiene styrene 

(ABS). Because the Flashforge Creator utilizes only a single material, the machine itself has 

been optimized to print structures reliably. The Airwolf 3D has proven to be far less reliable, and 

is prone to frequent jamming and aborted prints due to its dual-material nature. 

 

 
Fig. 2.2: Airwolf 3D [12]    Fig. 2.3: Flashforge Creator [13] 

 

2.1.2   STL Files and CAD Programs 
  

 In order to create a 3D model of an object, it must be first drawn in a CAD program like 

SolidWorks. After the drawing is complete, it is loaded into a program like MakerWare or Cura 

to convert it into a stereolithography (STL) file. The STL file format is widely used in additive 
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manufacturing techniques, and is compatible with most CAD packages. It describes the surface 

geometry of the 3D model without any color, texture, or any other attributes [6].  

The infill density of a structure is also defined by the STL file. Within each part that is 

fabricated, there is a honeycomb structure. This honeycomb structure contributes to the structural 

integrity of the entire part, and can provide a varying degree of rigidity depending on user 

specification. Once the STL file is prepared, it is loaded into a user settings program like 

Repertoire, which allows the parameters for the fabrication process to be chosen. These settings 

include, but are not limited to extrusion temperature, extrusion speed, volume infill, and more. 

After the appropriate settings have been selected, the program generates a final file in gcode 

format to be loaded directly onto the 3D printer, which then fabricates the part. 
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2.3   Immunoassay Structures 
 

2.3.1    Design and Prototype 
 

 The possibility of utilizing moving parts in a fabricated device is relatively novel in the 

field of Additive Manufacturing. Conventional FDM machines utilize stiff thermoplastics, like 

ABS and Nylon. Elastomeric materials are less common, but available. Of particular interest is 

the fabrication of microfluidic devices using elastomeric materials, like in a disease-detecting 

immunoassay platform (Fig. 2.4).  

 
Fig. 2.4: 3D Model of an Immunoassay with Embedded Channels [10] 

 

 The initial design of this immunoassay was pioneered by Maria Bauer, a PhD student 

under the guidance of Dr. Lawrence Kulinsky at the University of California, Irvine [10]. Her 

design involves first fabricating a base structure via FDM (Fig. 2.5) and inserting a molded 

silicon dome over the reagent chambers (Fig. 2.6). 

Fabrication of the device is extremely time-consuming and cumbersome: the two-step 

process of creating the base structure via FDM and molding the domes is an exhaustive process 

that can take days due to the curing process required. Furthermore, bonding the silicon domes to 
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the base structure requires additional attention and is prone to air and liquid leakages, so creating 

a working device requires multiple attempts. To simplify the entire fabrication process, the entire 

structure can be fabricated using a single elastomer material to allow for a streamlined 

fabrication process. This principle can be extended to any microfluidic device requiring flexible 

parts. 

 
 

Fig. 2.5: Immunoassay Base Structure [10] 

 

 
 

Fig. 2.6: Molded Domes Inserted Above Reagent Chambers [10] 

 

2.3.2   Enzyme-linked Immunosorbent Assay (ELISA) 
 

The immunoassay illustrated in Fig. 2.6 utilizes a technique known as ELISA to detect 

diseases. ELISA detects the presence of a specific antigen in a sample and is one of the most 
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widely used assay techniques today [14]. It can be performed on an automated workstation (Fig. 

2.7) or manually in a laboratory. The ELISA assay used in this thesis a stand-alone platform that 

is intended to be used in developing countries without access to expensive automated 

workstations. 

 
Fig. 2.7: ELISA Automated Workstation [16] 

 

There are four different types of ELISA tests: Direct ELISA, Indirect ELISA, Sandwich 

ELISA, and Competitive ELISA (Fig. 2.8). 

 Direct ELISA: antigen is attached to the bottom of the wells, followed by a 

primary antibody conjugate labeled by an enzyme. 

 Indirect ELISA: antigen is still attached to the bottom of the well, but the primary 

antibody is not labeled with an enzyme. Instead, a secondary antibody conjugate, 

labeled by an enzyme, binds to the primary antibody.  

 Sandwich ELISA: antigen is not directly bound to the bottom of the well. A 

capture antibody specific to the antigen is affixed instead, and ―holds‖ the 

antibody over the wells.  

 Competitive ELISA: simultaneous addition of competing antibodies [17]. 
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Fig. 2.8: Various Types of ELISA [17] 

  

2.3.3   Operational Principles 
 

Indirect ELISA is used in this thesis to test the functionality of fabricated devices. This 

process can be summarized in five steps (Fig. 2.9): 

1. A prefabricated membrane containing specific antigens must be obtained from a 

vendor. These antigens will only bind to a specific antibody, so the appropriate 

membrane must be purchased for different diseases. 

2. The sample is pipetted onto the membrane. If the target antibody is present within 

the sample, it will bind to the antigen. Incubation occurs for an hour. 

3. A washing buffer is applied to wash away any unbound antigen, followed by the 

addition of secondary antibodies. This secondary antibody contains a color-

changing enzyme marker when developed with a substrate. Incubation occurs for 

30 minutes. 

4. A washing buffer is applied again, followed by a TMB substrate. This causes the 

enzyme marker to change color proportionate with the amount of antibody 

present. The sample is allowed to rest in the dark for 15 minutes. 

5. A stop solution is applied to halt the color change. This allows for quantitative 

measurement of the change in color intensity [10]. 
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1) Wells 

covered with 
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Fig. 2.9: Summary Steps of an Indirect Assay [10] 

 

 The washing buffers, TMB substrate, and stop solution are contained within reagent 

chambers in the immunoassay. These reagent chambers are covered with flexible blue dome 

structures (Fig. 2.6). Robotic arms controlled by servomotors press down on the domes to 

displace the reagents into the wells, following the steps outlined above. The end result in color 

change is read and interpreted through a special application that utilizes a smartphone camera. 
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2.4   Design for Additive Manufacturing 
 

2.4.1   Initial Evaluation of Elastomer Capabilities 
 

 The first iteration of the ELISA immunoassay was created using rigid ABS for the 

platform and soft molded silicon for the dome pumps. Fabricating the entire structure using 

thermoplastic polyurethane (TPU) entailed its own set of challenges, and required a streamlined 

process of testing and design revisions. The components of the immunoassay were separated into 

distinct design parts for experimentation. These included: 

 Channel design: shape and diameter of the channels 

 Pump design: geometry and size of the pumps 

 Platform design: integration of pump and channel with wells 

The first component to be trialed was the channel. A cube featuring several channels was 

drawn up on SolidWorks and fabricated using the suggested extrusion settings for ABS. While 

these settings were not expected to be optimal, they served as a convenient starting baseline, 

since the settings for TPU had not yet established. Each channel in the cube featured a different 

shape: circular, large oval, and oval (Fig. 2.10).  

Circular channels are the most common shape, because a circular geometry allows for 

easier material deposition. Because FDM is a layer-by-layer deposition process, subsequent 

layers must be deposited on existing layers. Each layer forms a support matrix, distributing the 

weight of the structure evenly. This concept can be compared to how an arch bridge derives 

much of its strength from its uniform distribution of weight. However, this principle only applies 

for small circular channels. If the channel diameter is too large, the layers will begin to collapse 

on one another, so large channels typically must be oval instead. Note that the oval channel 

within the cube was fabricated vertically. This is by intentional design. The problem of layers 
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collapsing would have persisted if the oval channels had been fabricated horizontally. Overall, 

the three test channels were of satisfactory quality without any obvious defects. 

The second component to be trialed was the dome. A dome replicating the silicon dome 

from the immunoassay device was fabricated to determine how structural geometry would affect 

mechanical properties (Fig. 2.11). To be a functional elastomer pump, the structure needed to be 

able to displace fluid upon application of pressure to the dome. However, the dome was very 

rigid in the Z direction, to the point where it could not be pressed down at all. Conversely, the X 

and Y directions were quite flexible. The mechanical properties observed can be explained by 

simple physics.  A dome has no angles, and distributes any weight applied to the top evenly to 

the entire structure. While this structural strength may be beneficial in some applications, like in 

the building of houses, it is clearly a detriment when attempting to fabricate a flexible pump. 

 To account for the dome’s strength in the vertical direction, the structure’s wall thickness 

was decreased in the CAD drawing. While this modification allowed for the dome to be pressed 

down like a pump, it decreased the structural strength in undesirable ways: the top of the dome 

was unable to form properly in the fabrication process. The weight of the deposited filaments 

caused the previous layers to collapse inwards in two different test structures. This resulted in 

porosity at the top of the dome (Fig. 2.12). For a pump to work properly, it must be airtight in 

order to displace air when pressed down upon. Porosity was an unacceptable side effect of 

decreasing wall thickness. However, without decreasing wall thickness, the dome would not 

have been flexible enough to function as a pump in a microfluidic device. With this in mind, a 

new structure was designed with a more innovative geometry that would be flexible enough to be 

pressed down and be free of porosity. 
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Fig. 2.10: Test Cube with Circular and Oval channels 

 

 

 
 

Fig. 2.11: TPU Elastomer Dome Pump 
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Fig. 2.12: TPU Elastomer Dome Pump with Pores on Top 

 

2.4.2   First Generation Structure Design 
 

 To overcome the problem of a dome’s structural strength in the vertical direction, the 

dome shape itself was redesigned into a very thin oval shape to allow it to be pressed from the 

side to displace fluid. Because the channel design had already been trialed successfully, this 

revision incorporated an oval channel (Fig. 2.13). At the top of the pump, there were small 

holes—likely due to flat geometry. During the deposition process, once the walls had been 

completed, the 3D printer began to deposit filaments in a straight line across the top. These 

filaments sagged under their own weight due to a lack of support, eventually resulting in holes. 

The typical solution to this problem would be to build support pillars under the weak filaments. 
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However, building pillars within the pump would decrease the volume of fluid it could hold and 

also render it too difficult to be pressed upon to displace fluid. 

 

 
 

Fig. 2.13: TPU Elastomer Oval Pump with Channel 

 

 A recurring theme was becoming apparent during the design process: circular structures 

were generally much more stable than non-circular ones. This principle was observed both in the 

channel and pump designs: circular channels resulted in less fluid leakage; circular pump 

geometries resulted in less porosity. Armed with this knowledge, the top of the pump was 

modified to have a more rounded geometry (Fig. 2.14). Additionally, a reservoir was added to 

the end of the channel to allow the structure to be tested with actual fluid. Upon completion of 

the fabrication process, the pump was still observed to have some slight porosity at the top. 

There were also sections at the side of the pumps which contained holes. Theoretically speaking, 

the structure should not have had any of these defects. It was then suspected that the extrusion 

settings were somehow adversely affecting the structures. 
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Fig. 2.14: TPU Elastomer Pump with Rounded Top 
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2.4.3   Extrusion Rate and Print Speed Settings 
 

Extrusion rate and print speed settings were two candidates suspected of being 

responsible for the observed porosity in the first generation structures. Extrusion rate refers to 

how much filament passes through the extrusion nozzle. The 3D printers by default extrude at 

100% extrusion, and can speed up extrusion up to 200% extrusion rate. Print speed refers to how 

fast the nozzle head moves when depositing filaments, similar to how a printer head cartridge 

moves across paper when depositing ink. This speed is measured in mm/s and can be adjusted up 

to 150 mm/s. Structures like the ones depicted in Fig. 2.14 can take up to 8 hours to print.  

Modifying each extrusion setting one by one and fabricating entire structures would 

consume a large amount of time and material. To account for this, a very small square featuring a 

thin channel and a wall was designed for testing purposes. This square was fabricated 

systematically with various settings and the results of these trials are outlined in Table 3.1 and 

illustrated in Fig. 2.15. Each sample in Table 3.1 was rated using a plus (+) and minus (–) system 

based on three categories:  

 Porosity: severity of holes on structure 

 Channel integrity: formation and structure quality of the channel 

 Stringiness: amount of excess fibers in and around the structure 

If a structure demonstrated minimal porosity, it was assigned a plus (+) rating. Otherwise,  

it was assigned a minus (–) rating. The same convention was followed for the other two 

categories. For example, a structure with minimal porosity, poor channel integrity, and minimal 

stringiness would be rated +/–/+. Note that the test square locations in Fig. 2.15 correspond to the 

positions in Table 3.1 (e.g. the top left test square is Structure #1 and of +/+/+ rating). There is 
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no photo for Structure #9 because the fabrication process failed mid-way through due to a 

buildup of material. 

From the results, it is apparent that lower extrusion rates and lower print speeds 

correspond to better quality: Structure #1 is the product of the lowest print speed (13 mm/s) and 

the lowest extrusion rate (100% extrusion). This trend can be explained through the diameter of 

deposited filaments. In an ideal setting, filaments should be uniform in diameter during the entire 

fabrication process. However, without optimized settings, this is rarely the case. With faster print 

speeds, it is more typical for filaments to be stretched out. Stretched filaments have a smaller 

diameter at the center and a larger diameter at the sides. This occurs because the nozzle head is 

moving faster than filament can be extruded.  

A consequence of filament stretching is porosity. Compare the stacking of non-uniform 

diameter filaments to the stacking of wooden logs. A series of logs with uniform diameter would 

fit easily together without much internal stress. However, if the diameters were all decreased at 

the center and increased at the sides, the stack of logs would eventually collapse due to an 

uneven distribution of weight. This observation manifested itself in the test squares in two ways:  

1. In the squares with faster print speeds, there were defined characteristic 

diagonal lines where filament had been deposited. These lines are visible due 

to the stretching of filaments, like in Structures #7. 

2. The channel (thin strip through the center) was not properly formed and 

contained areas that had collapsed internally in Structure #6. 

Characteristic diagonal lines indicate that deposited layers may not be aligned correctly 

When fabricating microfluidic devices, this is problematic because misaligned layers almost 
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always lead to fluid leakage, causing device failure. Similarly, collapsed channels also pose a 

challenge because fluid will be prevented from passing through. 

Improperly optimized settings can also lead to filament build-up, which is opposite of 

filament stretching.  Filament build-up refers to too much filament being deposited, and can 

result in disproportioned structural features. For example, when fabricating straight channels, 

there might be lots of excess filament deposited in or around the channel. Sometimes, the 

filament can accumulate around the heated areas of the nozzle head and harden. While this does 

not explicitly cause device failure, the fabrication process can come to halt if the nozzle becomes 

obstructed.  

Table 2.1: Extrusion Settings for TPU 

 

 Print Speed (mm/s) 

13 15 17 

 

 

 

Extrusion Rate 

(%) 

 

100 

Structure #1 

Rating: +/+/+ 

Structure #2 

Rating: +/–/– 

Structure #3 

Rating: –/–/+ 

 

115 

Structure #4 

Rating: +/+/– 

Structure #5 

Rating: +/+/– 

Structure #6 

Rating: : –/–/– 

 

130 

Structure #7 

Rating: +/+/– 

Structure #8 

Rating: –/–/– 

Structure #9 

Rating: : –/–/– 
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Fig. 2.15: TPU Extrusion Setting Test Squares 

 

The trends observed in the previous trials were further confirmed through another three 

test squares (Table 2.2). The extrusion rate this time was kept constant because it had already 

been established that low extrusion rates and low print speeds were optimal. However, to 

demonstrate more dramatically the effects of filament stretching, the print speed was set 

significantly faster. As predicted, the structure with the fastest print speed was subject to severe 

porosity (far right structure in Fig. 2.16). The trial results suggest that low extrusion rates and 

low print speeds correspond to more reliable results. Note that Table 2.2 follows the same rating 

convention used in Table 2.1. 
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Table 2.2: Extrusion Settings for TPU with Single Extrusion Rate 

 

 Print Speed (mm/s) 

15 20 30 

Extrusion Rate 

(%) 

100 Structure #10 

Rating: +/+/+ 

Structure #11 

Rating: : –/–/+ 

Structure #12 

Rating: : –/–/– 

 

 

 
 

Fig. 2.16: TPU Extrusion Setting Test Squares (Constant Extrusion Rate) 

 

2.4.4   Layer Thickness and Print Resolution 

 

 Layer thickness is another parameter that can affect quality, and refers to the diameter of 

filaments extruded out of the 3D printer nozzle. In Additive Manufacturing, smaller layer 

thicknesses lead to more realistic representations of fabricated parts. For example, when 

fabricating a dome, a 3D printer will stack circular layers of filament horizontally with each 

successive layer slightly smaller in diameter. Ideally, the change in diameter between layers 

should be as small as possible. However, because of machine limitations, this is not always the 

case (Fig. 2.17). The left dome in Fig. 2.17 is an ideal theoretical dome with no imperfections. 

The right dome is a realistic dome, utilizing larger layer thickness. It can be seen that the larger 

layer thickness has produced a visible staircase feature between each layer. 
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Fig. 2.17: Dome Structure Illustrating Effects of Layer Thickness [6] 

 

 Staircase features are quite common in structures fabricated using FDM because of layer-

by-layer deposition. Minimizing these features is imperative when optimizing a printer’s 

fabrication settings. However, achieving small layer thickness is no simple feat. In FDM, the 

print resolution of a final product is determined by the X-Y and Z ―step‖ directions. After each 

layer is deposited, the machine lowers the build platform by some arbitrary distance in the Z 

direction. The distance the platform is lowered after each layer affects the print quality, with 

smaller distances corresponding to higher resolution. This additional factor of ―step‖ direction 

distance exacerbates the problem of minimizing layer thickness: if the layer thickness exceeds 

the Z ―step‖ direction, the nozzle head will scrape along the next layer.  

Current FDM technology is often referred to as ―2.5D‖ printing, due to its excellent 

control in the X-Y direction and its limited control in the Z direction. The Z ―step‖ direction for 

every machine is unique and typically cannot be changed. It is for this reason that layer thickness 

must be calibrated carefully. Calibrations for the machines were conducted using three pump and 

channel structures with varying layer thickness (Fig. 2.18). These structures were fabricated 

using the optimized extrusion rate and print speed settings obtained from the previous trial: 

100% extrusion rate and 13 mm/s respectively (Table 2.3). The quality rating convention for this 

set of samples is composed of two categories:  
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 Layer alignment: accuracy of layer deposition 

 Surface texture: smoothness of surface 

 

 
 

Fig. 2.18: Pump and Channels Illustrating Layer Thickness Effects 

 

Table 2.3: Layer Thickness Effects on Print Quality 

 

Layer Thickness Print Quality 

0.2 mm 

(Left Structure) 

Structure #13 

Rating: +/– 

0.5 mm 

(Center Structure) 

Structure #14 

Rating: –/– 

1.0 mm 

(Right Structure) 

Structure #15 

Rating: +/+ 

 

 It had been theorized that smaller layer thickness would correspond to better quality, but 

the results indicate otherwise. In Structure #13 and Structure #14, there were areas where 

deposited layers were fused incorrectly. This is most characteristic on the pump portion of 

Structure #14 and is likely the result of layers being misaligned. In an ideal setting, a 3D printer 

will deposit successive layers of filament over one another (Fig. 2.19). The room for error in 

placement location becomes much smaller as layer thickness decreases. With smaller layer 

thickness, even a small error in deposition location can result in very noticeable deformities. 



 

32 

 

Compare this process to the stacking of bricks. If the bricks are very large, small imperfections in 

stacking location would not be very detrimental to the overall structure being built. However, if 

the bricks were tiny, small imperfections in stacking location might actually correspond to a 

distance larger the diameter of the brick itself. Thus, relatively speaking, there is less room for 

error in smaller layer thickness.   

 

 
Fig. 2.19: Layer Deposition Process [6] 

  

2.4.5   Second Generation Structure Design 
 

 With the extrusion rate and print speed settings optimized, along with layer thickness, a 

second generation prototype was developed. This prototype combined the elements of pump and 

channel along with two reagent chambers. The prospect of having more than one reagent 

chamber would allow for more than one assay to be performed at once. Additionally, a more 

rounded top was implemented to safeguard against any possible porosity at the top of the pumps 

(Fig. 2.20). To test for leakages, colored water was injected into the pump using a syringe. The 

perforation caused by the syringe was not expected to leak any fluid due to the elasticity and 

hydrophobicity of thermoplastic polyurethane. Indeed, there was no leakage out of the 

perforation, but there were leakages elsewhere. In some areas of the pump, there were 

microscopic beads of water that emerged upon application of pressure to the pump. Although 



 

33 

 

there was no visible porosity in the structure, leakages still occurred due to the layer-by-layer 

deposition process of FDM. Several methods were devised to combat the problem of leakage: 

1. Increase cross-sectional areas of the channels. This would reduce the amount of 

force required to displace fluid, and would decrease the likeliness of fluid beading 

through the pump walls. 

2. Submerge the entire structure in acetone. This would slightly bond the deposited 

layers together and theoretically prevent leakage. 

3. Inject liquid hot wax into the structure. This would coat the interior walls with a 

leak-proof wax layer. 

 

 
 

Fig. 2.20: Second Generation Pump and Channel (Front and Top) 

 

Of the methods proposed, increasing cross-sectional area was the most feasible. 

Submerging the structure in acetone or injecting wax risked leaving unwanted residual 

compounds within the pump. This could have potentially contaminated reagents and buffers 

contained within the pump during immunoassay testing. Both of these methods involved 

modifying the internal walls to address the problem of fluid leakage. Since internal residual 
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compounds posed an enormous issue, external coating methods were considered. The structure 

was then coated using Plasti Dip (a hydrophobic synthetic rubber) and left to air dry. Upon 

testing, there was no visible leakage. 

The pump-channel-reservoir structures trialed thus far were all miniaturized versions of 

the final immunoassay device. Downsizing the device was a strategic choice to save both 

material and time: fabricating entire structures with each design iteration would have been an 

enormous time commitment. With the optimization of print settings and post-fabrication 

coatings, a complete immunoassay structure featuring four pumps and two reservoirs was 

designed (Fig. 2.21).  This structure was fabricated using the optimized print and layer thickness 

settings tested previously. The channel cross-sectional areas were increased to decrease the 

amount of force required to displace fluid, and the entire structure was coated with Plasti Dip 

after fabrication. 

 
 

Fig. 2.21:  Complete Immunoassay Structure (Front and Top) 



 

35 

 

 The increase in channel cross-sectional area and Plasti Dip coat served their purpose: 

there was no leakage observed upon pumping colored water through the channels into the 

reservoirs. However, incorporating two reservoirs into the structure proved to be too ambitious. 

Upon application of pressure to the pumps, the amount of reagent deposited into each reservoir 

was not consistent. This occurred because there were two channels connected to the pump. 

Normally, if the pump has no force applied to it, hydrostatic pressure and hydrophobicity is 

enough to keep fluid from flowing out. But with two channels, the effects of hydrostatic pressure 

are not as strong and fluid can leak into the reservoir, even with no force applied to the pump.  

Note that this leakage is not leakage through the walls of the structure, as had been the problem 

previously, but leakage from the pumps into the reservoir. There had to be a compromise 

between the number of channels, channel diameter, and leakage due to a lack of pressure. The 

compromise eventually took the form of eliminating one of the reservoirs completely (Fig. 2.22).  

 The single-reservoir design featured pumps that were flat on one side to accommodate 

servomotors. Guided using a specially designed program, these servomotors would exert force 

onto the pumps to displace the appropriate amount of reagent into the reservoir with minimal 

human interaction. However, pumps that are rounded on both sides are not rigid enough to 

withstand a servomotor’s application of force without deforming into unwanted geometries. 

Having one flat side ensures that the pumps maintain their structural integrity and shape. The 

channels themselves were oriented such that they would connect perpendicularly to the reservoir. 

This would ensure that the openings of each channel into the reservoir would be the same shape 

for each pump. Despite these precautions, the problem of leakage was ever so slight. The 

hydrophobic forces within the channels were not strong enough to hold back the fluid from 

within the pumps.  
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Fig. 2.22: Single-Reservoir Immunoassay Structure 

 

 To further combat the problem of leakage, the reservoir was elevated. This ensured that 

there would be minimal to no leakage, since the fluid would have to overcome both hydrophobic 

and gravitational force to flow into the reservoir. Fig. 2.23 illustrates the final changes made to 

the design. The structure features a reservoir that is elevated to prevent fluid leakage, as well as a 

small overflow waste chamber connected to it. This chamber is intended to prevent spillage out 

of the reservoir in the event that too much force was exerted on the pumps.  

 
 

Fig. 2.23: Elevated Single-Reservoir Immunoassay Structure 

 

  



 

37 

 

2.4.6   Conclusion 

Certain geometries, like ovals, are advantageous in their structural strength and resilience. 

Combining oval geometries with the correct settings is imperative in producing functional 

devices. Generally speaking, slow print speeds with low extrusion rates are optimal in 

maintaining high resolution, and wall thicknesses should not exceed nozzle extrusion diameter to 

prevent deformation of parts. Overall, the process of designing parts for additive manufacturing 

is one of trial and error. By experimenting and modifying one parameter at a time, an optimal set 

of fabrication settings can be determined. 
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2.5   Machine Troubleshooting 
 

 When working with any sort of machine with movable parts, there are bound to be 

complications over time due to wear and tear. 3D printers come with their own quirks, and are no 

exception. Over the course of this thesis, there were three major recurring problems with the 

printers:  

 Filament obstruction 

 Lack of adhesion to build plate 

 Nozzle scraping 

The three problems mentioned above were exhibited in all stages of the design process,  

particularly when pertaining filament obstruction. 3D printers work by feeding thermoplastic 

filaments from filament spools through a feeding tube into heated extrusion heads. The 

mechanism of feeding is through a series of rolling gears with jagged ―teeth‖ on them. Over 

time, these gears become worn, and eventually the ―teeth‖ are unable to grip the filament. This 

problem is further exacerbated through friction between the filament and the feeding tube. When 

using ABS, there is normally no problem because ABS is not elastomeric and is smooth to the 

touch. Using TPU introduces the problem of friction, because it is elastomeric and is somewhat 

sticky when touched. This friction contributes to the accelerated wear and tear of the gears, since 

they must produce more force to overcome the frictional force in the tube. A solution devised 

was to shorten the tube by cutting part of it off. This decreased the surface area in contact 

between the tube and the filament which in turn, decreased stress on the gears. The gears were 

also disassembled and cleaned thoroughly with pressurized air to remove any excess debris 

trapped between the ―teeth‖. 
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 Lack of adhesion to the build plate was also a recurring problem. More than often, the 

fabricated parts would peel off the build plate half-way. The 3D printer manufacturer suggests 

that the build plate be heated for all prints, but this introduces the issue of thermal expansion: 

once the part begins to cool down, it changes size and warps. This warping inevitably causes the 

part to become detached from the build plate, resulting in a failed fabrication. Several strategies 

were attempted to mitigate the problem: 

 Coat the build plate with sticky double-sided tape  

 Coat the build plate with an adhesive polymer developed by the manufacturer 

 Lower the temperature of the build plate 

Of the strategies attempted above, a combination of lowering build plate temperature and  

application of adhesive polymer proved to be effective. The double-sided tape did not fare well 

because it had to be replaced between each part fabrication and also left a sticky residue on the 

build plate. The adhesive polymer was effective in preventing part peeling, and the lowered 

temperature reduced the effects of thermal expansion. 

 Lastly, nozzle scraping was a relatively minor problem encountered. As discussed in 

previous sections, if the diameter of the filament being extruded out of the nozzle exceeds the 

nozzle diameter, the nozzle will scrap along the next layer. This causes the next layer to be 

―flattened‖ by the nozzle, and deforms the part to some degree. The solution to this is simple: 

decrease the extruded filament diameter to be less than or equal to the nozzle diameter. 
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CHAPTER 3: STEREOLITHOGRAPHY (SLA) 

 

 

3.1   Basic Principles of SLA 

3.1.1   Overview 

 SLA is a process that directs ultraviolet light onto the surface of a reservoir vat filled with 

photosensitive resin to create parts. Developed in 1986 by Charles W. Hull and commercialized 

by 3D System Inc., SLA remains one of the principal methods of additive manufacturing 

alongside FDM [20]. The fabrication process is directed by instructions derived from a digital 

model (STL file) of a part. 

3.1.2   Material Deposition and Operation 

Fig. 3.1 illustrates the basic working principles of SLA, which is composed of three 

components: 

 Computer-controlled laser 

 Liquid resin bath 

 Movable elevator 

The computer controlled-laser is guided by a scanner system and exposes the surface of 

liquid resin to UV light through a laser beam. This exposure crosslinks the surface of the resin 

and is directed by an STL file. Within the liquid resin bath is a movable elevator. It is on this 

elevator on which the part is fabricated on. After each layer deposition is complete, the elevator 

is lowered in the Z direction and the process repeats, with subsequent layers deposited 

(crosslinked) onto existing layers until the entire part is finished. Completed parts are submerged 
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in acetone to remove excess resin, after which a secondary curing process within a specialized 

UV light chamber is required to complete the crosslinking. 

 

Fig. 3.1: Basic Working Principles of SLA [19] 

 

The process described previously is one of two variants of stereolithography, which differ 

in where the exposure to UV light occurs. These exposures can occur in two distinct places: at 

the resin/open-air interface or at the resin/glass interface. In process described above and 

illustrated in Fig 3.1, the surface of the resin is exposed and crosslinked at the resin/open-air 

interface. The implication of this is that the platform is lowered after each layer deposition, and 

the part remains within the resin bath during the entire fabrication process.  

The resin/glass interface exposure variant is more complex. Instead of the laser beam 

striking the surface of the resin, it enters through a transparent glass window located on the 

bottom face of the resin bath. Because the part is fabricated from the bottom, the platform must 

be raised after each layer deposition, meaning that the part remains outside of the resin bath 

during the entire fabrication process except at the crosslinking interface (Fig. 3.2). This method 

is advantageous in that the resin/glass interface is always flat, since crosslinking occurs through 

the glass from the bottom. In resin/open-air interface crosslinking, sometimes the interface may 
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not be completely flat due to the viscous nature of resin. Crosslinking non-flat surfaces can lead 

to deformation of parts and is an undesirable side-effect of the resin/open-air interface method. 

However, the resin/glass interface method is not without its disadvantages. Because the laser 

must cross through the glass window, any clouding or distortion of the window can degrade 

resolution, since the laser cannot pass through unimpeded. The advantages and disadvantages of 

the two stereolithography variants are summarized in Table 3.1. 

 

Table 3.1: Summary of Stereolithograhy Variants 

 

 Resin/Open-Air Exposure Resin/Glass Exposure 

Advantages No risk of window clouding or 

laser impediment 

Flat interface for crosslinking 

with minimal risk for part 

deformation 

Disadvantages Risk of non-flat interface and 

part deformation 

Window clouding can distort 

laser and affect resolution 

 

 

 
 

Fig. 3.2: Raised Platform After Crosslinking [21] 
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3.1.3   Comparison of FDM vs. SLA 
 

 FDM and SLA both have their merits, and it is important to examine the limitations of 

both processes (Table 3.2). Understanding the inherent advantages and disadvantages of FDM 

and SLA allows for a streamlined design for additive manufacturing process [23]. There are 

several main categories where FDM and SLA differ: 

 Materials used 

 Precision and resolution 

 Adhesion and removal after printing 

 Post processing 

 Cost 

FDM printers generally use stiff PLA, ABS, or nylon filament. For this thesis, flexible  

TPU is used. These filaments come in a roll and can differ in color depending on customer 

specification. Some devices may require opaque colors when working with light sensitive 

materials. The resolution of parts made from FDM is dictated by nozzle size and precision is 

dictated by X-Y movement. Depending on the part made, bonding between layers may be weak 

and warping may occur. This may or may not compromise the resolution of the finished part. 

Adhesion to the build plate in FDM is generally not a problem because it is heated. However, 

some parts may have difficulty adhering to the build plate if there is not enough surface area in 

contact with the plate. Finished parts do not require post processing, save for removal of support 

material. The overall cost is inexpensive, with most filament rolls costing between $20 and $50. 

 SLA machines are limited to photosensitive resin. These resins are highly prone to 

crosslinking, even when exposed to ambient light. The resin baths in SLA machines must be 

replaced regularly to maintain a high quality of finished parts. The tradeoff of using resin is that 
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SLA consistently produces higher resolution parts. Resolution is dictated by the laser optical size 

in the machine and not the nozzle size as would be in the case for FDM. Parts made using SLA 

contain much finer details as a result. Removal of said parts from the build plate can be 

extremely difficult because the resin is extremely adhesive and viscous. Once parts have been 

removed, they must be soaked in a bath of acetone to dissolve any non-crosslinked resin. Post-

curing in a UV oven may be required depending on part design. The overall cost is very 

expensive: the resin used this thesis was purchased at a rate of $150 for 500 mL of resin. 

 

Table 3.2: Summary of FDM vs. SLA 

 

 FDM SLA 

Materials Used PLA, ABS, Nylon, TPU Resin 

Precision and Resolution Somewhat poor Excellent 

Adhesion and Removal Easy Very Difficult 

Post Processing Removal of support material Soak in acetone,  

Additional UV curing  

Cost Inexpensive Very Expensive 
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3.2   Current Work 
 

3.2.1  Elastomeric Materials 
 

 The use of elastomeric materials in SLA is well-documented in academic literature. 

Because of its flexible nature, elastomeric materials are suitable for use as valves. Sodian et al. 

(2002) fabricated heart valve scaffolds using SLA. To recreate the correct anatomic structure of 

pulmonary and aortic valves, the CAD models were derived from x-ray computed 

representations of an actual heart. Using a thermoplastic elastomer, a functional and anatomically 

correct plastic model was created (Fig. 3.3). The valves were then tested in a pulsatile bioreactor 

and the leaflets of the valves opened and closed properly. Sodian et al. (2002) concluded that 

rapid prototyping was a useful method for the reproduction of complex anatomic structures. [22]. 

 

 
 

Fig. 3.3: Aortic Heart Valve [22] 

 

 The applications of elastomeric materials in SLA are not limited to just heart valves. 

Using a similar approach as Sodian et al. (2002), Çötert (2015) fabricated prototype ear 

prostheses derived from a computer tomography scan of a patient [24]. The prototype was then 

duplicated using wax, and processed using a pack and press technique with polydimethyl 

siloxane elastomeric material to create functional ear prostheses (Fig. 3.4-3.5). Çötert concluded 
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that the use of stereolithography was suitable for rapid prototyping of ear prostheses, due to its 

ability to produce natural looking models when compared to freehand sculptured ones. Higher 

expenses required for virtual modeling, as well as irradiation during CT x-ray scanning were 

cited as potential disadvantages. 

    
 

Fig. 3.4: Prosthesis Wax Prototype          Fig. 3.5: Elastomeric Prosthesis 

 

3.2.2   Elastomeric Domes 
 

 Domes created using elastomeric materials are useful due to their shape geometry. Han et 

al. (2008) designed and fabricated dome valves for use with glass microfluidic systems, which 

were advantageous in their ability to avoid unwanted fluid leakage [25]. When compared to 

conventional straight-hole microvalves, domes were geometrically superior in terms of ease of 

integration with microfluidic devices, and in fluid flow control. The microfluidic system 

interface (MSI) was primarily created using SLA, due to its ability to fabricate 3D structures 

with minimal constraints (Fig. 3.6). SLA also allowed for the integration of electrical, 

mechanical, and optical components as a part of the fabrication process. The MSI was bonded to 

a glass plate with a latex sheet in between, with the valve port pressing the latex sheet into the 

dome shaped crevice on the glass plate. This created a dome-shaped microvalve. 
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Fig 3.6: Microfluidic System Interface with Elastomeric Dome [25] 
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3.3   Equipment and Software 
 

3.3.1  Machine Selection 
 

 To fabricate parts, SLA utilizes specialized machines featuring a reservoir of resin and a 

UV laser apparatus (Fig. 3.7). The reservoir is surrounded by a transparent box, which filters UV 

light to prevent unintended crosslinking from ambient light. The SLA machine used in this thesis 

is known as Form 1+ and is manufactured by Formlabs. Form 1+ is capable of producing 

features as small as 300 microns, and layer thicknesses between 25 and 200 microns [26]. The 

maximum build volume is 125 x 125 x 165 mm. There are a variety of materials that can be used 

with Form 1+, which include rigid and flexible resin. 

 

 
 

Fig. 3.7: Form 1+ SLA Machine [26] 
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3.3.2   Software and Associated Files 

 Like in FDM, in order to create a 3D model of an object, it must be drawn on SolidWorks 

and converted into a STL file. The Form 1+ machine uses a program known as Preform to read 

STL files. Preform serves a similar purpose as MakerWare and Cura for 3D printers in that it 

controls fabrication settings. These settings include wall thickness, laser crosslinking diameter, 

part orientation, part scaling, and more. After the appropriate settings have been selected, the 

program directs the machine to fabricate the part. 
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3.4   Design for Additive Manufacturing  

The design portion for additive manufacturing for SLA follows roughly the same 

standard procedure from the previous FDM section, and is intended to be a comprehensive 

demonstration of the additive manufacturing techniques discussed in this thesis. This involves 

first evaluating the capabilities of SLA through testing of small parts, and adjusting the settings 

of the fabrication process to produce a high-resolution ELISA bioassay device. The principles of 

ELISA were discussed in previous sections, and will be referenced when elaborating on design 

choices. 

3.4.1   Simple Pump and Channel Structure 

 A simple pump and channel structure was drawn on SolidWorks to serve as a test 

structure to evaluate the capabilities of SLA. This structure was composed of a hollow circular 

dome with a rectangular channel extruded out the side, and was designed to be air-tight and leak-

proof (Fig. 3.8). The hollow dome also served as a reservoir for washing buffer. 

Between each step of an ELISA assay, there must be a wash step to wash away any 

unbound malaria conjugate. When performing the assay by hand, it is conventional to use a 

micropipette to dispense the wash buffer from a beaker to the test wells. To simplify this process, 

the pump structure serves as both pipette and beaker. It serves as a beaker by housing the wash 

solution within the dome, and serves as a pipette through fluid displacement through the channel. 

This displacement is achieved through application of pressure on the dome structure. There were 

several design parameters to consider when creating this structure: 

1. Wall thickness: If the wall thickness was too large, the pump would not deflect 

under pressure and would not displace any wash buffer. If the wall thickness was 
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too small, the pump would exhibit cracking when subjected to repeated 

deformation.  

2. Channel diameter: If the channel diameter was too large, there would not be 

enough surface tension to retain the wash buffer within the pump: the wash buffer 

would simply leak out. Conversely, if the channel diameter was too thin, the wash 

buffer would require too much force to dispense. 

3. Support structures: Due to the nature of dome structures, it is not uncommon for 

there to be defects in the fabrication process towards the top of the dome. This is 

because as more and more layers are fabricated, the angle at which layers are 

deposited becomes larger. Support structures serve to mitigate this problem. 

 

 
 

Fig. 3.8: Cross-Sectional View of Pump and Channel Structure 
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As a starting baseline, a dome structure with a 0.1-inch diameter wall thickness was 

fabricated. This structure exhibited severe defects and cracking along the surface and contained 

areas where the dome portion began to peel off from the base (Table 3.3 – Structure A). These 

defects were likely caused by the walls being too thin and weak to support their own weight. To 

test this hypothesis, the wall thickness was increased to a 0.15-inch diameter (Table 3.4 – 

Structure C). The results were predictable: the walls exhibited much more resilience when 

pressed down upon. However, upon application of too much pressure, cracks propagated from 

the center of the dome. To account for this, a cylindrical support pillar structure was incorporated 

through the center of the dome (Fig 3.9).  

 

 
 

Fig. 3.9: Cross-Sectional View of Support Pillar 

 

 The support structure was tested with both the 0.1-inch wall diameter dome (Table 3.3 – 

Structure B) and 0.15-inch wall diameter dome (Table 3.4 – Structure D). The addition of 

support structures served two purposes: the first was to prevent cracks from forming on the 

dome; the second was to aid in the removal of excess resin from the structure. While it is 

conventional to submerge completed structures in acetone to dissolve any excess resin on the 
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surface, it is difficult for acetone to reach the interior. Deflecting the dome and then allowing it 

to return to its original shape can draw the resin in, but has the unfortunate effect of structural 

failure. Support structures aid in preventing this problem. 

 Increasing the wall diameter in all cases resulted in vast improvements in structural 

integrity. This can be seen clearly when comparing the structures in Table 3.3 and Table 3.4. 

Similarly, the addition of a support pillar structure dramatically aids in the prevention of crack 

propagation. The initial trial diameter of 0.2 inches for all samples was sufficient in both 

preventing leakages allowing for easy removal of resin. 

  



 

54 

 

Table 3.3: Dome Samples (0.15-inch wall diameter) 

 

 

 
Structure A 

 

 
Structure B 

Wall Diameter: 0.15 inch Wall Diameter: 0.15 inch 

Support Pillar: No Support Pillar: Yes 

 

 

Table 3.4: Dome Samples (0.20-inch wall diameter) 

 

 

 
Structure C 

 

 
Structure D 

Wall Diameter: 0.20 inch Wall Diameter: 0.20 inch 

Support Pillar: No Support Pillar: Yes 
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3.4.2   Reagent Downsizing 

Miniaturization of devices presents many advantages in field of manufacturing today. 

These advantages include, but are not limited to: 

 Lower material costs 

 Reduction of reagent and sample consumption 

 Faster device operation 

 Increased sensitivity and detection 

 Superior portability 

The malaria ELISA assay kit used in this thesis utilizes a very specific amount of reagent 

for each step in the assay. In the interest of miniaturization, these reagents were scaled and 

downsized to evaluate if a color change would still be observed in positive samples. The 

downsized reagent volumes and resulting color changes are summarized in Table 3.5. All 

reagents except wash buffer were initially trialed at 100 µL, and scaled down to 50 µL and 25 µL 

respectively. The wash buffer was unchanged at 300 µL for all trials because insufficient 

washing between each step can inadvertently lead to poor precision and false positives. 

 For all trials conducted, there was an observed color change regardless of downsizing 

(Fig. 3.10). However, not all of these color changes were of the same intensity. This was to be 

expected, because the amount of malaria conjugate binding to the well reservoir directly 

corresponds to the intensity of color change in positive samples. The top two wells for each 

sample are positive controls, and the bottom two wells are negative controls. It can be observed 

that decreased reagent usage leads to less prominent color change. The 25% downsized reagent 

trial led to a color change that is not easily discernable to the naked eye. Therefore, for practical 

purposes, the 50% scaling is appropriate for miniaturization. 
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Table 3.5: Summary of Reagent Volumes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

Reagent 100% (Normal) 50% (Downsized) 25% (Downsized) 

Wash Buffer 300 µL 300 µL 300 µL 

Positive Control 100 µL 50 µL 25 µL 

Negative Control 100 µL 50 µL 25 µL 

Malaria Conjugate 100 µL 50 µL 25 µL 

TMB Solution 100 µL 50 µL 25 µL 

Stop Solution 100 µL 50 µL 25 µL 

 

3.4.3   Ambient Temperature Incubation 

 Most biological reagents (like the malaria positive control) require an incubation period 

of one hour at 37°C, which is the temperature of the human body. Incubation at 37°C requires a 

hot plate, which can be large and bulky. For the purposes of miniaturization, this is most 

undesirable. Malaria is typically prevalent in countries with tropical climates. As such, it is likely 

that ambient temperature in the tropics should be sufficient in incubating the malaria positive 

control in the assay. To test this hypothesis, the entire assay was performed at room temperature. 

It was found that room temperature is sufficient in eliciting a color change for malaria positive 

reagents (Fig 3.10). The left-most three wells are positive controls and the right-most three wells 

are negative controls. 
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Fig. 3.10: Ambient Temperature Incubation Color Change 

3.4.4  Automated Single Syringe Device 

All the design parameters discussed thus far have mainly pertained to simplifying steps of 

the ELISA assay process or reducing the amount of materials and/or reagents consumed when 

using the device. However, these improvements in design have not addressed the most tedious 

part of conducting an assay: time. As mentioned before, incubation must occur for at least one 

hour before malaria conjugate can be added into the sample wells. After the conjugate is added, 

there is another required 30-minute incubation period, followed by a 15-minute incubation 

period. This totals to almost two hours of incubation, and does not include the time required to 

pipette the samples and reagents into the wells between each incubation step. Automation of this 

entire process can be achieved through a series of servomotor-controlled syringes to dispense the 

appropriate reagents after each incubation period without any human interaction. As a proof of 

concept, an automated single syringe device was constructed.  

 Control of the syringe was regulated through a program uploaded to an Arduino board.  

The Arduino board then directed the movements of a servomotor. A rotating gear was attached to 

the movable part of the servomotor and was complimentary to a track mechanism, allowing 

linear actuation in the pushing and pulling of a syringe [27]. A side and top view of the 

components of this device are illustrated in Fig. 3.11. The track mechanism was composed of 

two parts: the track itself and a movable attachment arm. The attachment arm was placed onto 

the track and contained grooves that were complimentary to the gear. Rotating the gear moved 

the attachment arm, which was also affixed to the barrel of a syringe.  
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The assembled side and top view of the device is pictured in Fig. 3.12 and was attached 

to a laser-cut acrylic platform, which also featured periodically cut holes. These holes were used 

to attach the servomotor, gear/track mechanism, and syringe to the platform using zip ties. The 

barrel part of the track was attached to the syringe using simple tape. Cardboard was placed 

under the syringe to elevate the syringe to the same height as the track. 

 

 
 

Fig. 3.11: Gear and Track Mechanism 
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Fig. 3.12: Automated Single Syringe Device 

 

3.4.5   Automated Multi Syringe Device 

 Expanding on the single syringe device, a multi syringe device was assembled and 

incorporated many of the parts meticulously fabricated in previous sections. The device utilizes 

parts made with both FDM and SLA, and is intended to be a comprehensive demonstration of the 

additive manufacturing techniques discussed in thesis. Concurrently, it is also proof of concept 

of an automated microfluidic device in the form of an ELISA assay. This device is composed of 
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two platforms, illustrated in Fig. 3.13 and Fig. 3.14. The parts are labeled and are summarized in 

Table 3.6.  

 

 
 

 
 

Fig. 3.13: Automated Multi Syringe Device [Platform #1] 
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Fig. 3.14: Automated Multi Syringe Device [Platform #2] 

 

 

Table 3.6: Summary of Multi Syringe Components 

 

Part Letter Part Function 

Platform #1 

A Battery #1 Powers servomotor 

B Gear and Track Moves syringe barrel on syringe platform 

C Servomotor #1 Moves gear and track mechanism 

D Arduino Board #1 Controls servomotor 

E Servomotor #2 Moves syringe barrel on syringe platform 

F Syringe Platform Platform containing four syringes 

G Servomotor #3 Moves syringe barrel on syringe platform 

H Servomotor #4 Moves syringe barrel on syringe platform 

I Syringe Attachment Attaches gear and track mechanism to syringe 

Platform #2 

J Arduino Board #2 Controls servomotor 

K Battery #2 Powers servomotor 

L Servomotor #5 Moves movable arm 

M Movable Arm Presses down on elastomer pump 

N Elastomer Pump Contains wash buffer to be dispensed 

O Reagent Wells Contains ELISA assay samples 

P Camera Holder Holds cell phone for colorimetric identification 
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 For ease of viewing in Fig. 3.13 and 3.14, the wires on the servomotors have been 

detached from the Arduino board, and the syringes that are normally connected to the reagent 

wells via tubes have also been removed. Parts that are listed in Table 3.6 and illustrated in Fig. 

3.13 and 3.14 have their corresponding letters annotated in parentheses. The steps to conduct an 

assay using this device are summarized in the steps below: 

1. 50 µL of sample is pipetted into the wells (O). Incubation occurs for 1 hour at 

room temperature. 

2. Once incubation is completed, the well is flushed with wash solution 

contained within the elastomer pump (N). The wash solution is dispensed by 

using the movable arm (M) to apply pressure on the pump structure. 

3. The dirtied wash solution is removed using a syringe from Platform #1. This 

process is repeated three times. 

4. 50 µL of malaria conjugate is dispensed into the reagent well (O) from a 

syringe on the syringe platform (F). The barrel of this syringe is pushed using 

a servomotor (H). Incubation occurs for 30 minutes at room temperature. 

5. Repeat step 3. 

6. 50 µL of TMB substrate solution is dispensed into the reagent well (O) from a 

syringe on the syringe platform (F). The barrel of this syringe is pushed using 

a servomotor (G). Incubation occurs for 15 minutes. 

7. 50 µL of stop solution is dispensed into the reagent well (O) from a syringe on 

the syringe platform (F). The barrel of this syringe is pushed using a 

servomotor (E). 
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8. A cell phone’s camera is aligned to the reagent wells (O) to read the results 

using a special colorimetric detection app. 

Each of the parts that form Platform #1 have been designed mostly on an individual basis 

and assembled onto the acrylic sheet using zip ties and tape.  Platform #1 contains all the regents 

necessary for the assay, and includes parts designed specifically for dispensing, like the gear and 

track. The gear and track (B) mechanism is identical to the one used in the single syringe device 

from the previous section. There are four syringes on the syringe platform: three are used for 

dispensing reagent, and one is used as a waste container. The three dispensing syringes are 

simply pushed using a servomotor arm. However, the waste syringe cannot so simply be pulled 

using a servomotor arm. Instead, the syringe attachment (I), which is attached to the gear and 

track (B), facilitates the pulling motion. 

Platform #2 similarly contains parts that have been designed individually. The elastomer 

pump and channel (N) fabricated using SLA in a previous section is wrapped in parafilm to 

ensure that there are no air or fluid leakages. A special tape ―hat‖ is applied to the top of the 

dome to ensure that the movable arm (M) does not rupture the dome with repeated pressing. The 

movable arm itself is also wrapped in parafilm to further dampen the effects of repeated pressing.  
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3.4.6   Automated Colorimetric Bioassay run on the Printed  

           Lab on a Chip Platform 

 
The finalized printed lab on a chip (LOC) platform was assembled using tubes to connect 

the syringes to the reservoir wells. The reagents contained within syringes were injected into the 

wells, which are boxed in red in Fig. 3.15. An assay was performed using the automation process 

described in Section 3.4.5.  A close-up photo of the positive and negative result is pictured in 

Fig. 3.16. The blue and yellow wells represent positive control, and the colorless wells represent 

negative control. Color change from blue to yellow occurs when stop solution is added. 

 
 

Fig. 3.15: Assembled Automated ELISA Assay 

 

     Add Stop Solution      

 
Fig. 3.16: Colorimetric Bioassay Results with Stop Solution 
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3.4.7   Conclusion 

 Creating a microfluidic device using FDM and SLA is a process that requires many 

iterations and constant improvement. This is particularly true when trialing various geometries 

and fabrication settings. While the fabrication settings for SLA are much more simple when 

compared to FDM, there is far more work to be done after the part is completed—like UV curing 

or submersion in an acetone bath. Part design remains a challenge due to the layer-by-layer 

deposition nature of additive manufacturing, and requires special attention in the placement of 

support structures. Combining outside materials and tools with parts made using FDM and SLA 

can greatly simplify the amount of printing required. For example, each component of the 

automated ELISA assay was secured to an acrylic platform using zip ties and tape. The 

alternative would be to design and print a complimentary holder for each part. Overall, the 

process of designing parts is essentially the same for FDM and SLA: designing a prototype, 

testing it, and assembling it into a larger device.  
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3.5   Machine Troubleshooting 

Like FDM machines, SLA machines come with their own set of difficulties. However, 

SLA machines are markedly much easier to use and maintain because they contain far less 

movable parts. This leaves little room for mechanical failure, as is the case for FDM machines. 

The only movable parts are the platform and resin bath, both of which have very little degrees of 

freedom in movement. The platform can move up and down, and the resin bath can tilt left and 

right to ―mix‖ the resin after each layer deposition. Most of the problems encountered have either 

to do with adhesion or laser focus. 

The adhesion problem refers to parts not adhering to the platform. If the first layer 

deposition does not successfully adhere to the platform, the entire part is considered a failure. 

After each layer deposition, the platform must be raised up slightly so that the next layer can be 

crosslinked. If the part has become detached from the platform, crosslinking will occur over and 

over in the same plane, resulting in an aggregate of solidified sludge in the resin bath. 

Detachment can occur when the platform has become too old, and removal of a part from the 

platform is quite difficult if the part is large. A paint scraper must be used to pry the part from 

the platform, and doing so requires the scraper to come in physical contact with the platform. 

Over time, the platform becomes worn due to repeated scraping, resulting in adhesion problems. 

Fabricating parts on different locations on the platform can aid in reducing the wear. 

Another factor that contributes to problems with adhesion is the resin itself. Resin has a 

shelf-life of about one year, and can crosslink slightly each time it is exposed to ambient light. 

Over time, the quality of the resin degrades. Replacing the resin bath every few months is 

advised.  

 



 

67 

 

Lastly, laser focus is a problem that ties into adhesion. Usually, crosslinking occurs at the 

interface between the resin and platform. However, if the crosslinking occurs elsewhere, like 

slightly below the interface, then the first layer will solidify in the middle of the resin bath. This 

means that the first layer has not adhered to the platform, resulting in a failed part. Recalibrating 

laser focus to the correct interface area is imperative.  
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 

 

 

In this thesis, three main objectives pertaining to Additive Manufacturing methods have been 

addressed and are summarized in the following points: 

1. Evaluating the optimal geometries and fabrication settings for elastomer structures 

created using Fused Deposition Modeling.  

In Chapter 2, we have reported on how to fabricate a fully-functional ELISA 

assay entirely using FDM. Creating the entire device using a single elastomer material 

permits the entire platform to be 3D printed without any need for assembly or post-

processing. The device’s flexible components obviate the need for specialized lab 

equipment to dispense fluids, and make the assay readily available in developing 

countries. This device was conceived through trialing a series of sample parts with 

varying fabrication settings. While the initial prototypes were prone to leakage and 

porosity, we have observed improved structure quality with each design generation: 

certain geometries, like ovals, are imperative to success. Even more important is the 

delicate balance between extrusion rate and travel speed.  

The principle of fabricating a fluidic device using a single material can easily be 

expanded to other applications, like pregnancy tests. Conventionally, FDM is a 

manufacturing method that primarily utilizes rigid materials. With the relatively recent 

development of printable elastomers, the applications of FDM are near limitless. There is 

much room for improvement in evaluating the fabrication settings and structural 

geometries of printed elastomers. 
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2. Evaluating the optimal geometries and fabrication settings for elastomer structures 

created using Stereolithography. 

In Chapter 3, we have reported on the process of designing and creating 

microfluidic elastomer structures using SLA. While SLA is a layer-by-layer process, it is 

unique in that the deposition process occurs through crosslinking, which produces 

structures that are airtight and leak-proof. This property is particularly advantageous 

when creating microfluidic devices. Generally speaking, FDM is most useful for rapid 

prototyping models, while SLA is more suitable for creating functional devices. 

However, SLA is far more expensive and requires more post-processing.  

 The settings evaluated for SLA primarily pertained to laser focus and structure 

design. Simple geometries, like elastomer dome pumps were trialed. Future work with 

SLA could involve fabricating structures that take more advantage of the properties of 

flexible resin. In the introduction, the concept of a living hinge was discussed, and could 

be interesting to consider for drug delivery applications. For example, a reagent could be 

stored within a chamber and dispensed with the opening or dissolving of a flap of flexible 

resin. Like FDM, this process would require a comprehensive evaluation of fabrication 

settings and structural geometries. Additional refinement to post-processing methods can 

also be done in the area of resin removal.  

3. Design and development of an automated portable ELISA assay to demonstrate the 

capabilities of Fused Deposition Modeling and Stereolithography. 

The design portion of Chapter 3 outlines the process of fabricating and 

assembling a fully automated ELISA assay device. This device serves as a 
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comprehensive demonstration of the additive manufacturing methods discussed this 

thesis, and incorporates optimal fabrication settings obtained through many months of 

trial and error. Parts that needed to be air-tight were fabricated using SLA to exploit the 

property of strong bonding between deposited layers during crosslinking. Conversely, 

FDM was used for parts that did not involve fluids. 

 In Chapter 1, we had previously developed an ELISA assay that was fabricated 

solely using thermoplastic polyurethane (TPU). This platform did not require any 

assembly, nor did it require any post-fabrication processing. However, it was prone to 

leaking fluids. On the other hand, the ELISA assay that was fabricated using both FDM 

and SLA techniques was far superior in retaining fluids within enclosed chambers. The 

price paid for this is significant. While the FDM-made ELISA platform could simply be 

loaded onto a 3D printer and printed, the hybrid model presented in Chapter 3 required 

individual part design and subsequent assembly. For practical use, this is most 

undesirable. Future design revisions would benefit greatly if the assembly process could 

be simplified. This can be achieved by designing parts that fit complementarily together, 

obviating the need for zip ties or other adhesives. 
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